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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



stress passing the zero stress level. If a series of tests are conducted in this case, using
different maximum stress ranges, the resulting data can be plotted as an S-N curve. For
each test, the maximum stress range S is plotted against the number of cycles N. These
test data are usually plotted on semi-log paper, and the resulting plot is referred to as an
S-N curve. Figure 1-3 shows typical curves for various materials. It is to be noted that
from these curves that as the magnitude of the maximum stress range decreases, the
number of cycles required causing rupture increases. Also these curves tend to be
approximately horizontal lines as a lower limit. When the stress level for a specimen
reaches this limit, the specimen does not fail and it is said to have reached the
endurance limit (fatigue limit). The endurance limit is then defined as the stress for
which failure does not take place (Beer and Johnston, 1981) even for an indefinitely
large number of loading cycles. The endurance limit for most engineering material is
less than the yield strength. For a low carbon structural steel, the endurance limit is
about half of the ultimate strength of the steel.
Fatigue properties for materials are usually determined at high temperatures and

also in various corrosive environments. Temperature and environment can play a
drastic role in influencing the fatigue properties. For example, in applications in or
near seawater, or in other applications where high level of corrosion is expected, a
reduction up to 50% in the endurance limit may be anticipated. Also, since fatigue
failure may be initiated at any crack or imperfection, the service condition of a
specimen has a vital effect on the value of the endurance limit obtained in the test.

The inherent nature of fatigue tests gives rise to a great deal of scatter in the data.

For example, if several specimens that have carefully machined and polished, are
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Figure 1-3. S-N Curves for Various Materials (Byars and Snyder, 1975)

tested at the same stress level, it certainly not unusual to have a variation of 10 to 20
percent in their fatigue life measured in terms of the number of loading cycles at which
the specimen ruptures (Byars and Snyder, 1975). It therefore requires a few tests to
correctly identify an S-N curve for a material.

Fatigue cracking of structural details in ship and offshore steel structures due
cyclic loading has gained considerable attention in the past few years. Numerous
research works have been conducted in this field on both the theoretical and practical
aspects. Consequently, a great deal of papers has been published resulting in various
topics relating to fatigue assessment and prediction. In these papers, the macroscopic
behavior of materials as well as models for its description is investigated. Due to the
extreme complexity in modeling the process of material cracking at the microscopic

level, solutions from the microscopic aspect are rarely available or not practically
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feasible. This is mainly due to the complexity of the damaging process under cyclic
loading and the scatter of material properties. Ship and offshore structures are
subjected to fatigue primarily due to the action of seawater waves (Byers et al, 1997)
and the sea environment in general. The load cycles in such an environment can be in
the order of million cycles per year. Fatigue failures in ship and offshore structures can
take place at sites of high stress concentration that can be classified into two major
categories: (1) baseplate and (2) weldments. The former includes locations of high
stress concentration such as openings, sharp re-entry comers, and plate edges. In
general, the mechanisms behind these failures are described by the general approaches
to fatigue life prediction as discussed in this thesis. There are two major approaches
for evaluating fatigue life prediction: (1) the S-N curve approach and (2) the fracture
mechanic (FM) approach. The S-N approach is based on experimental measurement of
fatigue life in terms of cycles to failure for different loading levels as discussed
previously. On the other hand, the fracture mechanic (FM) approach is based on the
existence of an initial crack in a stress-free structure. Both of these approaches are

discussed in greater detail in Chapter 7.
1.4. Design Philosophy

Ship structural design must provide for adequate safety and proper functioning of a
structural element regardless of what philosophy of design is used. Structural elements
must have adequate strength to permit proper functioning during their intended service
life. In general, two design philosophies are currently in use by different codes: (1) the
Allowable Stress Design (or called working stress design) and (2) the Load and

Resistance Factor Design (LRFD). The allowable stress design (ASD) has been widely
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used for the past century in land-based and marine structures. However, in recent
years, structural design has been moving toward a more rational and reliability-based
design procedure referred to as limit states design. The limit states design includes the
method commonly referred to as LRFD. The expression for the structural safety

requirement in the ASD format is given by

R z
—2>>) L 1-2
FS & (1-2)

where R = strength or resistance, L; = load effect, and FS = factor of safety. In this
design philosophy, all loads are assumed to have average variability. The entire
variability of the strength and the loads is placed on the strength side of the equation.
The factor of safety FS accounts for this entire variability. The difference between the
ASD and LRFD format is that the latter uses different safety factors for each type of
load and strength as given by Eq. 1-1. The LRFD assumes the strength R and the load
L are random variables. Typical frequency distributions of such random variables are
shown in Figure 1-4. If R is greater than L, there will be a margin of safety. However,
unless R is greater than L by a large amount, there is always a probability that L may
exceed R. This is illustrated by the shaded in Figure 1-4 where the two curves for R
and L overlap. The many advantages of the LRFD are summarized as follows:

1. The LRFD provides consistency in reliability.

2. It provides potentially a more economical use of materials based on life cycle cost.
3. It provides compatibility and reliability consistency across materials, such as, steel

grades, aluminum and composites.
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. The LRFD also allows for future changes as a result of gained information in

prediction models, and material and load characterization.

. It provides directional cosines and sensitivity factors that can be uszd for defining

future research and development needs.

. It allows the use of time-dependent reliability models that can form bases for life

expectancy assessment, life extension, and development of inspection and

maintenance strategies.

. Finally, it is consistent with other industries such as the AISC, ASSHTO, ACI,

API, and ASME.
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Figure 1-4. Frequency Distribution of Resistance R and Load L
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1.5. Objective

The main objective of this dissertation is to develop methods of structural design
of ship panels and fatigue details for conventional displacement type surface monohull
ships. The methods presented in this dissertation are based on structural reliability
theory and can be either as direct reliability-based design or in a load and resistance
factor design (LRFD) format. Design methods for ship panels are presented in an
LRFD format, while those for fatigue details are presented as both direct reliability-
based design and in LRFD format. The resulting methods are to be referred to as the
LRFD design for panels and fatigue details of ship structures. These methods were
developed according to the following requirements: (1) spectral and extreme analysis
of wave loads, (2) building on conventional codes, (3) combinations of partially
correlated loads, (4) nominal strength and load values, and (5) achieving target

reliability levels.
1.6. Organization

This dissertation consists of eight chapters and one appendix as shown in Figure 1-
5. Chapter 1 consists of the introduction and objective statement. In this chapter, brief
introduction to ship panels and fatigue of structural details is presented. Chapter 2
provides an introduction to reliability-based design as applied to ship structures.
Chapter 3 gives a summary of basic random variables and their probabilistic
characteristics. Failure modes and strength models for unstiffened, stiffened, and gross
panels are provided in Chapter 4. Also, assessment of modeling uncertainty, biases in
prediction, and simulation results based on these models are given in Chapter 4.

Chapter 5 provides a summary of recommended design loads based on hull bending
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moments. Chapter 6 consists of the definition of load combinations, computation of
partial safety factors (PSF’s), and parametric analysis. This chapter also includes a
summary of the developed partial safety factors for ship panels. Reliability methods
for fatigue assessment and design of ship structural details are provided in Chapter 7.
Chapter 8 provides conclusions and recommendations for future work. Sample
calculations of simulating the strength models of Chapter 4 as well as the determination
of partial safety factors are given in Appendix A. This appendix also contains sample
Chi-square tests for the distribution of strength models used in the LRFD design

formats.
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CHAPTER 2. SHIP STRUCTURAL RELIABILITY

2.1. Reliability-Based Design and Analysis

As described in Chapter 1, 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. Reliability-based design formats are more flexible and rational than
working stress formats because they provide consistent levels of safety over various
types of structures.

The development of a methodology for reliability-based design of ship structures
requires the consideration of the following three components (Ayyub et al 1995): (1)
loads, (2) structural strength, and (3) methods of reliability analysis. There are two
primary approaches for reliability-based design: (1) direct reliability-based design and
(2) load and resistance factor design (LRFD). The two approaches are shown in Figure
2-1. The three components of the methodology are also shown in this figure in the
form of several blocks for each. In addition, the figure shows their logical sequence
and interaction. The direct reliability-based design approach can include both Level 2

and/or Level 3 reliability methods. Level 2 reliability methods are based on the
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Figure 2-1. Reliability-based Design of Ship Structures (Ayyub et al 1995)

moments (mean and variance) of random variables, whereas, Level 3 reliability
methods use the complete probabilistic characteristics of the random variables. In

some cases, Level 3 reliability analysis is not possible because of lack of complete
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information on the full probabilistic characteristics of the random variables. Also,
computational difficulty in Level 3 methods sometimes discourages their uses. The
LRFD approach is called a Level 1 reliability method. Level 1 reliability methods
utilize partial safety factors (PSF) that are reliability based; but the methods do not
require explicit use of the probabilistic description of the variables.

The two reliability-based design approaches start with the definition of a mission
and an environment for a ship. Then, the general dimensions and arrangements,
structural member sizes, scantlings, and details need to be assumed. The weight of the
structure can then be estimated to ensure its conformance to a specified limit. Using an
assumed operational-sea profile, the analysis of the ship produces a stochastic
stillwater and wave-induced responses. The resulting responses can be adjusted using
modeling uncertainty estimates that are based on any available results of full-scale or
large-scale testing. The two approaches, beyond this stage, proceeds in two different
directions.

Both the direct reliability-based design and the LRFD approaches require
defining performance functions that corresponds to the limit states for significant
failure modes (Mansour et al 1995). They also require the definition of a set of target
reliability levels. These levels can be set based on implied levels in the currently used

ship design practice with some calibration, or based on cost benefit analysis.

2.1.1 Direct Reliability-Based Design

The direct reliability-based design requires performing spectral analysis and
extreme analysis of the loads. Also, linear or nonlinear structural analysis can be used

to develop a stress frequency distribution. Then, stochastic load combinations can be
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performed. Linear or nonlinear structural analysis can then be used to obtain
deformation and stress values. Serviceability and strength failure modes need to be
considered at different levels of the ship, i.e., hull girder, grillage, panel, plate and
detail. The appropriate loads, strength variables, and failure definitions need to be
selected for each failure mode. Using reliability assessment methods such as FORM,

reliability indices 4’s for all modes at all levels need to be computed and compared
with target reliability indices g, s. The relationship between the reliability index £ and

the probability of failure is given by
Pr=1-d(pH) 2-1)

where ®@(.) = cumulative probability distribution function of the standard normal
distribution, and £ = reliability (safety) index. It is to be noted that Eq. 2-1 assumes all
the random variables in the limit state equation to have normal probability distribution
and the performance function is linear. However, in practice, it is common to deal with
nonlinear performance functions with a relatively small level of linearity (Ayyub and
McCuen 1997). If this is the case, then the error in estimating the probability of failure
Pris very small, and thus for all practical purposes, Eq. 2-1 can be used to evaluate P,

with sufficient accuracy.

2.1.2 Load and Resistance Factor Design (LRFD)

The second approach (LRFD) consists of the requirement that a factored
(reduced) strength of a structural component is larger than a linear combination of
factored (magnified) load effects as given by Eq. 1-1. In this approach, load effects are
increased, and strength is reduced, by multiplying the corresponding characteristic
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(nominal) values with factors, which are called strength (resistance) and load factors,
respectively, or partial safety factors (PSF’s). The characteristic value of some
quantity is the value that is used in current design practice, and it is usually equal to a
certain percentile of the probability distribution of that quantity. The load and strength
factors are different for each type of load and strength. 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. These factors are determined probabilistically so that they correspond to a
prescribed level of safety. It is also common to consider two classes of performance
function that correspond to strength and serviceability requirements. The difference
between the allowable stress design (ASD) and the LRFD format is that the latter use
different safety factors for each type of load and strength. This allows for taking into
consideration uncertainties in load and strength, and to scale their characteristic values
accordingly in the design equation. ASD (or called working stress) formats cannot do
that because they use only one safety factor (see Eq. 1-2). 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.
2.2. Performance Functions

As stated earlier, reliability-based analysis and design procedures start with
defining performance functions that correspond to limit states for significant failure

modes. In general, the problem can be considered as one of supply and demand.

Failure occurs when the supply (i.e., strength of the system) is less than the demand
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(i.e., loading on the system). A generalized form for the performance function for a

structural system is given by
& =R-L (2-2)

where g, = performance function, R = strength (resistance) and L = loading in the
structure. The failure in this case is defined in the region where g1 is less than zero, or

R is less than L, that is
g,<00o0r R<L (2-3)

As an alternative approach to Eq. 2-2, the performance function can also be

given as

g =" @4

L

where, in this case, the failure is defined in the region where g- is less than one, or R is

less than L, that is
g, <l0or R<L (2-5)

If both the strength and load are treated as random variables, then the
reliability-based design and analysis can be tackled using probabilistic methods. In
order to perform a reliability analysis, a mathematical model that relates the strength
and load needs to be derived. This relationship is expressed in the form of a limit state
or performance function as given by Eq. 2-2 or Eq. 2-4. Furthermore, the probabilistic
characteristics of the basic random variables that define the strength and loads must be
quantified. Because the strength R and load L are random variables (Figure 1-4), there

is always a probability of failure that can be defined as
22



P, =Prob (g, <0.0)=Prob (R < L) (2-6)
or
P, =Prob(g, <1.0)=Prob(R <L) 2-7)

The probability of failure given by Eqs 2-6 and 2-7 correspond to the performance

functions g1 and g, of Egs. 2-2 and 2-4, respectively.
2.3. First-Order Reliability Method (FORM)

The First-Order Reliability Method (FORM) is a convenient tool to assess the
reliability of a ship structural element. It also provides a means for calculating the
partial safety factors ¢ and y; that appear in Eq. 1-1 for a specified target reliability
level fy. The simplicity of the first-order reliability method stems from the fact that
this method, beside the requirement that the distribution types must be known, requires
only the first and second moments; namely the mean values and the standard deviations
of the respective random variables. Knowledge of the joint probability density
function (PDF) of the design basic variables is not needed as in the case of the direct
integration method for calculating the reliability index . Even if the joint PDF of the
basic random variables is known, the computation of £ by the direct integration method
can be a very difficult task.

