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SUMMARY

As Common Structural Rules (CSR) come into effect, the ultimate limit state
assessment is being recognized as an important aspect of a ship’s structural analysis.
The work reported in the present Dissertation aims to verify the IACS CSR
Incremental — Iterative Approach which is a method adopted by the IACS for the
estimation of the Hull Girder Ultimate Bending Capacity. For this purpose, a double

hull oil tanker is used as a case study.

The vessel’s Hull Girder Ultimate Capacity is computed by applying the CSR
proposed Incremental — Iterative Approach as well as by introducing an alternative
approach based on Finite Element Analysis. The finite element code used is
ABAQUS/Standard.

The load end shortening curves, failure modes and ultimate limit states of the
hull girder’s stiffened plate elements, as derived by both methods, are analyzed and

detailed results and comparisons are presented.

Moreover, the hull girder bending moment capacity, as determined using the
bending moment curvature relationship computed by both approaches, is compared

and the found differences discussed.
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CHAPTER 1

INTRODUCTION

1.1. General

One of the main challenges in naval architecture and ship structural design
that requires special consideration is the estimation of the Hull Girder Ultimate
Bending Strength. Taking into account the complexity of the vessel’s structure in
combination with the complexity of the sea environment in which it operates, it
becomes self-explanatory that the determination of the Hull Girder Ultimate Strength

is a particularly challenging engineering problem.

Traditionally, the determination of the hull girder strength has been based on
estimates of the buckling strength of its structural components derived from their
elastic buckling strength and adjusted by a simple plasticity correction. Nevertheless,
during the recent years, substantial efforts have been made by the shipbuilding
industry for the development of limit state design approaches, rather than the
traditional allowable stress approaches for the design and strength assessment of
ship structures. The limit state is defined as the condition at which a particular
structural member or an entire structure fails to perform its function. More
specifically, Ultimate Limit Strength refers to the collapse of the structure due to loss

of structural stiffness and strength.

Nowadays, the ultimate limit state approach is recognised to be a more
rational basis for design and strength assessment as opposed to the traditional
design which did not necessarily lead to the most cost effective designs. With the
aim of harmonisation, the International Association of Classification Societies (IACS)
has revised the Classification Rules concerning the structural design by developing
the Common Structural Rules for Double Oil Tankers and Bulk Carriers.
Simultaneously, the need for a coherent limit state design approach has been
addressed since the CSR Rules also include limit state design approaches for the

assessment of the hull girder strength.

Chapter 1 Page 14 of 197
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For the purpose of estimating the Hull Girder Ultimate Capacity, the CSR
Rules have adopted two alternative methods, the Single Step and the Multi-Step
Method. The latter is referred to as the Incremental-Iterative Approach. The
ultimate hull girder sagging capacity of tankers in accordance with the Single Step
Method, is the point at which the ultimate capacity of the stiffened deck panels is
reached, whereas as per the Incremental Iterative Approach same is defined as the

peak value of the static non-linear bending moment-curvature (M-k) relationship.

Recognising that each longitudinal component of the hull girder plays its
unique role to the overall strength and stiffness of the hull girder structure under
longitudinal bending loads, the Incremental Iterative Approach is based on the
division of the hull girder transverse section into individual structural elements and
the determination of their collapse behavior, that is a load-end shortening curve, or
stress-strain €-0 curve, for each structural element. For this purpose, the CSR Rules
use simplified design formulas that consider all relevant failure modes for the
individual structural elements, such as plate buckling, beam column buckling,
torsional stiffener buckling and stiffener web buckling. It should be noted that each

structural element is considered to act independently of the other.

The present dissertation has two main objectives. The first is the detailed
application of the CSR Incremental-Iterative Approach to a double hull oil tanker of
47326 dwt. The second is the verification of this approach by introducing an
alternative procedure based on Finite Element (FE) Analysis. According to this
procedure, referred to here as the Finite Element Approach, the hull girder
transverse section is divided into a series of stiffened panels which are taken to
extend transversely between the adjacent primary support members and
longitudinally between the vessel's web frames. Subsequently, the load-end
shortening response of each panel, and therefore of each constituent plate-stiffener
element, is determined through nonlinear FE analysis, here using the commercially
available FE code ABAQUS. The Finite Element Approach is however based on the
CSR Incremental-Iterative Approach since the individual structural element stress-
strain curves computed through the FE analysis are used to replace the
corresponding curves constructed through the application of the CSR formulas. In
general, it is expected that the Finite Element analysis, as opposed to the CSR
formulas, will provide a more accurate estimate of the stress-strain response of the

individual structural elements and therefore will predict more accurately the Hull
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Girder Ultimate Capacity. In this respect, the usage of the Finite Element Approach
aims to verify the simplified design formulas adopted by CSR for the collapse
prediction of the hull girder structural elements as well as of the resultant hull girder
ultimate capacity. Moreover, it will be possible to ascertain whether the increased
accuracy obtained through the application of the FE Method justifies the significant
increase in the effort and time involved due to the development of detailed FE

models and the subsequent simulation with the FE code.
1.2. Previous work in this area

Upon the development and prior to the release of the CSR Rules, which
include the new feature of Hull Girder Limit State Strength Assessment, it is likely
that a number of studies were carried out for the verification of the CSR Methods
and especially the Incremental-Iterative Approach. However, there are only a limited
number of relevant studies for tankers in the open literature and these were
published by Paik and his co-workers.

The method often used in these studies for the Ultimate Hull Girder
Assessment is the Idealized Structural Unit Method (ISUM) which is a simplified
nonlinear FE Method [1,3]. Unlike the conventional nonlinear FE methods the ISUM
idealizes each structural component of the structure as one ISUM unit with only a
few nodal points. In the case of ship structures the most commonly ISUM units used
is the ISUM beam column unit without attached plating (with two nodal points) and
the ISUM plate unit (with four nodal points) for the idealisation of the stiffeners and
the attached plating respectively. Each nodal point has 6 degrees of freedom. The
authors of these studies claim that compared to a conventional FE method, the ISUM
Method reduces significantly both the modelling and computational effort, while it
provides results in better agreement with those obtained with more refined non
linear FE analysis. Moreover, the authors claim that this method, contrary to the CSR
assessment methodology, can better simulate the progressive failures of the
individual components and their interaction effects. The ISUM method in the case of

ship or ship-based offshore structures can be applied using the software ALPS/HULL.

Another method used in these studies but for the assessment of the ultimate
limit state of stiffened and or unstiffened plate structures is the ALPS/ULSAP
(Ultimate Limit State Assessment of Plates) Method [1,2,3]. For APLS/ULSAP

calculations, it is considered that a stiffened panel collapses if one of the collapse
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modes described in Chapter 2 takes place as the applied actions increase. The
minimum value of the ultimate strengths calculated for each of these collapse modes
is considered as the ultimate limit state value. It should be noted that the
ALPS/ULSAP method requires an equivalent plate thickness to be defined over the
whole plate structure. This method can presumably be used instead of the CSR
simplified design formulas, however this is not reported as such in the available

literature.

For comparison reasons some of the above mentioned studies [1,3] have also
used FE Analysis (FE Code ANSYS) for the Hull Girder Ultimate Strength assessment

and/or Stiffened Panels Ultimate Strength Assessment.

These studies aim mainly to compare the resultant Hull Girder Bending
Capacity calculated by CSR, ISUM and FE methods without giving reference to the
effectiveness of the CSR Formulas for the estimation of the individual structural

elements collapse mode, ultimate limit state and pre-post buckling behaviour.

The present study aims not only to compare the Hull Girder Ultimate
Capacity, as estimated by the CSR Incremental-Iterative Approach and the FE
Approach introduced here, but also the buckling mode, ultimate limit state and
pre/post buckling behaviour of the individual structural elements.

1.3. Structure of Dissertation Thesis

In order to fully explain the term Hull Girder Strength, Chapter 2 includes a
short introduction of the stresses and loads to which the hull is subjected,
summarises the possible modes of failure of stiffened plates and panels, presents the
factors affecting these modes and outlines the approaches used for the stiffened

plates’ and hull girder ultimate strength analysis and assessment.

In Chapter 3, reference is made to the Common Structural Rules and in
particular to its new features related to Hull Girder Ultimate Limit State Assessment.
The chapter summarizes the design principles of the new rules and presents the

methods adopted here for the hull girder assessment of the candidate vessel.

Chapter 4 describes the finite element procedure used for the
simulation/analysis of a structure in general, introduces the ABAQUS finite element
code used in this study and outlines the code’s features and theory which are

relevant to the work reported here.

Chapter 1 Page 17 of 197
Introduction



Dissertation National Technical University of Athens
Ultimate Hull Girder Strength Assessment Faculty of Naval Architecture and
using semi-analytical and computational methods Marine Engineering

Chapter 5 describes the vessel used as a case study, including its particulars
and structure amidships. In addition, details regarding the steel material and the
scantlings of the midship section are reported. Moreover, the design still water and

wave bending moments are presented.

The application of the CSR Incremental-Iterative Approach used in the
context of this study is described in Chapter 6. All stages of the procedure are
presented including, but not limited to, the division of the midship-section into
structural elements, the determination of the net scantlings, the calculation of the

load end shortening curves and any considerations/assumptions made.

The procedure of the Finite Element Approach introduced in this work is
detailed in Chapter 7. This chapter outlines all the assumptions made concerning the
development of the FE models, such as the prescribed boundary conditions, mesh
refinement issues, the FE procedure used in the simulations and, ultimately, gives a

full account of the results obtained.

The comparison of the two approaches takes place in Chapter 8. It includes a
comparison of the failure modes and the ultimate strength of stiffened panels and,

finally, the computed hull girder bending moment- curvature relationship.

Discussion is included in Chapter 9, whereas concluding remarks are
summarized in Chapter 10.
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HULL GIRDER ULTIMATE STRENGTH

2.1. General

It is beyond doubt that the task of assessing the adequacy of the hull girder
strength is one of the most challenging engineering problems. The complexity of the
vessel’s structure in combination with the complexity of the sea environment in
which it operates poses fundamental difficulties in determining the vessel’s loading
and identifying its response to that loading. The objectives of this chapter is to make
a short introduction to the stresses and loads to which the hull is subjected, to
discuss the possible modes of the structure’s failure and to outline the approaches

used for the hull girder strength analysis and assessment.

2.2. Hull Loading and Structural Response

The different loads acting on the hull during its lifetime can be classified to

the following groups:
¢ The body forces such as weight and inertia
e The dynamic pressure on the ship’s hull due to the incident and diffracted waves

e The inertial forces arising from the acceleration of the fluid (referring to both the

sea and the liquids carried in tanks on the ship)
e The inertial and damping forces arising due to wave radiation from the ship.

Excluding the inertial forces, the loading of the ship derives from the two
dominant loads, gravity and water pressure. The uneven distribution of such loads
along the vessel’s length (refer to image 2.1), causes its bending. Assuming that the
vessel acts as a beam, the hull girder response can be determined by calculating the
longitudinal bending moment which is considered separately for still water (Still
Water Bending Moment) and when at sea (Wave Bending Moment). It is useful to

separate the two, as whilst the still water bending moment depends on the mass
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distribution (weight minus buoyancy), the bending moment due to waves depends
on the hull's geometry and wave characteristics. Two conditions are considered, one
with the wave crests at the end of the ship where the buoyancy forces tend to sag
the vessel (sagging condition) and one with the wave crests at the mid of the ship

where the buoyancy forces tend to hog the vessel (hogging condition).

Crast
Trough Crest

SAGGING

Trou!h { Tmug! l

HOGGING

Fig.2.1. (@) Uneven distribution of vessel’s loading, (b) Sagging and Hogging
condition.

For the computation of the axial stresses applied due to the longitudinal bending
moments, the elementary Bernoulli-Euler beam theory is used. At this point, it would
be useful to state the assumptions under which this theory is applied to ship

structures:
e The beam is prismatic, i.e. all cross sections are uniform.
¢ Plane cross sections remain plane and merely rotate as the beam deflects.
e Transverse (Poisson) effects on the strain are neglected.
e The material behaves elastically.

e Shear effects can be separated from and not influence bending stresses or

strains.

This gives the following well-known formula for derived axial stresses:

M M +M,
SM SM

where, Ms and My, is the still water and wave bending moment respectively and SM is
the section modulus of the ship. When the beam section bends for example in

sagging condition, the structural elements in way of the main deck are in
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compression and in tension in way of the bottom. There is a position called the

neutral axis, where the structural elements are neither in tension nor in compression.

These stresses generated in the ship’s structure and the resulting
deformations must be kept within acceptable limits by careful design. For this

purpose, each longitudinal element of the structure must play its role.

2.3. Modes of Structural Failure

Failure of the structure occurs when the structure cannot withstand the loads
imposed on it and as a result cannot longer carry out its intended function. Failure of
a structure may mean permanent strain, cracking, unacceptable deflection,
instability, etc. If in failing one element merely sheds its load on to another which
can withstand it, then there is usually no safety problem, although remedial
measures may be needed. In opposite case, however, a domino effect takes place
and the surrounding elements fail in turn, resulting to a possible loss of the ship.
Specifically for the ship girder, structural failure can occur due to one or a

combination of the following:

¢ Direct Failure may be caused when a part of the structure becomes distorted

due to being strained beyond the ultimate yield stress.

¢ Fatigue Failure. The elastic fatigue lives of structures are not definable except
by test as opposed to the elastic fatigue lives of materials which are well
documented. Corrosion fatigue is a special case of accelerated failure under when

the material is in a corrosive environment.

e Cracking. This occurs when the material can no longer sustain the load applied
and its parts. The loading may exceed the ultimate strength of the material or

more likely failure is due to the fatigue of material.

e Instability. Very large deflections may occur under relatively light loads. In
effect the structure behaves like a cripples strut. In a plating stiffener it may
cause torsional tripping. Instability can be regarded as failure only if related to
the whole structure. Where only part of the structure shrinks its load, overall

failure does not necessarily occur.
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2.4. Hull girder structural analysis

During the recent years, substantial efforts have been made by the
shipbuilding industry for the development of limit state design approaches rather
than the traditional allowable stress approaches for the design and strength
assessment of ship structures. Traditionally, the design of ship structures had been
based on estimates of the buckling strength (refer to point A of Figure 2.2) of the
structural components derived from their elastic buckling strength and adjusted by a
simple plasticity correction.

Linear e »-=—Ultimate strength
elastic i B
response

—

Buckling strength

Load

Design load level

Displacement

Fig.2.2. Structural design based on Ultimate Strength

The aim of the Classification Societies was to keep the stresses resulting from the
design loads under a certain working stress level that was usually based on many
years of accumulated knowledge, research, expertise and of course successful similar
past experience. The allowable stress was expressed as a fraction of the mechanical
properties of materials such as uniaxial yield or ultimate tensile strength. As a result,
neither the post-buckling behaviour nor the actual ultimate limit strength (refer to
point B) of the components was not taken into account.

Nowadays, the ultimate limit state approach is recognised to be a more
rational basis for design and strength assessment as opposed to the traditional
design which did not necessarily lead to the most cost effective designs.

In this respect the International Association of Classification Societies (IACS)
has revised the Classification Rules by developing the Common Structural Rules for
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Double Oil Tankers and Bulk Carriers which include limit state design approaches for
the assessment of the hull girder strength. Prior to presenting the Common
Structural Rules for Hull Girder Strength Design and Assessment it is essential to
make a reference to the concept of Limit State Design Approaches, giving particular

attention to the ultimate limit state design.

2.4.1. Limit State Design Approaches

The limit state is defined as the condition at which a particular structural
member or an entire structure fails to perform its function. From the scope of the
structural engineer four types of limit states are taken into account for steel

structures:

e Serviceability Limit State (SLS) - Displacements and deflections. SLS
represents failure under normal operating conditions due to deterioration of

routine functionality.

e Fatigue Limit State (FLS) - Fatigue and fracture behavior. Fatigue is the
cumulative material damage caused by cyclic loading. Examples of this type of
loading in marine structures include alternating stresses associated with the wave
induced loading, vortex-induced-vibration (VIV) and load fluctuations due to the

wind and other environmental effects.

e Accidental Limit State (ALS) - Collision, fire, blast, dropped object, etc.
ALS represents excessive structural damage as a consequence of accidents,

collisions, fire, explosion, etc.

¢ Ultimate Limit State (ULS) - Ultimate strength behavior. ULS refers to the

collapse of the structure due to loss of structural stiffness and strength.

2.5. Ultimate Limit State Approach (ULS)

The scope of the ultimate limit state design is to assess the ultimate load carrying-
capacity of the structure and to evaluate its true safety margins by comparing its
ultimate strength to the extreme loading condition to which the structure is

subjected.

This is expressed by the following formula:
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Design Demand (D4) < Design Capacity (Cy)
Yo * Z Dy (Fuiy¥s) = Ci/ym or

Yo - Z Dy (Fkilvﬁ) = Ck/(vm- Yc)

where,

Yo : partial safety factors taking into account the degree of seriousness of the
particular limit state with regards to safety and serviceability. Economical and social
consequences as well as any other special circumstance, such as the mission of the

ship, the type of cargo etc are counterbalanced.
Cx : characteristic measure of capacity
Ym : capacity-related safety factor

Ym : partial safety factor taking account of the uncertainties due to material

properties

Yc : partial safety factor taking account of the uncertainties on the capacity of the
structure, such as quality of the construction, corrosion, method considered for

determination of the capacity.
2.5.1. Ultimate Limit strength of Plates and Stiffened Plates

It is well recognised that each longitudinal component of the hull girder plays
its unique role to the overall strength and stiffness of the hull girder structure under
longitudinal bending loads. Structural members that are considered to contribute to
the longitudinal strength of the hull girder comprise of the main deck, the side shell,
the bottom, the inner bottom, the inner longitudinal bulkheads including hopper,

bilge plate, double bottom girders and horizontal girders.

As the main structural components of the vessel’s hull girder are plates and
stiffened plates (refer to Figure 2.3), the assessment of their ultimate capacity is

imperative for the assessment of the whole hull girder ultimate strentgh.
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Fig.2.3. Hull Girder comprising of plates and stiffened plates

The ultimate strength of unstiffened plates, stiffeners and stiffened plates has
been the subject of study of many researchers for many years. The following
paragraphs aim at the presentation of stiffened plates’ failure modes, the factors
affecting these modes and the methods suggested for the stiffened plates’ ultimate

strength assessment.
2.5.1.1. Failure modes of plates and stiffened plates

The potential failure modes of plates and stiffened plates under

predominantly compressive loads can be summarized to the following six types:

e Mode 1 - Overall Collapse of the plating and the stiffener as a unit. This
mode takes place when the stiffeners are relatively weak. Even if the overall
buckling of the plating and the stiffener as a unit occurs in the elastic regime, the
stiffened plate may be able to sustain further loading and as a result the ultimate
strength is reached by the formation of a large yield region inside the panel

and/or along the panel edges. It should be noted that the overall collapse of a

uniaxial stiffened panel is initiated by the beam-column mode.

Fig.2.4. Overall collapse of plating and stiffener as a unit : (a) Cross-stiffened panel,
(b) Uniaxial stiffened panel
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e Mode 2 - Biaxial Compressive Collapse. At this mode the panel collapses by
yielding along the plate-stiffener intersection at the panel edges with no stiffener
failure. This type of collapse takes place when then panel is predominantly

subjected to biaxial compressive loads and/or the plating is stocky.

Fig.2.5. Biaxial compressive collapse

e Mode 3 - Beam Column Type Collapse. This mode refers to a failure pattern
in which the ultimate strength is reached by yielding of the plate-stiffener at mid-
span. This failure typically occurs when the dimensions of the stiffeners are
intermediate, neither too weak nor very strong.

Fig.2.6. Beam Column Type Collapse

e Mode 4 - Web Local Buckling. This type of failure typically arises when the
ratio of stiffener web height to stiffener web thickness is large or/and when the
stiffener flange is inadequate to remain straight. As a result the stiffener web

buckles or twists sideways.
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Fig.2.7. Web Local Buckling

e Mode 5 - Tripping or Torsional Buckling of Stiffener. This mode derives
from stiffener-induced failure when the stiffener flange is inadequate to remain
straight. As a result the stiffener web buckles or twists sideways. This mode
happens suddenly and leaves the plating with essentially no stiffening leading to

a possible overall collapse mode.

Fig.2.8. Tripping or Torsional Buckling

¢ Mode 6 - Gross yielding. This mode takes place when the panel slenderness is
very small and/or when the panel is predominantly subjected to axial tensile

loading, so that neither local nor overall buckling occurs.

It should be highlighted that the possible failure modes which above have been
presented to act separately, in fact interact or act simultaneously. Besides, the
assessment of stiffened plates’ ultimate strength is not straightforward as there are
many affecting factors such as geometric and material properties, loading conditions,
initial imperfections, etc. Some of these factors will be presented at the next

paragraph.
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2.5.1.2. Factors affecting the behaviour of plates and stiffened
plates

Material and Geometric Factors affecting the buckling behaviour and therefore the

load shortening curves of plates and stiffened plates include the following:
e Plate slenderness ratio, by
¢ Ratio of stiffener cross section A to the overall cross section A (As/A)
e Web slenderness ratio (by)
¢ Column slenderness ratio (A)
o Material Yield Stress (oyq4)

These geometric properties are defined as follows:

Property Expression
Cross-sectional area A=A+ An+ A A=A+ Ay + Ay
where A, = br, Ape = Bet, Au = oty Ap = byl
. . Aoy, + Ay Ty + ApT
Equivalent yield strength Topg = o | it AT
over the cross-section A
Distance from outer 0.500% 4 At + 0.5h) + Aclr + by, +0.58)
L i In = —— B T
surface of atached A
plating to elastic 05k + Ault + 0.5hu) + Adlt + by + 0.51)
horizontal neutral axis p A
iy b t\Y Rl fig
Moment of inertia I = T Ap (:,.. - 5) + _I.-!: + Aw (.:._1 —1— —z-)
L 3 ( that X _, )
12 7 vt 5 Zn
bait? AT W B\l
;e= ]E‘l‘r‘h.‘-(hp_i) + 12 +-“u(2?—f—?}
byt [ z
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Radius of gyration r= 1“." 3= ‘."I i
Column slendemess rat 2= L [ L [y
A RE A -_— —-_— W —_ | -t—
‘olumn slendeme io ! JTI"!'I z N
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Mowe: The subscript ‘e’ represents the effective cross-section.

Fig.2.9. Definition of plates’ geometric properties
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Following figure depicts the load end shortening curves for a range of Plate
Slenderness Ratio () and Column Slenderness Ratio (A) combinations. Establishing
the load end shortening curves of the structural elements is of uppermost importance
as they allow the designer to determine the buckling and post buckling collapse of
the plate-stiffener combinations and hence the collapse of the ship section as a
whole. Although in general, elements can withstand some additional stress even
after collapse, the load end shortening curves for plate-stiffener combinations of A>
0.6 of below figure show a dramatic reduction in strength post collapse. For that

reason it is recommended design to be based on values of A of 0.4 or less.
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Fig.2.10. Load end shortening curves of stiffened plates
for a range of A and B combinations
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In addition, initial imperfections, boundary conditions and types of loading

also affect the behaviour of stiffened plates.

Initial imperfections relate to initial distortions and residual stresses which
may develop during the fabrication of steel structures resulting to reduced structural
capacity. These initial imperfections affect the structure’s behaviour and should be
taken into account in structural design. For this purpose efforts have been made to
develop approximate methods based on insights from measurements in order to
simulate these initial imperfections. Some typical initial deflection patterns in steel
plating between stiffeners in the long (plate length) direction are depicted in Figure
2.11.

a2 i

(b} Initial deflaction shape #2
E1 —_
= —'| B = I T
= 0 — — — T
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= 1
$ ] ——
- —
o 0 = — ]
i | — :

{d) Initial deflaction shape #4

Fig.2.11. Typical initial deflection patterns in steel plating between stiffeners

When relevant initial deflection measurements are not available, the initial
deflection amplitudes may be approximately defined by empirical formulations. The
most widely used formulas for the prediction of the maximum plate initial deflection
for steel plates between stiffeners are the Smith formulas which account for slight,

average and severe initial imperfections as follows:

Wog 0.0258° for slight level
—2 = 10.18*>  for average level
0.3p82 for severe level

where Wqp is the maximum initial deflection of the plate between the stiffeners, as

shown in Figure 2.12.

Chapter 2 Page 30 of 197
Hull Girder Ultimate Strength



Dissertation National Technical University of Athens
Ultimate Hull Girder Strength Assessment Faculty of Naval Architecture and
using semi-analytical and computational methods Marine Engineering

Fig.2.12. Typical initial deflection pattern in steel plating between stiffeners

It should be noted that the Classification societies specify construction
tolerances of strength members as related to the maximum initial deflection with the
intention that the initial distortions in the fabricated structure must be less than the
corresponding specified values.

2.5.1.3. Elastic Buckling Strength

When an initially straight and of prefect geometry bar is subjected to the
action of a compressive force without eccentricity, the bar is characterised as an
ideal column. As per the Euler Theory, a mathematically straight, prismatic, pin-
ended (simply supported), perfectly centrally loaded column that is able to buckle
without the stress extending the proportional limit at any point of the column’s cross
section, has a buckling or critical load defined as follows:

: Unbuckled shape
————— ¢ Buckled shape

I Py =

Fig.2.13. Euler Elastic Buckling Stress

where, E-lis the elastic stiffeness and L is the column’s length. This is known as the
Euler Buckling Stress and represents the buckling strength of an Euler column that
collapses in the elastic region. For all possible boundary conditions the buckling or
critical load can be expressed as follows:

w2 El

P,=C &
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where C and L’ shall be regarded as per bellow table dependent on the boundary

conditions.

Boundary Conditions C L

Both ends simply supported l L

Ome end fixed, the other free % 2L

Both ends fixed 4 N
4.493\ 2

One end fixed, the other simply supported (—) 0.699L

kL

Table 2.1. Euler Buckling Stress-Parameters for all possible
Boundary Conditions

In practice though, a stocky stiffened panel will buckle in the inelastic region
with a certain degree of plasticity. For this reason, a plasticity correction to the Euler

Buckling Stress is taken into account.

2.5.1.4. Plasticity Correction to Euler Buckling Strength

Various methods exist to account for plasticity effects. A convenient
technique for modifying the elastic critical stress due to plasticity is the ¢-method, as

per which the elastic-plastic buckling stress is given by,
Ter = ;5 oY
where, @ is an empirical function related to the structural slenderness. Several

parameters may be used, but the most general measure is the reduced slenderness

ratio:

where o is the Euler Buckling Stress. Various expressions for @, exist. One method

is to account for elasto-plastic effects by means of an elliptical interaction equation.

It is seen that,

o, — 0ywheno, -«
O, —> 0ywheno << oy
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Hence, the formula converges to the correct solution for both stocky members and

slender members. Solving for a.;, we obtain,

. 1
T3 :>¢

U{'f' = p— p—
v+t 1+ A%

Another well-known solution which is widelly used is is the Johnson-Ostenfeld

formula :
-2 7 <2
p=1 4
]. -
| . A" =2
L A°
Solving for 6. = oyLT, We obtain,
Oyur =0 for oy /o, 205
Fpr = F,] ! for S =0.5
1 - - a o £ U,
“wro TN 4o, /a, £

The effect of the Johnson-Ostenfeld plasticity correction is shown in Figure 2.14.

i3

Uy

1.0 Euler
,--"'-"I_u

Johnson-Ostenfeld |

10 72 it

-4 : _ -t -
inelastic elastic

Fig.2.14. Effect of Johnson-Osterfeld plasticity correction

2.5.1.5. Ultimate Strength of Un-Stiffened Plates

Slender plates can carry loads larger than what is predicted by elastic theory

if their unloaded edges are constrained to remain straight. Because of large lateral
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deflections, membrane stresses develop in the transverse direction, which tend to
stabilize the plates. At this stage, the distribution of stresses along the unloaded
edges is no longer uniform but rather, it increases towards the stiffeners. According
to the effective width method, the ultimate strength is obtained when the edge
stress, approaches the yield stress. The following formula has been suggested by
Faulkner and has been widely used for simply supported plates under longitudinal

compression alone where the unloaded edges are constrained to remain straight:

2 1

S B>
_ba_'_ - G—_ﬂ — }‘j )(;I "8

1

1 <1

Fig.2.15. Actual Stress Distribution in a Compressed Stiffened Plate

Mansour suggested the following effective width formula which may be used
for compressive loads acting in line with the long edge, a / b >1.0 or short edge, a /
b<1.0 (Mansour, 1997):

C, for 2210
b
b, = ) v
“c, *”'”“L"EJ[' -—| 510 for Z<10
b bA B b
_[1 for B <125
FR= = . 1;%5 for 1258 <35
BB
ar° 1 )
| —~— Jfor p=z235
Vizli-o?) p?
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2.5.1.6. Ultimate Lateral-Torsional Strength of Stiffened Plates

In a plate-stiffener combination under axial compression where the web
height to thickness ratio is large or the flange is weak and inadequate to remain
straight, the stiffener may twist sideways leading to a tripping failure mode. This
phenomenon occurs suddenly and results in subsequent unloading of the support
member. For this reason it may be regarded as a collapse mode of the stiffened plate
since once the stiffeners twist sideways the plating is left with essentially no
stiffening and global buckling mode may follow immediately.

In view of the above, the ultimate strength of the stiffened panel may be
approximated as a weighed average of the ultimate strengths of the plating and the
tripping strength of the stiffener. The intention behind the average proposed is to
avoid a pessimistic estimate of the stiffened panel ultimate strength. The tripping
strength may be predicted by using the elastic buckling stress equation corrected by
the Johnson-Ostenfeld formula:

!
o, =n F—-
) Al
The ultimate strength of the plating can be calculated as mentioned in above

paragraph.

2.5.1.7. Ultimate Web Local Buckling Strength of Stiffened Plates

Local web buckling of stiffened plates is likely to take place when the height
of stiffener web compared to its thickness is relatively high. Once web buckling
occurs, the plating, as in the case of torsional buckling, is left with no stiffening
leading to overall collapse mode. At this mode though, it is considered that the plate

reaches the ULS immediately after the local buckling of the stiffener web.

In this respect the ultimate strength of this mode can be calculated by the
local buckling strength of the stiffener web taking into account the influence of
rotational restraints along the plate-stiffener and stiffener web-flange combinations.
As an approximation in such cases, the effective width of the plating likely to buckle

is used for calculating the torsion constraints supplied by the plating.
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CSR HULL GIRDER STRENGTH ASSESSMENT

3.1. General

The Common Structural Rules have been developed by the International
Association of Classification Societies with an aim to harmonize the different Rules
and Regulations of the members on a common basis. The first draft of the CSR
Rules, which was available in public in June 2004, was reissued upon comments from
the shipbuilding industry until its final adoption and entry into force on the 1% April
2006.

One of the new features of the CSR Rules is the assessment of the Hull Girder
Strength by using the Ultimate Limit State Approach. This chapter summarizes the
design principles of the new rules and presents the methods adopted for the hull

girder assessment.

3.2. Partial Safety Factor Method

For the assessment of a structures’ strength it is imperative to identify the
loads to be applied on the structure, to define the acceptance criteria and to

determine the characteristic structural capacity.

The CSR criteria for the hull girder strength assessment are based on the
Partial Safety Factor (PF) method, also known as Load and Resistance Factor Design
(LRFD). Two design assessment conditions and corresponding acceptance criteria are
taken into account. These conditions are associated with the probability level of the

combined loads, A and B:

e Condition A is applicable to design load combinations based on ‘expected’
characteristic load values, typically covered by the static design load

combinations.
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e Condition B is applicable to design load combinations based on ‘extreme’
characteristic load values, typically covered by the static and dynamic load

combinations.
The Partial Safety Factor (PF) Method has the following composition:

where,

. , R . "
W + Y dyn- LW am < — for condition A

;iR

"
! skai—

=

Y stas—2 W

st

+ Y amoWagm <—  for condition B

o
B

y stat- Partial safety factor that accounts for the uncertainties related to static loads
Wi Simultaneously occurring static loads (or load effects in terms of stresses)
v an-i Partial safety factor that accounts for the uncertainties related to dynamic loads

Wz, simultaneously occurring dynamic loads. The dynamic loads are typically a
combination of local and global load components

R characteristic structural capacity. In case of the Hull Girder Assessment this is the
Ultimate hull girder moment.

vz partial safety factor that accounts for the uncertainties related to structural
capacity
3.3. Hull Girder Assessment

For the assessment of the hull girder of Double Oil Tankers, as per the CSR

Rules, the ultimate bending capacity in sagging is to be evaluated and checked to

ensure that it satisfies the following criteria:

¢ M,, sagging still water bending moment is to be regarded either as the
permissible sagging still water bending moment as defined by the rules or the
maximum still water bending moment of the subject ship at full load condition.

