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1. INTRODUCTION

The application of the finite element siructural analyses had become very common in ship structural design in
the 1970’s, and extensive use of the method had been one of the major daily work of ship structural design in
the 1980’s based on certain direct calculation procedures proposed by the major ship classification societies.
According to these structural design procedures, the precise evaluation of the quasi-static response of stiffened
panels and girders had become possible so that considerable improvement were made in ship structural design,
which had significantly reduced the number of buckling failures and ductile collapse of such structural
members. Combining the use of high tensile steel with design optimization techniques based on the finite
element structural analysis, considerable hull weight reduction had also been accomplished during the period.

From the late 80’s to the early 90’s, ship structural designers faced a relatively new problem; i.e. fatigue,
which was formerly not a major issue in ship structural design in comparison with the buckling and ductile
collapse problems. This should be contrasted to the offshore structural design, in which the fatigue strength
evaluation at tubular connection is a critical issue from the very beginning. Fatigue cracks were first found in
the side longitudinal stiffeners of relatively new oil tankers. In order to establish a rational fatigue strength
evaluation, a hierarchical modeling with the use of advanced pre-/post processors is required in the finite
element structural analysis, which consists of a very sophisticated procedure from global hull girder analysis to
local stress analysis near the weld toe at a transverse and longitudinal connection. The selection of loading
conditions is also important, because several load effects such as hull girder stresses, local internal cargo
pressure, and external wave induced pressure should be’ properly superimposed in order to determine the
characteristic value of the stress range. These are obviously one of the major issues in the structural response
_in these days. o . :

The most catastrophic and at first seemingly inexplicable casualties, were the sinking of approximately 25 bulk
carriers and the damage beyond repair of approximately 25 others in the early 1990's. In general these were
the older ships, serving under third, fourth, or even fifth owners. They were poorly maintained, exhibited
excessive corrosion and generally failed in two principal ways. Section of shell plating severely weakened by
corrosion could have carried away under high sea-way loading, or corroded sections could have permitted sea
water to enter the holds resulting in liquefaction and shifting of cargo. [t seems that the strength evaluation of
these aged ships are the new role of ship structural engineers so that aged ship structures are properly
maintained, and also that excessively degraded ships are excluded from the market.

Based on the above mentioned trends, this report is organized in the following manner. In the second section
of this report, the development of calculation procedures are discussed with emphasis on simplified procedures,
finite element guidelines, finite element pre-processing and post-processing, and reliability methods. The
detailed investigation on the commercial codes for pre-processing and post-processing are described in this
report. The third section describes the recently developed structural design and approval systems proposcd by
several ship classification societies. The fourth-and fifth sections describe the specific items relevant to
offshore and ship structures, respectively. In the fourth section, structural design of tubular joints, buckling
strength, and grouted connections of offshore structures are reported. In the fifth section, stress concentration
of structural details relevant to fatigue analysis, and buckling problems of ship structures are reported. Full
scale monitoring systems and monitoring data are also summarized. For specilic type ol ships, cruise ships,
double hull ships, bulk carriers, and container ships are sclected as the areas of major topics in this report.

As was done in the reportof the previous terms, the 1997 Committee has also carried out a comparative linite
element study focusing on the determination of a local stress distribution near the transverse and longitudinal
connections. The numerical resulls are compared with the experimental results tor the rational interpretation of
the hot-spot stress obtained by using various finite clement modeling and by experiments.

Qutside of some subjects which have been traditionally addressed by Committee 1. 1, the subjeets covered n
this report stem [rom the interests and expertise of individual committee members. This commitice in particular
has been fortunate o have expertise in buckling, fatigue, offshore structures, cruise ships, double hulls,
reliability analysis, and [initc element modeling, and the report emphasizes these arcas, possibly with the
omission of other subjects pertinent o the committee mandate.

2 CALCULATION PROCLEDURES

2.1 Simplified Calculation Procedures

2.0.1 Simplified Calculation Procedure for Ship Strength Analvsis

The problem of the wrsional sttfness of ships with large deck openings was discussed by Commutiee L ol
[SSC'94 (Pegy et al., 1994). [n the conunuauon ol that problem, a new simplitied approuch is proposed by



Wang and Chen (1694) that is based on the multi-celled thin beam theory and the transfer matrix method. A
variety of decks composed of closed sections, opened sections and center deck girder are compared concerning
the torsional stiffness and the natural frequencies. As expected, the most significant parameter is the ratio of
the length of opened sections to the full length. An increased number of short deck openings is better than a
reduced number of long openings, where the center girder can be disregarded for the torsional stiffness.

For preliminary design and quick strength assessment, Rigo (1992a,b) has developed an analytical algorithm
based on the Fourier series expansions to solve the differential equations of orthotropic plates and cylindrical
shells. Each element is composed of the shell plating with 3 layers of beams. For example, for a deck plate,
the beams could be deck girders, transverse frames, and longitudinal stiffeners. Transverse [rames are
assumed to be equally spaced, but longitudinal stiffeners may be non-uniformly distributed. Calculations are
not based on smeared-out rib properties; rather, local torsional and lateral bending stiffness are taken into
account. Easy and simple modeling is the first advantage of this method. Modeling of the structures is based
on geometrical considerations of the mid-ship section. The input data of the model are few, about 10 data lines
for each stiffened element. The modeled structure is usually one hold length or the complete prismatic section
of the ship, but local analyses of stiffened panels can also be performed. The boundaries of the global model
are located at. transverse bulkheads, where the stiffened panels are simply supported with end moments
simulating the effects of the aft and fore ends. Concentrate loads of cargoes, deadweight, and varying pressure
are considered by using a number of terms of the Fourier series. Stresses in each girder are given in the flange
and at the junctions of the web with the plating and the flange. The model uncertainty has been assessed for
different structures by comparison with finite element analysis (Rigo, 1992a; Sumi er al., 1996). The method
has demonstrated its utility and efficiency in practical application on tankers, a swath, floating structures, and

' many land-based structures such as lock gates, sluices, radial gates, etc. To allow an optimization process at
the design stage, the method is applied to check various sets of constraints of the structural strength and
serviceability requirements. L :

A simplified thermal elasto-plastic analysis method is proposed by Jang and Seo (1994, 1995b) to estimate the
longitudinal deformations due to welding and heating. This formulation takes into account of the influence of
the fabrication factor (i.e. ratio of the effective area of the beam on the heat input) on the beam curvature. Such
effect was neglected in the Tusji and Okerblom formulations. The formulation has been compared with
experiments and could be used to simulate the fabrication process in order to develop appropriate techniques to
reduce fabrication costs. A simplified procedure to evaluate the temperature distribution, the induced thermal
stress and the global deflections in a ship structure is proposed by Chen and Hu (1995). The simplification is
based on a 2-D static heat conduction problem. :

2.1.2 Simplified Methods to Evaluate the Ultimate Strength of Ship Hulls

Since 1993, importaht works in the field of ultimate stferig'th of ship girder has been achieved. I order to
avoid overlaps with other reports, aspects related to.the simplified global response of a ship girder are
presented in this subsection, and the aspects related to precise evaluation of ultimate strength will be presented
by TCIII. 1. - '

Most of the works on ultimate strength of ship hulls are usually related to strength under vertical bending.
Recently, several works have been performed to provide reliable evaluation of the ultimate strength of ship
hulls under combined loads. Simplified analytical approaches (Beghin et al. (1993); Gordo and Soarcs
(1993,95,96); Mansour et al. (1995); Paik (1994), Paik and Masour (1995a,b), Paik er al.. (1996a)) arc
proposed as well as numerically based cvaluations (Paik and Pedersen (1996); Hu (1995)) and reliability based
approaches (Kim and Kim (1995); Wang and Moan (1995)).

A simple analytical expression Eqn. 1. for an interaction relation under vertical and horizontal bending
moments is proposed by Mansour et al. (1995). This expression is based on numerical resulls obtained [rom
onc container, one lanker and two cruisers. Similar expression Egn. 2. is proposcd by Gordo and Soarcs
(1995) after analysis of 4 tankers. ”
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shortening curves for stiffened plates presented by Gordo and Soares (1993).. More details are presented in
Gordo and Soares (1996). Effects of corrosion, residual stress and use of high tensile steel on ultimate
capacity of ship hulls are discussed and quantified. A linear reduction is proposed for corrosion and a
parabolic for residual stress. Uncertainties of Eqns.l. and 2. for other ship types or sizes have not been
evaluated.

Concerning simplified method to evaluate the ultimate capacity of ship hulls, the more comprehensive work
and valuable contribution have been achieved by Paik et al..” For design purposes and reliability analysis use,
Paik, Thayamballi, and Jung (1996) proposes relatively simple analytical formulations representing the
interaction relationship for the ultimate strength subjected to combined vertical, horizontal bending and
shearing forces. Sets of interaction curves were determined empirically based on numerical results from the
Idealized Structural Unit Method (ISUM) on 11 ships. For each single load component (vertical moment -
sagging and hogging, horizontal moment and shearing force), maximum capacity M,,, My, or Fy is
determined, respectively. When combined loads are applied, the proposed interaction formula is:

1.85 .
My, -F, M, - Fy |
where F, =(1- (F/F,)’)  and  Fy=(-E/F))"

Determination of M,, is based on the work of Paik and Mansour (1995a,b) where only the vertical bending
moment is considered. A credible distribution of longitudinal stresses over the hull section at the moment of
overall collapse is used. Ultimate strength is calculated by-integration of the assumed stress distribution.
Ulumate compressive and shear strength of stiffened panels'is based on empirical formulations (Paik, 1995;
Paik and Lee, 1996).

Paik (1994) establishes a procedure for evaluating the possibility of hull collapse of aging bulk carriers under
combined longitudinal bending and shearing force. He presents hull strength interaction curves for three
standard structural damages (corrosion in plating, initial crack and dropping-off of one side-shell). Assessment
of different flooding scenarios for the remaining strength shows that possibility of foundering of aging ships
can be very large. To consider the cracked effects, a polynomial formula is used to give the reduced yield
stress for a given initial crack length. : ' '

Growing concern of classification societies in the evaluation of the real ultimate capacity of a ship in operation
is demonstrated by Beghin et al. (1995). The proposed -RESULT computer code is a simplified iterative
procedure based on.the “method of components™ using the Gordo-Soares’ formulas for plates and stiffeners

[GN)

(Gordo and Soares, 1993). The same data file can- be used both for RESULT and the standard rule program |

MARS of Bureau Veritas, in which so far the effects of horizontal bending moment, lateral pressure, shear,
and torsion have not been considered yet. - _

Hu (1995) proposes a simplified incremental approach for the prediction of the ultimate bending moment of
ship hulls. Axial shortening and strain are obtained through interpolation from a set of generic stress-strain
curves (data base) which were generated using finite element analysis.

Reliability analyses on hull girder are presented by Kim er al. (1995) and Wang and Moan (1995). For four

failure modes, Kim et al. (1995) give a simple design format that can produce uniform salcty level for all ships.

Wang and Moan (1995) usc the DnV design criterion for buckling under combined stesses for reliability
based design ol stiffened pancls. Limit stale function, modeling of random variables, safety levels and
uncertainty of the proposed model are discussed.

2.1.3 Simplified Methods to Evaluate the Ultimate Strength of Ship Components

From a design point of view, the interaction equations are more (sometimes 0o much) conservative than other
methods and they do not provide any information on the collapse mode. Nevertheless, they arc often more
convenient [or implementation in design rules. This is probably the main reason why the interaction cquatons
on the ullimate strength of stiffened pancls under combined loading are continuously investigated by several
authors. Ueda er dal. (1995) present a comprehensive set o interaction relationships {or the buckling, ultimate
strength and fully plastic strength of stilfened and unstffened plates subjected 10 biaxial and uniform shear
forees. Lateral load and effects of iniual imperfections should be added in the formulations before use for
practical design. Benello er al. (1993) proposed a “modified interaction equation” to discern between failure
modes as stiffener compressive failure cannot oceur in sagging. Lateral pressure is considered as well as initial
detlection. The proposed interaction equations are assessed by comparison with an inelastic column analysis
program MLTSPAN and a Perry equation. Soares and Gordo (1996) investigate the problem of unstiffened



panels and propose an interaction equation that considers biaxial compression and lateral load with the effect of
initial defects. This formula is proposed for plates with slenderness larger than 1.30, otherwise von Mises
equation is adopted. The model uncertainty is estimated to be within 15%.

Mikami and Niwa (1996) propose an approximate approach (o predict the ultimate strength for orthogonally
stiffened plates based on the orthotropic plate theory. Simple analytical formulations are presented for all
collapse modes; i.e. overall buckling including transverse stffeners, partial buckling, local buckling of
longitudinals or unstiffened plates. The method is extended (o the ultimate strength of non-uniformly stiffened
plates with unequally spaced longitudinals having different dimensions. Jang and Seo (1995a) develop another
simplified numerical approach that also covers all. the collapse modes of a welded stiffened panel under
uniaxial compression. Residual stress and initial distortions are considered. Ultimate strength is easily
calculated as the crossing point of the plastic curve and the elastic curve that are obtained, respectively, using
the virtual work principle and the energy formulation.

A simplified procedure for predicting ultimate compressive strength of unstiffened panels with complex initial
deflections is proposed by Paik and Pedersen (1996). The method is based on the elastic large deflection
theory and the rigid-plastic deflection analysis. It is proposed to take only one component for the deflection
function. Uncertainty of the simplified procedure can be determined by reference to finite elemient analysis.
Paik (1995¢) also suggests a concept of effective shear modulus for describing stiffness and strength of a plate
in edge shear. This concept is similar to the effective width used for thin-walled structures in compression.
The reduction of effectiveness of the plate due to bucklingis considered by replacing the shear buckling plate
with an equivalent flat one. Based on the analytical results, he derives an empirical formula for a simply
_supported rectangular plate as a function of the average shear stress and the initial deflection. '

2.2 Finite Element Analysis Guidelines

The use of the finite element method has become the standard for ship structural design. Institutionalization of
the method is shown by classification societies, such as the SafeHull procedures of the American Bureau of
Shipping, and the SHIPRIGHT procedures of Lloyd's Register of Shipping, and the NAUTICUS hull-design
system of Det Norske Veritas, which will be separately reviewed in section 3 in our committee report.
However, there are few standards or guidance that have been developed to aid the structural analyst in using
this complex method of analysis. In a survey of the education of structural engineers for ship design in the
United States, Yagle (1996) found that at the undergraduate level, students have a minimum exposure to the
method, and that when taught at the graduate lével, instruction is mixed with other applications, such as
aerospace, and there is little teaching on the application of the method to ship structures.

To develop standards for finite element analysis, a series of check lists to be used in the review of these
computations were developed. The check lists include the -qualifications of the analysts, the type of analysis
performed, the criticality of the structure being analyzed, and the computer code used. (Basu et al., 1996a).
The authors of this report recognize that such check lists arc not a substitute for technical qualifications of
analysts, but believe that such formal procedures should be incorporated when extensive analyses are
performed. The check lists have been used by several government agencies in reviewing finite element
analyses that have been performed under contract, and have found that the lists provide a good basis for
technical review (Basu et al., 1996b).

In the development of the standards for finite element analysis, authors have noted the difficulty that they have
had in obtaining sample analyses to putin a guidance manual. To provide proper guidance, examples ol good
and bad practice in the analysis of typical ship structures, as well as validation of results through full scale and
model testing is nceded. However, for other than short analyses, usually done as sample problems, the
resources of companics or government organizations arc required for extensive such analyses. These sponsors
of analyses have not been willing to release what they consider 10 be proprictary information for usc in
analysis guidelines. A mechanism is needed for the exchange of sample computations in o manner that will
protect the confidentiality of the source.

