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ABSTRACT

The complexities of modetn ships and the demand for greater reliability, efficiency, and
economy require a scientific, powerful, and versatile method for their structural design. The
central functions for the evaluation of such structural design are to create a mathematical
idealization of the proposed structure which adequately replicates the real structure in all its
important aspects; and to analyze the model and compare its performance against specified
design ctiteria for the agreed failure modes. Regardless of the method used, an intimate
comprehension of the environmental conditions is pivotal: the geometry and material properties,
the loading conditions and kinematics, the critical modes of failure, and the boundary conditions
are only a few factors which constitute the essential ingredients to formulate a complete
mathematical model. That model is be accurately resolved using a reliability-based analytical
method and also efficiently validated using a numerical method in order to truly generate reliable
and robust results. To describe this procedure, a specific example will be used whereby the
design of a load-bearing secondary structure subjected to hydrostatic lateral pressure will be
evaluated using analytical and finite element methods. The results will provide a comprehensive
synopsis of the fundamental naval architectural design rules for stiffened panel under lateral load
and furthermore, will crystallize the inevitable need for finite element methods. Finite element
methods are particulatly advantageous in problematic and sensitive areas such as complicated
geometric structural arrangements because the model is based upon a structural definition rather
than empirical rules, and because knowledge of the behaviour of the component can be
accounted for.



O Captain! My Captain! Our fearful trip is done;
The ship has weather'd every rack, the prige we sought is won;

Walt Whitman (1819 — 1892)



T aBLE oF CONTENTS

CRAPLEL T oottt bbb e 9
1.1 SHIP STRUCTURAL DESIGN ...cotiteirirrcceieeienerrirecerieseseeenesesreseeesesesesessesssessasssseses 9
1.1.1  Structural Design PhiloSOPhY c.c.ovemereiieieiee s 9
1.1.2 Rationally-Based Structural Desigil ..ot 12
1.1.3  Reliability-Based Design of Ship StrUCTULES .....c.evoveeievcecieiice s 13

1.2 FINITE ELEMENT METHOD .....cccoiiiirieceeinieneeennereseenreeesnesesssessssesssessncesens 15
1.3 PROBLEM DEFINTITION ...ttt eeseseseseseesesessas s seesssassssscsssossrnce 17
1.3.1  SuDbMAINE FLAmME oottt ittt e ssse bbb e e si s s e 17
1.3.2  Scope, Limitations and Al ..ot s 19
CRAPLEL 2 oot e R 20
21 BASIC STRUCTURAL SHIP CONCEPTS ..oiiiimiiicceeieeeeeeneseseeisreaesesseasacseceens 20
2.1.1  Classification of Structure and SESSES .o.uivmeniniiireriiriiiiiereenerieiste e snees 20
2.1.2  Bulkhead ClassifiCAation ......cooucciieeereriiineerieereceescceen ettt etse st ssbsesssess 22
2.1.3 Load Bearing Bulkheads ..o 23
2.1.4  Partition BulKheads ..ottt ettt e 23

2.2 MATERIAL PROPERTTES ..o ettt sstsestesis b et ssesiessessaeeesneseseones 24
221  Steel Advantages and Disadvantages .......oooeeencnrieennnriininnens s 24
222 B Quality Mild Steel PLrOPerties ......ouiverieiiiireiiiieiniccie i 25
CRAPLEE 3 oottt i e bbb bbbt a e 26
3.1 STRUCTURAL FAILURE MODES ..ottt eesesessssssessenenes 26
3.1.1  Types of Failure MOEs ....ucvivivieiiiereieiieiiicninns st nsbes 26
3.1.2  Static Fracture: Ductile Yielding and Brittle Fracture ......cooovvvvveniriniinnncinne, 28
3.1.3  Fatigue Damage .. 28

3.2 STIFFENED PANEL BUCKLING MODES ......ooiicinrcereeecrcerenesensereeenesereees 29
3.2.1 Plastic vs. Elasto-Plastic Buckling.......cccooovvvniviieriirniiiccncesns 29
3.2.2  Elastic vs. Inelastic ANalysis......ccoeiiiiomieiiioiciicininie et 29
3.2.3  Buckling Failure Modes .......ccouommiiiiiriiiiniiie sttt 30
3.2.3  Adamchak’s Model: Beam-Column Buckling (Yielding) .....ccccocovecvevinicnninnininians 32
3.24  Local Buckling of Stiffener (THPPING) ...cvvvirvviriireirienintnieressse s 33



33 SELECTTION OF ANALYSIS METHOD ...ttt 34

CRAPLEL 4 oottt e e bbb bbb bbb e 35
4.1 STIFFENED PANEL DESIGN.....cooiiiiininieinciinenisieeriesnensnenisecsssscessesesssssssssssasssns 35
4.1.1 Modeling of Stiffened Panels.......cccoovvivvniiniiiiiccicce e 35
4.1.2  Design Against Lateral Loads ... e, 36

4.2 PLATE THICKINESS.....coo ottt eresesesentaessssosesssesssassensasssesnsnss 37
421 GEOMELLY vttt et bbb st s s st a s 37
4.2.2  Plate Thickness ANALYSIS ..o ses s 37

4.3 Scantling IDESIGI cueueuiuiceiieiteieeccet ettt 39
4.3.1  Scantling Afrangement.. ..ot stsse e sssrsree e ss s s sas s esasasesasnas 39

4.4 STIFFENER DESIGN ..ottt saesesesaesescstsssessscatarsessesesssesasessssecssans 40
441 Geometric Parameters and Governing Formulae......oiicenne, 40
4.4.2  Stiffener DIMeENSIONS....ocvicniiiiniiici e sas et rsaneses 42
4.4.3 Local Stiffener Buckling (Tripping) CHEEHIA ...cviirieviiiriiciciireiinisnrssssrsssesaeseens 43
CRAPLEE 5 oottt bbb s bbb bbb bR bbb 44
5.1 PRELIMINARY FINITE ELEMENT ANALYSIS ..ot 44
51.1 FEA Assessment and CONVEIZENCE ...t sresens 44
5.1.2  Boundary CONAIEONS ..ottt bbbt sas bbb ssas b 47
5.1.3 Bare Plate Stress CONCENTIAION ..eovuiiriricriiienieenierenieissteseeisissssestssiesestsesserssessorssssresesees 48

5.2 DETAILED FINITE ELEMENT ANALYSIS ..ccoienincneeecrcreesesesesnenenerenenenes 50
521 Vertical SHEfENING ...ttt 50
5.2.2  Model REfINEMENT ...ouiirieriiriereiirieietreeiietitcieneice e seeetereiceaesesesessesess s bt esesess e ess s sns 52
CRAPLEE 6 woovevriririie e et a e n e 53
6.1 RESULTS INTERPRETATION ..cooiiiiiiiiiieniieicnccnemcnesissesescscsenisesas s sssans 53
6.1.2  Analytical Method Results.......coveueviiriicniicicccecrr e 53
6.1.2  Numetical Method Results....cooreniiiiiiieiicieiieenie ettt seeseesnsaesesseseenesees 54

6.2 RECOMMENDATIONS AND WAY-AHEAD ..o 55
6.2.1  RecOMMENAALONS ..ouceiieeniiririiiietsteestesiniee st e sttt ssstss s sestesbosesssnesesssassesssaons 55
6.2.2  Structural CONUNMUILY ..ottt bbbt bbb bbb nes 55
6.2.3 Post Welding Initial IMPerfections ..ot 56
CONCIUSION ettt ettt et bbb et s e s b ea s Ao b bbb s e bR s e e s b bbb s b b bbb 58
R ELEIICES. ..ottt st a s b st d RS p s ee s b e r et aen 60