In design practice, there are usually two types of limit states: the ultimate limit
states and the serviceability limit state. Both types can be represented by the following

performance function:

gX)=g(X1,X32,.... X)) (2-8)
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Figure 2-2. Space of Reduced Random Variables Showing the Reliability Index and
the Most Probable Failure Point

in which X is a vector of basic random variables (X;, X3, ..., X;,) for the strengths and
the loads. The performance function g(X) is sometimes called the limit state function.
It relates the random variables for the limit-state of interest. The limit state is defined
when g(X) = 0, and therefore, failure occurs when g(X) < 0 (see Figure 2-2). The
reliability index fis defined as the shortest distance from the origin to the failure
surface at the most probable failure point (MPFP) as shown in Figure 2-2.

As indicated earlier, the basic approach to develop a reliability-based strength
standard is to determine the relative reliability of designs based on current practice. In
order to do that, reliability assessment of existing structural components of ships is
needed to estimate a representative value of the reliability index 5. The first-order-

reliability method is very well suited to perform such a reliability assessment. The
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following are computational steps, as outlined by Ayyub and McCuen (1997), for

determining S using the FORM method:

1. Assume a design point x; and obtain x;-‘ using the following equation:

*
L™ xi —ﬂXi
x; =——L

2-9)
g X;

where x;-* =—a; B, u x, = mean value of the basic random variable, and o X, =

standard deviation of the basic random variable. The mean values of the basic

random variables can be used as initial values for the design points. The notation

x* and x* are used respectively for the design point in the regular coordinates and
in the reduced coordinates.
2. Evaluate the equivalent normal distributions for the non-normal basic random

variables at the design point using the following equations:

M) @-10)
and
o} = o Exe) (2-11)
fx&")

where ,u? = mean of the equivalent normal distribution, aﬁ! = standard deviation

of the equivalent normal distribution, Fy (x*) = original cumulative distribution

function (CDF) of X; evaluated at the design point, fx(x") = original probability
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density function (PDF) of X; evaluated at the design point, ®(-) = CDF of the

standard normal distribution, and ¢(-) = PDF of the standard normal distribution.

3. Compute the directional cosines (e; , i = 1,2, ..., n) using the following equations:

fori=1,2,..,n (2-12)

where

&) (&) _
HRGE =

N are now known, the following equation can be solved for

4. With o], u¥ ,and o

i

the root £ |

o Wk, ok 0N Py —ak, o p]=0 @14)

5. Using the S obtained from step 4, a new design point can be obtained from the

following equation:

x; =,u§l_ -a,"ai,v_,ﬂ (2-15)

1]

6. Repeat steps 1 to 5 until a convergence of Bis achieved. The reliability index is the
shortest distance to the failure surface from the origin in the reduced coordinates as

shown in Figure 2-2.
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The important relation between the probability of failure and the reliability

index is given by Eq. 2-1.

2.3.1 Procedure for Calculating Partial Safety Factors (PSF) Using

FORM

The first-order reliability method (FORM) can be used to estimate partial safety

factors such those found in the design format of Eq. 1-1. At the failure point
(R, L},..., Ly,), the limit state of Eq. 1-1 is given by

*

g=R"-L]-.-L, =0 (2-16)

or, in a general form

g(X)=g(x] , x5, Xy, ) =0 (2-17)

For given target reliability index /3, probability distributions and statistics (means and
standard deviations) of the load effects, and coefficient of variation of the strength, the
mean value of the resistance and the partial safety factors can be determined by the
iterative solution of Section 1.3, namely Eqs. 2-9 through 2-15. The mean value of the
resistance and the design point can be used to compute the mean required partial design

safety factors as follows

L3
s=X (2-18)
HR
*®
yy =2 (2-19)
i,



2.3.2 Determination of a Strength Factor for a Given Set of Load
Factors

In developing design code provisions for ship panels and fatigue details, it is
sometimes necessary to follow the current design practice to insure consistent levels of
reliability over various types of ship structures. Calibrations of existing design codes is
needed to make the new design formats as simple as possible and to put them in a form
that is familiar to the users or designers. Moreover, the partial safety factors for the
new codes should provide consistent levels of safety. For a given reliability index S
and probability characteristics for the resistance and the load effects, the partial safety
factors determined by the FORM approach might be different for different failure
modes for the same structural component. For this reason, calibration of the calculated
partial safety factors (PSF’s) is important in order to maintain the same values for all
loads at different failure modes. Normally, the calibration is performed on the strength
factor ¢ for a given set of load factors. The following algorithm can be used to
accomplish this objective:

1. For a given value of the reliability index £, probability distributions and statistics
of the load variables, and the coefficient of variation for the strength, compute the
mean of the strength R using the first-order reliability method as outlined in the
Section 1.3.

2. With the mean value for R computed in step 1, the partial safety factor ¢can be

revised as follows:
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iyi#L,
- =l

Hp

¢ (2-20)

where x,; and ur are the mean values of the loads and strength variables, respectively;

and y,i=1, 2, ..., n, are the given set of load factors.
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CHAPTER 3. BASIC STRENGTH AND LOAD RANDOM

VARIABLES

This chapter summarizes the probabilistic characteristics of strength and load
basic random variables that are needed for the development of LRFD design methods
for unstiffened, stiffened, and gross panels of ship structures. However, it does not
cover fatigue basic random variables. A full coverage of the probabilistic
characteristics for fatigue random variables that are relevant to ship structures is

provided in Section 7.5.

3.1. Statistical Characteristics of Random Variables

The statistical characteristics of random variables of strength and load models
are needed for reliability-based design and assessment of ship panels. The moments
methods for calculating partial safety factors (Ang and Tang 1984, and Ayyub and
White 1987) require full probabilistic characteristics of both strength and load variables
in the limit state equation. For example, the relevant strength variables for ship plates

are the material’s yield strength (stress) g , modulus of elasticity E, Poisson’s ratio V,
Fy

thickness ¢, and length a and width b of a plate. While the relevant loads variables are
the external pressures due to stillwater bending moment, wave bending moment, and

dynamic loads.
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The definition of these random variables requires the investigation of their
uncertainties and variability. In reliability assessment of any structural system, these
uncertainties must be quantified. Furthermore, partial safety factors (PSF’s) evaluation
for both the strengths and loads in any design equation also requires the
characterization of these variables. For example, the first-order reliability method
(FORM) as outlined in Chapter 2 requires the quantification of mean values, standard
deviations (or the coefficient of variation (COV)), and distribution types of all relevant
random variables. They are needed to compute the safety index por the PSF’s.
Therefore, complete information on the probability distributions of the basic random
variables under consideration must be developed. Quantification of random variables
of loads and strength in terms of their means, standard deviations or COV’s, and
probability distributions can be achieved in two steps: (1) data collection and (2) data
analysis. The first step is the task of collecting as many sets of data deemed to be
appropriate for representing the random variables under study. The second is
concerned with statistically analyzing the collected data to determine the probabilistic
characteristics of these variables.

The objective herein is to compile statistical information and data based on
literature review on both strength and loads random variables for quantifying the
probabilistic characteristics of these variables. Quantification of the probabilistic
characteristics of these variables is needed for reliability analysis and design of ship
panels. In Sections 3.2 and 3.3, data for characterizing strength and loads random
variables were collected and tabulated, respectively. In Section 3.4, the probabilistic

characteristics of strength and loads random variables were evaluated and summarized.
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Tables 3-27, 3-28, and 3-29 of Section 3.4 provide summaries of the probabilistic
characteristics of strength and loads random variables. The information given in these
tables is based on the tabulated data in Sections 3.2 and 3.3.

3.2. Probabilistic Characteristics of Strength Variables .

This section provides detailed statistical data for strength variables of steel used in
ship structures. These data are collected from various sources with the objective of
identifying strength uncertainties. The data includes the mean 46 standard deviation
(or coefficient of variation (COV)), and wherever available the distribution type for
each strength basic random variable. The moments methods that are used in reliability
design and assessment of ship structural components require these information types.
Statistical data on strength variables that are considered relevant to ship structures are
provided in this section under separate headings. These data were used by Ellingwood

et al (1980) in developing reliability-based structural codes.

3.2.1 Material Properties
Tabulated statistical data on the yield strength F, ultimate strength F,,, modulus
of elasticity (or Young’s modulus) E, and Poisson’s ratio pare provided in section.

These variables are investigated under separate headings.

3.2.1.1 Yield Strength

Statistical information on yield strength F,, of shipbuilding steel was
summarized by Atua et al (1996) as given in Tables 3-1 and 3-2. These tables aiso
show data summarized by Mansour (1984) and others. Some of these reported data

were discarded because either (1) the steel type was not reported and indicated as
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unknown steel type, or (2) steel strength was reported in the form of ranges (e.g. 40 to
50 ksi) rather than steel type with known nominal (or design) value. The steel types
were needed in this study in order to compute the yield strength ratio that is defined as
the mean to nominal ratio of yield strength. The tables also provide information on
ordinary and higher strength steel, respectively, such as number of tests, yield strength
ratio, coefficient of variation (COV), and wherever available probability distribution
types. The same information was published by Mansour et al (1984) who suggested
that the weighted average of the COV values for data of more than 60,000 samples is
0.089. Galambos and Ravindra (1978), in reviewing much the same data, suggested
that any numerical or statistical analysis is probably worthless since the measurement
methods are so varied. Based on judgment, they recommended that for rolled shapes
the mean yield strength can be taken as 1.05 F, for flanges and 1.10 F,, for webs with
COV’s 0f 0.10 and 0.11, respectively.

Studies of the effect of various independent variables such as production year,
temperature, orientation (tension or compression), steel type, and plate thickness on
materials properties, show that only the steel type and plate thickness have a significant
role in the determination of the yield strength ratio (Atua 1998 and Atua et al 1996).
The result of these studies was based on analyzing data provided in SSC-352 report
(Kaufinan and Prager 1990). The yield strength ratio for both ordinary strength (OS)
and high strength (HS) steels tend to be significantly higher than that of high strength
low alloy (HSLA) steel and high yield (HY) steel. Also, the yield strength ratio tends

to increase as the plate thickness ¢ decreases, particularly below 1.5 in. The influence
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Table 3-1. Statistical Information on Yield Strength of Ordinary Strength (OS) Steel

Steel |Number Fy COV ot F,/F Comments Reterences
Type of Tests (kSi) F.;; R.aﬁoy
ABS A 331 36.091 0.059 1.062|1948 tests, /i Mansour et al (1984),
and '/,-in plates |Atua et al (1996), and
Atua (1998)
ABS B 791 34.782] 0.11 1.02311948 tests, “/;5, |Mansour et al (1989),
/gy 116s as P16, |Atua et al (1996), and
7fg, 13/16, and 1-in |Atua (1998)
plates
ABS C 131 33.8311 0.081 0.995{194% tests, plates [Mansour et al (1989),
1%/, 1316, 1Y/,,  |Atua et al (1996), and
13/g,and 1Y/,-in  |Atua (1998)
plates
ABS B 391 534.850] 0.044 1.025]normal Mansour et al (1989),
distribution, */,-in|Atua et al (1996), and
plates Atua (1998)
ABSC 36[ 35.000]  0.069 1.029[1"7;-1n plates Mansour et al (198%),
Atua et al (1996), and
Atua (1998)
ASTM 3974] 40.000] 0.087 1.212|mull tests, Galambos and
A7 lognormal Ravindra (1978),
distribution, Mansour et al (1984),
upper yield point |and Lay (1965)
ASTM 3124] 39.360] 0.078 1.2Z10]ASTM mill tests |Galambos and
A7 and Ravindra (1978),
A36 Mansour et al (1984),
and AISICPS (1972)
A’/ and 400] 44.000 0O.ITO 1.220|mull tests Galambos and
A36 Ravindra (1978),
Mansour et al (1984),
and AISICPS (1972)
ASTM 1201 55.080] 0.038 1.063[55T, beams and [Mansour et al (1984),
A7 flanges Atua et al (1996), and
Atua (1998)
ASTM 38| 39.079] 0.044 1.184155T, beams and ~ {Mansour et al (1984),
A7 webs Atua et al (1996), and
Atua (1998)
ASITM 4| 38.000f 0.026 1.1521551, beams and ansour et al (1984),
A7 cover plates Atua et al (1996), and

Atua (1998)




of the other variables was concluded to be insignificant because of lack of clear trend
under normal operational conditions of typical ships.