2.3 Pre-Post Processing
In the recent decade, linite clement method has become a common o, and 15 sometimes used as u black box
in the ship structural design. With the recent development ol computer hardware, it s also possible o carry out

linitc element analysis for large scale structures such as whole ship structures.

[n such background, there is a strong demand w0 promote the efficiency ol the destgn and analysis process,
because 1t 1s direedy related to the cost of the products. For this reason, not only the cost.ol the analysts but

~,L\

also that of the pre-processing, for example mesh generaton, must be reduced. Similarly, 1t s also needed 0

promote the efficiency of the post processing such as the management ol the analysis result and the procedure
ol the re-analysis for a better design. This section descnibes the recent trend ol pre-processing and linite



element medel generation based on product model. Adaptive methods are also reviewed as the post-
processing.

2.3.1  The Result of Investigation on Commercial Pre-Processors

With the development of computer hardware and CAD technology, a lot of commercial pre-processors have
been developed, and many engineers begin to use them in practice. The results of questionnaire about these
commercial pre-processors are ‘shown in Tables 1,2, and3.

The questionnaires were carried out in July, 1995 by Kawamura and Sumi of Yokohama National University,
Japan. The questionnaire sheets were send to about 25 CAE companies in Japan, and 15 companies replied on
23 pre-processors. The items of the questionnaire are,

(1) the pre-processor name and the developer,

(2) interface with external CAD systems and with solvers,

(3) mesh generation algorithms for 2-D, 3-D curved surface and 3-D solid,

(4) hardware supports, and

(5) other functions.

It is desirable for pre-processors to have an interface with external CAD systems, because 1t is easy to define
the complex configuration, such as ship hull structures, by using CAD systems. As shown in thé tables, many
pre-processors have an interfaces with high- performance CAD system such as I-DEAS and Pro/Enclneer or
with IGES which is a standard format for exchanging geometry between CAD systems. Many pre- processors
also have an interface with solvers such as ANSYS ABAQUS MSC/NASTRAN MARC etc.

In triangle mesh generation for 2-D plane or 3-D curved surface, and in tetrahedral mesh generation for 3-D
solid, the most widely used algorithm is frontal method-such as advancing front methed. In this method,
elements are generated from the - boundary of the domain. The advantage of this method is that it is applicable
0 the constrained problem such as composite domain. In short, itis possible to generate mesh independently
for each subregions of the composite domain, after the boundary of each SUbI‘SUIOI’l 1s divided taking account
of the cornpaublht'v between the connected subremons It is, however, difficult to implement this method to 3-
D tetrahedrization. Delaunay triangulation is also used by many pre-processors, because it has been
theoretically studied by many researchers and is easy to unplernent its basic algorithm.

In mesh generation for 2-D plane or 3-D curved surface, .quadrilateral element.is better than triangle elements
from the view point of accuracy. Few years ago, most of the pre-processors are able to generate quadrilateral
or hexahedral mesh only by using semi-automatic method with graphical user interface. Butin the last several
years, fully automatic quadnlateral mesh generator has become practical. The method adopted by many
commercial pre-processors are Triqua-mesh method Paving method (Blacker, 1991) and modified advancing
front method (for example Zhu, 1991). In hexahedral mesh generation in 3-D solid, none of . the pre-
processors secems to have fully automatic method. Hcmhedrahzauon of 3-D sohd is a subject to be studied in
the near future. . :

2.3.2  Recent Development of Mesh Generation Algorithms

[t can be said that the automation of 2-D mesh generation has already been accomplished. But algorithms of the
mesh gencralion are still improving, and new algorithms arc still being proposed cspcua]lv in 3-D mesh
gcncration. This section reviews the recent development of mesh generation algorithms.

Lo (1995) proposed automatic mesh generation algorithm for intersecting surfaces. In his algorithm, first cach
surface is given as a sct of triangle clements. Then intersection between surfaces is found as loops ol line
scgmenis, and the new triangular clements are regenerated locally around cach of the intersection loops. In
ship structures, mesh generation for curved surface is important, but relatively lew algorithms are published
for curved surface. One can refer the surface mesh generation algorithms (rom his relerence which are
applicable o ship structures. Ohtsubo ez al. (1992) also described the mesh generation algorithm for parametric
surfaces based on the frontal method.

Shimada (1993) developed a new mesh generation algorithm named bubble mesh gencration. The algorithm
consists ol a new node placement technique and hc conventonal  Delaunay txmmrulmon [n the node
placcment stage, cach mesh node is modeled as o bubble with a point mass and viscous damping, and the
mteracting forces hike van der Waals Torees between bubbles are delined. Alter the bubble conliguration is
obtained by numericully sol»in;j the governing equation of motion w0 yield the static foree balance, the new
nodes are placed at the center ol bubbles. This algorithm s reasonable for generatuon of well-shaped triangles.
Kawamura er af. (1994a) also proposed a new nodc placement lcchmqm W generate quadrilateral elements
around stress concentrated area. The technique s applicable to curved surtaces.
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As shown in the previous subsection, semi-automatic mesh zeneration methed is adopted in many commercial
pre-processors. [n most of the semi-automatic methods, the complex domum Is first subdivided into simple
subregions, which are then meshed separately using conventional mapping methods. Because the each mesh in
the subregion imposes constraints on the numbers of subdivisions on the boundary, each subregion must
satisfy the compatibility with the adjacent subregions. It is time consuming to satisty the compatibility in the
domain with many subregions, because the user always have to set the edge subdivisions manually with
graphical user interface. Tam and Armstrong (1993) indicated an effective method to satisfy these constraints.
The method is based on an integer programming technique, and can be applied to 2-D, 3-D curved surtface and
3-D mesh generation.

Though a lot of mesh generation algorithms has been proposed by many researchers, there exists no
completely automated algorithm for 3-D hexahedral mesh generation. Price and Armstrong (1995) proposed a
new method for subdividing a solid into topologically simple subregions which is suitable for meshing with
hexahedral elements. This method is based on the Euler's equation corresponding to the topological property
of a solid, and uses medial surface to define the subregions. The application of this method is limited by the
topology of a solid, but itis one of the good solutions for 3-D automatic hexahedral mesh generation.

The 2-D Delaunay triangulation is widely used, because it produces well-shaped triangles- (small angles in
triangles are avoided) and satisfies the max-min angle criterion. In 3-D tetrahedral mesh generation by the
Delaunay triangulation, however, the criterion is not satisfied and the method sometimes produces sliver
elements. To avoid this drawback, Joe (1991) first proposed a new mesh generation method based on local
transformation technique, which is named max-min solid angle trangulation. The local transformation
technique is also described by Kettunen and Forsman(1995). Furthermore, Golias and Tsiboukis(1994)
- proposed the mesh refinement procedure with similar ransformations and the node relaxation technique. It is
expected that such local transformation technique is adopted to 3-D tetrahedral mesh generators based on
Delaunay triangulation. In Delaunay triangulation, the original Watson's method is a standard algorithm and
widely applied to 3-D problem. This algorithm itself is, however, not always applicable to the domain which is
constrained by the surface mesh, adjacent objects with different matenial properties, and degenerate node
configurations. Wright (1994) indicates a good algorithm to avoid illegal cases when the Delaunay algorithm is
applied to these situations. This kind of algorithm is called constrained Delaunay triangulation, which is also
an important algorithm to construct reliable 3-D mesh generators.

Some improvements in advancing front method are proposed by Jin and Tanner (1993) and George and
Seveno(1994). Both of them pointed out the classical difficulties in advancing front method such as the
difficulty in controlling the element size or the inefficiency of searching process. George and Seveno proposed
a control ‘space generated by the Delaunay triangulation, and succeeded in controlling the size of generated
clement. They also proposed a neighborhood space based on the tree data structure to search nodes and edges
effectively.

Frey et al.(1994) and Yeker and Zeid(1995) described the 3-D mesh generation algorithm based on the
decomposition of the space by the collection of cubes. These algorithms can be regarded as the improvement
of the octree method. In octree method, the domain is enclosed in a cube which is recursively subdivided into
octants. Because cubes are not subdivided in the proposed method, the new algorithms are simpler than the
octree method. -

Recently, new analysis method named Element-Free Galerkin Method, by which analyst does not need to
generate mesh of the domain, has been proposed by Belytchko et al.(1994). [n Domain Composition Method
proposcd by Charlethworth et al. (1994), it is permilted to generate overlapped mesh between subregions of
the analysis domain. Though these methods arc very interesting, they are still in a rescarch stage at the moment.
[tis expected that the scale of problems will become larger, and 3-D solid analyses will be carried out for more
complex geomelry as the computing capability develops. Therefore, the mesh generation, especially 3-D
hexahedral mesh generation, becomes more important, and worth studying in the next several years.

2.3.3  Finite-Element Model-Generation Based on Product Model

For the improvement of productivity of shipbuilding industrics, there is a trend toward the use ol 3-D CAD
systems: At the same time, standards of product data have been gradually developed [or the exchange of digital
dat among different organizations. With the advancement ol these computer technologies, the need is growing
for the rescarch on the Finite Element Modeling associated with the Product Model. Nomoto and Takechi
(1993) and Aoyama er al.(1995) implemented a structural analysis system based on a product delinition system
which was originally developed Tor the manulacture of ship stwuctures. The mformation ol the product model
arc revised and the structural functions ol structural members are introduced so that the finite clement models
can be generated by the system.



Chisubo er al. (1991, 1992) and Kawamura ez al. (1993, 1994b) developed an object-oriented finite element
modeling system for ship structures. This modeler is based on two new concepts, part object and object-
oriented data structure. Ship structure is defined as a collection of part objects and their relations. Each part-
object consists of the geometry and analysis conditions such as boundary conditions, loads, material and
degree of mechanical importance. All the data necessary for the analysis, as well as the oenerated finite element
and the relations among the data are treated as the ObjGC[S Fully automated mesh generations are implemented
by applying frontal method to each part-object.

2

Further it is shown by Ohtsubo ez al. (1994, 1995) that different finite element models with varying
idealization levels can be automatically generated from a uniquely defined product model by introducing " Part
Name" and "Part Type" concepts. Fully automated and flexible finite element modeling systems based on the
product model, as described above, can be expected not only to reduce the analysis eost but also to reduce the
subjective uncertainties through the resulting standardization of the analysis models.

2.3.4 - Adaptive Methods

Extensive studies have been carried out in the basic problems areas of adaptive finite element analysis. For the

postenor error analysis (Kltamura et al. 1993; Babuska er al. 1993), an objective validation pnnc1ple of
posterlor error estimators, using the robustness index is proposed and numerical validation of various
estimators, so far proposed, are camed out for the case of general meshes (Babuska et al. 1994). Mathematical
investigation of the quality of error estimators based on averaging techmques is presented by Babuska et al
(1993). A simple technique suitable to the practical use for esmrnatmo a posterior error is proposed by
Kitamura et al. (1993), based on the local equilibrium of remduals

As for the mesh refinement, an adaptive global-local refinement strategy, aiming at the analysis of local
phenomena, is presented by Fish(1994). Aloonthm for adaptive refinement of tnanoular element (Nambia et al.
1993), solution teehmques for the p-version analysis method (Papadrakakis 1994) and the important
problems of singularities (Gua ez al. 1994), and boundary stress extraction (Fukuda 1993; Wiberg er al. 1994,
Niu and Shephard 1994) have also been researched, as well as the extensions to shell element problems (Leino
1994), nonlinear problems (Kitamura et al. 1995; Mucke et al. 1995), and coupled problems (Demkowics and
Oden 1994).

Practical adaptive systems have been implemented for 3-D linear elastic problems (Kocvra 1993; Pressburger
and Perruchio 1995). Fully automated adaptive FE analysis system is developed for homogeneous elastic solid,
integrating geometric solid modeler, mesh- generator, analysis processor, error evaluator and analysis control
processor (Pressburger and Perruchio 1995), where the adaptive process is implemented by using h-p
multigrid method for linear and quadratic' tetrahedron elements (David and Pressburger 1993). In the reference
by Kouvm (1993), a newly developed multi-grid technique is apphed for an anal\/sm system of 3 D lincar
clastic problems using quadratic hexahedral clements.

Along with these development of practical tools, the adaptive finite element analysis is expected to become
more common in structural design.

2.4 Reliability Analysis

A co-operative rescarch project called Reliability Methods for Ship Structural Design (SHIPREL) [unded by
BRITEFEURAM was aimed to develop reliability based methods lor ship structural design, in particular by
calibration of design rules, the results of which were reported in a special issuc of Marine Structures (Guedes
Soarcs, 1996). There were ten papers in this special issue and some ol them are of interest o this committee
report.

The paper by Guedes Soares and Dias (1996) dealt with the probabilistic models ol stll water loads and it was
concluded that these models are ship dependent and manly governed by the ship length. Furthermore, on a
given ship or class ol ships, dilferent probabilistic models may be applicable, depending on the routes. The
paper by Schellin ef al. (1996) dealt with the uncertainty in the predictions ol linear wave induced load elfects,
including both two dimensional ship theory and a three-dimensional pancl method while a paper by Guedes
Soares ¢t al. (1996) dealt with the formulation lor long-term assessment ol non-lincar wave induced vertical
wave effects. The paper by Soares and Garbatov (1996) dealt with the faugue limit state of the primary hull
structure with tme vartant formulations and includes the corrosion elfect.

Pu e al. (1996a) proposed an algorithm for the ulumate stength ol analysis ol sullened plates which s
calibrated using considerable amount of experimental and numertcal daty, and it was found that there was @
constderable reducuon in the model uncertunty luctor. Reliabiity analysis was then carried out using
Advanced First Order Second Moment method (AFOSM), the Second Order Reliability method (SORM) and
Monte-Carlo simulaton w investigate the accuracy ol first and second order methods. Structural system

S



reliability method was applied o a built SWATH ship by Pu era/. (1956b), where a typical ransverse frame in
the SWATH was idealized by a two-dimensional model through a series of finite element analyses. The
significant failure modes were identified by an extended B-unzipping method, and the system reliability index
was then evaluated by Ditlevsen's bounds. [t was found that the most critical section is in the haunch area.

The paper by Kaminski er al. (1993) described a method for the probabilistic fatigue design of semi-
submersibles which took into account the total life cycle cost consisting of initiations cost, inspection risk,
repair risk and failure risk. Application of the system was made to an existing design, and the system can
allow systematic parameter variations of the design approach and can investigate the consequences of such
variations on the life cycle cost.

The paper by Gierlinski ef al. (1993) demonstrated a software RASCS for the structural integrity analysis of
fixed offshore structures using both deterministic and probabilistic approaches. The assessment includes
studies of structural redundancy and damage tolerance, and the system incorporates various computational
tools of ‘environmental load modeling, linear elastic analysis, deterministic progressive collapse and system
reliability analysis. The paper by Lee et al. (1993) described an algorithm for the reliability. analysis of
structural systems, including offshore structures. The response surface approach is used and investigation of
several different forms of response surfaces are presénted.

3 REVIEW OF STRUCTURAL DESIGN GUIDELINES
Ship Structural Analysis Systems Developed “by Classification Societies

To cope with the ever increasing demands of the ship performance and safety issues, several structure analysis
procedures have been developed by classification societies t0-assist designers in-assessing the strength and to
streamline the classification works. All the systems have been developed or refined in the recent couple of
years so that reports-of experiences from users are still limited at this moment. Among those developments, the
systems issued by ABS, LR, BV, NK, DNV, and GL are described in this section.

System of ABS ' ‘

ABS introduced structural analysis procedure DLA(Dynamic Loading Approach) in 1991. The key part of this
approach is the determination of realistic dynamic loads and the load combination effects acting on a ship
structure. The procedure is basically a full ship FEM approach. Strength is evaluated at each selected dominant
load parameter in an extreme condition in a design life. The principles of the approach can be applied to the
most ship types for the evaluation of structural strength in a presumed design life.

