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Abstract

This report describes a methodology to evauate the effect on vessd strength of
imperfections resulting from the fabrication process. It addresses both sirength and
fatigue issues relevant to deformed and misaligned structure. Hull girder performanceis
characterized by the loss of load carrying capacity of the cross section based on
predictions made by the computer program ULTSTR. ULTSTR egtimates the ductile
collgpse of the hull girder assuming the collapse results from a sequence of failures of
local components. Closed form solutions describing the structura response of these
loca components have been updated in ULTSTR based on finite e ement methods to
account for fabrication induced imperfections. An approach to determine appropriate
maximum misalignment amplitudes based on fatigue considerations is aso described.
This gpproach aso uses finite d ement methods to determine stress concentration factors
associated with misdigned detalls.

1. Introduction and Summary

The ship congtruction process introduces geometric imperfections that adversdly effect structura
performance. In an attempt to ensure structura integrity, tolerance limits are imposed on the various
fabrication-induced digtortions. These maximum alowable deviations are based on construction
limitations and failure experiences and do not explicitly account for structura performance. Safety
factors are introduced to account for the unknown structura degradation the actud, deformed structure
exhibits as compared to the ided structure,

Structurd issues should determine gppropriate maximum tolerance magnitudes because these
limits exist to ensure alevel of structurd performance. Although classification societies have introduced
a‘“net ship” gpproach to account for hull degradation resulting from corrosion after a period of time,
little has been done to determine the actua loss of capacity of the built ship resulting from the fabrication
process. Thistask will provide a structurd bass for determining appropriate tolerance limits by
developing a methodology to evauate structurd responses of as built structures and the effects of
fabrication induced structurd imperfections on vessel strength. Hull girder ultimate strength and
endurance were chosen as the necessary performance issues needed to structurally address appropriate
tolerance limits

1.1 Hull Girder Performance Defined by Ultimate Capacity

The hull girder is designed to withstand the hogging and sagging bending moments encountered
during its operating lifetime. In generd, the hull girder’ s ability to withstand these moments degrades as
distortion magnitudesincrease. Thisis because distortions reduce the load carrying capacity of the
pands that comprise the hull girder. Astheindividua pands of the hull girder fall, stresslevelsin other
panelsincrease as the load is shed to them. In the past, safety factors were introduced to account for
this unknown degradation in structurd strength resulting from these distortions. Because little is known
about deformation effect on component and hull girder strength, this factor of safety likely produced



ether aheavier Sructure than needed to withstand these environmenta |oads, or an unnecessarily robust
design with ahigh hull girder capacity.

To determine the lossin hull girder capacity resulting from distortions, one must first understand
the effect of these distortions on local panel response before combining the panel responsesto
determine hull girder capacity. There are both advantages and disadvantages associated with the
methods used to characterize hull girder ultimate strength and component strength. Any methodology to
addresslocd and globd strength will ultimately consst of three components: experimenta methods,
closed-form solutions and numerica techniques such asfinite dement andyss. Experimenta methods
can determine structural response with reasonable accuracy if the tests are implemented correctly, the
boundary conditions can be reproduced and the test specimen resembles the structure. However tests
are very expendve and do not easly lend themsdaves to parametric andyss. Closed-form solutions
have limited applications and often introduce large uncertainties as assumptions are made. Numerica
methods offer flexibility not offered by the other two methods, but have modeling uncertainties and costs
associated with them aswell. An gppropriate procedure implementing the available andyss techniques
would be somewhét iterative and involve extensive coordination. Numericad models describing the
experimental model, the assumptions used, and the boundary conditionsin the experiment are needed to
demondrate the ability to duplicate experimenta results before building the numericad mode of the
actud structure. Using this approach, differencesin results between the methods and errorsin the
implementation of the methods can be identified and more easly resolved. Asthe andyst becomes
comfortable with the ability of the numerical mode to accurately assess response, parametric studies
can be performed. These studies can then be used to develop closed-form solutions describing
response and reduce the number of assumptions and uncertainties associated with closed-formed
solutions.

1.2 Hull Girder Performance Defined by Fatigue Performance

Structurd members subjected to time varying externa loadings undergo progressve
unrecoverable changes that, after enough load applications, can result in crack initiation, propagation,
and ultimately fracture or complete structurd failure. Application of load can be of a constant amplitude
nature over the service life of the structure or some combination of many different load amplitudes that
can occur in arepstitive or arandom sequence. It isthis second type of load application which is of
interest to the nava architect, since the effect of random occurrences of wave-induced loadson aship’s
hull girder can eventudly lead to the initiation of cracks during the ship's sarvice life.

Providing a method to address the time at which crack initiation occurs can provide the design
engineer with an estimate of the ship structure’ s useful service life to scope and schedule corrective
actions. If the ship dready exists, such a method would provide a means for identifying * hot spots’
requiring monitoring and the amount of time remaining to take appropriate action, prior to structura
falure

Thisreport discusses away of addressing such issues through the use of linear cumuletive
damage theory. To implement this theory, two items are required. Thefirg item isthe ship’slifetime
load history (applied siress levels a a given location on the ship structure and the number of cycles a
each dressleve). The second item isthe ship’s materid/configuration fatigue behavior characteriticsto
applied cyclic loads (fatigue resi stance to gpplied stress cycles).

2



1.3 Structural Reliability Assessment

This report addresses methods of determining structura degradation resulting from
imperfections during fabrication. Assuch, it provides amethod to evauate the Structurd performance
of agiven distorted component relative to its undistorted state. Ultimately, system rdiability needsto be
addressed. The rdiability of an engineering system can be defined asiits ability to fulfill its design
purpose for some time period (Bruchman, Ayyub, et. d. 1997). In adructura system, this ability isa
measure of the system’ s actual capacity or strength as compared to the required capacity needed to
withstand expected loadings occurring during a pecified time frame. Mathematically, this rdaionship
can be expressed in the generd performance function given below:

Z =Z(X,, X,,...X, ) = Structural strength - Load effect (1.3-1)

Where, Z is the performance function and the X’ s are the relevant parameters necessary to
define system performance. The methods in this report aid in determining appropriate performance
functions for distorted components. Probability theory and satistics dlow usto modify the classica
definition of strength and load effects to account for any number of variaionsin the strength and load
definitions. Therefore, rather than having afalure point where structurd capacity equds the demand
required by the loads, ardiability analyss defines a“failure surface” where the capacity equalsthe
demand required by the loads. The falure surface (or the limit state) of interest is defined asthe
condition, Z=0. When Z > 0, the dructure isin a safe state and when Z < O the dructureisin afalure
date. Fallure can be ether a serviceahility type of falure or an ultimate failure, depending on the
performance function chosen. In estimating this probability, system uncertainties are modeled using
random variables with mean vaues, variances, and probability distribution functions. If the joint
probability density function for the basic random variables Xi’sisfy, x, ... x, (X1,X2...,Xn), then the

failure probability Py of a tructure can be given by the integra

P = 0-Ofwxs.. x, (X1 Xgeee X, )X, AX, ...0X (1.3-2)

where theintegration is performed over theregion inwhich Z < 0. In generd, the joint probability
dengity function is unknown, and the integral is aformidable task. For practical purposes, dternate
methods of evauating P; are necessary. Some of these methods are described in detall in Bruchman
and Ayyub (1997).

The rdiahility of an engineering system described by a given performance function can dso be
found using direct smulation. Using direct smulation, values for the variables in the performance function
are randomly chosen based on the probabilistic characteristics of the variables. If the performance
function, Z, yields a negative vaue with a given set of variables, failure occurs. The probability of falure
for the system is then estimated as the number of fallures divided by the totd number of smulations.

Ef _ Number of.falurfes (13-3)
Number of Smulation s

3



Asthe number of smulations increases, the accuracy of the estimation increases. Because of
the complexity of many performance functions, smulation numbers have to be reduced to maintain a
reasonable computationa effort. Thisleads to less accurate results. To reduce the computational effort
of direct amulation methods, variance reduction techniques have been used to increase smulation
efficiency without jeopardizing accuracy (Ayyub, Ru-Jen Chao, Bruchman, Adamchak, 1995). The use
of amulation methods for hull girder, structurd reliability assessment has been demondrated and has
proven to be an effective, efficient method for this purpose (Ayyub, Muhanna, and Bruchman, 1997).

1.4 Overview of Proposed Method

Appropriate tolerance limits depend on the ability to estimate deformed and misaigned
gructura response and fatigue strength. An outline describing a method for determining the structural
performance rdating to ultimate cgpacity and fatigue strength is given below.

1.4.1 Ultimate Capacity

Before determining the required ultimate capacity of loca structura components or that of a hull
girder, design and ultimate loading conditions must be determined. In the case of the hull girder, the
vertical bending condition often governs the design and will be the loading condition discussed
throughout much of this report.