List or Ficures

Figure 1-1: MIT Design Spiral (MIT)...o.coiioiceiiiirieeriniieiecsts et ss s sassssnaess 10
Figure 1-2: ASSET Ship Design Synthesis Program (ASSET) .....ocouviiriieiniiiiccicineeee 1
Figure 1-3: Rationally-Based Structural Design Process (Hugues) .......cocoevvvierniicieinciniiiininn, 12
Figure 1-4: Reliability-Based Ship Structural Design (Ayyub) .....ccoovovimiiiiiiccccccieenn, 14
Figure 1-5: Finite Element Analysis Process (Bathe) ..., 16
Figure 1-6: Submarine Frame Drawing....ccociviiiiriiiiiiicssiiccsssesassesesnesesns 17
Figure 1-7: Isoview of Submarine Panel.......ooiiiicc s 18
Figute 2-1: PLIMAty SEUCKULE c.oviveuevieiiteisitserie ettt b st e ss e sa e 20
Figure 2-2: Secondary Structure (HUGUES).....ovimirimiiiirecc e 21
Figure 2-3: Tertiary Structure (HUGUES) ...curvmiiieiceieeieitei s 21
Figure 3-1: Failure Modes Load-Deflection Curves (Hugues) .....cccoeoeeviiiiiiniiiiinicicie, 27
Figure 3-2: Buckling Modes (HUUES)......oioveiririiiniciiiiii et 30
Figure 3-3: Stiffened Panel Failure Modes (Paik) ......cooovoviveiiiiiiiiiii 31
Figure 3-4: Type I Beam-Column Failure (AssakKaf) ......coovuevvriomimviice s 33
Figure 3-5: Type II Beam-Column Failure (Assakkaf) .....c.ooooiiiis 33
Figure 3-6: Stiffener Ttipping (HUBUES) ..ot 33
Figure 4-1: Typical Stiffened Panel Structure (Paik) ....coooveeeeeeveiiiieieeieecece s 35
Figure 4-2: Unstiffened Panel Idealization (dimensions in mm)........ccccoevemveininiiiiienneiseseneecns 37
Figure 4-3: Stiffener Arrangement with Thickened StrIp ...t 38
Figure 4-4: Typical Bulkhead Stiffening Arrangement ........cooirieccmieinisiiricercecnceeessercenes 39
Figure 4-5: Stiffener Geomettic PArameters........oviemereieecieieieise st st 40
Figure 4-6: Stiffenet DIMENSIONS ....oviririnriimisetesiesiesisinse et s bbbt sae bbbt 42
Figure 5-1: Meshing with 136 (4-Nodes) and 136 (9-Nodes) Shell Elements.........ccceveeevecvrinreneens 45
Figure 5-2: Stress Concentration with 156 Nodes and 579 Nodes Meshing.........c.ccccoverrinnrnnaes 45
Figure 5-3: Meshing with 505 and 1980 Shell Elements .........cccoevvemieiernieinninnneniesieensncnne 46
Figure 5-4: Stress Concentration with 547 Nodes and 2063 Nodes Meshing .........ccc.coeervernnennnens 46
Figure 5-5: Panel Boundary Conditions ......ccc.eemrucceeiiiiiimn i ssssse s ssssenses 47
Figure 5-6: Stress Concentration with Fixed and Pinned Boundary Conditions..........c.cccccoeuaen 49
Figure 5-7: Stress Concentration with Free-Rotating and Fixed Roller Boundary Conditions... 49
Figure 5-8: Panel Surface and Meshing with Vertical Webs .......cccooevervrivvivirincie 50
Figure 5-9: Panel Surface and Meshing with Vertical Stiffeners........oooovviimieiincniiciicienns 51
Figure 5-10: Stress Concentration with Vertical Webs and Stiffeners - Isoview ........cccceeuinnniees 51
Figure 5-11: Stress Concentration with Vertical Webs and Stiffeners — Plane View .........ccoee 52
Figure 6.1: Post-Weld Initial Deflections and Induced Residual Stress Distribution (Paik)........ 57



List or TABLES

Table 2-1:
Table 2-2:
Table 2-3:
Table 2-4:
Table 2-5:
Table 3-1:
Table 4-1:
Table 5-1:
Table 5-2:

Advantages and Disadvantages of Steel (SSP 23) ..o, 24
B Quality Steel Equivalent Grades.........cccouimminininineiniinnsinsssce s 25
Chemical Composition of B Quality Steel......ooivmviiieiiiiiiiniiiiieies 25
Material Properties of B Quality Steel......cccoiininiiioiiiiniiniiniieisssss s 25
Mechanical Propetties of B Quality Steel ...c.cooviviuiieieiniei s 25
Structural Failute Modes (SSP 23) .....ccovviiiiiirrccei et ns 27
Stiffener GeometriC Paratmneters ...ttt st 42
Point-Wise Stress Concenttation CONVELZEIICE ....vurriimiiviiririreriiesiessinsesisesssssiesessessnas 44
Ring Frame Maximum Effective Stress .o 48



Chapter 1

1.1 Surr StructuraL DEsioN

1.11 Structural Design Philosophy

‘The complexities of modern ships and the demand for greater reliability, efficiency, and
economy require a scientific, powerful, and versatile method for their structural design[1].
Regardless of the philosophy adopted, the design of any ship structural system or element must
provide for adequate safety and strength to permit proper functioning during the intended
service life[2]. The main objective of ship structural design is thus defined:

to ensure safety and functional performance requirements of a structural system for target

reliability levels, for a specified period of time, and for a specified environment

The procedure by which this objective is achieved has been most straightforwardly described by
the British Admiralty’s Sea Systems Publication No. 23 (SSP 23)[3] as an iterative process
consisting of the following main steps:

a. to decide which atre the most important loads on the structure for its expected
operational life, and the equivalent critical modes of failure;

b. to propose and develop a structural configuration and to make a preliminary
estimate of weight and centre of gravity;

c. to create a model (or mathematical idealization) of the proposed structure which
is sufficiently representative of the real structure in all important aspects;

d. to analyze the model and compare its performance against specified design
critetia for the agreed failure modes; and

e. to modify the structural configuration to achieve adequate performance while at
the same time avoiding the use of superfluous material and unnecessary cost.

Moteover, the purpose of ships’ structural design is to produce the most efficient structure for a
set of requirements. “Efficient" can be defined in the widest sense as yielding the greatest
earnings over expenditure over a defined life cycle. For a military vessel it is merely impossible
to estimate the benefits in monetary terms, but an efficient naval combatant may be defined as
one which maintains its mission capability while requiring minimum maintenance and
expenditure, from cradle to crave.



Another more categorical way of looking at the design process is through the concepts of
synthesis, analysis and optimization whereby:

a. Sgnthesvis.--is the development of a system frorp its cgmponegts while ensuring
compatibility between components, loads and m-service functions;

b. Analysis - is the proof that the synthesized system will provide the required
functions with acceptable reliability when subjected to service loads; and

c. Optimization - is the process of ensuring that the system as analyzed is the most
efficient and economic means of providing the required function.

Cleatly the design must proceed initially in the order synthesis, analysis, optimization, but the
effort put into each and the methods used will differ widely in different contexts, and as the
design iterations progress the three processes will overlap and become mixed[3]. Global ship
design procedures such as the MIT Ocean Engineering Design Spiral or the ASSET Ship Design
Synthesis Program modules[4] further illustrate the recursive and iterative nature of this process.
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Figure 1-1: MIT Design Spiral (MIT)
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Figure 1-2: ASSET Ship Design Synthesis Program (ASSET)

As will be examined next, ship structural design is a much complex set of activities. The
exploration of the current trends in ship structural design becomes essential in order to
adequately identify the procedures and sequence of events involved in evaluating a structural
member.
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1.1.2 Rationally-Based Structural Design

Because ship design can no longer be based largely on empirical codes or “rules”, it is crucial to
provide a procedure which involves a thorough and accurate analysis of all the factors affecting
the safety and performance of the structure throughout its life. A synthesis of this information
together with the goal which the structure is intended to achieve must be provided to produce
that design which best achieves the objective and which provides adequate safety. For these
reasons, the general trend toward “rationally-based” structural design was promoted and defined
by Hugues][1] as:

Deszgn which is directly and entirely based on structural theory and computer-based
methods of structural analysis and optiniation, and which achieves an optimum
structure on the basts of a designer-selected measure of menit.

From this definition it is possible to identify six essential tasks illustrated in the overall design
process flow chart below. Of note is the crucial influence that load definition and analysis exert
on the entire process.

O)

t CALCULATION OF ENVIRONMENTAL LOADS

®

COVERALL (HULL GIRDER) RESPONSE ANALYSIS
_ Calculate Hull Girder Load Effects:
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®
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S Calculate Load Effects Q
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STRESSES of Lood Effects Q
{Hull- Module and Principal Members)

FOR EACH
HULL MODULE

PARTIAL SAFETY
@ //FACTORS Yioadr YL

FORMULATE CONSTRAINTS
SCANTLINGS riced @ ()< QL {x)/y

< ——QOTHER CONSTRAINTS

DESIGN EVALUATION
Constraints Satisfied ? : STOR
Objective Achieved/Maximized ?

NO

OBJECTIVE — _@
—]i OPTIMIZATION

Figure 1-3: Rationally-Based Structural Design Process (Hugues)
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The essential tasks of the rationally-based design procedure are as follows:

1 calculation of environmental loads;
@) overall response analysis;
3) substructure response analysis;

@ limit state analysis;
5) formulation of reliability-based structural constraints; and
(6) solution of a large nonlinear optimization problem.

The application of loads will define the structure’s boundaries and to which level of detail the
response analysis will be performed. For a given level, the analysis may require a dynamic or
static structural analysis. The need depends solely on whether that level of structure is subjected
to any significant rapidly varying loads, that 1s, loads for which the shortest component period is
the same order of magnitude or shorter than the longest natural period of that level of
structure[1]. Furthermore, the loads will dictate the limit state, that is, the condition in which a
structure or a structural member has become unfit for its intended roles, due to one or more
loads and/or load effects.

The designet’s measure of merit is translated into a mathematical quantity referred as the
“objective function”. Optimization is achieved by maximizing or minimizing the objective
function which is expressed in terms of design vatriables. As will be seen in the case study of this
paper, the designer’s objective function will be to minimize the effective stress at the point of
nterest.