Based on the experience of DLA and by directly formulating the dynamic load, ABS launched the SafeHull
system as a highly streamlined tool for the design and- evaluation of structural strength of tanker and bulk
carrier greater than 150 m in length (ABS, "1993b, 1995b). A set of PC-computer software program has been
developed and distributed along with the guidance books which elaborate a new set of strength standard for the:
determination scantlings of structural members based on a systematic considerations of dynamic load cffects.
As Tsuda (1995) explained, in order to investigate the strength of various structural members by the lirst
principles, responses from dominant dynamic loads should be assessed properly.- That is achieved firstly by a
simplified engineering method including the assessment of critical loads of cach members, responsc
assumption, and acceptance criteria for sizing the scantlings. Sccondly, the resulting scantlings will be used as
preliminary scantlings for the further analysis which includes several three-hold 3-D FEM analyscs and
subsequent 2-D refined analyses. Combined cffects of full structure under instantancous dynamic loads arc
considered. Stress response ol each member is subjected (o the detailed strength assessment including yiclding,
buckling, and ultimate strength. Such two-step evaluation procedures are called Phase A and Phasc B analyses,
respectively.

Also a *net ship™ concept has been applied in the SalcHull, where analyses arc exceuted with “net scandings. ™
Final design scantlings are the sum of the net scantling and the nominal corrosion margin in various positions,
which are based on the average corrosion deduced [rom the data base. Fatigue strength ol longitudinal
stilfeners with difTerent end attachments can also be investigated in the Phase A process, where a standard
design life 15 assumed as 20 years. A good correlaton between predicted lives and service data has been
reported by Conlon (1992).

[n Phuse B, 3-hold models are required, which extend one hold torward and one hold alterward 1in order o
minimize the boundary effects. Only mid-hold results are used for strength assessment. Mesh sizes ol the
models basically follow the arrangement of supporting girders and transverse web (rames. Membrane plate
and rod clements which represent the stiffeners are used all over the model. Beam clements are used in the
locations where out of’ plane stiffness is important (ABS, 1993b, 1995b). There are 8 loading condiuons tor a
tanker and 10 loading conditons lor a bulk carrier defined as the basic design conditions o be investgated.



Final stresses subject to failure mode check are composed of primary stress, secondary stress and tertiary
stress, which include all the possible contributions of stress elements in the linear elastic field.

By the explicit assessment procedure for each structural element, it is possible to achieve a uniform safety
throughout a ship. The tanker and bulk carrier versions of the SafeHull gmdance hz}ve been incorporated in the
Rule as mandatory part from May, 1996 (ABS, 1996a). The container ship part of SafeHull guidance has just
been issued and can be applied on an optional basis at the time of December, 1996 (ABS, 1996b)

System of LR : '

LR has recently launched SHIPRIGHT procedures, which include a wide range of application. For tankers
and bulk carriers greater than 190m in length, structural design assessment (SDA), and fatigue design
assessment (FDA) are the two mandatory analyses in the SHIPRIGHT procedures (LR, 1994, 1995, 19964,
b).

SDA is a FEM analysis procedure, which specifies the modeling method, the loading conditions critical to
various structural members and corresponding acceptance criteria for the design. Models should in general be
extended half hold before and after the mid hold to minimize the boundary effect. Mesh sizes follow the
panel-stiffener arrangement (LR, 1996a). Plate, rod and bar elements are used to represent the in-plane
stiffness and out-of-plane stiffniess of the structure.” Responses of the structural elements are subjected to
yielding and buckling checks, considering the combined stresses effects from both the local and global hull
girder load-effects. - ol : '
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FDA includes three levels of assessment (LR, 1995, 1996b). In most cases, . the fatigue strength of stiffener - |

connections needs to be checked by level 2 assessment. A PC-based program is developed in assistance with
the investigation in the level 2 stage which is basically a first principles approach. Responses at hot-spot
locations of stiffeners in way of end attachments are assessed by simplified FEM beani model or by stress
concentration factors from the internal data base (LR, 1995). Rigorous procedures are performed in wave load
and motion estimation, voyage simulation, short and long term predictions in.order to achieve the stress
histogram for assessing the accumulated fatigue damage in various locations. The program runs under MS-
Windows with a graphic front end.

System of BV ,

BV launches the VERISTAR system with a set of PC-based software to assist a designer applying the rule
strength requirements (BV, 1996). 3-D FEM analyses are also applied to three-hold models. Longitudinal
elements of the model can be extruded conveniently from the MARS input data, which is the check routine of
the Rule based scantlings. Transverse members and bulkhead structures can be built into the model
interactively or manually, and visualized promptly on the screen. The mesh size of the model basically follows
the arrangement of major supporting structures. All the nodal forces and boundary forces of the loading
conditions specified in the rule can be imposed on the model automatically. Internal check routine is also
included providing a convenient evaluation tools to display the insufficiencies of the scantlings so that design
improvements can be made easily. Procedure for a tanker and a bulk carrier have been announced at the time of
September, 1996.

System of NK
The most significant system developed by NK is the PrimeShip-ASSAS, a procedure which starts from wave
load calculation to global 3-D full ship model analyses and to the local strength assessment (Tsulsui ef al.

1996). Efficient modeler and interface programs (translator) between each steps of analyses arc also developed.

Strength of structural elements based on yielding, buckling, and fatigue criteria can be assessed in an
integrated post-processing program.

System of DNV

Computational Ship Analyses(CSA) procedure is the structural analysis system developed by DNV, which is
applicable to a tanker, a bulk carricr and a container vessel (DNV, 1995, [996a). There are two levels of
application, CSA-1 and CSA-2. CSA-1 is a relined rule requirement procedure which requires two-hold model
subjected to the rule-delined loads and the rule-specified aceeptance criteria, while CSA-2 is a sophisticated
procedure which requires full ship model applying wave loads and motons derived rom direct wave load
analysis including more detailed buckling and fatgue strength aceeplance criteria. A design lile ol 20, 25 or 30
years can be sclected in the CSA process. Besides, the CSA procedure requires the hull girder bending
strength evaluation based on the ultimate collapse strength both under intact and damaged conditions, which is
unique among the classificaion societics. A highly integrated PC-based soltwiare wol "NAUTICS HULL" s
now under development, which includes the full sets of CSA procedures for assisting industries in applying
the rigorous procedures.

System of GL
Dirccet caleulation method of GL (Payer and Fricke, 1994, Franc and Fricke, 1995) is an FEM approuch which



uses overall or partial hull models and is especially suitable for the structural analysis of modern cargo ships
with pronounced line curvature and ships with long haich openings. Within the approach, an advanced design
wave approach is adopted to simulate the ship operating in the most unfavourable wave situations during the
selected design life. The results of the finite element analysis are checked with respect to deformations,
permissible stresses, buckling strength and fatigue strength at structural details. A new PC-based design tool,

“named POSEIDON, has been launched by the end of 1996. The first version allows the description of the
structural geometry of any ship type and the automatic determination of scantlings based on hull girder bending
moments and shear forces as well as local loads. The generation and analysis of partial hold models is under
development. : ‘

4 OFFSHORE STRUCTURES
4.1 Introduction

This chapter reviews the main development within fatigue behavior of tbular joints, local joint flexibility,
buckling, and pile-sleeve grouted connections. ‘ - : '

4.2 Tubular Joints
4.2.1 General

Today designers can .approach fatigue problems in two. different ways with varying degree of refinement. The
simplest and by far most applied procedure is to use a hot spot stress method in association with S-N curves
and a Miner-Palmgren approach. This methed represents the industry standard, and has lately been thoroughly
updated based on extensive experimental and theoretical work carried out during the last decade.

The more complicated and hitherto less used method is to base the fatigue design on a fracture mechanics
analysis. Progress is being done in this field, but mainly on an academic level for investigation of special
effects, or in association with advanced inspection planning programs. Due to the inherent uncertainties of the
initial flaw size, crack growth and threshold effects, a fracture mechanics analysis normally requires calibration
based on tests. Alternatively, it may be used in comparative analyses for which the (normally unknown)
initiation conditions are identical. : :

For both the above methods the development mainly takes place within three fields: 1) simple joints and basic
approaches, 2) multiplanar joints, and 3) internally stiffened tubular joints. This section aims at covering major
aspects of 1), while 2) and 3) are not covered in detail.

4.2.2 Hot Spot Stress Approach

Since the mid 1960’s extensive research has been conducted on large tubular joints. Most of the early work
was conducted in the United States, but since the mid 1970’s, the majority of the work has been performed
clsewhere. In particular the European Coal and Steel Community (ECSC) has placed studies in many
European countries, and in parallel similar work has also taken place in other countries (Dimitrakis and
Lawrence, 1994).

Soon after the beginning of the North Sea oil and gas exploration and production it became clear that the
design principles then used for Gulf of Mexico steel structures did notadequately cover the fatiguc problems in
the much more hostile North Sea environment. This started a development with a strong focus on fatigue
problems, and especially Great Britain and Norway have carried out extensive rescarch and development in
order to establish a more reliable basis for the design of welded offshore structures.

[n the carly days most of the fatigue testing was performed on rather small models, which with hindsight has
turned out to be insufficient. A milestone was passed in 1984 when the Departiment of Encrgy’s code
(Otfshore Installations, 1984) incorporated the first full-scale test results in the S-N curve lor tubular joints,
the T curve.

The T curve was a design S-N curve lor tubular joints in air to be used together with extrapolated hot-spot
stresses. The effects of sea walter and cathodic protection was taken into consideration by using a lil'c reduction
factor ol 2 on air data for unprolected welded joints, while cathodic protection was assumed to restore “in air”
behavior. Also, the code gave guidance on size effects by introducing a thickness reduction tactor on the stress
range tor thicker members. ‘

Since 1984 more large scale tests have been conducted, and significant effort has been devoted to screening
processes ol the test databases for tubular joints, (Stacey and Sharp, [995a; Dimitrakis ef al., 1995; Lalani,



1992). This has established a greatly improved background for reliable fatigue calculations, but many of these
results have yet to be implemented in design codes.

According to Stacey and Sharp (1995a) the principal codes for offshore steel structures are now Guidance on
the Health and Satety Executive (Offshore Installations, 1990; Offshore Installations, 1995), API RP 2A (API
RP2A, 1993), CAN /CSA-S473-92 (CAN /CSA-S473-92, 1992) and the smndard being developed by the

- ISO TC67/SC7/WG3 Joints/Fatigue Technical Core Group. Of these the currently most developed is the
Guidance on the Health and Safetv Executive document. The detailed baekoround to the HSE guidance is
published in Fatigue Background Guidance Document (1995). Because the new HSE fatigue ou1de represents
state of the art, and the fact that the latest US research recommends these results to be unplemented in API
RP2A, the following will generally be based on Stacey and Sharp (1995a), with comments made to other
sources where appropriate.

S-N Curves

One curve is defined for all tubular joints, the T’ curve. It has been derived from a database with chord
diameters D > 150 mm, chord thicknesses T > 16 mm, and from specimen that failed at the chord. The
majority of the joints in the database had chord wall thicknesses of 16 mm and 32 mm, and the fatigue life is
defined as the number of cycles corresponding to throuOh-wall cracking.

The T’ curve includes the local weld notch eff ect, but not the geometric stress concentration factor, which must

be calculated separately in each case. It apphes directly to. Jomts with plate thicknesses up to 16 mm, for greater
thicknesses a thlckness correction factor 1s used. A

Three basic T* S-N curves are defined: 1) fatigue in air; ’)) fatigue in Sea water with cathodic protectlon and 3)

fatigue in sea water with free corrosion (see Flcures 1 and 2). The S-N curves are given by
Log1 ON = Log1 OK -m: Log1 OS B (4

The slope of the fatigue curves, m, has been fixed at the value 3. The T’ curves have been found as the mean
S-N curve from the data base minus two standard deviations of Log,, N. For fatigue in air and for fatigue in
sea water with cathodic protection there is a change in slope at (V,,, §,) where m chances from 3 to 5. There is
no change in slope for fatigue in sea water with free corrosion. The full range of constants for defining the S-
N curves are given in Table 4.

Table 4 Constants for T” design.S-N curve (from Stacey and Sharp, 1995a)

Environment | S, N, Sz =S, Sg <38,
(MPa) ' (Cycles) Log,K | m | Log K | m
Alr 67 107 12476 {3 | 16.127 | 5
Seawater
(cathodic | 95 |} 745.10¢ | 12.175 | 3 | 16.127 | 5
protection) :
Seawater
(free 2 |3
corrosion)

There s no direct weld shape pammucr influence as in API RP2A, butin the HSE 1990 guidance it is stated
that an improvement of a factor 2.2 on life can be obtained by controlled machining or ;:nndmg, of the weld toe.
[tis specifically recommended not Lo take this clTect into consideration at the design stage.

The current API RP2A (API RP2A, 1993) uses the X and the X curve where the X curve is used for tubular
joints which do not have weld profiles that smoothly merge with the base metal at the weld toe. These curves
were originally obtained from small scale tubular jomts and lillet welded plates tested in air under constant
amplitude loading. In addition they were intended 10 be used with a different hot spot stress definition than the
one now uscd. The API curves were based on a Local Hot Spot Stress Runge delinition where stress (strain)
was direelly measured as close as practically possible to the weld we (Dumual\xs and Lawrence, 1994).
However, it s now widely recognized that these curves are 1o conservative (Dimitrakis ef al., 1993).

Alter inclusion of full scale tests and a careful sereening where in particular the very thin chord thickness data

=
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(6 mm) have been excluded, recent American research (Dimitrakis ez al., 1995) has found similar results to
those in the HSE 1990 guidance. They therefore recommend the use of the T’ curve in.future API RP2A

revisions. .
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Hot Spot Stress Range o

European research concurrently recommend the use of a linearly extrapolated Geometric Hot Spot Stress
Range. The extrapolation is performed with stresses (strains) measured by two strain gages (A and B in Figure
3) located in the region of stress linearity. The local weld notch effect due to the weld shape is included in the
S-N curve. Both the HSE guidance and Det Norske Veritas (Fatigue Handbook, 1985) follow these
recommendations, but they recommend different values of the parameters a and b. Normally the same

extrapolation points are used for experimental values and for-calculated (FEA) values. : :

b stress distribution fJurther concentroted
by geometry of weld Szcd at toe in
this region.
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Figure3 . HSE hot si:ot stress range definition (from Offshore Installations; 1982)
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Thickness Effect -

Itis now generally accepted that thicker members have a shorter fatigue life than thinner, i.e. for joints with
“thicknesses exceeding the basic thickness (1) a penalty factor should be applied. This is done by modifying the
stress range S with a thickness correction factor so that the corrected S-N curve is given by

() |
L0g10N=LogloK—m-LQg10L 2 J ‘ (5

@]

In this equation #; = 16 mm and g = 0.3 should be used.

The thickness correction factor should be used for the member under assessment (chord or brace). The API

" (API RP2A, 1993) introduces a somewhat similar thicknéss correction on chord fatigue life based on the brace
thickness, but this approach is not recommended. Instead, the above HSE approach is recommended for future
API RP2A revisions (Dimitrakis ef al., 1995). I : :

The thickness effect has been subject to several test programs in recent years, and it has been demonstrated that -

the previously used value of g equal to 0.25 is not necessarily conservative for very thick joints. Recent
research (Stacey and Sharp, 1995a; Dimitrakis et al., 1995) tend to agree on a value of 0.29 or 0.30, which
has been implemented as 0.3 in Offshore Installations (1990). Itis known that the thickness effect is not fully
described by the above simple equation since it also depends on the joint geometrical parameters and the SCF.
However, due to the limited data available a thickness correction factor of 0.3 is recommended unless
supported otherwise by experiments or fracture mechanics analyses.