There are numerous methods for determining a design vertical bending moment, ranging from
the gtatic balance on a sandard wave to bending moments derived from modd tests for specific
operating conditions and specific hull shapes. This report will not attempt to suggest which method to
use to select adesign bending moment, however, thisis critical when defining the required capacity and
the assumptions, strengths and limitations of the salected method should be recognized and stated.

Following the sdlection of the design bending moment, the ultimate capacity of the hull girder
must be determined. The methods described in this report can be used to determine the capacity of
undeformed and deformed loca structural components. Hull girder ultimate capacity and the impact of
digtortions on the hull girder capacity are dso addressed. Therefore, these methods will aid in setting
tolerance limits on the various deformations as the impact of these deformations adversaly impact
capacity. If the capacity of the undeformed hull girder does not exceed the required capecity, as
defined by the design bending moment and an appropriate factor of safety, then redesign of the hull
girder isnecessary. Similarly, if the capacity of the undeformed hull girder is acceptable but the
deformed hull girder does not exceed the required capacity, as defined by the design bending moment
and an appropriate factor of safety, then the deformation is unacceptable. This processis summarized
inFigure141-1.
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1.4.2 Fatigue Strength

The fatigue strength of astructurd detail is highly dependant upon the number of applied cycles
inagiven sressrange. In aship structure, these va ues depend on the hull form, hull cross-sectiond
characterigtics and the operationa profile intended for the ship. A procedure to determine the expected
meagnitudes and frequencies of hull girder, vertica bending momentsis described in section 5 of this
report. Based on full-scale trids and modd tests, this method is perhaps the most rigorous and sraight-
forward method for determining vertica bending moment vaues avallable. Following the development
of a*“bending moment exceedance curve’ defining the number of expected bending moment
occurrences for agiven hull form and operationd profile, a* stress exceedance curve’ for any location in
agiven cross section can be found. This stress exceedance curve in effect defines the cyclesthat a
Sructura detall could expect in a given stress range during its operationd life. A histogram of applied
sress rangesis then generated from the stress exceedance curve.

The fatigue performance of adetall is defined by its SN curve. This curve defines the number
of cycles at given stress ranges the detal could endure before failure, with failure being described as
crack initiation. If the stress exceedance curve for a particular detall at a particular location on the hull
girder isknown and the SN curve for that detail is known, the fatigue life of that detail can be
determined. In this manner, the hull girder can be designed to a particular fatigue life. Given the same
stress exceedance curve, amisaligned detall will fall a areduced number of cycles as compared to the
aligned detail because of the increased stress from the misdignment. This siress concentration factor
will increase as the misaignment increases, causing a further reduction in fatigue life. Depending on the
location of the detail in the hull girder, the misadignment could reduce the fatigue life of the detall to an
unacceptable value and corrective action would need to be taken. However, to obtain the same fatigue
life, an unacceptable misdignment for adetall in ahigh stress region may be acceptable for the same
detall inalow stressregion. This“design for fatigue’ processis summarized in Figure 1.4.2 — 1.
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2. Hull Girder Ultimate Capacity

One obvious but unknown impact of fabrication induced deformations on vessd performance is
the resulting ultimate capacity of the loca and globd structurein ressting applied loads. If one assumes
the ductile collapse of the hull girder results from a sequence of failures of local components, one can
address the collgpse behavior of the hull by concentrating on the collapse behavior of the local
components that make up the cross section, whether such components are represented asasingle
plate-beam combination, an individual gross panel (comprised of severa plate-beams), or a complete
cross-giffened grillage. Thisis certainly convenient, since the collgpse behavior of the above-mentioned
componentsis technicaly tractable, athough to varying degrees, and a sgnificant body of literature
exigs on thissubject. This does not imply that the collection of solutions for the collgpse of local
components is absolutely comprehengve and totaly consistent, but rather that their behavior is
understood well enough to alow development of a collapse mode which provides both speed and
accuracy and can be used in a practica fashion to address mgjor structural considerations. In contrast,
addressing this problem as an overal smultaneous ingtability of the complete cross section presents a
mgor practica obstacle. Numericd andysis, and, specificdly, the finite dement method, is most likely
the only gpproach currently available which could be used to address this problem with any degree of
rigor. And in theory, the finite dement method could tregt this problem. However, the Sze and
complexity of the mathematical model needed to treet the typica hull cross section is Hill effectively
beyond the practicd limits of time, cost and capacity of today's computing systems. Fortunady, it is
believed in the vast mgjority of casesthat ductile hull collapse is due to a sequence of loca falures
rather than a smultaneous occurrence. With the possible exception of grillage generd indability, the
maost probable ductile failure modes are primarily loca phenomenain which thereis rdatively little direct
influence from the other magor components of the cross section. (Of course, the overal cross-section
parameters of the hull do influence the sress-dtrain levels on the individua components.) Without this
ggnificant interaction between mgor components, smultaneous fallureis unlikdly. Insteed, afailure
mode something like a chain reaction is more probable. Thus the choice of a solution technique to
determine hull girder ultimate capacity was dictated by what most likely occurs rather than by
expediency done. Given these assumptions, the Nava Surface Warfare Center Carderock Divison
(NSWCCD) has developed a computer code, ULTSTR, to address the ductile collapse of the hull
girder under longitudina bending. This computer code, with modifications to account for the effect of
fabrication induced distortions, isided for estimating component and hull girder capacities of deformed
structure and can therefore be utilized to determine appropriate tolerance limits for various distortions.

2.1 ULTSTR Approach

The actud solution approach involves dividing the hull cross section into a set of "gross pand”
elements and "hard corner” dements and then imposing a curvature on the hull in smdl finite increments.
Thisincrementa loading concept isillustrated in Figure 2.1 - 1.
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Figure 2.1 - 1. Incrementa Concept for Hull Loading

Each increment of curvature is assumed to produce alinear srain ditribution through the depth of the
cross section. The location of zero strain corresponds to what will be referred to as the "ingtantaneous”
or "incremental” neutra axis. The assumption of linear srain through the cross section is common
practice in nava architecture and is certainly "sufficiently” vaid for dresslevels at or below the so-cdled
design vdues. When grain levels reach vaues at which structural components begin to demondirate
sgnificant changesin behavior (buckling, yidding, formation of plagtic hinges, etc.) then the vdidity of
this assumption becomes more questionable. It isimpossibleto be certain a present; thus it has been
assumed that the application of linear Srainisadso "sufficiently” vaid up to the point of hull collapse.
Thisis certainly congstent with the degree of engineering accuracy expected and with the
gpproximations that of necessity have been made concerning other aspects of the program. As
experience is gained with this program the vaidity of this assumption may be more clear, and changes
may be required. Future versions of the program can be expected to incorporate the necessary
modifications.

At each vaue of curvature, the program eva uates the equilibrium state of each gross panel and
hard corner lement relaive to its state of stress and stability corresponding to its particular vaue of
drain. It then computes the total moment on the cross section by summing the moment contributions
(stress x effective area x lever am) of dl of the e ements that make up the section. In this manner, a
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moment-curvature relationship is defined. Since the stress digtribution, unlike that of gtrain, is not
necessaxily linear across the depth of the section, the location of the instantaneous neutral axis must be
determined in an iterative fashion from the condition that the net axia force on the cross section must be
zero. Thisforceis computed in the same fashion as the bending moment, that is, by summing the
contributions of al the elements of the cross section. In the iteration process, the position of the
ingdantaneous neutra axisis varied until the value of the net force is less than some predefined
acceptable limit. In spite of the "motion” of the ingtantaneous neutrd axis from increment to incremernt,
the cumulative strain digtribution that results is il linear through the depth of the cross section, sinceit
represents the superposition of a number of linear increments.

Gross pand eements in the cross section can "fall” ether through materid yidding (in either
tenson or compression), materid rupture (in tension only) or through some form of structurd ingtability
(in compression only). Theingability failure modes presently incorporated include: (1) Euler beam-
column buckling and (2) stiffener laterd-torsond buckling (tripping). These modes are symbolicaly
illugrated in Figure 2.1 - 2.
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Figure 2.1 - 2: Ingability Failure Modes

Pate buckling is not specificaly included as a separate failure mode because (for longituding framing) it
influences collgpse more indirectly, thet is, through its effect on plating effectiveness rlationships. These
effects are taken into account in the andysis. Grillage generd ingtability has aso been omitted asa
failure mode in the current verson of the program. The incorporation of generd ingtability will involve
some rather Sgnificant modificationsin programming logic, consequently it was determined thet this
enhancement would be more gppropriate for afuture verson of the program. For most applications,
the lack of a generd ingtability mode need not be regarded as a serious shortcoming of the program at
present; the structura proportions found in typica surface ships currently in design or service sddom
have generd indability astheir primary mode of fallure. However, there may be instances when generd
ingtability may beimportant, for example, if "light-weight" grillages incorporating thin-gage, high-strength
dteds are adopted for primary structure, or if the structure isin a damaged state where supporting
members (which would normdly prohibit generd ingtability) have effectively been destroyed. 1n any
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case, grillage generd ingability should not be ignored; it should be a prime candidate for one of the
future modifications of the program.