(refer to figure 3.1.)
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The permissible sagging still water bending moment, Ms,.perm-ses, iN Way of the

midship region is given by:

J:ﬂvi-ml—ﬂrr;r'.u,—se.:—ﬂrr;r'd = {]Dl Cul:,l L2 B(llq? - lq'f:i'}

where, G,, wave coefficient computed as follows:

Com , 3
(300-1L"2 )
= 10.75 - | tor 150 <L =300
v 100
=10.75 for 300 < L <350
3
_ (L-350%2 .
= 10.75 - tor 350 < L <500
. 150

e M,,.sag Midship sagging vertical wave bending moment, defined as:
Muv-seg = — fprop 0.11 fu-oC w2 B(Cp +0.7)
where,
foron is regarded as 1.0

fuv-v is @ distribution factor for the vertical wave bending moment along the

vessel’s length. For the midship region it equals to 1.

e Vs, Yw, Yr are the partial safety factors dependent on the design loading

condition considered. Such design load combinations are depicted in Figure 3.1.

Table 9.1.1
Partial Safety Factors

Designload | Definition of Still Water Bending
combination Moment, M.,

Permissible sagging still water
a) bending moment, Moy ez, it KN, 1.0 1.2 1.1
see Section 7/2.1.1

Maximum sagging still water bending
b) moment for homogenous full load 1.0 1.3 11
condition, M,,u__:r‘,_n;.. in kINm, see note 1

¥s partial safety factor for the sagging still water bending moment

rw partial safety factor for the sagging vertical wave bending moment covering
environmental and wave load prediction uncertainties

3 partial safety factor for the sagging vertical hull girder bending capacity
covering material, geometric and strength prediction uncertainties

Notes

1 The maximum sagging still water bending moment is to be taken from the
departure, arrival or any mid-voyage condition with the ship homogeneously
loaded at maximum draught in the departure condition.

Fig.3.1. Partial Safety Factors for Hull Girder Assessment

Chapter 3 Page 38 of 197
CSR Hull Girder Strength Assessment



Dissertation National Technical University of Athens
Ultimate Hull Girder Strength Assessment Faculty of Naval Architecture and
using semi-analytical and computational methods Marine Engineering

e M, sagging vertical hull girder ultimate bending capacity. CSR propose

following alternatives for the Ultimate Hull Girder Bending Capacity estimation:
a) Single Step Ultimate Capacity Method

b) Simplified Method Based on an Incremental-Iterative Approach

c) Alternatives methods

These methods are summarised at the next paragraphs giving emphasis on the

Incremental - Iterative Approach which is in the scope of subject study.

3.4. Hull Girder Ultimate Bending Capacity
3.4.1. General

The hull girder ultimate bending moment capacity, My, is defined as the
maximum bending capacity of the hull girder beyond which the hull will collapse.
During the last years many mathematical models have been developed for the
estimation of the longitudinal strength analysis of ship hulls. Among these, we should
distinguish the Smith Method which is the origin of the Incremental-Iterative
Approach adopted by the CSR Rules.

In the Smith method, the hull section is divided into stiffened panels and
corner elements. It is considered that the ultimate hull girder strength is dependent
on the collapse behaviour of each of its structural elements. The progressive collapse
of each stiffened plate and corner element due to buckling and yielding is taken into
account by deriving the stress-strain relationships, while also considering post-
buckling behaviour. The sagging hull girder ultimate capacity of a hull girder section,
is defined as the maximum value on the static non-linear bending moment-curvature
relationship M-k (refer to image 3.2) which represents the progressive collapse
behaviour of hull girder under vertical bending. The prediction of load-shortening
behaviour of stiffened panels up to the post collapse region is of uppermost

importance.
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Fig.3.2. Bending Moment-curvature relationship (M-k)

3.4.2. Assumptions of CSR Hull Girder Ultimate Bending Capacity
Methods

Common Structural Rules as mentioned above have adopted two alternative

methods for the Ultimate Hull Girder Capacity estimation. Both methods take into

account following assumptions:

In order to estimate the ultimate hull girder capacity the critical failure modes of
all main longitudinal structural elements need to be identified. For tankers, in
sagging condition, the critical mode is generally the inter-frame buckling of deck

structures, as shown in Figure 3.3.

Fig.3.3. Interframe buckling failure of a tanker under sagging condition

Structures compressed beyond their buckling limit have reduced load carrying
capacity. All relevant failure modes for individual structural elements, such as
plate buckling, torsional stiffener buckling, stiffener web buckling, lateral or
global stiffener buckling; and their interactions, are to be considered in order to

identify the weakest inter-frame failure mode.
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e For tankers in the sagging condition, only vertical bending is considered. The
effects of shear force, torsional loading, horizontal bending moment and lateral

pressure are neglected.

e At both methods the net thickness approach is considered.

3.4.3. Single Step Ultimate Capacity Method

The assumption behind this procedure is that the ultimate sagging capacity of
tankers is the point at which the ultimate capacity of the stiffened deck panels is
reached. The calculation is based on a reduced hull girder bending stiffness

accounting for buckling of the deck.

3.4.4. Simplified Method Based on an Incremental-iterative
Approach

In this method the vertical bending moment M versus the curvature k of the
vessel’s cross section is obtained by means of an incremental-iterative approach
which steps are summarized herewith. Prior to this though it would be useful to

highlight the assumptions on which this method has been based.

3.4.4.1. Assumptions of Incremental-Iterative Approach
In adopting this approach following assumptions have been considered:

e The ultimate strength is calculated at a hull girder transverse section between

two adjacent transverse webs.

e The hull girder transverse section remains plane during each curvature

increment.
e The material properties of steel are assumed to be elastic, perfectly plastic.

e The hull girder transverse section can be divided into a set of elements which act
independently of each other. The elements making up the hull girder transverse

section are considered to be:
* Longitudinal Stiffeners with attached plating,

= Transversely Stiffened Plate Panels
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= Hard Corners. As hard corners following structural elements have been
defined:

a) the plating area adjacent to intersecting plates

b) the plating area adjacent to knuckles in the plating with an angle greater

than 30 degrees.
c) plating comprising of rounded gunwales.
An illustration of hard corner definition for girders on longitudinal bulkheads is

given in Figure 3.4.

jL'_‘_‘—-—-—._ Langifudinal
#

stifferer elements

Lot
stifferer elemsnts

Hard COTTE T

Fig.3.4. Elements considered to form the hull girder cross section

3.4.4.2. Procedure of Incremental-Iterative Approach

In this approach, as mentioned above, the curve M-« is obtained by means of

an incremental-iterative approach.

The bending moment M; which acts on the hull girder transverse section due
to the imposed curvature k; is calculated for each step of the incremental procedure.
This imposed curvature corresponds to an angle of rotation of the hull girder
transverse section about its effective horizontal neutral axis, which induces an axial
strain € in each hull structural element. In the sagging condition, the structural
elements below the neutral axis are lengthened, whilst elements above the neutral

axis are shortened.

The stress o induced in each structural element by the strain € is obtained
from the stress-strain curve o-g& of the element, which takes into account the

behaviour of the structural element in the non-linear elasto-plastic domain.
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The force in each structural element is obtained from its area times the stress
and these force are summated to derive the total axial force on the transverse
section. Note the element area is taken as the total net area of the structural
element. This total force may not be zero as the effective neutral axis may have
moved due to the non linear response. Hence it is necessary to adjust the neutral
axis position, recalculate the element strains, forces and total sectional force and

iterate until the total force is zero.

Once the position of the new neutral axis is known, then the correct stress
distribution in the structural elements is obtained. The bending moment M; about the
new neutral axis due to the imposed curvature k; is then obtained by summating the

moment contribution given by the force in each structural element.

The main steps of the incremental-iterative approach as described below are

illustrated in the flow chart shown in Figure 3.5.

Step 1. The hull girder transverse section is divided in structural elements which
comprise of longitudinal stiffened panels (one stiffener per element), hard corners

and transversely stiffened panels as shown in Figure 3.4.

Step 2. For all structural elements the stress-strain curves (or so called load-end
shortening curves) are derived. CSR Rules propose specific formulas for the
estimation of the load end shortening curves which are to be presented at the next

paragraph.

Step 3. For the estimation of the curvature step size at each step, the expected

maximum required curvature Kg, is estimated as follows:

M, wd

K. =3 107% ot

£ 7T
= o—nat5l

where,

e M4 vertical bending moment given by a linear elastic bending stress of yield in

the deck or keel. To be taken as the greater of Z,.netso-ak Oya10® OF Znetso-« Oya10°
o Z, netso-dk SECtION modulus at deck
o Z, netso-ki SeCtion modulus at bottom

e Emodulus of elasticity
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e 0,4 specified minimum yield stress of the material
o I, ,ets0hull girder moment of inertia

The curvature step size Ak at each step is regarded as kg/300. For the first
incremental step (i=1) the curvature, K, is regarded as Ak while the initial position
of the neutral axis zya-i is computed with the value of the elastic hull girder section

modulus, zy-netso.

Step 4. For each element (index j), the strain corresponding to curvature k;, is
calculated as &; = Ki (2; — zna-i). The corresponding stress is derived by the end
shortening curves obtained during step 2, while the force acting on the element is
calculated as oj -A;. It should be noted that for each structural element, the stress oj
corresponding to the element strain g;; is to be taken as the minimum stress value

from all applicable stress-strain curves o-€ for that element.

Step 5. Having calculated the forces acting on each element, the new neutral axis
position zya-i can be determined by checking the longitudinal force equilibrium over
the whole transverse section. For each step, adjustment of the neutral axis takes

place and therefore steps 4 and 5 are repeated until equilibrium is achieved:
Fi=0.1-ZA;0;=0

Equilibrium is satisfied when the change in neutral axis position is less than 0.0001m.

Step 6. Having satisfied the equilibrium at a specific step, the moment is calculating

by summating the force contributions of all elements as follows:

M, =013 0,4, |lz; -z )|

Step 7. At each step the curvature is being increased by Ak. The neutral axis
position of each step is regarded as the initial value for the next curvature increment.
Steps 4 to 6 are repeated until the maximum required curvature is reached. The
ultimate capacity is the peak value M, from the M-k curve. If the peak does not

occur in the curve, then kg is to be increased until the peak is reached.
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Calculate elastic section modulius and
position of the neutral axis, Z

!

Initialise curvature x = Ax
Derive maximum curvature

!

Y

For all structural elements (index = j)

!

Adjust the position
of the neitral axis
based on F,

[

Calculate the strain £ induced on each
strictural element by the curvature & about
the neutral axis position =z,

!

For each structural element calculate the
stress a relevant to the strain e

A

Stress-strain
Curve o- &

!

Derive the total force on the transverse
section F,=EoA.

Il

Exit loop when the

Increase curvature
=i+l
=y T A
i T ENA-L
A

adjustment of the neutral
axis is less than 0.0001

Calculation of the bending moment M.‘
relevant to the curvature & summing the
contribution of each structural element stress

The ultimate capacity is the peak
value, M, from the M - x curve

- Curve M- «

Fig.3.5. Flowchart of the Incremental-Iterative Approach
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3.4.4.3. Load End Shortening Curves for Incremental-Iterative
Approach

CSR have adopted certain formulas for the evaluation of the elements’ load end
shortening curves. Following failure modes of stiffened panels are taken into

account:
e Elastic perfectly plastic failure
e Beam Column buckling
e Torsional buckling
e Web local buckling

The modes of failure applicable for each type of element are presented in Table
3.1.

Element Mode of failure

Lengthened transversely framed | Elastic, perfectly plastic failure
plate panels or stiffeners

Shortened stiffeners Beam colummn buckling

Torsional buckling
Web local buckling of flanged profiles
Neb local buckling of flaft bars

Shortened Tansversely framed Plate buckling
plate pansls

Table 3.1. Modes of failure of each element considered by CSR

Following paragraphs summarize the calculation of the load shortening curves
adopted by CSR to the extent that are relevant for subject study. For an easiest
reference, the nomenclature used at following paragraphs is summarised in Table
3.2.

Elasto-plastic failure

The equation describing the stress-strain curve o-¢ or the elasto-plastic failure
of structural elements is obtained by the following formula, valid for both positive
(compression or shortening) of hard corners and negative (tension or lengthening)

strains of all elements (refer to Figure 3.6):

o=0 0, (3.1)
where,
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® is an edge function defined as:

$=-1 for g=-1
&= ¢ for d1<e<1
$=1 for e>1

€ is the relative strain equal to €g/€yq

campression or
shartening,

lengthening

(a)

(3.2)

tension or

lengthening

(b)

Fig.3.6.(a) Elastic perfectly plastic failure of all elements under tension and
of hard corners both tensioned or compressed, (b) Elasto-plastic failure of stiffeners

Beam Column Buckling

The equation describing the shortening portion of the stress strain curve Gcr1-€ for

the beam column buckling of stiffeners is obtained by the following formula:

A#—rh‘.‘-E: +10°" E:I.'."r'—'.=‘ wef30 I (3'3)
Ccpy = POy - —— |
'I'F"'J—'in'.':'ﬁl:' +10 5".-|.'55: I
where,
e Cg is the critical stress defined as:
gz1 - T yd (3.49)
Oc1 = for om=——¢
(. Doue| . Oy
Oc1 =04 1— ' | for o: £
o dge1 2
e Cg is the Euler Buckling stress defined as:
N A . (3.5)
'5";_1 — .'-'I__E E-l;r::l'J_ 1[]—:
Jill‘E—l:-rr EIIIL—:."'
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e @ edge function defined in the previous paragraph
e I: .ets0 Net moment of inertia of stiffeners with attached plating of width beg.s

e b effective width of the attached plating for the stiffener

Deg—s = = for Bp=>1.0 (3-6)
4

hq-:f_.; =5 fOI PBP = J.O

e Plate slenderness ratio
g P 5 ECTyd
= (3.7)
tirfﬁ.’," E

Remaining abbreviations are explained at Table 3.2.
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Symbol Description Calculation
€ Strain corresponding to yield stress in e Fyd
yd the element ’ E
Specified minimum vyield stress of the -
Oyd .
material
E Modulus of elasticity )
thetso Net thickness of attached plating )
s Plate breadth Spacing between the stiffeners
Aq nets0 Net area of the stiffener without -
attached plating
tr-netso Net thickness of the flange )
bs Breadth of the flange )
tw-netso Net thickness of the web -
dw Depth of the web )
Istie Span of stiffeners Spacing between primary support members
Ip-net |'/ Aw-net(ef — 0.5 fonet )?

Net polar moment of inertia of the

-Af_mge§]10—4

stiffener 3
U?f - Djt_f—nf ) ti'—.lwi ( 1-0.63 f;’—feé ‘
3x10 | er =058, .
Itnet Net St. Venant’s moment of inertia of N
the stiffener . .
b,t7_ t e e
LIy .63 L
3x10* | f

Net sectorial moment of inertia of the

I(n)-net

stiffener

for bulb flats and angles:
Ap o €505 (A +2.6A, 0
12x10° | Af_pes + Apnr ]
for T bars:

b; tf—m’t (.’;
12x10°

I Torsional buckling length

Distance between tripping supports

Table 3.2. Abbreviations used for the load-end shortening curves formulas
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Torsional buckling of stiffeners

The equation describing the shortening portion of the stress-strain curve 6.,

for the lateral-flexural buckling of stiffeners is obtained according to the following

formula:
& Az e +107 st 005
Opy = = = i
R =7
- "";-""s—r'.:':f':l _ID -Stl:-r.'-i':l (3'8)
where,

e Cs is the critical stress defined as:

TJEz . i {T-_;g" (3-9)

for oz = £

e Cg; is the Euler Buckling stress defined as:

(3.10)

i

E ‘ emn’l, 107

I

=13

. l
p-net Y

e Ccp is the ultimate strength of the attached plating for the stiffener defined as:

) . (3.11)
‘ 225 125
Ocp =

S s B,

acr = Crln'lf fOl‘ }6! 'E\ 1.25

Web local buckling of stiffeners with flanged profiles

The equation describing the shortening portion of the stress strain curve 6..-¢

for the web local buckling of flanged stiffeners is obtained from the following

formula:
| EJ."—.‘II{-FE s T ri.-.;—.:'#.-.,—-:.-rit' _b ¥ F—nei50
Ocga =DO | — e T 3.12
- IiEtl:-r:i':l + ':]".u: E'.n.:—.—l.'.‘-Sl:' 0y |l F—nef50 ' ( ) )
where,
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e du-efis the effective depth of the web

(225 1.25)
Ifd-_n;—n‘_-‘_.'. = 7 N '|:I |d-'"." fDI f'l?'-": > 1'25

W Mo ,E'E' ) (3' 13)
At = for B, <125

e [, is the web slenderness ratio

(3.14)

,,13 £

rd

[

w—nait 50

3.4.5. Alternatives methods

The CSR Rules account for alternative methods to the ones adopted by the rules
for the evaluation of the ultimate hull girder capacity subject that all the relevant
effects important to the non-linear response with due considerations of the following

are taken into account:

non-linear geometrical behavior
e inelastic material behavior

e geometrical imperfections and residual stresses (geometrical out-of flatness of

plate and stiffeners)

e simultaneously acting loads such as bi-axial compression, bi-axial tension, shear

and lateral pressure
e boundary conditions
e interactions between buckling modes
e interactions between structural elements such as plates, stiffeners, girders etc.
e post-buckling capacity

These methods are described below.

3.4.5.1.Incremental-iterative procedure

The most generally used method to assess the hull girder ultimate moment
capacity is to derive the non-linear moment-curvature relationship, M-k, by

incrementally increasing the bending curvature, k, of the hull section between two
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adjacent transverse frames and then identifying the maximum moment along this

curve as the ultimate bending capacity, My.

As per CSR Rules the M-k curve is to be based on the axial non-linear P-€
(load/strain) load shortening curves for individual structural component in the cross-

section considering all relevant structural effects as listed above.

3.4.5.2. Non-linear finite element analysis

CSR Rules allow for advanced non-linear finite element analyses models to be
used for the assessment of the hull girder ultimate capacity provided that such
models consider the relevant effects important to the non-linear responses as listed
above. Particular attention is required to be given to modelling the shape and size of
geometrical imperfections. It is to be ensured that the shape and size of geometrical

imperfections trigger the most critical failure modes.

3.5. Net Thickness Approach

The philosophy behind the net thickness approach is to:

e provide a direct link between the thickness used for strength calculations during
the new building stage and the minimum thickness accepted during the

operational phase

e enable the status of the structure with respect to corrosion to be clearly

ascertained throughout the life of the ship.

This philosophy is illustrated in Figure 3.7.

L

Corrosion | Wastage

Addition } Alatnee

Predicted
Required corrosion Required Annual
Net in 2.5 years Renewal Thickness
Thickness (0.5 mm) T
Fig.3.7. Net Thickness Approach
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The required gross thickness of a structural element is given by adding the
corrosion addition (t,) to the required rounded net thickness as defined by the
rules. The thickness at which annual surveys are required is obtained by subtracting
the total wastage allowance from the as-built thickness. The thickness at which
renewal is required is obtained by subtracting the total wastage allowance and the
thickness ter-25 from the as-built thickness. The thickness t.r25 is the wastage
allowance in reserve for corrosion occurring in the two and half years between

Intermediate and Special surveys.

The assessment of hull girder scantlings is based on the overall global
corrosion, by deducting half the local corrosion addition for all structural members
simultaneously. The assumption is that the full local corrosion will not occur globally
and hence a lesser average value of assumed corrosion is appropriate. Individual
structural elements may corrode to the maximum corrosion addition and this is taken

into account in the buckling assessment.

The corrosion addition considered for the structural elements of a double oil

tanker is depicted in Figure 3.8.
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Fig.3.8. Corrosion addition considered for double hull oil tankers
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FINITE ELEMENT ANALYSIS

4.1. General

As already mentioned, the present study aims to verify the CSR Incremental-
Iterative Approach for the estimation of the Hull Girder’s Ultimate Capacity. For this
purpose, a finite element analysis is carried out by using the software ABAQUS while
a double hull oil tanker has been used as a case study. This Chapter describes in
general the finite element procedure for the simulation/analysis of a structure,
introduces the finite element code used and presents the code’s relevant features

and theory.

4.2. Finite Element Analysis Procedure

The finite element method (FEM), sometimes referred to as finite element
analysis (FEA), is a computational technique used to obtain approximate solutions of
physical problems in engineering. More specifically, FEM is a numerical method
seeking an approximated solution of the distribution of field variables in the problem
domain that is difficult to obtain analytically. It is done by dividing the problem
domain into several elements, which usually have a very simple geometry, and then
introducing approximate functions to describe the response of each element in terms
of variables evaluated at selected positions on its boundary, referred to as the nodes.

In brief, the procedure of a finite element analysis is shown in Figure 4.1.

The physical problem typically involves an actual structure or structural
component subject to certain loads. This physical problem under certain assumptions
is idealised to a mathematical model governed by differential equations. It is self
explanatory that the finite element method will solve only the mathematical problem
and that any assumptions made to the idealisation of the physical problem will affect
the solution of the mathematical model. In this respect the choice of a mathematical
problem is crucial, determines the accuracy of the results and the extent of insight

into the actual physical problem. The assumptions that have to be made during the
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idealisation of the mathematical problem include but, are not limited to, the

geometry or domain of the system, the properties of the material or medium, the

boundary, [ Prosent roiom o1 CQ%FE,T' initial and
pr m
loading { conditions.
Mathematical model

Governaed by differential equations
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Fig.4.1. Illustration of the Finite Element Analysis Procedure

In the next step the mathematical model is turned into a finite element
model. For this purpose the modelled geometry is discretized into finite elements,
any initial imperfections in the structure are introduced into the model, and the

boundary/loading conditions are specified at the nodes or element faces.

Upon the solution of the equations, which are obtained when the
mathematical model is divided into finite elements, a decision has to be made on
whether the analysis needs to be refined, for example using an alternative type of
element or reducing the element size (i.e. a mesh refinement), in order to improve
the accuracy of the results and hence the insight into the physical problem, or
alternatively, whether the assumptions built into the mathematical model need to be

altered.

The following paragraphs introduce the features of the finite element code
(ABAQUS) used in this study for the processing/definition of the Finite Element Model
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and in particular features related to buckling prediction, element selection, and non

linear static analysis.
4.3. The Finite Element Code ABAQUS

The finite element code used is ABAQUS/Standard which is a general-purpose
analysis module that can solve a wide range of linear and nonlinear problems
involving the static, dynamic, thermal, and electrical response of components.

A complete ABAQUS/Standard analysis, as shown in Figure 4.2, consists of

three distinct stages: pre-processing, simulation, and post-processing.

Preprocessing
ABAQUS/CAE or other software

!

Input file
job.inp

Simulation
ABAQUS/Standard

!

Qutput files:
job.odb, job.dat,

Job.rea, 3jeb.fil

Fostprocessing
ABAQUSNiewer or other software

Fig.4.2. Abaqus/Standard Analysis Stages

The pre-processing relates to the development of the FE model of the
physical problem, the simulation refers to the solution of the mathematical problem,
whereas the post-processing is the display/evaluation process of the results obtained

from a solution of the FE equations.

4.4. Finite Elements issues in the ABAQUS code

4.4.1. Finite Elements in general

A crucial part of the finite element model definition is the meshing of the
geometry and in particular the selection of the elements size and type. The selected
finite elements not only define the basic geometry of the physical structure but also
affect the results obtained by the simulation. The greater the mesh density, the more
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accurate are the results and thus the response of the mathematical model. It should
be noted that a simulation is considered successful if beyond a certain mesh density

the analysis converges to a unique solution.
In the ABAQUS FE Code each element type is characterised by the following:

e Family. The family of each element mainly characterizes the geometry type
of the element. ABAQUS range of element families most commonly used in

stress analyses is shown in Figure 4.3.

e Degrees of freedom (directly related to the element family). The
degrees of freedom (dof) are the fundamental variables calculated during the
analysis. For a stress/displacement simulation the degrees of freedom are the
translations as well as, for shell and beam elements, the rotations at each

node.

e Number of nodes. The fundamental variables are calculated only at the
nodes of the element. At any other point in the element, the variables are
obtained by interpolating from the nodal variables. The interpolation order is
determined by the number of nodes used in the element. Elements that have
nodes only at their corners, use linear interpolation in each direction (linear
elements or first-order elements) whereas elements with midside nodes use

quadratic interpolation (quadratic elements or second-order elements).

e Formulation. An element's formulation refers to the mathematical theory
used to define the element's behaviour. All of the stress/displacement
elements in ABAQUS are based on the Lagrangian or material description of
behaviour: the material associated with an element remains associated with
the element throughout the analysis, and material cannot move among

elements.

e Integration. ABAQUS uses numerical techniques to integrate various
quantities over the volume of each element. Using Gaussian quadrature for
most elements, ABAQUS evaluates the material response at each integration

point in each element.
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Fig.4.3. Abaqus elements

4.4.2. Shell Elements

Shell elements are used to model structures in which one dimension (the
thickness) is significantly smaller than the other dimensions, and the stresses normal

to the thickness direction are negligible.

When using shell elements the user can choose numerical integration to be
carried out independently at each section point (integration point) through the
thickness of the shell, thus allowing for nonlinear material behaviour or linear elastic
material behaviour. The location of the single integration point in an S4R (4-node,
reduced integration) element and the configuration of the section points through the

shell thickness are shown in Figure 4.4.

’/ Top suriace of shell

Inegration paintin

an S4R element Sect on through shell
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ihe thickness ol ihe
shall ai1he location of
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Fig.4.4. Integration of shell elements
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There are three different classes of shell elements, thin—only shell elements,
thick—only shell elements and general-purpose shell elements which are valid for use
with both thick & thin shell problems and allow finite membrane strains. Thick—only
shell elements apply to problems at which the effects of transverse shear
deformation are important for the solution. Thin—only shell elements, on the other
hand, apply to problems at which that transverse shear deformation is small enough

and can be neglected.

In the present study the S4 element has been used, which is a general
purpose, fully integrated, 4-node shell element. Through thickness integration is
carried out using either a Simpson or Gauss integration. The element formulation
accounts for both large displacements/rotations and finite membrane strains. Despite
it's higher computational cost, due to the full integration, it is expected to give

greater accuracy for the highly nonlinear response of a stiffened panel.

4.5. Linear Buckling Analysis in ABAQUS

Buckling Analysis is usually performed prior to a non-linear static analysis in
order to determine the buckling modes and therefore to define candidate initial
geometric imperfections in the structure in accordance with these buckling modes.
This was the procedure also adopted at present study to introduce appropriate initial
imperfections into the FE model. For further information, reference is made to
Chapter 7.

The buckling modes are normalized vectors so that the maximum
displacement component has a magnitude of 1.0. They do not represent actual
magnitudes of deformation but they predict the likely buckling mode of the structure.

The resulting eigenvalue problem is expressed by the following formula:
{RFI::"\-':'LI i }'?_Rrg'.’l.!":l ?_I:'I.r =0,

where,
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Ko™ M is the stiffness matrix corresponding to the base state, which includes the

effects of the preloads PV, if any

K,V ™ is the differential initial stress and load stiffness matrix due to the applied

loading pattern, Q"

A are the eigenvalues

u" are the buckling mode shapes (eigenvectors)

M and N refer to degrees of freedom M and N of the whole model
i refers to the i™ buckling mode.

The critical buckling loads are then P" + A *Q".

4.6. Non Linear FE Analysis in ABAQUS

Taking into account that during the collapse of a stiffened panel its response
is highly nonlinear, the ABAQUS nonlinear analysis algorithms are relevant here. In a
non linear analysis the structure's stiffness changes as it deforms and as a result the
stiffness matrix of the structure has to be assembled and inverted many times during
the course of the analysis. This is not the case for the linear analysis where there is a
linear relationship between the applied loads and the response of the system (refer
to figure 4.5).

Foree Faree
Displacement Displacament
Linear spring. Monlinear spring.
Shifiness is constant. Stifiness s naot constant.

Fig.4.5. Linear and Non-Linear Analysis
There are three sources of nonlinearity in structural mechanics simulations:

e Material nonlinearity. Most metals have a fairly linear stress/strain relationship
at low strain values, but at higher strains the material yields, and the response

becomes nonlinear and irreversible.
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Fig.4.6. Linear and Non-Linear Analysis

e Boundary nonlinearity. Boundary nonlinearity occurs if the boundary

conditions change during the analysis, for example due to changes in contact.

e Geometric nonlinearity. Geometric nonlinearity occurs whenever the
magnitude of the displacements affects the response of the structure. This may
be caused by large deflections or rotations, snap through, initial stresses or load
stiffening.

ABAQUS can solve both linear and non linear problems. At this point, it would
be useful to briefly discuss the procedure that ABAQUS uses for the solution of

non linear problems.

4.6.1. Static Non Linear Analysis

ABAQUS uses the Newton-Raphson method to obtain iteratively the solution of
the nonlinear equations resulting due to the nonlinearities mentioned above. In a
nonlinear analysis the solution cannot be calculated by solving a single system of
equations, as would be done in a linear problem. Instead, the solution is found by
applying the specified loads gradually and incrementally working towards the final
solution. In this respect, the simulation is divided into a number of load increments
at the end of each an approximate equilibrium configuration is found.

Chapter 4 Page 61 of 197
Finite Element Analysis



Dissertation National Technical University of Athens
Ultimate Hull Girder Strength Assessment Faculty of Naval Architecture and
using semi-analytical and computational methods Marine Engineering

Let us consider the internal nodal forces caused by the element’s stresses I, and
the external forces P, acting on a body (refer to figure 4.7). Equilibrium is achieved

when the forces acting at every node equals to zero: P -1 = 0.

P ‘ @ A
a@@? .b

ia) External loads in a smulation. ib) Internal forces actng at a noda.

Fig.4.7. Linear and Non-Linear Analysis

The total load applied is broken into smaller increments for each of which the FE
Code searches for a solution that converges. Let us consider the non linear response
of figure 4.8.

AP K, i

-
a Displacement

Fig.4.8. Non Linear analysis - Newton-Raphson method

ABAQUS uses the structure's initial stiffness, Ko, which is based on its
configuration at up, and the increment in load AP to calculate a displacement
correction, c,, for the structure. Using c,, the structure's configuration is updated to
u,, a new stiffness K,, for the structure is formed, and the structure's internal forces,
I, are calculated. Then the difference between the total applied load, P, and I, is

calculated, giving R, which is the force residual for the iteration.

When the residual force vector R, is zero at every degree of freedom in the

model, the structure is in equilibrium and point a lies on the load-deflection curve.
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Since in practice R, is almost impossible to be equal to zero, it is compared to a
tolerance value. If, following a number of iterations, R, is found to be less than this
tolerance value, an additional check is being performed prior to accepting the
updated configuration as the equilibrium solution. More specifically, the displacement
correction, ¢,, is also checked to be relatively small to the total incremental

displacement, Au, = u, - Up.

If ¢, is greater than 1% of the incremental displacement, another iteration is
performed until both convergence checks are satisfied. Only then the solution is said
to have fully converged for that load increment. It should be noted that, by default,
the tolerance value of the residual force is set to 0.5% of a spatially and over time

average force in the structure.

If the solution from an iteration has not converged, another iteration is
performed to try to bring the internal and external forces into balance. This second
iteration uses the stiffness K,, calculated at the end of the previous iteration together
with R, to determine another displacement correction ¢,, that brings the system

closer to equilibrium (refer to point b in Figure 4.9).

. -
-
Wy Ly Displ acament

Fig.4.9. Non Linear analysis — Procedure for iterations

It often takes ABAQUS several iterations to determine an acceptable solution to a
given load increment. The sum of all the incremental responses is the approximate

solution of the nonlinear analysis.

4.6.2. Riks Non Linear Analysis

It is often necessary to obtain nonlinear static equilibrium solutions for

unstable problems, where the load displacement response may exhibit the type of
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behaviour sketched in Figure 4.10 at which the load and/or the displacement
decreases as the solution evolves. In such cases Abaqus uses the modified Riks

method in order to find the solution.