Effect of Environment

New data covering the effect of sca water have become available and have been normalized to 16 mm thickness
using a thickness exponent of 0.3. The results show that the faligue lives for tubular joinis in sea water are
lower than in air. Tubular joints with cathodic protection have been found to have fatigue -lives of
approximately half of those in air (or lives less than 10° cycles, and approximately equal lives for higher lives.

For tubular joints with free corrosion a signilicant reduction on fatigue lives has been found. A mean reduction
factor of 3 on both short and long lives in combination with a constant-N curve slope is recommended (Staccy
and Sharp, 1995a; Dimitrakis ef al., 1995). These lindings have been implemented in the new HSE fatigue
guide using the details given in Table 4.

Stress Concentration Factors :

[n practical design work SCF's are normally derived from parametric equations whenever possible,
alternatively determined by FE analysis, or quite rarcly, determined by experimental methods. [t has long been
known that the choice of stress concentrauon factor 1 crucial in any [aiguc analysis, and the benefits of the
different SCF formulae have been the topic ol many papers. Some pragmatic insight was established when
Tolloczko (1991) performed a review of existing SCF lormulae and gave clear recommendations in favor of

14



the Underwater Engineering Group (1985) and Efthymiou ( 1988) equations.

When FE analysis is used to determine SCF’s it is often found that the SCF's predicted by parametric
formulae are somewhat conservative, but this is unfortunately not always the case. The 1990 HSE fatigue

guide has taken the consequence of this, and reviewed the application of a large number of parametric formulae

for accuracy and reliability. The result was that only the equations given by Efthymiou (1988) and Lloyd’s
Register (Smedley and Fisher, 1991) could be recommended. Neither of the SCF sets could be recommended
for all situations. ' :

High Strength Steels .

Very limited fatigue data are available for high strength steels, and according to Stacey and Sharp (1995a) the
fatigue performance of higher strength steels cannot be confidently predicted. It is thought that the effect of sea
water on fatigue performance for high strength steel is more detrimental than for medium strength structural
steel due to a greater susceptibility to hydrogen cracking. This susceptibility is known to increase with
increasing yield strength and increasingly negative cathodic protection potential. The 1990 HSE guidance
therefore only recommends its T" curves to be used for steels with minimum guaranteed yield strength of up to
400 MPa for tubular joints. For higher yield strength steel it recommends data from an approved test program
or a fracture mechanics analysis to be applied.

However, indicative results from a small test series on large scale double T-joints in high strength steel have

now become available (Agerskov er al., 1994). The investigation compared double T-joints subjected to

inplane loading of conventional offshore structural steel with a yield strength of 363-381 MPa to similar joints
made from high strength steel with a yield stress of 820-830 MPa. The results showed fatigue lives for the
high strength steel joints to be between 0 and 20 % longer than for the joints of conventional steel. It should be
emphasized that the number of test results was too limited to allow any significant statistical analysis to be
performed. )

Limiting Miner Sums

Most often fatigue damage accumulation in offshore structures is determined from the Miner sum without
special consideration to the details of spectrum loading from the underlying wave action. This means that a
Miner sum equal to unity is taken to predict the endurance to through-thickness cracking.

Newer research questions this approach. In Agerskov et al. (1994) tests with different types of spectrum
loading were carried out on both ordinary steel and high strength steel double T-joints subjected to inplane
loading. Fatigue tests with varable amplitude loading were carried out for both narrow-banded and broad-
banded spectra. The variable amplitude loading was generated by a computer program that simulates a
stationary Gaussian stochastic process in real time. The irregularity factor / was defined as the number of
~ positive-going zero-crossings divided by the number of maxima of the stress history. A narrow band loading
has a irregularity factor close to unity, while the load spectra considered for the tubular joints were based on
the PM wave spectrum and had irregularity factors of 7 = 0.82-0.84. The number of tests were too limited to
draw firm conclusions, but there was a clear tendency that the Miner sum decreases with the irregularity of the
spectrum. For both ordinary steel and high strength steel values of the order M ~0.75 were found.

Somewhat similar results were found by Tomita ef al. (1992) for ship structural members. For variable
amplitude loading it was found that the fatigue life clearly depended on the load (stress) history. Fatigue crack
growth rale, crack opening point and threshold stress intensity factor all depend on the load history in the
sense that they are dominated by the time when the larger loads appear in the time history and their pattern of
appearance.

Implications of the HSE 1995 Guidance

[n Stacey and Sharp (1995b) the influence of the new guideline on the design of fixed platforms has been
investigated. In particular the importance ol the three main clements ol the analysis; i.e. the S-N curve, the
thickness exponent and the sclection of the SCF was sought highlighted.

The S-N curves in the HSE 1990 guide and the [995 edition have been summarizes and compared in Table S.
As can be seen the major changes of the HSE guideline are:

* arcvised air S-N curve [or tubular joints with a base thickness of 16 mm

¢ aninereased penalty lactor for tubular jotnts i sea water with cathodic protection

* anncerecased penalty factor for tubular joints in sca water under fTee corroston

* arevised thickness elfect

A deep water, a shallow water, and a lift deep waler platform subjected 0 North Sea environmental loadings
were considered. The ussessments concentrated only on fatigue lives using Jdynanue spectral faugue analyses
for the deep water platlorms, and a determunistic fatigue analysis for the shallow water platform.

~j
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Table 5 Companson of S-N curves in the HSE 1990 and 1995 edition

Property 1990 edition 1995 edition
Basic thickness 32 mm 16 mm
Thickness = correction | 0.25 0.3
exponent
Penalty on life for free |2 -3
corrosion (relative to air ‘
curve)
S-N curve for sea water | Same S-N_curve as Penalty factor:
(cathodic protection) for air * 2 for short lives (< 1.75 x 106
cycles)

+ | for long lives
Transitton point on S-N | N = 10’ N=174x10°
curve for sea water with
CP

The study showed that the choice of SCF equation has a larger effect on the fatigue lives than any other
parameter. Even when the recommended equations in the revised guidance are used' the choice of parametric
SCF equation has a large effect on the predicted fatigue lives. An examination of the ten most critical joints for
each platform indicated that the choice of SCF equation could cause the fatigue life to vary by a factor of up to’
7 for joints in the deep water platforms, and up to 4 for the shallow water platfonn

Disregarding SCF effects the revised fatigue g guidance is more onerous than the 1990 guidance. The penalty on
fatigue life was approximately 1.25 for the majority of the-tathodically protected Jomts though it could be as
high as 1.5. The penalty for freely corroding joints was approumately 3. The modification of the thickness
correction exponent from 0.25 to 0.3 was found to have a relatively small influence.

4.2.3 Fracture Mechanics Analysis

A interesting fracture mechanics analysis was performed by Berge er al. (1994) who analyzed two joint
configurations (a double T-joint and a single T-joint), one of which was also investigated experimentally (the
double T-joint). It was found that the fatigue life of tubular joints not solely depends on the hot spot stress, but
also is influenced by the through- thxcl\ness distribution of stresses. Further, it was claimed that the hot spot
stress approach in some cases (Iow degree of bending) may lead to unconservative predictions of fatigue lives.

" Two types of analysis were used: 1) a 3-D shell analysis with Y compliance calibration based on line spring
model computations, and 2) a simplified 2-D plate analysis with (and without) a load shedding model. The
through-thickness stress distribution was described by'a degree of bending parameter, DoB defined as the ratio
between the bending stress and the total stress (maximum principal stress) '

SN-curves for the two tubular joints were calculated and demonstrated to be in close accordance with the
experimental data, which was taken as a proof of the model to adequately represent the fatigue crack behavior.

The calculated cffect on fatigue life as a function of DoB has been shown in Figure 4. The figurc shows both
the result of the extensive FE calculations, and the results from the simplified plate solutions with and without
load shedding implemented.
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It was concluded that the 3-D shell finite element {racture mechanics model is able to predict DoB effects quite
accurately, and that simplified 2-D models give results in good agreement with the 3-D analysis. It was further
suggested that with the development of parametric equations for DoB similar to the SCF formulae, the DoB
effects may be implemented in design codes relatively easily.

4.3 Local Joint Flexibility

It has long been recognized that the inclusion of local joint flexibility in a global frame analysis produces
results that may be quite different from those from a conventional rigid-joint analysis, see Elnashai and Gho
(1992). The local joint flexibility (ILJF) of a tubular joint is causec} by the chord wall deformation, and it
generally tends to relax member-end forces and moments. By considering LJFs in the structural model the
structural demands on both the joints and the member-ends can therefore often be reduced as compared to
those calculated by the conventional rigid-joint frame analysis.

Especially in re-analysis of existing structures it may be attractive to introduce LJFs as this may lead to less
strict inspection schemes, and potentially avoids costly underwater strengthening work.

A thorough review of the analytical and experimental work to determine LJFs can be found in Buitrago et al.
(1993). It contains a general methodology to calculate LJFs for planar tubular joints based on results from FE

analysis, and it gives a new set of parametric formulae for single-brace, cross-brace and K-joints. The

methodology has been validated by comparing the analytical LJF results to experimental data.

A discussion of the practical implementation of LJF in conventional frame analysis of offshore structures is
also presented. It is argued that LJFs can be modeled by a set of three springs, one axial and another two in the
in-plane and out-of-plane rotational directions, at each brace-chord intersection. In this model, the explicit
springs are connected to the brace at one end and to the chord centerline at the other end, via a rigid link. The
spring stiffness constants are equal to the inverse of the IJF values calculated from the given equations or
customized FE analysis. In the case of cross or K joints, the brace cross effects are implicitly accounted for by
superimposing LJF influence factors.

A detailed procedure to determine LIJF for a general two-brace multiplanar joint is given in Hu ef al. (1993).
The author determines the local flexibility matrix for the joint based on total shell deformations reduced by the
beam contribution, and further develops an equivalent element to incorporate the ILJF into the analysis. Based
on terms from the LJF matrix the stiffness matrix of the equivalent element is derived for inclusion as a general
clement in a standard space {rame analysis program. : :

- In Romeyn et al. (1992) the finite element modeling aspects of mulitplanar XX-joinfs are investigated. This
reference shows that the correct modeling of LJF is no trivial job, since the flexibility determined clearly
depends on the type of element used, integration scheme, mesh refinement, and whether the weld shape was
included or not. The main findings were that the use of 8-node shell elements exhibits a more- flexible behavior
than the 4-node shell element, and is considered more accurate. The joint flexibility increases with mesh
density towards a stable value after a certain mesh refinement, but the flexibility determined depended on the
integration scheme used, and whether the weld shape was included or not (stiffer with the weld shape
included). :

4.4  Buckling

Offshore platforms arc the most recent large lield application for shell structures. The design of such structurces
is still evolving and involves aspects of both structural (civil) engincering and naval architecture. Since axial
loading tends to be dominant, it was natural that acrospace rescarch would also be incorporated (Singer, 1976).
Slender shell plating tends o be used (R/t=200-500), similarly o acrospace shells, but ring collapsc is
designed out using submarine design criteria.

Design requirements were initially based on test data mainly composed ol acrospace lests in the clastic range
(Miller, 1977). A number ol lest programs were then sct up in order o investigate the buckling of stillened
cylinders under combined axial and pressure load (axial being dominant) in the elasto-plastic range. A major
program was led by Conoco Oil and ABS involving experiments carried out at CBIL [ndustries [ne. and at the
University o Glasgow (Miller and Grove, 1983 Frieze and Sands, 1984). This experimental work has been
used o validate analytical models for further reliability analysis (Das et al., 1984, Das [987), and has been
successtully incorporated into some ol the leading offshore design codes. Another major rescarch program
was carried out in the UK., led by the Department of Energy and the Science and Enginecering Research
Council (now EPSRC) involving the Imperial College, the University College and the Universites ol
Glasgow, Liverpool and Surrey. The strength ol undamaged suffened shells under complex loading wus a
leading 1ssue, but also new aspects of shell research were treated such as the residual strength of damaged



shells {Walker er ., 1987; Cho and Frieze, 1986; Ronalds and Dowling, 1585; Onotriou and Harding, 1985;
Kwok et al., 1587). Analytical and numerical models were validated in view of these experiments.

Having gained more confidence on the strength models, research was initiated on reliability based buckling
deswn Reoressmn formulae derived from a FE code were used to estimate buckling loads in rehablht\/
dnalV31s Further work was carried out to improve the statstical modeling of the initial imperfections. New
research is being carried out on greatly neglected aspects such as ring tripping (Louca and Harding, 1994), and
the numerical modelmg of material behavior and residual stresses.

Morandi er al. (1995) gives guidance on the design of ring frames in orthogonally stiffened cylinders affected
by axial loading and hvdrostatlc pressure. FE analvsxs of a tension leg plattorm column, using the eigenvalue
and Riks limit pomt thethods in the FE program ABAQUS, give results for bay instability and oenemi collapse.
It is shown by a second design that the first model analvzed could be redeswned with smaﬂer ring frames,
producing a considerable saving in cost and weight.

The study by Morandi et al. (1994) examines the methods of structural design for externally pressurized ring
and flange stiffened vessels using the FE analysis program ABAQUS with linear analysis of models of infinite
axial length. The results of tests with different geometries and boundary conditions, taking into account modal
interaction effects, are discussed with reference to the partial safety factors applied to the reliability analysis
and the design of stiffened pressure vessels.

In Louca and Harding (1994) the FE program LUSAS is used to carry out several FE analyses of ring

stiffened cylinders for cylinders typically found in offshore steel structures under external pressure. The semi-

loof shell element is used and shape imperfections are included in the finite element mesh. Localized torsional
ring tripping failures are simulated using a single half bay and symmetrical boundary conditions that simulate a
compartment of infinite axial length. A review of current design formulae is included, and comparison is made
between these formulae and results obtained by the FE analysis. Emphasis is placed on the reduction of
buckling resistance under external pressure caused by “out of circularity” of the cylindrical shell and shape
impertfections in both flat bar and tee type ring stiffeners.

Physical model tests of ring stiffened compartments are outlined and compared with FE tests of similar models
in Pegg and Bosman (1996). There is an emphasis in this paper on the negative effects from “out of
circularity” on the resistance to buckling of submarnine structures with secondary structural deck components.
The FE program ADINA was used with shape imperfections introduced in the FE mesh, while in the physical
model the shape imperfection is intentionally induced. There is a good correlation between physical test results
and FE results, and the 1mportance of considering the efleuts of shape imperfections in this type of design is
highlighted.

The magnitudes and distribution of shape imperfections on stringer stiffened and un-stiffened composite ply
cvlmders are measured and outlined in Chryssanthopoulos and Pog 1 (1995). These shape imperfections are
then introduced in-FE meshes. An elastic buckling analysis is carried out on the composite cylinder, and an

clastic-plastic buckling analysis is carried out on the stringer stiffened cylinder, both under axial compression.
[t is shown that probabxhsmc modeling of shape imperfections allows more accurate partial salety factors to be
predicted for use in design of axially loaded cylindrical structures than deterministic methods.

4.5  Grouted Connections

4.5.1 General

[n.the beginning ol the 1980%s significant amounts ol test data became available for grouted pile slecve
connections, and at the same time both the Department ol Energy (DOE) and the American Petroleum [nstitute
(API) issued their revised design guides for grouted pile sleeve connections. They both represented a large
step forward for the industry since transfer lengths now could be reduced 0 a lraction of the lengths then
normally used, sce Billington and Tebbett ( 1980).

Both approaches were 10 be used with an overall safety Tactor within the frames of @ working stress (WS)
conceept, while today only the DOE approach sull uses a global safety lactor instead ol o load and resistance
factor format,

Over the years many more (ests have been performed and made avarlable resulung m several dilferent tormulac
beng proposcd. [t has thus o some extent been possible with the result W refine the approaches of the design
tormulauons currently used i the industry such as those ssued by DOE, Det Norske Veritas und APL (LREFD
and WS).

[n Sele and Skjolde (1993) a database ol 750 testresults has been assessed in order o provide improsed and



updated design guidance. This source contains valuable information in relation to failure modes. saietv levels
and practical desxon implications, and largely forms the basis for what follows.