Other studies (Mansour et al 1984 and Atua 1998) suggest that a lognormal
distribution is appropriate for the yield strength. Therefore, based on these studies and
on the available information, a lognormal distribution is recommended for the yield

strength for both ordinary and higher strength steels. Table 3-3 provides information
on the calculated values and ranges of F, coefficient of variation of yield strength,

and the yield strength ratio for ordinary steel (OS). Table 3-4 provides similar
information for high strength steel (HS). The averages calculated in Tables 3-3 and 3-4
were based on the data reported in Tables 3-1 and 3-2, respectively.

Table 3-2. Statistical Information on Yield Strength of High Strength (HS) Steel

Steel type N;u_rrnber F, (ksi) COVot F,/ F, Comments Reterences
of Rests E, | Ratio
SA30 na 396 0.100 1.100|assumed Iognormal [Mansour et al
distribution (1994) and Atua
et al (1996)
SAS3/ na 066.0] 0.091 1.320}assumed lognormal [Mansour et al
Grade B distribution (1994) and Atua
et al (1996)
SAS16 na 41.8] 0.100 1.100fassumed lognormal [Mansour et al
Grade 70 distribution (1994) and Atua
et al (1996)
SAS516 na ST 0.066 '1.345]assumed lognormal |[Mansour et al
Grade 70 distribution (1994) and Atua
et al (1996)

na = not available

Table 3-3. Averages and Ranges for Statistics of Yield Strength for Ordinary Strength

(OS) Steel
'Fy COV ot 7,/ F, Daistribution
(ksi) £, Ratio
Average 37.3 0.068 L1l Lognormal
Minimum 35.8 0.026 1.00
Maximum 44.0 0.116 1.22
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Table 3-4. Averages and Ranges for Statistics of Yield Strength for High Strength

(HS) Steel
7, (ksi) COVot F,/F Dastribution
F, Ratioy
Average 49.6 0.08% 1.22 lognormal
Minimum 39.6 0.066 1.10
Maximum 66.0 0.100 1.35

3.2.1.2 Ultimate Strength

Statistical information on ultimate strength F, for shipbuilding steel is provided
in Table 3-5 (Mansour et al 1984 and Atua 1998). The information in this table
includes number of tests, mean to nominal ratio of ultimate strength (ultimate strength
ratio), coefficient of variation (COV), and wherever available probability distribution
type. Since the steel type is needed for the determination of ultimate strength ratios as
was performed in the case of yield strength ratios, not all the data reported by Mansour
(1984) and Atua (1998) are shown in Table 3-5. Data that do not show steel type or
data that give only ultimate strength ranges (e.g., 40 to 50 ksi) were not used herein.
Mansour et al (1984), in reviewing the same data, estimated the weighted average of
the COV values of more than 4200 samples to be 0.068. Conclusions reached by other
researchers (Atua 1998) regarding the effect of the various independent variables such
as production year, temperature, orientation (tension or compression), steel type, and
plate thickness on yield strength ratio held true for the ultimate strength ratio. Only
steel type and plate thickness has a significant effect on the ultimate strength ratio. The
ultimate strength ratio for both ordinary and high strength steels tends to be

significantly higher than that of HSLA and HY steels. Also, the ultimate strength ratio
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tends to increase as the plate thickness ¢ decreases. Table 3-6 summarizes calculated

ultimate strength averages and their ranges, coefficients of variation, and ultimate

strength ratios for both ordinary and higher strength steels. The averages that are

shown in Table 3-6 were based on the data shown in Tables 3-5.

Table. 3-5. Statistical Informatlon on Ultimate Strength of Shipbuilding Steel

Steel Type[Number cov 7./ F, Comments Reterence
of Tests| () | £, | Retic

ABS A |33 59.27] 0.044] 1.022Z[T948 tests, '/;, and |Mansour et al
1/,-in plates (1984)

ABS B 791 60.991 0.091]  T.052|1948 tests, /¢, /s, ansour et al
ll/169 3/49 13/16’ 7/8’ (1984)
15/,6» and 1-in plates

ABS C 151 60.25] 0.05I] T.039[I948tests, -7, Mansour et al
13/16’ 11/4, 13/8, and (1984)
1'/,-in plates

ABSB 391 62.57] 0.044]  T1.079|normal distribution, [Mansour et al
3/4-in plates (1984)

ABS C 36| 63.22] 0.047] T.090|normal distribution, [Mansour et al
1!/,-in plates (1984)

ASTM A7 120] 62.64[ 0.0226 1.044)551, WF beams, and{Mansour et al

' flanges (1984)

ASTM A7 S8 64.33] 0.034I| T1.072|55T, WF beams, and|Mansour et al
webs (1984)

ASTM A7 4! 60.64] 0.0241I] T.0TI[55T, beams, and Mansour et al
COVer plates (1984)

ASNTM A7 22| 60.411 0.0719]  1.007[structural steel Mansour et al
plates (1984)

Table 3-6. Averages and Ranges for the Statistics of Ultimate Strength of

Shipbuilding Steel
F, (ks1) | COVof F, | F.,/F Ratio Distribution
Average 816 004773 —T.046 formal
Minimum 393 0.023 1.007
Maximum 04.3 0.091 1.090
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3.2.1.3 Modulus of Elasticity

Variability of modulus of elasticity, £, (Young’s modulus or elastic modulus)
was investigated and the results were plotted as shown in Fig. 2-1 (Aua et al 1996).
The mean value was found to be 28901 ksi with a COV value of 0.105. Statistical
information on the modulus of elasticity of shipbuilding steel was summarized by
Galambos and Ravidra (1978), Manour et al (1984), and others as shown in Table 3-7.
Generally, the reported data do not include steel types, and are given in terms of
general types of steels, noticeably, general structural steels. Since the nominal elastic
modulus is commonly specified as 29,000 ksi (Galambos and Ravindra 1978) ir: both
tension and compression, this value was used in the computation of the modulus of
elasticity ratio (i.e., mean to nominal ratio of the modulus of elasticity).

In reviewing much of the same data, Mansour et al (1984) reported that the
weighted averages of the mean value and COV of the modulus of elasticity are 30,070
ksi and 0.031, respectively. However, Galambos and Ravindra (1978) assumed a mean
value of 29,000 ksi and a coefficient of variation (COV) of 0.06 for the elastic
modulus. In their judgment, the COV value is to account for the variation due to
different shapes, heat, mills, etc. They also pointed out that the most carefully
performed and controlled tests on Young’s modulus is probably that of Johnson and
Opila (1941) which give a mean value of 29,774 ksi. This is probably the most
accurate value according to Galambos and Ravindra (1978). As it can be seen from
Table 3-7 all cited references failed to report the probability distribution type for E, and
thus a lognormal distribution is assumed herein on the basis of its limitation to

nonnegative value. A normal distribution can be also used. Table 3-8 provides
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information on the calculated averages and ranges of the modulus of elasticity, its

coefficient of variation, and the elastic modulus ratio for both the ordinary and high

strength steels. The averages calculated in Table 3-8 are based on the data shown in

Table 3-7.
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Figure 3-1. Test Results of Modulus of Elasticity as Reported by Atua et al (1996)

Table 3-7. Statistical Information on Modulus of Elasticity

Steel Type [Number E |COVot E/g | Comments Reterences
of Tests | (ksi) E  |Ratio’
general 7 29,560| 0.0T00[1.0T24|tension coupon|Lyse and Keyser
structural steel (1934), Galambos
and Ravindra (1978)
general 56 [29,437] 0.0140[1.015T}tension coupon|Rao et al (1964),
structural steel Galambos and
Ravindra (1978)
general 67 129,540] 0.0100]1.0186[tension coupon{Julian (1957),
structural steel Galambos and
Ravindra (1978)
general 67 129,550 0.0100{I1.0190{compression [Julian (1957),
structural steel coupon Galambos and
Ravindra (1978)
general S0 [29,774] 0.0380[1.0267{tension and Johnson and Opila
structural steel compression [(1941), Galambos
coupon and Ravindra (1978)
general 94 [31,200] 0.0600|1.0759|tension coupon|[Tall and Alpsten
structural steel and standard {(1969), Galambos
column and Ravindra (1978)
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Table 3-7. (continued) Statistical Information on Modulus of Elasticity

Steel Type |[Number| Z |COVof| £/ E Comments References
of Tests| (ksi) E Ratio®
General 104 30,000{0.0327 [1.0345 |tension, Mansour et al
structural steel structural steel [(1984)
from bridges
various types |19 28,980/0.0269 [0.9993 |tension, steel |Mansour et al
alloys, annealed|(1984)
and quenched
general 22 29,500(0.0072 |[1.0172 [tension Mansour et al
structural steel (1984)
general 22 29,490(0.0146 |1.0169 |[compression [Mansour et al
structural steel (1984)
low alloy (LA) |20 29,590/0.0056 11.0203 |tension Mansour et al
steel (1984)
low alloy (LA) |20 29,640{0.0070 |1.0221 |compression {Mansour et al
steel (1984)
low alloy (LA){10 29,560[{0.0064 |1.0193 |tension Mansour et al
steel (1984)
low alloy (LA){10 29,610{0.0111 |1.0210 |compression  [Mansour et al
steel (1984)
general 38 29,420(0.0157 [1.0145 |tension, /4, /2, [Mansour et al
structural steel and 1-in plates |(1984)
samples
ASTM A710- |na 30,210|na 1.0417 |tension Montemarano et al
10 (1986)
ASTM A710- |na 29,980[na 1.0338 {compression  [Montemarano et al
10 (1986)

na = not available, Computed based on a nominal value of 29,000 ksi

Table 3-8. Averages and Ranges for the Statistics of Modulus of Elasticity

E COV of E/E Distribution
(ksi) E Ratio
Average 29,696 0.0179 1.024 lognormal or normal
Minimum 28,980 0.0056 1.000
Maximum 31,200 0.0600 1.076
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3.2.1.4 Poisson’s Ratio

The Poisson’s ratio of steel is considered nonrandom with a deterministic value

of 0.3.

3.2.2 Fabricated Dimensions of Shipbuilding Steel

3.2.2.1 Plate Size

In this section, statistical data for plate thickness ¢ and plate dimensions a and b
are collected from various sources. The data for each variable were analyzed and
tabulated as provided under its own heading. This section includes the recent field
measurement and statistical analysis of fabricated dimensions of shipbuilding steel
provided by Hess and Ayyub (1997). The new results are in agreement with previously

recommended values by Ayyub and Assakkaf (1997).

3.2.2.1.1 Plate Thickness

Statistical information on plate thickness ¢ of shipbuilding steel was
summarized by Daidola and Basar (1980) as given in Tables 3-9a and 3-9b. These
tables provide tolerances and statistical information on variation of plate thickness used
in shipbuilding. Mansour and Faulkner (1973) reported that the coefficient of variation
of plate thickness is greatest for thin plates. Calculation of the standard deviation for a
plate thickness ¢ based on its tolerance can be performed by dividing the tolerance by 3
(Daidola and Basar 1980). This is true if the underlying probability distribution of ¢ is
normal and 99.7 percent of the measurements generally fall within the tolerance limit.

The mean value of ¢ can be chosen from its reporting context, and hence the COV can
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be computed by dividing the standard deviation by ¢. The calculated values for the
standard deviations and COV’s of ¢ are shown in Tables 3-9a and 3-9b. Table 3-10
summarizes the calculated averages and ranges for the standard deviation and the
coefficient of variation of 7. The calculated averages in Table 3-10 were based on the

data shown in Tables 3-9a and 3-9b.

Table 3-9a. Uncertainty in Plate Thickness ¢ based on Tolerance (Receipt inspection)

Data Tolerance Standard Deviation of 7 Mean of ¢ COVott
Point (in) (in) (in)
1 178 0.0417 t 0.0417/t
2 1732 0.0104 t 0.0104/t
3 1/64 0.0052 t 0.0052/t
4 178 0.0417 t 0.0417/t

t = plate thickness in inches

Table 3-9b. Uncertainty in Plate Thickness Based on Tolerance (Undercut)

Data | lolerance Standard Deviation of ¢ Mean of ¢ COVott

Point (in) (in) (in)
| 1732 0.0104 t 0.01047t
2 1716 0.0203 t 0.02087t
3 1/32 0.0104 t 0.0104/¢
4 1732 0.0104 t 0.0104/¢
5 1732 0.0104 t 0.0104/:
6 1732 0.0104 t 0.0104/¢
7 1716 0.0208 t 0.02087t
3 1732 0.0104 t - 0.01047¢
9 1716 0.0208 t 0.0208/¢

t = Plate thickness 1n inches, Undercut = Turther cutting of plate by the recipient after

delivery
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Table 3-10. Averages and Ranges of Standard Deviation and COV for Plate Thickness ¢

‘Standard Deviation of ¢ COVot

(in) t
Average 0.0172 0.0172/t
Minimum 0.0052 0.0052/t
Maximum 0.0417 0.04177t

3.2.2.1.2 Plate Dimensions

The literature search revealed that statistical data on plate dimensions a and b
are limited. The same information source tends to be repeatedly used and referenced
by different other sources. The original source of information is the Japanese
Shipbuilding Quality Standards. The studies by Basar and Stanley (1978), Daidola and
Basar (1980), and others refer to this source. The steps necessary to estimate the
coefficient of variations for the plate dimensions a and b are outlined in these

references. The following equations were used for this purpose:

coviay=Ze = 0106 (3-1)
M, a-0.037
COV(b) = G __0.093 (3-2)

where 4, = standard deviation of a that is 0.106 in; 5 = standard deviation of b that is
0.093 in; iz = IN€an ofa, yp = mean of b. In the above equations, it is assumed
implicitly that the variances are not functions of plate dimensions (Daidola and Basar

1980). The dimensions of plates are assumed to follow normal distributions.
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3.2.2.2 Stiffener Dimensions

The steps necessary for estimating the CO¥V’s of breadth of a flange and a depth

of the web of a stiffener were outlined by Daidola and Basar (1980) as follows:

COV(f,) = 9% _ forflanges (3-3)
Abf + fwn

and

covd,)= T8y for webs (3-4)
Adw + de

where o A= standard deviation of variability in flange breadth or web depth, A =

variability mean value of flange breath or web depth, f,, = flange breadth, d,, = web
depth, and the subscript » denotes nominal or design value.