Load, P

Displacement

Fig.4.10. Non Linear analysis — Riks Method

The Riks method uses the load magnitude as an additional unknown while
the progress of the solution is measured by the “arc length,” I, along the static

equilibrium path of the load-displacement curve.

The loading during a Riks step is always proportional. The current load

magnitude is defined by:

FPiotal = Fp + M Fror — Fp).

where, Po is the “dead load,” P, is the reference (applied) load vector, and A is the
“load proportionality factor” which is found as part of the solution. Dead loads are
any loads that exist at the beginning of the step and are not redefined. The Riks
algorithm has been used here in cases where the static nonlinear analysis algorithm
failed to converge, as discussed in Chapter 7.
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DETAILS OF THE VESSEL USED IN THIS STUDY

5.1. General

As already mentioned, subject study aims to calculate the ultimate hull girder
strength assessment of a vessel by using both semi-analytical and computational
approaches. For this purpose, the computation of the ultimate hull girder capacity of
a double hull oil tanker is carried out as a case study. The scope of this chapter is
the presentation of the vessel’s particulars and the description of its structure
amidships. In particular, details regarding the steel material and the scantlings of the
midship section are reported. Moreover, design still water and wave bending

moments are presented.
5.2. Vessel’s particulars

The vessel used in subject study is a double hull Product Tanker of 47.326 tn
deadweight tonnage carrying crude oil as well as clean & dirty petroleum in bulk. It
has a continuous freeboard deck without forecastle or poop deck while the main hull
under the main deck is divided in six pairs of cargo oil tanks. Hull construction is of
mild steel of minimum yield stress 245 Nt/mm? and of high tensile steel of minimum
yield stress 315 Nt/mmZ.

It should be highlighted that the keel was laid on 2004 prior to the entry into
force of the Common Structural Rules (1% April 2006) and under the supervision of a
well recognized Classification Society, American Bureau of Shipping (ABS), member
of the IACS Community.

Table 5.1 summarizes vessel’s main particulars whereas Figure 5.1 depicts its

profile and tank top view.
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Length between perpendiculars Lgp=172.00 m
Length Overall Loa=182.50 m
Scantling Length (0,97 LWL) Lsc=171.69 m
Moulded Breadth B=32.20 m
Moulded Depth D=18.10 m
Design Draft T=11.30m
Scantling Draft Tsc=12.60 m
Deadweight at design draft DWT=40854 tn
Deadweight at scantling draft DWT=47326 tn

Table 5.1. Vessel’'s Main Particulars
5.3. Midship Section

The vessel which in way of the midship section area is longitudinally
stiffened, as shown in Figure 5.2, comprises of a Double Bottom, Side Ballast Tanks
and a Centre Line Bulkhead. Inner Bottom and Bottom plating are stiffened by the
longitudinals and the transverse floors whereas Inner Bulkhead Plating and Shell
plating are stiffened by the longitudinals and the web transverses. The spacing of the
transverse frames is 4050mm while the spacing of the stiffeners varies, dependent
on the stiffened panel considered, from 825mm (inner bottom, bottom, main deck)
to 850mm (side shell, inner bulkhead, CL bulkhead). Smaller stiffener spacing is

accounted for the stingers (702.5mm) and the girders (677.5mm and 725mm).

For the purpose of the present study and for the more efficient presentation
of the results, the midship section has been divided in nineteen (19) major stiffened
panels for each of which the results are presented separately in Chapter 7. The
nomenclature of the panels is defined in Figure 5.2. All panels are considered to
extend between the vessel's web frames (4050mm) and the adjacent primary
support members (stringers, decks, girders, bulkheads whichever applicable).
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Fig.5.1. Vessel's profile view and tank top view
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Fig.5.2. Nomenclature of considered midship section panels

The breadth (b), span (a), aspect ratio (a/b), plate slenderness ratio
{(b/t)-(0,4/E)>} and web slenderness ratio {(dw/tv)-(0y/E)¥% of all structural
elements per stiffened panel is indicated in the following paragraphs. The
nomenclature of the stiffener’s dimensions are as per Figure 2.3. It should be noted
that the geometric properties summarized herewith correspond to the gross
thickness of the panels without taking into account the deduction due to corrosion
addition. The plate slenderness ratio is in the range of 2.25-2.37 for the bottom and
side shell plating, 2.31-2.83 for Inner Bulkhead, 2.22-2.76 for CL Bulkhead and 1.86-
2.22 for Main Deck and Inner Bottom. The web slenderness ratio is in the range 0.8-
1.34 for Side Shell, Inner Bulkhead and CL Bulkhead, 0.898 for Main Deck, 1.475 for
Inner Bottom Plating and 1.486 for Bottom Plating.
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At appendix A of the present dissertation a copy of the midship section plan is
attached.

¥

C C

Fig.5.3. Nomenclature of Stiffeners’ dimensions
5.3.1. Bottom Plating Panels

The bottom plating comprises of panels B1 and B2 divided by the side girder.
The thickness of the bottom plating is not identical along the panel B-2 as indicated
in bellow figure. Dimensions and geometry properties of the bottom plating panels
are shown in Figure 5.4 and Table 5.2 respectively. The numbering of each stiffener
along the panels follows the numbering shown in figure 5.4. Both Plating and
Stiffeners of the Bottom Plating have minimum yield stress of 315 Nt/mm?. It should
be noted that “"AH” denotes the structural elements of high tensile strength steel
(315 Nt/mm?).

Stiffener . Plate Aspect Plat: Web
panel Spacing St;f;e:;:rs Thickness ( dW:t: ) (F;a:gtes Ratio Slend:r?ress Slenderness
ane (b) (t) e N 1)) Ratio Ratio
(mm) ) (mm) (mm) | (mm) ) (mm) (mm)
B1-15
Bl 850 B1-16 14 A1 381x10 1222.(19 4.765 2.368 1.486
675 B1-17 6.000 1.881
B2-1 14 /15.5 " 2.102
B2-2
B2'3 AH
B2-4 14 2.299
B2-5
B2-6 14 /14.5% 2.284
B2 825 B2-7 381x10 1222.(19 4.909 1.486
32'8 AH
B2-9 14.5 2.220
B2-10
B2-11 | 14/145™ 2.296
32'12 AH
B2-13 14 2.299
Table 5.2.Geometry properties of Bottom Plating Panels
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Fig.5.4. Bottom Plating Panels

5.3.2. Side Shell Panels

The side shell is divided in 5 panels (S1-S5) extending in height between the

stringers of the side ballast tanks. As opposed to the bottom plating, the thickness of

the side shell plating is identical along the panels, 14mm. The same applies for the

steel type of the plates which is high tensile steel (315 Nt/mm?). The dimensions of

the stiffeners though, differ substantially along the panels (refer to Figure 5.5) while

the steel type is mild steel for panels S2-S5 (245 Nt/mm?) and high tensile steel for

panel S1 (315 Nt/mm?). Geometry properties of the side shell plating panels are

indicated in Table 5.3. The numbering of each stiffener along the panels follows the

numbering shown in figure 5.5.

Stiffener . Plate Aspect Plat Web
panel Spacing St;f;elcsrs Thickness ( dW:I: ) (I:a:«_:::e) Ratio Slend:riess Slenderness
ane (b) t) w® tw i (a/b) Ratio Ratio
(mm) ) (mm) (mm) (mm) () (mm) (mm)
715 S1-20 125x19 5.664 1.992
S1 S1-21 1471 331x10 AH 1.291
850 S1-22 4.765 2.368
S2-24 AH 384x10 | 125x16 1.321
14 . .
S2 850 S2-25 374x10 MS 4.765 2.368 1.287
S3-27 334x10 | 125x16 1.149
$3-28 324x10 MS 1.115
S3 850 S$3-29 147 344x10 4.765 2.368
$3-30 3a4x10 | 10016 1.183
S3-31 334x10 1.149
S4-33 294x10 100x16 1,011
sS4 850 S4-34 1471 274x10 MS 4,765 2.368 0.943
S4-35 274x10 )
850 S5-37 AH 90x14 4,765 2.368
14 .
S5 405 S5-38 1868 | “ws 531 | 2043 0.800
Table 5.3. Geometry properties of Side Shell panels
Chapter 5 Page 70 of 197

Details of the vessel used in this study




Dissertation
Ultimate Hull Girder Strength Assessment
using semi-analytical and computational methods

National Technical University of Athens
Faculty of Naval Architecture and
Marine Engineering

Al A

HO A

200%10 + D0X16 FRIT)

20010 + 100216 FRIT)
F0e10 + R ST

350000 4 V16 FA(TY
360%0 4 WEIX16 FR(T)
340310 + 12616 FA(T)

S50H1G + 1250%16 FR(T].

ACOX 1D + 125%16 FR{T

350x10" 125:15*PiT)
350u0™ 12509

300 1250501}

i
1 & i m o s M

£ =p .

“

5 e |

g 1

y
L L
=
w— = —
5|

£l |

=

B 1 ol !

C L
=
a— e =

L]

= | gl —

.

g s =
7 =t =4
™
7 =t —

3

=2 e

q

ﬁ 35— %__ [a—

&

i —

[ o %

Mz =

o e

E i —

il
o _
| &
16
L -

III"\ g
» :
% S
h

Fig.5.5. Side Shell Panels

5.3.3. Inner Bulkhead Panels

The inner bulkhead comprises of 4 panels (I11-I14) as shown in Figure 5.6. The

thickness and the steel type of the inner bulkhead plating and stiffeners vary along

the panels. Dimensions-steel type and geometry properties of the inner bulkhead

panels are shown in Figure 5.6 and Table 5.4 respectively. The numbering of each

stiffener along the panels follows the nhumbering shown in Figure 5.4. It should be

noted that “"AH"” denotes the structural elements of high tensile strength steel.
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Fig.5.6. Inner Bulkhead Panels

Stiffener . Plate Aspect Plat: Web
Spacing Stiffeners Thickness Web Flange Ratio Slend:riess Slenderness
Panel (b) ID No ) (dwxty) | (bexty) (a/b) Ratio Ratio
(mm) ) (mm) (mm) | (mm) ) (mm) (mm)
I11-24 147 167 125x16 2.312
I1 850 11-25 T 394x10 MS 4,765 7 368 1.335
12.5" 1 364x10
12-27 147 125x16 2.422 1.252
- MS
2 850 12-28 354x10 4.765 1.218
12-29 12.5M 354x10 2653
12-30 ' 364x10 | 100x16 ) 1.252
12-31 344x10 M 1.183
13-33 304x10 100x16 1.046
I3 850 13-34 12.5" 284x10 MS 4.765 2.653 0.977
13-35 274x10 0.943
850 14-37 AH 90x15 2.763
14 869.0 14-38 12 235x9 AH 4,661 5825 1.019
Table 5.4. Geometry properties of Inner Bulkhead Panels
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5.3.4. CL Bulkhead Plating

The CL Bulkhead plating is divided in two (2) panels (CL1-CL2), the centre
line girder and the remaining bulkhead. The centre line girder and stiffeners are of
high tensile steel as opposed to the centre line bulkhead where the steel type varies
significantly not only at the plate but at the stiffeners as well. Dimensions and
geometry properties of the CL Bulkhead plating panels are shown in Figure 5.6 and
Table 5.5 respectively. The numbering of each stiffener along the panels follows the
numbering shown in figure 5.7. It should be noted that "AH"” denotes the structural

elements of high tensile strength steel.
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Fig.5.7. CL Bulkhead Panels
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Stiffener . Plate Aspect Plat: Web
Spacing Stiffeners Thickness Web Flange Ratio SIend:riess Slend:rness
Panel (b) ID No t) (dwxty) | (brxte) (a/b) Ratio Ratio
(mm) ) (mm) (mm) (mm) () (mm) (mm)
cLL | 850 ShTR M| 186x8 | i | 4765 | 2368 | 0.907
830 | CL2-21 4880 | 2.398
CL 2-22 | 13.5*
L2 384 | 100X16 2.456 303
13.57H 11.5 )
cL22a | 133 2.478
CL 2-25
CL2-26 13 | 331x10 | 125X19 2.551 1.139
CL 2-27
AH
CL2-28 | 1D, | 384x | 1000 2.556 149
850 CL 2-29 11.5 4.765 '
CL 2-30
12 2.763
CcL2 CL2-31 333x12 | 100X17 0.955
CL2-32
125x19
A 331x10 1.139
cL2-33 | s X Ms 2.661
100x17
cL234 . 33312 | 100 543 1.149
CL 2-35
90x16
MS
815 | €L2:36 2810 1 s 4969 | 2.417 0.977
90x15
a0 | CL2:37 . 235x9 | 90X s100 | 2936 1.019
CL 2-38 90x14
775 CL 2-39 186x8 A 5.226 2.222 0.907

Table 5.5. Geometry properties of CL Bulkhead Plating Panels

5.3.5. Main Deck Plating

The Inner Bulkhead Plating divides the Main Deck plating in two panels (M1-

M2). At both panels the plate thickness and stiffener dimensions are identical, 13mm

and 250x9/90x15. The same applies for the steel type of both plating and stiffeners

which is of mild steel. The difference between the two panels is the stiffener spacing

which is 703.83 mm and 825mm for panel M1 and M2 respectively. Main deck plating

is depicted in Figure 5.8 and its geometry properties are summarised in Table 5.6.
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Fig.5.8. Main Deck Plating Panels
Stiffener - Plate Aspect Plate Web
Spacing St;fI;eI::ers Thickness dWeI: F';angte Ratio Slenderness | Slenderness
Panel (b) o (t,) (dwxtw) | (bext) (a/b) Ratio Ratio
(mm) ) (mm) (mm) | (mm) ) (mm) (mm)
M1 70383 IS 13" | 2350 sas'| 5754 1863 | 0.89%
M2-1 to
M2 825 M2-15 3™ 235x9 | goxts™s | 4909 2.183 0.898
822.5 M2-16 4.924 2.177

Table 5.6. Geometry properties of Main Deck Plating Panels

5.3.6. Inner Bottom Plating Panels

The Inner bottom plating forms a panel by itself. It has 14.5 and 16mm plate
thickness and stiffener dimensions 400x10/125x22 as shown in Figure 5.9. The
material type is high tensile steel (315 Nt/mm?).

— 23
— &
15" o 3480 x 145" | 40RD ¥ 145" . 2770 |x 144
% ! ' | R
4 )] i} 3
WY YTYE ST YE Y
T R
N it
| O O R | O A i A 90 s
16 15 14% 13 12 n 1', [ B 1 48 5 3 7 3 1 &
Fig.5.9. Inner Bottom Plating Panels
The geometry properties are summarised in Table 5.7.
Chapter 5 Page 75 of 197

Details of the vessel used in this study




Dissertation
Ultimate Hull Girder Strength Assessment

using semi-analytical and computational methods

National Technical University of Athens
Faculty of Naval Architecture and
Marine Engineering

Stiffener . Plate Aspect Plat Web
Spacing Stiffeners Thickness Web Flange Ratio Slend:riess Slenderness
Panel (b) ID No ) (dwx t,) | (bsxtf) (a/b) Ratio Ratio
(mm) ) (mm) (mm) | (mm) ) (mm) (mm)
IB-1
IB-2
IB-3
IB-4
:g:g 14.5 A 2.220
1B 825 ig'z 378x10 | 122X%2 | 4909 1.475
IB-9
IB-10
AH
B-11 | 2.019
:g::; 16 2.011

Table 5.7. Geometry properties of Inner Bottom Plating Panels

5.3.7. Remaining panels

The remaining panels refer to hopper plating, stringers and bilge plating.

Hopper plating & stiffeners and bilge plating are of steel with yield stress 315Nt/mm?

while stringers & stiffeners are of mild steel. The dimensions and the geometry

properties of these panels are as follows.
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Fig.5.10. Remaining panels. (a) Hopper and Bilge Panel, (b) Stringers

Chapter 5
Details of the vessel used in this study

Page 76 of 197




Dissertation National Technical University of Athens

Ultimate Hull Girder Strength Assessment Faculty of Naval Architecture and
using semi-analytical and computational methods Marine Engineering
Stiffener . Plate Aspect Plat: Web
P Spacing St;f;eners Thickness dWeI; F;a"%e Ratio Slend:r?\ess Slenderness
anel (b) o (tp ) ( w X w) ( F X f) (a/b) Ratio Ratio
(mm) ) (mm) (mm) | (mm) ) (mm) (mm)
HP-1
HP 870 HP-2 164 351510 12%19 4.655 2.121 1.369
890.76 HP-3 4.547 2.172
ST1 | 702.50 :E::g 13" | 141x9 | 90x9" | 5.754 | 1.859 0.539
ST2 | 702.50 23313 11™ | 141x9 | 90x9" | 5.754 | 2.197 0.539
ST3 | 70250 :g::g 11" | 141x9 | 90x9" | 5754 | 2.197 0.539
ST4 | 702.50 :I::ig 12" | 141x9 | 90x9™ | 5754 & 2.014 0.539
BLG - BLG 141 - - - - -

Table 5.8. Geometry properties of remaining panels
5.4. Desigh bending moments

At this point it would be useful to make a reference to the CSR rule values of
maximum expected still water and wave bending moments as well as to the

permissible still water bending moments as per which the vessel operates.

The expected maximum still water and wave bending moments in way of the
midship region as calculated in accordance with Common Structural Rules are
presented in Table 5.9. The midship permissible still water bending moments in

accordance with vessel’s Loading Manual are indicated in Table 5.10.

Sagging Condition Hogging Condition
(kNtm) (tn m) (kNtm) (tn m)

Rule bending moments

Rule still water bending
926508 94445 1226250 68737
moment

Rule wave
1430541 145825 1297333 132246
Bending moment

Table 5.9. Maximum expected still water Bending Moments
as per CSR
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Sagging Condition | Hogging Condition
(kNtm) | (tnm) (kNtm) (tn m)

549360 56000 1226250 125000

Table 5.10. Permissible still water Bending Moments
as per vessel’s Loading Manual

Considering the CSR Rule Still Water Bending Moment in Sagging Condition
as 926508 kNt-m, the Rule Wave Bending Moment as 1430541 kNt-m and the
load combination factors ys and yw as 1.1 and 1.2 respectively (refer to Figure 3.1),
this leads to an expected maximum total bending moment of 2.643x10° Nt-m.
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APPLICATION OF THE CSR INCREMENTAL-
ITERATIVE APPROACH

6.1. General

This Chapter summarizes the application of the CSR Incremental-Iterative
Approach used in the context of this study for the assessment of the Hull Girder
Ultimate Strength of the double hull tanker presented at the previous chapter. All
stages of the procedure are presented herewith including, but not limited, to the
division of the midship-section into structural elements, the determination of the net
scantlings, the calculation of the load end shortening curves and the presentation of
any considerations/assumptions made. The results of the procedure will be compared

to the results of the Finite Elements Approach in chapter 8.

6.2. Steps of Incremental — Iterative Approach

The Incremental — Iterative Approach is one of the new features of Common
Structural Rules for the estimation of the hull girder ultimate bending capacity. It
aims to determine the hull girder ultimate capacity by dividing the hull girder
transverse section between two adjacent transverse webs into structural elements,
which are considered to act independently of each other, and deriving the collapse

behavior of each of these structural elements.

The sagging hull girder ultimate capacity of a hull girder section, is defined as
the maximum value of the static non-linear bending moment-curvature relationship
M-k (refer to Figure 3.2) which represents the progressive collapse behaviour of the
hull girder under vertical bending. At each step of the procedure, a curvature k; is
imposed on the hull girder, the strain &;; and corresponding stress oj; acting on each
structural element j are determined, the new position of the neutral axis is
recalculated until equilibrium is achieved and the bending moment M; corresponding
to that equilibrium is recorded. The ultimate capacity is the peak value M, of the M;-k;

curve.
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A detailed description of the method was given in Chapter 3. The following
paragraphs describe the various steps of this procedure as applied in this study for
the estimation of the double hull tanker’s ultimate bending capacity.

6.2.1. Step 1 - Division of the Section into Structural Elements

The first step of the Incremental Approach refers to the division of the
midship section between two adjacent transverse webs (refer to Figure 6.1) into
structural elements. The structural elements may comprise of longitudinal stiffeners
with their attached plating (of breadth equal to the spacing of the stiffeners), hard
corners or transversely stiffened panels. It should be noted that the bilge area, as
per the CSR Rules, should be considered as a hard corner.

Fig.6.1.Midship section area of the tanker between the web frames

The division of the double hull tanker into structural elements is shown in
Figure 6.2. As the midship section is longitudinally stiffened, this comprises of

longitudinal stiffeners and hard corners.
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Fig.6.2. Division of the Double Hull Tanker into structural elements

6.2.2. Step 2 - Calculation of the Load-end Shortening Curves

In the next step the Load end Shortening curves of the structural elements
are calculated taking into account that each structural element acts independently. At
this point it should be highlighted that the Load end Shortening curves of all the

structural elements are based on their net thickness.

This relates to the new net thickness approach adopted by the CSR as per
which the assessment of hull girder scantlings is based on the overall global

corrosion, by deducting half the local corrosion addition for all structural members

[ thet = tgrs - 0.5 teor ]
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The corrosion addition that should be deducted for the determination of the
net scantlings, as defined by the CSR rules, is depicted in Figure 3.8. The application
of the net thickness deduction for the double oil tanker of this study is illustrated in
Figure 6.3 whereas the geometric characteristics of the longitudinal stiffeners taking

into account the net scantlings are tabulated in Table 6.1.
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Fig.6.3. Corrosion addition accounted for the determination of the net scantlings

Having determined the net scantlings of the structural elements, the next
step of the incremental-iterative approach is to derive the load end shortening
curves. Under the assumptions that each structural element acts independently and
that only the midship section between two adjacent transverse webs is taken into
account, the CSR Rules have adopted certain formulas for the collapse behaviour of
stiffened panels (refer to Chapter 3). These formulas consider all relevant failure
modes for the individual structural elements, such as plate buckling, beam column
buckling, torsional stiffener buckling and stiffener web buckling. It should be noted
that the formulas proposed by CSR use the Euler Elastic Buckling Stress in
conjunction with a correction due to plasticity, based on the well known Johnson-
Ostenfeld formula (refer to figure 2.14).
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st t I o o Plate Web
Location Panel e G yd EQUIV vd yd Slenderness | Slenderness ity AsiA
Element PLATE | STIFFENER b b
P W
M2-2 245 245 245 2.580 1.155 33.57 0.24
M2-3 245 245 245 2.580 1.155 33.57 0.24
M2-4 245 245 245 2.580 1.155 33.57 0.24
M2-5 245 245 245 2.580 1.155 33.57 0.24
M2-6 245 245 245 2.580 1.155 33.57 0.24
M 2 M2-8 245 245 245 2.585 1.155 33.97 0.24
Main Deck M2-9 245 245 245 2.585 1.155 33.57 0.24
M2-10 245 245 245 2.585 1.155 33.57 0.24
M2-11 245 245 245 2.585 1.155 33.57 0.24
M 1
CL Blkhd CL2
| 4
13
Inner Blkhd
|2
|1

Table 6.1. Geometric properties of structural elements based on net scantlings
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St " | o o Plate Web
Location Panel ructura Cyd EQUIV vd yd Slenderness | Slenderness dyity AslA
Element PLATE | STIFFENER by b,
S5 S55-38 |302.03 4 . 1.066
55-37 3026 4 . 1.066
54-35 | 296.63 4 . 1.109
S4
Side Shell 53
52
51

Hopper Plating HP

Stringer 36 ST4

Stringer 32 ST3

Stringer 26 ST2

Stringer 23 ST1

B2
Bottom
B 1
Inner Bottom 1B 1

Side Girder 3G

CL-1 245 245 245

CL Girger | CL T T T T 1995 0.984 | 2862 | 020

Table 6.1 (cont.). Geometric properties of structural elements based on net
scantlings
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As per the CSR procedure, the longitudinal stiffeners under compression are
considered to fail because of beam column buckling, stiffener torsional buckling and
stiffener web local buckling (refer to Table 3.1). Longitudinal stiffeners under tension
as well as hard corners either under tension or under compression are regarded to

have elastic, perfectly plastic failure (refer to Figure 3.6).

Due attention should be given to the fact that these formulas assume that the
attached plate and the stiffener are of the same yield stress as well as that the
thickness and yield stress within the attached plate remains the same. Nevertheless,
in practice this is not always the case, as in the case of the double hull tanker used
in this study. The International Association of the Classification Societies who has
developed the CSR Rules retains an IACS-CSR Knowledge Centre to which the
shipbuilding industry can refer for any necessary clarifications with regards to the
implementation of the CSR Rules. All questions and answers are available on line at
the IACS site (www.iacs.co.org). Based on the recommendations obtained by this

CSR Knowledge Centre, the following procedure should be applied in such cases:

o Different yield stress between the attached plate and the stiffener.
Where the yield stress of the plate and stiffener is not identical, two calculations

should be carried out:

o for the stiffener: by adding to the stiffener an attached plating of the same

material as the one of the stiffener and determining the shortening curve

and the stress o to be applied to the stiffener.

o for the attached plating: by adding a stiffener made of the same material as

the one of the attached plating and determining the shortening curve and

the stress o to be applied to the attached plating.

o Different thickness within the attached plate. In such cases an average,

over the area, thickness for the plate should be used.

o Different thickness and yield stress within the attached plate. An

average, over the area, thickness and yield strength for the plate should be used.
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The midship section scantlings of the double hull tanker used in this study
have been presented in Chapter 5. As indicated, in most cases (except of the main
deck plating and the bottom/ inner bottom plating) the yield stress of the stiffeners
and attached plating are not identical. In such cases two load end shortening curves
have been derived during the implementation of the Incremental-Iterative Approach,
in accordance with above mentioned IACS recommendations:

o for the stiffener-plate combination of a yield stress equal to the yield stress of the

plate, from which the stress acting on the plate has been derived.

e for the stiffener-plate combination of a yield stress equal to the yield stress of the

stiffener, from which the stress acting on the stiffener has been derived.

In both cases all failure modes have been considered, bearing in mind that even
in web local buckling and torsional buckling which refer mainly to the stiffeners
buckling failure, result in (if not simultaneously) the plate failure since the plating is

left practically with no support.

In cases where the thickness or yield stress fluctuates within the attached plate
of the stiffeners, an equivalent, over the area, thickness or yield stress respectively

has been used as follows:

teq=(t1'L1+t2'L2)/(L1+ Lz)

Oeq=( Oya1A1+ Oyax'A2)/(A1+A3)

In order to evaluate the effect of using two load shortening curves in case of
different yield stresses in the plate and stiffener, as per the IACS recommendation,

two additional alternatives have been considered:

A) Option A-Equivalent yield stress approach. Using equivalent stress for the
plate — stiffener combination, similar to the expression above and also given in Fig.
2.9.

B) Option B-Applicable yield stress approach. Using the plate yield stress or
the stiffener yield stress dependent on the critical stress considered. More
specifically, for the web local buckling mode the stiffener yield stress is used

(equations 3.12, 3.13, 3.14), while for the beam column buckling failure the
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equivalent yield stress (equations 3.3 & 3.4) is taken into account in the calculations.

In case of the torsional buckling mode, the plate yield stress and the stiffener yield

stress is used for the estimation of the ultimate strength of the attached plating (ocp -

refer to equation 3.11) and torsional critical stress (o - refer to equation 3.9)

respectively.

In the following Figures 6.4-6.6 the stress-strain curves are shown, as derived

by using above mentioned considerations, for three different plate-stiffener

combinations where the yield stresses of the plate and stiffener are not identical. For

comparison reasons, the stress-strain curve computed by the FE analysis is also

included. In all the cases reported below, the plate yield stress is 315Nt/mm?,

whereas the stiffener yield stress is 245Nt/mm?. The critical buckling mode is also

mentioned.

To enable the comparison of the IACS recommended approach (denoted by

the brown curve) to the remaining approaches, the stress-strain curve of the IACS

approach has been calculated as follows:

[ O1acs = (oplate ) Aplate+ Ostif * Astif) / (Aplate+ Astif) ]

The figures also show with dotted lines the curves obtained when considering a

uniform yield stress in the element, either that of the plating or the stiffener, as

explained above.
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Fig.6.4. Side Shell Structural Element 34 (290x10/100x16) — Beam Column Buckling
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Fig.6.5. Side Shell Structural Element 37 (200x90x8/14) - Beam Column Buckling

250.00

%200.00
ﬂ’l—‘
£ 15000
E
=
=
<
]
@
@
% 100.00
= = = = Inner Shell_st29_oyd=240M/mm2 = - = = Inner Shell_st28_oyd=31aNt/mm2
50,00 Inrer Shell_st28_FEM Inner Shell_st29_ayd=meq R —
Inner Shell_st28_oOption B Inner Shell_st28_IACS Approach
0.00 - - - - - -
0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035

Strain

Fig.6.6. Inner Shell Structural Element 29 (370x10/125x16) - Torsional Buckling

It seems that from all the above three approaches, option B results in load
end shortening curves that differ substantially from the ones derived by the finite

element approach. Both the IACS recommended approach and the Equivalent vyield
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stress approach approximate better the ultimate limit state obtained from the FE

analysis although there are marked differences in the post buckling regime.

Nevertheless, for comparison reasons the Incremental — Iterative Approach
has been applied taking into account all the above mentioned alternatives.

6.2.3. Step 3 - Estimation of the curvature step size and initial
position of the neutral axis

For the estimation of the curvature increment size at each step, the expected
maximum required curvature kg is estimated based on the vertical bending moment
given by the linear elastic bending stress of yield in the deck (Z,-netso-a Oyal0® ) or
keel (Zy-netso- Oya10%), whichever is greater. The curvature increment size Ak at each

step is then taken as kg/300.

For this purpose, the midship section modulus of the double hull oil tanker in
the deck and in the keel has been calculated in accordance with the provisions of
CSR Rules. The calculation is detailed in Figure 6.7. The section modulus of the deck
and the bottom was calculated at 13808477 cm’® and 18722549 cm’ respectively
leading to a maximum vertical bending moment of 5.897.603 kNtm and a maximum

expected curvature of:

Ke = 5.9709%x10 “* m™?

Ak = 1.99029%x10° m™

The initial position of the neutral axis based on the linear elastic bending
stress, as shown in Figure 6.7, has been calculated at:

[ Zna-initial = 7.683 m above Base Line J
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REQUIRED PARTICULARS
LENGTH

BREADTH @

DEPTH

Cb

17168 (m) (B.97L )
32.20 (m)

18.10 (m)

0.774

8 i ;

E!‘! Eiﬂhﬁ iﬂd Section & CﬁiEEEE I-Par 122 E!