1.1.3 Reliability-Based Design of Ship Structures

The probabilistic nature of the ocean environment leads to statistical uncertainties with regards
to the loads combinations and application, the material properties, the modeling errors and
analysis technique, and the quality of construction. These factors can be defined in terms of risk
which in turn is converted into safety. This approach has led to the development of methods
such referred to as “Limit States Design”, Partial Safety Factor Method (PSFM), Load and
Resistance Factor Design (LRFD) or namely, “Reliability-Based Design”[5]. Reliability-based
design of ship structures requires the consideration of the following three components:

a. loads;
b. structural strength; and
c. methods of reliability analysis.
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The reliability-based design approach for a system starts with the definition of a mission and an
envitonment for that system. Then, the general dimensions and arrangements of the structural
members need to be estimated or assumed in order to evaluate the weight of the structure and to
ensure its conformance to a prescribed limit. Using a specified loading condition, response
analysis results are produced which are compared to defined performance functions that
correspond to limit states for significant failure modes. As such, the appropriate loads, strength
variables, and failure definitions need to be selected for each failure mode.
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Figure 1-4: Reliability-Based Ship Structural Design (Ayyub)
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1.2 Finite EremMenT METHOD

The use of finite element methods (FEM) for the solution of practical engineering design
problems is succinctly defined by Bathe[6] and is summarized heremn. The first step is the
creation of a geometric representation which idealizes the physical problem. Then, the task is to
convert the actual structural component subjected to certain loads into a mathematical model
using certain assumptions. The model leads to governing differential equations which the finite
element analysis (FEA) then solves. Since the finite element solution technique is a numerical
procedure, it is necessary to assess the solution accuracy. If the accuracy criteria are not met, the
numerical solution has to be repeated with refined solution parameters until a sufficient accuracy
1s reached.

Once a mathematical model has been solved accurately and the results have been interpreted,
the mathematical model may be further refined in order to increase insight into the response of
the physical problem. Nevertheless, the exact response to a physical problem is impossible to
predict because even the most refined mathematical model cannot reproduce all the information
that is present in nature and therefore contained in the physical problem.

In general, a comprehensive mathematical model is a fully three-dimensional description that
also includes non-linear effects. Important points regarding the mathematical model are offered
as follows:

a. Selection. The selection of the mathematical model must depend on the
response to be predicted, 1.e. the question asked from nature;

b. Effectiveness. The most effective mathematical model is that one which will
yield the required response with sufficient accuracy and least cost; and

o Reliability. The chosen mathematical model is reliable if the required response is
known to be predicted within a selected level of accuracy measured against the
response of a comprehensive model or based on test results.

The reliability and robustness of the finite element procedure itself is defined by the consistency
by which a reasonably fine mesh will always yield an accurate solution regardless of the material
data, boundary conditions, and loading conditions used. The solution from such an analysis
should not be greater or smaller than one order of magnitude from the exact solution.
Moteovet, the finite element solution cannot predict any more information than that contained
in the model. Figure 1-5 illustrates a typical FEA process, one can see that FEM is an integral
extension of reliability-based structural design.

The method of finite element analysis provides a powerful design tool in circumstances best
confined to particulatly problematic and sensitive areas such as complicated geometric structural
atrangements close to exciting forces, areas supporting sensitive machinery, ot large
unsupported deck areas where vibration may cause degradation of equipment or personnel
petformance[3]. Finite element methods can overcome many of the empirically based methods

15



and has the advantage that the model is based upon a structural definition and that knowledge of
the behaviour of individual structural components can be accounted for.
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Figure 1-5: Finite Element Analysis Process (Bathe)
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1.3 ProsLeEM DEFINITION

1.3.1 Submarine Frame

A submarine frame setves as a lateral load-bearing secondary structure separating a cargo fuel
tank forward and a seawater compensating tank aft. The frame is located amidships with its
curved port side against the submarine’s ring frame (thickness 12 mm) and its starboard side
against a longitudinal bulkhead (thickness 6.5 mm) running amidships and carrying no internal
axial in-plane load onto the frame. No heavy equipment thus significant in-plane loading from
the top side (deckhead thickness 10 mm) exists. The panel is stiffened on the fuel tank side
only.
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Figure 1-6: Submarine Frame Drawing
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The fuel tank contains distillate Naval Fuel Oil 3-GP-11M (NATO F76) with a specific gravity
(L) of 0.820 to 0.900 at 15.5 °C (Imperial Oil - Material Safety Data Sheet). The fuel tank has a
maximum capacity of 19.93 tonnes and is almost always full as it is the first tank to be filled and
the last one to be drawn from. The tank’s maximum internal pressure occurs when being filled
or emptied and is no more than 90 KPa.

The compensating tank’s water level will vary but its capacity is however always kept above 0.5
tonnes for firefighting purposes. When utilized as such it is pressurized at 200 KPa with a relief
set at 240 KPa.

Non-destructive testing using magnetic particle inspection was performed on the welds,
bulkhead plate and vertical stiffeners of the frame. The inspection revealed that two of
stiffeners were cracked where the web connects with the ring frame just above the top toe of the
weld. Additionally, the fillet weld where the bulkhead meets the ring frame on the compensating
tank side was also cracked transversely to the top toe of the weld. The submarine maintenance
history indicated that buckling was observed on many bulkheads.

DECKHEAD

Figure 1-7: Isoview of Submarine Panel
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1.3.2 Scope, Limitations and Aim

This thesis will follow the main steps of structural design and will offer guidance on the
concepts of synthesis and optimization, howevet, it will emphasize on defining a suitable analysis
methodology for use in the design evaluation of secondary structure. Because it is beyond the
scope to precisely describe the procedures for structural design of all elements in all
circumstances, a specific example will be used. In this case, the submarine stiffened panel will
be considered in its worst condition with the fuel tank filled to its vent height and the
compensating tank completely empty. The problem definition thus becomes:

Design evaluation of a load-bearing secondary structure subjected to hydrostatic lateral
pressure using probabilistic analytical methods and finite element methods.

Probabilistic refers to the approach used to define the loads and to calculate the load effects, that
is, the characteristic values of load effect are calculated explicitly for the particular structure and
load|1]. Given the limitations of the proposed design methodology, cognizance must be taken
of the assumptions made regarding the following[7]:

a. type and number of significant load;

b. dynamic effects;

c. failure mode;

d. structural model intrinsic formulation; and
e manufacturing processes and imperfections.

Ultimately, the aim is to achieve a probabilistic design procedure where all the uncertainties in
loading, material properties, analysis methods, fabrication factors, and in-service effects are
allowed for in a fully integrated optimized structure.

The fuel hydrostatic pressure as a function of depth can be defined as:

P(h) = pfuelgh = Ywagh (11)

Whete: _fuel:  density of fuel = 900 kg/m’

#:  density of fresh water = 1000 kg/m’
gravitational acceleration = 9.81 m/ sec’
depth of tank from vent top = 0 - 2.25 m
specific gravity of fuel = 0.9

5 og |
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Chapter 2

2.1 Basic StrucTturaL Surp CoNcerTs

2.1.1 Classification of Structure and Stresses

The classification of ship structures is said to have originated in Germany with Lienau (1913)
who proposed the following categorization[3]:

a. Primary Structure. The primary structure is the complete hull as a beam,
including the shell, principal decks, main transverse bulkheads (required for
maintenance of the form of the hull) and possibly superstructure depending on
its effectiveness;

b. Secondary Structure. Secondary structure consists of stiffened panels and
grillages bounded by decks, bulkheads and the shell; and

c. Tertiary Structure. Panels of plate bounded by stiffeners or elements of
stiffeners themselves.

The simplification that results from such a breakdown 1s the analysis of each component
independently of others. Because cross coupling effects are thereby neglected, care must be
taken with boundary and support conditions. Although modern computing techniques allow the
complete structure to be analyzed all at once, the utility of the distinction remains valuable
during the synthesis phase when individual elements of the structure need to be sized and
assembled into a composite whole. Secondary and tertiary structures will be the focus of
subsequent sections.

SN Y.

Figure 2-1: Primary Structure
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Figurc 2-2: Secondary Structure (Hugues)

Figure 2-3: Tertiary Structure (Hugues)
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Stresses can also be classified in a similar way to the structure as follows:

Primary Stresses (_ ;). Stresses due to bending, shear and torsion in the main
hull girder;

Secondary Stresses (__,). Stresses in a stiffened grillage due to bending and
membrane effects; and

Tertiary Stresses (_ ;). Membrane stresses in panels between stiffeners.

Loads which cause the stress include, but are not limited to:

d.

€.

in-plane and bending loads transmitted by the pressure hull;
accidental flood pressures;

escape compartment pressures;

static and dynamic forces from payload items; and

containment pressures.

In general, each structural element may contain a combination of all types of stresses and loads.
The utility of these definitions is similar to that for ship structures classification, that is, it is
frequently convenient to calculate stresses at each level separately and to superimpose them to
obtain a complete solution.

2.1.2 Bulkhead Classification

The primary functions of submarine bulkheads are identical to those of surface ship bulkheads.
The bulkhead maintains hull cross-sectional shape and supports the pressure hull envelope. In
addition to this the bulkhead provides the mechanism to subdivide the hull[7]. It is from these
operating requirements that bulkheads can be divided into three types as follows:

a.

