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Chapter 1 g

Reliability-Based Structural Design

19.1 INTRODUCTION

19.1.1 Structural Design

The main objective of structural design isto insure safety,
functional, and performance reguirements of an engineer-
ing 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 devel-
opment of such reliability-based design of panels and fa
tigue details of ship structures. The reliability-based
structural design formats are moreflexible and rational than
their counterparts, theworking stressformats, 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 informa-
tion includes uncertainties in the strength of various ship
structural elements, in loads, and modeling errorsin analy-
sis procedures.

Uncertainties in an engineering system can be mainly
attributed to ambiguity and vagueness is defining the vari-
ables and parameters of the system and their relations. The
ambiguity component is generally due to noncognitive
sources (1). These noncognitive sources include:

» model uncertainties, which result from simplifying as-
sumptionsin analytical and prediction models,

* statistical uncertainties of the parameters and variables,
and

* physical randomness.

The vagueness sources, on the other hand, include:

Bilal M. Ayyub and Ibrahim A. Assakkaf

* human factors,

* the definition of certain variables or parameters, for ex-
ample, structural performance (failureor surviva), qual-
ity, and skill and experience of construction workersand
engineers, and

* defining the interrel ationships among the parameters of
the problem.

Reliability and risk considerationsarevital to the analy-
sisand design of an engineering system. The reliability of
the system can be stated in reference to some performance
criteria. Theneed for reliability analysisstemsfrom thefact
that there is a presence of uncertainty in the definition, un-
derstanding, modeling, and behavior prediction of the model
(models) that describes the system. The objective of the
analysisistheassurance of somelevel of reliability. Because
there are numerous sources of uncertainties associated with
an engineered system, the absolute safety cannot be guar-
anteed. However, alikelihood of unacceptabl e performance
can belimited to areasonablelevel. Estimation of thislike-
lihood, even when used to compare various design alterna-
tives, is an important task for a practicing engineer.

The design, analysis, and planning of any engineering
system require the basic concept that the supply should be
greater or at least satisfy the demand. Depending on the
type of problem at hand, different terminology is used to
describe this concept. For example, in structural engineer-
ing the supply can be expressed in terms of the resistance
(strength) of the system (or component, that is, abeam), and
the demand can be expressed in terms of the applied loads,
load combinations, and their effects (that is, dead and live
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loads). In hydrology engineering, the height and location
of adam to bebuilt acrossariver may represent the capacity
(supply). On the other hand, annual rainfall, catchments
areas, vegetation, and other rivers or streams flowing into
the river may represent demand (2).

Thenotion hereisno matter how the supply and demand
arepresented or modeled, avariety of engineering problems
must satisfy this concept. Ship structural design must pro-
vide for adequate safety and proper functioning of a struc-
tural element regardless of what concept of design is used.
Structural elements must have adequate strength to permit
proper functioning during their intended service life.

19.1.2 Need for Reliability-Based Ship Design

In recent years, reliability-based design and analysis for
ship structures has received increasing interest. Numerous
efforts have been made to implement the theory or at least
develop the basis for the analyses of some aspects of de-
sign stages. Asit iscommon with other industries and clas-
sification societies, we see that reliability and risk
methodologies are at least being considered. Examples of
such efforts are the recent works of the U.S. Navy (USN),
the American Bureau of Shipping (ABS), and othersto de-
velop reliability-based standards and guidelines for such
design approaches.

Such design approaches take into account more infor-
mation than deterministic methods in the design of ship
structural components. This information includes uncer-
tainties in the strength of various structural elements, in
loads and |oad combinations, and modeling errorsin analy-
sis procedures. Probability-based design formats are more
flexible and rational than their counterparts the working
stress formats because they provide consistent levels of
safety over varioustypes of structures. In probability-based
limit-state design, probabilistic methods are used to guide
the selection of strength (resistance) factors and load fac-
tors, which account for the variability in the individual re-
sistance and loads and give the desired overall level of
reliability. Theload and resistance factors (or called partial
safety factors) are different for each type of load and re-
sistance. Generally, the higher the uncertainty associated
with aload, the higher the corresponding load factor; and
the higher the uncertainty associated with strength, the lower
the corresponding strength factor.

Ship designers can use theload and resistance factorsin
limit-state equationsto account for uncertaintiesthat might
not be considered properly by deterministic methods with-
out explicitly performing probabilistic analysis. For de-
signing code provisions, the most common format is the

use of load amplification factors and resistance reduction
factors (partial safety factors), as represented by

(PREZYiLi (1]
=

where:

@ = the resistance R reduction factor
y, = the partial load amplification factor
L; = the load effect

In fact, the American Institute of Steel Construction
(AISC) and other classification societies in this area have
implemented this format. Also, a recommendation for the
use of thisformat isgiven by the National Institute of Stan-
dardsand Technology (3). The AISC (4) hasintroduced the
Load and Resi stance Factor Design (LRFD) Specifications
in 1986 after the adoption of several American, Canadian,
and European organi zations of reliability-based design spec-
ifications. The development of the AISC LRFD code was
based on a probability-based model, calibration with the
1978 AISC Allowable Stress Design (ASD) Specifications,
and expert sound engineering judgment based on previous
design experiences. | n devel oping the specifications, it was
necessary to changethe design practice fromworking stress
tolimit stress, and from allowabl e stressto ultimate strength,
which was reliability-based.

Currently, the American Association of State Highway
and Transportation Officials (AASHTO) Specificationshave
been revised to an LRFD format. The National Coopera-
tive Highway Research Program (NCHRP) has published
thethird Draft of LRFD Specificationsand Commentary in
1992 entitled Devel opment of Comprehensive Bridge Spec-
ifications and Commentary. The AASHTO LRFD (1) code
closely follows much of the AISC code. Many of the indi-
viduals that were instrumental in the development of the
AISC LRFD code wereinvolved with the AASHTO effort.

Other marine and offshore classification societies that
are in the process of revising, or have aready revised and
updated their codesto LRFD format includethe U.S. Navy
(USN), theAmerican Bureau of Shipping (ABS), theAmer-
ican Petroleum Institute (API), the Association of Ameri-
can Railroads (AAR), Lloyd’'s Register (LR), and Det
Norske Veritas (DnV).

Aswewill seeinthe subsequent sections, the First-Order
Reliability Method (FORM) can be used to evaluate the
partial safety factors ¢ and y, (appearing in equation 1) for
aspecified target levelsof reliability. Thismethod wasused
to determine the partial safety factors associated with the
recommended strength models for ship structural compo-
nents as demonstrated in this chapter.
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19.2 SHIP STRUCTURAL COMPONENTS

19.2.1 Hull Girder

One of the fundamental concepts of engineering isthat of a
system, which can be anything from a simple beam or de-
tail to complicated multilevel subsystems. A ship obviously
fallsinto the category of arelatively large and complex sys-
tem. The ship consists of several subsystems, which are es-
sentia to the integrity of the whole system. Examples of
these subsystems are the hull girders, unstiffened and stiff-
ened panels, and structural fatigue details. Probably the most
essential part of a ship design is the hull girder system or
model. Environmental loads, either static or dynamic, that
are due to sea environment and ship’s motion are functions
of the hull shape. However, much of these loads are rela
tively independent of the substructures (subsystems) such as
unstiffened and stiffened plate elements, that is, they are not
affected by the structural layout and shape or by scantlings.
Therefore, the design of the hull girder is the first step to-
ward designing the other substructures of a ship because
much of theoverall load effectsonthe hull girder can be used
for designing these substructures or subsystems.

In alarge structure, such asahull girder, both the load-
ing and the response are extremely complex, and therefore,
the response analysis must be performed in two stages (5),
1) an analysisof the overall structure, and 2) a separate and
more detail analyses of different substructures.

Many of the load effects from the overall anaysis con-
stitute the loads and boundary conditions at the substruc-
ture level. The overal structure of a ship is essentially a
floating beam (box girder) that internally stiffened and sub-
divided, and in which the decks and bottom structure are
flanges and the side shell and any longitudinal bulkheads
arethe webs. External forces and momentson ahull girder
arethoseforcesor momentsthat are applied on abeam such
asvertical shear force (f,), longitudinal bending moment in
the ship’s vertical and horizontal planes (M, and M,), and
longitudinal twisting moment M,. The most significant of
al these forces and moments is the vertical bending mo-
ment of the hull girder about the z-axis as shown in Figure
19.1. Thisload affect is due primarily to the unequa dis-
tribution of the weight (W) of the ship and buoyancy (B)
aong the length of the ship due to waves as shown in Fig-
ure 19.2. For many ships, the maximum value of the hori-
zontal moment M, ismuch smaller than the vertical moment
M., typically 19% or less (5).

The vertical bending moment varies al ong the length of
the ship. It can take values from zero at the ends to a max-
imum at or near the midlength of the ship. This maximum
value of thevertical moment for hull girder isthesinglemost
important load effect in the analysisand design of ship struc-
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Figure 19.1 Hull Girder Model of a Ship (5)
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Figure 19.2A Hogging Condition of a Ship Due to Sea Waves
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Figure 19.2B Sagging Condition of a Ship Due to Sea Waves

tures. Hull girder bending can be caused by either hogging
or sagging depending on the curvature due waves as shown
inFigure19.2. The hull girder analysisand design assumes
that the hull girder satisfies simple beam theory that im-
plies the following assumptions (5):

* Plane cross sections remain plane,
* The beam is essentialy prismatic,
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» Other modes of response to the loads do not affect hull
girder bending and may treated separately, and
e The material is homogeneous and elastic.

19.2.2 Ship Steel Panels

The structural components that make up the hull girder are
the panels or plate elements. Ship panels, in general, can be
dividedintothreedistinct categories, 1) unstiffened, 2) stiff-
ened, and 3) gross panels or grillages (Figures 19.3 and
19.4).

These panels (or called plates) are very important com-
ponentsin 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 producetwo
distinct limit states, strength and serviceability limit states.
Strength limit states are based on safety consideration or
ultimate load-carrying capacity of apanel and they include
plastic strengths, buckling, and permanent deformation. Ser-
viceability limit states, on the other hand, refer to the per-
formance 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 de-
flections and first yield. Also, strength limit states require
the definition of the lifetime extreme loads and their com-
binations, whereas serviceability limit statesrequire annual -
extreme loads and their combinations.

The primary purpose of apanel isto absorb out of plane
(or lateral) loads and distribute those loads to the ship’s pri-
mary structure. It also servesto carry part of the longitudi-
nal 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 panel within the
ship. Deck panels tend to experience large in-plane com-
pression 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 nowa-
daysisalongitudinal one, which has stiffeners running in
two orthogonal directions (Figure 19.3). Deck and bottom
structures panels are reinforced mainly in the longitudinal
direction with widely spaced heavier transverse stiffeners.
The main purpose of the transverse stiffenersisto provide
resistance to the loads induced on bottom and side shell by
water pressure (6). The types of stiffeners used in the lon-
gitudinal direction are the T-beams, angles, bulbs, and flat

bars, while the transverse stiffeners are typically T-beam
sections. Thistype of structural configurationiscommonly
called gross stiffened panel or grillage (6). Besides their
use in ship structures, these gross stiffened panels are a'so
widely used in land-based structures such as box and plate
girders.

Theoveral collapse of agrosspanel involvesglobal de-
flection of both longitudinal and transverse stiffeners. How-
ever, 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 (7,8). In most cases local plate buckling
is the weakest failure mode. Global failure of a stiffened
panel can bepartialy controlled by careful design of strength
of the plate elements (unstiffened panels) between stiffen-
ers. The most common mode of failure of the whole panel

Gross Panel

Lengetudinally Stiffensed
Sub-Panal

Figure 19.3 Portion of the Hull Girder Showing the Gross Panel and a

Longitudinally Stiffened Subpanel (5)

Figure 19.4 Unstiffened Panel Subjected to In-Plane Stresses
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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
thelocation of the transverse stiffeners can prevent the col-
lapse of longitudinally stiffened subpanel. If the transverse
stiffeners act as nodes, then the collapse of the stiffened
panel iscontrolled by the strength of thelongitudinally stiff-
ened subpanel.

A typica longitudina stiffened subpanel, as shown in
Figure 19.3, is bounded on each end by a transverse struc-
ture, which has significantly greater stiffness in the plane
of thelateral load. The sides of the panel are defined by the
presence of alarge structural member that has greater stiff-
nessin bending and much greater stiffnessin axial loading.
Structural members such as keels, bottom girders, longitu-
dinal bulkheads, deck girders, etc., can act asthe side bound-
aries of the panel. When the panel is located to be in a
position to experience large in-plane compression, the
boundary conditions for the ends are taken as simply sup-
ported. The boundary conditions along the sides also can
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
loadsarethelateral loadsdueto lateral pressure. They cause
the plate to be in tension and the stiffener flange in com-
pression. Positive bending |oads are those loads that put the
plating in compression and the stiffener flange in tension.
Thethird type of loading is the uniform in-plane compres-
sion. Thistype of loading arises from the hull girder bend-
ing, and will be considered positive when the panel isin
compression. The three types of loading can act individu-
aly or in combination with one another.