Although it isimpossible to determine at a glance what failure mode may be mogt critical for a
particular gross-panel eement, it has been assumed that once ingtability is detected in a given mode, the
behavior follows through to fallure in that same mode. Interaction amongst different modes of falureis
an extremey complex problem should receive further atention in future sudies.

Regardless of the specific type of failure involved, the genera nature of an element's behavior
can be described in terms of a"load-shortening” curve, illustrated in Figure 2.1 - 3.
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Figure2.1 - 3: Typicd Gross Pand Load Shortening Curves

This curve has three distinct zones of behavior. The first zone represents stable behavior in which the
load gpplied to the dement is less than the critica vaue corresponding to its preferred mode of failure.
Since load-dependent effectiveness relationships are used in this program for gross panel eements, the
curve in this region will generdly have only dight nonlinear deviations. The second zone, or plateau,
occurs after an dement has reached its critica load. On this plateau, the element will continue to deform
without any increasein loading. Thiscritical load may correspond to one of the possible forms of
buckling or to the condition of materid yidding. Asthe figure indicates, some eements can remain
indefinitely in the second zone after reaching their critical load. Gross pand dements under tension and
hard corner dements (under either tension or compression) can be characterized by this type of
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behavior. A recent program enhancement alows either gross pand or hard corner elements under
tenson to suddenly rupture; that is, their load carrying capability at and above the defined rupture level
will drop immediately to zero. The third zone of behavior, for compression only, is characterized by a
drop-off in the dement's load carrying capability as deformation increases. This necessity for reducing
load to maintain an dement's equilibrium, cdled "unloading”, can sgnificantly affect the behavior of the
overdl hull cross section. Origindly this type of behavior was redtricted to gross panel dements, but a
modified theory was recently introduced into the program that implements an unloading type of behavior
for hard corner elements under compression as well.

2.1.1 Plating Effectiveness Relationships

Plating effectiveness rdationships play an important role throughout the collgpse mode theories
summarized in the following paragraphs. In ULTSTR adigtinction is made between "effective breadth”
and "effective width" since the phenomena they represent have certain fundamenta differences. The
effectiveness relaionships for these two phenomena which are used in these theories are concisaly
presented here, with aminimum of theoretical and empirica back-up. Tension is assumed positive and
compression negative throughout this report.

2.1.1.1 Effective Breadth

Effective breadth, closdy related to the phenomenon of shear lag, is treated first because of the
extremely smple form of the assumed raionship. Sinceit plays alessimportant role in the collgpse
theories, ardatively smple relaionship is consdered to be acceptable. Denoting the effective breadth
by b, itsrdationship to the longitudina frame spacing b isthe following:

b, :%b (21.11-1)
This assumption is based on the work of Clarkson (1965).

2.1.1.2 Effective Width

The theory behind the effective width formulations is somewhat involved and is described in
Evans, JH. (1975) and Faulkner, D., Adamchak, J., et. d. (1973). The results of these developments
are summarized here.

The effective width relationships can be represented in amore concise form if the plate
denderness parameter, b, isintroduced. This parameter is defined as

(2.1.1.2-1)

wheret isthe plate thickness, s, isthe tensle yield gtress of the plate materid and E the Y oung's
modulus of the plate materid. A modification of this denderness, b, can also be defined,

b, =2, |~ 2e
(V' E

(2.1.1.2-2)
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which isthe origind denderness b with the yield stress replaced by the actud inplane compressive edge
stress sin the plaing.

Using the above denderness parameters, the effective width relationship used in the hull collapse
program is the following generic expression:

c +i+_@Rr (2.1.1.2-3)
0 b g

In this expresson be now refersto the effective width, R, aresidua stress reduction factor (to be
described later), and the C; terms are empiricd constants derived from experimentd data. (Note that

the above expresson isvalid only for b—SElO. For values of b which yidd vaues of % greater than

1.0, the effective width ratio is automaticaly set equd to 1.0.) Currently in ULTSTR, the user may
choose from four sets of these congtants which are intended to address plating which has varying
degrees of initid ditortion. The vaues of these congtants and the conditions that they are intended to
represent are the following:

Fating nearly perfectly flat: C,= 0.0
C,= 255
C,=-150
Moderate distortions: C, =00
(Frankland's expression) C, =225
C,=-125
Moderate-high distortions: C, =00
(Faulkner's expresson) C,=20
C,=-10
Severe digortions: C, =00
C.,= 175
C,=-0.75

The expression (2.1.1.2 — 3) as written is |oad-dependent, that is, the plating effective width depends on
the vaue of the applied edge diress, s.. An dternativeto (2.1.1.2 - 3) isto substitute b for b inthe
second and third terms on the right of (2.1.1.2 - 3), resulting in an expression for be which isno longer
load dependent but rather a constant since the yield stress has been substituted for the applied edge
dress. Thisisdso an optionin ULTSTR.

Theresdua stress reduction factor, R, referred to earlier, is a parameter intended to take into

account the reduction in plating effectiveness resulting from fabrication-induced resdud dress. This
factor is defined asfollows. Introducing the congtant parameter,
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2
6 =—P__ (2.1.12-4)
12(1- n2)

inwhich n,, refers to the Poisson's retio of the plate materia, the structural tangent modulus ratio, E/E
can be computed from the relationship

\I% C b2 02 b ZéCk
2 4 =
E _ }éc +p.(1- p)b" g P (2.1.1.2-5)
E T 2 Ck
10 b 3 X
i P,

inwhich p, isasructurd proportiond limit ratio (avaue of 0.5 isthe default vdue in ULTSTR). With
theseinitia definitions, the resdua stress reduction factor can then be defined as follows,

10- r = b£b,

(2.1.1.2—6)

E
s, E® .G, Co
— +—+—= bib
S Y ors 0

Therétio (s /s ) relaesthe level of compressve resdua stressin the pleting s, to the plate's yield
gress. (Note that, in the above expressions, the parameter b, refersto the value of b for which the
expresson in parentheses involving the congtants C; isequd to 1.0. This variable depends on which set
of congtantsis sdected.) It isassumed that this compressve stress must baance the tensile yield zone
aong the edge of the dtiffener induced by welding the stiffener to the plate. The width of thistensle
block on each side of the stiffener is denoted by ht and hence equilibrium requires that the leve of
resdua compressive stress be defined by the rdationship

-S 2h

I —

b
Sy —-

t

(2112-7)

Faulkner D. and Adamchak, J. (1973) recommend that values of h of 4.5to 6 aretypica for shipsas
welded, but values of 3 to 4.5 are more appropriate for design after allowing for shakedown.

Since the effective width defined by Equation (2.1.1.2 - 3) is based on the total edge stress s, it
might be called a"cumulative" effective width. Closaly related to this cumulative effective width is what
has been termed a tangent width, reduced effective width, or even an incrementa effective width, so
caled because it represents the effectiveness of the plating asit is stressed fromthelevel seto s+ Dse
. Denating this quantity by be, it can readily be shown that if b is defined as DP=Ds ¢ bet, then this
leads directly to the relaionship
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b'=b, + 2% (-s.) (2.1.1.2-8)

ST d(-s)

Thustheformulation of b, is not independent of that for b, and if the above is applied to Equation
(2.1.1.2 - 3), the result becomes

'R b_£05-_1

b I 1- C:o
IRg +05—— b, ~ 0.5 1c:
)

Note that the above development for the reduced effective width is only appropriate if the effective
width formulation selected isload dependent. If a constant effective width model is selected (one based
on b rather than b) then the effective width and reduced effective width are identicdl, i.e,, be = be'.

A smilar parameter will dso exist with respect to the concept of effective breadth. However,
with the assumption of effective breadth as defined by Equation (2.1.1.1 - 1), the effective breadth and
the reduced or incrementa effective breadth are identical.

