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ABSTRACT

Title of Dissertation: RELIABILITY-BASED DESIGN OF PANELS AND
FATIGUE DETAILS OF SHIP STRUCTURES
Ibrahim Alawi Assakkaf, Doctor of Philosophy, 1998
Dissertation directed by: Professor Bilal M. Ayyub
Department of Civil Engineering
The main objective of structural design is to insure safety, functional, and
performance requirements of an engineering system for target reliability levels and a
specified time period. As this must be accomplished under conditions of uncertainty,
probabilistic analyses are needed in the development of such reliability-based design of
panels and fatigue details of ship structures. The reliability-based structural design
formats are more flexible and rational than their counterparts, the working stress
formats, because they provide consistent levels of safety over various types of
structural components. Such a design procedure takes into account more information
than the deterministic methods in the design of ship structural components. This
information includes uncertainties in the strength of various ship structural elements, in
loads, and modeling errors in analysis procedures.
Load and Resistance Factor Design (LRFD) methods were developed in this

dissertation for unstiffened panels, stiffened panels, and fatigue details of ship



structures. The LRFD development presented herein was built on previous practices in
the design of ship structures as well as on LRFD rules and specifications adopted by
other related classification societies. In the LRFD development, commonly used
strength models for ship panels and ship fatigue details were collected from many
sources to evaluate their limitations and applicability, and to study their biases and
uncertainties. Monte Calro simulation was utilized to assess the probabilistic
characteristics of strength models by generating basic random variables for a strength
model and substituting the generated values in the model. The probabilistic
characteristics of basic random variables of both the strength and the load were
quantified based on statistical analyses of data that were collected for this purpose, on
values recommended in other studies, and occasionally on sound engineering
judgment.

The dissertation also presents detailed calculations of partial safety factors for
the design variables in the performance function equations based on target reliability
levels and on the probabilistic characteristics of the basic random variables. Ranges for
the target reliability levels were carefully selected to include implied reliability levels
in exiting marine design codes and recommended vaiues by other studies in the field.
Strength factors were computed for recommended sets of load factors. Calculations of

partial safety factors were performed using the First-order Reliability Method (FORM).
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CHAPTER 1. INTRODUCTION

1.1. Background

In recent years, ship structural design has been moving toward a more rational and
probability-based design procedure referred to as limit states design. Such a design
procedure takes into account more information than deterministic methods in the
design of structural components. This information includes uncertainties in the
strength of various structural elements, in loads, and modeling errors in analysis
procedures. Probability-based design formats are more flexible and rational than
working stress formats because they provide consistent levels of safety over various
types of structures. In probability-based limit states design, probabilistic methods are
used to guide the selection of strength (resistance) factors and load factors which
account for the variability in the individual resistance and loads and give the desired
overall level of safety. The load and resistance factors (or called partial safety factors)
are different for each type of load and resistance. Generally, the higher the uncertainty
associated with a load, the higher the corresponding load factor; and the higher the
uncertainty associated with strength, the lower the corresponding strength factor.

Ship designers can use the load and resistance factors in limit-state equations to
account for uncertainties that might not be considered properly by deterministic

methods without explicitly performing probabilistic analysis. For this reason, design



criteria should be as simple as possible. Moreover, they should be developed in a form
that is familiar to the users or designers and should produce desired levels of
uniformity in safety among different types of structures without departing drastically
from existing current practice. There is no unique format for a design criterion. A
criterion can be developed on probability bases in any format. In general, the basic
approach to develop a reliability-based strength standard is first to determine the
relative reliability of design based on current practice. This relative reliability can be
expressed in terms of either a probability of failure or a reliability index. The
reliability index for structural components normally varies between 2 and 6 (Mansour
et al 1984). By performing such reliability analyses for many structures, representative
values of target safety index can be selected reflecting the average reliability of current
designs. Based on these values and by using reliability analysis again, it is possible to
select partial safety factors for the loads and the strength that can be used as a basis for
developing the design requirements.