SMo=09 k' C,*B-L* (C+0.7). [cm3)

whane

L= 171.69

B = 32.20

Cu = 5,297
Ch= o774
Kpomem = 0.7300

| e 0.9825
a= 130
Pt = 243.59
Taeck, = 153.38
then

SMo = 11499600.76
SMo = 9129434.042

Wave bending moment amidships
M+ = 0,19 Co B ¥+ G 207 kM
Mwl-) = 110 C,, - B+ 1? » (C,+0.7) kn'M =

Still water bending moment
Minimum required Section Modulus amidships

SMeo = |Ms+Mw] - 107 @, (em®) =
My = [Ms+MW]  10° ] @, (em®) =

(wave coefficient as gefined in Table 8.1.2)

{(higher strength steel factor as defined in Saction § / Par. 1.1.4)

{higher strength steel facror as defined in Saction 6 / Par. 1.1.4) (deck)

(bottom)

Minimum  hull girder bending moment for seagoing Msw hog =

operations amidships Section 7/2.1.2,1 for hogging and

sagging condition (kNm) Mew sag =
Flsosle30m 1o 20=L
F150sL<300m € -1073-0m| Ce
If 300<L<350 m C,=10.75 Co=

(factor defining the perm, stress with regards to the legth range / design foad combination)

(permizsible stress, o=a'k, as defined in Section §'Tabl 8.1.3)

(permizsible stress, o=a't, as defined in Section §'Table 8.1.3) (deck)

(cm3) (deck)
{em3) (bottom])

1297333.01 kn*M
-1430541.2 kn*M

(hogging) (+])
(s2gging) (-}

926508.359 kn™M (hogging)

674305.117 kn®M [sagging}
11499601 cm? {(hogging/deck)

9129454,04 cm? (hogging/bottom)

(bottom)

FI50=L=500m C, =1

3910336.751 cm
3104348.261 cm

(sagging/deck)
(sagging /botrom)

Fig.6.7. Calculation of the Midship Section Modulus

926508.359
674305.1169

5.30
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Corrosion
addition | Gross Dimensions (mm) | MNetDimensions (mm) (Area of Item| Axis from Item’s Moment Item's Inertia Item's Inertia
(mm)

No Description of Ttem Pieces| Thickness | Breadth Height | Breadthy, | Heighty | (cm2) | B.L (m) (em2*m) ?:::;f,:'; about G (cm4)
1 SIDE PLATING (14MM) 1.0 3.0 14 13890 13 13890 1736.25 8.6950 15086.69 131265.75 279148632.19
2 SIDE PLATING (149MM)-SHEER 5 TRAKE 1.0 4.0 14 2460 12 2460 295,20 16,8700 4980.,02 84013.00 1468693 .60
3 BILGE PLATING 1.0 3.0 14 1750 13 1750 344,84 06359 219.29 13945 1000258 63
4 BOTTOM PLATING (14MM) 1.0 3.0 5655 14 5655 13 706.88 0.0063 4.42 0.03 92.04
5 BOTTOM PLATING (14,5MM) 1.0 3.0 3480 15 3480 13 452.40 0.0085 2.94 0.02 63.71
6 BOTTOM PLATING (14MM) 1.0 3.0 4080 14 4080 13 510,00 0.0063 3.19 0,02 66,41
7 KEEL PLATE 0.5 3.0 2270 16 2270 14 158.90 0.0070 111 0.01 25.95
8 CENTER GIRDER 0.5 3.0 14 2080 13 2080 130.00 1.0400 135.20 14061 468693.33
9 SIDE GIRDER 1.0 3.0 14 2080 13 2080 260.00 1.0400 27040 281.22 93738667
10 INNER BOTTOM PLATING (14,5MM) 1.0 4.0 8695 15 8695 13 1086.88 20863 2267 .49 4730.56 141.52
11 INNER BOTTOM PLATING (16044) 1.0 4.0 2855 16 2855 14 399.70 20870 83417 1740.92 65.28
12 HOPPER. PLATING (16MM) 1.0 3.0 3522 16 3522 15 51062 3.3350 1702.91 S679.22 2680792.04
13 INNER SHELL PLATING (16MM) 1.0 30 570 16 570 15 B2.65 48750 40292 1964.23 14.48
14 IMMER SHELL PLATING (14014) 1.0 3.0 3080 14 3080 13 385.00 6.7000 2579,50 17282.65 50.13
15 INMER SHELL PLATING (12,5 MM) 1.0 3.0 7160 13 7160 11 787.60 11.8200 930943 110037.49 942
16 INNER SHELL PLATING (12 MM) 1.0 4.0 2588 12 2588 10 258.80 16.6940 432041 72124.88 21.57
17 IMMER SHELL PLATING (12 MM) 1.0 3.0 240 12 240 11 25.20 18,1080 456,32 8263.07 2.32
18 STRINGER Mo 23 1.0 3.0 2080 13 2080 12 239,20 4.5058 1099.30 505212 26.36
19 STRINGER. No 26 1.0 3.0 2080 11 2080 10 197.60 7.1448 1411.80 10086.98 14.86
20 STRINGER No 32 10 30 2080 11 2080 10 197.60 12.2448 2419.56 29626.94 14.86
21 STRINGER No 36 1.0 4.0 2060 12 2080 10 208.00 15.6450 3254.16 50911.33 17.33
2 DECK PLATE-CAMBER. 1.0 4.0 10570 13 10570 11 1162.70 18.4305 21429.14 39454981 117.24
23 DECK PLATE 10 4.0 5550 13 5550 1h 610.50 18.7555 11450.23 214754.84 61.56
24 CL BLKHD PLATING (13,5MM) 0.5 2.5 3580 14 3580 12 219.28 38700 B848.59 3284.06 2742
25 CL BLKHD PLATING {13MM) 0.5 2.5 3580 13 3580 12 210,33 74500 1566.92 11673.56 24.20
26 CL BLKHD PLATING (12MM) 0.5 2.5 3850 12 3850 11 206.94 11.1650 2310.46 25796.25 19.93

27 CL BLKHD PLATING (11,5MM) 0.5 2.5 2125 12 2125 10 106.91 14.1525 1541.30 21813.19 9.53

28 CL BLKHD PLATING (11,5MM) 0.5 4.0 655 12 655 10 3111 15.5425 483.57 7515.83 2.34

29 CL BLKHD PLATING (12 MM) 0.5 4.0 2880 12 2880 10 144.00 17.3100 2492.64 43147.60 12.00

30 SIDE LONGITUDINALS WEB (200A) 2.0 4.0 186 8 186 6 22.32 16.9150 377.54 6386.14 0.67

31 SIDE LONGITUDINALS FLANGE (2004) 2.0 4.0 14 90 12 90 21.60 16.8700 364.39 6147.29 145.80

32 SIDE LONGI TUDINALS FLANGES (100X16) 6.0 3.0 16 100 15 100 87.00 12.2400 1064.88 13034.13 725.00

33 SIDE LONGITUDINALS WEB (290X10) 2.0 3.0 274 10 274 9 46,58 14,3650 669,12 9611.93 2.80

34 SIDE LONGITUDINALS WEB (310X10) 10 30 294 10 294 -] 24.99 13.0800 32712 4281.99 1.50

35 SIDE LONGI TUDINALS WEB (350%10) 1.0 3.0 334 10 334 9 28.39 11,3900 323.36 3683.09 1.71

36 SIDE LONGI TUDINALS WEB (360%10) 2.0 30 344 10 344 9 58,48 10,1150 591,53 5083.28 3.52

37 SIDE LONGITUDINALS FLANGES (125X16) 4.0 3.0 16 125 15 125 7250 7.1400 51765 3696.02 944.01

38 SIDE LONGITUDINALS WEB (340X10) 1.0 3.0 324 10 324 9 27.54 8.8400 24345 2152.13 1.66

39 SIDE LONGI TUDINALS WEB (350X10) 1.0 30 334 10 334 9 28.39 7.9900 22684 181242 1.71

J— 40 SIDE LONGITUDINALS WEB (390X10) 1.0 3.0 374 10 374 9 3179 6.2900 199.96 1257.74 191 N

41 SIDE LONGITUDINALS WEB (400X10) 1.0 30 384 10 384 9 32.64 54400 177.56 965.94 1.97

42 SIDE LONGITUDINALS FLANGE (125%19) 3.0 3.0 19 125 18 125 65.63 2.8900 18966 548.11 854.49

43 SIDE LONGITUDINALS WEB (350X10) 3.0 3.0 33 10 331 9 84.41 28500 24393 704.96 .08

44 INMER SHELL LONGITUDINALS WER (250A) 2.0 4.0 235 9 235 7 32.90 16.9150 556.50 9413.26 1.34

45 INMER SHELL LONGI TUDINALS FLANGE (2504) 2.0 4.0 15 90 13 a0 23.40 16,8700 394,76 6659.57 157.95

4% INNER SHELL LONGITUDINALS FLANGES (100X16) 3.0 3.0 16 100 15 100 43.50 13.9400 606.39 B8453.08 362,50

47 INMER SHELL LONGITUDINALS FLANGES (100X16) 2.0 3.0 16 100 15 100 29.00 10.9650 31759 3486.71 241.67

48 INMER SHELL LONGITUDINALS WEB (290X10) 1.0 3.0 274 10 274 L] 23.29 14.7900 34446 5094.55 1.40

49 INMER SHELL LONGI TUDIMALS WEB (300X10) 1.0 3.0 284 10 284 Q 2414 13,9400 336.51 4690,97 1.45
0 INMER SHELL LONGITUDINALS WEB (320X10) 1.0 3.0 304 10 304 9 25.84 13.0800 338.25 4427.63 1.56
51 INMER SHELL LONGITUDINALS WEB (360X10) 1.0 3.0 344 10 344 9 29.24 11.3200 333.04 3793.37 1.76
52 INMER SHELL LONGI TUDIMALS WEB (380X10) 2.0 3.0 364 10 364 Q 61.88 9,2650 573.32 5311.79 3.73
33 INNER SHELL LONGITUDINALS FLANGES (125X16) 3.0 3.0 16 125 15 125 54.38 8.8400 48068 4249.17 708.01
Ead INNER SHELL LONGITUDINALS FLANGES (125X16) 2.0 30 16 125 15 125 36.25 58650 21261 1246.94 472.01
55 INMER: SHELL LONGITUDINALS WEB (370X10) 2.0 3.0 354 10 354 9 60.18 9.2650 557.57 5165.86 362
56 |_INNER SHELL LONGITUDINALS WEB (4@} 2.0 3.0 394 1_0 3_9-1 Q 65_.98 5 BESO 39284 2_303.99 4,03
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Corrosion
addition Gross Dimensions (mm) | NetDimensions (mm) |Area of Item| Axis from Item's Moment Item's Inertia Item's Inertia
(mm)
No Description of Item Pieces | Thickness Breadth Height | Breadthu. | Helghtie: (em2) B.L (m) (em2*m) ?:::;Ez;] about G (cm4)
57 HOPPER LONGITUDINALS FLANGE (125%19) 3.0 3.0 19 125 13 125 65.63 33202 21789 72344 42724.61
8 HOPPER LONGITUDINALS WER (370X10) 3.0 3.0 351 10 351 9 89.51 3.3202 297.18 986.68 51055144
59 BOTTOM LONGITUDINALS WEB  (400X10) 16.0 3.0 10 381 9 381 518.16 0.2032 105.30 21.40 62680.52
&0 BOTTOM LONGITUDINALS FLANGE (125X%19) 16.0 3.0 125 19 125 13 350.00 0.4025 140.86 56.69 89.32
61 TNNER BOTTOM LONGI TUDINALS WEB {400X10) 13.0 3.0 10 378 9 378 417.69 1.8910 78985 1493.61 49734.35
62 INMER BOTTOM LONGLTUDINALS FLANGE (125%22) 13.0 3.0 125 22 125 21 333.13 16918 563.56 95341 116.66
63 SIDE GIRDER LONGITUDINALS WEB (2004) 2.0 3.0 186 8 186 7 24.18 0.9925 24.00 2382 0.85
&4 SIDE GIRDER LONGITUDINALS  FLANGE (2004) 2.0 3.0 14 S0 13 90 22.50 0.9475 21.32 20.20 151.88
B5 CL GIRDER LONGI TUDINALS WES (2004) 1.0 3.0 186 8 186 7 12.09 0.9925 12.00 1191 0.43
66 CL GIRDER LONGI TUDINALS FLANGE {2004) 1.0 3.0 14 90 13 90 11.25 09925 1117 11.08 75.94
67 DECK LONGITUDINALS WEB  (250A) -CAMBER 12.0 4.0 9 235 7 235 197.40 18.3075 3613.90 66161.48 9064.51
68 DECK LONGITUDINALS FLANGE (250A)-CAMBER 12.0 4.0 90 15 90 13 140.40 18.1835 2552.96 46421.81 19.77
9 DECK LONGITUDINALS WEB (2504) -S5TRAIGHT 6.0 4.0 9 235 4 235 98.70 18.6325 1839.03 34265.68 4542.26
70 DECK LONGITUDINALS FLANGE (250A)STRAIGHT 6.0 4.0 a0 15 90 13 70.20 18.5085 1299.30 24048.03 9.89
71 CL BLKHD LONGITUDINALS WEB (2004) 1.0 4.0 186 8 186 6 11.16 17,5900 196,30 3452.99 0.33
72 CL BLKHD LONGITUDINALS FLANGE (200A) 1.0 4.0 14 90 12 90 10.80 17.5450 189.49 3324.53 72.90
73 CL BLKHD LONGITUDINALS WEB (2504) 0.5 4.0 235 9 235 7 8,23 16,4200 13505 2217.59 0.34
74 CL BLKHD LONGITUDINALS FLANGE (250A) 0.5 4.0 15 90 13 ] 5.85 16.3750 95.79 1568.62 39.49
75 CL BLKHD LONGITUDINALS WEB (300A) 0.5 4.0 284 10 284 8 11.36 15.6400 17767 277.77 0.61
76 CL BLKHD LONGITUDINALS  FLANGE (3004) 0.5 4.0 16 90 14 90 6.30 15.5950 98.25 1532.19 42.53
77 CL BLKHD LONGITUDINALS WEB (3004) 0.5 2.5 284 10 284 9 12,43 14,7900 183.77 2717.90 0.79
78 CL BLKHD LONGITUDINALS FLANGE (300A) 0.5 2.5 16 90 15 90 6.64 14.7450 97.87 1443.09 44.80
79 CL BLKHD LONGITUDINALS WEB (3504) 1.0 2.5 333 11 333 10 3247 12.6650 411.20 5207.86 2.57
80 CL BLKHD LONGITUDINALS FLANGE (350A) 1.0 2.5 17 100 16 100 15.75 12,6150 198,69 2506.43 131.25
81 CL BLKHD LONGITUDINALS WEB (350%10) 1.5 2.5 331 10 331 9 43.44 10.8233 470.21 5089.20 277
82 CL BLKHD LONGITUDINALS FLANGE (125%19) 1.5 2.5 19 125 18 125 33.28 10.7608 358.13 3853.82 433.35
&3 CL BLKHD LONGITUDINALS WEB (4004) 2.0 2.5 384 12 384 10 78,72 9,2650 72934 6757.34 6.89
84 CL BLKHD LONGITUDINALS FLANGE (100A) 2.0 2.5 16 100 15 100 29.50 9.2150 27184 2505.03 245.83
85 CL BLKHD LONGITUDINALS WEB (4004) 2.5 2.5 384 12 384 10 98.40 4.55940 452.05 2076.72 8.62
&6 CL BLKHD LONGITUDINALS FLANGE (100A) 2.5 2.5 16 100 15 100 36,88 4 5440 167.56 761.39 307.29
&7 STRINGER 23 LONGITUDINALS WEB (1 50A) 2.0 3.0 9 141 8 141 21.15 45195 95.59 432.01 350.40
a8 STRINGER 23 LONGITUDINALS FLANGE (150A) 2.0 3.0 90 9 90 8 13.50 44453 60.01 266.76 0.63
89 STRINGER 26 LONGITUDINALS WEB (1504) 2.0 3.0 9 141 a8 141 21.15 7.0695 149.52 1057.03 350.40
90 STRINGER 26 LONGITUDINALS FLANGE (1504) 2.0 3.0 90 9 20 13.50 69953 94.44 660.60 0.63
91 STRINGER 32 LONGITUDINALS WEB (1504) 2.0 3.0 9 141 8 141 21.15 12,1695 257.38 3132.25 350.40
92 STRINGER 32 LONGITUDINALS FLANGE {1504) 2.0 3.0 a0 o 90 8 13.50 120953 16329 1974.98 0.63
93 STRINGER 36 LONGITUDINALS WER (1504) 2.0 3.0 9 141 8 141 21.15 15.5695 32929 5126.96 350.40
a4 STRINGER 36 LONGITUDINALS FLANGE (150A) 2.0 3.0 a0 9 a0 ] 13.50 15,4953 209,19 3241.39 063
- 1.55635 15740.91 120936.22 1619722.37 286412606.71 |
Moulded Depth of vessel (cm) Total Area of Items (cm?2)
Moment of Inertia aboutB. L. {cm4) Moment of Inertia about Neutral axis (cm4)
Neutral axis from B.L. (cm}) Moment of Inertia about Deckline (cm4)
Neutral axis from Deckline (cm)
Bottom Section Modulus (cm3) | 18722549 | Deck Section Modulus (cm3)
205% OF REQUIRED SMo 120% OF REQUIRED 5Mo
205% OF REQUIRED SM (+) 120% OF REQUIRED SM (+)
603% OF REQUIRED SM (-) 353% OF REQUIRED SM (-}
oK oK
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6.2.4. Steps 4 to 5 - Calculation of the neutral axis at each step

Steps 4 to 5 refer to a procedure which is iterative until the sum of the forces
acting on all the hull girder’s structural elements equals to zero and therefore the
estimated stress distribution acting over the hull girder section is in equilibrium (refer
to figure 3.5). For each structural element (denoted by the index j), the strain
corresponding to the curvature k; is calculated as &; = K (Z; — Zna-i), the
corresponding stress is derived by the end shortening curves obtained during step 2,
while the (normal) force acting on the element is calculated as oj -A;. In sagging
condition, which is the critical condition for tankers, structural elements above the
neutral axis are under compression whereas structural elements below the neutral

axis are under tension.

Not knowing in advance the position of the neutral axis at which the stress
distribution is in equilibrium, the position of the new neutral axis is assumed to be at
a certain position and the sum of the forces corresponding to that position are
calculated. In the case where the sum of the forces is equal to zero the iterative loop
is terminated and the neutral axis has been determined. In the opposite case, the

position of the neutral axis is readjusted accordingly and the forces are recalculated.

This iterative procedure has been applied in this work using the software
Excel. More specifically, a program has been developed which calculates for each
step the stress-strain magnitudes acting on each structural element (longitudinal
stiffener or hard corner) and corresponding to the applied curvature. Accordingly, the
total force acting on the hull girder section is determined. Using the feature of Excel
named “Goal seek”, the position of the neutral axis at each step can be easily

III

determined by setting as a “goal” to minimize the sum of forces acting on the hull
girder section by repeatedly changing the position of the assumed neutral axis. This

feature is shown below in Figure 6.8.

Goal Seek 2 x|
Set cell: [k11 S|

To value:! ||

By changing cell; I Eﬁj

Ik I Cancel |

Fig.6.8. Feature “Goal seek” of software Excel
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6.2.5. Step 6 - Calculation of the bending moment at each step

Having determined the position of the neutral axis for each step the
corresponding bending moment is determined by summing the force contributions of

all elements as follows:

M, =013 0,4, |(z; 2|

= NA—

where (z; - zna-i) is the distance of each structural element (with index j) from the

neutral axis of step i under consideration.

6.2.6. Step 7 - Construction of the M-k Curve and the Ultimate
Bending Capacity estimate

As described above, at each step the bending moment M; corresponding to a
curvature k; has been determined. The pair of values M;- k; of each step define the
M-k curve, the peak value of which represents the hull girder’s ultimate bending

capacity M,.
6.3. Predominant Buckling modes obtained by CSR Approach

Prior to the presentation of the load end shortening curves, constructed using
the CSR Formulas, it would be useful to make a reference to the predominant mode

of failure in each structural element, as predicted by these formulas.

Table 6.2 summarizes a list of all structural elements that are under
compression, at least at one step until the hull girder collapses (their position, at
least in one step, is above the neutral axis). Structural elements not included in the
table are either considered as hard corners or are always under tension and,
therefore, their behavior is regarded as elastic-perfectly plastic resulting to an
ultimate stress equal to their yield stress.
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Structural Plate / Buckling made
Location Panel Element | Stiffener . 1: Min .1'32.Max - Oyg oy OylOya | euleyy
M2 Both 25 | 17274 | 0705 | 1012
M3-3 Both 545 | 17274 | 0705 | 1012
M2-3 Both 245 | 172.74 | 0705 | 1.012
W34 Both 345 1172740708 1013
M2-5 Both 245 | 172.74 | 0.705 | 1.012
M2-6 Both 245 | 172.74 | 0.705 | 1012
M2-7 Both 245 | 17255 | 0704 | 1.012
M2 M58 Both 545 TTAEE | 6704 [ 1012
Main Deck Mg ) Beam Column|  Torsional Web = 2SR B ol R g
M2-10 | Both 245 | 17255 | 0.704 | 1012
M2-11 Both 245 | 17255 | 0704 | 1.012
W33 [ Both 545 TTAEE | 6704 [ 1012
M2-13 | Both 245 | 17255 | 0.704 | 1012
M2-14 | Both 245 | 17255 | 0.704 | 1.012
M2-15 | Both 545 | 17255 | 0.704 | 1.012
M3-16 | Both 545 | 17285 | 0.706 | 1.012
v Wi Both 345188730 770 1612
M1-19 | Both 245 | 18873 | 0.770 | 1.012
CL2-23 | Both 315 | 22559 | 0716 | 1.024
CLo-34 [~ Both 316 | 29463 | 0.713 | 1.004
EU3 798 Both 51577951607 0 704 1694
CL2-26 | Plate 315 | 22651 | 0.719 | 1.024
CL2-96 | Stiffener 545 | 168886 | 0.771 ] 1.012
CL3.37 | Plate 316 | 25160 | 0.704 | 1.004
CL2-27 | Stiffener 245 | 18598 | 0.759 | 1012
cL2-28 | Plate 315 | 22137 | 0.703 | 1.024
CL2-28 | Stiffener 245 | 18580 | 0.758 | 1012
CL3738 | Plate 316 | 71357 | 0675 | 1.004
CL2-29 | Stiffener , , 245 | 17949 | 0733 [ 1012
CL2730 | Plate Torsional | Beam Column|  Web "33 1"313°57 | 0 678 | 1024
CL2-30 | Stiffener 245 | 17949 | 0733 | 1012
CL3731 [ Plate 316 | 71472 | 0683 | 1094
D CL2 ["Cl2-31| Stiffener 245 | 17997 | 0.735 | 1012
CL2-32 | Plate 315 | 21910 | 0.696 | 1.024
CL3 7327 Stiffener 545 718270 | 0.746 [ 1012
CL2-33| Plate 280 | 19965 |0.713|1.019
EU3735 7| Stiffener o IR G R E
CL2-34| Both 245 | 17666 | 0721|1.012
€373 [ Both 345 17403 | 0710 1012
CL7-36 | Both 245 | 17204 | 0.702 | 1012
CL7-37 | Plate 245 | 17220 | 0.703 [ 1.012
CL2-37 | Stiffener 315 | 203.76 | 0.647 | 1.024
CL2-38 | Plate : . 245 | 16174 | 0.660 | 1.012
Tl b e e L Web  1-5ig T igs o7 | 0567 | 1 004
CL2-39| Plate 245 | 16238 | 0.663 | 1.012
CL 5 -39 | " Stiftener 315 | 188.66 | 0.600 | 1.024

Table 6.2. Predominant Buckling Modes as per CSR Formulas
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Structural Plate / LT

Location Panel | "c o ont | Stiffener - 1: Min .1'?; Max - Oyd Ty OulOyd | EulEya
14 - 38 Both ) . 315 | 19040 | 06024 | 1.024

& [4-37 T I L iy L Web ™31 {19312 | 0613 | 1.024

13-35 Both 245 | 17741 | 0.724 ] 1.012

13 13-34 Both Torsional Beam Column| Web 245 17712 | 0723 | 1.012

13733 Both 245 | 17648 | 0720 | 1012

2-3 Plate 315 | 20566 | 0.653 | 1.024

573 Stiffanar 945 | 17485 | 0.714 | 1.012

3730 Plate 315 [ 203.93 | 0647 1.024

[2-30 | Stiffenar 245 | 173.88 | 0.710 | 1.012

Inner Bulkhead 12-29 Plate . : 315 21154 | 0672 | 1.024
e 15756 | Siftener | orsonal  [Beam Column| - Web o1 e 756 T 010

2-38 Plate 316 [ 21154 | 0672|1024

[2-28 | Stiffenar 245 | 17852 | 0.729 | 1.012

12.97 Plate 316 | 22084 | 0.7071 | 1.024

12737 | " Stiffenar 2457186237 0.760 | 1.012

[1-25 Plate 315 | 22451 | 0.713 | 1.024

[1-25 | Stiffenar . . 245 | 18948 | 0.773 | 1.012

b [1-24 Plate Torsional | Beam Column - Web 1 —532 55,51 T 0713 1.024

I1-24 | Stiffenar 245 [ 18945 | 0773 [ 1012

S5-38 Plate 315 | 197.04 | 0626 | 1.024

S5 g g:g? Stléflf;ler Beam Column| Torsional Web gzg ggg; gggg 315421

5537 | Stiffener 245 16459 | 0672|1012

5435 Plate 315 | 221.90 | 0.704 | 1.024

P . . 245 | igg40 | 0781 | 1012

54 |.54-34 P ekt e Web 515 122190 | 0704 1024

5434 | Stiffensr 245 | 18640 | 07671 [ 1.012

54.33 Plate Torsional | Beam Cotumnl Web 315 | 22260 | 0.707 | 1.024

547337 Stiftener 245 | ig7 61 | 076E | 1012

53_31 Plate 315 | 219.98 | 0.698 | 1.024

S3.31 | Stiffener 745 | 186.09 | 0.760 | 1.012

53.30 Plate 316 | 219.22 | 0.696 | 1.024

Side Shell 537507 Stiffener 245 [ i85 85 | 0758 [ 1012
53799 Plate : . 315 [ 219927 0686 | 1.024

83 I"$3°39 | Stfflener | 'osonal [Beam Column|  Web 5 ar e 10758 | 1012

53728 Plate 316 | 22551 | 0716 | 1.024

53.95 | Stiffener 245 | 18943 | 0.773 | 1.012

53757 Plate 315 [ 22504 07141024

53-27 | Stiffener 245 | 18917 | 0.772 [ 1.012

52.05 Plate 315 | 222.92 | 0.708 | 1.024

S2.95 | Stiffener : . 245 | 187.94 | 0.767 | 1.012

S2 155755 Plate Torsional | Beam Column| ~ Web  p=feetess st G706 | 1024

$2.04 | Stiffener 245 | 18760 | 0.766 | 1.012

51.22 Both 315 | 22635 | 0.719 ] 1.024

51 S1-21 Both Torsional Beam Column| Web 315 22635 | 0719 | 1.024

59790 Both 315 [ 34835 | 0782 1024

Stringer 36 ST4 gTj 12 ?2:': Beam Column| Torsional Web g:‘g 1?:;3 gggg L glé
Stringer 32 3T3 gg g ;g:: Beam Column|  Torsional Web gjg jggg gggg g g
) ST2-18 |  Bath . . 245 | 14652 | 0588 | 1.012
Stringer 26 5T2 ST3.719 Both Beam Column|  Torsional Web 515 14652 | 05a | 1012

Table 6.2 (cont.). Predominant Buckling Modes as per CSR Formulas
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In table 6.2, Column 1 describes the plating to which the structural element
corresponds (inner bulkhead, side shell etc), Columns 2 & 3 refer to the
nomenclature of each stiffener, as presented in Figure 5.2, Column 4 denotes
whether the corresponding results have been calculated in accordance with the yield
stress of the plate or the stiffener (‘both” means that the plate and stiffener are of
the same yield stress), Columns 5-7 depict the buckling modes (1 and 3 refer to the
buckling mode corresponding to the minimum and maximum stress respectively),
whereas Columns 8,9 and 10 correspond to the structural element’s yield stress,
ultimate stress/yield stress ratio and ultimate strain/yield strain ratio respectively.
The results indicated in Table 6.2 refer to IACS Approach.

The dimensions of each structural element were given in Chapter 5 whereas
their geometric characteristics based on net scantlings are included in Table 6.1. As
shown in above mentioned table, the predominant buckling modes of the structural
elements, as per the CSR formulas, are either the torsional stiffener buckling or the
beam-column buckling. This is dependent on the geometric properties of each
structural element. It can be seen that structural elements with a predominant beam
column buckling include all the longitudinal stiffeners of the Main deck (b,=1.155)
and the stringers (b,,=0.647), stiffeners 37-39 of the CL Bulkhead (b,=1.209-1.310),
stiffeners 34-38 of Side Shell (b,=1.066-1.109) and stiffeners 37-38 of the Inner
Bulkhead (b,=1.310). These structural elements have a web slenderness ratio lower
than or equal to 1.310. All the remaining tabulated structural elements have a web
slenderness ratio of 1.310-1.611 resulting in torsional column buckling (web height
of 274mm and above). The load end shortening curves of these structural elements

are presented in the following subsection.

Moreover, the ratio of the ultimate capacity to the yield stress for these
structural elements seems to fluctuate from 0.598-0.773. It would be of great
interest to compare the structural elements’ ultimate capacity as derived by the CSR
formulas to the one computed by FEA analysis described in Chapter 7. Such

comparison are included in Chapter 8.

6.4. Load End Shortening Curves of the Structural Elements

At this point, the load end shortening curves of the structural elements as

derived by the CSR Approach will be presented. This subsection presents a selection
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of load end shortening curves obtained by the CSR IACS approach in order to
demonstrate the effect of the structural element’s geometric characteristics to their

buckling behavior.

Figure 6.9 below shows the Load end Shortening Curves of the longitudinal
stiffeners of the Main Deck (L 250x90x9/15) under compression. As shown, the
critical stress for the Main Deck Stiffeners is the beam column buckling stress, which

reaches the ultimate limit state at 0.705 o/0,4 and 1.012 g/gq,

0.80

0.70 //\
0.60

°
>
b 040
=
b
0.30 4
——Beam Column Buckling —— Torsional Buckling
0.20 E—
/ ——Web Local Buckling
0.10 E—
0.00 T T T T
0.00 0.50 1.00 1.50 2.00 2.50
eleyy

Fig.6.9. Load end shortening curves of Main Deck longitudinal stiffeners
(L 250x90x9/15) under compression

As already mentioned, the buckling behaviour of a stiffener depends
significantly on its geometric characteristics. Stiffeners of web slenderness ratio
0.647 to 1.310 and web height to web thickness ratio from 18.80 to 34.59 fail due to
beam column buckling whereas stiffeners of web slenderness ratio 1.310 to 1.611
and web height to web thickness ratio from 35.76 to 46.35 fail due to torsional
buckling. Figure 6.10 depicts the load end shortening curves of the Inner Shell
Longitudinal Stiffener 33 (T 320x10/100x16) which is compared to the load end
shortening curves of the same stiffener but with a decreased web height to 260mm
(T 260x10/100x16). As shown by decreasing the web height the beam column
buckling stress is decreased significantly whereas the torsional buckling stress is
slightly increased (these are shown with dotted lines). As a result the beam column

buckling stress becomes the critical stress as opposed to the torsional buckling
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stress. The latter was the critical stress of the stiffener in the case of the greater web
height.

0.80

0.70

0.50

Beam Column Buckling

0.30 / Torsional Buckling
0.20 /
0.10

0.00 T T T T
0.00 0.50 1.00 1.50 2.00 2.50

Fig.6.10. Load end shortening curves of Inner Shell Longitudinal Stiffener 33
(T 320x10/100x16) under compression

Web Local Buckling = = =Beam Column Buckling

= = = Torsional Buckling = = =Web Local Buckling

eleyy

The above remark is also confirmed by the figures below in which the Load
End Shortening Curves of CL Bulkhead Longitudinal Stiffener 37 (L 250x90x9/14) and
Stiffener 36 (L 300x90x10/16) are shown.

0.80
0.70 /-\
0.60
0.50
°
>
b 040 1
b
0.30
—— Beam Column Buckling —— Torsional Buckling
0.20 E—
/ —— Web Local Buckling
0.10 E—
0.00 T T T T
0.00 0.50 1.00 1.50 2.00 2.50
eleyqy

Fig.6.11. Load end shortening curves of CL Bulkhead Longitudinal Stiffener 37
(L 250x90x9/14) under compression
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Fig.6.12. Load end shortening curves of CL Bulkhead Longitudinal Stiffener 36 (L
300x90x10/16) under compression

All the above end shortening curves correspond to structural elements under
compression. Figure 6.13 depicts the stress-strain curve of the Inner Bottom
Longitudinal 13 (T 400x10/125x22) under tension. It is clear that the CSR formulas
for the structural elements under tension lead to an elastic-perfectly plastic

behaviour.
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Fig.6.13. Load end shortening curves of Inner Bottom Longitudinal Stiffener 13
(T 400x10/125x22) under tension
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We should emphasize here that the same elastic-perfectly plastic behaviour is
obtained for hard corners either under tension or compression as shown in figures

6.14 and 6.15 respectively.
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oloyd
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Fig.6.14. Load end shortening curves of Hard Corner Main Deck - CL Bulkhead
under compression
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Fig.6.15. Load end shortening curves of Hard Corner Inner Bottom - CL Bulkhead
under tension
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6.5. Position of neutral axis versus imposed curvature

The position of the hull girder’s neutral axis at each imposed curvature value
in the sagging condition is shown in Figure 6.16. The results were obtained using the
IACS recommended approach. As shown, the neutral axis position is reduced
significantly with the increase of the curvature up to a certain curvature value

beyond which the position of the neutral axis seems to be less affected.
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0.0E+00 2.0E-04 4.0E-04 6.0E-04 8.0E-04 1.0E-03

Position of Neutral Axis from Base Line (m)

Imposed Curvature (m™)

Fig.6.16. Position of neutral axis at each imposed curvature

6.6. Hull girder ultimate bending capacity

At this point the Hull Girder Vertical Bending Moment versus the imposed
curvature curve is presented enabling us to determine not only the vertical hull girder
bending moment capacity but also the structural elements that have collapsed prior
the ultimate limit state. Figure 6.17 shows the M-k curve as derived by the CSR
Incremental-Iterative Approach using the IACS Recommendation.