4.5.2 Failure Modes

Itis generally accepted that there are two failure modes: 1) sliding at the grout pile interface, and 2) shearing
throuOh the grout matrix over the top of the shear keys.

In a plain grouted connection without shear keys the failure mode is slipping along the interface between the
pile and the grout. Ithas been found that tensile hoop stresses are set up in the sleeve, and compressive hoop
stresses in the pile. This is due to the wedging action caused by the uneven surface of the pile. If the uneven
surface is made into an even surface the connection will experience a dramatic reduction in strength. The
strength of the connection is therefore dependent on the surface unevenness and the hoop siffnesses of the pile
and sleeve (which can be expressed by the sum of the thickness to diameter ratios of the tubulars). Together
they deterrnme the radial stress set up by the wedging action, and the friction force mobilized.

Shear keys (hoop or helical) have been found to increase the strength of grouted connections. Their effect is to
increase the surface unevenness and thus the wedging forces. By increasing the number and height of shear
keys the strength of the joint can be raised to an upper limit which is reached when the failure pattern shears
throu0h the grout over the top of the shear keys of the pile. This is the limiting capacity determined by the
grout matrix.

4.5.3 Frequently Used Design Equations

In Sele and Skjolde (1993) the formulae from DOE (Offshore Installations, 1990), Det Norske Veritas (DNV,
1990) and API LRFD (API RP2A-LRFD, 1989) have been compared for compliance with screened databases.
From the 750 test results three increasingly ‘strict levels of screened databases were developed, the strictest
screening left 187 tests for statistical treatment. All screened databases showed the "best" mean values and the
smallest COV for the DNV, API and DCE in the order given.

Further, a calibration study to derive safety factors to be used with these formulae requiring the same target
reliability as for the development of the APl LRFD code was performed. The DNV equation was adopted as
the failure mode function combined with the same wave force model as used in the API study.

The calibration study consisted in determining required values-of a material factor for the DNV rules, a safety
factor for the DOE rules, and a resistance factor for the API code.

To arrive at this result 3360 design cases were investigated; and in each case a reliability index was determined.

To combine these reliability indexes a penalty function which gave a heavier weighting to the results with
lower reliability indexes was used. One extreme approach in determining the final rcllabxllty index is to account

" of the minimum value found only, giving all other values zero weighting, the other extreme is to assign equal
weighting to all results.

[t turned out that the values obtained by the minimum value approach gave resulls very close to what was
adopted by the DNV rules (a material factor of 3) and the API code (a resistance lactor of 0.9). Conversely,
the necessary global factor of safety to be used with the DOE formula was determined to 2.7 as opposed o the
prescently required value of 4.5. [t was thus concluded that the DOE code provides a salety margin more than
50 % 1in excess of what is required to fulfill the same level of reliability as is incorporated in the DNV an API
codes.

4.5.+4 Other Considerations

Fatigue

The DOE and the API design formulations do not address latigue specifically, but it has long been industry
standard (o consider fatigue aspects implicitly covered when the ultimate strength requirements are satisticd.
This approach is supported in the standard being developed by the 1SO TC67/SC7/WG3  Connections
Technical Core Group (scheduled Tor completion in 1996/97). [ states that grouted connections complying
with the static strength requirements, and primarily loaded by cyclic wave action, do not require a detailed
fatigue assessment. [n contrast hereto the DNV appmauh addresses the | fatigue issue specilically.

The available duta on latigue strength are quite limited. An carly indicaton was given m Billington and Tebbett
(1980) by a lentative S-N curve with a limiting stress at approximately 40 % ol the static ultimate strength
below which fatigue dumage does not occur, [ was concluded that with the current level ol safety factors on
ultimate load the m)[kmw stress will be below the limiung range. This imphes that a latigie check s
unneccessary n the design.



Newer data can be found in [ngebrigtsen et al. (1990) who found that:
» Cycling in pure compression is generally less deteriorating than cycling in compression-tension.
* Plain pipe connections generally seems to have a higher fatigue capacity than connections with shear keys.

* For plain pipe connections cycled in compression or compression-tension loading where the maximum
tensile stress is less than 20 % of static load capacity, a fatigue check 1s unnecessary, provided that the
design is carried out according to the formulae for static design.

* For shear key connections specific formulae for cycling in pure compression and compression-tension
respectively could be determined. They yielded lower L&p&ClthS than the static strength, and no cut-off level
was found.

* On the other hand, as an example it was also found that thh the partial coef tments used in the DN'V Rules,
the maximum fatigue load will never exceed 64 % of the static capacity. This-seem to indicate thatin many
cases the capacity “of the connection will still be governed by static strength considerations.

Combined Loading

The referenced formulae determine the axial capacity of the grouted. pile sleeve connection, and take this item
as the primary one to be checked, irrespective of other coexisting force components (e.g. shear and moment).
In Billington and Tebbett (1980) it was found that small moments seem to reduce the emal capacity slightly,
while Iaroer moments result in an increase in axial capacity. It was also argued that the relatively large safetv
factor (4. 5) would cover a possible detrimental effect of small coexisting moments. Somewhat similar pomts
of view are presented in the standard being developed by the ISO TC67/SC7/WG3 Connections Technical
Core Group that claims, that the axial load capacity is not reduced by coexisting bending and shear. However,
this code requires torsion to be combined with the axial load so that the stress resultant of the axial and torsion
components of interface stress shall be compared to the allowable interface transfer stress. In addition, the.
torsional component of interface stress shall be less than the.capacity of the connection when considered plain
(disregarding shear keys).

Movements. During Grout Setting

In the ISOTC 67/SC 7/WG 3 Connections Technical Core Group, a new reduction factor on strength has been
introduced that considers the effect of movements during (early) grout setting. If the relative pxle to sleeve
movement during the maximum expected seastate in the 74 hour period after grouting exceeds 0.035 % D, a
reduction in the interface transfer strength shall be made. However, the detailed understanding of thi
detrimental effect is still subject to discussion. '

5 SHIP STRUCTURES
5.1 Stress Concentration

- Inherent in ship structures are in general many discontinuities due to design and construction requirements.
This applies to longitudinals as well as transverse members of all kinds of ships. [t needs no further
explanation that in view of the mostly high longitudinal stresses in the ship hull these discontinuities have to be
analyzed and evaluated as far as stress deflection and stress concentration arc concerned. These discontinuitics
are, e.g. box girder connections, big lightening holes in the side structure and/or superstructures, hatches and
other openings.

The possibilities o calculate the global stress had improved considerably by the introduction of the [inite
clement method (FEM). Thus it is now possible o analyze the complex structural gcometry and the interaction
between the individual members. In general structural details can only be roughly simulated in a FE global
model becausc of the size and the complexity of the ship structure. However, itis also possible to calculale the
stresses quite accurately at the notch of a local model. Stress concentration fuctors (SCFs) of structural details
can be caleulated by systemalic variations of load and geometry. [n view of the many different notches it is
possible to simplily the practical evaluation.

[n view ol the evaluation of the load application 1tis recommended to distinguish between two stress Lypes:

(1) Nominal stresses which, as far as the applied load 15 concerned, are often divided into global stresses in
primary members and into local stresses in secondary members as well as

(2) locally tncreased structural stresses and noteh stresses.

Conventionally, the stress analysis is based on the beam theory which is still of great importance despite the

introduction of FEM.

There are varnous methods [or the evaluation o the locally increased structural stresses or noteh stresses. The
classical method 1s the use of SCFs which, e.g. are determuined by measurements or systemate calculatons.



Here, a clear definition of the nominal stress is important.

An alternative to the use of SCFs is the generation of a local finite element model under consideration of
increased mesh refinement of the detail. In special cases a zoom-up procedure can be used for one or more
potential crack locations of the detail. Normally the nodal displacements are taken from the global model and
are applied as prescribed displacements at the boundaries of the local model. Correct results can be expected
when the rigidity of the local finite-element model is in accordance with the same part of the global model. This
has to be checked by means of the stresses in the transition region. Even better is the direct mesh refinement of
the global model at the interesting notch areas. However, this may require a lot of work if the mesh structure
has to be changed manually. Here an interesting alternative is the adaptive mesh technique.

The results are used for the fatigue assessment, also for optimization of newly developed shlps [tis e‘{pected
that this will contribute to avoid early and annoying cracks in the ship structures.

The fatigue. strength of novel welded connections, which cannot be classified by the nominal concept, can be
calculated by means of three local approaches. In these, the fatigue strength can be found by calculation taking
actual loads and geometry of the welded connection into account. The approaches are

(1) the structural stress (hot spot) concept

(2) the notch stress (local) concept

(3) the fracture mechanics based (crack propagann) concept.

These concepts were described by Niemi (1995). The weld itself was originally not shown in the hot spot
concept. Today the stress flow close to the actual welded connection is still being linearly extrapolated to the
toe of the weld. As in nominal stresses the effects of weld shape, plate thickness and fabrication quality are not
included. In this sense hot spot stresses can be considered as modified nominal stresses, which can be used
for a fatigue assessment based on a comparable notch case from codes. The structural stress concept is
problematu, in two respects. The parameters of structural geometry and geometry of the weld cannot often be
separated. A concept, which is free from notch case catalooues therefore, cannot be offered. Secondly, a
linear stress distribution. does often not exist, especially in case of finer meshes. The hot spot stress depends
on the element type and the mesh size.

The parameters of weld geometry are taken into account in the notch stress concept. This is again causing
problems because these parameters show a large scatter even along one weld. The parameters of the weld
geometry are not known in the design stage and generally are not prescribed for the production presently. This
situation has to be taken into account by a safe estimate of the varables in the calculation model. Furthermore,
homogeneity and isotropy of the material cannot be expected due to the dimensions of notch radii, grain sizes
and depth of plastic zones.

Various approaches have been followed for the estimate of ‘a fatigue effective notch factor K; from the linear-
clastic stress concentration factor K,. Empirical formulae have been presented to calculate K; from K, and
notch root radius. The experimental assessment of the K-fermulae was, however, not satisfactory. A modified
approach has been used with fixed parameters of the weld geometry. For the notch radius, a mean value of
about 1 mm was found in several investigations (Niemi, 1995).

The state of art with regard to analysis and evaluation of discontinuities in the ship structure are shown in the
following.

A comparative study of a two-phase finite clement structural analysis has been undertaken by Technical
Committee [I. [ of [SSC’94 (Sumi et al., 1995). A side structure of a middle size crude oil carrier was aken as
a typical example of orthogonally stiffened pancl structures. The first phase ol the analysis was the global
deformation and stress analysis, while the second phase was the local stress analysis at the intersection ol a
transverse frame and a longitudinal stiffener. In the global structural analysis, the importance ol the structural
idealization in the vicinity of the boundary is recognized. [n order o calculate the local stresses at the
intersection of a transverse {rame and a longitudinal stlTener, conventional zooming procedures are used in the
majority of the present studies. [t should be pointed out that not all ol the deformation modes or traction
applicd on the boundaries ol the zoomed-up model could be delined in the previous global analyses, and that
sometimes additional new members appeared in the analysis. This means that a variety of hypotheses were
introduced in the zoomed-up analyses which lead to different solutions. One way ol resolving this problem
would be to enlarge the zoomed-up region to extend o a couple of bays both in shup length and in ship
deptiv/breath dircctions, so that the elfects ol the spealic application ol boundary conditions are reduced at the
point of stress evaluation. One may also use the super-clement (or substructuring) technique, where local
models with fine-mesh subdivision arc contuned i a global model as super-clements. This solution procedure
may be cllective when a structural designer knows i advance the exact parts ol the structure where the ocal
stress analyses should be carried out. Results [rom this study are believed o be what 1s expected m current
finite element analysis and point 1o a need for a more well defined unilied approach tor fintte element analysis
ol ship structures. This is particularly important when the consequences we considered m lauguc analysts



where small differences in stress values can lead to large changes in fatigue life estimates.

The local stresses on side longitudinal frames of a bulk carrier in ocean waves are estimated by Kuramoto er ai.,
(1993) using the simulation method so called DISAM (DIScrete Analysis Method), which has been developed
originally for VLCC. Local stress (5 mm away from weld bead) at the intersection of a side longitudinal and a
transverse frame is calculated by using solid elements so that the plate thickness and the weld beads can be
modeled in the finite element analyses. It is concluded that the correlation of the stresses induced by several
load components is as follows:

(1) Internal pressure and external pressure have negative correlation. The correlation factor p is -0.6.
(2) Vertical bending stress and horizontal bending stress of a hull girder have little correlation (p = 0.1).
(3) Pressure and hull girder bending have positive correlation (p = 0.6).

* A simple calculation procedure of local stress from load assessment is needed. especially for fatigue design of
ship hull. Although DISAM is one of the solutions. to deal with this problem, it takes too much computation
time. A simplified fatigue design method for side longitudinals of VLCC is proposed by Watanabe et dl.
(1995). It is based on beam theory incorporating the results of detailed analysis with DISAM. The proposed
method is simple and easy to use, and it can cover main factors which contribute the structural response of side
longitudinals such as the superposition of multiple load components with phase differences and wave pressure
nonlinearity. The basic ideas of the method are listed below. ,
(1) Fatigue strength is assessed by cumulative damage factor using Palmgren-Miner’s rule. Shape of long
term distribution of stress ranges is taken into consideration.

(2) Nominal stress due to each load component is calculated by the beam theory.

(3) Stress due to wave pressure, relative deflection of primary supporting member and hull girder bending are,
respectively, taken into account.

(4) Wave pressure nonlinearity is considered. o

(5) Stress components are obtained by the combination of nominal stress and SCF, where SCF is estimated
by zooming analyses using solid finite elements.

(6) The total stress range is calculated as the sum of the stress components with correlation factors which
represent the phase difference of each load. p

The results are compared with the detailed analysis, and satisfactory agreement has been demonstrated.

A new slot structure to ensure both structural safety and construction casiness has been developed by
Kamoi er al. (1994). A practical use of the new structure has been studied for the application to
280,000 DWT double hull VLCC. Both static sirength analyses by FEM and fatigue strength tests were
carried out, and the fatigue strength of the new slot has been evaluated. They conclude that the newly

developed slot structure is superior to the convéntional one both in static strength and the fatigue strength so
that it can be applicable to actual ship construction.

Cheung (1995) demonstrates an actual case study of a tanker double-bottom structure to describe the various
degrees of analytical complexity associated with ship structural repairs. This is a typical example of how repair

“Lessons Learned” can be fed back into new ship design to reduce overall life cycle costs, and improve
performance. The results at each level of analysis are compared to indicate the accuracy at ecach level. The
comparison is for reference only because the solutions may be sensitive to the particular geometry and loading.
His paper addresses the ficld of repair analysis, and the potential benefits to both operators and new
construction design.

The mesh refinement in the vicinity of the notch is done empirical-intuitively and involves additional work.
The quality ol such a mesh can be evaluated by an estimation of errors of the FEM-solution obtained. An
adaptive mesh relinement is obtained by this estimation of crrors in connection with the concept of mixed
interpolated linite-clement. Some applications ol the automated mesh relinement for FEM-analyses are shown
by Reillmann (1996) lor typical ship structural clements with locally increased stresses. [t becomes apparent
that the original mesh only has o be roughly modeled. The even decrease of the total error becomes less after
two up to a maximum ol five steps ol adaptation in such a way that this ilerative FE-mesh correction procedure
can be stopped. The adaptation region within the globul FE-model can casily be located by the adaptive mesh
refinement based on the mixed terpolated linite elements where the structure of the original mesh is
maintained. This is one good possibility for the local analysis of SCF under the global calculations of the ship
strength. [n the meanume an application to three-dimenstonal sulTened panel structures is possible.