For the purpose of designing code provisions, the most common format is the use
of load amplification factors and resistance reduction factors (partial safety factors), as
represented by

$R2S 7.1, (1-1)

i=l

where ¢ = the resistance R reduction factor; y; = the partial load amplification factor;
and L; = the load effect. In fact, the American Institute of Steel Construction (AISC)

and other industries in this area have implemented this format. Also, a



recommendation for the use of this format is given by the National Institute of
Standards and Technology (Ellingwood et al 1980).

The First-Order Reliability Method (FORM) is commonly used to estimate the
partial safety factors gand ¥ for a specified target reliability index f. In this thesis,
this method was used to determine the partial safety factors associated with the

recommended strength models for ship panels as described in Chapter 4.
1.2. Ship Panels

Ship panels, in general, are divided into three distinct categories: (1) unstiffened,
(2) stiffened, and (3) gross panels (see Figures 1-1 and 1-2). These panels (or called
plates) are very important components in ship and offshore structures, and therefore
they should be designed for a set of failure modes that govern their strength. They
form the backbone of most ship’s structure, and they are by far the most commonly
used element in a ship. They can be found in bottom structures, decks, side shell, and
superstructures. The modes of failure, which govern the strength of these panels, can
be classified to produce two distinct strength and serviceability limit states. Strength
limit states are based on safety consideration or ultimate load-carrying capacity of a
panel and they include plastic strengths, buckling, and permanent deformation.
Serviceability limit states on the other hand refer to the performance of a panel under
normal service loads and are concerned with the uses of unstiffened and stiffened
plates, and gross panels. They include such terms as excessive deflections and first
yield. Also, strength limit states require the definition of the life time extreme loads
and their combinations; whereas serviceability limit states require annual-extreme

loads and their combinations.
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Figure 1-1. Portion of the Hull Girder Showing the Gross Panel and a Longitudinally
Stiffened Sub-Panel (Hughes 1988)

Figure 1-2. Unstiffened Panel Subjected to In-Plane Stresses

The primary purpose of a panel is to absorb out of plane (or lateral) loads and
distribute those loads to the ship’s primary structure. It also serves to carry part of the
longitudinal bending stress because of the orientation of the stiffeners. The amount of

in-plane compression or tension experienced depends primarily on the location of the
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panel within the ship. Deck panels tend to experience large in-plane compression and
small lateral pressures, while bottom panels can be exposed to large in-plane tension
and compression with a significant amount of lateral pressures.

The main type of framing system found in ships nowadays is a longitudinal
one, which has stiffeners running in two orthogonal directions (Figure 1-1). Deck and
bottom structures panels are reinforced mainly in the longitudinal direction with widely
spaced heavier transverse stiffeners. The main purpose of the transverse stiffeners is to
provide resistance to the loads induced on bottom and side shell by water pressure
(Soares and Soreide 1981). The types of stiffeners used in the longitudinal direction
are the T-beams, angles, bulbs, and flat bars, while the transverse stiffeners are
typically T-beam sections. This type of structural configuration is commonly called
gross stiffened panel or grillage (Vroman 1995). Besides their use in ship structures,
these gross stiffened panels are also widely used in land based structures such as box
and plate girders.

The overall collapse of a gross panel involves global deflection of both
longitudinal and transverse stiffeners. However, except for lightly stiffened panels
found in superstructures, this type of failure rarely occurs because most ship structures
are designed to prevent the overall mode of collapse (Soares and Soreide 1981). In
most cases local plate buckling is the weakest failure mode. Global failure of a
stiffened panel can be partially controlled by careful design of strength of the plate
elements (unstiffened panels) between stiffeners. The most common mode of failure of
the whole panel involves the collapse of the longitudinally stiffened sub-panel.

Choosing the size of the transverse stiffeners so that they provide sufficient flexural



rigidity to enforce nodes at the location of the transverse stiffeners can prevent the
collapse of longitudinally stiffened sub-panel. If the transverse stiffeners act as nodes,
then the collapse of the stiffened panel is controlled by the strength of the
longitudinally stiffened sub-panel.