To evaluate the strength of a stiffened or gross panel el-
ement 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 model s have been devel oped dur-
ing the last few decades. These advanced models take into
account the effects of initial distortion; weld induced resid-
ual stresses, and various parameters concerning strength
prediction. Some of these models are empirical in nature
but they are highly representative of real world scenario be-
cause 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 al the characteristics of the panel
and theloading variables are presented and are properly ac-
counted for in the method.

19.3 RELIABILITY, RISK, SAFETY, AND
PERFORMANCE

Reliability of a system can be defined as its ability to ful-
fill its design functions for a specified time period. This
ability is commonly measured using probabilities. Relia-
bility is, therefore, the occurrence probability of the com-
plementary event to failure resulting into

Reliability = 1 — Failure Probability [2]

Based on this definition, reliability is one of the compo-
nents of risk. The concept of risk isused to assessand eval-
uate uncertainties associated with an event. Risk can be
defined asthe potential of lossesasaresult of asystemfail-
ure, and can be measured as apair of the probability of oc-
currence of an event, and the outcomes or consequences
associated with the event’s occurrence. This pairing can be
represented by the following equation:

Risk = [(pcy).(P2ca ) (PuS)l 13

In this equation p, is the occurrence probability of event x,
and ¢, is the occurrence consequences or outcomes of the
event. Risk is commonly evaluated as the product of like-
lihood of occurrence and the impact of an accident:

Consequence[] _
RISK e B

OEvent O Consequence
LIKELI HOODDTime ke IM PACTgiEVent E

In equation 4, the likelihood can also be expressed as a
probability. A plot of occurrence probabilities that can be
annual and conseguencesis called the Farmer curve (9).

Therisk assessment process answersthree questionsin-
cluding,

(4]

1. what can go wrong,
2. what isthe likelihood that it will go wrong, and
3. what are the consequences if it does go wrong?

In order to perform risk assessment several methodshave
been created including: Preliminary Hazard Analysis
(PrHA), HAZOP, Failure Modes and Effects Analysis
(FMEA), Failure Modes Effects, and Criticality Analysis
(FMECA), Fault Tree Analysis (FTA), and Event Tree
Analysis (ETA). Each of these methods of risk assessment
is suitable in certain stages of the system life cycle. The
characteristics of these methods are shown in Table 19.1.
In-depth description of risk management, methods for re-
liability and consequence analysis and assessment are de-
scribed in references 10 and 11.

Safety can be defined as the judgment of risk accept-
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TABLE 19.1 Risk Assessment Methods (9)

Safety/Review Audit

Checklist

What-|f

Hazard and Operability
Study (HAZOP)

Failure Modes and Effects
Anaysis (FMEA)

Failure Modes Effects, and
Criticality Analysis (FMECA)

Fault Tree Analysis (FTA)
Event Tree Analysis (ETA)

Preliminary Hazard
Anaysis (PrHA)

Consequence A ssessment and

Identify equipment conditions or operating procedures that could lead to a casualty or result in
property damage or environmental impacts.

Ensure that organizations are complying with standard practices.

Identify hazards, hazardous situations, or specific accident events that could result in
undesirable consequences.

Identify system deviations and their causes that can lead to undesirable conseguences.

Determine recommended actions to reduce the frequency and/or consequences of the
deviations.

| dentifies the components (equipment) failure modes and the impacts on the surrounding
components and the system.

| dentifies the components (equipment) failure modes and the impacts on the surrounding
components and the system, and criticality of failures.

Identify combinations of equipment failures and human errors that can result in an accident.
Identify various sequences of events, both failures and successes that can lead to an accident.

Identify and prioritize hazards leading to undesirable consequences early in the life of a
system.

Determine recommended actions to reduce the frequency and/or consequences of prioritized
hazards.

Assess consequences and scenarios leading to them.

Cause Consequence Diagrams

ability for the system making it a component of risk man-
agement.

After performing risk and safety analysis, system im-
provement in terms of risk can be achieved by one or more
of the following cases:

« consequence reduction in magnitude or uncertainty,

« failure-probability reductionin magnitude or uncertainty,
and

* reexamination of acceptable risk.

Itiscommoninengineering that attentionisgiventofail-
ure-probability reduction in magnitude or uncertainty be-
causeit offers more system variablesthat can be controlled
by analysts than the other two cases. As aresult, it is com-
mon to perform reliability-based design of systems. How-
ever, the other two cases should be examined for possible
solution since they might offer someinnovative systemim-
provement options.

The performance of asystems can be defined by aset of

requirements stated in terms of tests and measurements of
how well the system serves various or intended functions.
Reliability and risk measures can be considered as per-
formance measures.

19.3.1 Measures and Assessment of Reliability and Risk

Traditionally, thereliability of engineering systemshasbeen
achieved through the use of factors of safety (FS) in the so-
called working stress (or alowable stress design, ASD) for-
mats. The safety factor, whose value provides a quantitative
measure of reliability or safety, differsfrom onedesign spec-
ification to another and from one type of structure (that is,
beam, column, plate, etc.) to another. It reflects the degree
of reliability and risk associated with that particular com-
ponent. For example, this value can range from 2 to 4 for
land-based structural systems, and from 3to 5 or even 6in
geotechnical engineering applications, depending onthetype
of structural system or component under consideration.
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This measure of reliability or safety wasintended to re-
flect the probability of failure of the system and therisk as-
sociated with it.

Thetraditional approachisdifficult to quantify and lacks
thelogical basisfor addressing uncertainties. Therefore, the
level of reliability or safety cannot be evaluated quantita-
tively. Also, for new systemsinwhichthereisno prior basis
for calibration, the assurance of performance can be avery
difficult task.

Inreliability-based design and analysis approaches, the
measure of reliability or safety isaccomplished through the
use of reliability (safety) index . In this respect, the role
of B isto reflect the reliability level used in the analysis.
In practical structural analysis, 3 can be computed using
structural reliability theory and knowledge of the first and
second moments statistical characteristics (that is, mean
and COV) for both the strength and load variables. Some-
times in more rigorous analyses, the distribution types of
these variables are needed. Also, a definition of a per-
formance (or criterion) function is required. For two vari-
ablesand linear performance function, thereliability index
(3 can be defined as the shortest distance from the origin to
the failure line as shown in Figure 19.5. Mathematically,
it can be expressed as

B = HR ~HL
Jo& +0? 51

where

Mg = mean value of strength R

H, = mean value of the load effect L

OR = standard deviation of strength R

OR = standard deviation of the load effect L

The reliability index according to this definition is com-
monly referred to as the Hasofer-and-Lind index (12).
A distinction should be made between the reliability

Fahitm
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D gn .
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a=a
. Buifwivil
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Figure 19.5 Performance Space in Reduced Coordinates

index B and target reliability index (3,. Target reliability
index values are used by the classification societies to set
the standards for code provisions to meet the design re-
quirements of various structural components (or systems).
These values can vary depending on the type of structural
component being analyzed and the risk associated with its
design. On the other hand, computed reliability index val-
uesare used to check the adequacy and performances of ex-
isting structures. In this approach, the computed value of
the safety or reliability index is compared with the target
reliability index.

If, for example, the computed value of the reliability
index B is greater than the target reliability index 3,, then
the structural component under study is adequate to with-
stand the prescribed |oad effect.

Table 19.11 and 11l provide examples target reliability
levels used in the industry, while Table 19.1V gives target
reliability index values for ship structural components.

19.3.2 Selection of Target Reliability Levels

As was alluded to earlier, target reliability levels, Bgs, are
used by the classification societies to set the standards for
code provisions to meet the intended design requirements
of various structural components (or systems).

These target levels can vary depending on the type of
structural component being analyzed and the risk associ-
ated withitsdesign. Reliability-based design guidelinesand
rules for ship structures require establishing these target
levelsfor the design and analyses of the structural compo-
nents. The selected reliability level determines the proba

TABLE 19.11 Target Reliability Levels (13)
Target Reliability

Structural Type Level (o)
Metal structures for buildings 3
(dead, live, and snow loads)
Metal structures for buildings 25
(dead, live, and wind loads)
Metal structures for buildings (dead, 175
live, and snow, and earthquake |oads)
Metal connections for buildings 4t04.5
(dead, live, and snow loads)
Reinforced concrete for buildings
(dead, live, and snow loads)

ductilefailure 3

brittle failure 35

ED: Unfortunately, Greek symbols do not print in italic on press.
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TABLE 19.llI  Target Reliability Levels Used by excluded. The modes of failure for ship structural compo-
Ellingwood and Galambos (14) nents have serious consequences such as the entire loss of
Target Reliability the_ship, lossof lives, and envi ronmental d_amages(wate_r pol-
Mermber, Limit State Level (B,) lution in case of tankers or chemical carriers). Accordingly,
the second method seemsto be the proper oneto be adopted
Structural Steel for selecting target reliability levels since there are alot of
Tension member, yield 30 dataavailablefrom currently used design codesthat resulted
Beams in flexure 30 in safe structures with adequate reliability.
Column, intermediate slenderness 35
Reinforced Concrete 19.4 RELIABILITY-BASED STRUCTURAL DESIGN
. APPROACHES
Beam in flexure 3.0
Beam in shear 3.0 The reliability-based design of any structural system re-
Tied column, compressive failure 35 quiresthe consideration of the following three components
1) loads, 2) structural strength, and 3) methods of reliabil-
Masonry, unreinforced ity analysis. _
Wall in compression, uninspected 5.0 These three components can be presented in the form of
Wall in compression, uninspected 75 several blocks for each to show their logical sequence and

TABLE 19.IV  Recommended Target Safety Indices
Relative to Service Life of Ships (13)

Tanker (3, Cruiser B,

Hull girder collapse 4 5
Hull girder initial yield 45 55
Unstiffened panel 3 35
Stiffened panel 35 4
Fatigue

Category 1 (Not Serious) 20 25

Category 2 (Serious) 25 3.0

Category 3 (Very Serious) 3.0 35

bility of failure of the ship structural component being an-
alyzed. The following three methods can be used to select
atarget reliability value, 1) agreeing upon areasonablevalue
in cases of novel structures without prior history, 2) cali-
brating reliability levelsimplied in currently used success-
ful design codes, and 3) choosing target reliability level that
minimizes total expected costs over the service life of the
structure for dealing with design for which failures result
in only economic losses and consequences.

Sincethe development hereinislimited to ship structural
componentsthat are not novel structures, thefirst method is

interaction. The reliability-based design procedure also re-
quires the probabilistic characteristics of the strength and
load basic random variables as well as defining perform-
ancefunctionsthat correspond to limit statesfor significant
failure modes. There are two primary approaches for reli-
ability-based design (9), 1) direct reliability-based design,
and 2) load and resistance factor design (LRFD).

Thedirect reliability-based design approach caninclude
both Level 2 and/or Level 3reliability methods. Level 2re-
liability methodsare based on the moments (mean and vari-
ance) of random variables and sometimes with a linear
approximation of nonlinear limit states, whereas, Level 3
reliability methods use the complete probabilistic charac-
teristics of therandom variables. In some cases, Level 3re-
liability analysisisnot possible because of lack of complete
information on the full probabilistic characteristics of the
random variables. Also, computational difficulty in Level
3 methods sometimes discourages their uses. The LRFD
approachiscalled aLevel 1 reliability method. Level 1re-
liability 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 many advantages and benefits of using reliability-
based design methods include the following:

« they provide the means for the management of uncer-
tainty inloading, strength, and degradation mechanisms,

« they provide consistency in reliability,

« they result in efficient and possibly economical use of
materials,

« they provide compatibility and reliability consistency
across materials, such as, steel grades, aluminum and
composites,
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« they alow for future changes as a result of gained in-
formation in prediction models, and material and load
characterization,

* they provide directional cosines and sensitivity factors
that can be used for defining future research and devel-
opment needs,

« they alow for performing time-dependent reliability
analysis that can form the bases for life expectancy as-
sessment, life extension, and devel opment of inspection
and maintenance strategies,

» they are consistent with other industries, AISC,ASHTO,
ACI, API, ASME, ..., etc, and

« they allow for performing system reliability analysis.

19.41 Fundamentals of Reliability-Based Design

The design of any structural system or element must provide
for adequate safety and proper functioning of that system or
element regardless of what philosophy of designisused. The
structural systems or elements must have adequate strength
to permit proper functioning during their intended service
life. For example, the performance of a ship hull girder as
presented in the chapter is defined by a set of requirements
stated in terms of tests and measurements of how well the
hull girder servesvariousor intended functionsover itsserv-
ice life. Reliability and risk measures can be considered as
performance measures, specified as target reliability levels
(or target reliability indices, 3,5). Theselected reliability lev-
elsof aparticular structural element reflect the probability of
failure of that element. These levels can be set based onim-
plied levelsin the currently used design practice with some
calibration, or based on cost benefit analysis.

For ship structures, the reliability-based design ap-
proaches for a system start with the definition of amission
and an environment for aship. 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 analy-
sis of the ship produces a stochastic still water 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.

Thereliability-based design procedure a so requires defin-
ing performance functionsthat correspond to limit statesfor
significant failure modes. In general, the problem can be
considered as one of supply and demand. Failure of astruc-
tural element occurswhen the supply (that is, strength of the
element) isless than the demand (that is, loading on the el-
ement). On the other hand, the reliability of thiselement is
achieved when the supply is greater than the demand.