2.1.2 Beam-Column Collapse - Typel

Consder a beam-column of length “&’ as shown on Figure 2.1 - 2 loaded by a uniform laterd
loading q (force per unit length) and an axid inplane force P and characterized by an initidly distorted
shape which is approximately represented by the function

w, sn 2% (2.12-1)
a

The behavior of this beam-column in terms of its additiond laterd deflection w is described by the
following differentid eguetion,

2
d \;V Pw = Pw, snpx
dx

El M. - %q(ax +x?) (212-2)

Since this beam-column is considered one of many repetitive eemerts (in the longituding direction) thet
are essentialy smilar in geometry and loading, the boundary conditions &t its ends (where transverse
web frames or bulkheads provide the support) are assumed clamped. With these assumptions,
graightforward strength of materials methods can be used to determine the vaues of the bending
moments (positive when the plate isin compression) at the beam-column’s ends and center as well asits
total (w+w,) midpoint deflection. These moments and deflections are given by

Me:'_g&q(a/|)2+ 2Wp P tj Lq@n (2.1.2-3)
tanl g4 p(l-a)g 4

16



for the ends and

V\6Pu él i1 2+2\/\6P'L,'|l) 1 Y w,P

Mczgql @)y +

nl +a i—qg@ll) od - =qg@al/l ) -—
&% pa-a)l T Ganl 14 pl-a)pd 4 (-a)
(2.1.2-4)
3 .2 U 4
W=+ azzg—lq?i9+zpwy}lsinl-l(l cod ) f 1q %
17§48 5 pli-a)) tan }ﬁg 2 e T a
for the center. In these expressions the parametersa and | are defined as
Pa’
= —— 21.2-5

in which the moment of inertial is computed assuming an effective breadth of plating equd to b/2.

(Note, as previoudy indicated, the sign convention adopted makes compression negative.) The above
expressions are assumed vaid provided that neither M nor M, as defined above exceeds the fully
plastic moment for the cross section. If either of them does, then modifications of the above expressons
must be employed. Since idedlized materids with no strain hardening are assumed, neither M nor M,
can exceed the fully plastic moment, M. In generd two possibilities exist. Thefirdt isthat the end
moments have reached £M,; (depending on the direction of loading and of w, ), while the center moment
remains below thislimit. In this case, the moments and deflection are given by the expressons

M, =+M, (2.1.2-7)
MC:(étMpﬁ q(a/l)zg(tanlsnl +cosl )
(21.2-8)
- Lg@rnyz- P
4 1-a
2 7
w, = w, + a : € M q(a/l )2LE1 cosl ()
AEI 8_ B cosl H (21.2-9)
1 a' | aw,
- —q +
32 Ell? 1-a
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If the center moment reaches the fully plastic moment before the end moments do, the Stuation is
described by the following,

1 ) N
e-M += q(a/l) (1- cosl - | snl)(J

1
M, =—& U (2.1.2-10)
osl a Pw, 2
prsepen
M,=tM,
a1 ,  2Pw U u
, a-qgall) + | anl A
34 1-a 2 1 at aw
=Wyt —— S a-a) U —g——+— (2.1.2-11)
4EN 2 & j G 32 El? 1-a

e+1M += q(a/l) E(cosl 1)u

At some point, asthe axid end displacement -u continues to increase, the Situation will be reached when
both end and center moments are a their fully plastic values. When this occurs plagtic hinges are
assumed to form at the ends and center, and the beam-column is further deformed asrigid body motion
of two barslinked together. Inthis casethetota latera deflection w; of the midpoint of the
beam-column is given gpproximately by

1

i
W =w, L2250 Y (2.12-12)

" ggm ag

where (u/a),, isthe value of axid end "strain” & which both Me and M. achieve their fully plagtic vaue,
(wa) isthe current value of this"strain," and w, isthe value of totd laterd deflection (midpoint)
corresponding to (Wa),. In this Stuation, as the beam-column is further compressed, the lateral
displacement w; continues to grow. (Note that expression (2.1.2 - 12) is gppropriate for smal to
moderate levels of laterd displacement. For large vaues this relationship must be modified.) Sincethe
moment capacity at the three hinge locationsis limited by their respective fully plastic values, equilibrium
can be maintained only if the absolute value of the axid force P decreases in the correct proportion.
Thisisreferred to as"unloading.” At one time the vaues of the fully plastic moment for M. and M, were
assumed to remain congtant, but recently there has been some indication that this assumption is overly
conservative, particularly if moment-curvature datain the post collapse rangeis of interest. The
relationship between latera displacement and axid force for this unloading behavior is given by

1 0
?Aepl - Mcpl +§qa2+

P= 2 (2.1.2—-13)

Wy
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in which the terminology indicates that the respective fully plastic vaues for Me and M. (with their
gopropriate Sgns) are used. Since the fully plastic moment vaues are functions of the axid loading,
equation (2.1.2 - 13) must be solved in an iterative fashion.

Since the total cross section moment for the hull is computed by integrating the stress over its
effective areq, the axid load above is converted to edge stress s . by Smply dividing by the effective
area A. (based on the effective width bg),

s, = (2.1.2—14)
A
In this expression, it is assumed that the effective area remains congtant at the vaue corresponding to the
pesk vaue of P, namdly that value occurring when the end shortening is equa to (u/a), and both Me
and M. have just achieved their fully plagtic values. This assumption has been made recognizing that a
more rigorous investigation is a potential subject for the future. 1n any case, the stress computed
according to Equation (2.1.2 - 14) isthe actua edge stress only if stiffener and plate are of the same
materid; if Stiffener and plate materias differ, this Sressis, in effect, amean cross section stress. Thisis
acceptable, since the integration for the computation of the longitudina moment does not require thet the
precise state of stressin plate and stiffener be known in this case.

An egtimate of the tangent modulus in the unloading region can be made by computing the
derivative d(s ¢)/d(u/a). This parameter used to be used in the ULTSTR program to estimate the
ingantaneous neutrd axis location; however, thisis no longer the case. Consequently, for informationa
purposes only, a smple finite difference approach is considered adequate

E = Be)i-Bedis (2.1.2 - 15)
De

inwhichtheindex i refersto the (curvature) increment number and De refers to the element's current
drain increment.

From the expressions presented, it should be clear that the direction of wy (indicated by its Sgn)
can have a sgnificant influence on the behavior of the beam-column. Since there are not enough
experimenta data from actuad naval vessdsto clearly define the directiond patterns to be expected for
Wo, the program assumes that the distortion occursin its potentialy most damaging direction, thet is, in
the same direction as the applied latera load. If no laterd load is present, a positive value of wy is
arbitrarily adopted, since, in this case, the value of the axia collgpse |oad isindependent of the sign of
Wo.

2.1.3 Beam-Column Collapse—Typel|
In contrast with the Type | form of beam-column collapse, beam-columns can dso collgpsein a
mode in which the laterd deflections dternate in directions from one bay to the next. Inthis case, the

beam-column behaves more asif it were Smply supported at the support points provided by the
transverse web frames and bulkheads.
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Congder firg the Stuaion where a straight column of length aisloaded only by an axid load.
The dastic buckling load for the column is calculated according to the relationship

s =P 2El
cre A\eaz
in which the moment of inertial of the combined plate-tiffener cross section is based on the reduced
effectivewidth be, whereas the effective area A is based on the effective width be.
If both plate and stiffener materias are identicd, then the dastic buckling stress is modified usng
the tangent modulus as follows

(213-1)

o=

8
Sg = QE_S cre (213 - 2)
e %]

In this case, the tangent modulus is gpproximated using the Ostenfeld-Bleich quadratic parabola, namely

s(s,-s
5:(y—)z (2.1.3-3)
E P, (1_ pr)s y
Replacing s by s« above leads to the expression for the inglagtic column buckling stress
i S cre
] S_ " Se £ (OR8] y
S« | y
— = (2.1.3-49)
Sy i S ym
-1 pr(l' pr) _Scre>_prsy
t S cre

inwhich p, isthe structura proportiona limit retio, the default for which in ULTSTR is0.5. Since b,
and b, may be stress dependent (if that option was selected), the above equations must be solved in an
iterative fashion, the cycles completed only when the stress vaue assumed in computing be and b’ is
"tolerably” close to the computed value of s .

If the plating and dtiffener materids have different yield strengths, then the above computation
procedure must be modified somewnhét. In this case, the indastic "modification” depends on which
materia hasthe higher yidd dress. If the plating tendleyidd, sy, is greater than thet of the stiffener,
Sys, the indastic column buckling stressis based on an area-weighted mean yield stress, sy, inthe
fallowing manner

1S
:.S = -S cre£ PsS ym
(S o )m _[Tm o (2.1.3-5)
S vm T &S ,,u
g ll-'l‘ p, (- pr)é_me "Sae” PSym
| el



_S bt +S A
bt + A,

where, s (2.1.3-6)

and A isthe dtiffener cross section area. Equation (2.1.3 - 5) is used only if the absolute vaue
computed from (S ¢ )m islessthan s s, otherwise, the critical indagtic stressis st equal to -s . Since
the current procedure alows differences only in yield strengths between plate and stiffener materias (no
modulus variaions are acceptable), values of (s )m calculated from Equation (2.1.3 - 5) correspond to
the stress levels in both plate and iffener.