Main. Structural bulkheads which form part of the main strength of the ship and
are usually watertight and gas-tight;

Load Bearing. Structural bulkheads which support local loads (weapons, items
of equipment, etc) but which may not contribute to the main strength of the
ship; and

Partition. Non-structural bulkheads designed only to provide divisions and carry
items attached.
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2.1.3 Load Bearing Bulkheads

Load bearing bulkheads are to be dealt with in a similar manner to main bulkheads. Without
being unnecessarily exhaustive, below are guidelines for the design of load bearing bulkheads
which will be verified in this paper[9].

a.

b.

watertight subdivision bulkheads are to extend to the shell plating;

bulkheads are to be constructed of flat plating butt welded and stiffened by ‘T”
bar stiffeners continuously welded thereto on one side only;

great care is to be taken to ensure the alignment of stiffeners above and below
strength decks 1 order to maintain continuity of the bulkhead stiffening
throughout the full height of the bulkhead;

where the bulkhead plating differs in thickness over its height or width the
plating is to be worked such that onc side is flush to enable the stiffening to be
welded to the flush side and so avoid cropping of the webs of stiffeners to
accommodate the differences in thickness;

bulkhead plating is to be welded directly to the deck, shell or inner bottom.
Wherte it is not possible to avoid the coinciding of bulkhead with frame, beam,
girder or longitudinal, the bulkhead plating is to be welded directly to the rider or
table of the structural membet;

bulkhead stiffeners are to be vertical, with head and heel connected to
longitudinals, girders, beams, floots, stringers or other structure which must span
at least one frame space;

to achieve suitable head and heel connection, stiffeners may be slightly inclined
from the vertical;

penetrations are to be kept to 2 minimum, lightening or other holes are not to be
cut in bulkhead stiffeners; and

all openings in bulkheads are to have rounded corners. The radius of the corners
is to be as large as possible but not less than 1/8 the width of the opening.

2.1.4 Partition Bulkheads

Partition bulkheads both longitudinal and transverse may be constructed of mild steel, aluminum
alloy, or of composite construction. Mild steel bulkheads are to be stiffened by swaging or by
mild steel stiffeners, the plates being worked vertically and welded to deck and deckhead, ot to a
thicker curtain and plate. Where the head or heel of a stiffener does not connect with a
structural member, the stiffener is to be stopped 25mm away from the deck or shell and the web
is to be snapped back at 45° [8].
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2.2 MATERIAL PROPERTIES

2.2.1 Steel Advantages and Disadvantages

Steel remains the most popular material in naval ship construction due to its multiple attributes.
Nonetheless, among its disadvantages is the ease with which steel corrodes in a wet environment
leading to heavy expenditure on protective measures, and the fact that a welded steel structure
has no lower fatigue limit. Fatigue limit is defined as the threshold level of stress range (S)
below which fatigue damage does not occur, regardless of the number of cycles (IN)[1].
Advantages and disadvantages of steel in the marine environment are described as shown

below[3].

Steel Properties

Advantages Disadvantages
e Normally ductile ¢  Corrodes readily
e Virtually isotropic ¢  Has no lower fatigue limit in sea water or
e Fasily formed and fabricated complex arrangements
e Plentiful e Low strength to weight ratio (heavy)
e High stiffness to weight ratio e  Brittle at low temperatures
e FEasily alloyed or heat treated for special e  Magnetic
properties
¢ Easily repaired

Table 2-1: Advantages and Disadvantages of Steel (SSP 23)

Moteover, mild steel has the particular disadvantage that no toughness (crack arresting property)
is specified. For this reason, high strength quenched and tempered steels which have very high
resistance to cracking but which are relatively difficult to weld are largely used, specially for
submarine hulls. In ships of any size it is desirable to use either a steel with a guaranteed
toughness, such as BS4360 Grade 43D or to use some form of crack arrestor. This may be
either a riveted seam or a strake of much tougher steel; in the latter case Grade 50EE would
probably be necessary to absorb the energy of a running crack.
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2.2.2 B Quality Mild Steel Properties

The load-bearing bulkhead studied is made completely of B Quality Mild Steel (BS4360 Grade
50EE) which material[3] and mechanical[8] ptoperties ate desctribed below.

Description Lloyd’s Rules British Standard
B Quality Mild Steel EH32 BS 4360 Grade 50EE
Table 2-2: B Quality Steel Equivalent Grades
Carbon Silicon Manganese Sulfur Phosphorus
% max % min % max % min % max % max % min
0.19 0.10 0.35 1.20 1.70 0.04 0.04

Table 2-3: Chemical Composition of B Quality Steel

Density Young’s Modulus of Poisson’s Thermal Expansion
Elasticity Ratio Coefficient
- E - -
ke/m’ GPa - _m/m
7850 207 0.3 11.9
Table 2-4: Material Properties of B Quality Steel
Thickness Elongation Minimum Toughness
Tensile Strength | Yield Stress | on gauge length of Charpy V Notch
of Plate
5.65 \/ST Impact Test
t min max — min Temp Energy
mm MPa MPa MPa %o °C ]
t<22 480 590 310
22 <t=32 460 580 295 20 -30 40
32<t<75 450 560 280

Table 2-5: Mechanical Properties of B Quality Steel
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Chapter 3

3.1 StructUuraL FaiLure MoDES

3.1.1 Types of Failure Modes

Structural failure is neatly always nonlinear, either a geometric non-linearity (buckling or any
other large deflection) and/or a material non-linearity (yielding and plastic deformation)[1].
During structural design and limit state analysis, care must be taken to ensure that all possible
failute modes are considered. Structural failures can essentially be divided into two groups,
those which involve fracture without gross deformation and those that do involve gross
deformation but not fracture in the first instance[3]. Each of these groups can be additionally
subdivided as follows.

a. plastic deformation (large local plasticity);
b. instability (buckling):

(1) bifurcation, and

) non-bifurcation;
C. fracture:

1) direct (tensile rupture),

) fatigue, and

(3) brittle.

Bifurcation buckling is best explained with a simple elastic column which, under a given
axial load, will adopt an alternative equilibrium position corresponding to a bent shape. As
the load increases, the stress-strain curve will reach a peak and then fall due to a rapid loss of
stiffness. In non-bifurcation buckling, the lateral deflection commences as soon as the axial
load is applied, and it increases progressively, at an increasing rate, causing the member to
progressively lose its stiffness from the very beginning of the loading, until finally the
stiffness vanishes[1].

Moreover, these various failure mode can combine and also interact, depending on the
member properties and on the loading. Figure 3-1 illustrates load-deflection cutves for
individual types of members and the vatying types of loading and suppott which they receive: (@)
failure by plastic deformation, (%) bifurcation buckling of beams and columuns, (¢} bifurcation
buckling of plates, and () non-bifurcation buckling,
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. Load
Faalyre Mode Tensile | Shear | Compressive Cyclic
In Plane Loading . '
Yielding - Out of Plane
. o Bending
Elastic/Plastic e .In._Plane Loading _ °°
Buckling . Lateral Loads .
| (Stiffener Tripping) | .
""" . e | Loads mainly in
; Tensile Range
Fatigoe Dasage (Residual Stress,
- P Corrosion Fatigue)
Brittle Fracture Impact, EXP10§10n .
Stress Corrosion

Table 3-1: Structural Failure Modes (SSP 23)

===
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3.1.2 Static Fracture: Ductile Yielding and Brittle Fracture

Ductile Yielding

The provision of adequate safety against failure by static fracture is achieved by keeping the
stress level throughout each member sufficiently below the ultimate tensile strength _ . of the
material. The constraint against failure by fracture is thus:

20 <oy (3.1)

The safety factor (_) is chosen according to the uncertainty of the applied stress (_), the
importance of the member, and the seriousness of the consequence of failure.

Brittle Fracture

Brittle fracture refers to the fact that below a certain temperature the ultimate tensile strength of
steel diminishes sharply[1]. The susceptibility of a structure to brittle fracture is almost entirely
dependent on the chemical composition of the material from which it 1s constructed. The risk is
additionally increased by the presence of stress concentrations, notches and notch like defects,
exposure to low temperatures, impact or high rates of loading, and the use of thick material.
Constructional techniques and metallurgical processes, particularly welding procedures, also play
a crucial role on the value of the transition temperature at which brittle fracture occurs[3].

3.1.3 Fatigue Damage

Because the majority of the loads imposed on ships are cyclic, fatigue damage is the cause of
most structural failures that occur in service. In steel and other metals, a fluctuating stress can
initiate microscopic cracks which gradually increase in size until, after a large number of cycle,
the cracks have become so large that fracture occurs. There are two principal philosophies of
fatigue design which are applicable to ship structures. The first is fail-safe design which is
intended to ensure that any local failure in the structure cannot extend to cause total structural
failure, and the second is safe-life design which ensures that no significant crack growth will
occur in the working life of the structure. Except where it is clearly uneconomic, safe-life design
should be used in design of ship structures, as it leads to a more robust structure with lower
maintenance and repair costs.

In general, fatigue failure is prevented by controlling the cyclic stress amplitude by increasing the
local scantlings and/or modifying the local geometry so as to reduce stress concentrations,
eccentricities, and discontinuities[1]. The design authority is to identify all significant stress
concentration areas where fatigue cracking is likely during the ship’s life. A detailed stress
analysis of each of the areas is then undertaken to establish the stress concentration factor and
the resultant stress range under the design loads. The problem in the design of a ship's structure
is therefore to ensure that the integrated number of stress cycles in all areas does not exceed the
limit for the matetial during the ship's life[14]. In this case study, it will be assumed that cyclic
loads are at a sufficiently low frequency that they can be treated as static[3].
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3.2 StirrENED PANEL BuckLing MoDEs

3.2.1 Plastic vs. Elasto-Plastic Buckling

Plastic buckling can take many different forms. It may be confined to the plating, or the webs,
ot the flanges of stiffeners; it may occur by tripping or by flexure of one set of stiffeners
between an orthogonal set; ot it may involve an entire grillage. Care must be taken to ensure all
possible buckling modes are taken account of, noting that stiffener tripping and some other
modes of local buckling can be caused by lateral loads as well as by in-plane loads[3]. The
different buckling failure modes will be examined in more details in subsequent sections.