19.4.1.1 Reliability of structural components

The reliability of a structural component constitutes the
basis for performing system reliability of larger structure.
In general, a component can fail in one of severa failure
modes. The treatment of multiple failure modes requires
modeling the component behavior asasystem. In addition,
the system can be defined as a collection or an assemblage
of several componentsthat serves some function or purpose
(15). A multi-component system can fail in several failure
modes. Oncethereliability or probability of failuresfor al
of the components that make up the whole systemsiseval-
uated, systemreliability can be performed ontheoveral sys-
tem. The theory of system reliability is beyond the scope
of this chapter. Numerous excellent books and references
have been written for the subject, and the reader is encour-
aged to read references (1,9,15,29,31).

Thereliability of astructural component can be defined
asthe probability that the component meets some specified
demands. For example, the reliability of a structural com-
ponent such asabeam can be defined asthe probability that
structural strength of the beam (that is, ultimate moment ca-
pacity) exceedsthe applied load (that is, moment dueto the
total combined loads). The first step in evaluating the reli-
ability or probability of failure of astructural component is
to decide on specific performance function g and the rele-
vant load and resistance variables. The generalized form of
the performance function can be expressed as

g=R-L (6]
or
g="f(Xy, X, ... X) [7]
where
g = the performance function
X4 Xy, ..ty X, = N basic random variables for R and L

f(.) = afunction that gives the relationship be-
tween R and L and the basic random vari-
ables.

The failure in this case is defined in the region where g is
less than zero (see Figure 19.6) or Rislessthan L, that is

g=<00orR<L [8]

whereas the reliability is defined in the region where g is
greater than zero (Figure 19.6) or Risgreater than L, that is
g=>000rR>L [9]

The limit state is defined when g = 0.
Due to the variability in both strength and loads, there
is always a probability of failure that can be defined as
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P,=P(g<00)=P(R<L) (10]

Thereliability of astructural component can be defined
asthe probability that the component meets some specified
demands for a specified time frame.

Mathematically, it can be given by the following ex-
pression:

R,=P(g>0.0)=P(R>L) [11]

where P; = probability of the system or component and R,
=reliability of the component. According to probability the-
ory, sincefailure and non-failure (or success) constitute two
complementary events, therefore,

P=1-R, [12]

For the general case, where the basic random variables can
be correlated, the probability of failure for the component
can be determined by solving the following integral:

Pf = I ...Ifx(xlyxz,n-xn)XmdXZ"'an [13]

over g<0

where f, isthejoint probability density function (PDF) of
the random vector X = [X,, X,, ..., X,]; and theintegration
is performed over the region where g = f(.) < 0. The com-
putation of P, by Equation 13iscalled thefull distributional
approach and can be considered the fundamental equation
of reliability analysis (29). In general, the determination of
the probability of failure by evaluating theintegral of Equa-
tion 13 can be a difficult task. In practice, the joint proba
bility density function f, ishard to obtain. Even, if the PDF
is obtainable, evaluation of the integral of Equation 13 re-
quires numerical methods. In practice, there are alternative
methods for evaluating the above-mentioned integral
through the use of anal ytical approximation proceduressuch
as the First-Order Reliability Method (FORM), which is
the focus of our discussion in the next section.

m E ot o e

Figure 19.6 Frequency Distribution of Strength fand Load L
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19.4.1.2 First-Order reliability method

The First-Order Reliability Method (FORM) is a conven-
ient tool to assessthereliability of aship structural element.
It also provides a means for calculating the partial safety
factors g and y; that appear in the LRFD design formula of
Equation 1 for a specified target reliability level (,. The
simplicity of the first-order reliability method stems from
thefact that thismethod, beside therequirement that thedis-
tribution types must be known, requires only the first and
second moments; namely the mean values and the standard
deviations of the relevant random variables. Knowledge of
the joint probability density function (PDF) of the design
basic variablesis not needed asin the case of the direct in-
tegration method for calculating thereliability index . Even
if thejoint PDF of the basic random variablesisknown, the
computation of B by the direct integration method as given
by equation 13 can be a very difficult task.

The development of FORM over the years resulted in
many variationsof the method. Thesevariations (29) include
such methods as the first-order second moment (FOSM)
and the advanced first-order second moment (AFOSM).
Both of these methods use the information on first and sec-
ond moments of the random variables, namely, the mean
and standard deviation (or the coefficient of variation, COV)
of arandom variable. However, the FOSM method ignores
thedistribution types of therandom variables, whileAFOSM
takes these distributionsinto account. Clearly, the AFOSM
method asthe nameimplies produces more accurate results
than FOSM. Nevertheless, FOSM can be used in many sit-
uations of preliminary design or analysis stages of a struc-
tural component, where the strength and load variables are
assumed to follow a normal distribution and the perform-
ancefunctionislinear. In these cases, the results of thetwo
methods are essentially the same.

Theimportance of FORM isthat it can be used in struc-
tural analysisto computethereliability index 3, and asoto
determine the partial safety factors (PSF's) in the develop-
ment of various design codes. Thereliability index was de-
fined earlier asshortest distancefromtheoriginto thefailure
line as shown in Figure 19.5. For normal distributions of
thestrength and | oad variables, and linear performancefunc-
tion, B can be computed using Equation 5. The important
relationship between the reliability index B and the proba-
bility of failure P; is given by

P =1-®(p) [14]

where ®(.) = cumulative probability distribution function
of the standard normal distribution. It is to be noted that
equation 14 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




MASTER SET

SDC 19. gxd Page 19-11 4/28/03 2:24 PM

Chapter 19: Reliability-Based Structural Design

is common to deal with nonlinear performance functions
with arelatively small level on linearity. If thisisthe case,
then the error in estimating the probability of failure P; is
very small, and thusfor all practical purposes, equation 14
can be used to evaluate P; with sufficient accuracy (3).

The nominal values of partial safety factors (PSFs) ac-
cording to the linear performance function given by Equa
tions 6 and 7, and for normal distributions of the strength
and load variables can be calculated using the following
two expressions as suggested by Halder and Mahadevan
(26):

For single load case:

_ 1-¢Bdg
MREEEEH el
_1+eBd
YL = 1vs s, [16]
where
0% + 02
_ R L
R 7]

and in which, o = standard deviation of strength R, o, =
standard deviation of the load effect L, & = coefficient of
variation (COV) of thestrength R, , = COV of theload &f-
fect L, and Sy and S, are parameters used by some classi-
fication societies and the industry to approximate the
nominal values of the strength and the load effect, respec-
tively. Typical valuesfor S; and S rangefrom 1to 3.

For multiple load case:

Thenominal reduction factor @of strength can still becom-
puted from Equation 15. However, the nomina load fac-
torsy;sfor the ith load effect become (22)

0= 1- EBGR
where
0= 1- 8[35R

and in which, 2 ,02 ,..-,02 = standard deviations
L7 Ls Ln1

of the load effects (L, L,, ..., L,) and §_ = COV of the
load effect L;, and S = parameter used to approximate the
nominal value of load effect L;.
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In general, the nominal value of the strength islessthan
the corresponding mean value, and the nominal value of the
load effect is larger than its mean value. For example, if
both S; and S, equal to 2, the nominal value of R would be
2 standard deviations below the mean, and the nominal value
for L would be 2 standard deviations above its mean value.
If Sgand S, have zero values, then Equations 15 and 16 es-
sentially result into the mean values of the partial safety
factors @ and Y, , respectively. The nominal values of par-
tial safety factorscan beusedin LRFD design format of the

type

PRzyL vl +. oyl [20]
For purposes of design, this relationship needs to be satis-
fied.

Itisto be noted that Equations 15 and 16 apply only for
linear performance function with two variables (strength
and one load effect) having normal distributions, while
Equation 18 applies for multiple linear case. For a general
case of nonlinear function with multiple random variables
having different distribution types (that is, lognormal, Type
I, etc.), an advanced version of FORM should be used. De-
tailed algorithms of advanced FORM version as well as
proceduresfor calculating and calibrating the partial safety
factors using FORM can be found in Appendix A. Itisto
be noted that the version of FORM given in the appendix
isthe advanced first-order second moment (AFOSM). This
version of FORM applies for a general case of nonlinear
performance function and for any distribution type of the
random variables.

EXAMPLE 19.1

Given:

A tension member in atruss has an ultimate strength T with
amean value of 623 kN and standard deviation of 53 kN.
Thetension load L applied to the member hasamean value
of 400 kN kips and standard deviation of 111 kN. If nor-
mal distributions are assumed for T and L, what isthereli-
ability index for thismember?What isitsfailure probability?

Solution:

The following parameters are given:
M+ =53kN
M, =111kN
0= 623 kN
o, =400 kN

Using Equation 5, therefore,
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- 623-400 _ 1.81

(53)% +(111)?
The probability of failure according to Equation 14 is
P;=1-d(1.81)=1-0.9649 = 0.035

Note: ®(1.81) can be obtained from Tablesthat provideval-
uesfor the cumulative distribution function of standard nor-
mal.

EXAMPLE 19.2

Given:

Thefully plastic flexural capacity of abeam section can be
estimated asF, Z, where F, = yield strength of the material
(steel) of the beam and Z = plastic section modulus. If the
simply supported beam shown in Figure 19.7 is subjected
to mean values of distributed dead and live loads: wy, and
w,, respectively; andif Z and L are assumed to be constant,
develop the nominal and mean partial safety factorsfor this
beam and the corresponding LRFD-based design formula
for atarget reliability index of 3. Assume that the nominal
values are one standard deviation below the mean for the
strength, and one standard deviations above the correspon-
ding mean valuesfor both the dead and liveloads. The prob-
abilistic characteristics of the basic random variablesare as
provided in Table 19.V.

Solution:
For this analysis, the following linear performance func-
tion is considered:

g9=Mg—-Mp-M_

The plastic moment capacity of the beam M, can be con-
sidered the mean moment capacity, thus

g= ZFy _MD _ML
MR = Mp :ZFy
= (4588 x1076)(248 x103)
=1137.8 kN - m

| |
+ v

Figure 19.7 Beam Design for Example 19.2

Ship Design & Construction, Volume 1

o = 113788240 569 kN - m

(2480
5g = 28 =005
5 :%:%:0.14
5, :%:%:0.36

For ssimply supported beam, the applied maximum moments
at its mid-span can be computed as follows:

wpl?  0.315(915)2

Mp = =%~ =~ gaoo) = 327 kN —m
_w L2  0438(915)2 _ _
ML = =% = gapg) ~ ~ 4584 KN -m

Denoting the total moment due to applied dead and live
loads as M, its mean, standard deviation, and COV can be
estimated:

W, = 329.7 + 4584 = 788.1 kN —m
My, =329.7(0.14) = 46.16 kN —m
My, = 458.4(0.36) = 165.02 kN —m

Therefore,

om = 4(46.16)% +(165.02)% = 1714kN - m

_1714

v = 788.1

=022

Using Equations 17 and 19, the parameters e and €, are cal-
culated as follows:

J(569)% + (171.4)?2
€= =0.79
569+ 1714

TABLE 19.V  Probabilistic Characteristics of Random
Variables for the Beam Problem

Variable 1] o Distribution

Fy 248 MPa 12.4 MPa Normal
4588 cm?® n/a na

L 915 cm n/a n‘a

Wp 0.315 kN/cm 0.044 kN/cm Normal

W, 0.438 kN/cm 0.16 kN/cm Normal
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_|/(46.16.24)? + (165.02)?
En = 46.16 + 165.02

=0.81

According to Equations 15 and 18, and noting that S; = S,
= § = 1for both the strength and load effects, the nominal
partial safety factors (PSF's) are obtained as follows:

_1-079(3)(0.05) _

T-@(005) 0%
1+0.79(0.81)(3)(0.14) _
Yo = 1+ (1)(0.14) =11
_1+0.79(0.81)(3)(0.36) _
YL =13 (@(0306) =124

Thus, the LRFD-based design formulais given by
0.93R=1.11D + 1.24L

Themean valuesof the partia safety factorscan befound
using Equations 15 and 18, with S; = S;=§ =0. There-

sults are:
¢=0.88
Yo = 1.27
y, =1.69
EXAMPLE 19.3
Given:

Develop the mean values of partial safety factors for the
simply supported beam of Example 19.2 using the proba-
bilistic characteristicsfor the random variables as provided
in Table 19.VI.