If s> sy, theingagtic modification is made with respect to the higher yield stress materid,
namdy

S,

" S £ (ORS ys
(S cr )Stiff
S

(2.1.3-7)

i
I
|
=1 ..
0
» ! -1- pr(fL pr) _Scre>_prsys
{ Screﬂ

Once the inelagtic buckling stressis computed for the Stiffener materia using the above expressons, the
indadtic gressleve for the plating is computed smply from the condition of strain compatability of the
two components and the knowledge of the two materials stress-strain curves. Except for these
modifications, the iteration procedure for smilar versus different materiadsisidentical.

When the end shortening u/a reaches the value of the strain corresponding to the inelagtic
column buckling stress, the column is assumed to have buckled. As the shortening increases beyond this
vaue, the edge dress on the column (and hence the axid load P) is assumed to remain at the indagtic
buckling value while laterd deflections at the midpoint of the column grow according to the relationship

w=22 [@0 U (2.1.3-8)

P Yedga

where (W/a), isthe end shortening corresponding to s  and (u/a) the current vaue of the shortening.
(Theorigin of Equetion (2.1.3 - 8) isin nonlinear dender column theory.) If P, remainsless than the
fully plastic moment at the center of the beam (considering the gppropriate signs of the moment), the
axid inplane edge stress s and hence the load P remains congtant as previoudy indicated.

At somevaue of (u/a) the applied moment Pw will reach and then exceed the fully plagtic
vaue, My, which is the maximum value the column can support. Because of the dternating neture of the
buckling pattern, a hinge at the center isdl that is required to cause the beam-column to behave like two
rigid, linked bars. As the shortening continues to grow beyond this (w/a) vaue, unloading must occur if
the column is to remain in equilibrium. Thus the absolute magnitude of the axia load will drop in
accordance with the relationship
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M |
Pzt (2.1.3-9)

Aswith Type | beam-column collgpse, the assumption is made that the effective area remains constant
(at the value corresponding to (u/a), during the unloading process, but thet the fully plastic moment My,
will gradudly increase asthe axia loading drops. Thus, satisfying (2.1.3 - 9) must be donein an
iterative fashion. For smal to moderate levels of shortening (u/a), the relationship between w and (w/a)
defined by (2.1.3 - 8) is gppropriate; but, for larger values, modifications to this expresson must be
made. Once this process has converged the edge stress (representing a mean vaue if plate and Stiffener
materids differ) is smply determined according to

s, =— (2.1.3-10)

The presence of lateral pressure is assumed not to influence the critical stress s at which
buckling in this mode occurs. Because of the dternating pattern of the lateral displacementsthe
presence of small to moderate levels of pressure will dternatdy reinforce and resst the tendency for the
beam-column to fail. What pressure can do, particularly at higher levels, however, isto force the
column to fail by the Type | mode of fallure (previoudy discussed). Thuswhen laterd pressureis
present, the program will check both Type | and Type |l failure modes and select the one which results
in the lower peak collgpse strength.

With regard to initid stiffener distortion, even when the user does not specificaly define any
initid digortion leve, the empirica nature of the above solution effectively assumes some unknown, but
finite, leve of such digortion. If initid diffener digtortion is explicitly defined, however, the only impact
on the above approach isto add the initia distortion value to the lateral deflection w as defined by
equation (2.1.3 - 8). Thus, inthis case, the effect is only seen in the post-buckling range.

It is pretty clear thet, if large enough levels of initid Stiffener distortion are present, some effect
will be seen before the post-buckling range. Therefore, when intid siffener digtortion is explicitly
defined, the ULTSTR program aso evauates an dternate failure theory for Type Il beam-column
falure. Inthiscasetheinitid digortion is assumed to be represented approximately by the distribution

w, dn 2 (2.1.3-11)
a

where w, is the peak amplitude of laterd distortion. In this gpproach the beam-column's peek load is
assumed to occur when

PW+w) =M, (2.1.3-12)

where, as before, My isthe cross-section's fully plastic moment and w is the additiond lateral
displacement due to the action of the axid load acting on the "dightly curved" beam-column. The
midspan moment and total latera displacement are defined by

22



& W, U
M, =P . (2.1.3-13)
8- af

ww, = S0 Y (2.1.3-14)

8- atl

In these expressions a isa "meagnification factor" whose definition is as follows

?E|
P, =" (2.1.3-15)
a
a=— (2.1.3—16)
P

crit

In the above expressions the moment of inertial, is computed using an effective breadth of b/2. (Note
adso that in defining P, purdly elastic properties are used, no correction is made for inelastic effects.)
The edge stressis then computed in the usua manner,

s, =— (2.1.3-17)

inwhich A is the effective cross section area based on an effective width formulation as discussed
ealier. If aload-dependent effective width model is selected the computation of s must be donein an
iterative manner. If the cross section is made up of differing materids, the actud stressesin plating and
diffener may be different, in this case s . as defined above will in effect represent a”"mean” edge stress.

As described above, when an initid stiffener digtortion is specified explicitly, both beam-column
failure modelswill be evaluated and the one yielding the lower peek collapse load will be used for Al
further cdculaions. For smdl initid distortion vaues, the origind faillure modd will most likely be the
gppropriate modd, but as ditortions increase in magnitude, a some threshold vaue thiswill changein
favor of the dternative modd.

In any case, as with the type 1 failure mode, the tangent modulus in the unloading region can
readily be estimated. Thisisnow done as asmple finite difference,

E = Be)i-Bedis (2.1.3-18)
De

inwhich theindex i refersto the srain increment number and De the current strain increment for the

element in question. At onetime, E; was used more frequently in the logic of the program but now is
only effectively used for presentation purposes.
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2.1.4 Stiffener Tripping Collapse

A comprehensve treatment of Stiffener tripping (but not including post-buckling behavior) has
been published by Adamchak J. (1979). For the development of the theories summarized below
readers should consult that reference.

The dadtic inplane tripping siress (denoted here by -s o) for a gtiffener under inplane axid
loading can be written in the form of a quadratic equation as follows,

=S ée(kzk4 B kg)' S cre(klk4 + k2k3 B 2k5k6)+(k1k3 B k52)= 0 (214-1)
inwhichthekj’saredefinedas
K, =g, &MU, 5Dy é 3 uz(1+3R)
‘B aH d® &mpH
618 19 3 0
kK,=-A+d.t,s—+—R- —R";
2= A 835 140 140 H
empif .D,éaié Ry
k.=GJ+EG +3—% A+ — 214-2
3 §all " ¥a Bt & 30 (214-2)
311 1 1 LU
K, =- 1, +d3t, o= +—R- ——R?"
! P 835 84 420
3D, éal
k.=-—2>>% " (1+R
k6:dftwgi-£R+iR2lil
&35 420 140 H

Many of the parameters appearing in Equation (2.1.4 — 2) are defined on Figure 2.1.4 — 1. Therest are
defined in Equation 2.1.4 - 3.
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Et?

w

D, = >
12(1- n?)
As :dwtw + fwtf

| s =1,+Ad?- 2Ad,z

m = Tripping Mode Number

The parameter Risadimensonless rotationd restraint parameter that indicates the amount of rotationa

redraint that the plating to which the Stiffener is attached providesto ress tripping. This parameter is
defined as

R=——¥ (2.1.4—4)

in which the parameter C istherotationa spring congtant (in units of moment/rad/length) of the
supporting plating. The formulation for C recommended in Adamchak (1979) is:

| c g]_ S u
i C,a8l- —=) S.>S
C=i '8 Swmh PP (2.1.4-5)
i
70 S.ES
inwhich s, isthe plate buckling stress
1S e -S e £055
i
S . i € 1 s u (21.4-6)
pb ~ v -
i -S,a- — -S >~ 055
% yp 8 4(s pbe)a pb yp

based on the classical dadtic plate buckling stress
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s, =D (2.1.4-7)

and C, is the unloaded rotationd spring congtant. The recommended relaionship for C, is

(2.1.4-8)

O

I
I\)|I—‘
cu»qgm
&IO
!DCC

Lo’
g'

in which the parameter D, aso appearing in the expression for S ., refersto the flexurd rigidity of the
plating. Hence

Et®

= 214-9
121- n?) ( )

The eadtic tripping stress ca culated according to Equation (2.1.4 - 1) is corrected for "inelagtic
effects’ in afashion amilar to that for beam-column buckling, namely

S
- Scre£ prsys
Sy 15w

(2.1.4-10)

n

ys

S
'1+p(1 p) - s _Scre>_prsys

i
s
1
=1
T
1
|

inwhich p isthe structurd proportiond limit ratio (default vaue = 0.5).