With regard o fatigue strength assessment ol ship structural details, a hot-spot stress approach is discussed by
Kawano e al. (1994). A hol-spot stress is commonly defined by the stress at weld toe, which is lincarly
extrapolated from the stress values at the two pomts 0.5 and 1.5 thicknesses away [tom the weld toe, where
stresses are usually caleulated by using shell clements. They discuss the effective range and limitation of the
application ol shell elements for the local stress analysis at weld toes. Hot spot stresses are wso caleulated by
Nihei et al. (1993) lor ship structural detuls using BEM. Defining the hot-spot stress as the stress at



0.3 thickness away {rom the weld toe, they found that the proposed hot-spot siress was in geod agreement
with that obtained by the extrapolation method. :

In determining a hot spot stress by finite element analysis, problems will arise when the hot spot is located in

the vicinity of single-sided edge gussets welded to a stressed member. In this case there is no self-evident

indication for the location of the extrapolation points, such as plate thickness, which is normally taken as basis.

Niemi (1994) shows two different methods for the definition of a relevant structural stress:

(1) Three extrapolation points at fixed distances at the plate edge are defined, and quadratic extrapolation to
the weld toe is performed, giving a local structural stress.

(2) Two extrapolation points at the plate edge are defined in accordance with conventonal hot spot stress
determination by linear extrapolation.

In case of quadratic extrapolation the size of the detail is automatically recorded. For the other method the size

effect has to be considered by multiplying the hot spot fatigue strength by a conventional size effect factor,

considering the plate strip breath, as the apparent thickness. -

SCFs for nearly all welded connections - irrespective of design - can be determined by realized numerical
procedures (FEM, BEM) with the current computer programs (Anthes ez al., 1993;Iida and Uemura, 1994).
The influence of individual weld geometry-on the SCF can only be concluded from a number of individual
investigations. At first the actual weld shape has to be geometrically idealized in such a way that a clear

description with only a few weld parameters (notch radius and depth, weld overfill and flank angle) is possible.

Data of SCF which is finally described by an appropriate approximation formula can be obtained by
systematically varying the weld parameters. This procedure was applied to double symmetrical butt welds and
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double-T-joints. All SCFs determined relate to nominal stresses of parts of the plate without notch. The

investigations showed that the SCF is not only strongly influenced by the relative plate thickness to notch
radius ratio, (t/r), but also the flank angle. In connection with the notch stress concept, the fatigue behavior can
be calculated by means of the SCFs.

5.2 Buckling

DREA (Defence Research Establishment Atlantic, Canada) conducted a joint structural testing project with
SSC (U.S. Interagency Ship Structures Committee) (Chen ez al., 1996). Twelve single stiffened plates were
tested at C-FER (Centre For Engineering Research Inc.). Seven specimens were subjected to the combined
lateral and in-plane loading, three specimens had part of the stiffener removed to represent corrosion, and two
specimens were placed under large lateral loading to create permanent damage followed by in-plane loading.
Specimens were simply supported at the ends with symmetric boundary conditions at the sides. Five devices
along each side of the specimen were designed to simulate the symmetric boundary conditons. The failure
mechanisms included local plate buckling, column flexural buckling and tripping modes. The computer
simulations of the test procedure were conducted with the. commercial non-linear finite ‘element package
ADINA at DREA and ABAQUS at the University of Alberta. The numerical results showed that the non-linear
finite element predicted the collapse strength and deformed shape well.

Paik and Pedersen (1995d) developed a theoretical approach to calculate the ultimate load-carrying capacity and
the deep-collapse response of plate structures subjected to static/dynamic compressive loads. Two models, an
clastic model and a rigid-plastic model were derived theoretically in closed form lor analysis of the mcan
crushing strength. The effect of initial imperfections in the form of initial deflection and welding-induced
residual stress were considered in the derivation.

Papadakis and Cho (1995) used an energy mcthodology to examine the strength of a circular, cylindrical
sandwich shell subjected to hydrostatic pressurc. They investigated the interactions of the inner and outer
shells. The results showed that the local deformations of the core stiffeners significantly reduced the bending
strength at the ends of the sandwich shell. Membrane (orees substantially altered the axial loading of the inner
and outer shells.

Alagusundaramoorthy ef al. (1995) conducted an experimental study ol twelve stilfened panels with Tour
longitudinal stffeners. Eight pancls, Tour without cut-outs and four with cut-outs extending the [ull width
between stlfeners, were designed for plate Tulure. Four other panels were designed {or stiflener initiated
fatlure. They presented an approximate method based on the strut approach. This method could be used o

predict the ulimate strength ol simply-supported sulfened panels with intual impertectons and square cut-outs,

subjected to uniaxial compression. The proposed method compared well with the experimental results.

Ueda ef af. (1995) derived buckling, ulumate and full plasuc strength interaction relatonships tor rectangular
[Tat plates and uni-axully suffened plates subjected 10 in-plane biaxial and shearing torces. The plates were
assumed to have no mitial imperfecuons and residual stresses. Strength functions were expressed in terms of
applied forces. The accuracy of these mleraction relatonships was confirmed through comparison with the
results of other analyucal methods.



Jang and Seo (1993a) proposed an efficient method to calculate the buckling, post-buckling behavior, and
ultimate strength of welded one-sided stiffened plates simply supported along all edges. In this method, the
ultimate strength can be obtained as the lowest value of the calculated collapse loads based on several assumed
failure modes. This method can provide accurate result with little computational time.

Bedair and Sherbourne (1995) developed a semi-analytical approach for the computation of local buckling of
stiffened plates under any combined bi-axial compression, in-plane bending, and shear stress. The plate is
treated as partially restrained against rotation and in-plane translation.

Devine et al. (1994) summarised the recent experimental and numerical studies in Lehigh University and the
Carderock Division Naval Surface Warfare Center, USA (CDNSWC). These studies evaluated instability and
collapse behavior of advanced double hull ships with focus on large scale compressive strength testing of
multicellular specimens. Test parameters included material type, number of cells, specimen length, plate
slenderness, end conditions, lateral loading and innovations including curved plating and localized stiffening.
Seven full-scale and two half scale specimens were tested at Lehigh University. Eight small-sized single-cell
specimens, three small-sized triple-cell column collapse specimens, and five large-sized specimens were tested
at CDNSWC. The tests demonstrated the predominance of local plate instability, the effects of plate
imperfections and residual stresses, and. quantified buckling and collapse loads. Analytical studies were
conducted with the tangent modulus method and the non-linear finite element method. Lehigh and CDNSWC
performed the finite element analysis with ADINA and ABAQUS, respectively. The results showed that the
tangent modulus method applied to longer column specimens produced reasonable estimates of strength. The
non-linear finite element method, on the other hand, could provide a reasonable prediction of buckling and
collapse behaviour and could be used to model the full range of parameters affecting collapse strength.

Bai ez al. (1993) derived a set of finite elements including beam-column, stiffened plate, and shear panel. They
used an effective width concept to include the buckling and post-buckling behaviour in the formulation,
therefore fewer nodal points were required in the modeling. The analysis, called the Plastic Node Method,
included the geometrical and material nonlinearities as well as the initial imperfections. Typical ship collapse
examples, such as stiffened plate, upperdeck structure, box and hull girders were analyzed and compared with
experimental results and other numerical solutions.

Liang er al. (1993) performed a material and geometric non-linear analysis of swedge-stiffened pressure hulls
subjected to hydrostatic pressure on three commonly used swedge forms. The load-displacement relations on
the responses as well as the distribution of stresses with plastic zone spreading were discussed. Ross and
Palmer (1993) conducted a theoretical and experimental investigation of the instability of swedge-stiffened
circular cylinders under uniform external pressure. They found these cylinders had similar buckling modes as
those of ring stiffened cylinders. The initial out-of-roundness played a significant role in the clastic knock
down. : - A :

5.3  Full Scale Monitoring

During the last years there has been an increased attention to full scale monitoring as a way to control both the

still water loading and the wave loading. A motivation for installing measurement devises is partly to the

accidents related to bulk carriers and partly due to a control or verification of the stresses in fatigue estimation.

For about twelve years, the development of an accident recorder arose within IMO {rom:

- a primary interest in ship safety,

- the need to explain apparently inexplicable losscs, and ‘

- the desire to consider the implementation of complete and rational systems for data collection and recording
on board ships.

Different data recording prototypes were fitted to ships (“City ol Plymouth”, 1983, and “Stuttgart Express”,
1985). Data were recorded onto bubble memorics housed in a loatable and recoverable unit. MO has

arranged a feasibility study on voyage data recorders (VDR), which was successiul and resulted in o

recommendation for the fitting of stress monitoring o bulk carriers above 20,000 DWT. One can also reler a

recent SSC report (Slaughter, Cheung, Sucharski, and Cowper, [996) tor the state ol the art review of hull

response monttoring systems.

A review ol three major classification socicties rules shows that there have been developed requirements Tor
measurement systems providing guidance and control related W the installation and use of such” equipment.
Lloyds Register (LR, 1991) were the first to give such requirements describing two levels of the surverllance
system. Level one being a pure onboard surverllance system for display on the bridge and 4 second level also
storing the data for analysis purposes. [n 1992, GL presented long term strun measurements on board
“Stuttgart Express” w venly the [ACS lony term bending moment formula. These measurements were based
on the aforementioned VDR concept. ABS (ABS, 19934) has spht the hull monitoring system lurther o divide
between the mouon and stress monitonng. [n additon there are given provisions for monitoring ol voyage
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data. In an extended version the latter could be viewed as a move towards introducing a “black box” voyage
recorder for the use in accident investigations as well as normal monitoring, similar to that used in Aviation,
DNV (DNV, 1996b) describes two levels of detail, both storing the data, that differentiate on the level of detai]
for stress monitoring.

Also a hull strength monitoring system has been developed by BMT Sea Tech (Thompson, 1995), where an
innovative program which integrates and extends the hull strength monitoring technologies under Windows
NT and fully exploits data generated to assist decision-making process during navigation and loading
operations. Specifically, it aims to address shortfalls in existing systems by combining stress, motion and
radar-based sea state monitoring with the use of on board artificial intelligence tools. The effects of thermal
stress on hull stress monitoring are also investigated by comparing the predicted and measured results of a
container ship and a bulk carrier (Shi, Thompson, and Hire, 1996).

Table 6 Hull monitoring systems in Classification Societies

Accelerations | Global Slam- | Separate | Environmental | Voyage data | Recording
bending | sensors | local data (navigation | for storage
stresses . | stresses |. and other

R equipment)

LR (SEA) X X X

LR (SEA R) X X X X
DNV (HMON1) | x X X X
DNV (HMON2) | x X X X X X
ABS (HM1) X X +
ABS (HM2) X X X h +
ABS (HM3) X X X X X X +

+ means optional.

The applicability - of structural monitoring is discussed by Fujimoto et al. (1995) for crack-type damage of
metal structures. Two types of monitoring methods are examined; detection of existing fatigue crack and
prediction of fatigue damage. As the detection of existing crack, the concept of health monitoring is employed.
Five types of line sensors; i.e. conductive film-sensor, conductive-paint sensor, plastic optical-fiber sensor,
glass optical-fiber sensor, and carbon-fiber sensor are made. Fatigue tests are carried out, and the appearance
how the fatigue cracks break the sensors is closely examined. A method to attach sacrificial specimen on a
structural member is examined for the prediction of fatigue damage. A sacrificial specimen is designed in such
a way that magnified stress is transmitted to the specimen so that earlier crack initiation can be expected. Its
geometry is a center notched plate with 60mm-length, 10mm-width and 0.25mm-thickness. The sacrificial
specimen is bonded on a smooth specimen by epoxy resin, and fatigue tests are carried out.

Yuasa (1993) discusses the fatigue analyses of deck of a bulkcarrier and the web frame of a car carrier using
measured stress data, which are obtained through onboard measurements. Spectra of stress ranges arc
estimated from short term parameters of fluctuating stresses. Both accumulated fatigue damage and fatiguc
damage during rough seas are calculated.” Following relations between stress level and fatigue damage, Lhe
relation between wind conditions, sea conditions and fatigue damage are also reviewed. The results show that
rough scas fairly affect the accumulated fatigue damage and that fatigue damage during specific rough scas are
considerable. It is also found that relatively low level of stress ranges mainly contribute (o the fatigue damage
of the deck of a bulk carrier, while widely spread stress ranges contribute to the damage in the web [rame of a
car carrier. As to wind and sea conditions, it is shown that fatigue damage of the deck of a bulk carrier
increascs significantly as BS exceeds 7 under swell scale 7 and upward.

The characteristics of wave induced pressure [luctuation and local stresses on the side ol VLCCs have been
investigated by Tozawa er al. (1995), because considerable number of cracks were [ound on side longitudinals
of second genceration VLCCs. The paper. describes summarized results of [ull scale measurement on a Lypical
sccond generation VLCC which was carried out aiming at understanding the long-term characteristics of
working stresses on longitudinal members and wave pressure acting near the load water line. The actual
condition ol wave pressure [Tuctuation and working stresses on the side ol the VLCC was revealed through the
full scale measurement, and it is conlirmed that the prevalent estimation based on the strip method well
explained the short-term characteristics of measured wave pressure. The validity of the precise discrete
analysis method, DISAM, is also conlirmed that the method 1s effectve Tor the evaluauon of local stresses ol
structural members where various load elements act simultancously with phase diflerences:

5.4 Cruise Ships: Strength and Stiffuess Problems

5S40 Present Trends



The most popular cruise ship size ranges between 50,000 and 70,CC0 GRT, with lengths between 180 and
200m and passenger carrying capacity of around 1,500 to.2,000. In the recent vears the tendency towards
increased capacity has resulted in orders of vessels exceeding 100,000 GRT, 240~250m and number of
passengers over 3,0Q0. The structural requirements are similar for all ship sizes but certain aspects concerning
longitudinal strength are becoming more difficult to satisfy as ship length increases. At the same time the
architects’ requirements are becoming more-and more original and innovative (Hansa, 1996 a, b; International
Cruise & Ferry Review, 1996). Internal open spaces such as big atriums, restaurants and theaters with
reduced number of pillars and larger openings on the structural bulkheads so as to give more and more light to
the internal public areas are representing a challenge of increased difficulty in the necessity of fulfilling both the
static and dynamic structural requirements.

In recent designs, for safety reasons, the lifeboats are stowed between decks 7 and 9 1o reduce the distance
from the waterline. (Gudmunsen, 1995) This functional concept requires a large recess around mid-depth
decreasing the structural continuity and reducing the efficiency of the upper decks in the hull girder bending
(Figure 5). ‘

For cruise vessels of medium size mild steel is usually sufficient to meet the longitudinal strength requirements
and higher tensile steel is used just to reduce the weight in the upper part and to solve areas of high stress
concentration without excessive thickness increase. As the ship dimensions increase, for stability reasons,
higher tensile steel is becoming more and more necessary for the longitudinal elements in the upper part and
grade D or E steel is used around openings. Light alloy has been used in certain upper areas of some recent
cruise ships but its application is normally not considered extremely advantageous as the consequent reduction
of weight is reduced by the necessity of fire insulation and particularly for the increase of material and
fabrication costs (see ISSC Report of Committee I[I1.3 (ISSC, 1991)).

Theoretical and experimental studies are progressing on the strength of steel corrugated core sandwich panels,
on their efficient production through laser welding and on their applicability onboard ships. Structural weight
reduction of about 40% is reported (Kujala, 1995). Up to now laser welded sandwich panels have been
applied as non-structural and non-critical components in cruise ships (Meyver Werft, 1996) . Although some
important theoretical and practical problems are still to be solved, the application of sandwich panels seems
promising.