Solution:
In this example, we note that the distribution types of the
random variables are no longer normal. We have amixture
of distributions for these variables. Therefore, the simpli-
fied methods of this section cannot apply directly even
though the performance function is the same, that is
g=2ZF,—Mp-M,

To compute the mean values of the partial safety factors,
the general procedure of FORM, as outlined in Appendix
A, should be utilized. The results are as follows:

@ =097

Y, =1.05

Y, =2.63
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TABLE 19.VlI  Probabilistic Characteristics of Random

Variables for Example 19.3

Variable ] o Distribution

Fy, 248 MPa 12.4 MPa Lognormal
4588 cm?® n/a n/a

L 915 cm na n/a

Wp 0.315kN/cm 0.044 kN/cm Normal

w, 0.438 kN/cm 0.16 kN/cm Typel

19.4.2 Direct Reliability-Based Design

Thedirect reliability-based design method usesall available
information about the basic variables, including correla-
tion, and does not simplify the limit state in any manner. It
requires performing spectral analysisand extreme analysis
of theloads. Inaddition, linear or nonlinear structural analy-
sis can be used to develop a stress frequency distribution.
Then, stochastic load combinations can be performed. Lin-
ear or nonlinear structural analysis can then be used to ob-
tain deformation and stress values. Serviceability and
strength failure modes need to be considered at different lev-
elsof theship, that is, hull girder, grillage, panel, plate and
detail. The appropriate loads, strength variables, and fail-
ure definitions need to be selected for each failure mode.
Using reliability assessment methods such as FORM, reli-
ability indicesBsfor al modesat all levels need to be com-
puted and compared with target reliability indices Bgs.
Equation 14 gives the relationship between the reliability
index 3 and the probability of failure.

19.43 Load and Resistance Factor Design

The second approach (LRFD) of reliability-based design
consistsof therequirement that afactored (reduced) strength
of a structural component is larger than alinear combina-
tion of factored (magnified) |oad effectsasgiven by thefol-
lowing general format:

m
Ry, =2 Z Yilni [21]
i=1

where = strength factor, R, = nominal (or design) strength,
y, = load factor for the ith load component out of n compo-
nents, and L, = nominal (or design) value for the ith load
component out of m components.

Inthisapproach, |oad effectsareincreased, and strength
is reduced, by multiplying the corresponding characteris-
tic (nominal) values with factors, which are called strength
(resistance) and load factors, respectively, or partial safety
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factors (PSFs). The characteristic or nominal value of some
quantity isthe value that isused in current design practice,
and it isusually equal to a certain percentile of the proba-
bility distribution of that quantity. The load and strength
factorsaredifferent for each type of load and strength. Gen-
eraly, the higher the uncertainty associated with aload, the
higher the corresponding | oad factor; and the higher the un-
certainty associated with strength, the lower the corre-
sponding strength factor. These factors are determined
probabilistically so that they correspond to a prescribed
level of reliability or 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 uses dif-
ferent safety factors for each type of load and strength.
Thisalowsfor taking into consideration uncertaintiesin
load and strength, and to scale their characteristic values
accordingly in the design equation. ASD (or called work-
ing stress) formats cannot do that because they use only
one safety factor as seen by the following general design
format:

3

L; [22]

Ry
FS .
1

where R = strength or resistance, L, = load effect, and FS =
factor of safety. Inthisdesign format, all loadsare 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.

In the LRFD design format, ship designers can use the
load and resistance factors in limit-state equations to ac-
count for uncertainties that might not be considered prop-
erly by deterministic methods (that is, ADS) without
explicitly performing probabilistic analysis. The LRFD for-
mat as described in this chapter is concerned mainly with
the structural design of ship hull components under com-
binations of different effects of environmental loads acting
on aship. Aswas noted earlier, these loads are considered
primary loads acting on the hull girder of aship, andin most
casesthey control thedesign of variousstructural elements.
They include |oad effects dueto still water, waves, and dy-
namic vertical bending momentson the hull girder (seeFig-
ure 19.1). Other load effects such as horizontal bending
moments, static (dead), live, cargo, and their combinations
with the primary environmental loads can also be incorpo-
rated in an LRFD design format. Theintention hereinisto
provide naval architects and ship designerswith samplere-
liability-based LRFD methodsfor their usein both early and
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final design stages and for checking the adequacy of the
scantlingsof all structural members contributing to thelon-
gitudinal and transverse strength of ships. Equation 21 gives
the general form of the LRFD format used in this chapter.

EXAMPLE 19.4

Given:
Suppose that the simply supported beam of Figure 19.7 has
arectangular cross sectional area as shown in Figure 19.8
below. If this beam is subjected to nominal dead (including
beam weight) and live uniform loads of intensity 0.5 and
0.76 kN per centimeter (kN/cm), respectively, design the
web depth d,, using, the LRFD design format developed in
Example 19.2, and the ASD (working stress design) given
by Equation 22 with afactor of safety equalsto 2.
Assume that the length L of the beam is 5.5 m, and the
yield strength of the stedl is 248 MPa.

Solution:
LRFD Design  According to LRFD design philosophy, the
ultimate capacity of thebeamisthefully plastic flexural ca-
pacity F,Z.

Assumethat the plastic neutral axisisat the base of the
flange, therefore,

38.1(d,) = 254(50.8) = 12 903 mm?

254 mim

ML mm

ol
1

5B 1 mum

Figure 19.8 Cross Section of Simply Supported Beam for Example 19.4
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or
d, = 338.7 mm
The section modulus can be computed as follows:

1338.71

Z = 254(508)(254) + 38.1(338.7) 55 1

=251 %108 mm3
M, = FyZ =248 (251 x1073) = 623 kN - m

The maximum moment for asimply supported beam islo-
cated at the mid span of the beam. Therefore, the maximum
moments due to the dead and live loads are calculated as
follows:

wpl? _ 05(5.5)2

Mp =2 >~ %100 =189 kN -m
L2 _ 0.76(5.5)>
My =L = (8 )" 100 = 287 kN -m

Based on the partial safety factors of the design eguation
of Example 19.2, the reduced strength is

0.93M,, = 0.93(623) = 579.4kN —m
and the amplified load is

1.11IMp + 1.24M, = 1.11(189) + 1.24 (287)
=566KN —m
O (0.93M,, = 579) > 566 acceptable

Therefore,
Select d,, = 338.7.5 mm
ASD Design  Inthisdesign approach, the moment capac-

ity of the beam isbased on elastic strength of thebeam. The
elastic moment capacity of the beam is given by

M, =FS
where S = elastic section modulus. In order to find S, we

have to perform elastic calculations:
Assume that d,, = 340 mm., therefore,

Area = (254)(50.4) + (38.1)(340) = 25, 756 mm?2
38.1(340) 270 0+ 254(50.8) (365.4)
y= 25, 756

= 268.6 mm

from tip of web.

_38.1(268.6)3 . 38.1(71.4)3 . 254(50.8)3
- 3 3 12
+(254)(50.8)(96.8)% = 374.4 x 106 mm4
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g= | — 3744 x10°
c 268.6

My = |:ys = 248 (1_394 x10‘3) =345.7kN - m

=1.394 x 106 mm3

According to ASD design format of Equation 22,

My
—L >(Mp +M_ =476 kN - m)

FS =
M

y _ 3457 _ B
=3 =172.9 kN m

172.9 < 476 unacceptable
Try now d,, = 619 mm, hence

Area = (254)(50.8) + (38.1)(619) = 36, 525 mm?2

1620
02 0 + 254(50.8) ( 645.4)

36, 525

38.1(620)

y =
= 4285 mm
from tip of web.

| = 38.1(428.5)3 . 38.1(191.5)3
- 3 3

+ % +(254)(50.8)(216.9)2

=1.698 x 10° mm*4

_1.698x109 _ 6 3
= =og5 — = 3963x10° mm

s=1
C
M, = F,S = 248 (3.963 x10-3) =982.7kN -m

According to the ASD design format of Equation 22,

M
—L>(Mp +M| =476 kN - m)

FS
M

y _ 9827 _ _
=) =4914 kN -m

491.4 > 476 acceptable
Therefore,
Select d,, = 619 mm.

19.5 LRFD-BASED DESIGN CRITERIA FOR SHIP
STRUCTURES

The design of ship structural elements is controlled by the
relevant agencies and classifications soci eties that set up the
rulesand specifications. Evenif ship structural designisnot
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controlled by these specifications, the designer will proba
bly refer to them asaguide. Ship design specifications, which
are developed over the years by various organizations and
classifications societies, present the best opinion of those
organi zations asto what represents good practice. Themain
objective of ship structural design isto insure safety, func-
tional, and performance requirements of the components
and the overall system of aship. Traditionaly, the so-called
deterministic methods such as the allowable stress design,
ASD, (also called working stress design, WSD) have been
the primary methods for ship design and analyses. Because
it is difficult in these methods to quantify and address un-
certaintiesin arational manner, and aso to provide consis-
tent levels of reliability among various structural compo-
nents, there hasbeen anincreased interest in reliability-based
design and analyses for ship structures. As was mentioned
earlier, numerous efforts have been made to implement the
theory or at least devel op the basis for the analyses of some
aspects of the design. This chapter is part of these effortsto
providethereader with samplereliability-based load and re-
sistance factor design (LRFD) guidelines for surface ships.
Like any other design methods, reliability-based LRFD
approach requires identifying the loads and their combina
tions, selecting a strength model, and the associated modes
of failure of the structural component being analyzed or de-
signed. This section provides, for demonstration purposes,
the needed ingredients for the design and analysis of ship
structural components through the use of partial safety fac-
tors in reliability-based LRFD formats similar to equation
21. One of the advantages of the LRFD isthat it does not re-
quire performing probabilistic anadysis. Ship designers can
use the load and resistance factors (or caled partia safety
factors) in the limit-state equations to account for the uncer-
tainties that might be considered properly by deterministic
methods without explicitly performing reliability analyses.

19.5.1 Design Criteria and Modes of Failure

Ship structural steel elements, like any other structural ele-
ments found in land-based structures, can fail in different
modes of failure depending on the type of the element and
the type of loading exerted on the that element. Failure can
occur when amember or component of astructure ceasesto
perform the function it was designed for. Fractureisacom-
mon and important type of failure, however every failureis
not due to fracture. Some failures can occur before inelas-
tic behavior or permanent deformation of the structural com-
ponent isreached. For example, itispossiblefor astructural
component to ceaseto perform itsfunction dueto excessive
elastic deformation. Therefore, it should berealized that fail-
ure of amember or component must be defined with refer-
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ence to the function of the member or component, and not
necessarily to its degree of fracture (18). Some of the more
common modes of failuresare summarized in Table 19.VI1.
A well-written design code for ship structures, whether it
adopts the traditional deterministic approach for design or
reliability-based L RFD format, must consider al of thesefail-
ure modes in its provisions. However, it is recognized that
no matter how the code or the specification are written, it is
impossible to cover every possible case.

Asaresult, the ultimate responsibility for the design of
asafe structure lies with the structural engineer.

To insure public safety and proper functioning of the
structural components, modern reliability-based LRFD
codessuch asof theAISC (4), AASHTO (19), and API (20)
usually incorporate some of these failures modes in their
provisions. As was mentioned earlier, the load and resist-
ance factor design, or LRFD, isbased on alimit states phi-

TABLE 19.VIl Modes of Failures for a Structural
Component (18)

Typeof Failure  Description

Fracture For brittle material, failure by fractureis
usually sudden and complete in nature and
likely to be initiated with crack in or near
an area of high stress concentration. For
ductile material such as steel, failure
usually occurs as aresult of excessive
inelastic behavior (or called collapse
mechanism), which leads to very large
deformation long before fracture.

Genera Yielding Thistype of failure appliesto ductile
material. When an element fails by general
yielding, it losesits ability to support the

load.

Buckling is considered as structural
stability problem. Thistypeis the cause of
failure for many structural elements that
arelong and cylindrical in nature. Failure
by buckling can occur when a member or
structure becomes unstable.

Thistype of failureisreferred to as fatigue
failure. It is afracture type of failure that
can be caused by repeated loading on the
element or structural detail of high stress
concentration, and for thousands or mil-
lions of load cycles. Usually thistype fail-
ureisinitiated by a crack within the
element.

Buckling

Fatigue
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losophy. Thelimit state describesthe condition at which the
structural system (element) or some part of the system ceases
to perform its intended function. These limit states can be
classified into two categories,

1. strength limit states, and
2. serviceahility limit states.

Strength limit states are based on safety consideration
or ultimate load-carrying capacity of a structure and they
include plastic strengths, buckling, and permanent defor-
mation. Serviceability limit states, on the other hand, refer
to the performance of astructure under normal serviceloads
and they are concerned with the uses and functioning of the
structure. They include such terms as excessive defl ections,
first yield, slipping, vibration, and cracking (6). Also,
strength limit statesrequire the definition of thelifetime ex-
treme |l oads and their combinations, whereas serviceability
limit states require annual -extreme loads and their combi-
nations.

The LRFD specifications usually focus on very specific
requirements pertaining to strength limit states and allows
theengineer or designer somefreedom or judgment on serv-
iceability issues. This, off course, does not mean that the
serviceability limit state is not significant; rather the life
and safety of the public are considered to be the most im-
portant items (6). The modes of failure for ship structural
components have serious consequences such as the entire
loss of ship, loss of lives, and environmental damages (that
is, water pollution in case of tankers of chemical carriers).
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Accordingly, only strength limit states that take into ac-
count the ultimate capacity of ship structural element are
considered in this chapter for demonstration purposes. In
fact, most of the strength models for ship structural ele-
ments as provided in the subsegquent sections are based on
the ultimate strength capacity of themember, and therefore,
strength limit states are used.