The variability of the stiffener web depth, flange breadth, web thickness, and
flange thickness is quantified using two types of bias (Hess and Ayyub 1996): (1) ratio
bias and (2) difference bias. The ratio bias is the ratio between the measured value and
the nominal (or design) value for each specific strength parameter. On the other hand,
the difference bias is the difference, or error, between the measured value and the
nominal value.

With dimensional parameters such as thickness, breadth, and height, the
variation from the nominally specified value may not be dependent upon the nominal
value. For small nominal values of these parameters, the ratio bias may underestimate

the variability, while for larger parameter values, it may overestimate the variability.



Therefore, the error, or difference, between the measured and nominal values will be

analyzed along with the ratio of these values.

3.2.2.2.1 Stiffener Depth

The measurements by of the depth of the stiffeners (d,,) on board ships were
conducted by measuring the height of the stiffener flange from the supporting plate
(Hess and Ayyub 1996). A pair of measurements was done on both flange edges, at
three locations on each stiffener. The resulting data set may be affected by localized
distortion in the plating, tilting of the stiffener web and flange, and variations in the
surface coating.

The data set as analyzed contains 547 points. Three extreme data points filtered
out of the analysis as they are the result of inaccurate nominal values. The statistics of
the data are summarized in Table 3-11.

Table 3-11. Stiffener Depth (d,,) Statistics (Hess and Ayyub 1996)

Mean of oStandard Deviation COVot Distribution
d, ofd, d,
Ratio Bias 0.99545 0.018590 0.0187 ‘Normal
Ditterence Bias -0.0281 0.1171 n/a Normal

n/a = not applicable

3.2.2.2.2 Stiffener Flange Breadth

According to Hess and Ayyub (1996), the measurement of the stiffener flange
breadth was accomplished using a ruler and measuring to the nearest 32" of an inch
(0.03125). The accuracy of the measurement generally lacks the resolution found in
other measurement due to the magnitudes of the measured value relative to the level of

precision. The statistics of the data are presented in Table 3-12.
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Table 3-12. Stiffener Flange Breadth (f,) Statistics (Hess and Ayyub 1996)

Mean of Standard Deviation COV ot Diastribution
S off, Jw
Ratio Bias 1.01444 0.01634 0.0161 Lognormal
Difference Bias 0.0587 0.0649 n/a Normal

n/a = not applicable

3.2.2.2.3 Stiffener Web Thickness

Based on the findings of Hess and Ayyub (1996), the ease of access to stiffener
webs influenced whether they were measured using ultrasound techniques or a
micrometer. Which method used was not noted on the data collection sheets. Some of
the samples were found to vary quite a bit from the thickness specified in the stiffener
catalog. As the discontinuity in the frequency density was quiet pronounced, Hess and
Ayyub filtered out these points in the final analysis. An example of this would be a
5x4x6#T stiffener from CG-47 whose web was measured to be 0.134 in thick, but
whose nominal value is 0.190 in. The converse also occurs with measured values
being 50% greater than the specified value. Such disparity was not seen in the other
dimensions (height, flange breadth, and flange thickness) on the same stiffeners. As
these stiffeners were designed to be rolled sections, there may be another explanation
besides pure randomness in the thickness. The amount of paint covering the sample is
an unknown quantity, but would tend to skew the bias upward. Table 3-13 provides
the statistics of stiffener web thickness, ¢,,.

Table 3-13. Stiffener Web Thickness (¢,,) Statistics (Hess and Ayyub 1996)

Mean ot Standard Deviation COVot Distribution
t, oft, t,
Ratio Bias 1.25504 0.11339 0.0904 Lognormal
ifference Bias 0.0503 0.0180 n/a ‘Normal

n/a = not applicable
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3.2.2.2.4 Stiffener Flange Thickness

The stiffener flange thickness was measured with a micrometer (Hess and
Ayyub 1996). Factors influencing the measurement are the amount of paint on the
flange, and the degree of taper of the flange, from the centerline to the edge. The
measurements were taken at the mid-point between the centerline and the edge of the
flange, giving an average thickness across the breadth. The statistics of the biases are
provided in Table 3-14.

Table 3-14. Stiffener Flange Thickness (¢ Statistics (Hess and Ayyub 1996)

Mean of Standard Deviation | COV of t Daistribution
t of
Ratio Bias 1.13208 0.10377 0.0917 Lognormal
Ditterence Bias 0.0293 0.0212 n/a Normal

n/a = not applicable

3.2.3 Fabricated Dimensions of Ships

3.2.3.1 Ship Length

The literature review did not reveal any information on uncertainties in the
length LBP of ships, but it can be assumed that the length variability in the form of a
standard deviation not exceed one or two inches with a normal probability distribution.

Also, it is assumed that the standard deviation is not a function of length.

3.2.3.2 Ship Depth

Statistical information on ship depth (D) was summarized by Daidola and Basar
(1980) as given in Table 3-15. This table provides statistical information on variation
of ship depth based on average tolerance. As in the case of plate thickness ¢, the

calculation of standard deviation for ship depth D based on its tolerance can be
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performed by dividing the tolerance by 3. This calculation leads to correct results, if

the underlying probability distribution for D is normal and 99.7 percent of the

measurement fall within the tolerance limit. The COV of D can be simply computed

by dividing the standard deviation by the mean of D as shown in Table 3-15. Daidola

and Basar (1980) outlined the necessary steps for the calculation of the COV of D from

measured data. Based on four measured depths, their computed value for the COV is

0.001365. Table 3-16 provides averages and ranges for the mean, standard deviation,

and COV of D. The calculated averages and ranges in Table 3-16 were based on the

data shown in Table 3-15.

Table 3-15. Uncertainty in Ship Depth (D) Based on Tolerance

Data Point | Tolerance | Standard Deviation of D Mean ot D COVot D
(in) (ft) (ft)
I 174 0.00694 20.0 0.000347
2 172 0.01390 36.0 0.000386
3 0.1% 0.01200 36.0 0.000333
4 172 0.01390 26.0 0.0003535
5 3/8 0.01040 91.0 0.000114
6 2 0.013590 50.0 0.0002738
Table 3-16. Averages and Ranges for the Statistics of Ship Depth D
Mean ot D Standard Deviation of D COVotl
($19) D
Average 43.2 0.01180 0.0003255
Minimum 20.0 0.00694 0.0001140
Maximum 951.0 0.01390 0.0005350

3.2.3.3 Ship Breadth

The coefficient of variation of ship breadth (B) that is based on fabrication

tolerances is given in Table 3-17 (Daidola and Basar 1980). The coefficient of
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variation was computed to be 0.000181. Table 3-18 provides averages and ranges for
the mean, standard deviation, and COV of B.

Table 3-17. Uncertainty in Ship Breadth (B) Based on Tolerance

Data Point Tolerance Standard Deviation of B | Mean of B COVof
639) (ft) B
1 0.1% 0.002 6 0.0003333
2 1/2 in 0.0139 200 0.0000695
3 1/2 in 0.0139 75 0.0001853
4 1/2in 0.0139 96 0.0001450
Table 3-18. Averages and Ranges for the Statistics of Ship Breadth B
Mean of B Standard Deviation of B COVof
(ft) (ft) B
Average 94.25 0.01093 0.0001833
Minimum 6.00 0.00200 0.0000695
Maximum 200.00 0.01390 0.0003333

3.2.4 Section Modulus

Table 3-19 provides the ratio of actual (Z,;) to minimum (or rules required, Z;)

. . Z . . . .
section modulus (i.e., Z—a) for selected ships from different countries and various
r

classification societies (Guedes Soares and Moan 1988, and Atua 1998). The
computed mean value and coefficient of variation for this ratio were found to be 1.04
and 0.05, respectively. Mansour et al (1993) assumed a lognormal distribution with
mean to nominal ratio and coefficient of variation of 1.0 and 0.04, respectively

(nominal value was taken to be the section modulus as required by ABS rules).
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Table 3-19. Ratio of Actual (Z,) to Minimum (Rules Specified, Z,) Section Modulus

for Selected Ships
Ship Za | ship Za | Ship Za | Ship Za
Z, Z, Z, Z,
CS 3 1.04 TOBO 3 1.00 TTK7 1.00 [ TK3I 1.02
CT 2 1.00 OBO 4 1.00 | TK8 1.00 T'1TK32 1.02
Ccl 3 1.00 1OBO 5 1.06 [TKIS8 I.I2 ] TK33 1.02
BC 5 1.00 1 OBO 6 1.00 ['TKI9 .12 [TK34 1.02
BC 9 101 CH 1 1.00 | TK20 .12 [ TK35 1.02
BC 10 1.00 {CH 2 LIS ] TK2ZI 1.1Z 1 TK36 1.02
BC 14 1.01 TCH 3 .15 [1TK22 1.00 1 TK37 1.02
BC 15 1.01 | O02 1.02 1 TK23 [.00 | TK38 1.04
003 1.02 1'1K24 1.07
CS = cargo ship, Cl = containership, BC = bulk carrier, OBO = ore/bulk/o1l carrier,

CH = chemical tanker, OO = ore/oil carrier, and TK = oil tanker

3.3. Load Random Variables

This section provides statistical data of load variables for ship structures. These
data were collected from various sources with the objective of identifying the loads
uncertainties. The random variables of interest in this section are stillwater bending
moment, wave bending moment, and dynamic load effects. Therefore, the load random
variables are not basic ones, but rather bending moments as would be used in
reliability-based design formats. The data includes the mean 4o standard deviation
(or coefficient of variation (COV)), and wherever available the distribution type for
each load random variable. The moments methods that are used in reliability-based
design and assessment require these information types. Statistical information on load
variables that are considered to be relevant to ship structures are provided in this

section under separate headings.
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3.3.1 Stillwater Bending

Statistics on stillwater bending moment Mgy, were summarized by Atua et al

(1996). This summary is provided in Table 3-20. The table provides information on

the mean to nominal ratio ( Msw ), the coefficient of variation (COV), and distribution
SW

type. The nominal value is taken as the value required by the classification societies

rules, while the distribution type is assumed to be normal (Mansour et al 1995).

Table 3-20. Summary of Statistics for Stillwater Bending Moment My,

Msw COVof .
— Mgy Distribution Type
Mgy

0410 0.6 0.3t0 0.9 ‘Normal

3.3.2 Wave-induced Bending Moment

Statistical data on wave-induced bending moment was collected from different
sources as shown in Table 3-21. Type I extreme value distribution was used to model
the life-time extreme wave bending moment with mean to nominal ration of 1.0
(Mansour 1987, and Atua et al 1996). Mansour et al (1995) used a COV value of 0.2
for extreme wave-induced bending moment to demonstrate the calculation of partial
safety factors, and used a value of 0.1 in the development of a prototype load and
resistance factor design (LRFD) format for hull girder collapse for both cruisers and
tankers. In a previous study, a COV value of 0.09 was set for extreme wave-induced

bending moment for cruisers and tankers.
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Guedes Soares (1992) used the Weibull distribution to fit extreme wave-
induced bending moment (M}) expressed in the form of its cumulative distribution

function as

Fyp (x) =1-e" /o) (3-5)

where o= standard deviation and g= exponent of Weibull distribution.

Kaplan et al (1984) reported that the coefficient of variation of wave-induced
bending moment was taken to be 0.149 in many studies without any close
investigation. The uncertainties in wave-induced bending moment were attributed to
three major sources (Atua 1998): (1) uncertainty due to the effect of the sea state, (2)
uncertainty due to the effect of theoretical response amplitude operators (RAO’s), and
(3) uncertainty due to the effect of extrapolation methods for lifetime maxima. The
COV value of wave-induced bending moment due to the first category was found equal
to 0.2 for Bretschneider spectrum and equal to 0.1 for the 6-parameter spectra (Ochi
1978). Kaplan et al (1984) recommended an average value for this COV of 0.15 to be
used in design cases. The COV value due to the second category was found to equal
0.1. The COV value due to the third category was found to equal 0.065 for an extreme
value that correspond to 10,000 load repetitions. Treating the three sources as
noncorrelated random variables, the combined COV for lifetime extreme wave-induced

bending moment was computed as follows (Kaplan et al 1984):

COV(My) = /(0.15)% +(010)2 +(0.065)> = 0.192 (3-6)

Table 3-22 gives a summary of statistical data for lifetime extreme wave-induced

bending.
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Table 3-21. Models Used for Life-time Extreme Wave-induced Bending Moment

My COV ot
Mo My, | Distribution Type Comments References
W .
na na |kExponential (long Boeetal
term) (1974)
Rayleigh (short term)
1.0 0.09 |Extreme COV varies with number of Mansour
wave moment peaks (1993)
na na [Weibull For long term wave loads Guedes Soares
(1992)
na 1.0 [Exponential Exponential fits better in the Mansour et al
Pacific and general usage cases, |[(1984)
and Weibull fits for in the
Atlantic case

na = not available

Table 3-22. Summary of the Statistics for Lifetime Extreme Wave-induced Bending

Moment M,
My COV ot Distribution Type
My My
assumed to be [.0 0.1t0 0.2 extreme value (type I)

3.3.3 Dynamic Loads

The dynamic loads that are considered in section are: (1) the whipping bending
moment and (2) springing loads. The two kinds of loading are provided under separate

headings.