Chapter 6 Page 102 of 197
Application of the CSR Incremental-Iterative Approach



Dissertation National Technical University of Athens

Ultimate Hull Girder Strength Assessment Faculty of Naval Architecture and
using semi-analytical and computational methods Marine Engineering
3.20

2.80 E{@‘ \
260 = m wmff m e m e EEE e EE m R, = = ==

240 - ) _/ _________________ x

R
o
-
S
g 2.20
-g 2.00 ~ /
cE> 1.80 / ® Ultimate Bending Moment Capacity T
= 1.60 o Main Deck Longitudinals Beam Column Buckling Collapse _
g‘) 1.40 / o Side Shell Upper Longitudinals Beam Column Buckling Collapse (st.34-38)
S / Inner Blkhd Upper Longitudinals Beam Column Buckling Collapse (st.37-38)
S 1.20 / O  CL Blkhd Upper Longitudinals Column Buckling Collapse ( st.37-39) —
1] 1.00 o Stringer 36 Longitudinals Beam Column Buckling Collapse |
E 0.80 / Stringer 32 Longitudinals Beam Column Buckling Collapse
e . / = = = Exireme Bending Moment as per CSR Rules (1Msw+1.2Mw)
g 0.60 o CL Blkhd Longitudinals Torsional Buckling Collapse (st.32-36) e
0.40 / Inner Blkhd Longitunal Torsional Buckling Collapse (st.33-35)
= = = Permissible Operating Bending Moment as per Loading Manual
0.20 -
0.00 T T T T T
0.0E+00 1.0E-04 2.0E-04 3.0E-04 4.0E-04 5.0E-04 6.0E-04

Imposed Curvature (m™)

Fig.6.17. CSR Hull Girder Vertical Bending Moment - Imposed Curvature Curve

The ultimate bending capacity of the Double Hull Tanker is the peak value of
the curve shown in above figure and corresponds to a bending moment of
2.968x10° Nt'‘m and a curvature of 1.93x10™* m™ occurring at step 97 of the
incremental approach. The maximum extreme bending moment at which the vessel
as per CSR Rules is expected to operate and is required to fulfil has been calculated
in chapter 5 as 2.643x10° Nt:-m and is shown in the above figure with a red dotted
line. Taking into account that the design safety margin can be derived by the
difference of the ultimate bending capacity and the expected design extreme
bending moment [(Muycsr-Mbiacs)/Mucsr], in this case a design safety margin of
119% has been applied. We should note though, that CSR Rules introduce a safety
factor y;, in the estimation of the hull girder ultimate strength, due to uncertainties

(refer to Figure 3.1) and equal to 1.1, providing for an extra safety margin.

Having the necessary information available by the vessel’s loading manual it
would be interesting to compare the permissible bending moment at which the
vessel actually operates. The vessel’s permissible still water bending moment as per
the Loading Manual is at 549360 kNt-m or 0.54936x10° Nt-m. Considering the
CSR extreme wave bending moment as 1 430 541 kNt:m or 1.430541x10° Nt‘m

(refer to Table 5.9) and the load combination factors ys and yw as 1.0 and 1.2
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respectively (refer Figure 3.1), this leads to a permissible total bending moment of
2.266x10° Nt-m. The permissible total bending moment is shown in the above

figure by the pink dotted line.

Along the M-k curve, reference is made to the buckling failure mode of the
hull girder’s structural elements, which collapse before the hull girder reaches its
ultimate limit state. Having obtained the ultimate limit state and collapse mode of the
individual structural elements, as determined by the IACS load end shortening curves
(refer to Table 6.2), and knowing the strain that is applied to each structural element
at each imposed curvature by the Incremental-Iterative approach, it was possible to
identify at which point of the M-k curve the structural elements collapse. We should
point out though, that this is concluded under the assumption that each structural
element acts independently which was one of the main assumptions of the
Incremental-Iterative approach. For the candidate vessel used in this study, the main
deck longitudinals are the first to collapse by beam column buckling. These
longitudinals receive the greatest strain among the remaining stiffeners of the hull
girder section as the distance of the neutral axis from the base line is decreased with
the increase of the imposed curvature. The next to collapse are stringer 36 and
upper CL Bulkhead longitudinals (st.37-39) again by beam column buckling failure.
Then the collapse of the inner bulkhead longitudinals st.37-38 and st.33-35 takes
place because of beam-column and torsional buckling failure respectively. Just before
the ultimate limit state is reached, the CL Bulkhead longitudinals in the region of the
vessel’s mid depth (st.32-34) fail due to torsional buckling whereas the Stringer 32

longitudinals fails due to Beam Column Buckling.

The M-k curve in Fig.6.17 has been constructed based on the IACS approach
with regards to the determination of the load end shortening curve of a plate-
stiffener combination with a non identical yield stress. In order to evaluate the effect
on the ultimate hull girder capacity of all the alternatives discussed previously, the M-
k curve has been recalculated for both the Equivalent yield stress approach and the
Applicable yield stress approach. All three M-k curves are presented in Figure 6.18

for comparison reasons.

At a first glance, it is obvious that the IACS approach provides the most
conservative ultimate hull girder capacity as can be envisaged by comparing the

individual load end shortening curves in section 6.4. It is somewhat surprising though
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that all three approaches lead to small differences in the ultimate hull girder capacity,
which is in contrast to the conclusions drawn by comparing the individual load end

shortening curves corresponding to these approaches.
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Fig.6.18. Hull Girder Vertical Bending Moment - Imposed Curvature Curve as per all
alternative approaches

Nevertheless, by reviewing Table 6.1 in which the structural elements with
different yield stresses in the plate and stiffener are shown, it can be seen that for
the present vessel these correspond to 30% of the total hull girder section area.
Moreover, they are placed in the mid depth area of the vessel and therefore the
strain acting on these elements is relatively small. In this respect, they do not affect
significantly the equilibrium of the total forces acting on the girder or the resulting

bending moments as proven by the curves illustrated in above figure.

The Figure below presents the applied strain as a function of the distance
from the base line for a series of imposed curvatures, which correspond to steps 5,
25, 51, 74, 86 and 97. The latter corresponds to the hull girder ultimate state in the
case of the CSR-IACS approach.
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Fig.6.19. Applied Strain versus distance from Base Line and imposed curvature

Taking into account that the structural elements of non identical yield stress
between plate and stiffener are placed approximately at 8m above base line, figure
6.19 demonstrates, as envisaged, that the strain applied on them is relatively small
therefore their effect on the hull girder ultimate bending capacity is minimised.

In any case, it would be interesting to compare all three approaches to the
finite element approach which will be presented in the following chapter.
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FINITE ELEMENT APPROACH

7.1. General

In addition to the Incremental - Iterative approach presented in the previous
chapter and for the verification of same, a Finite Element Approach has been carried
out for the determination of the tanker’s Hull Girder’s Ultimate Capacity. For this
purpose, as already mentioned, the finite element code ABAQUS has been used. This
Chapter describes the Finite Element approach used in the present work, outlines the
assumptions made for the construction of the finite element models and describes

the procedure used in the simulations and, finally, summarizes the results.

7.2. Procedure of Finite Element Approach

The Finite Element Approach used in the present dissertation thesis has the

following objectives:

o the verification of the load end shortening curve formulas adopted by CSR for
the collapse prediction of the hull girder structural elements (refer to chapter 3,
Par.3.4.4.2).

o the comparison of the hull girder ultimate capacity, as calculated by the
Incremental — Iterative Approach and the stress-strain formulas for each
structural element proposed by CSR, to the hull girder ultimate capacity
obtained from the Incremental — Iterative Approach in conjunction with the

stress-strain curves computed via the Finite Element Approach.

The Finite Element Approach is based on the Incremental-Iterative Approach
but with the stress-strain curves constructed in accordance with CSR Rules replaced
by the corresponding stress-strain curves computed from FE Analysis. More
specifically, all steps of the Incremental-Iterative Approach indicated by CSR Rules
have been taken into account (refer to Chapter 3, Par.3.4.4.2 and Chapter 6,
Par.6.2) with the exception of step 2 in which the corresponding structural element

stress is calculated from the results of the FE Analysis.
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The following paragraphs describe the assumptions made for the purpose of
this study during the preprocessing of the adopted Finite Element models, the

simulation process and the post processing of the results.

7.3. Preprocessing of the Finite Element Models

It is self-explanatory, that a finite element analysis will only solve the
mathematical problem, which is an idealization of the actual physical problem.
Accordingly, any assumptions made during this idealisation will affect the solution of
the mathematical model. For this reason it is of uppermost importance to discuss in
detail the assumptions made during the pre-processing of the adopted finite element
models prior to presenting the results of the simulation. These assumptions include,
but are not limited to, the extent of the structural feature modelled, the size and
type of the selected finite element, the boundary conditions applied, the model initial

imperfections, the loading conditions, the materials, etc.

7.3.1. Finite Element Structural Modeling

During the Finite Element Approach, the longitudinally effective structure of
the hull girder section has not been modelled as one piece including the entire hull
girder section but has been modelled as separate stiffened and unstiffened panels of
which it comprises. In this respect, the tanker midship section, as indicated in
chapter 5 (refer to image 5.2), has been divided into nineteen (19) major stiffened
and/or unstiffened panels which are considered to extend transversely between the
adjacent primary support members (stringers, decks, girders or bulkheads,

whichever is applicable) and longitudinally between the vessel’s web frames.

At this point we should highlight that this is the structural modelling also
proposed by the CSR Rules for the buckling assessment of the longitudinal strength
of a tanker and the determination of the stiffened deck panel buckling capacity used
in the estimation of the ultimate hull girder capacity, as per the CSR Single Step
Method (refer to Chapter 3-Par.3.4.3). More specifically, Figure 7.1 depicts the
longitudinal stiffened and/or unstiffened panels by which the CSR Rules require the
longitudinally effective structure of the hull girder section to be modelled for the
buckling strength assessment, whereas Table 7.1 summarizes their extent. “SP”
denotes stiffened panel, while M1/M2 denote the applicable Method 1/Method 2 for
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buckling strength assessment. Since it is outside the scope of this dissertation to

make further reference to these methods, the reader should consult the CSR Rules.
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Fig.7.1. Stiffened and/or Unstiffened panels required by the CSR Rules for the
modelling of the longitudinally effective hull girder structure and the buckling
strength assessment

" B :
Structural Elements Idealisaton Azzezzment | Mommal panel defingtion®
method!
Longitudinal shucture, see Figure D51
Longthudinally stiffened panal: Stiffenad Mathod 1 |Lensth:  bebwesn web fames
Shell anvvelope parnel Width:  betwesn primary support members
Deck :F‘Shf_l'-'
rmer hnll
Hopper tark side
Longitudinal bullheads
Cantraline bulkhead:
Tiguhble botbomn longimdimal sirders Stiftemad Meathod 1 |Length:  betwesn web frames
in line with longttadinal alkhead or panel Width: full wel depth
connected to hopper tark side
Web of horizontal girders in douhble Stiffenad Mathod 1 |Lensth:  bebwesn web frames
zide tank commected to hopper tank parnel Width:  full wek depth
zide
Web of doubls bottom longitadinal SHffenad Method 2 Length:  babween web frames
sirders not in line with longihadinal pansl Width:  full web depth
bulkhead or not connected to h::!:.'lp::
tank: side
Web of horizontal sirders i double Stiftemad Meathod 2 |Lensth:  betwesn web frames
side tank not conmected to hopper panel Width: full wel depth
tank side
Web of single skin longitndmal Un-shiffensd Meathod 2 | Between local stHffeners/face plate /PS3L
mirders parnel

Table 7.1. Stiffened and/or Unstiffened panels required by CSR Rules for the
modelling of the longitudinally effective hull girder structure and the buckling
strength assessment
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Besides, as per CSR Rules, the ultimate strength of the hull girder section is
to be calculated at a longitudinal section between two adjacent transverse web
frames since the critical mode for tankers in sagging condition is generally the inter-
frame buckling of deck structures. In view of the above, it seems that the modelling
of the longitudinal extent between the vessel's web frames is adequate. The extent

of the panels is illustrated in Figure 7.2.

Fig.7.2. Extent of panels considered by Finite Element Approach

Nevertheless, in order to evaluate the effect of modelling the one-bay panel
(a) instead of the two-bay panel (a/2+a+a/2), buckling and non-linear static analysis
has been performed for both alternatives at the Inner Bulkhead Panel, I3 (refer to
Fig.5.2). Enabling the more effective evaluation of the resultant buckling modes the
panel has been considered to be symmetric, therefore of uniform plate thickness and
identical stiffener dimensions. Figure 7.3 depicts the buckling mode (displacement
U,) of the symmetric I3 panel for both one-bay and two-bay panels.
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ODB: AL_Z5_squation_corodt  Abaqus/Standard Version £.8-1  Sun Feb 01 23:40:49 GTE Stand] BN ENva_sym_Equaton_iniStress.oct  Abaqus/Standard Version 6,8+ Tus Feb 03 18:24:57 0TS Standand Trms 2
z : Stip-t = Strgc Stap-d
Y. I e 1 Eigenvalue = 0.27654 r\L_‘ Mods L Bgeriae = 027612
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Fig.7.3. Buckling Mode of I3 Symmetric Panel: (a) one-bay, (b) two-bays
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Fig.7.4. Normalised U, displacement of the symmetric I3 Panel along a transverse
edge

It can be seen that in both cases, the buckling analysis results in the
prediction of similar buckling modes. In particular, 5 buckling waves are formed
along the longitudinal edge between the web frames whereas 4 buckling waves are
formed along the transverse edge. This is also confirmed by the plot of the
normalised U, displacement along the models’ transverse (at mid span) and
longitudinal edge (at distance s/2 between stiffeners 34 and 35), shown in Figures
7.4 and 7.5 respectively.
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Fig.7.5. Normalised U, displacement of the symmetric I3 Panel along a longitudinal
edge

Using the illustrated buckling modes as an initial imperfection, a non linear

static analysis has been performed for both alternatives, as mentioned above,

enabling the calculation and comparison of the panels’ load end shortening curves

and ultimate limit strength. The resultant load end shortening curves are presented
in Figure 7.6.
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Fig.7.6. Load end shortening curves of I3 symmetric panel
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As indicated in Figure 7.6, the ultimate limit strength of the one and two bay
panel is identical and corresponds to o/o,q and €/g,4 equal to 0.73 and 1.04
respectively. Slight differences are observed in the panels’ behavior only during their

subsequent collapse.

7.3.2. Type and Size of Finite Element

As already mentioned in Chapter 4 - Par.4.4.1, the finite element used in this
study is the general purpose shell element S4. In order to accurately capture the
stresses on the inner and outer surfaces of the structure, Simpson'’s integration was

used in the through thickness direction with seven section points.

The determination of an element size to be accounted for a finite element
analysis depends on the specific structure and is subject to the respective
computational cost and the accuracy/convergence of the results. Not knowing in
advance the optimum mesh size, a mesh convergence analysis test is usually carried
out enabling the determination of the optimum element size. For this purpose, a

panel critical to the desired result should be taken into account.

In present study, the critical panels for the estimation of the ultimate hull
girder capacity are the main deck panels. Therefore, panel M-1 has been chosen for
the establishment of the mesh convergence analysis test. Bearing in mind CSR
requirement that the element size is to be small enough to describe the buckling
deflections and that a minimum of five elements across a half-buckling wave length
is generally adequate, two different element sizes have been considered: 50mm and

25mm.

Figure 7.7 shows the mesh of panel M-1 when using 50mm element and the
path to which the plot of the U; displacement indicated in Figure 7.8 corresponds.
Table 7.2 summarizes the required computational time for the non-linear analysis of
the panel, the resultant ultimate limit state of the panel as well as the U,
displacement along the illustrated path at mid spacing of stiffeners.
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(a) (b)
Fig.7.7. Panel M-1: (a) 50mm element mesh, (b) Path used for plotting of U,
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Fig.7.8. Panel M-1:Plot of U, displacement along the path shown in Fig.7.7 (b).

As indicated by the tabulated results the ultimate limit state of the plate when
25mm and 50mm element size is used is close. The same applies for the plate’s U,
displacement values as shown in Figure 7.8. Therefore, both the 25mm and 50mm

element size have been considered to provide adequate accuracy.
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Element Size
25mm 50mm
Plate X ddil_'ectipn: 18642 X g?recgon: 2;
y direction: y direction:
Elements No Web 10 5
Flange 4 2
Computational Time 0 hr 46 min 0 hr 20 min
Ultimate Limit €/&yd 1.12 1.132
State 0/0yq 0.73516 0.737
Displacement
U, Y: 337.5 44,7902 44,5348
(mm)
Displacement
U, Y: 1040 51.3462 53.3462
(mm)
Displacement
U, Y: 1743.5 42.9504 42.117
(mm)
Di':';’;'c“;;';‘nt - 51.6978 53.5893

Table 7.2. Computational time/ Ultimate limit state /Plate U, displacement of panel
M1 for 25mm and 50mm element size
In view of the above, the 25mm element size has been used for most panels.
Nevertheless, in cases of large panels, such as the CL Bulkhead (CL-2), Inner Bottom
(IB-1), Bottom (B-2) and Main Deck Panels (M-2), a 50mm element size has been

used instead, so as to minimize the computational cost.

7.3.3. Boundary Conditions

The application of boundary conditions that describe accurately the physical
problem is of uppermost importance for the idealisation of the mathematical
problem. The major influence of the boundary conditions stems from the conditions
at the unloaded edges which are a consequence of the aspect ratio of the considered
panel. With reference to Figure 7.9, plate F of aspect ratio equal to 1 can be
considered as fully restrained since the closeness of the transverse girders does not
allow lateral deflection (lateral deflection is not allowed - the edges remain
undistorted), while plate A of aspect ratio much greater than 1 as constrained

(lateral deflection is allowed-the edges are forced to remain straight).
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Fig.7.9. Boundary Conditions in way of unloaded edges

The panels of the considered midship section as indicated in Tables 5.2-5.8
are of aspect ratio 4.55-5.75 resulting to boundary conditions on the unloaded edge

similar to panel A in Figure 7.9.

The following paragraphs indicate the boundary conditions considered for the
finite element analysis of the panels referred to in paragraph 7.3.1. These boundary
conditions for both horizontal (normal to x-y plane) and vertical (normal to x-z plane)
panels of the midship section are summarized in Figure 7.11 and 7.12 respectively.
The coordinate system is considered as illustrated in Figure 6.1. The x, y and z axis is

regarded to be placed along the vessel’s length, breadth and depth respectively.

7.3.3.1. Boundary Conditions along the unloaded edge of the panels

The unloaded edge of all panels relates to the intersection of these panels to
the adjacent primary support members as indicated in Figure 7.2. The primary
support members are considered to simply support the plate of the panel at a
direction perpendicular to the panel whereas, due to the adjoining structure, the
corresponding panel edge is considered to remain straight and displace parallel to

itself (as indicated by the arrow in Figure 7.2).

Let us consider the panel illustrated in Figure 7.10. The panel is considered to
be simply supported along the edge AB in the z-direction (applicable in case of
horizontal panels), leading to a displacement in the z-direction equal to zero: U,=0.
This restraint in the z-displacement results in a restraint of the rotation about the y-

axis:
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[ dU,/ox=0 -> R,=0 J

Fig.7.10. Panel for Illustration of simply support conditions

Similarly, in the case of perpendicular panels, the simply support condition is

applied in the y-direction, resulting in the boundary conditions given in Table 7.3.

4 )

Simply Support Conditions at unloaded edge

Perpendicular Panels Horizontal Panels
Uy=0 U,=0

K R.=0 R,=0 j

Table 7.3. Simply Support Conditions at the unloaded edge of the panels

In order to simulate the requirement of the unloaded edge to remain straight
and parallel to itself, all the nodes along the edge should have equal displacements
(normal to the edge and in the plane of the panel). This can be expressed in
ABAQUS with the help of the feature *EQUATION in accordance to which the nodes

specified are forced to move as per a linear equation set by the user.
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More specifically the *EQUATION option enables constraints between nodal
degrees of freedom to be specified with linear equations of the following form:

Au; + Aour + ..+ AU, =0
where A; is the coefficient associated with degree of freedom u;.

Therefore by setting as equation uy; - uy; =0 and u, — u, =0 respectively for
the horizontal (normal to x-y plane) and the perpendicular panels’ (normal to x-z
plane) of the midship section unloaded edge the desired requirement can be
idealised accordingly:

Additional Boundary Conditions at unloaded edge

Perpendicular Panels Horizontal Panels

Common U, Common U,

Table 7.4. Additional Boundary Support Conditions at unloaded edge

For example, in the case of an horizontal panel, the y-displacements (u, ) of
all the unloaded edges’ nodes (except of one) are connected to the y-displacement
of the excluded node (uy; ) via the equation uy; - u,, =0, forcing the whole edge to

remain straight and to displace parallel to itself.

7.3.3.2. Boundary Conditions along the panels’ loaded edge

The loaded edge of the panels relate to the intersection of the panels to the
web frames. As the midship section is longitudinally stiffened, the web frames act as
primary support members and as a result they are considered to simply support the
loaded plate edge of the considered panels at a direction perpendicular to the
panels. It should be noted that the panel’s loaded edge comprise of both the plate
and the stiffeners’ web and flange. In this respect, simply support conditions are also
prescribed along the stiffeners’ edge at a direction perpendicular to the stiffener’s

structural element considered, that is either the web or the flange.
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These boundary conditions are summarized in Table 7.5 as follows:

Structural Element Perpendicular Panels Horizontal Panels
Uy=0 U,=0
Plate R,=0 Rx=0
U.=0 U,=0
Web R,=0 Rx=0
Uy=0 U,=0
Flange R.=0 R.=0

Table 7.5. Boundary Conditions in way of loaded edge of panels

All the above mentioned boundary conditions are illustrated in Figures 7.11
and 7.12 for horizontal and perpendicular panels respectively. These boundary
conditions are applicable for panels of the midship section for which their longitudinal
and transverse extent is defined by the web frames and the primary support
members respectively. We should note that geometrical rotational restraint of the
plate from the primary support members, that is rotation component R, in case of

horizontal panels, has been neglected in accordance with CSR Requirements.

Fig.7.11. Boundary Conditions of hull girder section horizontal panels
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CD : Uy=0/Rx=0
EF : Uz=0/Rx=0

Fig.7.12. Boundary Conditions of hull girder section perpendicular panels

7.3.3.3. Boundary Conditions of panels that require special
consideration

Due consideration should be given to the boundary conditions of the hopper

plating panel, bilge plate and side shell — bottom panels adjacent to the bilge plating
(panels S1 — B1 as per Figure 5.2).

These panels, except of the hopper plating panel, do not extend transversely
up to the primary support members either at one transverse edge (panels S1 — B1)
or both transverse edges (bilge plate panel, BLG). Therefore, the boundary
conditions along the transverse edge and/or edges not extending up to the primary
support members are slightly modified as indicated in Table 7.6. In these cases, such
boundary conditions are applied so as to force the transverse edges to remain
straight and to displace parallel to themselves. As mentioned above, this is achieved
with the help of ABAQUS feature *EQUATION.
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Transverse edge/edges not extending
Structural Panel .
up to the primary support member

Bilge Plate Horizontal edge : Common Uy
(BLG) Perpendicular edge : Common U,
Side Shell Panel
Common U,
(51)
Bottom Panel

Common Uy
(B1)

Table 7.6. Boundary condition in case of transverse edges not extending up to the
primary support members

The hopper plating panel in the present study has been modelled without
considering its angular position relative to the y-x plane (refer to Fig.6.1). In
particular the panel has been considered as perpendicular (normal to the z-x plane)
which at the transverse edges is simply supported both in the z and y direction.
Taking into account that this panel is only under tension and therefore its behaviour
is envisaged as perfectly plastic, it is considered that this approach will not have a
significant effect on the results. The boundary conditions are illustrated in Fig.7.13.

CD : Uz=0 / Rx=0 S\.D
EF : Uy=0/ Rx=0 <

Fig.7.13.Boundary conditions of the hopper plating panel
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7.3.4. Initial Imperfections

It is well recognised that initial imperfections existing in a stiffened panel
affect the buckling behaviour and therefore the load shortening curves of same and

should be taken into account when estimating its ultimate limit state.

In this respect, the CSR Rules require that appropriate initial imperfections
are taken into account during FEA analysis. More specifically, the shape of the initial
deflections is required to be such that the most critical failure modes are represented
and triggered by the ensuing static analysis. In general, CSR Rules allow the lowest

buckling eigen modes to be regarded as the critical failure modes.

At this point it should be noted that this is common practice when considering
candidate initial imperfections. The initial imperfections are modelled in accordance
with the considered structure’s buckling modes, scaled by a factor equal to the

maximum expected initial deflection.

This is the procedure also adopted in the present thesis. For this purpose, a
buckling analysis of each panel has been performed prior to the non-linear static
analysis enabling the determination of each panel’s buckling modes. Having
determined the buckling modes through an elastic buckling FE analysis, the initial
imperfections were introduced in the FE model using the computed lowest
eigenvalue (mode 1 has been used) which has been scaled using the maximum
expected initial deflection. Moreover, the lowest buckling modes are frequently

assumed to provide the most critical imperfections.

The maximum expected initial deflection w, of each panel has been estimated
by using the following widely applied Smith formula and taking into account average
level of imperfections:

Wogy 0.0258% for slight level
—L =101 for average level
0.3p° for severe level

where, B is the plate slenderness ratio of each panel.

We should highlight though that the CSR Rules for the Buckling Strength
Assessment in conjunction with FEA Analysis, require the maximum values of the
imperfections to be consistent with the IACS Shipbuilding and Quality Repair

Standard, which specifies acceptance tolerance criteria for shipbuilding purposes.
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Table 7.7 lists the tolerances for plate deflection between stiffeners while table 7.8
summarizes the maximum initial deflection taken into account for each panel in the
present study. For comparison reasons the IACS Shipbuilding tolerances for
deflection between stiffeners is also tabulated.

Ttem Standard Limit Remarks
Parallel part 4
(side & bottom shell) —
Shell plate
Fore and aft part 5 mm
8 mm
Tank top plate 4 mm
Longl Bulkhead
Bulkhead Trans. Bulkhead 6 mim
Swash Bulkhead
e * el
Parallel part 4 mm £ mm LT ’| )
- »
Strensth deck Fore and aft part 6 mm 9 mm
Covered part 7 mm 9 mm
Bare part 6 mm 8 mm
Second deck
Covered part 7 mm 9 mm
Forecastle deck Bare part 4 mm 8 mm
poop deck
Covered part 6 mm 9 mm
Super structure Bare part 4 mm 6 mm
deck
Covered part 7 mm 9 mm
Outside wall 4 mm 6 mum
House wall Inside wall 6 mm 8 mm
Covered part 7 mm 9 mm
Interior member (web of girder, etc) 3 mm 7 mm
Floor and girder in double bottom 5 mm 8 mm

Table 7.7. Plate deflection tolerances between stiffeners as per IACS Shipbuilding
and Quality Repair Standard
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Initial IACS Shipbuildir!g tolerances
_ Deflections for plate de_flectlon between
Location Panel stiffeners
(mm) Standard Limit
(mm) (mm)
Main Deck M 2 7.323 7 9
Main Deck M1 5.310 7 9
CL Blkhd CL2 8.144 6 8
Inner Bulkhead | 4 10.995 6 8
Inner Bulkhead I3 7.774 6 8
Inner Bulkhead |2 8.884 6 8
Inner Bulkhead 11 7.818 6 8
Side Shell S5 8.144 4 8
Side Shell S4 7.818 4 8
Side Shell S3 7.818 4 8
Side Shell S2 7.818 4 8
Side Shell S1 8.796 4 8
Hopper Plating HP 7.943 6 8
Stringer 36 ST4 5.841 5 7
Stringer 32 ST 3 6.148 5 7
Stringer 26 ST 2 6.148 5 7
Stringer 23 ST1 5.079 5 7
Bottom B2 8.286 4 8
Bottom B1 8.796 4 8
Inner Bottom IB 1 8.286 4 8
Side Girder SG 4,977 5 8
CL Girder CL 6.399 5 8

Table 7.8. Initial Deflections accounted for the Finite Element Approach

As shown in Table 7.8 which includes the comparison of the considered
deflections to the IACS Shipbuilding tolerances, the initial imperfection amplitudes
specified here are in most cases consistent with the maximum tolerances allowed

during shipbuilding.

At this point it would be interesting to demonstrate, as an example, the initial
imperfections accounted for in the case of a specific panel. For this purpose, Panel
M-1 of the Main Deck has been chosen (refer to Figure 5.2). The buckling mode of
the main deck M1 panel used for the determination of its initial imperfections is
depicted in Figure 7.14. More specifically, the figure demonstrates the magnitude of
the displacement perpendicular to the plate (U,) along its length (at mid breadth)
and its breadth (at mid span). In both cases the path along which the panel is
sectioned, is indicated accordingly by a black line.
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(a) (b)

Fig.7.14. Buckling Mode of Panel M1. Normalised Uz displacement along (a) its
length (mid breadth), (b) its breadth (mid span)
In order to have a clear indication of the magnitude of the initial
imperfections applied not only on the plate but also on the stiffeners’ flange and
web, the plots of the normalized displacements perpendicular to the plate, the

stiffeners’ web as well as the flange are presented in the figures below.

1L.OF T T T T T T

Normalised plate displacement Uz

n
T

=1.0
0.0 0.5 1.0 15 20 2.5 3.0 35 4.0

Length between web frames (m)

Fig.7.15. Panel M1: Plot of plate normalized Uz displacement along the plate’s
length (at mid-breadth)
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Normalised plate displacement Uz
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Breadth between primary support members (m)

Fig.7.16. Panel M1: Plot of plate normalized Uz displacement along the plate’s

breadth (at mid span)
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Length between web frames (m)

Fig.7.17. Panel M1: Plot of stiffener’s web normalized Uy displacement along its

length (at mid web height)
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Fig.7.18. Panel M1: Plot of stiffener’s flange normalized Uz displacement along its
length (at mid flange breadth)

By reviewing the above mentioned plots, it can be seen that 7 buckling waves
occur along the plate’s and stiffeners” web and flange length whereas 3 buckling
waves occur along the plate’s breadth. The maximum magnitude of the plotted
normalized displacements per each structural member of panel M1 are summarized
in Table 7.9. Taking into account that as per Table 7.8 the scaling factor is 5.31, the

considered applied imperfections can easily be derived.

Maximum Initial Deflections

Normalised values

)

U,:1.00
(x direction)

Plate U, 0.98
Structural Member (v direction)
of Panel M1

Web U, : 0.14

Flange U, : 0.042

Table 7.9. Maximum Initial Deflections of Panel M1
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Moreover, it should be noted that all above displacement plots seem to be
symmetrical. Bearing in mind that the geometry of the panel itself is symmetric, we
have a good indication of the effectiveness of the applied boundary conditions.

7.3.5. Loading conditions

The scope of the Incremental-Iterative approach and of the Finite Element
Approach used here is the determination of the load-end shortening curves of all
structural panels that contribute to the vessel’s longitudinal strength and therefore
the prediction of their collapse behavior in order to estimate the entire hull girder
section’s limit state. The CSR Rules acknowledge that for the estimation of tankers’
hull girder bending moment ultimate capacity in the sagging condition, only the
vertical bending needs to be considered. The effects of shear force, torsional loading,

horizontal bending moment and lateral pressure are neglected.

In order to simulate the effects of vertical bending moment on the structural
panels during the adopted FE approach, only uniaxial stresses have been considered
as illustrated in Figure 7.2. These uniaxial stresses have been imposed on the panels
by means of enforced displacements U, which were linearly increased as the analysis

proceeded.