19.5.2 Design Loads and Load Combinations

L oad determination in arandom sea environment, in which
aship operates, can be a challenge to ship designers. Ade-
quate load determination is crucial to any ship structural
design effort, and must be given agreat deal of considera-
tions. When using any design code, the structural designer
should be aware of any simplifying assumptions made in
load calculationsin order to permit recognition of thosein-
stancesin which these simple model s do not apply. Because
of the large variety of loads that may act on asingle struc-
tural member, it is sometimes important to define the con-
ditions under which these loads occur and the frequency of
their occurrences.

Loads of ship structures are categorized into two pri-
mary types (9),

1. loads due to a natural environment, and
2. loads due to a man-made environment.
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Figure 19.9 Hull Structural Load Categories
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The main groups of loads for ship structures and their
categories are shown in Figures 19.9. These loads are fur-
ther subdivided into four main types,

1. basic loads,

2. loads due to the sea environment,

3. operational, environmental, and rare loads, and
4, loads due to combat environment.

The basic and sea-environment |oads can be considered
inload combinations; whereas operational and combat |oads
arebeyond the scope of the LRFD methods presented inthis
chapter, and should be treated individually.

Basic or gravity loads are applied to al ship structural
elements regardless of environmental influences and oper-
ational conditions. These loads include, for example, dead
and live loads, liquid loads in tanks, and equipment loads.
Live standard loads represent cargo, personnel, and minor
equipment. Table 19.VI1I1 providesan exampledistribution,
intensities, and the applications of this type of load.

Liquid/Tank loads are the loads that are due to the hy-
drostatic force caused by the head of liquid inside tanks
(such as ballast, fuel, cargo, and fresh water).

The loads acting on the ship’s hull girder can be cate-
gorized into three main types

1. stillwater loads,
2. wave loads, and
3. dynamic loads.

Theload effect of concern hereinisthe vertical bending
moment exerted on the ship hull girder.

TABLE 19.VIIl Example Standard Live Load Distribution
(17,22)

Live Loading
Type of Compartment (kPa)
Living and control space, offices and
passages, main deck and above 3.6
Living spaces below main deck 4.8
Offices and control spaces below main deck 7.2
Shop spaces 9.6
Storeroom/M agazines 14.42
Weather portions of main deck and O1 level 12.0°

a Or stowage weight, whichever is greater.
b.  Or maximum vehicle operating load (including helicopter operational
loads), whichever is greater.

Ship Design & Construction, Volume 1

Stillwater loads can be predicted and evaluated with a
proper consideration of variability in weight distribution
along the ship length, variability in its cargo loading con-
ditions, and buoyancy. Both wave loads and dynamic loads
are related and affected by many factors such as ship char-
acterigtics, speed, heading of ship at seg, and seastate (waves
heights). Waves height is a random variable that requires
statistical and extreme analyses of ship response data col-
lected over aperiod of time in order to estimate maximum
wave-induced and dynamic bending momentsthat the ship
might encounter during its life. The statistical representa-
tion of seawavesallowsthe use of statistical modelsto pre-
dict the maximum wave loads in ship’slife.

Proceduresfor computing design waveloadsfor aship’s
hull girder based on spectral analysis can be found in nu-
merous references pertaining to ship structures such as
Hughes (5), Sikora et a (23), and Ayyub et al. (9).

19.5.2.1 Design loads

The design load effects that are of concern in this chapter
and used for devel oping reliability-based design ship struc-
tural elementsarethoseload effectsresulting from ship hull
girder vertical bending and their combinations. Asindicated
earlier, theloads acting on the ship’s hull girder can be cat-
egorized into three maintypes: still water |oads, waveloads,
and dynamic loads.

The calm water or still water loading should be investi-
gated in design processes athough it rarely governsthe de-
sign of a ship on its own. The ship is balanced on the draft
load waterlinewith thelongitudinal center of gravity aligned
with the longitudinal center of buoyancy in the same verti-
cal plan. Then, the hull girder oads are devel oped based on
the differences between the weights and the buoyancy dis-
tributions aong the ship’s length. The net load generates
shear and bending moments on the hull girders. The re-
sulting values from this procedure are to be considered the
design (nominal) values in the LRFD format for the still
water shear forces and bending moments on the hull girder.

Wave-induced bending moment is treated as a random
variable dependent on ship’s principal characteristics, en-
vironmental influences, and operational conditions. Spec-
tral and extreme analyses can be used to determine the
extreme values and the load spectra of this load type dur-
ing the design life of the ship. The outcome of this analy-
siscan bein the form of vertical or horizontal longitudinal
bending moments or stresses on the hull girder. Computer
programs have been developed to perform these calcula-
tionsfor different ships based on their types, sizes, and op-
erational conditions (23).

Spectral and extreme analyses can be used to determine
the design value of the dynamic and combined wave-in-
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duced and dynamic bending moments on a ship hull girder
during its design life (23).

19.5.2.2 Load combinations and ratios

Reliability-based L RFD formatsfor ship structural elements
presented in this chapter isbased on two load combinations
that are associated with correlation factors as presented in
the subsequent sections (24).

Theload effect on aship hull girder or any structural el-
ement such as unstiffened or stiffened panel due to combi-
nations of still water and vertical wave-induced bending
momentsis given by

fo="Tow + Kuofwo [23]

where fg,, = stress due to still water bending moment, f,,
= stress due to wave-induced bending moment, f, = unfac-
tored combined stress, k,, = correlation factor for wave-
induced bending moment and can be set equal to one (24).

The load effect on ship structural element due to com-
binations of still water, vertical wave-induced and dynamic
bending momentsiis given by

fo=fsw + kw(fw *+ Kofp) [24]

wheref,, = stressdue to waves bending moment, f, = stress
due to dynamic bending moment, and kp, = correlation fac-
tor between wave-induced and dynamic bending moments.
The correlation factor ky, isgiven by thefollowing two cases
of hogging and sagging conditions (7, 22,24):

Hogging Condition:

a L

kp = 53080

= ExpC3 L [25
E(158LBP-0-2 +14.2LBP°-3)LBPE (23]

TABLE 19.IX Correlation Coefficient of Whipping Bending
Moment (k) for LBP between 90 and 305 m (7, 24)

Length of Ship,

LBP (meters) Ko(sag Ko(hog)
27.9 0578 0.254
37.2 0672 0.369
465 0.734 0.461
55.8 0.778 0533
65.0 0.810 0591
744 0.835 0.637
83.6 0.854 0.675
92.9 0.870 0.706

19-19
Sagging Condition:
O [
21200
kp = ExpC L [26
b E(158|_BP—0-2 +14.2LBP°-3)LBPE [26]

where LBP = length between perpendiculars for a ship in
feet. Values of kj, for LBP ranging from 90 to 305 m can be
obtained either from Table 19.1X or from the graphical chart
provided in Figure 19.10.

19.5.3 Limit States and Design Strength

The design of ship structural component for all stations
aong the length of aship should meet one of the following
conditions; the selection of the appropriate equation de-
pendson theavailability of information asrequired by these
two limit state equations:

Limit Sate |
R, = Ysnfsw * YwoKwofwo [27]
Limit Sate Il
R, = Yanfsw + kw(Ywfw + YoKofp) [28]

where R, = ultimate strength capacity of ship structural
component (that is, force, stress, moment, etc.), @=strength
reduction factorsfor ultimate strength capacity of the struc-
tural component being analyzed, yg,, = load factor for the
load due to still water bending moment, fg,, = load effect
dueto still water bending moment, k,,, = combined wave-
induced and dynamic bending moment factor, v, = load

oe
"
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Ship's Lersmih (md
Figure 19.10 Correlation Coefficient of Whipping Bending Moment (k) for 90
<LBP<305m (7, 24)
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factor for the stress due combined wave-induced and dy-
namic bending moment, f,,, = load effect due to combined
wave-induced and dynamic bending moments, k,, = load
combination factor, can betaken as 1.0, y,,, = load factor for
theload effect due waves bending moment, f,, = load effect
due to waves bending moment, k, = load combination fac-
tor, can be taken as 0.7 or obtained from Figure 19.10 and
Table 19.1X, y,,p = l0ad factor for theload effect due to dy-
namic bending moment, and f, = load effect dueto dynamic
bending moment.

For cases of ungtiffened panels where the limit state is
formulated to takeinto account various combinations of uni-
axial, biaxial, edge shear, and lateral pressure load effects,
the design of these panelsfor al stations along the length of
aship should meet one of the following conditions:

0 f .0 fy Dz_n 0 f, 00 fy O [29]
Hor, RucH “Hor, Ry H ~'°Her, Ru O Hor, Ry H™

0 fp O, 0 Ty T 0ty 00 fy 0_, [30]
B(PRUXRUXE E%WRuyH b ‘PRuxRuxHD(HRWRuyH_
06y O 0 fy O£ 01 O

+ + <1 31
B(pRuxRuxH H@RuyRuyE E%MRUTH [ ]
0 fy O O fy O 0ty O

+ + <1 32
For, RocB * B, RyH * B, R [32]

whereR,,, and R, = ultimatestrength capacity of aplatethat
dependsontheloading conditions(that is, uniaxia stress, edge
shear, etc.) for the ungtiffened plate element, and @, and @,
= gtrength reduction factors correspond to the ultimate strength
capacity R, and R, respectively, ¢ = strength reduction
factor for platesin shear, R, = ultimateload capacity of plate
in shear, f,, = magnification of the applied stressin the x-di-
rection for limit state I, f,, = magnification of the applied
stressin the x-direction for limit state |1, fly = magnification
of the applied stressin the y-direction for limit state |, f,, =
meagnification of theapplied stressin they-direction for limit
state I1, f,, = magnification of the applied stress in the T-di-
rection for limit state I, f,, = magnification of the applied
stressin the T-direction for limit state 1, and

[0.25 a =30

o -3
o 2

EB_Ze—OSSB -2
inwhich o = aspect ratio of plate (a/b), and B = plate len-

dernessratio. Themagnified stressesf,, , f,,, f;,, f,, f1;, and
f,, can be determined according to thefollowing equations:

Np = @0.25— [32e70%B - 225 10<a <30 [33]
0

a =10

f1 = Yswfswx + KwoYwofwox [34]

Ship Design & Construction, Volume 1

fax = Yawfswx + K(Vufux + KoVl [35]
f1y = Yowfauy + KwoYwofwoy [36]
foy = Yawfswy + Kw(¥wfwy + KoVofoy) [37]
f1e = Yowfawe + KwoYwofwor [38]
for = Vawfswe + kw(¥ufwe + KoYofor) [39]

The nominal (that is, design) values of the strength and
load components should satisfy these formats in order to
achieve specified target reliability levels. The nominal
strength for various structural components of a ship can be
determined as described in the subsequent sections. It isto
be noted that these strength models are provided hereinin
a concise manner without the detailed background of their
bases. The interested reader should consult (9,20,22,26).

19.5.3.1 Design strength for unstiffened panels

An unstiffened panel of ship structuresisbasically a plate
element asshown in Figure 19.4. The design strength of un-
stiffened panels (plates) can be computed using formulas
that correspond appropriately to their loading conditions.
This section provides a summary of these formulas. They
must be used appropriately based on theloading conditions
of the plate between stiffeners. Both serviceability and
strength limit states are provided herein although only the
strength limit states were considered in the paper for com-
puting strength reduction factors.

Uniaxial compression: The ultimate strength f,, of plates
under uniaxial compression stress can be computed from
one of the following two cases (27,28):

For alb > 1.0:
EF n? ifB =35
_— > 3.
07 V3@1-v2)B2
_E 225 1250 .
fu—DyD? B2 0 if .0 <B <35 [40]
0
CFy ifB <10
E
For alb < 1.0:

f, = y%cu +0.08(1-a) L+ Blzgg <F [41]

where
F, = yield strength (stress) of plate
a = length or span of plate
b = distance between longitudina stiffeners,
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B= 2 b E , plate slenderness ratio

a= a/ b, aspect ratio of plate
t = thickness of the plate

E= the modulus of elasticity
v = Poisson’sratio

and
0 >
0— ™ __ ifB 235
0V 3(1-v?2)B?
c, =§£ 125 410 <B <35 [42]

o8 B2

0

(1.0 ifB <10

=

Edgeshear The ultimate strength f,; of plates under pure
edge shear stress can be computed as:

Fr=Fnt+Fx [43]

where R, = critical or buckling stress and F,, = post-buck-
ling strength using tension field action. The buckling strength
can be computed based on one of the following three con-
ditionsthat correspond to shear yield, inelastic buckling, and
elastic buckling (25):

O

EFyT ifBSml

F 1 k Mifm <Bsm, [44]
crt 0 T 12(1—V2)BZ 1 = 2
2
L T
Q“ 12(1-v2)B2

whereF,; = yield stressin shear, F,, = proportional limitin
shear which can be taken as O.SFW and

0
ifB>m2

T Fprr
N 12(1— v )
mp; = Fyr [45]
2
12(1-v2)Fy

The buckling coefficient k. can be obtained from Figure
2 or from the following two expressions depending on

19-21

whether the plate under pure shear is simply supported or
clamped, respectively:

Fora = 1.0:
% 35 + for simple supports
Kq [47]
% .98 + for clamped supports

Fora< 1.0:

54.0 + 5—25 for simple supports
a
O

ke = (48]
%.6 + 8—%8 for clamped supports
a
Theyield stressin shear (F,,) is given by
Fy
Fpe = E [49]

where F, = yield stress of plate. The post-buckling shear

strength Fp, is given by
I:y - ‘/éFch
Fpr = ——— [50]
2V1+a?

where a isthe aspect ratio of plate (a/b). If the aspect ratio
o exceeds 3.0, tension field action is not permitted. In this
case, the ultimate shear strength of a plate shall be based
on elastic and inelastic buckling theory such that:

FIJT = Fch [51]
where F, can be computed from equation 44.