3.3.3.1 Whipping Bending Moments

The literature review revealed no statistical information on dynamic loads on
hull girders including whipping. Mansour et al (1995) considered the values provided

by classification societies as default design values in cases with no information. As an
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alternative to the default values, Mansour et al (1995) suggested to values of 0.2Mj, for
commercial ships and 0.3M), for naval vessels as design (or nominal) values. He
assumed an extreme value distribution with mean to nominal ratio of 1.0, and a
coefficient of variation of 0.3 for both tankers and cruisers.

Kaplan et al (1984) reported results of studies performed to investigate
uncertainties. associated with whipping bending moment. A COV of 0.21 was
recommended for short-term probability representation (Kaplan et al 1984). The
exponential distribution was also recommended to model whipping (Kaplan et al 1984,
Dalzell et al 1979, and Clarke 1982). A COV in the range of 0.05 to 0.1 was
recommended for long-term probability representation (Kaplan et al 1984).

Table 3-23 provides a summary of the statistics for lifetime extreme vertical

midship whipping bending moment M.

Table 3-23. Summary of Life-time Extreme Vertical Midship whipping Bending

Moment My,
A_’-’WH CA?[V of Distnibution 1ype
BV WH
Mpyy
assumed to be 1.0 0.2t0 0.3 extreme value (type 1) or exponentiat

3.3.3.2 Springing

The variability associated with springing loads ( Mgp) can be attributed to three
types of uncertainties (Kaplan et al 1984). The first type is the uncertainty due to the
effects of the wave spectral variability, which can be expressed as a COV value of 0.2.

The second uncertainty is associated with the error in the theoretical RAO’s values,

54



which can be approximately estimated to be 0.2. The third type of uncertainty is due to
the extreme value variability that is represented as a COV value of about 0.05. The
resulting COV for springing was estimated to be 0.287 according to the following

equation

COV(Msp) = (02)? +(02)? +(0.05)2 = 0287 (3-6)

Table 3-24 provides a summary of the statistics for lifetime extreme vertical

midship springing bending moment M.

Table 3-24. Summary of Life-time Extreme Vertical Midship Springing Bending

Moment Mg,
M—SP C;)/IV ot Distribution Type
MSP SP
assumed to be 1.0 0.3 extreme value (type I)

3.3.4 Hydrostatic Pressure

Hydrostatic pressure on plates (panels) is due to several sources that include (1)
stillwater, (2) wave and dynamic effects, (3) green seas, and (4) liquids in tanks. Only
the first two types are considered in this dissertation. Mansour et al (1996) assumed
coefficients of variation ( COV’s) of 0.2 and 0.1 for stillwater and wave-induced
pressures. In this dissertation, the COV for stillwater pressure is assumed to be 0.15,
the COV for wave-induced pressure is 0.15, the COV for dynamic-induced pressure is
0.25, and the COV for the combined wave and dynamic-induced pressure is 0.25.

These values were selected based on judgement.
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3.4. Summary and Recommendations

In this section, the probabilistic characteristics of strength and load random
variables for ship structures are summarized and tabulated based on the data collected
in Sections 3.2 and 3.3. These characteristics include the mean 4o standard deviation
(or the coefficient of variation, COV), and the underlying probability distribution type
for each random variable. The results herein can be used in reliability-base-d design
and assessment for ship structural elements. However, since these results can be
revised as new data and research on the subject emerge, caution must be taken when
using these results in reliability assessment and reliability-based design of ship
structures. Also, these results might not be appropriate for special situations where
thorough and rigorous analyses are required, because they represent only the ranges
and the weighted averages of the statistical values collected in Sections 3.2 and 3.3.
For such situations, the user or reader must consult these sections for further detailed
statistical information. The summary of the probabilistic characteristics of the random
variables are provided in this section under two headings, one for the strength variables
and the other for the load variables. The strength and load random variables that are
needed in this study for reliability-based design for ship panels are shown in Tables 3-

25 and 3-26, respectively.
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Table 3.25. Strength Random Variables

Variable Notation
steel thickness for plates t
length or span of steel plate a
width of steel plate b
stiffener web depth a,
stiftener tlange breadth Jw
stiffener web thickness L,
stifiener tlange thickness [
ship length L or LBP
ship depth D
ship breadth b
yield strength of steel F,
ultimate strength of steel F,
modulus of elasticity of steel E
Poisson’s ratio v
section modulus VA
initial y1eld bending capacity of a hull M,
girder X
plastic bending capacity of a hull girder M,
Table 3-26. Load Random Variables

Variable Notation
stillwater bending moment Mgy
wave-induced bending moment 7 My
slamming and Whipping bending moment - Myy
springing bending moment Mgp
hydrostatic pressure due to stillwater Poy
‘hydrostatic pressure due to waves Py
hydrostatic pressure due to dynamic Pp
effects
hydrostatic pressure due to combined Pyp
waves and dynamic loads

3.4.1 Summary of Probabilistic Characteristics of Strength
Variables

Table 3-27 gives a summary of the probabilistic characteristics of strength basic

random variables. It includes weighted averages for means, coefficients of variation,
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standard deviations, and probability distributions of basic random variables. Since the

statistical data on the dimensions, such as plate thickness ¢ and ship length, LBP, are

based on tolerances, this table also provides bias or error information for such data.

The bias in this table is defined as the ratio of mean to nominal (or design) value.

Table 3-28 summarizes ranges for statistical data of strength variables collected in

Section 3.2.

Table 3-27. Recommended Probabilistic Characteristic of Strength Basic Random

Variables
Statistical Information Bias or Error Information
Variable | Nominal Mean COV | Distribution | Mean | Standard | Distribution
Value ..
Type Deviation Type

t (in) t 0 0.02 normal
a (in) a 0 0.11 normal
b (in) b 0 0.09] nomal
d,, (in) d, 0 0.12]  normal
/. (in) Jw 0 0.07] normal
t, (in) Ly 0 0.02 normal
tr(in) 17 0 0.02 normal
L (ft) L 0 0.08 normal
D) D 0 0.01 normal
B (ft) B 0 0.01 normal
Ordinary F, LIl F, 0.07| lognormal .11

Strength

(0S) F,

(ksi)

High F, 122 F, 0.09| lognormal 1.22

Strength

(HS) F,

(ksi)

F, (ksi) F, 1.05 F, 0.05 normal 1.05

E (ksi) E 1.024 E 0.02] normal 1.03

v 03 0.3 0 1.0

Z Z, 1.04 Z, 0.05{ lognormal 1.04

M, Fi’ Z 1—;3’ 7 0.15] lognormal 1.0

M, F.Z EZ orcE.Z 0.18] lognormal 1.0

’ yep | Fyep Oy 0.18| lognormal 1.0
O>S = Ordinary Steel, HS = Higher Strength Steel, na = not available
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Table 3-28. Recommended Ranges for Statistics of Strength Basic Random Variables

Random Variable Statistical Information Bias Information
Mean cov Mean Standard Deviation
Minimum [1] 0.00520]
t(in) Recommended 0 0.01720
Maximum 0 0.04170
Minimum [4) na
a (in) Recommended 0 0.10600
Maximum 0 na,
Mmimum 0 na
& (in) Recommended 0 0.09300]
Maximum 0 na
Minimum [1] na
d_(in) Recommended 0 0.1171
Maximum 0 na
Minimum [1] na
S, (in) Recommended 0 0.0649
Maximum 0 na
Mimimum [4] na
t_ (in) Recommended 0 0.0180
Maximum 0 na
Minimum [4] na
L, (in) Recommended 0 0.0212
Maximum 0 na
Mmimum [} 0.00000
L (ft) Recommended 0 0.08333
Maximum 0 0.16777
Mmimum 0 0.006594
D (ft) Recommended 0 0.01180
Maximum 0 0.01390
Mimnimum 0 0.00200,
B (ft) Recommended 0 0.01093
Maximum 0 0.01390,
Mmimum 33.8 0.026 1.000
OS F, (ksi) |Recommended 373 0.068 1.110
’ Maximum 44.0 0.116 1220
Minimum 39.6 0.0606] 1.100
HS F, (ksi) |Recommended 49.6 0.089 1220
’ Maximum 66.0 0.100 1.350
Minimum 393 0.023 1.007
F, (ksi) Recommended 61.6 0.048 1.046
Maximum 643 0.091 1.090
Mimnimum 28,980 0.U0056 1.000]
E (ksi) Recommended 29,696 0.0179 1.024
Maximum 30,200 0.0600 1.076
Minimum na| 0.0400] 1.000
VA Recommended na 0.0500 1.035
Maximum na 0.0500 1.040
Minimum na 0.10 LY
My Recommended F.7 0.15 1.0
Maximum y 0.15 1.0
na
Mimnimum na U.12 LU
MP Recommended E.7 0.18 1.0
Maximum y<p 0.18 1.0
na
c Recommended 0.6 tor na na
0.8 for HS naj na

OS = Ordinary Steel, H
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3.4.2 Summary of Probabilistic Characteristics of Load Variables

Table 3-29 shows recommended statistical characteristics of basic load
components for ship structures. The statistical characteristics consist of mean to
nominal ratio or mean value, coefficient of variation (COV), and distribution type.
Stillwater bending moment can be modeled using a normal distribution with a mean to
nominal ratio ranging from 0.4 to 0.6, and a COV value ranging from 0.3 to 0.9.
Lifetime extreme wave-induced bending moment can be modeled using a type I
extreme value distribution with a mean to nominal ratio of 1.0 and a COV value
ranging from 0.1 to 0.2. Whipping bending moments can be modeled using either type
I extreme value distribution or exponential distribution with a mean value calculated as
a function of the ship principal dimensions and a COV ranging from 0.2 to 0.3.
Springing bending moment can be modeled using type I extreme value distribution
with a mean to nominal ratio of 1.0 and a COV of 0.3. In this study, the COV for
stillwater pressure is assumed to be 0.15, the COV for wave-induced pressure is 0.15,
the COV for dynamic-induced pressure is 0.25, and the COV for the combined wave
and dynamic-induced pressure is 0.25. These values were selected based on

judgement.
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Table 3-29. Recommended Probabilistic Characteristics of Load Random Variables

Random Variable Distribution lype Mean to cov
Nominal Ratio
Stillwater Bending Normal 0.4 to 0.6 tor 0.3 to 0.9 tor
Moment Mgy commercial commercial
ships, and 0.7 for | ships, and 0.15
naval vessels for naval vessels
Lite-time Extreme Wave- | Largest extreme 1.0 0.1t0 0.2
induced Bending Moment | value (type I)
My
‘Whipping Bending Extreme value Mean value can 0.2t0 0.5
Moment Myy (type D) be determined
exponential using formulae
based on spectral
analysis
Springing Bending Extreme value 1.0 0.3
Moment Mgp (type I)
Hydrostatic pressure due | Normal 0.4 10 0.6 tor 0.15
to stillwater, Py, commercial
ships, and 0.7 for
naval vessels
Hydrostatic pressure due Largest extreme 1.0 0.15
to waves, Py value (type I)
‘Hydrostatic pressure due Largest extreme 1.0 0.25
to dynamic effects, Pp value (type I)
Hydrostatic pressure due | Weilbull 1.0 0.25
to combined waves and
dynamic loads, Py
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CHAPTER 4. STRENGTH MODELS FOR SHIP PANELS

4.1. Introduction

Ship panels are important components in ship structures, and therefore they should
be designed for a set of failure modes that govern their strength. Their modes of
failures 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 a panel (or
plate). They include such terms as excessive deflections and first yield.

As indicated in Chapter 1, ship panels are generally divided into three distinct
categories: (1) unstiffened, (2) stiffened, and (3) gross panels (Figures 1-1 and 1-2). To
evaluate the strength of these types of panels, it is necessary to review various strength
prediction models and to study their applicability and limitations for different loading
conditions acting on these panels. Although ship panels 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
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world scenario because they were developed on the bases of experimental data. An
exact plate-strength prediction can only be achieved by a method of analysis, either
numerical or experimental, in which all the characteristics of the panel and the loading
variables are presented and are properly accounted for in the method.