5.4.2 Transverse and Local Strength

Normal deck loadings on cruise ships are generally low compared with cargo ships tweendeck loadings. The
racking behavior of cruise ships is generally guarantéed by the fire subdivision bulkheads and by the additional
transversal strength given by the main stairways/lift trunks and engine casing. F.E. models of large 3-D central
sections of the hull have been prepared to verify the transversal deformability and stress concentrations in
critical areas, considering actual deck loadings and rolling conditions according to Rules (Figure 6) (Fincantiert,
1990).

As mentioned before, in certain public areas as theaters, cinemas, lounges and restaurants, some lincs of
pillars have to be omitted in order to obtain unobstructed views. To support these areas, either longitudinal or
transversal bulkheads are generally arranged in the upper tweendecks to transfer the loads to the remaining
pillars. These solutions have to be carefully checked with F.E. analyses especially in the after part of the
vessels where the main sources of vibration-excitation are present.

[n the latest cruisc vesscls designs the upper decks are extended with its maximum breadth as after as possible
being these arcas attractive both tor cabins and for public spaces. As a consequence an increasing weight ol the
aller part has to be supported by the after skeg when the ship is docked. With the increasing ol vesscls
dimensions and tonnage, difficultics can arise for the available docking lacilities due o the limited loading
capabilitics ol dock floors. F.E. calculations have been performed for the bigger size ol cruise ships using the
3-D F.E. model ol the hull girder and proper springs 10 take into account the blocks stiffness. From the results
ol these analyses it appears that the lightship weight is Tully balanced at the aller end by the reaction lorees of
the docking blocks only alter a length of 3-4 web [rame spacings. [n this arca of the aller skeg, the ship has o
be supported by closely spaced blocks with a distributed foree reaching a peak around 600 tm.

543 Hull Girder Global Strength

Duc 1o u rather uniform distribution ol lightship weight and to the concentration ol buoyaney toward the
midship portion, the cruise vessels are usually experiencing very high stll water hogging bending moments.
Even with almost unrealistic concentratons ol deadweight in the central part, the cruise ships are stll in
hoggiyg conditon. Combinaton ol the rule hogging wave moment and the maximum sull water hogging is
giving the maximum longitudinal stresses, while the combination of the rule sagging wave moment and the
minimum sull water hogging can result in buckling problems on the upper decks where the scantlings have ©
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be minimized (Gudmunsen, 1995). According to the recent [ACS unified requirements the wave sagging
bending moment and the forward knuckle of the wave bending moment distribution are becoming aspects
which are critical to be fulfilled especially with the increase of ship size and length (Figure 7). The still water
shear forces usually follow a theoretical distribution with peak values atabout 0.25 L and 0.75 L from A.P. If
positive or negative rule wave shear forces are added, considerable total shear forces have to be supported
generally in areas where, on the side shell, openings are needed for embarkation platforms and provisions and
baggage handling operations.

To analyze the hull girder of a cruise vessel subject to a bending moment, old theoretical methods are of no
practical use. For passenger ships the modeling of a large number of cut-outs in the side plating is a problem
when a global finite element analysis is planned at the preliminary stage. Heder er al. (1991) attempt to
simplify the finite element analysis using 2-D models. The analysis is simplified by using orthotropic panels to.
represent the side plating and the cut-outs. The panel has the same stiffness as the side plating with cut-outs.
The accuracy of the method has been demonstrated by comparison with a comprehensive 3-D FE-model. For
practical application, such method seems still to remain in the theoretical field as, for instance, the large recess
for the life boats in a passenger ship cannot successfully be modeled. As a matter of fact, the introduction of
the lifeboats recess separating a lower hull from an upper superstructure and the presence of internal
longitudinal elements contributing to the hull bending, have complicated the behavior of the hull girder. From
recent applications the analysis of a complete 3-D F.E. model of the hull seems to be the only practical and
effective method. Idealizing each primary structural element and the main openings, these models are reaching
50,000-60,000 degrees of freedom for half ship symmetric in C.L. (Figure 8) (Gudmunsen, 1995;
Germanischer Lloyd, 1995; Fincantieri, 1990, 1992). The aims of a 3-D F.E. analysis of the hull girder are
the evaluation of: ‘ :
1) global deformations,
2) effectiveness of upper decks, distribution of longitudinal stresses at each level, buckling of upper decks,
3) transfer of forces between lower hull and upper superstructure, shear stresses in way of the intermediate
recess, shear lag at the relevant decks level,
4) stress concentrations around significant openings i way of side shell, longitudinal bulkheads and decks for
fatigue considerations, A ' __—
5) local deformations of important openings to be closed with glass (glass walls, windows, doors), and
6) compression increase or presence of tension forces in pillar lines.

'Two loading conditions are usually taken into account considering the combination of maximum still water and
wave hogging and of minimum stll water hogging and sagging wave. Careful representation of lightship
weight, deadweight and buoyancy forces is needed to obtain the desired bending moments. In recent designs
the overall hull girder vertical deformation (generally within [/1000) is usually confirming a very good
efficiency of the upper part.(Gudmunsen, 1995; Fincantieri, 1992).

The pillaring system is maintaining the transverse sections shape. In the maximum hogging condition the

==pillars compression loads generally increase in the midship region and relieve at the ends with some pillars
even in tension. Comparing the longitudinal stresses at each level as derived from F.E. analysis with the
theoretical predictions, reasonable agreement can be found with the conventional beam theory up to
embarkation deck where a reduction of stresses may appear (Figure 9), (Gudmunsen, 1995; Fincantieri, 1990,
1992; also see ISSC Report of Committee II.1 (ISSC, 1991) ).

At the level of the shell recess the axial stresses have o be transferred to the recessed longitudinal bulkhead
and again out to the shell two decks above, through a shear mechanism (Gudmunsen, 1995). The higher is the
number and size of the openings in the recessed bulkhead the less is the efficiency of this shear transfer and the
higher is the evidence of the drop of the longitudinal stresses in way of the recess. At the highest levels another
drop of stresses could be found as the longitudinal clements in way of the side shell decrease their stilfness
and efficiency. In conclusion, depending on the shear stffness of the longitudinal recessed bulkheads and ol
the upper external shell, an effectiveness of 60-75% can usually be derived for the upper superstructure
(Gudmunsen, 1995; Fincantieri, 1990, 1992).

[n way of the end connection of the superstructure sides © the lower hull and in way ol narrow deck strips
connecting [ull breadth decks high strains are normally lound. (Gudmunsen, 1995)  Morcover the shell
plating below embarkaton deck is usually evidencing significant shear stresses in way ol the mgjor openings
for shell doors and windows at L/ and 3/4 L. At the sume ume important stress/straing are common in way ol
windows and doors opened in the recessed longitudinal bulkheads and upper outer shell. Arcas ol stress
concentrations are usually re-idealized with a more detailed mesh for further analysis,

From a detailed analysis of a 100,000 GRT vessel (Fincanuer, 1992), Figure 10 is reproducing line mesh
models of a longitudinal recessed bulkhead with several openings. [n a), a midship area s shown with a
typical bending deformation. [n b) a forward area 1s clearly giving the evidence ol a shear deformation with
higher strains and stresses. Where continuous lines of doors and windows are opened i the upper outer shell
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for access to balconies areas, very fine mesh models are usually provided. Principal stresses exceeding the
yield point around the corners of openings can be tolerated on the basis of plas_ticity conside:rations and fatigue
analysis (Fincanderi, 1992). Higher tensile steel, proper steel grades and grinding in way of critical corners are
the typical solutions in these cases.

5.5 Double Hull Ships

The cost and weight impact of the double hulls required for tankers by the requirements of the U.S." OPA'90
law and the regulations of the International Maritime Organization (IMO) have led to several studies to reduce
this impact. One method investigated is the unidirectional double hull. In one such study, several double-hull
variants of a 40,000 DWT product tanker were designed considering the use of automated welding processes
and modular construction. The baseline design had conventional transverse webs spaced ‘at 2.8 meters within
the 2.25 meter deep double hull spaces, and transverse bulkheads spaced 23.5 meters. The first variant had no
transverse webs, but reduced bulkhead spacing of 14.78 meters. The second variant had a deep transverse
web frame placed at mid-length of the 23.5 meters cargo tanks. The first variant had a total steel weight 9.4
percent greater than the baseline, and the second variant weighed 2.8 percent more than the baseline. However,
the estimated cost for producing the cargo section of the first variant was estimated to be 0.73 percent less than
the baseline, and the second variant was estimated to cost 5.42 percent less than the baseline design (Sikora et
al., 1995).

A design of a 80,000 DWT double hull tanker having no transverse web frames was developed in Korea. A
deterministic and probabilistic procedure for evaluating the transverse strength of this hull type was developed
and applied to the ship design (Paik et al., 1993).

The strength of an Afra-max double hull tanker without a centerline longitudinal bulkhead or any transverse
swash bulkheads was investigated using finite element analysis to determine the effect of the depth of the
double bottom, deformations of the double bottom, side shell, bottom girders, and side stringers (Michimoto
et al., 1994a). The same authors also investigated the additional stress induced in secondary members because
of the large deformation of primary structural members (Michimoto et al., 1994b).

Other studies were conducted on the strength and optimization of double hull tankers.- The generalized slope-
deflection method combined with the Hooke and Jeeves direct search method was used to obtain a minimum
weight design (Jang and Na, 1993). The same authors developed several minimum hull weight designs for a
300,000 DWT double hull tanker, comparing the results to the structure of existing ships (Jang and Na,
1994). ' : .

Full scale models of sections of unidirectional double-hull structures were tested for longitudinal compressive
strength. The models consisted of 1 to 3 cells of double bottom structure, varying in size from 0.46m to
0.91m deep and wide. The length varied from 1.83m to 10.7m. A series of smaller models, 0.15m square,
were also tested. The tested strength was compared to theoretical solutions developed by Frankland, Faulkner,
and von Karman, as well as finite element computations (Devine et al., 1995).

During the design of a 300,000 DWT double hull tanker, different crosstie arrangements were investigated
(Bong et al., 1995). The Sequential Unconstrained Minimization Technique (SUMT) and the Multplier
Method were used to optimize the structure of a double hull tanker. The objective function of the analysis was
the weight of one tank hold length, and the scantlings of the transverse and longitudinal members in the
midship segment were used as the design variables (Nobukawa er al., 1993a). In another study, the same
authors took the hull construction cost of one tank hold length as the objective [unction to be minimized. They
used the internal penalty method and the multiplier method based on plastic design to emphasize cost
minimizalion compared o the weight minimization and total hull construction cost (Nobukawa et al., 1993b).
Numerical calculations of the longitudinal hull girder bending stress distributions in a 140,300 DWT double
hull tanker were computed in regular waves of length equal to that of the ship, and a height of 10 meters (Nosc
etal,, 1993),

Sloshing loads are a coneern for middle-sized and large double hull tankers because of the large tnk size when
no longitudinal or ransverse swash bulkheads are fitted. [n one study of these sloshing loads, a non-lincar
numerical simulation is made using a new sloshing code based on the SOLA-Surf scheme and a simple two-
dimensional sloshing code (Shinkat ef al., 1994). Experimental measurements ol these loads were made using
a ship moton simulator that has four degrees of [teedom (quasi 3-D motion) in roll, heave, sway and pitch.

The suength ol double hull structures during grounding has been investigated to maximize the benelits ol this
type of hull design. A series of three quarter-scale models of the double-bottom structure of a 40,000 DWT
tanker were tested for grounding strength using a 90 degree cone-shaped simulated rock in a testing machine.
The panels were 2. 4m wide by 6. lm long by 0. 5m deep, and tested for collapse loads up o 3.3 MN (Rodd et
al., 1995). [nanother expenmental study, six ditferent structural configurations of double-hull structure were
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tested for tearing resistance to several wedge-shaped hull penetrators. Specimens were 0.4m wide by 0.56m
wide by 42mm deep. The experimental force required to drive the wedge through the length of the section,
tearing both the inner- and outer-hull plating was found to agree within 12 percent of the computed force,
(Bracco and Wierzbicki, 1995).

Several one-fifth scale models of the double-bottom structure of a 40,000 DWT tanker were tested for the
effects of grounding.by running them at the speed of 12 knots into a simulated rock. The models were 2m
wide by 3.3m wide with a double-bottom depth of 0.37m. The simulated rock was instrumented to determine
the force on the structure (Rodd and McCampbell, 1995).

Double hull structures are being investigated for use in naval ships because of possible advantages of
producibility and other features. As part of these investigations, a full scale prototype double hull module was
fabricated to quantify production costs. Specimens were then cut from the structure to test the axial stability of
the box sections formed by the unidirectional stiffening system, and to determine the effects of initial
imperfections of the structure on the compressive strength (Pang et al., 1995). : _

Double hull structures have been suggested as a solution to the problem of structural failures of bulk carriers.
One study identified the weakness of the conventional side shell frames because of the sudden change in
stiffness from the bottom and deck structure. The use of a double side hull would provide for better structural
continuity and reduce the stress concentrations that are the cause of fatigue failures (Chao, 1995). '

5.6 Bulk Carriers and Container Ships
5.6.1 Bulk Carriers

The most catastrophic and at first seemingly inexplicable casualties, were the sinking of approximately 25 bulk
carriers and the damage beyond repair of approximately 25 others in the early 1990's. In general these were
the older ships, serving under third, fourth, or even fifth owners. (Some had their certificates and
classification withdrawn because of non-conformance with classification requirements.) Card and Palermo
(1995) discussed the scenario of the loss of bulk carriers. They were poorly maintained, exhibited excessive
corrosion and generally failed in two principal ways. Section of shell plating severely weakened by corrosion
could have carried away under high sea-way loadings, or-corroded sections could have permitted sea water to
enter the holds resulting in liquefaction and shifting of cargo. Ensuing forces on already weakened, heavily
corroded shell plating could then lead to either structural failure or even loss of stability. Some important
lessons can be learned from these failures. First and foremost is the need for proper maintenance and corrosion
protection. Second, these are very large ships, on the order of 300m long with beams on the order of 60m. In
order to save hull weight, at the same DWT, hulls of the later ships were fabricated of higher strength steel.
Thus for a given design loading, thinner hull plating could be used compared with ordinary steel. Therefore
the effects of corrosion could be more pronounced.

There is some evidence that a combination of heavy seas, harsh trade routes, the type of cargo carried, and
also other factors (such as corrosion and wear) may in some cases lead to an above average incidence of
damage. Figure 11 shows known locations of bulk ship failures world wide from 1989 to 1992. This figure,
fashioned after an Australian study (BTCE, 1994), indicates the vessels to have suffered failure in arcas of
known harsh weather. The same study also showed that bulk ships carrying heavy cargo such as iron orc are
associated with a large proportion of failures than would be expected based on their at risk voyage exposure.

A common theme running through the majority of damages to bulk and combination carriers has been the
wastage of members. Liu and Thayamballi (1995) reported that this is predominandy in the upper and lower
areas of the side shell and adjacent transverse structures within cargo holds of conventional bulk carriers, and
in ballast tanks of both combination carriers and conventional -bulk carriers. The wastage is duc to two causes,
a) corrosion, and b) wear from routine vessel operation. The wastage can facilitate cracking and member
separation, including by fatigue. Figure 12 shows such a member separation.-

DA-WG (1995) investigated the strength reduction of aged bulk carriers, which was a part of the joint rescarch
activity for the disaster and aging ol ships organized by the Ship Structure Committee, the Society of Naval
Archileets of Japan. In relation to the recent bulk carrier accidents, new rule amendments have been made by
[ACS for the side structure of a bulk carrier. The suess analyses have been carried out for the thickness
requircments based on both the old and new rules. The thickness reduction due to corrosion is assumed o be
Smm lor hold {rames and 3mm for side shell plating, respectively (see Figure 13 and Table 7). The calculated
results arc shown in Table 8, where the finite clement model for the detailed analysis is illustrated in Figure (-
[n the report, the effects of load re-distribution due to member separation are also discussed. The maun
conclusions are as follows; '

(1) Based on the old rule, the stress level increases 40-50% al'ter corrosion, which could not be covered by the
corroston margin at the design stage,
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(2) Based on the new [ACS requirement, the stress levels of the hold frames are 90% at the parallel part and
80% at the lower end of the hold frame, respectively, in comparison with those based on the old rule,

(3) The new [ACS requirement keeps the stresses within allowable level even after the thickness reduction due
to corrosion.