In efficient structures, elastic buckling loads ate usually higher than loads to first yield of material
and therefore collapse will involve a combination of buckling and yield failure known as elasto-
plastic buckling. Because of the non-linear nature of the phenomenon and its dependence of
factors such as initial deformation and welding residual stress, the mode shape and stress at
failure can only be predicted using numerical methods[3].

3.2.2 Elastic vs. Inelastic Analysis

As described above, stiffened panels can buckle in essentially two different ways. In overal/
buckling, the stiffeners buckle along with the plating; in /oca/ buckling either the stiffeners buckle
prematurely, because of inadequate rigidity or stability, or the plate buckles between the
stiffenets, thus shedding extra load into the stiffeners so that eventually the stiffeners buckle in
the manner of columns. This process is invariably inelastic which means an actual failure of the
structure. It is however best to petform an elastic buckling analysis because that approach[1]:

a. is relatively simple, consisting mostly of explicit formulae;

b. gives a good indication of the likely modes of failure; elastic buckling of one type
ot another may be possible and may be one of the governing failure modes;

c. provides a foundation for mote complex question of the inelastic buckling and
ultimate strength of stiffened panels including whether or not an inelastic analysis
1s required; and

d. provides the elastic buckling parameters needed for the inelastic analysis.

The first and most basic principle in regard to stiffeners is that they should be designed at least
as strong as the plating. Also, they should be sufficiently rigid and stable so that neither local
stiffener buckling nor overall buckling occurs before local plate buckling.

Although clastic design analysis methods are in general simpler and less stringent than elasto-
plastic ones, they are not always conservative. As a consequence, elasto-plastic and inelastic
analyses should also be consideted, especially since it is known that both buckling and yielding
occutred in the case study.
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Figure 3-2: Buckling Modes (Hugues)
(a) Overall Buckling; (4) Local Torsional Buckling (Tripping) of Stiffeners;
(¢) Local Plate Buckling

3.2.3 Buckling Failure Modes

Buckling can occur in any member or part of a2 member which carries an axial or in-plane
compressive load. It is understood that the case study deals with a lateral load but examining all
failure modes for steel stiffened panels will proved to be a necessity. Further to Hugues and as
desctibed in detail by Paik[11], theoretically, the primary modes of overall failure for a stiffened
panel subject to predominantly compressive loads may be categorized into the following six
groups, namely:

a. Mode I. Overall collapse after overall buckling of the plating and stiffeners as a
unit, see Figure 3-3(a);

b. Mode II. Plate-induced failure by yielding at the corners of plating between
stiffeners; see Figure 3-3(b);

c. Mode III. Plate-induced failure by yielding of a plate—stiffener combination at
mid-span; see Figure 3-3(c);

d. Mode IV. Stiffener-induced failure by local buckling of stiffener web, see Figure
3-3(d);

e. Mode V. Stiffener-induced failure by lateral-torsional buckling of stiffener, see
Figure 3-3(e); and

f. Mode VI. Gross yielding.
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Figure 3-3: Stiffened Panel Failure Modes (Paik)

Mode I typically represents the collapse pattern when the stiffenets are relatively weak. In this
case, the stiffeners can buckle together with plating - the overall buckling behaviour remaining
elastic. The stiffened panel can normally sustain further loading even after overall buckling in
the elastic regime occurs and the ultimate strength is eventually reached by formation of a large
yield region inside the panel and/or along the panel edges. In Mode I, the panel behaves as an
orthotropic plate.

The other groups (Modes 11-VI) normally take place when the stiffeners are relatively strong so
that the stiffeners remain straight until the plating between stiffeners buckles or even collapses
locally. The stiffened panel will eventually teach the ultimate limit state by failure of stiffeners
together with associated plating.
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Mode II typically represents the collapse pattern wherein the panel collapses by yielding at the
cotners of plating between stiffeners, which is usually termed a plate-induced failure at ends.

Let us note that the actual panel failure in the case study bears a physical resemblance to Mode
11 failure. This type of collapse can also occur in some cases when the panel is predominantly
subjected to biaxial compressive loads. Mode III indicates a failure pattern in which the ultimate
sttength is reached by column or beam-column type collapse of the plate—stiffener combination
with the associated effective (teduced) plating. Mode III typically takes place by yielding of the
plate—stiffener combination at mid-span, which is usually termed a plate-induced failure at mid-
span. In most cases, these two local plate buckling modes are the weakest failure mode.

Modes IV and V failures typically arise when the ratio of stiffener web height to stiffener web
thickness is too large and/or when the type of the stiffener flange is inadequate to remain
straight so that the stiffener web buckles or twists sideways. Mode IV represents a failure
pattern in which the panel collapses by local buckling of stiffener web, while Mode V can occur
when the ultimate strength is reached by lateral-torsional buckling (also called tripping) of
stiffener. Mode VI typically takes place when the panel slenderness is very small (i.e., the panel
is very stocky ot thick) and/or when the panel is predominantly subjected to the axial tensile
loading so that neither local nor overall buckling occurs until the panel cross section yields
entirely.

3.2.3 Adamchak’s Model: Beam-Column Buckling (Yielding)

According to Adamchak’s model (1979) which was based on a vatiety of empirically based
strength of material solutions, the most probable ductile failure modes for stiffened and
unstiffened plate structures include section yielding or rupture, inter-frame Euler beam-column
buckling, and inter-frame stiffener tripping (lateral-torsional buckling)[12]. Euler beam-column
buckling is further categorized as having two distinct types of failure patterns.

a. Type I - is characterized by all lateral deformation occurring in the same
direction as shown in Figure 3-4. Although this type of failure is depended on all
geometrical and material properties that define the structural element, it is
basically yield strength dependent. Type I failure is assumed to occur only when
either lateral pressure or inttial distortion, or both, are present. 'The boundary conditions
at the beam-column ends are assumed to be clamped (rigidly fixced); and

b. Type II - is modulus (E) depended, as far as initial buckling is concerned. This
type of failure can be initiated whether or not initial distortion or lateral pressure,
or both, are present. In this mode of failure however, the beam-column can fail
in a mode in which the lateral deflections alternate in directions from one bay to
the next as shown in Figure 3-5. In this case, the beam-column acts as if it is
simply-supported by the transverse web frames or bulkheads.
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Figure 3-5: Type Il Beam-Column Failure (Assakkaf)

3.2.4 Local Buckling of Stiffener (Tripping)

As desctibed by Hugues, a stiffener may buckle by twisting about its line of attachment to the
plating. The plate may rotate somewhat to accommodate the stiffener rotation, and the
direction of rotation usually alternates as shown in Figure 3-6 because this involves less elastic
strain enetgy in the plating. Stiffener tripping and plate buckling interact but may occur in either
otder depending on the stiffener and plating proportions. As noted eatlier, tripping failure is
regarded as collapse because once tripping occurs, the plating is left with no stiffening and so
overall buckling follows immediately. Also, elastic tripping is a quite sudden phenomenon and
hence it is a most undesirable mode of collapse, akin to elastic overall panel buckling.
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Figure 3-6: Stiffener Tripping (Hugues)
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3.3 SeLectioN OF ANaLysis METHOD

The behaviour of steel stiffened panels normally depends on a variety of influential factors,
namely: geometric/material properties, loading characteristics, initial imperfections (post-weld
initial deflection and tresidual stress), boundary conditions, and existing local damage related to
cotrosion, fatigue crack and denting. In a typical analysis, the panel ultimate strengths for each
of the six collapse modes are calculated separately and then compared to each other to find the
minimum value which is then taken to correspond to the real panel ultimate strength[10].

The different types of failure mode being enunciated, the physical problem can better be
characterized. For the purpose of this thesis, the panel was idealized as an isotropic plate
analyzed under static loading. An “elastic” analysis process was selected because of the reasons
aforementioned and because the bulkhead is designed for repeated loading[7]. It was observed
from the case study that two stiffeners’ web failed at the location where they connect to the ring
frame (higher stress concentration) and that the plate itself also failed in such a manner. This
indicates an overall plate-stiffener failure mode. The question remained as to whether the
instability was initially caused by the plate, the stiffeners, or a combination of both.

The available techniques for buckling-yielding analysis of stiffened panel structures fall into two
categorties: analytical methods and numerical methods. Analytical methods of solution involve
solving the governing differential equations, either discretely or by means of a series
representation for the solution in conjunction with an energy approach[1]. Analytical methods
in this case may be used validly to solve independent aspects of the problem such as stiffeners’
buckling bounds. Given the geometry of the panel and the initial conditions, no analytical
method was found to accurately predict the maximum allowable stresses due to lateral pressure.
Hence the need for a numerical method such as finite element analysis which mnvolves large-
order matrix equation whose coefficients are numerically evaluated functions of the material
properties, geometry, and applied loads.
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Chapter 4

4.1 StirreNED PANEL DESiGN

4.11 Modeling of Stiffened Panels

A typical steel stiffened plate structure is shown below. Its response can be studied at three
levels, namely the entire structure level, the stiffened panel level and the bare plate level[11].
Although this thesis is primarily concerned with the second level in which a stiffened panel is
supported by frames of greater stiffness along all edges, exhaustive analysis will be performed on
the bate plate as a discerning preamble.