Lateral pressure: The ultimate strength f, of plates under
|ateral pressureisgiven as (12):

g 1
N .
N Wy
2
2222F¢ [ b

fup = EBZ EE +1
DDI:DOO4+002tanhH» H

where F, = yield strength (stress) of plate, b = distance be-
tween longitudinal stiffeners, or plate width, B = slender-
ness ratio of plate, o = aspect ratio of plate, a = length or
span of plate, t= thickness of the plate, E = the modulus of
elasticity, and w, = specified permanent set. Values for the
ratio of the permanent set to plate width (w,/b) or the per-
manent set to platethickness (w,/t) varieswith both the ma-

iRl R R W
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TABLE 19.X Ranges of the Ratio w,/b (17)

Ship Design & Construction, Volume 1

Aluminumor Seel Type Yield Srength F, (MPa) Top Sde Lower Shell/Tank  Flooding/Damage Control
AL5086 193.0 0.000 0.000 0.009

AL5456 2275 0.000 0.001 0.032

Mg 234.4 0.000 0.009 0.128

HTS 324.0 0.000 0.006 0.098

HY 80 552.0 0.000 0.001 0.021

HY 100 690.0 0.000 0.000 0.019

TABLE 19.XI Ranges of the Ratio w,/t(17)

Aluminumor Seel Type Yield Strength F, (ki) Top Sde Lower Shell/Tank Flooding/ Damage Control
AL5086 193.0 0.000 0.005 0.821

AL5456 2275 0.000 0.066 2.792

MS 2344 0.002 0.801 11.282

HTS 324.0 0.001 0.553 8.658

HY 80 552.0 0.000 0.114 1.822

HY 100 690.0 0.000 0.037 1.692

terial type and the location of aplate within the ship. When
using Equation. 52, these values can be obtained from Ta-
bles 19.X and XI, respectively.

Biaxial compression: The ultimate strength f,, and f,,, of
plates under biaxial compression stresses should meet the
requirement of following interaction equation (12,29):

f, ngny f ?Qufy 0,
oty g b, A =
wheren), asdefined by Equation 33, a = a/b, the aspect ratio
of plate, f, = the applied stressin the x-direction, f,, = the ap-
plied stress in the y-direction, f ,, = the ultimate strength of
aplate under compressive normal stress in the x-direction
acting alone, and f, = the ultimate strength of a plate under
compressive normal stressin the y-direction acting alone.
The ultimate stresses f, and f,,, can be computed from
equations 40 and 41, respectively. It should be noted that
when using equations 40 and 41 for calculating both f, and
fuy, the length of plate a, is assumed to coincide with the
x-direction and the aspect ratio o is greater than unity. If,
however, a isless than unity, then f,, and f,,, should bein-
terchanged in equations 40 and 41.

Biaxial compression and edge shear:  The ultimate strength
foo fuy @nd f; Of plates under biaxial compression and edge
shear stresses should meet the requirement of following inter-
action equation as adopted by the AP (20) and the DnV (30):

g B Baf o
fux HnyE ut -
where f, = the applied stressin the x-direction, f, = the ap-
plied stress in the y-direction, f; = the applied shear stress,
f = the ultimate strength of aplate under compressive nor-
mal stressin the x-direction acting alone, f = the ultimate
strength of a plate under compressive normal stressin the
y-direction acting alone, and f,, = the ultimate shear stress
when the plateis subjected to pure edge shear. The ultimate
stresses f, f,,,, f, can be computed from equations 40, 41,
and 43, respectively.

(54]

Other load combinationswith lateral pressure:  Theload-
ing conditionsfor unstiffened platesthat are covered in this
chapter arethe combined in-planeand lateral pressureloads.
Latera pressurein combination with the other cases of load-
ing presented in the previous sections can lead to anumber
of loading conditions that can have an effect on the overall
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strength of plates. In such situations, the designer should
consider the following cases:

* |ateral pressure and uniaxial compression,

* |ateral pressure and biaxial compression,

* |ateral pressure, uniaxial compression and edge shear,
* |ateral pressure, biaxial compression and edge shear, and
* |ateral pressure and edge shear.

Theeffect of lateral pressure on the ultimate strength of
plates subjected to in-plane loads is so complex that there
are no simple models (formulas) available to predict the
strength of plates under these types of loading. However,
thereare design chartsavailable for some of theseload com-
binations. For example, large deflection solutions for case
4 (lateral pressure, biaxial compression, and edge shear)
exits, but the results cannot be put in the form of asimple
formulaasthose giveninthe previous sections. Researchers
demonstrated that the lateral pressure has negligible effect
on both the uniaxial and biaxial compressive strength of
plates when b/t is less than 50. However, for values of the
ratio b/t greater than 50, the lateral pressure can have aneg-
ative impact on the biaxial strength (case 2). Also, they
pointed out that a clear understanding of the influence of
pressure on strength of plates subjected to in-planeloadsis
lacking and that additional testing and research on the sub-
ject deemed to be appropriate to clarify some of the aspects
involved. Therefore, itisrecommended to treat lateral pres-
sure as an uncoupled load from other in-planeloads, and to
design for them individually and separately.

Figure 19.3. The design strength of stiffened and gross
panels can be computed using formulas that correspond
appropriately to their loading conditions. In this section,
a summary of selected strength models that are deemed
suitable for LRFD design formats is presented. These
strength modelsarefor longitudinally stiffened panels sub-
jected to uniaxial stressand combined uniaxial stresswith
lateral pressure. Three strength models for stiffened pan-
elsthat are deemed appropriatefor reliability-based LRFD
format are those of Herzog (31), Hughes (5), and Adam-
chak (32). Herzog's model can be applied for stiffened
panel under axia stress loading, while both Hughes and
Adamchak models are suitable for predicting the ultimate
strength of stiffened panel when it is subjected to combined
axial stress and lateral pressure. A formula for perform-
ing reliability (safety) checking on the design of gross
panel, which is based on the transverse and longitudinal
stiffness of stiffeners, is also provided. These strength
models are presented herein in aconcise manner, and they
were evaluated in terms of their applicability, limitations,
and biases with regard to ship structures. A complete re-
view of the models used by different classification agen-
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ciessuchastheAlISC (4), ASSHTO (19), and the API (20)
isprovided in (17,22).

Axial compression: Based on reevaluation of 215 tests
by various researchers and on empirical formulation, Her-
zog (31) developed a simple model (formula) for the ulti-
mate strength of stiffened panels that are subjected to
uniaxial compression without lateral loads. The ultimate
strength F, of alongitudinally stiffened plate is given by
the following empirical formula (31):

0O o O 'E
ﬁnFy§J5+O.5[1—I:§\ Ey% for?s45
O
Fo =0 o [55]
o _ O 0 ka “EyD b
DT‘ICleEO5+O.5[ﬂ.——\‘J?DD for — > 45
e g g H
where
=  FAs +F,,A .
F,=_¥S 'S YP''P meanyield strength for the
¢ Ag+A,

entire plate-stiffener cross section
F,, = yield strength of plating
vs = Yield strength of stiffener
E = modulus of elasticity of stiffened panel
A, = bt, cross sectional area of plating
A=t f, +t,d,, crosssectional areaof stiffener
A=A +A,, cross sectional area of plate-stiffener
t; = stiffener flange thickness
f,, = stiffener flange width or breadth
t,, = stiffener web thickness
d,, = stiffener web depth
a=length or span of longitudinally stiffened panel
b = distance between longitudina stiffeners
t = plate thickness
| = moment of inertia of the entire cross section

r= \/} radius of gyration of entire cross section

m = corrective factor accounts for initial deformation
and residual stresses

k = buckling coefficient depends on the panel end con-
straints

1 ob _ =0
¢, = 1-0.007 3 - 457

Valuesfor mand k for usein Equation 55 can be obtained
from Tables 19.X11 and XIII, respectively.

The 215 tests evaluated by Herzog belong to three dis-
tinct groups. Group | (75 tests) consisted of small values
for imperfection and residual stress, Group 11 (64 tests) had
average values for imperfection and residua stress, while
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TABLE 19.XI  Recommended m Values (31)

Degree of Imperfection and Residual Stress m
No or average imperfection and no residual stress 12
Average imperfection and average residual stress 1.0
Average or large imperfection and high value for 0.8
residual stress

TABLE 19.XIll  Recommended k Values (31)

End Condition k
Both ends are simply-supported 1.0
One end is simply-supported and the other is clamped 0.8
Clamped ends 0.65

TABLE 19.XIV  Statistics of 215 Tests Conducted on
Longitudinally Stiffened Plates in Uniaxial Compression
(31)

Number Mean Sandard
Group  of Tests Value(n) Deviation(o) COV
| 75 1.033 0.134 0.130
I 64 0.999 0.100 0.100
11 76 0.981 0.162 0.169
All 215 1.004 0.136 0.135

thethird group (Group I11, 76 tests) consisted of higher val-
ues for imperfection and residual stress. The statistical un-
certainty (COV) associated with Herzog model of Equation
55 is 0.218. The mean value , standard deviation o, and
COV of the measurement to prediction are given in Table
19.XIV.

Axial compression and lateral pressure: According to
Hughes (5), there are three types of loading that must be
considered for determining the ultimate strength of longi-
tudinally stiffened panels. These types of loading are:

1. lateral load causing negative bending moment of the
plate-stiffener combination (the panel),

2. lateral load causing positive bending moment of the
panel, and
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3. in-plane compression resulting from hull girder bend-
ing.

The sign convention to be used throughout this section
isthat of Hughes (5). Bending moment in the panel is con-
sidered positive when it causes compression in the plating
and tension in the stiffener flange, and in-plane loads are
positive when in compression (Figure 19.11). The deflec-
tion, w,, dueto thelateral load (that is, lateral pressure) M,
andinitial eccentricity, &, isconsidered positive when they
aretoward the stiffener asshown in Figure 19.11. In beam-
column theory, the expressions for the moment M, and the
corresponding deflection w, are based upon an ideal col-
umn, which is assumed to be simply supported.

Disregarding plate failure in tension, there can be three
distinct modes of collapse (Figure 19.11) according to
Hughes (5), 1) compression failure of the stiffener (Mode
| Collapse), 2) compression failure of the plating (Mode 1
Collapse), and 3) combined failure of stiffener and plating
(Mode 1l Collapse).

The ultimate axial strength (stress) F, for a longitudi-
nally stiffened panel under acombination of in-plane com-
pression and lateral loads (including initial eccentricities)
can be, therefore, defined as the minimum of the collapse
(ultimate) values of applied axial stress computed from the
expressions for the three types (modes) of failure. Mathe-
matically, it can be given as

F,=min(F,,. F

aulr " aullr

and Fa,ulll) (56)

where F,,, F,, and F,,,, correspond to the ultimate col-
lapse value of the applied axial stressfor Model, Modell,
and Mode |11, respectively. The mathematical expressions
for the collapse stressfor each mode of failuresare provided
in references 5 and 24.

Adamchak (32) developed amodel in 1979 to estimate
the ultimate strength of conventional surface ship hullsor
hull components under longitudinal bending or axial com-
pression. The model itself is very complex for hand cal-
culation and therefore it is not recommended for usein a
design code without some computational tools or a com-
puter program. To overcome the computational task for
this model, Adamchak developed a computer program
(ULTSTR) based on thismodel to estimate the ductile col -
lapse strength of conventional surface ship hullsunder lon-
gitudinal bending.

The recent version of the ultimate strength (ULTSTR)
program isintended for preliminary design and based on a
variety of empirically based strength of material solutions
for the most probable ductile failure modes for stiffened
and unstiffened plate structures. The probable ductile fail-
ure modes include section yielding or rupture, inter-frame
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Figure 19.11 Interaction Diagram for Collapse Mechanism of a Stiffened
Panel under Lateral and In-plane Loads (5)
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Figure 19.12 Types of Beam-column Failure (2)

Euler beam-column buckling, and inter-frame stiffener trip-
ping (lateral-torsional buckling). The program also accounts
for the effects of materials having different yield strength
in plating and stiffeners, for initial out-of-plane distortion
due to fabrication, and for lateral pressure loading.

The basic theory behind this model (or ULTSTR) orig-
inated preliminary in ajoint project on ship structural de-
sign conceptsinvolving representatives of the Massachusetts
Ingtitute of Technology (MIT), the Ship Structural Com-
mittee (SSC), and navy practicesin genera . Longitudinally
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stiffened panel elements can fail either by material yield-
ing, material rupture (tension only), or by some form of
structural stability. The instability failure modes for this
model include Euler beam-column buckling and stiffener
lateral torsional buckling (tripping). Euler beam-column
buckling isactually treated in thismodel ashaving two dis-
tinct typesof failure patternsas shownin Figure 19.12. Type
| ischaracterized by al lateral deformation occurring inthe
same direction. Although this type of failure is depended
on all geometrical and material properties that define the
structural element, it isbasicaly yield strength dependent.
Type | failure is assumed to occur only when either lateral
pressure or initia distortion, or both, are present. On the
other hand, Type Il failureis modulus (E) depended, asfar
asinitial buckling is concerned. Thistype of failure can be
initiated whether or not initial distortion or lateral pressure,
or both, are present. Type Il failure is a stiffener tripping
or lateral-torsional buckling.