The uncertainties that are associated with a numerical analysis are generally a
result of experimental approximation or numerical inaccuracies that can be reduced by
some procedures. However, the uncertainties that are associated with a strength design
model is different and cannot be eliminated because it results from not accounting for
some variables which can have strong influence on the strength. For this reason, the
uncertainty and the bias of a design equation should be assessed and evaluated by
comparing its prediction with more accurate ones. An advanced prediction model
should account for more variables than the one that is being assessed for use in load
and resistance factor design (LRFD) rules. Probably the most important parameter that
effect plate strength is the slenderness ratio B (Soars 1988). In ship panels B, which is
a non-dimensional parameter, can take a value between 1 and 5. These values of B
correspond to a reduction of plate strength from yield strength F, to 0.4 F,. The aspect
ratio a/b has less effect on plate strength than B. Typical plate strength changes by 5%
as the aspect ratio varies from 0.6 to 1.0 (Frieze et al 1977, and Little 1980). Another
parameter that effects the plate strength is its boundary condition. A study conducted
by Soars in 1988, which is based on experimental results of Moxham (1971), shows
that in the range of slenderness ratios between 2.5 and 3.5 clamped (fixed) plates are

between 15% and 30% stronger than simply-supported plates.
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In subsequent sections, limit states for failure modes of ship panels are presented,
and are divided into two categories, serviceability and strength limit states. However,
emphasis is given to the latter because this dissertation is a part of an effort to develop
load and resistance factor design (LRFD) rules for panels and fatigue details of ship
structures. For each limit state, commonly used strength models were collected from
many sources with the objective to evaluate their limitations and applicability, and to
study their biases and uncertainties. This include models adapted by the American
Institute of Steel Construction (AISC), American Association of State Highway and
Transportation Officials (AASHTO), American Petroleum Institute (API), Det Norske
Veritas (DnV), and other classification organizations codes; where these models are
reviewed and studied carefully. Wherever possible, the different types of biases
resulting from these models were computed. In doing so, these prediction models were
classified as follows (Atua 1998): (1) prediction models that can be used by the LRFD
rules, (2) advanced prediction models that can be used for various analytical purposes,
(3) some experimental results from model testing, and (4) some real measurements
based on field data during the service life of a ship. Furthermore, the relationships and
uncertainty analyses for these models are required. The relationships can be defined in

terms of biases (bias factors). These bias factors are given by

B = Advanced predicted value -1)
2t Rules value

B - Experimental value (4-2)
327 Advanced predicted value



Real value (4-3)

3 = Experimental value

Real value
41 = Rules value = BBy, By; (4-4)

The bias and uncertainty analyses for these strength models are needed for the
development of LRFD rules for unstiffened, stiffened, and gross panels of ship
structures. The uncertainty and biases of these models can be assessed and evaluated
by comparing their predictions with ones that are more accurate or real values. In
developing the bias factors, Monte Carlo simulation was used to assess the
probabilistic characteristics of the strength models by generating basic random
variables for a model and substituting the generated values in the model. Then,
statistical analysis of the results was performed. The probabilistic characteristics of the
strength models were assessed based on the underlying basic random variables that
define each strength model. The basic random variables that define the strength
models and their relevant probabilistic characteristics are summarized in Table 3-27 of
Chapter 3. The statistical information given in this table is used extensively in this
study for uncertainty and bias analyses of strength models for ship panels.

This chapter presents the development in strength predictions models for ship
panels. The development of these models is provided for unstiffened, stiffened, and
gross panels under separate headings. Strength models that are deemed suitable for
LRFD development for ship panels are summarized. Recommendations for the use of
the models and their biases in LRFD development are provided. The first-order

reliability method (FORM) is used in Chapter 6 to demonstrate the development of
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partial safety factors (PSF) for the limit states based on the recommended strength

models given in this chapter.
4.2. Unstiffened Panels

Several loading conditions acting on an unstiffened plate (panel) element are
investigated in this section to distinguish the various strength and serviceability failure
modes. Unstiffened ship plate can be subjected to the following main types of loading:
(1) uniaxial compression, (2) edge shear, (3) uniform lateral pressure, (4) biaxial
compression, and (5) biaxial compression and edge shear stresses. These types of
loading can act either individualiy or in combinations with each others on a plate
element. This section provides strength models for unstiffened plates subjected to each

type of these loading.

4.2.1 Uniaxial Compression Stress

4.2.1.1 Elastic Buckling of Plates

The basic equation for elastic buckling of a rectangular simply-supported plate
(simple supports on four edges) under uniaxial uniform compressive stress on two
opposite edges was developed by many researchers such as Bryan (1891), Timoshenko
and Gere (1961), and Grestle (1967). According to Hughes (1988), this equation was
derived by G. H. Bryan in 1891. In its basic form, the expression for the critical

buckling stress F,, is given by

ZD 2 2
F == zf[mi(ﬁ) ] 4-5)
er a‘t m\b
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Et?

where D,= flexural rigidity of plate = m

» @ = length or span of plate, b =

width of plate or distance between longitudinal stiffeners, ¢ = thickness of plate,

v = Poisson's ratio » ahd m is an integer which indicates the number of half-waves that
occur in the direction of the compressive force. Eq. 4-5 can be written in a more useful
form in terms of a buckling coefficient £, plate yield strength F, , and plate slenderness

ratio B as

2
7Z'Fy

F =kh——X— (4-6)
« =" 12(1-v*)B?

2
where j = [l.a__,_ mﬁ] and g = 4 ’i . Eq. 4-6 is entirely general in terms of the
mb a t\VE

buckling coefficient & Since & depends on the edge support conditions, aspect ratio
al/b, and m, various expressions for the critical buckling stress F., should be
anticipated. Setting a/b=m in Eq. 4-5, gives k = 4; which is a fairly reasonable value
for a long plate in which the aspect ratio a/b is large. Also, as m reaches infinity, &
approaches a constant value of 4. Thus, Eq. 4-6 becomes

2
ﬂ'Fy

i 4-7
Fo = 3(1-v?)B? @

The expression for F,, in Equation 4-7 is for a simply-supported long plate
(four edges) under a uniform uniaxial compressive stress along the two opposite edges.
Depending on the degree of the rotational restraints on the plate edges and the aspect
ratio a/b, similar expressions for F, can be developed. Figure 4-1 shows the variation

in k with a/b for various edge supports (Gerard and Becker 1957). It is apparent that
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the constant k plays an important role in determining the strength of flat plates.
Equally important are the aspect ratio a/b and the degree of fixity on the edges. Actual
plate elements in ship structures are neither fully fixed (clamped) nor they are fully
free. Therefore, £ can take values between 0.425 and 6.97 as lower and upper bound,
respectively (Figure 4-1). In general, plates are parts of structural components of
standard steel rolled shapes such as W and M shapes that are found in the AISC LRFD
and other AISC manuals. They are separated into two distinct categories; unstiffinend
elements and stiffened elements. Unstiffened plate elements such as flanges, single
angles, and stems of tees, are those elements that are supported along one edge parallel
to the direction of the compressive stress; while stiffened plate elements are those that
are supported along two edges parallel to the direction of the compressive force.
Examples of unstiffened and stiffened plates are illustrated in Figure 4-2. In each case,
the thickness ¢ and the width b under question are shown. Another variable that also
effects plate compressive strength is the width-thickness ratio (b/f), or 3, as given in the
AISC LRFD code (1994). Depending on the ranges of different width-thickness ratios
and on whether the compressive plate is unstiffened or stiffened, the plate buckles at
different stress level; and therefore, its compressive strength varies accordingly.

The LRFD AISC (1994) specifications divides compressive plate elements
according to their width-thickness ratios as follows: compact sections, noncompact
sections, and slender compression elements. Compact sections are those sections that
can develop a fully plastic stress distribution before buckling; while noncompact
sections are those sections for which the yield stress F), can be reached in some but not

all of its compression elements before buckling occurs. Limiting values of width-
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thickness ratio for compact and noncompact sections were established as 3, and 4,
respectively. A compression plate element can be classified as compact, if its width-
thickness ratio is not greater than the limiting value j,. If the width-thickness ratio of
compression plate element falls between the limiting values 4, and j4,, the compression
plate element is then classified as noncompact. Compression piate elements that have
width-thickness ratios greater than 7, are classified as slender elements. Table 4-1
provides width-thickness ratio 3, for various situations of unstiffened plate elements in
compression as given by the AISC LRFD specifications (1994). It also provides
buckling coefficient values k for these cases. The values of k, given in Table 4-1, are
used by AISC LRFD specifications (Salmon and Johnson 1990) to calculate the
limiting width-thickness ratio j, for noncompact sections such that the critical buckling
strength meets the following requirement:

£, =k—"F ~72F, (4-8)

12(1- vl)(y)

This requirement insures achievement of yield stress without local buckling. Using =
0.3 and E = 29,000 ksi, and knowing that 4/t = 3,, Eq. 4-8 can be rearranged to give

k
3, <16189 |— (4-9)

y

where F), is in ksi and £ is the buckling coefficient as given in Table 4-1. To account

for residual stress and material imperfections, the AISC modified the right-hand side of
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Figure 4-1. Buckling Stress Coefficient & for Rectangular Plate in Uniaxial
Compression (Gerard and Becker 1957)
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Table 4-1. AISC LRFD Width-Thickness Ratio ;;, Limits for Unstiffened Plate
Elements Subjected to Uniform Uniaxial Compression (AISC LRFD

Code 1994)
‘Width- Buckling Limiting Width-
Plate Element Thickness | Coefficient, k£ | Thickness Ratio, 7,
Ratio
Flanges projecting from built-up b/t na = 7
compression members 109/ F, Ik
Outstanding legs ot pairs of blt 0.700
angles in continuous contact, o5/ ‘/F’-
flanges of channels in axial
compression; angles and plates
projecting from beams or -
compression members
Legs ot single angle struts; legs of olt 0.425
double angle struts with 76/ ‘/F’_
separators; unstiffened elements,
i.e., supported along one edge
Stems ot tees art 1.277

127/ [F,

na = not available, k. =4/ [/ t, where 035<k_ <0.763
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Eq. 4-9 (Salmon and Johnson 1990) by multiplying it by a factor of 0.7 to give for 3,
the following limit:

7, <1333 (4-10)

¥y

Eq. 4-10 is the bases for calculating the limiting values of the width-thickness ratio (4,)

for various cases of unstiffened plate elements as established by AISC (see Table 4-1).
4.2.1.2 Uniaxial Compression Stress Models

4.2.1.2.1 Serviceability Strength Models for Plates under Uniaxial Compression
Stress
As described by Mansour (1986), the buckling serviceability limiting stress f; of
a plate under uniaxial compression is given by one of the following two cases (Bleich

1952, Timoshenko and Gere 1961):

a.Forab>1.0

F—" iff. <F

Y 31— B < =5pr

r? 2
- T 4-11)
Je=) [3(1— VZ)BZ] ,

F, = > iff,>F,
L [3(1-;/2)32] +e
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b. Forab < 1.0

F (a+i)2 _iz___ iff. <F

"7 a) | 120-v?)B? s =T
4-12)
C

le=r

iff, > F,

where

Ly = t) (4-13)
F}'

As described by Mansour (1986), the proportional limit stress in compression
(F,,) can be taken as 60% of F,. If this is the case, then a value of 0.24 can be used for

¢ in the above equations.

4.2.1.2.2 Ultimate Strength Models for Plates under Uniaxial Compression Stress
In this section, different strength models for a rectangular plate under uniaxial
uniform compressive stress are collected from various sources. They are presented
herein and evaluated in terms of their applicability, limitations, and biases with regard
to ship structures. Also, a review of the models used by the AISC specifications and
other classification agencies rules with regard to the strength of unstiffened plates

under uniaxial compression is provided.
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4.2.1.2.2.1 Faulkner (1965)

According to Soars (1988), the most widely used expression for predicting the
strength of an unstiffened plate is that of Faulkner (1965). In this expression, the

ultimate strength f;, of a plate between stiffeners is given by

. a a,

fu=F, 3B forB>10 (4-14)
where
ay=20and g, =1.0 for simple supports,
ar=2.5and a; =1.56 for clamped supports,

b ’F
B= " -E,Z- , Fy, = yield strength (stress) of plate, b = width of plate or distance between

longitudinal stiffeners, ¢ = thickness of the plate, and £ = the modulus of elasticity.
The expression for f, in Eq. 4-14 is valid for a non-welded plate. To account
for residual stresses F,, Faulkner suggested the following equation for the ultimate

strength of a welded plate:

( , B2 2 19
F[%+a-]—F[ s ] for0<B<

“ B? "\a, + f,(1- f.)B*
] s+ f0-1) e s
F [a—' v 2l _F for B> =
| u B BZJ r - ,fr
where
az;=3.62and as=13.1 for simple supports,
a3 =6.31 and a; = 39.8 for clamped supports,
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f. = (Fp, - F)IF,, F,, = proportional limit stress in compression, F, = compressive
residual stress, and F, = yield strength (stress) of the plate.

Soares (1988) assessed the model uncertainty of Eq. 4-14 by comparing its
predictions with the results of experiments or calculations that are made for plates
without imperfections. The result of his statistical analyses of the biases for simply-
supported and clamped plates are 1.08 and 1.03, respectively. As mentioned earlier,
other intermediate biases (called bias components) or bias factors can be computed to
facilitate the computation of the bias between rules and real values by successively
multiplying its bias components. For example, if the model of Eq. 4-7 that is due to
Bryan (simply-supported plate on four edges) is used, then the bias factor for the
Faulkner prediction model (Eq. 4-14) as compared to this model is given by

2B-1
36152

(4-16)

Bias Factor =

The uncertainty (COV) associated with Faulkner’s model of Eq. 4-14 using simulation
is 0.059 for simply supported plates and 0.058 for clamped plates. Table 4-2 provides
statistical information for the bias of the Faulkner model of Eq. 4-14 (simple supports)

as compared to different models.