Since the rotationd resistance provided by the plating is load dependent, the solution for s
must be carried out in an iterative fashion. Convergence is achieved when the computed value of s
from Equation (2.1.4 - 10) is within an accepted tolerance of the value of s assumed in Equation (2.1.4
- 5).
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In the theoreticd development of the tripping Equation (2.1.4 - 1), the mode number m, strictly
gpesking, should take on only integer vaues. However, one may notice that, in the expressons for the
coefficients k;, the mode number away's occurs in combinetion with the panel or stiffener length, a
Thusit is possible to define an effective length for tripping, labeed as, which is equd to am, and which
can be used to gpproximate various degrees of rotationd restraint in the plane of the stiffener web
provided by the connecting structure at the stiffener'sends. For example, the effective length is
sometimes defined with m = 2, that is, the effective length assumed for tripping is equal to 2. This
vaue of “m” approximates a boundary condition thet is neither fully fixed nor fully smply supported.
For the hull collapse program, it is reasonable (as a rough guide) to assume vaues for a4 intherange a
to a/C2 when no IL S (Intermediate L ateral Supports) are present, and appropriately smaller values
when such supports are present. The specific va ues depend on the number and location of the
supports.

When latera pressureis present, the axid tripping stressis modified to reflect itsinfluence. The
beam is treated as uniformly loaded with clamped end supports. The angle of rotation, b, aout itsline
of attachment to the plating is assumed in the form

33x

b= beKsna—+(K D)sn— (2.1.4-11)

e

in which the (initidly) unknown coefficient, K, controls the relative mix of the first and third mode
shapes. The effect of the rotationd resistance provided by the plating isignored in dedling with uniform
pressure loading because experience with the solution has shown it to be overly optimistic when
rotationa restraint isincluded. Thisis a conservative decison that can be at least partidly judtified on the
grounds that: (1) the amount of rotationd restraint present is frequently smal or zero because of the
vaueof s rddiveto s, and (2) critica tripping pressures are usudly quite high because of the
reaively smdl regions of compressve dressin the diffener.

The solution for the critical lateral pressure for dadtic tripping can be presented in the form

o =. 2183 H.(K)
e s’ F,(K)

(2.1.4—12)

where | isthe verticd moment of inertia of the plate-beam combination (with an effective breadth of
b/2), and sisageometrica parameter defined as

1é 1.6 1 al
5= gudi- 4(2%- S, +4dC§TWtfd§ —t, 33 (2.1.4-13)

o fWIZH

where h isthe height of the neutra axis of the plate-beam combination from the midplane of the plating,
and H,(K) and F(K) are quadratic functions in the coefficient K. Defining, in essence, a"modified”
mode number
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n=-" (21.4-14)
aet
these functions are defined as follows
é .2 ‘e o L )
H.(K) = 812K 2 +(n+2)°(K - 12 + &2 {n“K2 +(n+2)"(k - 1)2}‘?£5{|Zs2 + G)ld (2.1.4-15)
8 éag EGJH a
F(<) =+ K2+l e vk 1 K)- (K- 1
P P i (ep (2.1.4—16)
6d, e - | 1.0 oo, o q)
- pzsgfwtfgdc h+2tb+bet héK +(K 1)]

Adamchak, J. (1979) describes in complete detail how the gppropriate value of K is determined for use
in Equations (2.1.4 - 12), (2.1.4 - 15), and (2.1.4 - 16).

With g determined, the critical eagtic tripping stress s e cOmputed from Equation (2.1.4 - 1)
ismodified asfollows

e u
(S cre)q10 = (S cre)qzo_él' d Q (214 - 17)
é Ouel

This stress, which now includes the effects of pressure, is then used in exactly the same fashion
(Equation (2.1.4 — 10)) in determining the indagtic axid tripping stress s  (induding the iteration
process) as previoudy described.

The approach to handling tripping in the post-buckling regionsis very smilar to that for
beam-column buckling. Once tripping has occurred, the axia force in the Siffener is assumed to remain
congant, while the sideways deflection of the stiffener increases with increasing end shortening.
Dencting the sdeways deflection of the flange by v, its relationship to the end shortening (by analogy
with dender column theory) is hypothesized by

2a s
y="2e @0 U (2.1.4-18)
p Jéag, a

where (W/a) in this case corresponds to the critica end shortening associated with s - for Siffener
tripping. Aslong asPs (vz/d,) (the subscript sindicates the load in the stiffener) isless than the fully
plastic moment of the stiffener aone about its web plane, the congtant load, congtant stress behavior will
continue. When Ps (vz/d.) exceeds this value, however, aplagtic hinge formsin the siffener and
unloading will occur (due to the dternating nature of the laterd tripping deflections). The load in the
diffener then becomes
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o ) (2.1.4-19)

wherein this case M, refersto the horizonta fully plastic moment. As with the beam-column failure
modes, Ps must be determined in an iterative fashion since the fully plastic moment is axid load
dependent.

Although the load in the stiffener Ps (and its corresponding stress s ) peaks at s ¢ and then
decreases, the edge stress in the plating, designated here by s &, will continue to grow until it reechesits
yidd vaue, s, (Should the pand fall in abeam-column mode, either Typel or 11, before the plate
yidd vaueis achieved, thisis handled by the gppropriate theories previoudy discussed.) Thusthe totd
load in the cross section is given by

P =P +P, =s bt+s A (21.4-20)

where the effective width b, is calculated in accordance with the theories presented in section 2.1.1.
Although the effective width b decreases as the axial stress's o, increases (that is, if aload dependent
effective width option is being used), generdly the net effect will be for the load in the plate to continue
to increase until itsyield stress vaue is reached. However, a the same time the load in the stiffener will
be decreasing such that at some point the total load P will hit its peek value. This may not occur until
the plate stress reaches yield or it may occur sooner, but in any case this pesak load is the collapse load
for the plate-gtiffener in tripping, and it is thisload which the ULTSTR program uses to determine the
preferred or critical buckling mode.

Once the plating has reached its yield giress, its effective width b, is assumed to continue to
decrease as further axia strainis gpplied. (Were this not the case, the load in the plating would never
decrease.) In order to do this, a"pseudo-stress’ is defined as follows,

.0

(S e)pseudo = eéi: (214 - 21)
eydp @

inwhich ey, isthe yield strain of the plate materia and e isthe cumulaive srainin the plate. This
pseudo-stressis then used in the appropriate effective width expressions as described in section 2.1.1.
Of course, thisis only relevant if load dependent effective models have been chosen.

If the effective edge Stress s . is defined as P-/A,, the tangent modulus E, can be estimated (for
informationa purposes only) from the finite difference relationship

Et - (S e)i ” (S e)i-l (214_22)
De

inwhich theindex i refersto the curvature increment number and De the srain increment for the
particular eement resulting from the gpplied curvature.
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2.1.5 Fully Plastic Moment

2.15.1 Vertical Bending Moment

The expressons for the fully plastic moment are presented below. They are valid for plate-
beam combinations of the same materid, as well asthose in which the plating and stiffeners are made of
materias having different yield strengths. The caculations are made on the basis of an equivaent
section, assumed to be totally of one materid. In the case of the Stiffener, the thickness of the plating
remains unchanged, but the actual width of the material, assumed to be effective, by, IS replaced by an

equivalent width, b, Refer to Figure 2.1.5.1 — 1, below.

v
\ | A
¢
t;
d
T Plastic Neutral Axis
c > <—tw
i t
|| v

*

A
o
8

ys

Figure2.1.5.1 —1: Geometrical Parametersfor Fully Plastic Moment

To fadilitate the writing of the expressions which follow, some shorthand notation is introduced.

The parameters defined are:
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PaeArea A, =Dbyt
WebArea A, =(d- t, Jt, =dt,
HangeArea A, = ft,

Mean Depth: d| :%(d +1)

The expressions that follow are based on the assumption that the tota axia load, P, is known,
and that the fully plastic moment in the presence of thisload iswhat isdesired. In this case, the
knowledge of P and the geometry of the cross section completely define the location of the plagtic
neutral axis c above the outer surface of the plate, and thus the value of the fully plastic moment, M.
However, three possible locations for ¢ must be consdered, each of which results in unique expressions
for c and M.
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- Plagtic Neutrd AxisintheWeb (t £ c £ dy+ t)
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- Plagtic Neutra AxisintheHange (dy+ t£ c£d, + t + t)
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ad A, +A EA +A+Tf,(c-d,-t)

The above expressions employ the Sign convention adopted generdly, that is, tenson is postive
and compression negdtive. If apodtive vaue of s isused in the above (meaning tension in the Stiffener

flange), the resulting moment, My, will be positive and will cause compression in the plating.
2.15.2 Horizontal Bending Moment
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In the prediction of collapse due to stiffener tripping, the horizonta (or laterd) fully plagtic
moment for the stiffener doneisrequired. Asin the previous case, it is assumed that the axid load (in
this case not the total 1oad but that in the Stiffener, Ps) is known and that the fully plastic moment in the
presence of thisload isdesred. Thisleadsto the following:

- Plagtic Neutrd Axisinthe Web (i ci £ t,/2)

1 P

- S

— é ﬁz_ 29 a 2 _ 2(1:1
Mpl—sysgngtw c!éj+tfngW c%

- Plagtic Neutrd AxisintheWeb (t/2E£ T ci £ f,/2)

1 € P, U
c=—=¢& A, +t—
thé S »lf
Mp,:systfghifvf- CZE

If the Sgn of ¢, representing the side of the web on which the plastic neutra axisis located, were
sgnificant, there would need to be two digtinct expressonsfor ¢ for the case "outsde of the web."
Since only the vaue of the moment is required by the program, the expression above, which effectively
gives the absolute value of neutrd axis location ¢, is sufficient.