For this purpose, ABAQUS provides the possibility of multi-step loading of the
model. The complete load history of the simulation is divided into a number of steps
specified by the user which represent a period of "time" for which the response of
the model to a particular set of loads and boundary conditions is calculated. The
starting point for each general step is the deformed state at the end of the last
general step. In the present work the loading is applied over a single step with an
initial step representing the base state where the initial imperfection is introduced
from the previous buckling analysis. Each step can be divided into several load
increments. The user specifies the total “time” period of a step, the initial and
minimum-maximum load increment size as well as the maximum load at the end of
the step. The actual load incrementation is automatically controlled by ABAQUS
according to the convergence rate of the Newton-Raphson method used to solve the

nonlinear equilibrium equations (Section 4.6.1).
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The maximum displacement u, which was applied on each edge of the

midship section structural panels has been calculated as follows:

[ Usxapplied = Eapplied * 1/2 J

where,

| the longitudinal extent of the panels which has been considered between the web
frames (4050mm)

€appliea the maximum applied strain in each panel which was dependent on the
maximum imposed strain to each structural element during the application of the
Incremental — Iterative Approach. In most panels €,ppied Was taken as 2.5 €yield
whereas in some panels, especially in the region of the main deck, this was not

adequate and was increased to 4- &yieiq (refer to Fig.6.19).
7.3.6. Materials properties

The behavior of the materials which were applied on the FE model was
considered to be elastic-perfectly plastic, neglecting the effect of material strain-
hardening, as depicted in Figure 7.19. The Young modulus, Poisson’s ratio and yield
stress of the applied materials are indicated in Table 7.10.

4]
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Fig.7.19. Elastic-perfectly plastic material behavior

Material Yield stress | Young Modulus Poisson
(MPa) (MPa) Ratio
MS 245 207000 0.3
HS-32 315 207000 0.3
Table 7.10. Material properties
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7.3.7. Net Thickness Approach

As in the case of the Incremental-Iterative method, the CSR Net thickness
approach has been adopted when applying the Finite Element Approach. In this
respect, the net thicknesses of the plates and stiffeners per panel has been

considered.

We should point out though, that as opposed to the Incremental-Iterative
Approach where equivalent thickness and equivalent yield stress has been
considered in cases where the plate thickness and the plate-stiffener yield stress was
non identical, in the Finite Element Approach the panels have been modelled with
their actual thickness and yield stress.

As a result, the FEA load end shortening curves of the individual structural
elements can be compared to the ones derived by the three different approaches of
the Incremental-Iterative method (refer to Par.6.2.2), enabling us to draw a
conclusion on which approach best approximates the FEA results.

7.4. Simulation

Having defined the mathematical idealisation of the actual physical problem,
the next step of a finite element analysis is the choice of the type of analysis that will
be performed. Taking into account that the hull structure, as most structures, has
non linear response, non-linear analysis has been applied in the context of this study.

As already mentioned in Chapter 4, ABAQUS provides the possibility of
performing Non-Linear Analysis by using either the Newton Raphson Method (Static
Non Linear Analysis) or the Riks Method (Riks Non-Linear Analysis). The former is
most commonly used whereas the latter is usually applied in cases where the static
algorithm fails to converge, for example the unstable response depicted in Figure
4.10. Detailed description of both methods is provided in chapter 4.

In general, the application of the the Newton-Raphson Method was
considered first in this work. In this respect, all panels’ simulations have been carried
out by using the Static Non Linear Analysis. Nevertheless, the simulation of panel M2
which corresponds to the Main Deck has been performed by the Riks method
because when using the Newton Raphson Method the analysis could not be

completed. It should be noted that among all panels, the Main Deck Panel is
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subjected to the greatest strain, as the imposed curvature of the Hull girder
increases. Taking into account that the Hull girder collapse, as per the Incremental-
Iterative approach, corresponded to a curvature of kK;=1.93x10* m™ and that the
applied strain is calculated as € = ki%(z; — Zna-i), we were drawn to the conclusion
that the applied strain amplitude to yield strain ratio of the Main Deck Panel should
be greater than 4. At such high levels of applied strain, the solution could not
converge. More specifically, the Newton Raphson Method could not achieve

equilibrium and the analysis was terminated.

7.5. Postprocessing

With the aim to calculate the Hull Girder Ultimate Strength of the Finite
Element Approach and compare it to the one derived by the Incremental-Iterative
Approach, the following paragraphs summarize the load end shortening curves and
ultimate limit state of all panels, describe the method applied for the calculation of
these load end shortening curves and present the calculated vertical bending

moment versus curvature curve.
7.5.1. Stress-Strain Curves Calculation

To enable the estimation of the ultimate limit state of all panels, their load
end shortening curves have been calculated using the axial stresses predicted by the

FE Analysis.

The procedure adopted for the calculation of the stress-strain curves is as

follows:

e Output file of nodal axial — though thickness - stresses at the loaded
edges. Prior to the commencement of the FE Analysis the user can request
certain variables of the structural response, corresponding to each load
increment, to be saved in a data file. By requesting the output of the axial
stresses at the loaded edges, a data file is created containing the axial nodal
stresses during the entire load history. The nodal stress components are
extrapolated from the integration points of the shell element and,
accordingly, in the through thickness direction seven values per node are

available, corresponding to the 7 section points used.
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Calculation of the axial load intensities. The axial stresses along each
node in the through thickness direction are then integrated numerically using
Simpson’s first law to compute the axial load intensity, Ny. In the case of a
shell element with 7 section points in the through thickness direction, the

following expression is used:

[N’xx(i) = Nxx/ t=(61 + 4'62 + 2'03+4'G4+2'65+4'G6+67) / 18]

AR ==
| ﬁ o

Fig.7.20. Stress components used to compute the axial stress intensity in the case

of a shell element with 7 through thickness integration (section) points

Integration of load intensities over the plate/flange width and web
height. The axial load intensities are subsequently integrated numerically
with respect to the y-axis over the width of the plate & flange, to compute
the average axial stress over the plate section 6, and flange section o,
and with respect to the z-axis over the height of the web to compute the
average axial stress over the web section o, ". The superscript (i) indicates

the corresponding load increment at which the stress magnitude is computed.

Average axial stress over the loaded end section. The total average
axial stress over the loaded end of the stiffened plate at each time increment

(i) is then obtained in accordance with the following expression:

[ 0 = (0, A+ 04" - Aut 0" - Af) [ (Ap+ At A) ]

The above mentioned procedure has been applied using the software

“Matlab” and the program developed for this purpose by John Margaritis in the

context of his dissertation [11].
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7.5.2. Stress-strain curves of Structural Elements

With the procedure mentioned above, the load end shortening curves of all
midship section structural elements have been calculated enabling their comparison
to the ones derived by the CSR formulas and their usage for the estimation of the

hull girder capacity. Such comparison is presented in Chapter 8.

This paragraph summarizes the ultimate limit state of all structural elements
that at least in one stage during the hull girder collapse calculation are under
compression (i.e. their position is above the position of the initial neutral axis). It
should be noted that in the case of structural elements constructed from different
materials, the vyield stress is not uniform, and accordingly, an equivalent yield stress

has been calculated as follows:

[ Oydequiv= (olyd' A+ O2yd" Ar+...+ Ohnyd" An) / (A1+ A+ ...+An) ]

In particular, for the calculation of the load end shortening curves of the hard
corners which connect three adjoining panels, we should point out that they were
not modeled as separate structural features. The stress distribution at their loaded
ends were calculated by combining the stresses acting on the three adjoining panels.
Let us consider the hard corner connecting stringer 36 (panel ST4) to the inner
bulkhead (panels 14 and I3).

Fig.7.21. Hard Corner between Stringer 36 and Inner Bulkhead

Having modeled each of these panels separately the stress-strain curves of

the hard corner have been calculated as follows:

[ Onc= (Osta* Asta+ Oy Apat O13° Az) / (Astat AputAss) ]
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where oOst4 , O and o3 are the stresses in the adjoining panels integrated

numerically over the respective cross section areas Astq-, Aigand A3 .

Table 7.11 includes the ultimate limit state characteristics of all the structural
elements as derived by the FE approach, and in particular the strain (gy) and the
stress (oy) corresponding to the ultimate limit state of each structural element, the
ratios Ou/Oydeq @Nd €u/€,deq, @S Well as the ratio of the strain applied on the element at

the time of the hull girder collapse (€xuicon) to its ultimate limit strain (gy).

LOCAT'UE&;%LSFUCTURAL YIELD STRESS ULTIMATE LIMIT STATE PER STRUCTURAL ELEMENT
structural| 7Y | a d stiff o 0
Location Panel Element plats yd stiifener ydeq £y Y EulEyg | OulOygeq | Eruicaley
(Ntmm?) | (Ntmm?) ] (Ntmm?) (Nt/mm®)
M2-1 245 245 245 0.000995 186 54 0.84 0.761 27760
M2-2 245 245 245 0.000995 1687.42 0.84 0.765 2.7760
M2-3 245 245 245 0.000995 185.05 0.84 0.755 2.7760
M2-4 245 245 245 0.001116 186.92 0.94 0.763 24743
M2-5 245 245 245 0.001131 189.03 0.96 0772 24424
M2-6 245 245 245 0.001169 187 56 0.99 0.766 2.3613
M2-7 245 245 245 0.001228 187.87 1.04 0.767 2.2144
M2 M2-8 24!} 245 245 0.001262 18737 1.07 0.765 2.1548
Main Deck M2-9 24? 245 245 0.001228 1687.03 1.04 0.763 2.2144
M2-10 245 245 245 0.001174 187.50 0.99 0.765 2.3151
M2-11 245 245 245 0.001140 188.04 0.96 0.768 2.3840
M2-12 245 245 245 0.001116 185.07 0.94 0.768 24359
M2-13 245 245 245 0.001106 185.68 0.93 0.759 24572
M2-14 245 245 245 0.001116 184.04 0.94 0.751 2.4359
M2-15 245 245 245 0.000990 186.39 0.84 0.761 2.7463
M2-16 245 245 245 0.000930 185.61 0.84 0.758 2.6738
M1 M1-18 245 245 245 0.001326 18543 1.12 0.757 1.9871
M1-19 245 245 245 0.001326 185.30 1.12 0.756 1.9871
cL2-27 315 245 290 0.001418 | 21569 1.01 0.743 0.3966
CL2-28 315 245 290 0.001418 | 214.11 1.01 0.737 0.5195
CL2-29 315 245 289 0.001418 | 21118 1.02 0.731 0.6422
CL2-30 315 245 289 0.001418 210.64 1.02 0729 0.7651
cL2-31 315 245 291 0.001477 | 21069 1.05 0724 0.8521
CL2-32 315 245 290 0.001418 | 209.20 1.01 0722 1.0102
CL Bulkhead | CL 2 CL2-33 280 245 267 0.001309 195.64 1.01 0732 1.2270
CL2-34 245 245 245 0.001363 183.21 1.15 0.748 1.3067
CL2-35 245 245 245 0.001309 173.15 1.11 0.707 1.4939
CL2-36 245 245 245 0.001201 176.24 1.01 0719 1.7718
cL2-37 245 315 262 0.001006 164.88 0.79 0.705 22741
CL2-38 245 315 259 0.000960 184.81 077 0713 25470
CL2-39 245 315 260 0.000955 18570 0.76 0713 27272
14 14-38 315 315 315 0.001643 198.30 1.08 0630 1.5083
14-37 315 315 315 0.001583 20512 1.04 0.651 1.4562
13-35 245 245 245 0.001243 173.25 1.05 0.707 15748
3 13-34 245 245 245 0.001243 178.76 1.05 0.730 1.4346
Inner 13-33 245 245 245 0.001243 177.10 1.05 0723 1.2944
Bulkhead
12-31 315 245 293 0.001454 182 66 1.03 0624 0.8672
12-30 315 245 292 0.001420 190.93 1.01 0.654 0.7651
12 12-29 315 245 291 0.001454 199.98 1.03 0.687 0.6273
12-28 315 245 291 0.001420 203.46 1.01 0.6599 0.5195
12-27 315 245 293 0.001386 | 211.38 0.98 0723 0.4066

Table 7.11. Ultimate Limit State characteristics of all structural elements under
compression
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As shown, the main deck panels (M1 & M2), the Stringer 36 panel (ST4) and
the upper longitudinals of the CL Bulkhead (CL2: st.37-39) are the first to collapse

before the hull girder collapses.

LOCATME&%%LBFUCTURAL YIELD STRESS ULTIMATE LIMIT STATE PER STRUCTURAL ELEMENT
. structral| 7Y o 4 stiff a a
Location Panel Element plate yd stifener ydeq £y u Eulfyg | OulOydeg | Eruical/Eu
iNvmm?) | (Nvmm?) J (Nvmm?) (NYmm?}
55-38 315 245 302 0.001515 | 209.59 1.04 0.694 1.6404
55 55-37 315 245 303 0.001623 | 19478 1.11 0.644 1.4234
54-35 315 245 297 0.001583 | 199.41 1.10 0672 1.2381
5S4 54-34 315 245 297 0.001623 | 203.02 1.13 0.684 1.0996
Side Shell 54-33 315 245 296 0.001542 | 196.75 1.08 0.665 1.0445
53-3 315 245 295 0.001488 | 193.27 1.04 0.655 0.8480
53-30 315 245 295 0.001454 | 196.60 1.02 0.667 0.7478
33 53-29 315 245 295 0.001522 | 198.64 1.07 0674 0.5959
53-28 315 245 294 0.001522 | 202.68 1.07 0.689 0.4851
S3-27 315 245 294 0.001522 | 198.38 1.07 0.675 0.3705
Stringer 36 5T4-18 24:§ 245 245 D.DD12:§D 171.44 1.06 0.700 1.7027
ST4 | 8T4-19 245 245 245 0.001250 | 172.82 1.06 0.706 1.7027
Stringer 32 ST 3 5T3-18 24:§ 245 245 0.001302 | 162.50 1.10 0.663 1.0991
ST3-19 245 245 245 0.001302 | 163.78 1.10 0.668 1.0991
Hard Corner
Inner Shell- M1 - 14 - M2 - - 270 0.001400 | 15357 1.08 0570 1.8905
Main Deck
Hard Corner
Side Shell - S5 - M1 - - 276 0.001407 | 189.28 1.05 0.685 1.8594
Main Deck
Hard Corner
CL Blkhd - CcL2 - M2 - - 245 0.000974 | 17256 0.82 0.704 2.8251
Main Deck
Hard Corner
Inner Shell- 4 -5T4-13 - - 269 0.001491 15932 1.15 0.591 1.4286
Stringer 36
Hard Corner
Side Shell - SE-8T4-34 - - 298 0.001623 | 16156 1.13 0542 1.3128
Stringer 36
Hard Corner
Inner Shell- 13-8T3-12 - - 271 0.001353 | 13823 1.03 0.510 1.0606
Stringer 32
Hard Corner
Side Shell - S4-8T3-53 - - 299 0.001488 | 16257 1.03 0.544 0.9641
Strinﬂer 32

Table 7.11 (cont). Ultimate Limit State characteristics of all structural

elements under compression

7.5.3. Ultimate Limit State Collapse of Panels under compression

At this point, it would be interesting to examine the deformed shape of the
panels, as computed by the Finite Element Analysis, at their ultimate limit state. This
will enable us to identify, as far as possible, the collapse mode of the structural
elements of which each panel comprise and compare them to the collapse modes

predicted by the Incremental-Approach and CSR Load end Shortening Curves.
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Moreover, in order to obtain an idea of the hull girder section’s deformed
shape at its collapse, the deformed shape of the panels corresponding to the hull
girder collapse will be presented.

The collapse mode of a stiffened panel under uniaxial compression is
generally divided into overall buckling, beam column buckling, web local buckling or
lateral-torsional buckling. In overall buckling, which can be initiated by beam column
buckling, the ultimate strength of a stiffened panel is eventually reached by the
formation of large yield regions inside the panel and/or the panel edges (Fig.2.4 b).
Beam column buckling represents the collapse pattern at which the panel collapses
by yielding along the plate-stiffener combination at mid-span (Fig.2.6), whereas in
web local buckling and lateral torsional buckling, web local buckling and stiffener
tripping occurs respectively (Fig.2.7-2.8). Further description of these modes is
presented in Chapter 2.

It should be noted, that in practice the distinction of these modes is not

always evident as in some cases they may interact or occur simultaneously.

7.5.3.1. Ultimate Limit State of Main Deck Panel M1

Panel M1 is the part of the Main Deck which extends between the Side Shell
and the Inner Shell (refer to Fig.5.2 and 5.8). During the Hull Girder Collapse, this is
under compression and as the bending moment curvature increases, the

compressive strain to which it is subjected becomes even greater.

The Axial Compressive Stress-Strain Curve of Panel M1 is shown in Fig.7.22.

As indicated, its Ultimate Strength is as follows:

Om1,=180.11 Nt/mm?
0M1u/°yd equiv =0.735

£M1u/£yd equiv =1.12
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Fig.7.22. Axial compressive stress versus strain relationship of Panel M-1 obtained
by FEA
The Figures below show the deformed shape of the panel corresponding to
its ultimate limit strength. More specifically, both the magnitude of the displacement,
i.e. the magnitude of the displacement vector, (Fig.7.23) as well as the displacement
components perpendicular to the plate and the stiffeners” web (Fig.7.24), U, and U,

respectively, are shown.

Fig.7.23. Deformed shape of Panel M-1 at its Ultimate Limit State— Magnitude of
Displacement
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(@) (b)

Fig.7.24. Deformed shape of Panel M-1 at its Ultimate Limit State, (a) U,
Displacement, (b) U, Displacement

By reviewing the deformation shape of Panel M-1 at its Ultimate Limit State, it
can be seen that no significant tripping of the stiffener at its mid span has occurred.
It seems that the collapse mode could be considered as a combination of beam-
column and overall buckling collapse. This assumption is enhanced by the Von Misses
Stress distribution shown in Fig.7.25 as per which the first occurrence of yield stress
(245 Nt/mm?) is shown at the plate-stiffener intersection in mid span. Bearing in
mind that this is the failure mode of a beam column collapse (refer to Fig.2.4 b) and
acknowledging that beam column collapse can lead to overall buckling collapse our
assumption seems justified. The ULS is finally reached when a large yield region is

formed in the plate-stiffener combination (refer to Fig.7.25.c).

At the time of the hull girder collapse (refer to Fig.7.25.d), it appears that

tripping of the stiffeners at the mid span has occurred.

We should note that as far as the buckling mode of this panel is concerned,
the CSR Formulas (refer to Table 6.2) are consistent with the FEA Analysis since in

both cases beam-column buckling is considered as the critical mode.
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Fig.7.25. Von Mises Stress of Panel M-1 at (a) 0.571 gwy,, (b) 0.679 €uyy, (€) Omiy,
(d) at Hull Girder Ultimate Limit State, 1.987 gw1,

7.5.3.2. Ultimate Limit State of Main Deck Panel M2

Panel M2 refers to the remaining part of the Main deck extending from the
Inner Shell to the CL Bulkhead (refer to Fig.5.2 and 5.8). The Axial Compressive
Stress-Strain Curve of Panel M2 is shown in Fig.7.26. As indicated, its Ultimate

Strength is as follows:

Om20=183.99 Nt/mm?
o'M2u/0'yd equiv =0.751

£M2u/£yd equiv =0.955
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Axial compressive stress versus strain relationship of Panel M-2 obtained
by FEA
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Fig.7.27.

Deformed shape of Panel M-2 at its Ultimate Limit State, ow,, — Magnitude
of Displacement
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Figure 7.27. shows the displacement magnitude of the panel corresponding
to its ultimate strength, whereas Figure 7.28 depicts the U, displacement distribution

in the panel and it's corresponding plot along the Stiffener’s 16 web.

|

Stiffener's 16 Web Displacement Uy

-

Stiffener Length (m)

(a) (b)
Fig.7.28. Deformed shape of Panel M-2 at its Ultimate Limit State, (a) U,
Displacement, (b) Plot of Stiffener’s 16 web U, Displacement
As in the case of panel M1, no significant tripping of the stiffeners at their mid
span occurs. This can also be confirmed in Figure 7.28.b where the plot of the U,
displacement along the span of the stiffener web is presented. It can be seen that
the U, displacement is almost symmetric and no sudden increase of the displacement
in the midspan region is observed that would insinuate that tripping failure is

present.

In view of the above, we are drawn to the conclusion that the buckling
collapse is a combination of beam-column and overall buckling which is in
compliance to the CSR Formulas that predict that the critical collapse stress is the

beam column buckling stress (refer to Table 6.2).

The Von Misses Stress of the panel at several stages up to the panel’s

collapse is indicated in Figure 7.29.
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(©) (d)

Fig.7.29. Von Mises Stress of Panel M-2 at (a) 0.876 gy, (b) 0.931 €y, (€) Omay,
(d) at Hull Girder Ultimate Limit State, 2.405 gy,

The first occurrence of yield stress (245 Nt/mm?®) takes place along the
stiffeners-plate intersection at 0.876 owma.. At this point the plate behavior is still
elastic except of certain isolated positions at the plates’ edges where the yield stress
has been reached. Subsequently, the yield region spreads especially in the vicinity of
the panel’s edges (Fig 7.29.b). Only until the yield region has spread both along the
panel’s edges and at mid breadth, is the Ultimate Limit State reached (Fig 7.29.c).
At the time of the hull girder collapse severe buckling of the plate is observed.
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7.5.3.3. CL Bulkhead Panel CL2

The CL2 bulkhead panel (refer to Fig.5.2 and 5.7) is the part of the CL
Bulkhead that extends from the inner bottom plating (2080mm above base line) to
the main deck plating (18750mm above base line). Taking into account that the
initial and at the time of the hull girder collapse position of the neutral axis are
7683mm and 5243 mm above the base line respectively, it is self explanatory that a
portion of the CL Bulkhead during the Hull Girder collapse calculation is always under
compression (above 7683mm), whereas the remaining CL bulkhead is either always
under tension (below 5243mm) or under tension followed by compression.

For the purpose of the present study the load end shortening curves of the
CL Bulkhead Panel CL2 have been derived separately for the cases where the
bulkhead in under tension and under compression. In this paragraph the behavior of
the part of the CL Bulkhead that is always under compression (stiffener 27 and

above-refer to Fig.5.7) will be presented.

As shown in Figure 5.7, both the dimensions of the stiffeners as well as the
yield stress of the plate and stiffener along the panels’ height are different. Figure
7.30 illustrates the distribution of the yield stress on the bulkhead’s structural
elements in terms of the deformed shape of the panel at the time of the Hull Girder

Collapse. For comparison reasons the Von Mises Stress is also presented.

E5E Yield Stress 245 Nt/mm2
B viold Stress 315 Nt/mm2

@ (b)

Fig.7.30. Panel CL2 above stiffener 27 at the time of the Hull Girder Collapse,
Enulicol/ Eydequivci2=1.08. (@) Illustration of Elements’ yield stress, (b) Von Mises Stress.
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It should be noted that at the time of the ultimate hull girder collapse, as
indicated in Table 7.11, not all the longitudinal stiffeners of the depicted CL bulkhead
have reached their ultimate limit state. More specifically at the time of the hull girder
collapse, only the stiffeners of the upper part of the bulkhead (st.32-39) have
reached their ultimate limit state, as opposed to the stiffeners of the lower part at
which the ratio of the applied strain to their ultimate limit strain, €juicon/€u varies
between 0.40-0.85. Moreover, it seems that stiffeners 37-39 are the first to reach

their ultimate state long before the collapse of the hull girder (€u/€nuicoi=0.36-0.44).

By reviewing Figures 7.30 (a) and 7.30 (b), it can be seen that large
deformation in the plate takes place at the upper part of the Bulkhead, in the mid
span region, as opposed to the lower part of the Bulkhead where the plate is
deformed and increased tripping of the stiffeners is noticed. This is consistent to the
yield stress of the various structural elements as in the upper part and lower part of
the depicted CL Bulkhead panel, the yield stress of the plate-stiffener combination
are 245 Nt/mm?-315 Nt/mm? and 315 Nt/mm?-245 Nt/mm? respectively.

This is also confirmed by the displacement component in the plate

perpendicular to its plane, Uy, along the panel’s height, shown in Figure 7.31.

Plate Displacement Uy (mm)

Panel Length (m)

Fig.7.31. Plot of plate’s U, Displacement along its length at the time of the hull
girder collapse
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Regarding the collapse mode of the stiffeners, according to the CSR Load end
Shortening Formulas, the 3 upper stiffeners (st. 37-39) reach their ultimate state by
beam column collapse (refer to Table 6.2) whereas the remaining by torsional
tripping. By reviewing the deformation shape of the panel (Figure 7.30), it seems
that all stiffeners have failed due to torsional tipping. Nevertheless this figure does
not correspond to the ultimate state of all stiffeners, as stiffeners 37-39 reach their
ultimate state long before the collapse of the hull girder (€./€nuicoi=0.36-0.44).
Figures 7.32 (a) and 7.33 correspond to the deformation shape and the Von Mises
distribution of the panel respectively at the time the stiffeners 37-39 have reached

their ultimate strength.

18 Stip Time = 00800

(a) (b)

Fig.7.32. Displacement Magnitude of Panel CL2 above stiffener 27 at the time of (a)
the Stiffeners’ 37-39 Collapse, €ci2/€huicoi=0.40, (b) the Hull Girder Collapse,
EcL2/€nuicon=1.00

It can be seen that at the time the stiffeners 37-39 reach their ultimate state
no tripping failure mode has occurred and that their failure is similar to that of the
main deck stiffeners. This can be also confirmed in Figure 7.33 where no stiffener
tripping is evident, and in the stiffener’s 39 U, plot along it’s length (Fig. 7.34) where
there is a clear difference in the U, distribution, oscillating at the time of the
stiffener’s collapse and exhibiting a distinct peak at the time of the Hull Girder

Collapse.
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5, Mises
SMEG, (frachon = -1.0)
[Avg: 75%)
+2.3500402 ner B: Step Ti = DB00
13880 Frimary Vir: &, bisea
+2.542e+02 Defermed Var: U Deformation Scale Factor: +4.000e+00
+2.2008+02
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+1.755e402
+1. 4928402 *
+1.2308402
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+7.043e+01 2%
+4.410e+01
+1.792e401

Fig.7.33. Von Mises Stress of Panel CL2 above stiffener 27 at the time of the
Stiffeners’ 37-39 Collapse, €c12/€xuicon =0.40

Stiffener's 39 Web Displacement Uz (mm)

Stiffener’s 39 Web Displacement Uz (mm)

Stiffener Length (m) — Stiffener Length (m)

(a) (b)
Fig.7.34. Plot of stiffener’s 39 U; Displacement along its length at the time of (a) the
stiffener’s collapse, (b) the hull girder collapse
The remaining stiffeners fail due to torsional tripping (refer to Fig.7.30.b) as
tripping is evident even at the time of the hull girder collapse, at which the applied

strain to their ultimate strain €yyicon /€y corresponds to between 0.40-0.85.
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7.5.3.4. Ultimate Limit State of Side Shell Panel S5
Side Shell Panel S5 refers to side shell that extends between Stringer 36 and

the Main Deck (refer to Fig.5.2 and 5.5). This panel is always under compression and

comprises of plate and stiffeners of yield stress equal to 315 Nt/mm? and 245

Nt/mm? respectively.
The Axial Compressive Stress-Strain Curve of Panel S5 is shown in Fig.7.35.

As indicated, its Ultimate Strength is as follows:

Os5.=196.358 Nt/mmz
055u/0yd equiv =0.642

8SSu/Eyd equiv =1.03

/S T~
\

0.50

I
>
S

ol aydequiv

o
w
=}

0.20 |
e Ultimate Strength_FEM

0.10
25

15

0.00 T
0.5
€lEydequiv

Fig.7.35. Axial compressive stress versus strain relationship of Panel S-5 obtained
by FEA

Figure 7.36 demonstrates the magnitude displacement of the panel
corresponding to its ultimate strength, whereas Figure 7.37 depicts the Uz

displacement of the panel and the plot of same along the Stiffener’s 39 web.

Page 147 of 197

Chapter 7
Finite Element Approach



Dissertation National Technical University of Athens
Ultimate Hull Girder Strength Assessment Faculty of Naval Architecture and
using semi-analytical and computational methods Marine Engineering

Fig.7.36. Deformed shape of Panel S-5 at its Ultimate Limit State— Magnitude of
Displacement

Stiffener's 39 Web Displacement Uz (mm)

frefement | 7 Step Tene = 0.2000

Frmary Var: U, U3
L‘:, DeiTred v Batormazon Scal Fectar: +1.000%+01

Stiffener Length (m)

(a) (b)

Fig.7.37. Deformed shape of Panel S-5 at its Ultimate Limit State, (a) U;
Displacement, (b) Plot of Stiffener’s 39 web U, Displacement along its length

By reviewing above figures, it can easily be assumed that the failure mode of
subject panel can be attributed to stiffener tripping. Nevertheless, this is inconsistent
to the failure mode predicted by the CSR formulas (refer to Table 6.2), as per which
the critical failure mode is beam column buckling. Taking into account that from all
panels’ deformed shapes presented so far with similar stiffener dimensions, this is
the only case where the stiffeners have vyield stress less than the plate, this
discrepancy could be explained. As already mentioned the CSR Formulas account for
identical yield stress between plate and stiffeners. In cases where the stiffeners’ yield
stress is less than the plate’s it may be possible that the CSR formulas cannot

capture the tripping failure of the stiffener. Further, all remaining midship section’s
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stiffeners of similar dimensions for which agreement of the two methods is observed,

have a stiffener yield stress equal to or greater than the plate’s.

The Von Mises Stress of the panel at several stages up to the panel’s collapse

is indicated in Figure 7.38.

k,

et
Frmary Var: 5, Mees
Cuformed War U Deformation Sosle Factor; 44.0000400

51 Step Trmw = 04814

(©)
Fig.7.38. Von Mises Stress of Panel S-5 at (@) 0.786 €55y, (b) 1.0 &s5,, (€) at Hull
Girder Ultimate Limit State, 1.573 &s5,

7.5.3.5. Inner Bulkhead Panel I2 and Side Shell Panel S3

Inner Bulkhead Panel 12 and Side Shell S3 extend from Stringer 26 to 32
(refer to Figure 5.2). Most of the structural elements, of which the panel is
comprised of, are constantly under compression since the initial neutral axis of the

midship section lies 543 mm above stringer 26.

The corresponding Von Mises Stress and Magnitude of displacement distributions are
shown in figures 7.39 and 7.40 below.

We should note that the stiffeners of panel I2 and S3 are shown to collapse
by tripping. The asymmetry illustrated in the displacement magnitude distribution of
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panel I2 along the 0z direction can be attributed to the difference in the yield stress

of the inner bulkhead plating at its upper part.

U, Magritude S, Mises
+1.541e+01 SNEG, (fraction = -1.0)
+1.alae+01 (Awg: 750%)
+1.267&+01 +3.6096402
+1.1608+01 3 350e402
+1.0338+01 0326402
+9.0568+00 4
BACa6as00 +2.7448+02
+6.5 188 +00
+5.2436+00
e :
+2. 7008+ +1.303e402
+1.4298+00 c
+1.5618-01 plOlsee
+4.389¢+01
+1.5082+01
z z
L v
& x
Increment  43: Step Time = 0.4300 Increment  43: Step Time =  0.4300
Frimary \ar: U, Mag:mde = e ones Frimary \ar: 5, Mises
Deformed Var: U Deformation Scale Factor: +1. 1 Deformed Var: U Deformation Scale Factor: +1.000e+01

(a) (b)

Fig.7.39. Panel 12 at the time of its structural elements’ collapse (a) Magnitude of
Displacement, (b) Von Mises Stress Distribution

U, Magninude
+1.410e401
+1.294e+01

3a5e+0

5 01
+d.0F2e+01
+1.09%e+01

=

=

i ?I
Increment  45: Step Time =  0.4500

Frimary \Var: S, Mises
Deforrned Var: U Deformation Scak Factor: +1.000e+01

Increment  45: Step Time =  0.4500
Frimary \ar: U, Magnil
Deformed var: U Deformation Scak Factor: +1.000e-+01

(a) (b)

Fig.7.40. Panel S3 at the time of its structural elements’ collapse (a) Magnitude of
Displacement, (b) Von Mises Stress Distribution
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7.5.3.6. Ultimate Limit State of remaining compressed Panels

In addition to the above, panels that are always under compression as the
bending moment curvature of the hull girder increases are the Inner bulkhead
panels, 14 (between Stringer 36 and Main Deck- Figure 5.2), I3 (between Stringer 36
and Stringer 32- Figure 5.2), the Stringer 36 and 32 Panels, as well as the Side Shell
Panel S5 (between Stringer 36 and Main Deck- Figure 5.2).