Therefore, the ultimate axial strength (stress) for longi-
tudinally stiffened panel under varioustypesof loading (in-
cluding material fabrication distortion) is the minimum
value of the axial compressive stress computed from the
expressions for the three types (modes) of failures, that is:

F,=min(F,, F,,adF,,) [57]

Detailed mathematical expressions for the three modes
of failures asimplemented in the program ULTSTR can be
found in references 17 and 33.

Gross panels and grillages. To perform a a reliability
(safety) checking on the design of gross panel, the reduced
ratio of the stiffness of thetransverse and longitudinal stiff-
eners should at least equal to the load effect given by the
geometrical parameters shown in the second hand term of
the following expression:

Iy (n+1)°  pef
|

- Oad
X nm? EO.ZS + i@
N3

where |, = moment of inertiaof longitudinal plate-stiffener,
I,= moment of inertiaof transverse plate-stiffener, a=length
or span of the panel between transverse webs, b = distance
between longitudinal stiffeners, n = number of longitudi-
nal stiffeners, N = number of longitudina subpanelsinover-
all (or gross) panel, and @, = gross panel strength reduction
factor. A target reliability level can be selected based on the
ship type and usage. Then, the corresponding safety factor
can be looked up from Table 19.XXI.

g [58]
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19.5.3.3 Design strength for hull girder

The ultimate bending strength capacity for a section at any
station can be estimated using the incremental strain ap-
proach by calculating the moment-curvature relationship
and as the maximum resisting moment for the section. This
approach cal culates the moment-curvature rel ationship and
the ultimate bending capacity of a ship’s hull girder cross
section using strength and geometry information about
scantlingsof all structural members contributing to thelon-
gitudinal strength. The ultimate strength for hull girder can
be given as (13)

M, = cF,Z [59]

where Z = section modulus of the hull and c =isabuckling
knockdown factor. The buckling knockdown factor cisequal
to the ultimate collapse bending moment of the hull, tak-
ing buckling into consideration, divided by theinitial yield
moment (13).

The ultimate collapse moment can be calculated using a
nonlinear finite element program such asULTSTR or using
software based ontheldealized Structural Unit Method (13).
Approximate nonlinear buckling analysis may a so be used.
Theinitial yield moment issimply equal totheyield strength
of thematerial multiplied by the section modulus of the hull
at the compression flange, that is, at deck in sagging condi-
tion, or at bottom in hogging condition. The default values
for the buckling knockdown factor ¢ may be taken as 0.80
for mild steel and 0.60 for high-strength steel.

19.5.3.4 Fatigue strength
Assessment of ship structural capacity for fatigue and frac-
ture was provided in greater detail in Chapter 19. This sec-
tion summarizesfatigue strength in the context of structural
reliability. Reliability-based LRFD design format requires
the use of partial safety factors (PSFs) in the limit state
equations. The PSFs are both for strength and load vari-
ables. They are commonly termed strength reduction and
load amplification factors.

The structural detail or joint element of a ship should
meet the following performance functions or limit state:

O

n;
¥Ys,Se < U
=" BeaAVE k@A,

Ny
Se =m ZfiSim [61]
=1

1
EB
[60]
H

where
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S. = Miner’s equivalent stress range,

@, = reduction safety factor corresponds to fatigue
damageratio A,

@, = reduction safety factor corresponds to the intercept
of the S-N curve,

Y= amplification safety factor for fatigue stress
uncertainty, and

Y= amplification safety factor for Miner'srule
equivalent stress range.

It isto be noted that the nominal S, is the best estimate
resulting from spectral analysis. Thenominal (that is, design)
values of the fatigue variables should satisfy these formats
in order to achieve specified target reliability levels.

The probabilistic characteristics and nominal valuesfor
the strength and load components were determined based
on gtatistical analysis, recommended val uesfrom other spec-
ifications, and by professional judgment. These factors are
determined using structural reliability methods based on
the probabilistic characteristics of the basic random vari-
ablesfor fatigueincluding statistical and modeling (or pre-
diction) uncertainties. The factors are determined to meet
target reliability levels that were selected based on assess
ing previous designs. This process of developing reliabil-
ity-based LRFD rules based onimplicit reliability levelsin
current practicesis called code calibration.

The LRFD design for fatigue, as given by Equation 61,
requires partial safety factors and nominal values. The par-
tial safety factors (PSF's) are provided in Tables 19.X X111
and X X1V according to the following requirements:

* Target reliability levelsin the range from 2.0 to 4.0,

* Fatigue strength prediction methods based on Miner’s
linear cumulative damage theory and on the character-
istic SN curve, and

* Selected details of the British standards (BS 5400).

A target reliability level should be selected based on the
ship classand usage. Then, the corresponding partial safety
factorscan belooked up from Tables 19. X X111 and 19.X X1V
based on the appropriate detail for joint for sel ected details.
Similar tables can be developed for other details.

19.54 LRFD-based Partial Safety Factors for Ship
Structural Components

19.5.4.1 Load factors

This section provides load factors for different categories
of hull structural members. The factors can be used in the
limit state equations for the design of these elements, and
also for checking the adequacy of their strength capacity.
The load factors are tabulated by load type and load com-
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binations for selected target reliability levels [3,s as shown
in Table 19.X V1. Theranges of target levelsdepend on the
type of structural member under investigation. Recom-
mended target reliability levels for various hull structural
elements are provided in Table 19.XVIII.

Thefactorsare provided for theload effect of still water
SW, wave-induced W, dynamic D, and combined wave-in-
duced and dynamic WD bending moments for target relia-
bility levels(3,) ranging from 3.0to 6.0. These|oad factors
can be used in the limit states and the load combinations
presented in Section 19.5.3. Thetarget reliability, 3,, should
be sel ected based on the ship type and usage. Then, the cor-
responding load factors can belooked up from Table 19.XV
for the load combination of interest.

19.5.4.2 Strength factors

This section gives strength (resistance) factorsfor different
categories of hull structural members. The factors can be
used in the limit state equations for the design of these el-
ements, and a so for checking the adequacy of their strength
capacity. The strength factors can be used in the limited

TABLE 19.XV  Nominal Load Factors

Load Factors

Target Reliability

Index (B,) Ysw Yw Yo Ywo
3.0 0.74 1.40 1.10 1.45
35 0.74 155 1.10 1.50
4.0 0.74 1.70 1.10 155
45 0.74 1.90 1.10 1.60
5.0 0.74 2.05 1.10 1.63
55 0.74 2.30 1.10 1.66
6.0 0.74 2.50 1.10 1.70
TABLE 19.XVI Recommended Target Reliability Levels
(B,) for Reliability-based LRFD Format

Sructural System or Element Ranges of 3,
Hull girder collapse 4.0-6.0
Unstiffened panel 3.040
Stiffened panel 3545
Gross panel 2.0-3.0
Fatigue 2040
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states as provided in Section 19.4.3 for hull girders, un-
stiffened, stiffened, and gross panels, respectively. Recom-
mended target reliability level sfor the design of thesevarious
hull structural components are provided in Table 19.XVI.

Tables19.XV I through 19.X X1 providenominal strength
reduction factors for the design of unstiffened, stiffened,
and gross panels; and hull girdersand fatigue details of ship
structures. These factors can be used in the strength limit
state equations as provided in Section 19.5.3.

19.6 EXAMPLES: DESIGN AND ANALYSIS

The following examples demonstrate the use of LRFD-
based partial safety in the limit state equations for design-
ing and checking the adequacy of structural components of
aship:

EXAMPLE 19.5: UNSTIFFENED PANEL DESIGN

Given:

A 122-cm x 61-cm x t unstiffened plate element isto be de-
signed at the bottom deck of a ship to withstand a uniaxial
compression stress due to environmental bending moment
loads acting on the ship. The stresses due to the environ-
mental loads are estimated to have the following values:
82.7 MPadueto still water bending, 33.1 M Paduetowaves
bending, and 12.4 M Padueto dynamic bending. If theyield
strength of steel is 235 MPa, design the thicknesst of the
plate assuming target level of 3.0.

Solution:
For unstiffened panel under uniaxial compression, the
strength is given by Equation 40 as

EF n if B> 35
_ | > 3.
0YV3(1-v2)B2

(225 12500

W=Dygg " H20

if10<B<35

y ifB<10

D:I]I;‘I:ID

Assumethat t = 6.5 mm, and the modulus of elasticity for
steel is 190 GPa, therefore

_b|Fy _ 61 [ 235 _
B‘T "E ~ 0.657 200,000 =322

and
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TABLE 19.XVIl Nominal Strength Factors for Unstiffened Panels

Srength Factors (¢) and Target Reliability Index (B)

3.0 35 4.0
Loading Condition EQ. (0} Q (0] (0} (0] Q
Uniaxial Compression 27 0.75 N/A 0.70 N/A 0.64 N/A
28 0.83 N/A 0.79 N/A 0.79 N/A
Edge Shear 27 N/A 0.70 N/A 0.64 N/A 0.59
28 N/A 0.77 N/A 0.73 N/A 0.68
Lateral Pressure 27 0.39 N/A 0.36 N/A N/A 0.34
28 0.47 N/A 0.46 N/A 0.44 N/A
Biaxial Compression 29 0.54 N/A 0.40 N/A 0.29 N/A
30 0.61 N/A 0.51 N/A 0.42 N/A
Biaxial Compression and Edge Shear 31 0.68 0.70 0.60 0.64 0.53 0.59
32 0.84 0.77 0.82 0.73 0.80 0.68

TABLE 19.XVIIl Nominal Strength Factors for Stiffened Panels

Strength Factors (¢) and Target Reliability Index (B,)

Loading Condition Limit Sate Equation 35 4.0 45
Axia Compression 1 0.56 0.51 0.46
0.61 0.57 0.54
Axial Compression and Lateral Loads 0.61 054 0.50
0.66 0.61 0.58

TABLE 19.XIX Nominal Partial Safety Factor for the
Stiffness Ratios of Gross Panels

Target Reliability Gross Panel Srength
Index (3,) Reduction Factor (¢,)
2.0 0.82
25 0.78

30 0.75

TABLE 19.XX Nominal Strength Factors for Hull Girders

Target Reliability Index (3,)

Limit Sate

Equation 4.0 45 5.0 55 6.0
0.62 0.58 0.53 0.50 0.46
0.70 0.67 0.63 0.62 0.58
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TABLE 19.XXI Nominal Partial Safety Factors for
Category B of the British Standards (BS 5400)
Bo (N (N Yks Ys
2.0 0.55 0.60 1.09 1.10
25 0.48 0.53 111 112
3.0 0.42 0.48 1.13 115
35 0.37 0.43 115 1.18
4.0 0.32 0.38 117 121
TABLE 19.XXIl Nominal Partial Safety Factors for
Category W of the British Standards (BS 5400)
Bo 0N Pn Yis Ys
2.0 0.52 0.57 1.07 1.08
25 0.45 0.50 1.09 1.10
3.0 0.39 0.45 111 112
35 0.34 0.40 113 1.15
4.0 0.29 0.35 114 117

f, = F, 2225 _ 150

uTYygB Bz O
0o, 25 1.25

0
= 1359 MPa
H322 " (322)2

(3.22)° O
The design of the plate should meet the requirement of the
reliability-based L RFD format and the partial safety factors
asgivenin Tables 19.XV and XVII for the limit state under
consideration and the appropriate partial safety factors for
Bo=3.0, that is,

@, = Yow faw + Kw (Yo fw * Yo Ko fp)
@, = 0.83(135.9) = 112.8 MPa

Yaw fsw *+ Kw O fwv + Yo Ko fsw)
=(1.05)(82.7) + (1)[1.4 (33.1) + (1.1)(0.7) (12.4)]
=142.7 MPa
(¢f, = 112.8 ksi ) < 142.7 MPa; this is unacceptable

Try avaue of t = 10 mm., therefore

19-29

=% = Db hom =

f, = F, 225 1250
“'ygB RB2O

0225 125
H21 " (21)?

y —
V E 065\2000 =322

@f,=0.83(185.2) = 153.7 MPa

faw + kw (Vi fw + Yo Ko fsw)
= (1.05)(82.7) + (1)[L4 (33.1) + (L1) (0.7) (12.4)]
=142.7 MPa

(pf,=185.2 MPa) > 142.7 MPa; thisis acceptable
Hence, select PL: 122 x 61 x 1 cm

and

=235

EZ 185.2 MPa

EXAMPLE 19.6: ADEQUACY CHECKING FOR
UNSTIFFENED PANEL

Given:

Supposethat the unstiffened plate element of Example 19.5
isto be checked for the effect of lateral pressure. Would this
plate be adequate to withstand the lateral pressure gener-
ated by the environmental loads?.