Stiffenets are vety important structural components that are used to strengthen plates and
increase their load carrying capacity. Moreover, the purpose of stiffeners is to carry the whole
load at the point of application and to distribute it progressively into the plating, at the same
time as taking bending moments due to the inevitable eccentricity of the load in relation to the
neutral axis of the combination of stiffener and plate. The stiffener will always catry stress
greater than or equal to that in the plate due to shear lag effects and initial distortions, so that the
main part of the procedure involves sizing the stiffener[3].

Longitudinal girders

Figure 4-1: Typical Stiffened Panel Structure (Paik)
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4.1.2 Design Against Lateral Loads

The design procedutre of transverse bulkhead against lateral loads is succinctly described in the
British Admiralty’s Sea Systems Publication No. 23[3] and is summarized herein in the next
sections. Because lateral pressures have such a large influence on the response of bulkheads it is
best to design the bulkhead taking account of lateral loads before checking the resistance to
other loads.

The first task is to select an arrangement for the stiffening and plating. Since bulkheads are
usually divided by decks into a number of wide short rectangular panels the stiffening will be
best arranged vertically. Additionally, under resistance to explosive loading, the stiffeners must
be atranged so that they end on longitudinals in the hull bottom, but even where a bulkhead
does not extend to the bottom it is desirable that bulkhead stiffeners all end on either deck
longitudinal stiffeners or other stiff structure so that a hard spot which creates a stress
concentration and, potentially, a fatigue failure point, is not introduced. If the layout of deck
and bottom stiffeners leaves any choice in the positioning of bulkhead stiffeners it should be
remembered that close spacing leads to thinner plating and lighter weight, but less robustness and
greater sensitivity to corrosion. More widely spaced stiffeners and thicker plate will be heavier but
easier to build and maintain, with less welding distortion and associated rework when fitting
decks and items of equipment to the bulkheads. Thicker plating also contributes to ballistic and
blast protection and hence improves survivability.

When the arrangement of stiffeners has been determined, it is next necessary to decide the
scantlings and for this either elastic or plastic design methods may be used. Plastic methods
relate an extreme design load to the ultimate collapse condition of the structure and may save
some weight provided that the normal working loads are low and that a fairly flexible structure is
acceptable. As eatlier described, if normal working loads are relatively high, which is the case in
tanks, or if it is important to limit deflections, then elastic methods must be used.
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4.2 Prate THICKNESS

4.2.1 Geometry

The panel was geometrically idealized as an isotropic composite of sub-panels with different
thickness illustrated below.
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Figure 4-2: Unstiffened Panel Idealization (dimensions in mm)

4.2.2 Plate Thickness Analysis

Plate thickness over the main part of the panel should be determined to ensure adequate
strength under normal or accidental load. However, at the edges of the bulkhead where it meets
the bottom and side of the ship, the panel plating should be thickened to give increased strength
and stability under explosive loading. The depth of this thickened strip (measured normal to
the hull plating) should be not less than 1.5 times the spacing of the longitudinals

(excluding occasional deep members) at the point considered[3]. In the case study, since no
longitudinals were present, the vertical stiffeners’ spacing was used.

The plate thickness in any case should not be less than all of the following:
a. 80% of the thickness of the adjacent shell plating;
b. the thickness of the web of the nearest longitudinal hull stiffener; and

c. 6.5 mm.
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Furthermore, the plate thickness in any case shall not be less than 5 mm to avoid weld distortion
and cracking[7]. For the hull and wet spaces such as tanks and bilges, 2 recommended 0.5 mm
cotrosion allowance should be added to the mean thickness. The basis for this figure is that
cotrosion in ship’s steel structure is usually in the form of local, relatively deep, pitting where the
protective system has broken down. A few pits have little effect on overall strength, but they
become more significant as they increase in number, and an average loss of strength equivalent
to 0.5 mm thickness is reasonable[3].

For the case study, the requitement for the plate thickness to ultimately be not less than 5.5 mm
is satisfied. Adjacent plate section thickness’ are within 80% of each other, 6 mm to 8 mm to 7
mm. However, the portion of the panel with thickness of 6 mm should be thicker by 0.5 mm to
meet the minimum thickened plate requirement of 6.5 mm. This discrepancy is considered
negligible given that the panel has several transverse flat bar stiffeners along the length between
the vertical “I” type stiffeners. The case study is in fact highly stiffened and thus can
accommodate thin plating.

¥
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Figure 4-3: Stiffener Arrangement with Thickened Strip
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4.3 ScantLinGg DEesigh

4.3.1 Scantling Arrangement

The scantlings of transverse bulkheads are usually determined by the requirement to resist lateral
pressures. Such pressutes may be caused by accidental flooding, hydrostatic or dynamic
pressures in tanks, water and air-tightness tests or accidental missile ignition. The normal
arrangement of vertical stiffening previously described should be continued through to the hull
but subject to the following requirements|14].

a. whetever hull longitudinals pass through, or end on, a bulkhead, there must be a
bulkhead stiffener connected to each hull longitudinal, and vice versa. This is
most important because, unless every longitudinal is "backed up" by a bulkhead
stiffener, the bulkhead plating may easily rupture under explosive attack; and

b. bulkhead stiffeners in the peripheral zone should lie as nearly as possible at right
angles to the hull plating;

The function of the bulkhead in withstanding water pressure must not be forgotten when
deciding the arrangement of stiffeners. The requirements of (a) and (b) above usually lead to
diagonal stiffeners in way of the lower part of the turn of bilge as shown in Figure 4-4. In the
case study, the scantling arrangement follows the guidelines aforementioned. The panel is not
only strengthened by vertical “I” type stiffeners but is also interlaced with transverse flat bar
stiffeners as shown in Figure 4-3.

PLATING | STIFFENERS

T 4+ F-1—

|
¢ 3 Short Stiffeners
Y ’\j ! TTTT1T77717 3 at each Longitudinal

Strip of Thicker Plating

Diaganal Stiffener

i Stiffeners and Longitudinals Aligned
Figure 4-4: Typical Bulkhead Stiffening Arrangement
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4.4 StirreNER DESIGN

4.4.1 Geometric Parameters and Governing Formulae
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Figure 4-5: Stiffener Geometric Parameters

The geometric parameters are defined as follows:

and

.

a

2~ ~ ol - -l -

FoLEe

K

stiffener spacing (along plate)

flange width

distance from plate centerline to flange centerline
distance from stiffener toe to flange centerline
web height

plate thickness

flange thickness

web thickness

A=bt+(ht,+bt,)=4,+(4,+4,)=4,+ 4,

panel cross sectional area (plate and stiffener)
flange cross sectional area

plate cross sectional area

stiffener cross sectional area (flange and web)
web cross sectional area
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The governing geometric formulae are provided in the following set of equations[14]:

EF
D=—" 4.2
12(1-v?) *2
E
G= ,
2(1+v) #3)
I, = L(hwti +t,b}) (4.4)
J= %(hwti +b,t7) (4.5)
1 .2
—t,h, bt h,
Py (4.6)
td, Sty

where:
D: flexural rigidity
G: shear modulus
I: second moment of area about centroid axis through web (excluding plate)
J: torsion constant (excluding plate)
z: distance from stiffener toe to stiffener centroid (excluding plate)
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4.4.2 Stiffener Dimensions

The failed stiffeners in the case study have the following dimensions and geometrical
characteristics. '

812" 312"
1l
2
~
asms e N
o
. 2] L
48 deg
_1 -
21/4" 1

Figure 4-6: Stiffener Dimensions

Description Symbol Unit Value
flange width bs m 0.0889
flange thickness t m 0.0127
web height hy m 0.1651
web thickness tw m 0.0127
plate thickness t m 0.0060
stiffener spacing b m 0.5000
flange cross sectional area A m? 1.129E-03
web cross sectional area Ay m® 2.097E-03
stiffener cross sectional area As m? 3.226E-03
plate cross sectional area A, m? 3.000E-03
panel cross sectional area A m? 6.226E-03
centro d height z m 0.11367
second moment of area I, m* 4.336E-08
torsion constant J m* 1.734E-07

Table 4-1: Stffener Geometric Parameters
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4.4.3 Local Stiffener Buckling (Ttripping) Criteria

To preclude stiffener buckling prior to plate buckling, the local stiffener stress must be greater
than the plate buckling stress. Many Classification Society rules describe the requirement for
adequately proportioned stiffeners. The most stringent found was in accordance with the
Ametican Petroleum Institute (API)[15] which recommended the following criteria to prevent
local mstability of stiffener’s flange and web:

a. for flat bar stiffener, flange of a “T” stiffener and outstanding leg of an angle
stiffener:
b—f <0.375 £ *7)
t S o,

where _, is the minimum specified yield stress of the material (310 MPa) and E
the Young’s Modulus of Elasticity (207 GPa). In the case study, this equation
satisfactorily yields:

b,
—=7.00<9.69
Ly

b. for web of “I” stiffener or leg of angle stiffener attached to shell:

h 10 |E (4.8)
t

w Gy

which satisfactorily yields:

h—w: 13.00 < 25.84

w

These analytical results demonstrated that the stiffeners are sufficiently stable to withstand local
buckling and thus initial stiffener-induced failure is dismissed as a cause of overall failure. It 1s
thus surmised that local plate failure preceded stiffener failure and subsequently caused overall
plate-stiffener failure. Given the loading and mnitial conditions, Mode II Type I was assumed to
be the most plausible failure mode. This failure mode represents a plate-induced failure by
yielding whereby lateral pressure and initial distortion are present and the boundary condition at
the stiffeners’” connection to the plate is assumed to be rigidly fixed.
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Chapter 5

5.1 PreLivinary FinrtE ELEMENT ANALYSIS

5.1.1 FEA Assessment and Convergence

As part of the FEM process, it is imperative to assess the accuracy and reliability of the finite
element solution. Given the geometry of the problem, no known analytical exact solution was
found against which the FEA response could be compared to. One alternative to validate the
FEA model is to prove its convergence, within a reasonable tolerance, to an assumed numerical
“exact” solution. In this case, the exact solution was assumed to correspond to a very fine mesh
solution. Since we are interested in the yielding behaviour of the panel along the ring frame, a
point-wise convergence assessment at the point of maximum effective stress along the ring frame
was performed. Itis understood that this only validates convergence at the point of interest and
does not validate the FEA model globally.