Table 7 Plate thickness (unit:mm)

location B location A side

WEB FACE WEB FACE shell
old rule 11 150x15 |10 - |150x15 |16.5
old rule - 6 150x10 |5 150x 10 |13.5
with corrosion . | '
new rule 15 150x 15 13 150x 15 116.5
new rule 10 150x10 |8 150x 10 |13.5
with corrosion ' .

Table 8 Relative stress levels

location A location B

Gm:m T d'e qmax T . Oe
old rule 1.0 1.0 1.0 1.0 1.0 1.0
old rule 145 | 150 | 141 131] 129| 130
with corrosion
new rule 0.89 0.91 0.87 0.81 0.81 0.81
new rule 120 117| 118| 087| 087 | 087
with corrosion ; - -

Liu and Thayamballi (1995) also reported -that cracking of .bulk carriers typically occurs in the areas indicated
in Figure 15. The two most structurally significant cases of cracking are: ' . '
(1) Atbracket toe regions of hold frame connections to the upper and lower wing ballast tanks,

(2) Attransverse corrugated bulkhead intersections with topside tank structures.

The resulting cracks can propagate fore and aft or athwarthship, as the case may be. Other typical types of
cracking in bulk carriers occur at:

(3) The intersection of inner bottom and hopper plating/ lower stool of transverse bulkhead,

(4) Hatch corners and coamings. :

Bulk carrier cracking can be exacerbated by grab related wear, carriage of heavy cargoes, fatigue damage duc
to cyclical loading, and corrosion. Corrosion is important particularly with sulfur bearing coals. Corrosion,
fatigue and wear increase with vessel age, as may be expected.

System reliability of marine structures have been studied extensively by using framework models. Since it is
difficult to idealize a ship structure by a framework model, a new system [or plate structures using spatial
clements has been developed by Okada et af. (1993), who apply the method to the analysis of ship structural
system reliability. In the paper, the structural reliability of a large bulk carrier (150,000 DWT) based on the
collapse mode analysis are investigated by successively applying the newly developed system. Results arc
given for the midship part and fore/alt quarter parts of the ship hull under two loading conditions. Main
conclusions arc as lollows;

(1) new formulae for the compressive strength are derived [or the longitudinal and transverse frame sysicm
pancls under combined in-plane compressive stress, shearing stress, and lateral pressure, so that the collapse
modes and system reliability under these conditions can be estimated:,

(2) the efleets of the shearing stress on the dominant collapse modes ol the side shell elements are significant,
whose collapse probabilities arc higher for the fore and aft parts Ol the ship in comparison with those at the
midship part;

(3) the class NI reported the structural damages due 0 corrosion, which were mainly located at fore and aft

v

parts of aged bulk carriers. This observation is in relauvely good accordance with the present results.
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Misalignment of structural members causes additional tending moment The effect of misalignment on
behavior and strength has been clarified for simple welded joints such as cruciform joint with fillet weld.
However, very few studies have been conducted for complicated structures such as member end connections
of ship structural details. Tanigawa et al. (1993) have carried out the stress analyses of the joint between
bulkhead lower stool and inner bottom of a bulk carrier, where the misalignment of slant plate and the floor is
taken into consideration. The definition of the misalignment and the finite element model using shell elements
are illustrated in Figure 16. Typical stress increase due to the misalignment is illustrated in Figure 17. They
also compare the results with those obtained by using three-dimensional solid elements.

5.6.2 Container Ships

As classified by Rule (1994), the most significant developments of recent container ship design are divided
into three types: ships with 11 rows of underdeck containers within a "Panamax” beam, ships with. breadths
exceeding the Panama Canal limitation, andships with the hatch covers omitted over some or all holds.

The development of the first type of ships are achieved mainly by: omission of deck girders, reduced space
between cell guides, and reduced width of side structure - such kind of reduction have been extended further
by some yards to accommodate 12 rows in a hold.Over five years of successful service of this type of vessels,
11 rows in a hold become more like a standard arrangement of new “Panamax” beam container ship design.

The.development of second type of ships are generally called “Post Panamax” container ships. The beam of
the vessels extend from 32.2m to around 37.1m, and further to 40m and 42m for 5,000 TEU and 6,000 TEU
size huge container carriers (Min, Kim, and Park, 1994). Torsional strength and combined stress in way of
hatch corners are still major issues in the evaluation of strength of main hull structure. Response of multi-cell
structure under torsional mode is continuously studied further (Wang ef al., 1994, Wu et al., 1994). Torsional
moment distribution is sensitive to the increment of ship beam. Studies of wave torsional moment over the
ship length of small to large ship beam have been reported by P. Lersberyggen (1995). Significant increase of
design moment is found to be necessary, and it will revise the DNV rules. It is obvious that rigorous analysis
procedures as proposed by ABS (1993), Han et al. (1995), and Payer and Fricke (1994), which include a
whole ship FEM model and detailed analysis reflecting the combined effect of wave load, inertia load due to

ship motions, and stafic load components, are necessary to ensure the adequacy of the strength in every. detail |

of those huge and complex ship structures.

The third type of vessels without hatch covers are developed for more efficient handling of container
cargoes. As hatch covers are not considered as hull strength members, omission of hatch covers has not
imposed any particular effects in the structural design of a main hull structure (Rule, 1994).

6 FINITE ELEMENT COMPARATIVE STUDY OF SHIP STRUCTURAL DETAILS
6.1 Introduction .

For the evaluation of fatigue strength of ship structures, explicit fatigue analysis is becoming an important part
of ship structural design. Combined with the detailed finite element analysis, hot spot stress approach, is
expected to be the most practical method. The concept ol hot spot stresses, which has been often applied o the
tubular joints of offshore structures, is generally understood to be the stresses at weld toe locations taking into
consideration all geometrical influences except for the local weld geometry. However, the calculated local
stresses around the structural singularities vary depending on structural idealization, used clement types and
mesh subdivisions. [ncreasing amount of work is now being carried out for the practical evaluation of hot spot
stress of stiffened plate structures. In order to obtain some standards or guidelines for the analysis, 1ISSC
committee [I. 1 decided to carry out a finite clement comparative study locusing atlention to the evaluation of
hot spot stresses ol ship structural details. Experimental model of rescarch project SR219 in Japan was
sclected as the analysis model of the comparative study so that the caleulated results could be compared with
the experimental results for the proper validation,

6.2 Experimental VModel

The test model of a stiffened panel, shown in Figure 18, is for a part of typical side longitudinal and transverse
bulkhead intersection ol crude oil tankers. The model consists ol three longiudinals and one trunsverse [rame,
and has twotold symmetry with respect W longitudinal and transverse directions, respectively. The transverse
frame is supported by tripping brackets at the center longitudinal and sulfened by tlat bars at the side
longitudinals. The model 18 made of higher swength hull structural steel of class KA32 having the vield
strength higher than 32 kgt/mm® (314 MPu), and constructed applying the same weldimg procedure as those
for actual ship structures.

(\Q
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The load is applied in the three pomt bending configuration in horizontal direction by the hydraulic actuator,

through the triangular loading plate of 40 mm thldxness attached to the flange plate of the transverse frame.

The model was supported at vertical reaction columns through rollers at the ends of the longitudinals.

Increasing the loads gradually from zero to the maximum of 392 kN displacements and strains were measured
at several reference pomts and critical locations. Uni-axial strain gauges were used to measure the longitudinal
strain components. At the weld joint of side longitudinal flange plate and flat bar stif fener, which is expected to
be the location of first fatigue crack initiation, stress concentration gauges were used to evaluate the hot spot
stresses. Measuring points, used for the comparison with the analysxs results are shown in Figure 19.

6.3 Analysis Models

Nine analysis models, shown in Table 9, were collected for this comparative study from seven committee

members (Hu, Jang, Nie, Paetzold, Rigo, Sumi, Wu) and one outside collaborator (Kawano). The problem

was analyzed independently by each contributor using his own solution procedures, based on the common

guidelines,

(1) Solution method is to be linear elastic analysis;

(2) Material properhes for the ship structural steel is to be- ISOU'OPIC linear elastic with Youno s modulus, E =
206GPa, Poisson’s ratio, n = 0.3; and :

(3) Magnitude of the applied load is 40 tonf (392 kN)

No mformamon concerning the experimental results was given prior to the analvsxs

All the participants made use of the two fold symmetry ccmdmon and the quarter part of the test model was
analyzed. Only one model, model (3), was constructed using three dimensional solid elements, while all the
other models were idealized using shell elements, where the detailed geometry of the weld was not represented.
Graded mesh subdivisions were applied, except for model (8), with the element size of plate thickness near the
transverse/longitudinal connections. In model (8), relatively uniform fine mesh subdivisions are used over the
zooming model for the 1/12 of the structure on 1,200 mm length.

6.4 Comparison of FE-Analyses

Finite element analysis results are compared in Table 9, together with the experimental results and results by
the hand calculation based on the beam theory. Numerical values of measured stresses were obtained
multiplying Young’s modulus (E= 206 GPa) to the measured strains. Variations of the measured results at
symmetrical locations with respect to longitudinal and transverse directions were generally small, several
percent in the average and 5% at the most.

Experimental value of the deflection in Table 9, obtained from the measured relative displacement between the
center and supporting points of the center longitudinal,. is slightly small compared to the analysis results. A
likely reason for this difference is the slightly non-linear behavior of load displacement relation observed in the
experiment at lower load levels, which could be caused by. the effects of the local deformation at the contact
points of the supporting rollers and the loading apparatus rigidity. :

Table 9 includes the stress results of reference sections at 800 mm from the center of the model, bracket end
scction of center longitudinal and stiffener end section of side longitudinal. Average of calculated stresses arc
plotted versus experimental stresses in Figure 20. Excellent correlation between the analysis and experimental
results can be observed except for the region close to the weld toe (E21, E4Q). Coelficient of variation (COV)
of the analysis results are shown in Figure 21. It can be said that COV has a tendency to decreasc with the
increase of stresscs except for bracket and stiffencr weld toe (E21, E40).

As [or the determination of hot spot stresses at the weld toe, several different methods of extrapolation have
been proposed. Hence, it was decided that the comparison of the analysis results will be made on the stress
distribution near the welded joint, rather than on the hot spot stress itself. The results for the stress distribution
on the top surface of the Hange of the side longitudinal near the stiftencr weld loc are shown in Figure 22. It is
interesting o note that the results using shell clement have high corrclation with each other, but give
significantly lower stresses than the experimental results. The results ol solid clement model (3) agree well
with the experimental results at the weld toe.

6.5 Discussions

Since all the shell element models do not include the weld, the difterence ol the calculation results and the
experiment may be attributed to the effects of weld g geometry. [tis also pointed out by Kawano ef al.. (1994)
that shell clement models sometimes give lower estumale for stress concentraion due o the elfect m plate
thickness effect. Although the number of experimental measurement and type ol the structure investigated is
limited in the present comparative study, it can be concluded that the solid element model mdudmw weld
geometry ts recommended when the correlation with expertmental results is to be pursued.
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Figure 21 Variation of analysis results
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However, considering the expensive analysis costof the solid element model, it is also important to establish
reliable and practical procedure based on shell element idealization for hot spot stress estimation. It should be
noted that some of the contributors with shell element models used extremely fine meshes at the area of stress
concentration, but the variations of the results remained sufficiently small. This indicates that the shell element
model could be used as a reliable tool in the design analyses. In order to avoid underestimate of stresses
concentration by the shell element models, however, some modification or interpretation have to be introduced.
Machida et al. (1992) proposed to include geometrical effects of weld connections into shell element
idealization by increasing the element plate thickness by about half the weld leg length. In the procedure of hot
spot stresses evaluation by DNV (Cramer et al., 1995), hot spot for shell element models, which do not
include weld, is located not at the weld toe, but at the element intersection lines and the stresses at a distance /2
and 32 from this intersection line are-used for the extrapolation. Similar procedure to shift the stress
distribution is used in NK Guidance (1996). These practical procedures of hot spot stress evaluation, validated
by experimental and analytical studies, are important for the accurate fatigue life estimation of ship structural
details. : '

7 CONCLUSIONS AND RECOMMENDATIONS

Having reviewed the current research efforts on the topics within our scope of the committee mandate, we
shall conclude this chapter with some future research recommendations.

There is little work available addressing simplified calculation procedures of structural response for use in
reliability methods, so that the materials covered in section 2.1 are slightly shifted to the simplified strength
evaluation procedures which could be applicable to reliability assessments. The reliability analyses applied to
ship structures are reviewed in section 2, and the statistical modeling of initial imperfection are discussed in
section 4 in relation to buckling strength of offshore structures.

Presently majority of response calculations are carried out by using complex finite element analyses interfaced
with modern pre- and post-processors, while probabilistic methods could be, in principle, applicable for the
evaluation of both ultimate strength and fatigue strength. As was indicated in our previous committee report
(ISSC, 1994), the missing link in the application of these methods is still the adequate definition of suitable
load models, especially for fatigue strength evaluation, in which the magnitude and frequencies of local stress
should be precisely determined from the long term prediction. Considerations should be made for the phase



difference of each load components at certain locations of typical ship structures in longitudinal direction (fore,
middle, and aft) and transverse section such as deck, side, bulkhead and bottom parts. [t may also be desirable
to have the information on stress history. Questions then arise as to how to proceed this design process, how
should we determine the long term distribution of the local stress range; by using a stress response function
applied to short term prediction, or by using certain design waves which correspond to a certain level of
exceedance-probabilty of wave-induced load-effects? Closer cooperation between Committees [.2 and I1.1 or
perhaps a Special Task Force to look at the load application to structural models would be worthwhile.

In the direct calculation of fatigue analysis, sophisticated finite element models can only predict accurate local
stress response but yield typically to hierarchical multi-level modeling, where lower level global model is used
for calculating loads for the higher level local model. The approach of hot spot stress in which the joint
classification 1s replaced by the structural (geometrical) stress concentration has commonly used in these days.
There exist several problems associated with the application of the hot spot stress approach. Accurate
calculation of the stress concentration requires very fine mesh, and the variation of calculation model may
cause large scatter in results. It seems that marine community needs not only good finite element education and
training for students and structural designers, but also good analysis guidance for the problems specifically
oriented to ship and offshore structures. -

In order to obtain some standards or guidelines for the analysis, Committee II. 1 has carried out a finite element
comparative study focusing attention to the evaluation of hot spot stresses of ship ‘structural details.
Experimental model of research project SR219 in Japan was selected as the analysis model of the comparative
study so that the calculated results could be compared with the experimental results for the proper validation.
Committee II.1 should continue to work on uncertainties associated with the finite element analysis. Also
closer cooperation between Committees III.2 and II.1 or perhaps a Special Task Force to look at the
hierarchical finite-element modeling for the analysis of hot spot stress of ship structural details would be
worthwhile. With this respect, it should also be noted that the collaboration with the experts in offshore
structures could be worthwhile. ' : : ‘ '

Other topics which could be included in future Committee work are:

® areview of full scale monitoring for verification of calculation methods,

® areview of reliability codes,

© maintenance strategies using structural monitoring,

® the assessment of strength of corroded and/or damaged bulk carriers, tankers, and marine structures,
® PC-based structural analysis code oriented to marine structures,

® education and training system of marine structural analysis by FEM,

@ adaptive finite element analysis for marine structures,

® reliability of buckling strength in terms of initial imperféction, materials, and residual stresses,
® continued study of large cruise vessel, and

@ continued study of large container vessel.
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