Solution:
For unstiffened pandl under purelateral pressure, the strength
is given by Equation 52 as

0 1

i D3 C

wy C

2222Fy2% B C

fup= ER? % +1E
004 + 0.02tanh,

i A |

For MS Steel, and Lower Shell/Tank, Table 19.X gives
Wy
b
With B = 2.1 as computed in Example 19.5, therefore,

= 0.009
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2222 (235)?

200,000(2.1)?

! :
% 0.009 o 1

g (2.1 (200,000 LK
%%3.004 +0.02tanh 6o | 35 E%
g

247 MPa

The design of the plate should meet the requirement of the
LRFD method and the partial safety factorsasgivenin Ta-
bles 19.XV and XVII for the limit state under considera-
tion and the appropriate partial safety factors for 3, = 3.0,
that is,

fup =

(s P W W e B s W s W s |

@ = Yaw faw + kw (Yw fw * Yo Ko fp)
of, = 0.47(247) = 1161 MPa

(1.05)(82.7) + (D[ 1.4(33.1) + (1.1)(0.7)(12.4)]
=142.7 MPa

(pf,=116.1 MPa) < 142.7 MPa; thisis unacceptable

Hence, the plate will not be adequate for lateral pressure.
A new plate should be designed.

EXAMPLE 19.7: STIFFENED PANEL DESIGN

Given:

A stiffened panel, pinned at the ends, whose dimensions
are shown in Figure 19.13 is to be designed at the bottom
deck of a ship to withstand a uniaxial compression stress
due to environmental bending moment loads acting on the
ship. The stresses due to the environmental |oads are esti-
mated to have the following values: 1.035 M Padueto still-
water bending, 31.0 MPa due to waves bending, and 15.2
M Pa due to dynamic bending. If the yield strength of steel
is 235 MPa for the plating and 248 MPa for the stiffener
(that is, web & flange), and the dimensions of the panel are
as shown in Table 19.XXIl11, design the thickness t and
length a of the plating assuming atarget reliability level of
4.0. Note that the length of the plating is not to exceed 195
cm, and not to be less than 122 cm.

Solution

For stiffened panel under uniaxial compression without lat-
eral pressure, the strength model asgiven by Equation 19.55
(Herzog) applies.

Ship Design & Construction, Volume 1

0 O 0 wa[fy B g
UnFy 0.5+ 051 - — £ O for £ <45
g e M E R
O o 0 £, 0
_ F
F, = tmFy 5+ 0501 - K@ (7Y
u y m\ E
o " H 0 H
0
_ b _ b
Exé 0.007 57 -~ 45 for 2> 45

Assume an initial valuefor t = 0.5 cm, and for a= 195 cm,
hence
Ap = bt =61(05) =305 cm?
Ag =tfy +ty,dy
= 0.95(4.5) + 0.52(11.5) =10.26 cm?
. FysAs + FypAp
y As+A,
_ 248(10.26) + 235(30.5)

10.26 + 30.5
= 338.3 MPa

Check the dlenderness ratio b/t:
b_ 6l
t 05
Therefore, the following equation applies:

_ o O E, L
Fu = mFy 05+ 0501 -2 (7Y
H 0 It DE

=122 > 45

_ gb _ .0
xa 0.0075 - 4505

Theradius of gyrationr for the cross section can be found
when the moment of inertial hasbeen established. To com-
pute I, the location of neutral axis must be calculated:
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TABLE 19.XXIlIl  Given Dimensions of the Stiffened Panel
Variable Value (cm)
Width of plating, b 61.0
Stiffener web depth, d,, 11.50
Stiffener flange breadth, f,,, 4.5
Stiffener web thickness, t,, 0.52
Stiffener flange thickness, t; 0.95
= 1 0.5
Y= 1026+ 30502 (D9
+ s+ 5%11 5)(052)
+ 5 +115 + 2P H0.05)( 45)E

= 2.41 cm from the base of the plating.
Therefore, | = 717.2 cm?, and

r= \E =2 4.2cm
“VA “V1026+305

Assuming mand k both equal to one (see Tables 19.X11 and
XI11I), we have

= (1)(338.3)

3383 O
(42)m\ 200,000 H-

x [05+05§1 205

o6l .
x% 0.07F5g ~45= 1061 MPa

Inreferenceto Tables 19.X VIl and XX, and for atarget re-
liability index 3, = 4.0 asgiven, thefollowing partial safety
factors are obtained for use in the design equation:

©®=0.57,ygy=1.05vy,=17 andy, = 11
Therefore,
¢F, = 0.57(106.1) = 60.5 MPa

fsw *+ kw (Y fw * Yo ko o)
= (1.05)(1.035) + (D[L.7(31) + (L.1)(0.7)(15.2)]
=65.5MPa

(pF,=60.5MPa) < 65.5 MPa; thisis unacceptable

19-31

Now try t = 0.65 cm and a =195 cm, hence,

Ap = bt =61 (0.65) =39.7 cm?

Ag = tsf,, +t,d, =10.26 cm?
FysAs + FypAp _ 248(10.26) + 235(39.7)
y = As+A, B 10.26 + 39.7
= 337.7 MPa
Check the slenderness ratio bl/t:
b_ 61
T 0 &5 =94 > 45

Therefore, the following equation applies:

O O E I:IE
Fy = mFyﬂ)5+05|jL—@1/ Y 5
H DE

é 0. 007DE —45H

H

Again, the radius of gyration r for the cross section can be
found when the moment of inertial is established. To com-
pute I, the location of neutral axis must be calculated:

, 1  [0.65
Y =1026+305 " H 2

+ Eb.65+115%115 )(0.52)

(61)(0.5)

+ 065 +115 + 095Egogs 45)H
= 2.1 cm from the base of the plating.

Therefore, | = 758.4 cm?, and

r—\/I— &—Sgcm
VA " \V1026+397

Assuming m and k both equal to one (see Tables XII and
XI111), we have

F, = (1)(337.7)
205 [ 3377 L
(39)m Y 200,000 H-

_ o6l .
xé 0.007 o g5 ~ 455

= 1458 MPa
¢F, = 057(145.8) = 83.1 MPa

0
x 0.5+ O.5§ -
O
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= Yaw fow + Kw (Vw fw + Yo Ko o)
=(1.05) (1.035) + (1) [1.7(32) + (1.2) (0.7) (15.2)]
=65.5MPa

(pF,=83.1MPa) > 65.5 MPa; thisis acceptable
Hence, select t=6.5 mm, and a= 195 cm

EXAMPLE 19.8:
ADEQUACY CHECKING FOR GROSS PANEL

Given:
Assumeatarget reliability level of 2.5, check the adequacy
of the following gross panel:

I, = 666 cm*
l,=1103 cm?
N=5

n=3
a=152cm
b=61cm

Solution:
For gross panel, the strength is given by Equation 19.58 as

¢'y> (n+1)° obr?
91, = 2 nHalO
2
nrt SO.ZS+N3D

For target reliability index of 2.5, Table 19.XXI gives @, =
0.78, therefore,

I
y _ 1103 _

(n+1)°

ObrP

Uall
nm2 Eb.25 + %g

(3+1)°

061 ¢
O 2 os2C
3m2) .25 +

(325 + 53
=135

Since 1.29 < 1.35, the gross panel will be inadequate.
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Chapter 19 Appendix:
First-Order Reliability Method

The First-Order Reliability Method (FORM) is a conven-
ient tool to assessthereliability of aship structural element.
It also provides a means for calculating the partial safety
factorsandy; that appear in Equation 1 for aspecified tar-
get reliability level .. The simplicity of the first-order re-
liability method stemsfrom thefact that thismethod, 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 den-
sity 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 thejoint PDF of
the basic random variables is known, the computation of 3
by the direct integration method can be avery difficult task.

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

9(X) = 9(Xy, X, s Xp) [Al]

in which X is a vector of basic random variables (X,, X,
..., 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 inter-
est. Thelimit stateis defined when g(X) = 0, and therefore,
failure occurs when g(X) < O (see Figure 19.A1). The reli-
ability index {3 is defined as the shortest distance from the
origin to the failure surface in the reduced coordinates at
the most probable failure point (MPFP) as shown in Figure
19A1

As indicated in this chapter, the basic approach for de-
veloping reliability-based design guidelines and rules re-
quiresthe determination of therelativereliability of designs
based on current practices. Therefore, reliability assessment
of existing structural components of ships such as the hull
girder and itsstructural elementsisneeded to estimatearep-
resentative value of the reliability index . The first-order-
reliability method is very well suited to perform such a
reliability assessment. The following are computational
stepsasdescribed in [3] for determining  using the FORM
method:

1. Assume a design point x; and obtain X’ in the reduced
coordinate using the following equation:

]
. X~ Hx,
)(.D:¥
! Ox.

[AZ]

where, X} = o, |y, = mean value of the basic random
variable, and o, = standard deviation of the basic ran-
dom variable. Themean values of thebasic random vari-
ables can be used asinitial valuesfor the design points.
The notation X'and X* are used respectively for the de-
sign point in the regular coordinates and in the reduced
coordinates.

2. Evauatetheequivalent normal distributionsfor thenon-
normal basic random variables at the design point using
the following equations:

pi :xD—dJ‘l(FX (x'j))o)’\(l [A3]
and

(o (~x x9))
fx (x9)

where 1y = mean of the equivalent normal distribution,
o = standard deviation of the equivalent normal distri-
bution, F, (x5 = original (non-normal) cumulative dis-
tribution function (CDF) of X; evaluated at the design
point, fx(xE) =original probability density function (PDF)
of X; evaluated at the design point, ®([) = CDF of the
standard normal distribution, and @([)= PDF of the stan-
dard normal distribution.

3. Compute the directional cosines at the design point
(o ,i=1,2, ..., n) using the following equations:

o} = [A4]

where

Oog O Oag

Bl Bk

ED: Markup for math was unclear. Please advise.
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L* = reduced coordinate df
A < g(R, L) =00

Limit State in Reduced

Most
Probable Coordinates
* *
Failure Point—_ (R L) )
R = resistance or strength
L =load
B
R =reduced
> .
» coordinate
9<00 of R

Figure 19.A1 Space of Reduced Random Variables Showing the Reliability Index and the Most Probable Failure Point

4. With o, HY, and o} now known, the following equa-
tion can be solved for the root f3:

ggug\(‘l —0(>D<10>'\<‘IB) ..... (u>'\(‘n —(XDXHO)N(nB %=O [A6]

5. Using the 3 obtained from step 4, anew design point can
be obtained from the following equation:

xi=pf -afol B [A7]

6. Repeat steps1to5 until aconvergence of 3 isachieved.
Thereliability index is the shortest distance to the fail-
ure surface from the origin in the reduced coordinates
asshown in Figure Al.

Theimportant relation between the probability of failureand
the reliability (safety) index is given by Equation 14.

A1 PROCEDURE FOR CALCULATING PARTIAL
SAFETY FACTORS (PSF) USING FORM

The first-order reliability method (FORM) can be used to
estimate partial safety factors suchthosefoundinthedesign
format of Equation 21. At the failure point (R*, L7, ..., L}),
the limit state of Equation 21 can be rewritten as

g=R“-14 -..-L, =0 [A8]
or, inagenera form
9(X) = g(Xf, X5,... X) =0 [A9]

For given target reliability index (3,, probability distri-
butions and statistics (means and standard deviations) of

theload effects, and coefficient of variation of the strength,
the mean value of the resistance and the partial safety fac-
torscan be determined by theiterative solution of Equations
A2 through A7. The mean value of the resistance and the
design point can be used to compute the required mean par-
tial design safety factors as follows:

Ru

LT [A10]
Ly
Vi = [A11]

Thestrength factorsare generally lessthan one, whereas
the load factors are greater than one.

A.2 DETERMINATION OF A STRENGTH FACTOR
FOR A GIVEN SET OF LOAD FACTORS

In developing design code provisions for ship structural
components, it is sometimes necessary to follow the cur-
rent design practice to insure consistent levels of reliabil-
ity over various types of ship structures. Calibrations of
existing design codesis needed to makethe new design for-
mats as simple as possible and to put themin aform that is
familiar to the users or designers. Moreover, the partial
safety factors for the new codes should provide consistent
levelsof reliability. For agivenreliability index 8 and prob-
ability characteristicsfor theresistance and theload effects,
thepartial safety factors determined by the FORM approach
might be different for different failure modes for the same
structural component. Therefore, the calculated partia safety
factors (PSFs) need to be adjusted in order to maintain the
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same values for al loads at different failure modes by the
strength factor @ for a given set of load factors. The fol-
lowing algorithm can be used to accomplish this objective:

* For agiven vaue of the reliability index 3, probability dis-
tributions and statistics of the load variables, and the coeffi-
cient of variationfor the strength, compute the mean strength
needed to achieve the target reliability using the first-order
reliability method as outlined in the previous sections.

* With the mean value for R computed in step 1, the par-

Ship Design & Construction, Volume 1

tial safety factor can be revised for a given set of load
factors as follows:

n
D Vi,
o= =

MR

where = revised strength factor, and pi; are the mean values
of the loads and strength variables, respectively; and,
y; =12, ..., n, arethegiven set of load factors.

[A12]