In a similar way, as described above, the failure modes of these panels have
been studied and have been found to be consistent with the failure modes predicted
by the CSR formulas (refer to Table 6.2). The obtained results for these panels are
not presented in the same detail as above in order to avoid repetition but for

completeness are summarised below.

The axial compressive stress versus strain relationship of all the remaining
panels subjected to compression are summarized below in Figures 7.41-7.45. The
ultimate state characteristics of each panel and the longitudinal structural elements it
consists of, are summarized in Table 7.12. Their Von Mises Stress Distribution as well
as their deformed shape and displacement magnitude distribution corresponding to
their ultimate limit state and at the time of the hull girder collapse are shown in
Figures 7.51-7.55 and 7.46-7.50 respectively.

Axial compressive stress versus strain relationship

0,60 /~\
050

0,40

Ulc’ydeqmv

0,30

® Uttimate Strength_FEM
0,10 [

0 05 1 15 2 25 3

Fig.7.41. Axial compressive stress versus strain relationship of Panel I-4 obtained by
FEA
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Fig.7.42. Axial compressive stress versus strain relationship of Panel I-3 obtained by

FEA.
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Fig.7.43. Axial compressive stress versus strain relationship of Panel S-4 by FEA
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Fig.7.44. Axial compressive stress versus strain relationship of Panel ST-4 by FEA
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Fig.7.45. Axial compressive stress versus strain relationship of Panel ST-3 by FEA
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As shown by the axial compressive stress-strain curves, the ultimate limit
state of most panels occurs at a ratio of between 0.6-0.65 0,/0,q, except of panel I3

and ST4 where a ratio of 0.70 0,/04 is attained .

Deformed Shape - Magnitude of Displacement

L
i
Incremart 45 Step Tire = 02945

Frmary Ve
mv&muw 45.0008+00

(a) (b)

Fig.7.46. Deformed shape of Panel 14 - Magnitude of Displacement : (a) at its
Ultimate Limit State, €4, (b) at Hull Girder Collapse, 1.391 €4,

r4

[
£
Increment  44: Step Time = 0,4063
Primary Var: U,

Deformed Var: U Scale Factor: +1,000¢+01

(a) (b)

Fig.7.47. Deformed shape of Panel I3 - Magnitude of Displacement : (a) at its
Ultimate Limit State, €3, (b) at Hull Girder Collapse, 1.369 &3,
In Panel 14 and I3 plate and stiffeners are of the same yield stress, 315
Nt/mm? and 245 Nt/mm? respectively. In cases of panel I3 the failure mode at the
time of its ultimate limit state can be assumed to be tripping of the stiffeners

(Fig.7.47a). In Panel 14 the failure mode cannot be easily distinguished and could be
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considered either beam column buckling or tripping of stiffeners (Fig.7.46a).
Neverthess, by also considering the stress distribution (Fig.7.51a) it becomes more
clear that the failure mode is beam column buckling and/or overall buckling. At the
time of the hull girder collapse, severe buckling of the plate and tripping of stiffeners
is noticed at the midspan region of panel 14 (Fig.7.46b) as opposed to panel I3
(Fig.7.47b) where severe buckling occurs along the plate edge. We should note that
the hull girder collapse corresponds to between 1.37-1.39 of their ultimate limit
state.

k
X
Inerement  40; Step Time = 0.4000

Primary \ar: U,
Deformed Var: U Deformation Scale Factor: +6.000s+00

(a) (b)

Fig.7.48. Deformed shape of Panel S4 - Magnitude of Displacement : (a) at its
Ultimate Limit State, €54y, (b) at Hull Girder Collapse, 1.098 €g4,

(a) (b)

Fig.7.49. Deformed shape of Panel ST4 - Magnitude of Displacement : (a) at its
Ultimate Limit State, €st4,, (b) at Hull Girder Collapse, 1.703 &stay

Panel S4 collapses by tripping failure in contrast to panels ST4 and ST3 for

which beam column buckling failure is observed.
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(a) (b)

Fig.7.50. Deformed shape of Panel ST3 - Magnitude of Displacement : (a) at its
Ultimate Limit State, €sr3,, (b) at Hull Girder Collapse, 1.099 &s13,

Von Mises Stress Distribution

(a) (b)
Fig.7.51. Von Mises Stress of Panel I4 : (a) at its Ultimate Limit State, €4, (b) at
Hull Girder Collapse, 1.391 €14,

By reviewing Figure 7.51a, significant differences can be noticed between the
stress distribution of the upper and lower part of the plate of panel I4. This
asymmetry is also evident in the deformed shape of same (Fig.7.46a) and can be
attributed to the geometrical asymmetry of the plate (the upper plate width is
greater). Moreover, as shown, the ultimate limit state of the panel is reached when a
large yield area occurs in the plate-stiffener combination.This is also the case for all

panels shown below (Fig.7.52-7.55 a).
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Fig.7.52. Von Mises Stress of Panel I3 : (a) at its Ultimate Limit State, €13, (b) at

Hull Girder Collapse, 1.369 &3,
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(a)

(b)

Fig.7.53. Von Mises Stress of Panel S4 : (a) at its Ultimate Limit State, €s4,, (b) at
Hull Girder Collapse, 1.098 &s4,

Asymmetry is also noticed in the stress distribution of Panel I3 (Fig.7.52a), as

240mm of the panel’s plate towards the deck region has a greater yield stress

(315Nt/mm>).
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Von Mises Stress Distribution (cont.)

@ (b)

Fig.7.54. Von Mises Stress of Panel ST4 : (a) at its Ultimate Limit State, €st4,, (b) at
Hull Girder Collapse, 1.703 &st4y

@ (b)

Fig.7.55. Von Mises Stress of Panel ST3 : (a) at its Ultimate Limit State, €sr3,, (b) at
Hull Girder Collapse, 1.099 &s13,
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Sl o YIELD STRESS ULTIMATE LIMIT STATE PER LONGITUDINAL STIFFENER ULTIMATE LIMIT STATE PER PANEL
LONGITUDINAL STIFFENER
. Structural . )
Location Panel Element cydplate cyd stiffener cyd aq &y gy Eu'rsyd olu"‘cgﬂ:leq Epunca €y cyd eq gy Ty Eu'fE\,ﬂ:I olu'fc.w:leq Epuicar €y
M2-1 245 245 245 | 0000995 | 18654 | 084 0.761 27760
M2-2 245 245 245 0.000995 187 .42 0.84 0765 27760
M2-3 245 245 245 0.000995 185.05 0.84 0755 27760
M2-4 245 245 245 0.001116 186.92 0.94 0763 24743
M2-5 245 245 245 0.001131 189.03 0.96 0772 2.4424
M2-6 245 245 245 0.001169 187.56 099 0.766 2.3613
M2-7 245 245 245 0.001228 187 87 1.04 0767 22144
M2-8 245 245 245 0.001262 187.37 1.07 0.765 2.1548 - _
Main Deck L M2-9 245 245 245 0.001228 187.03 1.04 0.763 2.2144 e USRS L 25 e il
M2-10 245 245 245 0.001174 187.50 0.99 0765 2.3151
M2-11 245 245 245 0.001140 188.04 0.96 0.768 2.3840
M2-12 245 245 245 0.001116 188.07 0.94 0.768 24359
M2-13 245 245 245 0.001106 185.88 0.93 0.759 2.4572
M2-14 245 245 245 0.001116 184.04 0.94 0.751 2.4359
M2-15 245 245 245 0.000990 186.39 0.84 0.761 27463
M2-16 245 245 245 0.000990 185.81 0.84 0.758 26738
M1-18 245 245 245 0.001326 185.43 1.12 0757 1.9871 ;
M1 M1-19 245 245 245 0.001326 185.30 1.12 0.756 1.9871 Zid] URLLREE L e —— il
14 14-38 315 315 315 0.001643 | 198.30 | 1.08 0.630 1.5083 315 0.001704 | 18817 112 0.597 1391
14-37 315 315 315 0.001583 | 205.12 1.04 0.651 1.4562
Inner
Bulkhead 13-35 245 245 245 0.001243 173.25 1.05 0.707 1.5748
= 13-34 245 245 245 0.001243 178.76 1.05 0.730 1.4346 £id] LAV L LS e 1l ks 5
13-33 245 245 245 0.001243 17710 1.05 0723 1.2944
= 55-38 315 245 302 0.001515 | 209.59 1.04 0.694 1.6404 = e 1
S5 —SE-37 | 315 245 303 | 0001623 | 19478 | 111 | 0644 | 14234 | 20093 | 0001515 | 19636 SR S
Side Shell 54-35 315 245 297 0.001583 199.41 1.10 0672 1.2381
54 S4-34 315 245 297 0.001623 | 203.02 1.13 0.684 1.0996 300.09 | 0.001623 194.16 1.12 0.647 1.098
S4-33 315 245 298 0.001542 196.75 1.08 0.665 1.0445
Stringer ST4-18 245 245 245 0.001250 171.44 1.06 0.700 1.7027 = y ’
36 ST4 —STa—7o | 245 | 245 245 | 0.007250 | 77292 | 706 | 0706 | 77027 | 24°00 | 0001250 | 17040 | 106 | 0696 | 1.703
stringer ST3-18 245 245 245 0.001302 162.50 1.10 0.663 1.0991 = ) e = v
32 e ST3-19 245 245 245 0.001302 163.78 1.10 0.668 1.0991 e Lidies Ll et —
Table 7.12. Ultimate Limit State Characteristics of Panels constantly under Compression
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7.5.4. Deformed shape of Panels under Tension

The panels of the Midship Section that as per the Finite Element Approach
are always under tension before the Hull Girder reaches its Ultimate Limit State,
include all panels extending below 5243mm above base line. This includes all the
panels in the inner bottom and bottom shell plating, the hopper plating, the stringer

23 and the side and centre girder, as illustrated in Figure 7.66.

At the time of the hull girder collapse all these panels are still in the elastic
region as detailed in Table 7.13, where their applied strain to the yield strain ratio is
listed. More specifically, it can be seen that the applied strain at the hull girder
collapse to their yield strain ratio varies from 0.09 to 0.80 depending on the position

of the structural element considered.
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POSITION OF STRUCTURAL ELEMENT

YIELD STRESS

APPLIED STRAIN TO
YIELD STRAIN
AT TIME OF HULL
GIRDER COLLAPSE

Tyd Tyd
Location Panel Sérlz:::r:?l plate Oyd stifener equivalent ExsiconEya
.;r\t-"'nr"E [\lt"r"m:] -;r\t-'rn-ﬂ'-';-
CL2-23 315 315 315 -0.088
CL Blkhd CL2 CL2-22 315 315 315 -0,.203
CLZ2-21 315 315 315 -0,315
51-22 315 315 315 -0,202
Side Shell S1 51-21 315 315 315 -0.317
51-20 315 315 315 -0.422
HP -1 35 315 35 -0,301
Hopper Plating HP HP -2 315 315 315 -0,301
HP -3 315 315 315 -0,176
- ST1-18 245 245 245 -0.115
Stringer 23 STV rsryae | 2as T o5 245 0,115
B2-1 315 315 315 -0,693
B2-2 315 315 315 -0.693
B2-3 315 315 315 -0.693
B2-4 315 315 315 -0,693
B2-5 315 315 315 -0.693
B2-6 315 315 315 -0,693
B2 B2-7 315 315 315 -0,693
B2-8 316 315 316 -0,693
Bottom B2-9 | 315 315 315 0,693
B2-10 315 315 315 -0.693
B2-11 315 315 315 -0,693
B2-12 315 315 315 -0.693
B2-13 315 315 315 -0,693
B1-15 315 315 315 -0.693
B1 B1-16 316 315 316 -0,693
B1-17 315 315 315 -0,691
IB1-1 315 315 315 -0.439
B1-2 315 315 315 -0.438
B1-3 315 315 315 -0,439
IB1-4 315 315 315 -0.438
B1-5 315 315 315 -0,439
IB1-& 315 315 315 -0.439
Inner Bottom IB1 B1-7 315 315 315 -0.435
B1-8& 315 315 315 -0,439
IB1-9 315 315 315 -0.438
IB1-10 315 315 315 -0,439
B1-11 315 315 315 -0.438
B1-12 315 315 315 -0,438
IB1-13 315 315 315 -0.438
- . 5G-1 245 245 245 -0.797
Side Girder SG SG-2 | 245 | 245 245 0674
~ CL-1 315 315 315 -0.620
CL Girder cL cL-2 | 215 | 315 315 0,524
Bilge BLG - - - 35 -0621
Hard Corner
Inner Shell- - - 299 -0,091
Stringer 23
Hard Corner
Side Shell -Stringer - - 296 -0,093
23
Hard Corner _
Side Girder-Bottom B B 2396 -0.745
Hard Corner
Side Girder-Inner - - 296 -0.452
Bottom
Hard Corner e
CL Girder-Bottom } j 315 -0.697
Hard Corner
CL Girder-Inner - - 315 -0.424
Bottom

Table 7.13. Applied Strain to Panels’ structural elements constantly under Tension
at the time of the Hull Girder Collapse
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As in the case of the panels under compression presented in the previous
pages, the present section aims to give a short introduction of the deformed shapes
of the panels and their Mises stress distribution at the time of the hull girder
collapse. The displacement magnitude as well as the stress distribution of all panels

under tension is shown in Figures 7.56 - 7.64.

(b)
Fig.7.56. Panel B1 : (a) Displacement Magnitude, (b) Von Mises Stress Distribution
at the time of the Hull Girder Collapse, €g1ap= Ehuiu

|

(a) (b)

Fig.7.57. Panel B2 : (a) Displacement Magnitude, (b) Von Mises Stress Distribution
at the time of the Hull Girder Collapse, €g2ap= Ehuiu

Both bottom panels have been subjected to buckling of the plate at the time
of the hull girder collapse as depicted in above Figures. This can be attributed to the

initial imperfections taken into account for the FE analysis.

The bottom panels as well as all tensioned panels are in the elastic region at
the time of the hull girder collapse as shown in the figures below.
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(a) (b)

Fig.7.58. Panel BLG : (a) Displacement Magnitude, (b) Von Mises Stress Distribution
at the time of the Hull Girder Collapse, €g.6ap= Ehuiu

T5: Siep Tine =

Inarement 07500
Cobd i et somn o +8.000nra1

(@) (b)

Fig.7.59. Panel CL1 : (a) Displacement Magnitude, (b) Von Mises Stress Distribution
at the time of the Hull Girder Collapse, €ci1ap= Enuilu

Fig.7.60. Panel SG : (a) Displacement Magnitude, (b) Von Mises Stress Distribution
at the time of the Hull Girder Collapse, €sgap= Ehuilu
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The deformation shape of CL Girder (CL1) and Side Girder (SG) panels are

asymmetric due to the asymmetry in the stiffeners distance.

(a) (b)

Fig.7.61. Panel HP : (a) Displacement Magnitude, (b) Von Mises Stress Distribution
at the time of the Hull Girder Collapse, €xpap= Ehuilu

(a) (b)

Fig.7.62. Panel IB1: (a) Displacement Magnitude, (b) Von Mises Stress Distribution
at the time of the Hull Girder Collapse, €xpap= Ehuilu
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(a) (b)

Fig.7.63. Panel S1: (a) Displacement Magnitude, (b) Von Mises Stress Distribution at
the time of the Hull Girder Collapse, €siap= Enuiul

(a) (b)

Fig.7.64. Panel ST1 : (a) Displacement Magnitude, (b) Von Mises Stress Distribution
at the time of the Hull Girder Collapse, €st1ap= Ehuilu

7.5.5. Panels in the region of the neutral axis

Structural elements that are positioned between the initial and final position
of the hull girder neutral axis are initially under tension and subsequently under
compression as the distance of the neutral axis from the base line decreases. These
structural elements are listed in Table 7.14 below. The table also lists the strain
levels to which these elements are being subjected at three stages during the hull
girder collapse calculation and specifically at increment 1, increment 51 and
increment 103 corresponding to the hull girder collapse. The negative sigh denotes

the tension strains whereas positive sign the compressive strains.

It can be seen that at these structural elements, as envisaged, the applied
strain to yield strain ratio is very small, almost negligible. This is also confirmed in
Figure 7.65 where the applied strain versus the position of the neutral axis is plotted

for the structural elements CL 2 — 24, ST 2 — 18 and S 2 — 25. The graphs clearly show
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the transition from tensile to compressive strain as the neutral axis shifts towards the

base line.

€appl /eyd | Eappl /eyd Eapp! /
Structural | oy Oyd Oy appl / ey appl / ey e

Location
Element plate | stiffener | equivalent

Inc.1 Inc.51 Inc.103

CL2-24 | 315 315 315 -0.0028 | -0.1054 | 0.0256
CL Blkhd CL2-25 | 315 315 315 -0.0017 | -0.0497 | 0.1404
CL2-26 | 315 245 291 -0.0006 | 0.0061 | 0.2751
11-25 315 245 292 -0.0018 | -0.0533 | 0.1523
11-24 315 245 292 -0.0030 | -0.1132 | 0.0286
S$2-25 315 245 292 -0.0018 | -0.0532 | 0.1520

Inner Bulkhead

Side Shell S2-24 315 245 292 -0.0030 | -0.1132 | 0.0286
Stringer 26 ST2-18 245 245 245 -0.0007 | 0.0066 | 0.3256
9 ST2-19 245 245 245 -0.0007 | 0.0066 | 0.3256
Hard Corner
Inner Shell- - - - 298.8 | -0.0006 | 0.0066 | 0.2696
Stringer 26
Hard Corner
Side Shell - - - - 298.8 | -0.0006 | 0.0066 | 0.2696
Stringer 26

Table 7.14. Structural elements in way of the position of the neutral axis

(\ E '7

N .
\

35 —Cl2-24 ——S8T2-18 ——82-25

Position of neutral axis above BL (m)

-0.150 -0.100 -0.050 0.000 0.050 0.100 0.150 0.200 0.250 0.300

£applied / £yd

Fig.7.65. Applied strain/yield strain ration versus position of neutral axis

Not knowing in advance the position of the neutral axis corresponding to
each curvature, the applied strain to each element cannot be predicted. In this
respect, as also proposed by the Incremental-Iterative approach the applicable stress
for these elements have been derived by their compressive or tension stress-strain

curves separately dependent on the strain considered.
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7.5.6. Position of the neutral axis

As already mentioned, the position of the neutral axis at each step of the
Incremental Iterative Approach is being calculated so as to achieve equilibrium of the
forces acting on the Hull Girder. The initial position of the neutral axis as well as its
position at the time of the Hull Girder Collapse is indicated in Figure 7.66. Initially the
position of the neutral axis had been calculated at 7683mm. As shown in the figure
below the position of the neutral axis computed by the Finite Element Approach at
the time of the Hull Girder Ultimate Limit State is 5243mm.

R — LI

T r
1w |n_l.-_',_"-___'i_,_'_‘._'|]— 2 1 77T T * T C I T % T
—r—1 % ;

E ¥ B o8 % o®

e Initial Position of Neutral Axis

— Final Position of Neutral Axis =

B T r 3
2J ¥
_—\\ i
e {1 s ) o ) s i e Y
. ¥
\\5_:...1 % O el O O R ol O el

Fig.7.66. Illustration of initial and final position of the neutral axis

[
I 1
[
1

The change of the Neutral Axis position as the imposed curvature on the Hull
girder increases is shown in Fig.7.67. With the increase of the imposed curvature,
the distance of the hull girder neutral axis from base line is significantly decreased.
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Imposed Curvature (m™')

Fig.7.67. Position of neutral axis at each imposed curvature
7.5.7. Ultimate Hull Girder Limit State

By applying the Incremental — Iterative method with the use of the stress-
strain curves computed by the Finite Element Approach, the Vertical Hull Girder
Bending Moment curve as the imposed curvature increases can be derived. This is

given in Figure 7.68.

3.20
3.00 1
2.80 1

_ 260 -

2 240 ]

2.20 1

2.00 1

-
4
<
-
@
g 1.801
<ED 160 ®  Ultimate Bending Moment Capacity
: / O Main Deck Longitudinals Collapse (st.1-16)
2 1.40 O Side Shell Upper Longitudinals Collapse (st.35-38)
s / Inner Blkhd Upper Longitudinals Collapse (st.34-38)
S 1.20 O CLBIkhd Upper Longitudinals Collapse ( st.37-39) |
1] / O Stringer 36 Longitudinals Collapse
= 1.00 Stringer 32 Longitudinals Collapse —
2 / = = = Extreme Bending Moment as per CSR Rules (1Msw+1.2Mw)
% 0.80 O CLBlkhd Longitudinals Collapse (st.33-36) ]
> 0.60 Inner Bikhd Longitunal Collapse (st.33)
. / = = = Permissible Operating Bending Moment as per Loading Manual
0.40 O Main Deck Longitudinals Collapse (st.18-19)
’ O Side Shell Longitudinals Collapse (st.33-34)
0.20
0.00 T T T
0.0E+00 1.0E-04 2.0E-04 3.0E-04 4.0E-04

Imposed Curvature (m'1)

Fig.7.68. FEA Hull Girder Vertical Bending Moment - Imposed Curvature Curve
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The FEA Hull Girder Ultimate Bending Capacity corresponds to the peak of M-
k curve and specifically at a bending moment of 3.093 -10° Nt-m and a curvature of
2.05-10* m™ occurring at increment 103 of the incremental approach. The
comparison of the resultant bending capacity of the two methods will be carried out

in the next Chapter.

The extreme bending moment at which the vessel as per the CSR Rules is
expected to operate, as well as the permissible total bending moment as which the
vessel actually operates are demonstrated in above figure by red and pink dotted
lines respectively. Reference for their calculation is made in Sub-section 6.6. Taking
into account that the design (Myre-Mpiacs/Mure) and actual safety margin (Myee-
Mperm/Mure) can be derived by the difference of the ultimate bending capacity to the
expected design extreme bending moment and the actual permissible bending

moment respectively, we obtain the following:

Design Safety Margin: 14.5%

Actual Safety Margin: 26.7%

We should note though, that CSR Rules account for a safety margin y; in the
estimation of the hull girder ultimate strength due to uncertainties (refer to Figure
3.1) equal to 1.1. Therefore the permissible bending moment, as indicated in the
vessel’s loading manual should be compared to the corresponding ratio My/y; , here
estimated as 3.093/1.1 or 2.811 Nt mx10° , since the vessel’s designers must have

taken this safety ratio into account. In such case the actual safety margin considered
becomes 19.5% {[(MuFE/Yr)'Mperm]/(MuFE/Yr)}-

Along the curve, reference is made to the imposing curvature at which each
structural element collapses. It can be seen, that the main deck longitudinals and the
CL bulkhead upper longitudinals (st.37-39) are the first to collapse, followed by the
Inner Bulkhead (st.34-38 and st.33) & Side Shell upper longitudinals (st.35-38) and
Stringer 36. The last to collapse are the Side shell longitudinals (st.33-34) at the mid
depth and Stringer 32.
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COMPARISON OF THE APPROACHES

8.1. General

In previous chapters, Chapter 6 and Chapter 7, a detailed description has
been provided of the methods applied in the context of the present study for the
estimation of a double hull tanker’s ultimate bending capacity. The results of each
method have been presented separately. This chapter aims to compare the results of
both methods and, in particular, the structural elements’ load end shortening curves
and ultimate limit strength as well as the calculated hull girder’s Vertical Bending

Moment — Imposed Curvature Curve and Ultimate Bending Capacity.

8.2. Load End Shortening Curves of structural elements

As already mentioned, the Incremental-Iterative approach aims to determine
the hull girder ultimate capacity by dividing the hull girder transverse section
between two adjacent transverse webs into structural elements which are considered
to act independently of each other (refer to Figure 6.2), and to calculate the collapse
behavior of each of these structural elements. The structural elements may comprise
of longitudinal stiffeners with their attached plating (of breadth equal to the spacing
of the stiffeners), hard corners or transversely stiffened panels. In the case of the
double hull tanker used as a case study, the midship section has been divided into

longitudinal stiffeners and hard corners.

For the determination of the elements’ behavior, the CSR propose certain
formulas, depending on the structural element considered (longitudinal stiffener or
hard corner) and the uniaxial stresses to which it is subjected, compressive or
tension stresses. The following subsections compare the Load end shortening curves
of longitudinal stiffeners and hard corners, either under compression or tension, as
derived by the Incremental-Iterative Approach and computed by the Finite Element
Approach.
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8.2.1. Longitudinal Stiffeners under uniaxial compression

The CSR formulas for the estimation of the longitudinal stiffeners’ collapse
behavior under uniaxial compression, consider all relevant failure modes, such as
beam column buckling, torsional stiffener buckling and stiffener web buckling (refer
to figure 2.14). The load end shortening curve of each stiffener is then constructed

using the minimum stress predicted for each of these failure modes.

Table 8.1 summarizes the critical failure mode of each longitudinal stiffener
under compression of the tanker’s midship section as predicted by the CSR Formulas

and as indicated by the FE Analysis.

It can be seen that in general the failure modes of the two approaches are in
agreement. Only in the case of the Side Shell Stiffeners in panels S-5 and S-4
(shown with grey colour) there is a discrepancy, with the CSR Formulas predicting
beam column buckling whereas the FE Analysis indicates torsional buckling.
Nevertheless, taking into account that in general, even with the help of FE Analysis,
it is difficult to distinguish between these failure modes, as they interact and may

occur simultaneously, this discrepancy is considered to be minor.

It should be noted though, as discussed previously, that this inconsistency
can be attributed to the difference in yield stress between the stiffener and the plate
and in particular to the fact that the stiffener yield stress is less than the plate’s yield
stress. Further, all remaining midship section’s stiffeners of similar dimensions for
which agreement of the two methods is observed, have a stiffener yield stress equal
to or greater than the plate’s. Moreover, the CSR Formulas in general account for
identical yield stress between plate and stiffener. To account for this restriction, as
per the IACS recommendation, two stress calculations are carried out, one for the
plate-stiffener combination with yield stress equal to the plate’s and one for the

plate-stiffener combination with yield stress equal to the stiffener’s.
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LOCATION OF STRUCTURAL INCREMENTAL APPROACH AS
ELEMENT PER IACS APPROACH A2l
. Structural Plate / Buckling Buckling Oya
o
Location Panel Element | Stiffener mode s mode equiv
M2-1 Both 245 245
M2-2 Both 245 245
M2-3 Both 245 245
M2-4 Both 245 245
M2-5 Both 245 245
M2-6 Both 245 245
M2-7 Both 245 245
M2-8 Both . 245 245
Vain Deck M 2 M2-0 Both Beam Column 545 Beam Column 545
© M2-10 Both 245 245
M2-11 Both 245 245
M2-12 Both 245 245
M2-13 Both 245 245
M2-14 Both 245 245
M2-15 Both 245 245
M2-16 Both 245 245
M1-18 Both - 245 245
M1 M1 19 Both Beam Column SAE Beam Column AE
Plate ' 315 '
CL2-27 Stitener Torsional >4 Torsional 290
Plate : 315 )
CL2-28 Siiffener Torsional 545 Torsional 290
Plate : 315 :
CL2-29 Stiffener Torsional S4E Torsional 289
Plate ' 315 '
CL2-30 Stitener Torsional >4 Torsional 289
’ Plate . 315 .
CL2-31 Siiftener Torsional 3 Torsional 291
Plate ) 315 )
CL Bulkhead L2 CL2-32 Stiffener Torsional >45 Torsional 290
Plate : 280 :
-33
CL2-3 Stitfenar Torsional 45 Torsional 267
CL2-34 Both Torsional 245 Torsional 245
CL2-35 Both Torsional 245 Torsional 245
CL2-36 Both Torsional 245 Torsional 245
Plate - 245
CL2-37 Stiffenar Beam Column 315 Beam Column 262
Plate . 245
CL2-38 Stiffener Beam Column 315 Beam Column 259
CL2-39 Plate Beam Column |24 1 Beam Column 260
Stiffener 315

Table 8.1. Comparison of the buckling failure and ULS modes of longitudinal
stiffeners constantly under compression
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LO CATIO:&FMSIIELFEFU CTURAL INCREEA;:QAT?SL:\::IES:CCHH AS FEA APPROACH
Location | Panel | ECCRY citener | mode. | O | moce. | oon
| 4 : j g? ng Beam Column g:i: Beam Column g]g
13-35 Both 245 245
13 13-34 Both Tarsional 245 Torsional 245
13-33 Both 245 245
e : g g: StFi)f!‘E;tr?er Torsional ;Jl:: Torsional 293
Bulkhead : g gg St?f!‘gtr?er Torsional ;1'1:: Torsional 292
|2 : g gg St?flfitr?er Torsional ;1'1:: Torsional 291
: g %S StFi)fllgtr?er Torsional ;Jl:: Torsional 291
: g %; St?f!‘gtr?er Torsional ;1'1:: Torsional 293
ce S5-38 StFi)Tle;tr?er Beam Column ;lf:: Torsional 302
S5-37 St?fllfeitr?er Beam Column 311:: Torsional 303
S54-35 St?flfitr?er Beam Column gét: Torsional 297
s4 | s4-3¢ |2 |geam Coumn(—>> ] Torsional 297
S4-33 Plate Torsional |12 Torsional 206
Side Shell Stiffener 245
$3-31 -2 Torsional {22 Torsional 205
$3-30 || Torsional |22 Torsional 295
s3 | s3-29 StFi’f']fe‘fer Torsional ;'1: Torsional 295
53-28 St?fgtr?er Tarsional ;t: Torsional 294
$3-27 |8 Torsional |22 Torsional 294
Stringer 36 ST4 §$ j j]]g ggm Beam Column gj:: Beam Column gjg
Stringer 32 5T3 §$ :2 :]]g ng Beam Column gj:: Beam Column gjg