3. Distortion Effects— Panel Response
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The mathematica expressonsto defineloca panel response described earlier must be modified
to reflect distortion effects before the globa impact on hull girder strength can be addressed. Because
of the large matrix of solutions that must be rigoroudy addressed before recommendations can be made
for tolerance limits, cost and flexibility consderations dictate the methodology for determining distorted
component response. Eventudly empirical expressions can be devel oped to describe distorted
component response based on strength of materials gpproaches, experimental results and numerical
approaches such as the finite dement method. However, these expressons don’t currently exist and
there is not enough information available to develop them.  The mogt effective gpproach to determine
locd pand strength dependence on distortion amplitudes hinges on the finite eement method, which
dlowsthe flexibility for rgpid geometric modifications to perform parametric anayses.

Current tolerance limits are determined by various societies and are largely based on
condruction limitations. Table 3-1 is an example of the tolerance limits for sted hull congtruction as
determined by the American Society of Testing and Materids (ASTM) Designation: F 1053- 87.
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Table3- 1. Typicd ASTM Tolerance Ranges

Flanged Plate Standard Range Tolerance Limits Corrective Action
Longitudind
Breadth of Hange
|<— = Trim to correct width,
+1/8" (3)mm +1/4” (6)mm or build up with weld,
-3/16" (5)mm not to exceed
thickness/2.
Height of Longitudina
i [ |:' +1/8" (3)mm +1/4" (6)mm
h
-3/16” (5)mm
I ©)
Angle between Hange
and Web
T +1/8" (4)mm +3/16" (4)mm

= 23 0 25 0
h &100g &100 5

Sweep in 400 (10) of
Length

+3/8" (10)mm +1” (25 mm

Camber in 400 (10) of
Length

+3/8" (10)mm +1” (25 mm
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Eventualy, the impact of each type of distortion on the failure modes of the loca component
must be determined. Using the finite dement method, a sengtivity andyss relating the component
response to various distortions can be determined as parameters such as gtiffener length, web height,
flange width, plating thickness, etc. are varied.  Although this sengtivity anadyssis outside the scope of
the current effort, the distortion believed to play the predominant mode in both tripping behavior and
buckling behavior was investigated. The effect of other ditortions on the various falure modes was not
consdered a the present time, but should certainly be considered in future investigations.

3.1 Tripping

Non-linear finite dement modds were used to determine the effect of distortions on tripping
behavior. The finite eement code, ABAQUS, was sdected to perform the analyss. To demongrate
the methodology, stiffeners with large depth to flange width ratios were chosen, asthey are consdered
the most susceptible to tripping failure. The stiffener spacing selected to demondtrate the methodol ogy
was 24 inches. The modds were loaded in the axid direction aong the neutrd axis and restrained
againg vertica motion and rotations about the longitudina axis a the ends. At the reaction end, the
webs were restrained againgt rotation about the transverse axis and the plate was not alowed to rotate
about the vertical axis. The Sde edges of the plate were restrained from rotational movement about the
longitudind axis. Bar dements with high inertid properties were used and proved quite effective for
digtributing the load dong the loaded end and maintaining a straight, loaded flange.

Out of plane digtortion of the stiffener web will have the most severe adverse effect on load
carrying capacity of a plate-stiffener combination. It was selected to demondirate the methodology in
the tripping fallure mode. A computer program to rapidly generate deformed panel geometries was
developed for this purpose. 1n the deformed geometry, the stiffener web has a sinusoida shape with the
peak amplitude at mid-span of the flange-web intersection. In future studies, it will be necessary to
model other digtortions to determine their effect on panel capacity relaive to the tripping failure mode,
but it is unlikely other distortion effects will sgnificantly degrade tripping capacity.

The nonlinear geometry finite element solution technique using linear materia properties was used
to perform the andysis. Reaults of the analysis were used to incorporate distortion effects on the load
shortening curvesin the tripping failure mode. This was accomplished by monitoring stress increases a
the flange edge a gtiffener midspan as digtortion magnitudes increase and developing distortion
amplification factors based on the results. The contour plot in Figure 3.1 - 1 clearly presents the regions
of interest and the magnitudes of sress increase exhibited in the finite dement andysis.
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_ Flange edge
o stressincreases

Figure 3.1 - 1. Tripping Stress Amplification

Based on the results of the finite dement andyss, the ULTSTR load shortening curves were
updated to account for the reduced load carrying capacity of the distorted Structure. To illustrate the
effect of thistype of distortion on component response, severd plate-stiffener combinations were
andyzed usng ULTSTR. To andyze the response of individua giffeners, ULTSTR dlowsthe user to
load the Structure axidly rather than using the traditiond moment-curvature gpproach. The midspan
distortion was varied between 3.0% and 10.0% of the overal siffener depth as the Siffeners were
axidly loaded. The various digtorted stiffener performances are shown in Figures 3.1 — 2 through 3.1 —
13.
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Figure3.1- 2. 6x4x7 HS Stiffener on 12.75# Plate
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Figure3.1- 3: 6x4x7 HS Stiffener on 25.5# Plate
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Figure3.1- 4: 6x4x11 HS Stiffener on 20.4# Plate
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Figure 3.1 - 5: 6x4x11 HS Stiffener on 30.6# Plate
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Figure 3.1 - 6: 8x4x10 HS Stiffener on 15.3# Plate
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Figure 3.1 —7: 8x4x13 HS Stiffener on 25.5# Plate
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Figure 3.1 - 8: 10x4x11.5 HS Stiffener on 17.85# Plate
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Figure 3.1 - 9: 10x4x15 HS Stiffener on 25.5# Plate
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Figure 3.1 - 10: 10x4x15 HS Stiffener on 30.6# Plate
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Figure 3.1 - 11: 12x4x16.5 HS Stiffener on 15.3# Plate
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Figure 3.1 - 12: 12x4x19 HS Stiffener on 25.5# Plate
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Figure 3.1 - 13: 18x7x12.75#/17.85# HS Stiffener on 25.5# Plate
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Thistype of digtortion proved to have a Sgnificant effect on the tripping behavior of the local
plate-tiffener combination. Although there was variation in the response of the various stiffener types,
in generd, there was significant degradation in component strength as distortion magnitudes increased
from 3.0% and 6.0% of the stiffener depth. Thistrendisshownin Table3.1- 1.

Table 3.1 - 1. Digtortion Effects on Component Tripping Capacity

Stiffener Steel Plating Component Tripping Capacity

Type type Thickness - - -
Not Distort = 3% Distort = 6% Distort = 10%

(in) Distorted of Depth of Depth of Depth

6x4x7 T high 0.3125 1 .88 .87 .86
strength

6x4x7 T high 0.625 1 .96 .93 .92
strength

6x4x11 T high 0.5 1 1 .84 .81
strength

6x4x11 T high 0.75 1 .96 .93 91
strength

8x4x10 I-T high 0.375 1 .83 .81 .80
strength

8x4x13 I-T high 0.625 1 1 91 .89
strength

10x4x11.51-T  high 0.4375 1 1 .86 .85
strength

10x4x15 I-T high 0.625 1 .93 91 .90
strength

10x4x15 I-T high 0.75 1 .96 .94 .93
strength

12x4x16 I-T high 0.375 1 1 73 71
strength

12x4x19 I-T high 0.625 1 .93 91 9

strength

18x7x12.75#/1  high 0.625 1 1 77 74

7.85#1-T  strength

3.2 Buckling

Similar to the tripping fallure mode, non-linear finite dement models were used to determine the
impact of digtortions on the buckling capacity of plate-tiffener combinations. Again, the modds were
loaded in the axid direction along the neutrd axis. The models were restrained againgt rotations about
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the longitudind axis at the ends. The plates at both ends were restrained from rotating about the vertica
axis, aswas the web at the reaction end. In addition, the node at the neutra axis of the loaded edge
was restrained from vertica trandation and the node at the neutral axis of the reaction end was
restrained from vertica and longitudina trandation. For distributing the load of the loaded end and
maintaining a draight, loaded flange, bar dements with high inertid properties were again used.