The number of elements and nodes were incrementally increased until the model converged. A
very fine meshed model with 2063 nodes yielded a solution which was accepted as the exact
solution against which all other s would be compared to (320 MPa at location x = 1.25 mm, y =
-2.00 mm). The point-wise convergence error was defined as the percent error (€) between the
effective stress concentration at the point of interest from a given solution to that of the exact
solution. It is noted that if the convergence tolerance is too loose, inaccurate results are
obtained, and if the tolerance is too tight, much computational effort is spent to obtain needless
accutacy. A percent error of less than one order of magnitude, that is 10%, is said to be
acceptable in general. In the case study the error is actually zero since convergence was achieved
with the ring frame rigidly fixed and the bulkhead and deckhead simply-supported.

8«% - O-exact —O-i (5 1)
O-exacl
Elements Nodes Max Stress [MPa] Error [%]
136 156 269.3 15.84%
505 547 295.0 7.81%
136 579 320.0 0.00%
1,979 2,063 320.0 0.00%

Table 5-1: Point-Wise Stress Concentration Convergence
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Figure 5-1: Meshing with 136 (4-Nodes) and 136 (9-Nodes) Shell Elements
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Figure 5-2: Stress Concentration with 156 Nodes and 579 Nodes Meshing
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Figure 5-3: Meshing with 505 and 1980 Shell Elements
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Figure 5-4: Stress Concentration with 547 Nodes and 2063 Nodes Meshing
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5.1.2 Boundary Conditions

The ring frame having a thickness of 12 mm was assumed to be infinitely rigid relative to the
panel which had a nominal thickness of 6 mm. The boundary condition for the edge connected
to the ring frame was thus treated as rigidly fixed with no degrees of freedom. The deckhead
and starboard bulkhead edges were examined while being treated as fixed, pinned, on rollers, and
stmply-supported as required. Boundary conditions were defined as follows|[1]:

a. Simply-Supported — edges free to rotate and to move in the plane of the plate;
b. Pinned (Hinged) — edgedtee to rotate but not free to move in the plane of the

plate nor transversely;
[+ Roller — edges may be free or not to rotate but are free to move transversely;
d. Rigidly Fixed (Clamped) — edgesiot free to rotate nor move in the plane of

the plate or transversely.
t—p -+«

N & 'mm
Fixed (Clamped) Pinned (Hinged) Roller Simply Supported
(@) () () (@)

Figure 5-5: Panel Boundary Conditions

(a) Rigidly Fixed (Clamped); () Pinned (Hinged); (¢) Roller; (d) Simply-Supported;

The assumption of pinned or fixed depends on whether the pressure is applied to the adjacent
bay of the bulkhead (fixed) or not (pinned). Hugues (1988) insists that unless the panel’s
rotational restraint 1s guaranteed to be permanently present under all conditions it should not be
counted when calculating the ultimate strength of the panel. Under this guideline, 1t 1s claimed
that in general, the safest and best procedure is to regard the panel as simply-supported. Simply-
supported boundary conditions would yield some pessimistic but adequate results for the
bulkhead and deckhead. The assumption that the ring frame edge of the panel was rigidly fixed
rather than otherwise was especially valid when considering the fact that pressure acts on both
sides of the panel thus retaining a zero slope at the boundaries (remembering that the
compensating tank is actually never empty but left with 0.5 tons of fire-fighting water).
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5.1.3 Bare Plate Stress Concentration

As suggested by Paik, performing a tertiary level FEA with the, unstiffened, bare plate would be
most insightful in that it would readily provide a qualitative depiction of the location and
magnitude of stress concentration. This information would allow an early prognostic and would
better dictate the approach for any subsequent refinement and detailed analysis. The bare plate
was analyzed using the ADINA program assuming linear analysis kinematics, an elastic-isotropic
material corresponding to B quality mild steel, and using a fine mesh with 1980 (4-nodc) shell
elements (total of 2063 nodes). The following observations were made:

a. maximum effective stress 1s experienced along the ring frame in the vicinity of
the third vertical stiffener; and

b. local effective stresses greater than the material yielding stress (310 MPa) are
experienced whenever the deckhead and bulkhead are free to rotate i the
pinned, simply-supported and free-rotating roller support.

C Boundary Condition Maximum Effective Stress
ase Deckhead Bulkhead Smoothed [MPa]
1 Fixed Fixed 253
2 Roller (fixed) Roller (fixed) 256
3 Pinned Pinned 320
4 Simply-Supported Simply-Supported 320
5 Roller (free to rotate) Roller (free to rotate) 333
Table 5-2: Ring Frame Maximum Effective Stress
NOTE: “Smoothing” 1s a spatial transformation whereby ADINA combines the results

from all of the elements attached to a node into a single result. The “smoothed”
stress component provides a more accurate solution and is calculated by
mnterpolating the available stress component data from the integration points to
the nodes.

In all cases, the location of the maximum effective stress was consistently in the vicinity of the
third vertical stiffener (x = 1.125 m, y = -2.000 m). Let us recall that the panel’s second and
third vertical stiffeners fractured at the web and that the plate yielded just aft of the third
stffener. This indicated that the panel actually experienced its severest faillure where it was most
likely given the stress concentrations applied on the bare plate. This is an important qualitative
revelation confirming that the model behaved corresponding to the actual panel under similar
loading and environmental conditions.
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The severest stress of 333 MPa was achieved with the bulkhead and deckhead on free-rotating
rollers and was only 6.91% greater than that of the material yield strength. This marginal excess
is likely to be negated by the addition of vertical and horizontal stiffeners by as much as one
order of magnitude. Further analysis was conducted using those boundary conditions to that
effect.
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Figure 5-6: Stress Concentration with Fixed and Pinned Boundary Conditions
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Figure 5-7: Stress Concentration with Free-Rotating and Fixed Roller Boundary Conditions
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5.2 DeranLep Finite ELEMENT ANALYSIS

5.2.1 Vertical Stiffening

A detailed FEA was performed using the most pessimistic scenario with the bulkhead and
deckhead supported by free-rotating rollers. In the first instance, only the stiffeners’ webs were
added to the two-dimensional model, subsequently, the entire stiffeners (web and flange) were
appended. The model with the vertical webs only comprised 2,604 (4-node) shell elements for a
total of 2,703 nodes, and the model with the full stiffeners comprised 2,916 (4-node) elements
totaling 3,023 nodes. The following observations were made:

a. both cases indicated maximum effective stress concentration between the first
and second stiffener along the ring frame. Surely, the area along the ring frame
between the first and third can thus be regarded as the location of critical stress
concentration; and

b. the magnitude of the maximum stress concentration was 43.50 MPa with the
webs only and 39.84 MPa with the full stiffeners. As expected, the stress
concentrations’ level were drastically reduced as stiffening was added, they
decreased to 12-14% of the material yield stress after only placing the vertical
stiffening. This corresponds to stress levels of a safety factor of over 7, almost

one order of magnitude.
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Figure 5-8: Panel Surface and Meshing with Vertical Webs
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Figure 5-9: Panel Surface and Meshing with Vertical Stiffeners
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Figure 5-10: Stress Concentration with Vertical Webs and Stiffeners - Isoview
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Figure 5-11: Stress Concentration with Vertical Webs and Stiffeners — Plane View

5.2.2 Model Refinement

It is acknowledged that more refined models can constructed whereby the entire geometry 1s
reproduced as a two-dimensional model or even better as a three-dimensional model. However,
the collateral objective of this paper was to learn the proper #se of FEM to acquire the solution
of a complex problem. Once decisive results were obtained, it was deemed unnecessary to
model the horizontal stiffeners as those would invariably further reduce the stresses. Given that
a safety factor over 7 was reached, it was prudent to surmise that the panel stiffening was
properly designed for the fuel and compensating tank static pressures.
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Chapter 6

6.1 Resurts INTERPRETATION

6.1.2 Analytical Method Results

Through the first iteration of the evaluation process, an analytical study was performed whereby
the panel was analyzed and compared against design criteria and Classification Society rules, the
following conclusions were drawn from the results:

a.