A typical longitudinal stiffened sub-panel, as shown in Figure 1-1, is bounded
on each end by a transverse structure, which has significantly greater stiffness in the
plane of the lateral load. The sides of the panel are defined by the presence of a large
structural member that has greater stiffness in bending and much greater stiffness in
axial loading. Structural members such as keels, bottom girders, longitudinal
bulkheads, deck girders, etc., can act as the side boundaries of the panel. When the
panel is located so as to be in a position to experience large in-plane compression, the
boundary conditions for the ends are taken as simply supported. The boundary
conditions along the sides can also be considered simply supported.

In ship structures, there are three primary types of load effects that can
influence the strength of a plate-stiffener panel; negative bending moment, positive
bending moment, and in-plane compression or tension. Negative bending loads are the
lateral loads due to lateral pressure. They cause the plate to be in tension and the
stiffener flange in compression. Positive bending loads are those loads that put the
plating in compression and the stiffener flange in tension. The third type of loading is
the uniform in-plane compression. This type of loading arises from the hull girder
bending, and will be considered to be positive when the panel is in compression. The

three types of loading can act individually or in combination with one another.



To evaluate the strength of a stiffened or gross panel element it is necessary to
review various strength prediction models and to study their applicability and
limitations for different loading conditions acting on the element. Although stiffened
plate strength has been studied for many years, several advanced strength models have
been developed during the last few decades. These advanced models take into account
the effects of initial distortion, weld induced residual stresses, and various parameters
concerning strength prediction. Some of these models are empirical in nature but they
are highly representative of real world scenario because they were developed on the
bases of experimental data. An exact stiffened panel-strength prediction can only be
achieved by a method of analysis, either numerical or experimental, in which ali the
characteristics of the panel and the loading variables are presented and are properly

accounted for in the method.
1.3. Fatigue

In recent years, a great deal of attention has been focused on general fatigue
cracking of ship structural details because the phenomenon is so vital that structural
engineers must consider fatigue strength in their designs, especially for those structural
components that are exposed to cyclic loading. The term “fatigue” is commonly used
in engineering to describe repeated-load phenomena and their effect on the strength of
a structural member. The exact mechanism of a fatigue failure is complex and is not
completely understood. Failure by fatigue is a progressive cracking and unless it is
detected this cracking can lead to a catastrophic rupture. When a repeated load is large
enough to cause a fatigue crack, the crack will start at the point of maximum stress.

This maximum stress is usually due a stress concentration (stress raiser). After a



fatigue crack is initiated at some microscopic or macroscopic level of stress
concentration, the crack itself can act as an additional stress raiser causing crack
propagation. The crack grows with each repetition of the load until the effective cross
section is reduced to such an extent that the remaining portion will fail with the next
application of the load. For a fatigue crack to grow to such an extent to cause rupture,
it usually takes thousands or even millions applications of the stress, depending on the
magnitude of the load, type of the material used, and on other related factors. A
detailed bibliography for fatigue of welds was developed by the University of
Tennessee (1985). However, this bibliography does not cover work beyond 1985.
Fatigue must be considered in the design of all-structural and machine components
that are subjected to repeated or fluctuating loads. During the useful life of a structural
member, the number of loading cycles, which may expected, varies tremendously. For
example, a beam supporting a crane may be loaded as many as 2,000,000 times in 25
years to failure, while an automobile crankshaft might be loaded 5,000,000 times for
rupture to occur, if the automobile is driven 200,000 miles (Beer and Johnston, 1981).
The number of loading cycles required to cause failure of a structural component
through cyclic successive loading and reverse loading may be determined
experimentally for any given maximum stress level. One common test used to evaluate
the fatigue properties of a material is a rotating-beam test (Byars and Snyder, 1975). In
this test, the number of completely reversed cycles of bending stress required to cause
failure is measured at different stress levels. In one complete cycle, the stress goes
from maximum tensile stress, to zero, to maximum compressive stress of the same

magnitude as the maximum tensile stress, and then back to the original maximum