4.2.1.2.2.2 Mansour (1986)
As described by Mansour (1986), the ultimate strength f, which causes collapse

of plates between stiffeners is given by one of the following two cases (Bleich 1952

and Faulkner 1975):
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Table 4-2. Bias Factors of the Faulkner Model of Eq. 4-14 (simple supports) in
Comparison to Different Models

¥y

Reterence Model Range for Mean | Range for Recommended Bias
Bias COV of Bias | Value
Mean COV
Simply-supported plate | 1.02to 1.11 0.07to 0.08 1.08 0.10
without initial
imperfections
Clamped plate without 0.971t0 1.08 0.08 t0 0.0/ 1.03 0.10
initial imperfections
Herzog (1987) model'of | 0.71 to 1.18 0.023 to 0.93 0.03
Eq. 4-22 0.043
‘Soares (1988) modelof | 1.08to 1.1/ 0.001t0 0.01 | 1.11 0.004
Eq. 4-28
(clamped supports)
1. fora/b> 1.0
( 2
/4
—— ifB 235
Fzasae !
225 125 .
£, =<F,(——B—-§2—) if .0 <B <35 (4-17)
F, if B <10
2.fora’b<1.0
1 2
fu= F,[ac:, +0.08(1 —a)(l +?)J <F, (4-18)

where F, = yield strength (stress) of plate, a = length or span of plate, b = distance

,F .
between longitudinal stiffeners, g — 2 E”- s a@= % , t = thickness of the plate, E = the
t

modulus of elasticity, v = Poisson’s ratio, and
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4 ﬂ-z
—_— 1 >
3(1-1v*)B? ifB 235
225 125
C, =47—? if10 <B <35 4-19)
1.0 ifB <10

It is interesting to note that Mansour’s model is based on Faulkner’s model (Eq.
4-14). This especially true for the values of B that lie between 1.0 and 3.5. Mansour’s
model accounts implicitly for both cases of rotational constraints (simple and clamped
supports) of a plate element and gives one equation for both. This is reasonable if one
considers the fact that actual plate elements in ship structures are neither fully fixed
(clamped) nor they are fully free (simple), but they fall within the two extremes. The
coefficients 2.25 and 1.25 that appear in Mansour’s model are actually the means of a,

and a, of Faulkner’s model of Eq. 4-14 for simple and clamped supports, respectively

(., 2'0225 =225 10+156 215 6 ~125 )

b

The bias factor for this model as compared to the Faulkner’s model for a simply

supported plate on four edges (Eq. 4-14) is given by

( B
———— 3 >
19 2B—1 ifB=35
225B-125
Bias Factor = { ——— ifl0<B<35 (4-20)
2B-1
BZ
ifB <
2B -1 ifB<10

Using above equation with B ranging from 1 to 6 gives the average bias of this model

(Eq. 4-19) as compared to Faulkner’s model for simply-supported plates (Eq.2-14) as
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1.07, with a COV of 0.005. The range of the bias is from 1.03 to 1.10 with
corresponding COV’s of 0.002 and 0.01, respectively. Based on simulation, the
uncertainty (COV) associated with Manour’s model (Eqgs. 4-17 and 4-18) is 0.06.
Table 4-3 provides statistical information for the bias of the Mansour’s model (Egs. 4-

17 and 4-18) as compared to different models.

Table 4-3. Bias Factors of the Mansour’s Model (Egs. 4-17 and 4-18) in Comparison

to Different Models
Reterence Model Range tor Mean | Range for Recommended Bias Value
Bias COV of Bias
Mean cov
Faulkner’s Model of [ 1.03to 1.T0 0.002t0 0.0T 7 T1.07 0.005
Eq. 4-14
(simple supports)
Herzog Model (Eq. [0.73to T.27 0.02 to 0.05 .00 0.036
4-22)
Soares Model (Eq. [.T0t0 1.26 0.003t0 0.0T TT1.I8 0.007
4-28)
(clamped supports)
4.2.1.2.2.3 Herzog (1987)

Based on a reevaluation of 490 tests by different researchers, Herzog (1987)
developed two equations for the ultimate strength £, of unstiffened steel plates. The

ultimate strength is given by the following two cases:

55F
4 without residual stresses 4-21)

fll=

~ | Qe

47F
f.= - with residual stresses 4-22)

~ | QO
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If the model of Eq. 4-14 that is due to Faulkner (simply supported plate on four
edges) is used, then the bias factors for Herzog prediction models of Egs. 4-21 and 4-

22 as compared to this model are given, respectively, by

55B ( F,\s
Bias Factor = 5B (—g—) without residual stress (4-23)
47BV (F)\*
Bias Factor = B-1 (-Ey—) with residual stress (4-24)

Based on simulation, the uncertainty (COV) associated with Herzog’s models of
Eqgs. 4-21 and 4-22 is 0.073 for both models. Table 4-4 provides statistical information
for the bias according to the Herzog’s models (Eqs. 4-21 and 4-22) as compared to

different models.

Table 4-4. Bias Factors of the Herzog’s Models of Egs. 4-21 and 4-22 in Comparison

to Different Models
Reterence Model Range for Range tor ‘Recommended
Mean Bias COVof Bias | Bias Value
ean COV
q. 4-21 as compared 09910 1.65 |0.02t00.04 1.29 0.03
to Faulkner’s model of
Eq. 4-14
(simple supports)
Eq. 4-22 as compared 0.85to [.41] 0.02t0 0.04 1.10 0.03
to Faulkner’s model of
Eq. 4-14
(simple supports)
4.2.1.2.2.4 Soares (1988)

In an effort to evaluate the exiting model due to Faulkner (Eq. 4-14), Soares (1988)

developed two expressions for the ultimate compressive strength of a plate element.
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The first one is more elaborate and complex, and it is based on calibrating Faulkner’s
model and other design formulas with results from experiments and from calculation
with sophisticated numerical methods. However, unlike Faulkner’s model, it accounts
explicitly for the residual stresses, the boundary conditions, and the initial distortions.
Therefore, it can be viewed herein as a more accurate or detailed model. This model is

given by the following equation:

( A
1.08(%‘ + %J] [-—_A¢ (1+0.00787)
L a4 , 9 -
f, =F, 1.08[—+ BZ] (4-25)
I ) 2
1—(0.626—0.121B)T O.665+0.00677+0.36T+0.14B
\L J
where
a;=2.0 and g,=1.0 for simple supports,
a;=2.5 and a,=1.56 for clamped supports,

n= width of the weld-induced tension zone,

t =plate thickness,
5= maximum amplitude of distortion,

and

[ 2
F B? 19
—'—[ = J for0< B <
Ap = Fy\a, '*”fr(l‘fr)B vE; (4-26)
1 for B> L9
\ JF,
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where
a;=3.62 and a,=13.1 for simple supports,
a;=6.31 and a,=39.8 for clamped supports,

F, = weld induced residual stress in compression, and

Eq. 4-25 is applicable to uniaxially loaded plates with residual stresses and initial
distortions and with the edges forced to remain straight. As described by Soares, the
uncertainty (COV) associated with it is 0.07. In design one does not always know the
values of all relevant variables that appear in Eq. 4-25 such as the residual stress F, and
the maximum initial deflection 5. To overcome this difficulty, Soares (1988) derived
two simple equations suitable for incorporation in design codes for merchant and naval
ships. These equations are similar to the Faulkner’s model given by Eq. 4-14 with
different values for the coefficients a; and a,. These two equations are derived from a
full description of the variables that govern plate strength, which are weighed by the
probability density function of the plate geometric variables. These equations are
given by

1. For merchant ships:

16 08 .
F|l|—=-— for simple supports
LB B
f. = @4-27)
“ 2 124
F, 3R for clamped supports

2. For naval ships:
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fll=

[15_os
B B?

[1.9 12

]

B B

for simple supports

for clamped supports

(4-28)

The uncertainty (COV) associated with Soares models (Egs. 4-27 and 4-28) based on

simulation is 0.03 for all models. Table 4-5 provides statistical information for the

biases according to the Soares models (Eqs. 4-27 and 4-28) as compared to different

other models.

Table 4-5. Bias Factors for Soares Models of Egs. 4-27 and 4-28 in Comparison to

Different Models
Reterence Model Type ot | Range for Range tor Recommended
Support | Mean Bias | COV of Bias Value
Bias
Mean cov
Ebq. 4-27 as ss 0.57t00.94 [0.02100.04 10.75 0.03
compared to cs 0.70to 1.08 | 0.02t0 0.04 | 0.89 0.03
Herzog’s model
(1987) of Eq. 4-22
Eq. 4-28 as Ss 0.53t00.89 []0.02t00.04 10.70 0.03
compared to cs 0.66to 1.01 [ 0.02t00.04 | 0.84 0.03
Herzog’s model
(1987) of Eq. 4-22
kq. 4-27 as SS 0.73t0 0.78 1 0.002to 0.75 0.00
compared to cs 0.85t00.96 | 0.01 0.90 5
Mansour model 0.003 to 0.00
(1986) of Eq. 4-17 0.01 7
kq. 4-28 as SS 0.68t0 0.73 | 0.002to 0.70 0.00
compared to cs 0.80t0 0.91 { 0.01 0.85 5
Mansour model 0.003 to 0.00
(1986) of Eq. 4-17 0.01 7

ss = sumple supports, cs = clamped supports
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4.2.1.2.2.5 AISC LRFD Specifications (1994)

The LRFD AISC specifications use the form of Eq. 4-6 as the basis for
assessing plate instability due to local buckling. Since it uses the width-thickness ratio
A- as a limiting value for various compression plate elements, the corresponding

slenderness limiting values B need to be established for these cases for the purpose of
this study. Substituting b/t= g [EF7/ F, into Eq. 4-10 and knowing that j, ='b/t, the

requirement that the yield strength is achieved before local buckling occurs is given in

terms of B as

B<l1 1333& (4-29)

With E = 29,000 ksi, and k& values as given in Table 4-1 for different unstiffened
plate elements, the corresponding limiting values of the slenderness ratio B can be
determined from the above equation. These limiting values of B are provided in Table
4-6.

Table 4-6. Limiting Values of B for Unstiffened Plate Elements Subjected to Uniform
Uniaxial Compression in Accordance with AISC LRFD Specifications

Buckling Limiting
Plate Element Coefficient, k£ | Slenderness Ratio, B
Flanges projecting trom built-up compression na na
members
Outstanding legs of pairs ot angles in 0.700 0.557

continuous contact, flanges of channels in axial
compression; angles and plates projecting from
bteams or compression members

Legs ot single angle struts; legs of double 0.425 0.434
angle struts with separators; unstiffened
elements, i.e., supported along one edge

Stems of tees 1.277 0.752

na = not available
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The design strengths for various unstiffened plate elements such as flanges,
single angles, and plates projecting from rolled beams or columns or other built-up
compression members, are given in the AISC LRFD (1994) Appendix B5.3a. Only
case (a), which corresponds to the design of single angles is presented herein as

follows:

For76.0/ [F <b/t <155/ [F, 9T 760/E <B <155/ JE »
f, =134-000447BJE (4-30)

For p/¢>155/,[F, -of B>155/E s

F
£, =15,500 BZ’E (4-31)

For the limit-state of flange local buckling in plate girders design, the AISC

LRFD (1994) Appendix G2 gives

F, forb—fs 65
TR
1{A-2 65 b 230
f.=F, = F}flil—-a(l _);H_Fj forﬁ<2t/f sm (4-32)
26.200—e for i 520
’ [b_sz 2, ~ |[F, Ik,
2,

where
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b 65 230
l: —f’jp= ’2,= —_—
2t, F, ,/Fx, / k.

flange width, ¢,= flange thickness, k. =4/ [p7 t, »and £, = web thickness.

, and in which F,= flange yield strength, b=

In his historical review of the formulas developed since 1890 to predict the
ultimate strength of plates under axial compression, Faulkner (1975) attributed the

following expression to AISC (1961):

£, =2 (4-33)

No further comments made by either Faulkner or the current AISC codes with regard

to the applicability and limitations of above equation.

4.2.1.2.2.6 AASHTO LRFD Specifications (1994)

The slenderness of plates according to the AASHTO LRFD specifications

(1994) is to satisfy
b, /£ (4-34)
t F,
or
B<k (4-35)

with values of & ranging from 0.620 to 1.901. Table 4-7 provides limiting slenderness
ratios for different situations of unstiffened plate elements.

As described by AASHTO LRFD specifications (1994), for members that
satisfy the slendemness ratio requirements as given in Table 4-7, the ultimate
compressive strength is given by
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066*F,  for 1<225

f. =1088F

X (4-36)
7 2 for 1 >225

for which, 7 — ;’ , and F, as given by Eq. 4-6.

cr

Plate elements not satisfying the slenderness ratios requirements of Tables 4-7a
and 4-7b should be classified as slender elements. The ultimate compressive strength
of such elements is governed by the provisions established by AISC LRFD
Specifications (1986). The purpose of establishing these slenderness ratios is to ensure
that uniformly compressed components can develop the yield strength F »in

compression before local buckling occurs.