Geometry. The panel geometry including plate thickness and stiffeners’
arrangement and scantling adequately satisfied design criteria. The structure was
identified as the sccondary load-bearing bulkhead;

Stiffeners. Stiffeners were deemed sufficiently rigid and stable to withstand local
buckling and thus initial stiffener-induced failure was rejected as a limit state
collapse mode;

Material. The material chosen for the application (B quality mild steel BS4360
grade 50EE) provided best properties and advantages;

Loading. The critical loading was identified as the static lateral hydrostatic
pressure of fuel acting on one side of the panel. Axial and other loads wete
assumed to taken by the primary structures or deemed non-critical;

Kinematics. Elastic kinematics analysis was chosen in order to limit deflections
and because the normal working loads were relatively high and designed to be
repeated,;

Critical Mode of Failure. The most probable mode of failure was surmised as
local plate-induced failure by yielding preceding the stiffener failure and then
overall plate-stiffener failure. Although this type of failure is depended on all
geometrical and material properties that define the structural element, it is
basically yield strength dependent and represents a failure mode whereby lateral
pressure and initial distortion are present; and

Boundary Conditions. The ring frame was deemed rigidly fixed because of its
relative thickness and the fact that pressure is actually applied on both sides of
the panel at the bottom of the tanks. The bulkhead and deckhead were chosen
to be supported by free-rotating rollers to yield the safest results and because
rotational restraints could be guaranteed in all cases. For most pessimistic and
safe design, the vertical stiffeners bottom ends were rigidly fixed to the ring
frame and the top ends were left unrestrained to the deckhead.
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6.1.2 Numerical Method Results

An exact solution for the stress concentration using analytical methods was not available but a
reliable exact numerical solution was achieved using a very fine mesh FEA model. The model
was validated in principle by proving its point-wise stress concentration convergence at the point
of interest along the ring frame (point of maximum effective stress). The problem was then
dissected into three levels of increasing detail: the bare plate, the panel with vertical webs only,
and the panel with full vertical “I” type stiffeners. The following results were obtained with
regards to the effective stress concentration:

a.

Location. Boundary conditions for the bulkhead and deckhead were varied with
the bare plate analysis to reveal that the maximum effective stress concentration
was consistently experienced near the third stiffener, sensitively the same
location where the actual stiffeners (second and third) fractured and the plate
yielded. Once vertical stiffening was added, the maximum stress was
experienced between the first and second stiffener along the ring frame. In
general the area along the ring frame between the first and third stiffener proved
to be prone for failure; and

Magnitude. The bare plate analysis revealed stress concentration marginally
greater than the material’s yielding stress (333 MPa > 310 MPa) with the
bulkhead and deckhead suppotted by free-rotating rollers. Taking these
boundaty conditions as the template for safe design and adding vertical stiffening
yielded a drastic reduction in magnitude corresponding to a safety factor over 7,

almost one order of magnitude (Gmax = 13% OYy).

Adding horizontal stiffening would further reduce the stress concentration and thus the option
of proceeding unnecessarily into this level of detail was declined as being superfluous.
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6.2 REcoMMENDATIONS AND WAY-AHEAD

6.2.1 Recommendations

The general structural failure modes were described in Chapter 3 to comprise large local
plasticity, instability and fracture. Of those, this paper concentrated on bifurcation instability
(elastic buckling) and direct tensile fracture (yielding). Coincidentally, the two types of fracture
that were not covered are considered the two most significant phenomena causing deterioration
of a steel structure in service, they are corrosion and fatigue. Corrosion can only be stopped or
prevented with adequate planned and corrective maintenance. As for fatigue, all ship structures
which are subject to cyclic loading will exhibit fatigue failure at some point in their lives and the
only solution then is to cut out the damaged material and replace it with a new component(3].

There are other factors which may have caused the failure or compounded the loading effects
beyond the limit state. The concern now becomes the assembly quality in the construction of
the structure. Some aspects of the fabrication process will be briefly described herein as they
constitute avenues which should be examined, they are as follows:

a. structural connections;

b. initial imperfections including:
1) post-welding initial deflection and distortion,
@ welding-induced residual stress, and

©)) welding workmanship.

6.2.2 Structural Continuity

As described by the British Admiralty’s Naval Engineering Standards[14], lack of structural
continuity is one of the principal reasons for severe structural failures. Continuity of structure
and of consequent load paths is of primary importance in the maintenance of good structural
mtegrity and for avoiding premature failures due to fatigue or fracture.

On an orthogonally stiffened grillage, where a larger stiffener is pierced by a smaller one, the
difference in size between the two stiffeners 1s to be such that not more than half the height of
the web of the larger stiffener has to be cut away, unless a fully welded collar is fitted around the
smaller stiffener to replace the material lost from the larger stiffener web. In this case the
difference in height is to be adequate to ensure that a sound weld can be completed. In the case
study, the horizontal stiffeners’ height were less than half the web height of the vertical “I” type
stiffeners.
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Requirements for structural connections are mainly associated with good design and
construction practice but the following principal considerations for the design of connections
are to be noted:

a. the connection must be necessary; any member connected to a stressed member
will itself be stressed and the number of attachments is to be minimized while
maintaining essential structural standards;

b. a connection between two components must not weaken either of them to the
extent that any of the design requirements are not met;

c. a connection must be stiff enough to prevent any relative movement which
would alter the elastic behaviour of the structure;

d. connections which load the material through the thickness are to be avoided
where possible as they rely on the through thickness material properties which

are often not defined, and therefore are not guaranteed or assured;

e. connections must be easy to fabricate, inspect and maintain; and

f. alignment of connections are not to pose any special difficulties in shipyard
conditions, neither must the strength of the connection rely on very precise
alignment.

6.2.3 Post Welding Initial Imperfections

Both plating and stiffeners may have post-weld initial deflections and welding induced residual
stresses. Figure 6.1 shows an example pattern of post-weld initial deflections in steel stiffened
panels and a typical idealization of the distribution of welding induced residual stresses in the
plating between stiffeners. Itis often idealized that the stiffeners may have uniform ‘equivalent’
compressive residual stress over the stiffener web cross-section which are denoted by Grex and
Otcy for x- and y-stiffeners, respectively [14]. These imperfections must be accounted for either
explicitly through a numerical method or via additional safety factors in an analytical method.
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Figure 6.1: Post-Weld Initial Deflections and Induced Residual Stress Distribution (Paik)

Additional welding considerations to be noted are as follows[14].

a. welds must be accessible from both sides, except in very special circumstances;
b. flat (downhand) welds are easiest; overhead welds are difficult;
c. intermittent welding should not to be used for any except very lightly loaded

structure, because of the resulting stress concentrations leading to fatigue
cracking, and the difficulty in preventing corrosion. It should not permitted in
wet spaces;

d. crossing butt welds in plate are to be avoided as they are difficult to finish and
are prone to cracking;

e. butt welds are preferable to lap or fillet welds as they are more symmetrical, have
better penetration and ate easier to examine non-destructively; and

f. the best designed structures have the minimum number of welds, with the
maximum number of those being made using automatic processes.
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Conclusion

It has become evidently clear through this thesis” overview of structural design philosophy that
the evaluation of any structural problem must follow a systematic and exhaustive process. That
process must begin most importantly with fully understanding the nature of the physical
problem and correspondingly, the answer sought. Regardless of the method used, an intimate
comprehension of the environmental conditions is pivotal: the geometry and material properties,
the loading conditions and kinematics, the critical modes of failure, and the boundary conditions
are only a few factors which constitute the essential ingredients to formulate a complete
mathematical model. That model should be accurately resolved using reliability-based analytical
methods and also efficiently validated using a numerical method 1n order to truly generate
reliable and robust results. Only then comes the expert task of interpreting and refining the
solution. Iet us recall the impetus functions of structural design as described in the first chapter:

a. to create a model (or mathematical 1dealization) of the proposed structure which
is sufficiently representative of the real structure in all important aspects; and

b. to analyze the model and compare its petformance against specified design
criteria for the agreed failure modes;

In our case study, it has been established analytically that the plating geometry and material
properties satisfied design criteria and that the stiffeners’ proportions and scantling arrangement
wete adequately stable and robust. FEA numerical method confirmed that the maximum
effective stress concentrations were positioned sensitively at the same location where the
stiffeners and plate actually failed. However the stress concentration along the ring frame with
only vertical stiffening indicated levels corresponding to a safety factor of over seven, almost one
otdet of magnitude below the material yield stress. The structural design of the stiffened panel
as such was declined as a likely cause of failure and the attention was drawn to manufacturing
and construction default causing initial impetfections and undue stress concentrations. Also,
cotrosion, brittle fracture and fatigue failure was considered.

Classification Societies, such as Lloyd's Register of Shipping and Det Norske Veritas, are familiar
with the dangets of fracture and fatigue. They have universally adopted the approach that the
prevention of fracture can be most economically and effectively achieved by specifying the use
of appropriate toughness levels in steels and weld metals at critical areas and by controlling the
stress levels in complex structures in ships[14]. Toughness is specified in terms of Charpy
enetgy values in which the Charpy value is also used as the quality control measure.

The method of finite element analysis proved to be a powerful design tool in the case study.
FEM is particularly advantageous in citcumstances with problematic and sensitive areas such as
complicated geometric structural arrangements where no exact analytical solution is available, as
it was the case in this thesis’ example. Given the full potential of finite element methods in
engineering design environments, its use should be an integral part of the design process in naval
architecture and marine engineering.
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