Table 8.1 (cont.). Comparison of the buckling failure and ULS modes of
longitudinal stiffeners constantly under compression
The ultimate limit state characteristics of all longitudinal stiffeners constantly
under compression as derived by the FE Approach and the Incremental-Iterative
Approach are given in Table 8.2. In the case of the Incremental-Iterative Approach,
both the IACS and the Equivalent Yield Stress Approach referred to in paragraph
6.2.2 have been considered.
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LOCATION OF STRUCTURAL INCREMEMTAL APPROACH AS
S INCREMENTAL APPROACH AS PER IACS APPROACH FEA APPROACH e e COMPARISON
p——— Panel | Struetural Plate J = o S c, cdie L o, OO | EulEya G o, OfTs| Elfyy | Cumesapp | Tulguiess | CuBsuivhpss
Element Stiffener quiv quiv aquiv quiv quiv aquiv ITyren [ Y IT s ape
M2- 1 Both 245 0705 | 0.0012 | 1.012 245 0761 | 0840 | 245 0.705 | 1.012 0.03 0.63 1.00
M2-2 Bath 245 0.705 | 0.0012 | 1.012 245 0.762 | 0.840 g 0705 | 1.012 0.62 0.02 1.00
M2-3 Both 245 0705 | 00012 | 1.012 245 0.755 | 0840 | 245 0.705 | 1.012 0.85 0.52 1.00
MZ2-4 Both 245 0705 | 00012 | 1012 245 0763 | 0g43 | 248 0.705 | 1.012 0.62 0.62 1.00
M2-5 Both 245 4 | 0705 | 00012 | 1.012 245 0772 | 0855 [ 248 0.705 | 1.012 0.91 0.81 1.00
M2-§ Both 245 4 | 0705 [ oooiz | 102 245 0.766 | 0.885 5 0.705 | 1.012 0.2 0.82 1.00
M2-7 Both 245 | 17255 | 0.704 | 0.0012 | 1.012 245 0767 | 1.037 5 0.704 | 1.012 0.62 0.62 1.00
Vo MZ-& Bath 245 | 17255 | 0.704 | 0.0012 | 1.012 245 076 | 1.066 | 248 0.704 | 1.012 0.62 0.62 1.00
T < M2-9 Both 245 | 17255 | 0704 | 0.0012 | 1.012 245 0.763 | 1.037 g 0.704 | 1.012 0.62 0.62 1.00
ain & M2-10 Both 245 | 17255 | 0.704 | 0.0012 | 1.012 245 0.765 | 0882 5 0.704 | 1.012 0.62 0.62 1.00
M2Z-11 Both 245 | 17285 0704 | D002 | 1.012 245 0768 | 0063 [ 248 0.704 | 1.012 0.62 0.92 1.00
M2-12 Both 245 | 17285 | 0704 | 00012 | 1.012 245 0.768 | 0843 g 0.704 | 1.012 0.2 0.02 1.00
M2-13 Both 245 | 17255 | 0704 | 00012 | 1.012 245 0.759 | 0.835 5 0.704 | 1.012 0.3 0.83 1.00
M2-14 Both 245 | 17255 | 0704 | 00012 | 1.042 245 0.751 | 0843 5 0.704 | 1.012 0.64 0.54 1.00
MZ-15 Bath 245 | 17265 | 0.704 | D.0012 | 1.012 245 0.761 | 0836 | 248 0.704 | 1.012 0.63 0.52 1.00
M2-16 Both 245 | 17285 | 0706 | 00012 | 1012 245 0.758 | 0.835 5 0.708 | 1.012 0.83 0.83 1.00
— M1-18 Both 245 | 18873 | 0770 | 0.0012 | 1.012 245 0.757 | 1120 | 248 0.770 | 1.012 1.02 1.02 1.00
M1-19 Both 245 | 18873 [ o770 | ooz | 1042 245 0756 | 1120 [ 248 0.770 | 1.012 1.02 1.02 1.00
= a415
CL2-27 = =2 1 20430 | 0704 | D.0016 | 1.024 280 D743 | 1010 | 280 0718 | 0.|a2 0.85 0.87 1.02
Stifener 245
= Q15
CL2-28 = so—] 20405 | 0702 | D.OO1G | 1111 200 21411 | 0737 [ 1011 | 200 20823 | 0717 | D.@s3 0.25 0.97 1.02
Stifenar 245
CL2-28 ik 215 | 1gsez | 0673 | 00018 | 1118 288 21112 | 0731 | 1015 | 288 20080 | 0.606 | DosT D83 0.85 1.03
Stifensr 245
| a45
CL2-30 = ~=— 19892 | 0678 | D.OO1E | 1118 280 21084 | 0720 | 1015 | 280 20059 | 0.606 | D.gsET 0.23 0.95 1.02
Stifener 245
= a5
cL2-31 it =— 19824 | 0682 | 00016 | 1109 281 21068 | 0724 | 1051 | 201 20180 | 0.684 | D.8&1 D.84 0.98 102
Stifener 245
CL2-32 filcle 215 | opies | oeos | coois | 1113 200 20020 | 0722 | 1012 | 290 20631 | 0.702 | D.gs4 0.25 0.98 1.02
CL Bulkhead CcL2 Stifensr 45
CL2-33 filale 280 | so088 | 0713 | coota | 107 267 19564 | 0732 | 1014 | 267 19355 | 0.724 | D.ogs 0.97 0.98 1.02
Stifener 245
CL2-34 Bath 245 17666 | 0721 | 0.0012 | 1.012 245 18321 | 0748 [ 1182 5 17666 | 0721 1.012 0.96 0.86 1.00
CL2-35 Both 245 | 17403 | 0710 | 0.0012 | 1.012 245 17315 | 0707 | 1.106 | 245 17402 | 0710 [ 1.012 1.01 1.0 1.00
CL2-36 Both 245 | 17204 0702 | 00012 | 1.012 245 176.24 | 0712 | 1.015 g 172.04 | 0702 | 1.012 0.68 0.08 1.00
| 45
CL2-37 Sﬁzt:nr o= 17244 | 0858 | 0.0012 | D.041 262 18422 | 0705 | 07e3 | 262 181.17 | 0,687 | 1.012 D.94 0.98 1.04
CL2-38 RSk 245 | 1gaps | 0s2s | 00012 | Dos3 258 1481 | 0712 | 0786 | 250 167.35 | 0642 | 1.024 0.5 0.81 102
Stiffener 315
- Slate 245 P e P _ . . _ - -
CL2-30 ’ . ga71 | 0,820 | 00012 | D88 260 8670 | 0712 | 0750 | 260 62.08 | 0.845 | 1.024 0.28 0.81 1.02
Stifener 315

Table 8.2. Comparison of the ultimate strength characteristics of longitudinal stiffeners constantly under compression
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LOCATION OF STRUCTURAL INCREMENTAL APPROACH AS
ELEMENT INCREMEMNTAL APPROACH AS PER IACS APPROACH FEA APPROACH PER EQUIVALENT YIELD STRESS COMPARISON
1 - — Structural Elateﬁ o a, altyg . e T = Tl e | EilEya T = OulTyas| EfEpa | Tuimcsappr | Tusgquiess | TuBsuivaper
Element Stiffener wquiv quin wquiv wquiv qui wquiv Ioyrea 10 e I ncsape
14 14-338 Bath 315 18040 | 0.504 | 0.0016 1.024 315 188.30 | 0.630 | 1.080 315 18040 [ 0604 | 1.024 0.95 D.g8 1.00
14-37 Sath 315 18312 | 0513 | 0.0016 1.024 315 20812 | 0.651 | 1.040 315 19312 | 0,613 | 1.024 0.04 0.84 1.00
13-35 Bath 245 17741 0.724 | 0.0012 1.012 245 173.25 | 0.707 | 1.050 fa] 17741 0.724 | 1.012 1.02 1.02 1.00
13 13-34 Bath 245 17712 | 0723 | 0.0012 1.012 245 17878 | 0.730 | 1.050 5 irri2 | 0.723 | 1.012 0.ca 0.gg 1.00
13-33 Bath 245 17845 | 0.720 | 0.0012 1.012 245 17710 | 0.723 | 1.050 248 17848 | 0.720 | 1.012 1.00 1.00 1.00
12-21 Flate 315 | .. N e . N - . — - _
12 [ — 245 g1.01 0.553 | 0.0016 1.102 283 285 | 0.624 | 1.028 283 B5.19 | 0687 | 1.038 1.08 1.07 1.02
Inner Bulkhead Z-3 = 995
nner Bunes If 2 E == <meaz 18811 0.847 | 0.0016 1.104 282 18083 | 0.654 | 1.005 282 183682 | 0683 | 0877 0.3 1.01 1.02
12-30 Stiffenar 2458
- 12-28 Flate 315 e = = e - = = . ; .
12 —— g = g5.54 | D572 | 0.0016 1.108 20 goos | 0.887 | 1.034 2m o 0.588 | 0.880 0.28 1.00 1.02
12-29 Stiffenar 245
12-28 Flate 315 P - - S o . . ; . -
e . = g5.54 | D672 | 0.001G 1.108 28 20248 | 0682 | 1.070 2 BoE 0.688 | 0.880 0.95 D.g8 1.02
12-28 Stiffenar 245
12-27 Flate 315 = e A - - e . —_— — -
— . 205.18 | 0.70 0.0018 1.103 283 211.38 | 0.722 | 0981 283 2081 0718 | 1.038 0.97 0.8g 1.02
12-27 Siffenar 245
= QA48
S55-38 - = s 188.83 | 0626 | 0.0016 1.0688 302 20889 | 0.&84 | 1038 302 18388 | 0841 | 1.005 0.20 e 1.03
=5 Siiffenar 245
) 95
S55-37 - ate s 182.81 0803 | 0.0016 1.0686 303 18478 | 0644 | 1110 303 187.30 | 0,815 | 1.004 0.5 D88 1.03
Stiffenar 245
Flate 315 - - - -
S54-35 8 = 20885 | 0.704 | 0.001G 1.087 287 18841 0672 | 1.104 a7 21275 | 0.717 | 1.025 1.08 1.07 1.02
Stiffenar 245
) q9F
54 S54-34 . == — 20895 | 0.704 | D.0D1E 1.087 287 20202 | 0.G84 | 1133 287 21275 | 0717 | 1.025 1.03 1.05 1.02
Stiffener 245
= a45
54-33 = == -z 20620 | 0.707 | O.0D1& 1.080 206 186875 | 0.685 | 1.078 288 21320 | 0.720 | 1.027 1.08 1.08 1.02
Side Shell Siffenar 245
- =1 115
53-3 . == — 20582 | 0688 | 0.0016 1.084 285 18327 | 0.655 | 1.045 288 210008 | 0.712 | 1.031 1.07 1.08 1.02
Siiffenar 245
) a15
53-30 . = = 20502 | D586 | 0.0016 1.085 285 1868.80 | 0.687 | 1.022 288 20821 o710 | 1.032 1.04 1.08 1.02
Stiffenar 245
= a45
53 53-28 = = -z 205.02 | 0.886 | 0.0016 1.085 285 18884 | 0674 | 1080 288 20821 o710 | 1.032 1.03 1.05 1.02
Stiffenar 245
S53-28 : = E o 21044 [ 0716 | 0.0D1& 1.067 284 20288 | 0689 | 1.072 284 21430 | 0729 | 1.034 1.04 1.08 1.02
Stiffener 245
= a45
53-27 . = — 208.81 0.714 | 0.0016 1.088 204 188.38 | 0.675 | 1.073 2p4 21370 | 0.728 | 1.035 1.08 1.08 1.02
Stiffener 245
Stringer 35 =T 4 5T4-18 Bath 245 148.78 | 0,507 | 0.0012 | 1.012 245 17144 | 0.700 | 1.058 245 148.79 | 0,607 | 1.012 0.87 0.87 1.00
=nger s - S5T4-18 Bath 245 14278 | 0607 | 00012 1.012 245 17262 | 0.708 | 1.055 5 143,79 | 0,607 | 1.012 0.85 D.a8 1.00
Seringer 22 e 5T3-18 Bath 245 148.52 | 0.588 | 0.0012 1.012 245 152,50 | 0.682 | 1.100 5 148.52 | 0.588 | 1.012 0.20 D.g0 1.00
SANEr = - S5T3-18 Bath 245 14852 | 0.588 | 0.0012 1.012 245 153.78 | 0.688 | 1.100 248 14852 | 0.588 | 1.012 0.2a D.8g 1.00

Table 8.2 (cont.). Comparison of the ultimate strength characteristics of longitudinal stiffeners constantly under compression
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By reviewing above table, it can be seen that the Equivalent Yield Stress
Approach approximates better the resulting ultimate limit strength of the Finite
Element Approach than the IACS Approach. The ratio of the ultimate limit strength of
the Equivalent Yield stress approach to the IACS Approach ranges between 0.89-1.07

resulting to an approximate difference of 10%.

Moreover, it is noticed that the IACS Approach provides the most

conservative results with respect to the ultimate limit strength of stiffeners.

In general, the greatest differences in the elements’ Ultimate Limit State as
per the CSR prediction and the FE Method have been found in the case of L-
stiffeners (refer to the Main Deck Panels or Stringer Panels) and in the case of plate
stiffener combinations with non identical yield stress (refer to panels 12, S5,
S4,S3,etc). On the other hard, similar Ultimate Limit State has been found in the
case of T stiffeners with identical yield stress in the attached plate and stiffener, with

the ratio ouacs/ ourea ranging from 0.99-1.02 (refer to panel I3).

The above observations are also evident in the following figures, which depict

the plot of the load end shortening curves for selected elements.
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Fig.8.1. Load end Shortening Curves Comparison of Longitudinal Stiffener, 12-29
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Fig.8.2. Load end Shortening Curves Comparison of Longitudinal Stiffener, 13-33

Both Inner Bulkhead Structural Elements, 12-29 and 13-33 are T-stiffeners.

Nevertheless, the CSR Formulas approximate better the results of the FE Method in

case of the latter element which, contrary to the former, has identical plate-stiffener

yield stress. In both cases though, there are marked differences in the post buckling

behavior. The difference in a structural element’s response between CSR prediction

and FE results in the case of elements with non identical plate-stiffener yield stress is

also shown in below figures 8.3 and 8.4. These figures correspond to L-stiffeners.
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Fig.8.3. Load end Shortening Curves Comparison of Longitudinal Stiffener,S4-30
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Fig.8.4. Load end Shortening Curves Comparison of Longitudinal Stiffener,CL2-38

The Load end shortening curves of a Main Deck structural element is shown

in Figure 8.5. These are L-stiffenerd elements with plate-stiffener combinations with

identical yield stress.
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8.2.2. Longitudinal Stiffeners/Hard Corners under uniaxial
tension

The CSR formulas for the behaviour of the structural elements under tension
also assume elastic-perfectly plastic behaviour. The following show the stress-strain
curves of three elements of the midship section constantly under tension, the bottom
longitudinals B1-3, B1-4, B1-5 the side girder longitudinal SG-2 and the hard corner
connecting the side shell to stringer 23. The stress-strain curves as derived by the FE

Analysis are also plotted for comparison.
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Fig.8.6. Bottom Longitudinals B1-3/ B1-4/ B1-5 under tension
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Fig.8.7. Side Girder Longitudinal SG-2 under tension
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Fig.8.8. Hard corner connecting the side shell to stringer 23 under tension

As can be seen in the above figures, the strain-stress curves calculated by the
two approaches in the case of elements under tension in general coincide. The
curves obtained from the FE analysis also show an elastic-perfectly plastic behaviour,
consistent with the material model specified, and a smoother transition which is

attributed to the gradual spread of the plastic region in the structure.
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The greatest deviation between CSR Formulas and FEA in case of elements
under tension is observed for the hard corner (refer to Figure 8.8), where the
element reaches the perfectly plastic yield stress value at a ratio, strain to yield

strain, greater than 1.0.

8.2.3. Hard Corners under uniaxial compression

The CSR Formulas assume that the behavior of hard corners under
compression is similar to their behavior under tension and, accordingly, an elastic-
perfectly plastic stress-strain curve is obtained. Nevertheless, as shown in Figure 8.9,
this is not the case as per the FE Approach. We should point out, however, that the
hard corners were not modeled separately but the occurring stresses were calculated
by combining the stresses acting on the corresponding adjoining panels (refer to
Fig.7.21 & subsection 7.5.2).

1.10

1.00 - e e e e e me e e e e aaaaa

0.90 %

0.80

0.70 - ’

0.60 - 4

oloyy
~

0.50 - ’

0.40 - ’

0.30 /
0.20 . Hard Corner Stringer 32-Side Shell_FEA

/
%
0.10

0.00 T : : : !
0.00 0.50 1.00 1.50 2.00 2.50

eleyy

= = = Hard Corner Stringer 32-Side Shell_CSR Formulas

Fig.8.9. Hard corner connecting the main deck to CL Bulkhead under compression

Moreover, taking into account that the hard corners under compression
represent only a very small part of the midship section, we can conclude that this
discrepancy will have a small effect on the ultimate bending capacity, as will become

evident in the following two subsections.

8.3. Position of Neutral Axis

At this point the predicted shift of the neutral axis as the curvature of the

midship hull girder section increases will be compared. Figure 8.10 presents a plot of
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the vertical position of the neutral axis, measured from the baseline, as a function of
the applied curvature, as calculated by both the Incremental-Iterative and the Finite

Element Approaches.
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Fig.8.10. Position of neutral axis at each imposed curvature

The Finite Element Approach curve does not extend up to the curvature of
9x10™, as the Incremental-Iterative Approach, since due to the computational cost
the Finite Element Analysis of most panels has been carried out for an applied
displacement corresponding to a hull girder curvature of up to 3.18x10™. As shown in
the above Figure, there is a slight difference between the two approaches in the
position of the neutral axis at each imposed curvature increment, which is wider as

the applied curvature increases.

At the time of the Hull Girder collapse, the neutral axis is placed at 5243 mm
and 5257 mm corresponding to a curvature of 2.05x10* and 1.93x10™*, according to
the Finite Element and Incremental-Iterative Approaches respectively (this is shown
in Figure 8.10 by the red and blue dots).

8.4. Vertical Bending Moment versus Imposed Curvature

The vertical bending moment versus the imposed curvature curves obtained

by the two Approaches are presented in Figure 8.11. In the case of the Incremental-
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Iterative Approach, all approaches mentioned in paragraph 6.2.2 for the case of plate
- stiffener elements of non identical yield stress (Equivalent yield stress approach,
Applicable yield stress approach and IACS approach) have been plotted for

comparison reasons.
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Fig.8.11. Comparison of M-k Curves of all applied approaches

At a first glance it is obvious that all approaches exhibit small deviations in
the predicted ultimate bending capacity, as this varies within the range of 2.967-

3.093x10° Nt-m, resulting to a maximum difference of 4%.

Among the different approaches of the Incremental-Iterative Approach,
applied in this study in view of the different yield stress in the plate and stiffener, the
IACS Approach was found to be the most conservative. More specifically, the
Applicable and Equivalent Yield Stress Approach result to a Hull Girder Ultimate
Bending Capacity of 3.000x10° Nt:m and 3.091x10° Nt-m respectively, as
opposed to the IACS Approach as per which the ultimate bending capacity is
2.967x10° Nt-m.

As already mentioned in Chapter 6, it is somewhat surprising that the three
different approaches of the Incremental-Iterative Approach lead to slight differences
in the ultimate hull girder capacity, as this is in contrast to the conclusions drawn by
comparing the load end shortening curves of some structural elements obtained by

these approaches (refer to Figures 6.4-6.6). Nevertheless, by reviewing Table 6.1, in
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which the structural elements of different yield stress in the plate and stiffener are
listed, it can be concluded that for the present vessel these correspond to
approximately 30% of the total hull girder section area. More importantly, the
elements where the discrepancies are higher are placed in the mid depth region of
the vessel and therefore the strain acting on these elements is relatively small,
mostly corresponding to the linear part of the stress-strain response where the
differences are smaller. In this respect, they do not affect significantly the
equilibrium of the total forces acting on the girder or the resulting overall bending

moments.

Surprisingly good similarity is found in the M-k Curve of the Incremental-
Iterative Equivalent Yield Stress Approach and the Finite Element Approach. In fact
these curves almost coincide, leading to identical Ultimate Hull Girder Capacity. In
the case of the FE Approach the ultimate limit state occurs at 3.093x10° Nt-m
corresponding to a 2.05x10™* m™ imposed curvature (increment 103). Identical limit
state characteristics are obtained by the Incremental-Iterative Equivalent Yield Stress
Approach as per which the ultimate limit state occurs at 3.0915x10° Nt-m
corresponding to a 2.05x10™* m™ imposed curvature (also at increment 103). The
greatest deviation of these two curves occurs at the imposed curvature range
5.971x10®° to 1.095x10* m™ (Increments 30 to 55). In order to identify which
structural elements contribute the most to the difference found in this range and to
explain the close predictions of the ultimate limit state, the % percentage of absolute
difference of the axial stresses, as computed by the FE Approach and the Equivalent-
Yield Stress Approach, for the elements constantly under compression has been
plotted in figure 8.12 for the increments 45 (curvature 8.96x10° m™) and 103

(curvature 2.05x10* m™).

At increment 45, as shown in Figure 8.12, the greatest difference in the axial
stress computed by the two approaches is found on the Main Deck Longitudinals
(Emcas/€ya=0.82-0.87), the Side Shell Longitudinals 28-33 (&mnwas/€,¢=0.1-0.5), the
Inner Shell Longitudinals 29-31 (€mnws/€y¢=0.15-0.26), and the CL Bulkhead
Longitudinals 37-39 (&mncss/€ya=0.7-0.76). The percentage stress differences for these
structural elements reach on average the 10-22% level at increment 45, as opposed
to increment 103 where they are much lower, reaching a maximum of 6%. It should
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be noted that these elements correspond to either L stiffeners or T stiffeners with

non identical yield stress in the plate-stiffener combination.
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Fig.8.12. Percentage of absolute difference in stress response of structural elements
under compression at Increment 45 and Increment 103
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Let us consider a typical structural element of the Main Deck L type
Longitudinals, for example M2-7. The applied strain to yield strain ratio in this
element at increments 45 and 103 is €/€,4=0.85 and &/g,q=2.30 respectively. Figure
8.5 shows that increment 45 (¢/g,4=0.85) corresponds just before the ultimate limit
state of the stiffener with the two approaches exhibiting substantial differences in
the response of the stiffener (refer also to Figure 8.12). Nevertheless at the time of
the hull girder collapse (g/€,4=2.30), which corresponds to the post buckling

behaviour of the element, the differences of the two approaches are small.

The same conclusion can be reached in the case of the CL Bulkhead stiffener,
CL2-38. Figure 8.4 shows that the response of this stiffener as computed by the FE
analysis differs substantially at increment 45 (g/€,4=0.71) from the CSR Formulas
prediction, whereas at increment 103 (g/g,4=1.95), which corresponds to its post

buckling behaviour, these differences are almost negligible.

Similar observations can also be made for the remaining structural elements
shown in Fig. 8.12 by reviewing their stress-strain response and taking into account
their applied yield to strain ratio at the time of the hull girder collapse. It should also
be noted that as per Figure 8.12 the smaller differences in applied stress between
the two approaches is found in case of Inner Bulkhead stiffeners, 12-33, 12-34 and
[2-35 which are T-stiffeners with identical yield stress for the plate-stiffener
combination. Moreover, at increment 103, in only a few elements the axial stress
computed by the FE analysis differs more than 8% from the CSR prediction.
Moreover this 8% deviation in the computed axial stress is counterbalanced since
although in most elements the FE analysis provides less conservative results (ST4-19,
ST4-18, ST3-18, ST3-19,M2-9 to M2-12, CL2-27 to CL2-31, S5-38 and S5-37), for the
remaining elements more conservative results are obtained. The result is a very close

ULS prediction for the hull girder bending moment

For structural elements under tension the two approaches estimate a similar
stress-strain response and the differences in axial stress in most cases does not

exceed 2%.

In view of the above we are drawn to the conclusion that in general the FE
Method and the CSR formulas provide different stress-strain response in case of L

stiffeners or T stiffeners with non identical yield stress for the plate-stiffener
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combination. Nevertheless, because of their position in the midship section of the
tanker used in this study, their applied strain is such that these differences affect
mostly the M-k curve before the ultimate limit state is reached, that is for an
imposed curvature in the range 5.971x10® to 1.095x10”* m™ (refer to Figure 8.11)

and less in the region of the Ultimate Limit State.

The resulting ultimate hull girder capacity of all approaches are summarised
in Table 8.3. Comparison is made to the vessel’'s maximum bending capacity as
predicted by IACS and the permissible bending capacity as referred to in vessel’s

loading manual in order to obtain the design and actual safety margin respectively.

COMPARISON OF CSRTO COMPARISON OF IACS REQUIRED CP%ﬂiﬂ??;f;Ll%EhgmthMGUnE:#A':'_OS
FEM APPROACH CAPACITY TO ULTIMATE CAPACITY ULTIMATE CAPACITY
Mu, M i M i
csm Mucsa/Mupes bIACS MUMyys s Mgresi::;g’ :| parm MU/M, Actua{lc}fl'u;argm
{Ntmn = 10%) (Metm * 10°%) d ’ (Ntm * 10%) ’
IACS Approach 2.967 0959 1123 10.92 1.309 23.63
Suese Appronen | 301 i 1170 14.51 1.364 26.70
) 2.643 2.266
Applicable Yield 3.000 0.970 1135 11.90 1324 24.47
Stress Approach
AUGISEE 3.003 1.000 1.170 14.55 1365 2674
Approach

Table 8.3. Comparison of Hull Girder’s Ultimate Limit State Characteristics of all
Approaches

As shown in above table, the Ultimate Hull Girder Capacity ratio of IACS
Approach to FE Approach equals to 0.96, leading to a variation of the two methods
of 4%. Moreover, taking into account all approaches the design margin and actual
margin varies from 11-14.5% (My-Mpiacs/My) and 24-27% (My-Mperm/My) respectively.

We should note though, that CSR Rules account for a safety margin y, in the
estimation of the hull girder ultimate strength due to uncertainties (refer to Figure
3.1) equal to 1.1. Therefore the permissible bending moment, as indicated in the
vessel’s loading manual should be compared to the corresponding ratio M./y; , here
estimated as 2.967/1.1 or 2.697 Nt mx10°, since the vessel’s designers must have
taken this safety ratio into account. In such case the actual safety margin considered

becomes 16%.
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8.5. The Tanker Ultimate Hull Girder Capacity as per the CSR
and other methods reported in the literature

For the ultimate limit strength assessment of tankers’ hull girder section, three
studies [1,3,9] are available providing comparison of the resultant ultimate hull
girder capacity between the CSR Incremental-Iterative approach and the employed
methods, mainly ISUM (ALPS/HULL) and ANSYS/FEM. All three studies refer to a
hypothetical Aframax type double hull oil tanker.

The conclusion of these studies was that the CSR Incremental-Iterative
approach agrees well with the ANSYS/FEM or ALPS/HULL methods providing minor
differences in the ultimate hull girder prediction under sagging. A 5% difference has
been found in the resultant ultimate hull girder capacity as per CSR/Incremental-
Iterative and ANSYS/FE method with the former surprisingly being less conservative.
This discrepancy is in accord with the difference of 4% found here (for the IACS
recommended approach), although clearly the CSR methodology is more
conservative. The design safety margin as per CSR/Incremental-Iterative and
ANSYS/FE method was reported in [3] to be 10% (Mycsr-Mpiacs/Mucsr) and 5.2%
(Mure-Mpiacs/Mure) respectively whereas the difference between the ALPS/HULL and
the ANSYS/FE method was 2.7% (Muaces/Mure).

These studies also indicate the differences in the prediction of the various
methods in the case of Hogging Condition. The safety margin in the case of Hogging
condition compared to the ultimate limit state as per ANSYS/FE method was found to
be 40% (Mure-Mpiacs/Mure), Whereas the CSR/Incremental-Iterative method was

found to overestimate the ultimate hogging capacity by 15.6% (Mycsr/Mure).
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CHAPTER 9

DISCUSSION

The International Association of Classification Societies, recognizing the fact
that the ultimate limit state approach is a more rational basis for the design and
strength assessment of the hull girder, has incorporated in its newly developed
Common Structural Rules methods for the estimation of the Hull Girder Ultimate
Bending Capacity. One of the methods adopted by IACS for the Hull Girder Ultimate
Strength Assessment is the Incremental —Iterative Approach which is a multi-step
method based on the estimation of the Hull Girder Bending Moment — Imposed

Curvature (M-k) relationship.

This dissertation initially presented the application of the CSR-IACS
Incremental — Iterative Approach to a double hull tanker and, subsequently,
examined the accuracy of the estimated M-k response by introducing an alternative
procedure which couples the Incremental-Iterative Approach with FE analysis. In the
so called, Finite Element Approach, the stress-strain response of the individual
structural elements, comprising the hull girder section, is calculated using nonlinear
FE instead of the simplified design formulae proposed by CSR. The load end
shortening curves, failure modes and ultimate limit states of the hull girder’s
stiffened panels, as calculated by both methods, have been analyzed and the
resulting comparisons have been presented. Moreover, the hull girder section
ultimate bending capacity computed by both approaches has been compared.

The concluding remarks for the above mentioned study are outlined in the

following paragraphs:

. The CSR formulas for the estimation of structural elements’ load end shortening
curves assume that the plate and stiffener are of identical yield stress as well
as that the thickness and yield stress of the attached plating is the same.

. In the case of the plate-stiffener combination with different yield stress two
separate calculations are recommended by IACS, which are not included in the

CSR Rules as discussed in subsection 6.2.2, to calculate the stress acting on the
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plate and stiffener respectively. The estimated stress-strain response of each
structural element has been compared here with those obtained assuming an
equivalent yield stress for the whole unit (the Equivalent yield stress approach)
and also using a separate yield stress for the plate and stiffener, according to
the failure mode and critical stress considered (the Applicable yield stress

approach)

The effect of the above three options, concerning the vyield stress definition,
on the individual element’s stress-strain response has been examined, Figures
6.4-6.6, and in general the IACS recommended and Equivalent yield stress
approaches give closer estimates. Among these three options, the Equivalent
Yield Stress Approach approximated better the FE calculated response, as
determined from FE analysis of the multi-stiffener panels subjected to uniaxial
compression. As shown in Table 8.2, the calculated ratio Ouequiv/ Ourea ranged
from 0.89 to 1.12.

In particular, concerning the stress-strain response of the constituent
structural elements as calculated by the CSR formulas (in all three options)
and the FE analysis, we should note that significant differences were
observed in case of L-stiffeners (refer to Main Deck Panels, Stringer Panels,
CL Bulkhead Panels) and in case of plate-stiffener combinations of non
identical yield stress (refer to panels 12, S5, S4, S3, etc). On the other hard,
close estimates have been found in the case of T stiffeners of identical yield
stress in the attached plate and stiffener, with the ratio Ouacs/ Ourea ranging
from 0.99-1.02 (e.g. refer to panel I3).

The buckling failure modes of the structural elements under uniaxial
compression as predicted by the CSR Rules are in reasonable agreement with
those found in the FE analysis, although it is sometime difficult to clearly
distinguish these in a simulation when one or more modes may closely interact
(refer to Table 8.1). Some discrepancies were particularly observed in the case
of certain elements with plate and web slenderness ratios within the range
2.62-2.76 and 1.07-1.11 respectively.

Regarding the effect of the three yield stress options on the subsequent
Incremental-Iterative Approach and the resultant Ultimate Bending Moment -

Curvature Relationship of the specific vessel, it was observed that this was
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small (a maximum of 4% deviation), with the IACS recommended procedure

being the most conservative.

. The Incremental-Iterative Approach, with the equivalent yield stress used in
conjunction with the CSR formulas, was found to give a Bending Moment -
Curvature Relationship very close to that obtained through the FE Approach. In
fact the ultimate limit state of the two curves is indeed very close (refer to
Fig.8.10) despite differences in the stress-strain response of the individual
structural elements mentioned above. Taking into account their position in the
midship section of the tanker, their applied strain is such that these differences
affect mostly the M-k curve before the ultimate limit state is reached.

. The design margin (ultimate hull girder strength versus IACS required bending

capacity) of all approaches varies from 11-14.5%.
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CONCLUDING REMARKS

The Finite Element Approach, introduced in the present work as an
alternative method for the calculation of the ultimate hull girder bending capacity in
conjunction with the Incremental-Iterative procedure proposed in the CSR Rules,
leads to a small, that is 4%, or negligible difference from that obtained with the
Incremental-Iterative Approach and the CSR simplified design formula for the

prediction of failure in the individual structural elements.

The above results clearly suggest that the additional effort and time involved
in the application of the Finite Element Approach does not justify its use when the
gain in accuracy is only 4%. Although this result is valuable in providing further
verification to the CSR Rules methodology, we should note that higher differences
were found in the stress-strain response and ultimate limit state of individual
structural elements. Accordingly, the much closer agreement in the ultimate hull
girder bending capacity is partly attributed to the “averaging” involved in the bending
moment calculation, that is higher estimates in some elements were balanced by
underestimates in others. Also, structural elements with marked differences in their
stress-strain response were positioned at the midship section of the candidate tanker
and, accordingly, had a smaller influence on the ultimate hull girder capacity.

We should also emphasize that the agreement in the predicted results can be
also attributed to the fact that the two methods applied are not independent. The
Finite Element Approach is based on the Incremental-Iterative procedure of the CSR
Rules, and as such the assumptions and limitations of the latter are also built in the
alternative method used here. Accordingly, the assumption that the structural
elements/panels act independently, the simplified technique used to calculate the
vertical shift in the position of the neutral axis etc, were also present in the applied

Finite Element Approach.

Therefore, in order to arrive to a more accurate conclusion on this matter a
nonlinear Finite element Analysis of the whole midship section should be carried out,

enabling the determination of the new neutral axis at each imposed curvature and
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the calculation of the corresponding bending moment. This will determine the
influence of the structural modeling, the coupling of the constituent panels and the
applied loading conditions on the Bending Moment-Imposed Curvature relationship
and of course on the hull girder bending moment capacity. It should be emphasized
here that to calculate the shift of the neutral axis and subsequently to apply the
curvature with respect to its new position is difficult to combine with a nonlinear FE
analysis of the whole midship section. This is because the FE nonlinear algorithm has
to be interrupted at each load increment in order to calculate the new neutral axis
from the acting axial stress distribution, and then to restart the solution process by
imposing the next curvature increment with respect to the updated position of the
neutral axis. Although it is mentioned in one or two publications in the literature [3]
that the shift of the neutral axis has been taken into account in the nonlinear FE

analysis of a midship section, no details of the implementation are actually given.
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