Table 4-7a. Limiting Slenderness Ratios B for Plates Supported along One Edge
(Unstiffened Plates) as given by AASHTO LRFD Specifications (1994)
Case B b
¢ Half-flange width of I-sections
® Full-flange width of channels
® Distance between free edge and
Flanges and Projecting Legsor | 0.56 first line of bolts or welds in plates
Plates e Full-width of an outstanding leg for
pairs of angles in continuous contact
Stems of Rolled Tees 0.75 1 e Full-depth of tee
¢ Full-width of outstanding leg for
Other Projecting Elements 0.45 single
angle strut or double angle strut with
separator
¢ Full projecting width for others
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Table 4-7b. Limiting Slenderness Ratios B for Plates Supported along Two Edges
(Stiffened Plates) as given by AASHTO LRFD Specifications (1994)

Case B b

® Clear distance between webs minus
inside corner radius on each side for
Box Flanges and Cover Plates 1.40 box
flanges
® Distance between lines of welds or
bolts
for flange cover plates

® Clear distance between flanges minus

Webs and other Plate Elements | 1.49 fillet radii for webs of rolled beams
® Clear distance between edge supports
for all others
Perforated Cover Plates I.86 ¢ Clear distance between edge supports
4.2.1.2.2.7 Navy Practice

The ultimate strength £, is given by

F for B <125

y

= 22 (4-37)
J F (—i 125) for B=125

y

B B
The above equation was developed by Frankland et al in 1940. Figure 4-3 shows the
variation of the ultimate compressive stress with the width-thickness ratio for medium
(MS) steel, high tensile (HTS) steel and Aluminum.

The uncertainty (COV) associated with the Eq. 4-37 based on simulation is

0.059. Table 4-8 provides statistical information for the biases according to the Navy

practices (Eq. 4-37) as compared to different other models.
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Table 4-8. Bias Factors of the model of Eq. 4-37 in Comparison to Different

Models
Reterence Model Range tor Range tor COV ot | Recommended
Mean Bias | Bias Bias Value
Mean COV
Faulkner’s model of 1.08to 1.I2 [ 0.0005to 0.0045 | 1.102 0.002
Eq. 4-14 (simple
supports)
Faulkner’s model of 0.91t0 0.95 [0.0006to 0.0062 | 0.924 0.00
Eq. 4-14 (clamped
supports)
Herzog's model of Eq. | 0.79t0 1.27 [0.0204to 0.0422 | 1.026 0.052
4-22
Mansour’s model of 1.00 to 1.09 | 0.0000 to 0.0109 | 1.033 0.005
Eq. 4-17 and 4-18
4.2.1.2.2.8 API Bulletin 2V Specifications (1993)

The ultimate strength expression for plates under uniaxial compression is identical
to that of Faulkner (Eq. 4-14) for simply supported plates. However, while Faulkner’s
equation is limited to the case where both the slenderness ratio (B) and the aspect ratio
(o) are greater than one, the API also gives other expressions for the case when B and
¢ @re greater than one similar to that of Mansour (1986). The ultimate strength £,, as
stated by the API (Bulletin on Design of Flat Plate Structures 1993), is given by

(1) For o> 1,

F, ifB<l1

y
f" = 2 1 . (4-38)
F, -B'—'B—z- ifB2>1

Eq. 4-38 applies when the plate edge stress reaches yield before the stiffener fails.

Otherwise, the following expressions should be used:
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F, ifB<l1
f.=1F, (4-39)
B ifB>1
(2) For o =1,
1 2
fu= Fy[aC+ 0.08(1— a)(l +F) ]s F, (4-40)

where F, = yield strength (stress) of plate, a = length or span of plate, » = distance

between longitudinal stiffeners, g — 2 ’% s = %, t = thickness of the plate, £ = the
t

modulus of elasticity, v = Poisson’s ratio, and

1.0 ifB<10
C=42 1 ) (4-41)
E—? ifB>10

The uncertainties (COV”s) associated with the API models of Eqs. 4-38 and 4-39 based
on simulation are 0.057 and 0.062, respectively. Table 4-9 provides statistical
information for the biases according to the API model (Eq. 4-38) as compared to

different other models.

Table 4-9. Bias Factors of the API model of Eq. 4-38 in Comparison to Different

Models
Reterence Model Range tor Range tor Recommended
Mean Bias COV of Bias | Bias Value
Mean cor

Navy Practice 0.90 t0 0.93 0.0005 to 0.91 0.002
(Eq. 4-37) 0.0046

Herzog’s model of 0.71t0o 1.18 [ 0.0228 to 0.93 0.033
Eq. 4-22 0.0429

Mansour’s model ot Eqgs. | 0.91 t0 0.97 1 0.002T to 0.94 0.005
4-17 and 4-18 0.0097
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4.2.1.3 Comparison and Evaluation of Existing Models for Plates under
Uniaxial Compressive Stress for Use in LRFD Rules

In the previous section, ultimate strength models for plates under uniaxial
compression stress were presented in terms of their applicability, limitations, and
biases. Also, a review of the current provisions and rules established by the AISC,
AASHTO, USN, and API specifications with regard to strength prediction methods of
unstiffened plates under uniaxial compression were provided. In developing the bias
factors, Mont Carlo simulation was used to assess the probabilistic characteristics of
the uniaxial compression strength models by generating the basic random variables for
a model and substituting the generated values in the model. Then statistical analysis of
the results was performed. The probabilistic characteristics of the strength models was
assessed based on the underlying basic random variables (such as a, b, ¢, E, F,, and )
that define each strength model. The probabilistic characteristics of the basic random
variables provided in Table 3-27 were used in the simulation process. This process
was repeated for ranges of selected key parameters as shown in Table 4-10, and the
number of simulation cycles was set at 5,000, which is more than adequate for all
practical purposes (Mansour et al 1996). The level of complexity associated with these
models ranges from highly complex models to simple ones. The more complex
theoretical models, such as that of Soares (Eq. 4-25), do not necessarily lead to less
uncertainty. Although they are accurate, they can be more uncertain because they
involve a larger number of variables, some of which may be very uncertain. On the
other hand, simple empirical formulations based on real test data, such as that of

Herzog (Egs. 4-21 and 4-22), can lead to fairly good results. Although theoretically
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less rigorous, they can be of practical use because they represent real-world ship plates.
In formulating a design model, a balance must be achieved between the model
accuracy, applicability, and simplicity, all of which are desired features. The
assessment of model uncertainty and bias can be made by comparing its strength
predictions with more accurate ones. Figure 4-4 gives comparison among different
prediction models of Section 4.2.1.2.2 for unstiffened plate strength under axial
compression. In view of Egs. 4-1 through 4-4 for determining the bias factors, it is
necessary to establish what prediction models constitute advance, experimental, real,
and LRFD predicted values. Based on the information given in Section 4.2.1.2.2,
Herzog’s prediction model (Eq. 4-22) with residual stress can be viewed to result into
real predicted values. On the other hand, Saores’s prediction model (Eq. 4-25) can be
viewed as an advanced prediction model because it takes into account more variables
than any models presented so far. The model that is being assessed for use in the load
and resistance factor design (LRFD) rules is that of Mansour (Eqs. 4-17 and 4-18). As
mentioned in Section 4.2.1.2.2.2, this model accounts implicitly for both cases of
rotational constraints (simple and clamped supports) of a plate element and gives one
equation for both. This is reasonable if one considers the fact that actual plate elements
in ship structures are neither fully fixed (clamped) nor they are fully free (simple), but
they fall within the two extremes. Furthermore, this model has a similar form as the
ones used by both the Navy practice and the API Bullitin 2V (1993), and it covers the
whole range for both the slenderness ratio B and the aspect ratio ,. Soares models
(Egs. 4-27 and 4-28) can be regarded as experimental prediction models. Table 4-11

provides a summary of the recommended LRFD rules method, advanced prediction
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model, real measurements or values, and experimental results. The bias factors, as
defined by Eqs. 4-1 through 4-4, and their probabilistic characteristics are provided in
Tables 4-12 through 4-15. Appendix A provides sample results of the direct Monte
Carlo simulation for the strength models and their biases as presented in Section
4.2.1.2.2. Variability of the bias ratio (Bg../BLrrp) Was investigated and the results are
plotted as shown in Figure 4-5, which suggests that a normal or lognormal distribution
is suitable for the bias ratio (Br.a/Birrp)- However, according to the Chi-square test
for relative goodness-of-fit, the lognormal model is more suitable to the bias ratio
(BRrea//Birrp) than the normal model (see Appendix A).

Table 4-10. Ranges of Key Parameters

Mean Range
a/b 2,3,and 4
b/t 50, 100, and 150
t (1n) 0.25,0.375,and 0.5
Fy, (ks1) 34 and 50
Table 4-11. Recommended Strength Prediction Models of Plates under Uniaxial
Compression
Model Description Reterence
LRFD Rules Eq. 4-13 and 14 Mansour (1986)
Advanced Prediction Eq. 4-21 and 22 dSoares (1988)
Experimental Results Eq. 4-23 and 24 Soares (1988)
Real Values Ekq. 4-18 Herzog (1987)

Table 4-12. Bias Factors for Strength of Plates under Uniaxial Compression with Eq.
4-27 (Soares 1988) Taken as the Experimental Prediction Model for

Simply-supported Plates as Used in Merchant Ships

Type of Bias Factor | Range tor Mean Range for COV | Recommended Bias
Bias of Bias Vaiue
Mean COV
by, na na na na
By, na na na na
By 1.06t0 1.76 0.02 t0 0.04 1.38 0.03
BRreayRules 0.791t0 1.37 0.02 t0 0.05 1.04 0.04

na = not available




Table 4-13. Bias Factors for Strength of Plates under Uniaxial Compression with Eq.
4-27 (Soares 1988) Taken as the Experimental Prediction Model for
Clamped Plates as Used in Merchant Ships

Type o1 Bias Factor | Range for Mean Range tor COV | Recommended Bias
Bias of Bias Value
Mean cov
Doy na na na na
b3y na na na na
D43 0.93to .44 0.02t0 0.04 .15 0.03
BRreayRules 0.79to0 1.37 0.02to 0.05 1.04 0.04

na = not available

Table 4-14. Bias Factors for Strength of Plates under Uniaxial Compression with Eq.
4-28 (Soares 1988) Taken as the Experimental Prediction Model for
Simply-supported Plates as Used in Naval Ships

'Type ot Bias Factor | Range for Mean Range tor COV | Recommended Bias
Bias of Bias Value
Mean corv
By na na na na
b3y na na na na
Bgs [.13to0 1.88 0.02to 0.04 1.47 0.03
BRearRules 0.79to 1.37 0.021t0 0.05 1.04 0.04

na = not available

Table 4-15. Bias Factors for Strength of Plates under Uniaxial Compression with Eq.
4-28 (Soares 1988) Taken as the Experimental Prediction Model for
Clamped Plates as Used in Naval Ships

Type of Bias Factor [ Range for Mean Range tor COV | Recommended Bias
Bias of Bias Value
ean corv
b5, na na na na
b3y na na na na
By 0.9910 1.52 0.02to 0.04 1.22 0.03
BReaRuies 0.79to0 1.37 0.02t0 0.05 1.04 0.04

na = not available
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Figure 4-4. Ultimate Strength of Plates under Uniaxial Compression versus (a)
Slendemess Ratio B, (b) Width-Thickness Ratio b/t
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Figure 4-5. Histogram for the Bias Ratio (Bg.,/B;rep) for Plates under Uniaxial
Compression with Normal and Lognormal Probability Distribution Fits

4.2.2 Edge Shear Stress

In a typical I-shaped section, the web acts as a plate that can be exposed to large
shear loads; this is especially true in plate girders used in steel bridges. In ship
structures, the side plating constitutes the web in the overall hull girder that carries the
greater part of overall shear. These shearing loads can cause buckling since it gives
rise to an in-plane compressive stress as shown in Figure 4-6. From shear theory and
for the case of pure shear, F, = F,,_and it acts at 459 to the shear axis. For this reason,

these plate elements must be designed for buckling caused by these high shear loads.
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Figure 4-6. Shear Theory as Applied to a Plate Element (Salmon and Johnson 1990)

4.2.2.1 Elastic Buckling under Pure Shear
The elastic buckling stress F,_for any plate is given by Bryan (1891)

expression of Eq. 4-6. Using F,_in place of F,, this equation for the case of pure

shear can be written as

2
F o=k L (4-42)
e = e 12(1-1?) B?

where g = b ’EE{ » k_= buckling coefficient for plates under pure edge shear, and the

t

remaining symbols are defined in the list of notation. Values for the buckling
coefficient k_of plates under pure shear for various types of boundary conditions can
be found from Figure 4-7 or from the following approximating equations (Hughes
1988):

(2) For ¢ > 10,
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535+— for simple supports

k. = ‘5’6 (4-43)
8.98 + a—'z- for clamped supports

(®) For, o <10,
5.35 ]

4.0+— for simple supports

k= 8638 @49
56+ c.zz for clamped supports

where the aspect ratio o= a/b. Because of the symmetry of pure shear loading, the
choice of @ and b is independent of the load. Hence, when using Figure 4-7 for
determining the buckling coefficient k - the length, a, should always be the long

dimension of the plate.

4.2.2.2 Inelastic Buckling under Pure Shear

Residual stresses and imperfections of plate material cause inelastic buckling as
the critical stresses reach yield stress F,. According to Salmon and Johnson (1990), a
transition curve for inelastic buckling was suggested by Basler (1961) based on curve
fitting and using the results from Lyse and Godfrey (1935). In the transition zone
between elastic buckling and yielding, the critical inelastic buckling shear stress is

given by

7m*F F
I P (4-45)
Fors \/k " 12(1- ) B

where F,, = the proportional limit stress in compression. As described by Salmon and

Johnson (1990), the proportional limit F), can be taken as 0.8 times the yield strength
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(Hughes 1988)
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