The digtortion that will have the most severe adverse effect on the buckling capacity of a plate-
diffener combination and the distortion selected to demonstrate the methodology in the buckling failure
mode is afirg mode digtortion in the plane of the stiffener web. Although the load shortening curvesin
past versons of ULTSTR could predict the component response of thistype of distortion on buckling
behavior, results of the analyses are needed to more rigoroudy incorporate nonlinear effects on the load
shortening curves.  The computer program to rapidly generate deformed pand geometries was
expanded to generate this type of digtortion. In future studiesit will be necessary to mode other
digtortions to determine their effect on pand capacity relative to the buckling failure mode.

The nonlinear geometry, finite eement solution technique was used to perform the anadlysis. Results
of the andysis were used to incorporate distortion effects on the load shortening curves in the buckling
falure mode. This was accomplished by monitoring stressincreases at stiffener midspan as distortion
magnitudesincrease. Then, distortion amplification factors were developed based on the results. As
the eccentricity of the load increases, the magnitude of the bending moment at the midspan increases,
and the stress at the outer fibersis“amplified” over the vaue expected for a beam under pure axid load.
This effect is shown in Figure 3.2 — 1 highlighting the regions of interest and the magnitudes of stress
increase exhibited in the finite dement andysis.
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Figure 3.2 - 1. Buckling Stress Amplification

To illugrate the effect of thistype of distortion on component response, severd diffeners were
andyzed usng ULTSTR. The giffeners are components of cross sections and were selected to
demondtrate the effect of distortions on hull girder reponse. To anayze the response of individua
diffeners, ULTSTR alows the user to load modds axialy rather than using the traditionad moment-
curvature approach. The midspan distortion was varied between 0.25% and 1.0% of the overal
diffener length as the Stiffeners were axidly loaded. The various ditorted gtiffener performances are
shown in Figures 3.2 — 2 through 3.2 - 18.
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Figure 3.2 - 2: 6x4x7 HS Stiffener on 12.75# Plate
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Figure 3.2 - 3: 6x4x7 HS Stiffener on 25.5# Plate
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Figure 3.2 - 4: 6x4x11 HS Stiffener on 20.4# Plate
0.00E+00 2.00E-03 4.00E-03 6.00E-03 8.00E-03 1.00E-02
0.00
020 4+ —
/ —ememememe No Stiffener Distortion
-0.40
Distortion Less than
‘qc: | 0.25% of Stiffener Length
E -0.60 \ i —————Distortion Less than 0.5%
= of Stiffener Length
0.80 /' Distortion Less than 1% of
e B 1) Stiffener Length
1
!
!
-1.00 !
-1.20
Curvature

Figure 3.2 - 5. 6x4x11 HS Stiffener on 30.6# Plate
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Figure 3.2 - 6: 8x4x10 HS Stiffener on 15.3# Plate
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Figure 3.2 - 7. 8x4x13 HS Stiffener on 25.5# Plate
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Figure 3.2 - 8: 10x4x11.5 HS Stiffener on 17.85# Plate
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Figure 3.2 - 9: 10x4x15 HS Stiffener on 25.5# Plate
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Figure 3.2 - 10: 10x4x15 HS Stiffener on 30.6# Plate
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Figure 3.2 - 11: 12x4x16.5 HS Stiffener on 15.3# Plate
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Figure 3.2 - 12: 12x4x19 HS Stiffener on 25.5# Plate
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Figure 3.2 - 13: 18x7x12.75#/17.85# HS Stiffener on 25.5# Plate
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Figure 3.2 - 14: 10 x 3“2MS Angle on 26.5# Plate
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Figure 3.2 - 15: 12 x 3¥2MS Angle on 26.5# Plate
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Figure 3.2 - 16: 13 x 4 MS Angle on 26.5# Plate
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Figure3.2 - 17: 15x 3 3/8 MS Angle on 26.5# Plate
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Figure 3.2 - 18: 18 x 4 MS Angle on 26.5# Plate

Thistype of digtortion proved to have a sgnificant effect on the buckling behavior of the loca
plate-stiffener combination. Although there was variation in the response of the various stiffener types,
in generd, there was significant degradation in component strength as distortion magnitudes increased
from 0.25% and 0.5% of the stiffener span. Thistrendisshownin Table3.2 - 1.
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Stiffener
Type

6x4x7 T
6x4x7 T
6x4x11 T
6x4x11 T
8x4x10 I-T
8x4x13 I-T
10x4x11.51-T
10x4x15 I-T
10x4x15 I-T
12x4x16 I-T
12x4x19 I-T
18x7x12.75#/1

7.85# |-T
10x3% L C/F
28.3#C
12x3% L C/F
30.9#C
13x4 L C/F
35.0#C
15x3 3/8 L
C/F 40.0# C
18x4 L C/IF
58# C

Table 3.2 - 1. Digortion Effects on Component Buckling Capacity

Steel
type

high
strength
high
strength
high
strength
high
strength
high
strength
high
strength
high
strength
high
strength
high
strength
high
strength
high
strength
high
strength
mild
steel
mild
steel
mild
steel
mild
steel
mild
steel

Plating
Thickness

(in)
0.3125

0.625
0.5
0.75
0.375
0.625
0.4375
0.625
0.75
0.275
0.625
0.625
0.65
0.65
0.65
0.65

0.65

Not

Distorted

1

1

60

Component Buckling Capacity

Distort = ¥4%
of Span
0.99
0.99
0.98
0.98
0.98
0.99

0.99

0.99

0.98
0.98
0.98
0.97
0.98
0.97
0.97

0.97

Distort = %2%
of Span
0.91
0.86
0.92
0.89
0.64
0.93
0.95
0.95
0.95
0.96
0.96
0.96
0.93
0.95
0.94

0.93

0.95

Distort = 1%
of span
0.81
0.57
0.82
0.69
0.56
0.8
0.87
0.87
0.85
0.9
0.9
0.92
0.86
0.88
0.87

0.89

0.9



3.3 Summary and Conclusions

The ULTSTR gpproach to estimate the ultimate capacity of a hull girder under longitudind
bending conditions assumes that the collgpse of the hull girder results from a sequence of failures of the
loca components. Therefore, before hull girder impact could be addressed, it was necessary to update
the andytical expressons, or load shortening curves, describing loca pand response in order to account
for distorted conditions. In the current study, these expressions were updated using the finite element
method. These load shortening curves should be modified further as studies are performed on different
plate-tiffener combinations and the sengtivity of the various parameters on failure becomes better
understood.

Loca component response is ot only necessary for determining the hull girder capacity but can
as0 be used to st tolerance limitsto avoid locd failure. The buckling and tripping failure of distorted
local components under compressive loading was investigated for severa plate-gtiffener combinations.
There was alarge reduction in buckling capacity of the limited plate-stiffener combinations before the
laterd digtortions approached 1% of the span length. To avoid locd failuresin the buckling mode it is
suggested that distortions should not gpproach these levels. In generd, a lateral distortions gpproaching
0.25% of the span length, plate-stiffener capacities degraded between 1% and 3%. In the tripping
failure mode, as the distortion magnitude at the stiffener midspan in the plane of the flange exceeded 3%
of the depth of the gtiffener, there were large reductions in capacity.
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4. Hull Girder Ultimate Strength M ethodology
Applied to Typical Sections

Thus far, we have defined a procedure for determining ultimate hull girder cgpacity using the
computer code ULTSTR, described important failure modes and their formulations incorporated in the
program, as well as recommended an gpproach for incorporating distortion effects into loca panel
response. To determine the effects of these distortions on hull girder capacity, numerous cross-sections
must be evduated. However, before ULTSTR can be used to estimate distortion effects on hull girder
capecity, the accuracy of ULTSTR predictions when determining the ultimate hull girder capacity for
undistorted hull girder cross-sections must be evauated.

The ULTSTR technique has been used to determine the ultimate cagpacity of numerous midship
cross sections. Although ULTSTR estimations are considered to be reasonably accurate, most results
have not been verified experimentaly. The congtruction of afacility in FY 93 &t NSWCCD heas offered
us the opportunity to compare experimental resultsto ULTSTR predictions. Thisfacility is cgpable of
testing a scaled midship section to collgpse under pure moment or moment-shear combinations to
determine the ultimate and residua strength of these complex configurations. The results of these tests
will be used as the basis for evaduating the ULTSTR gpproach in this study. Thisfacility, shownin
Figure 4 - 1, is cgpable of testing specimens up to 43" x 60" x 180" having ultimate bending capacities
in excess of 12.5 x 10° ft-Ibs. The specimen tested is the uni-directiona double hull structure shown in
Figure 4 - 2. During the tegt, curvature was measured using inclinometers and the moment was
caculated from load levels obtained from the actuators.
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Figure4 - 1: Sx Point Bending Facility and Test Specimen
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N.A. —x—————"
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Figure 4 - 2: Uni-directiona Double Hull Test Specimen

Figures4 - 3 and 4 - 4 compare the moment-curvature relationship obtained from the hogging
and sagging experiments of the uni-directiona double hull specimen with the ULTSTR predictions. In
both cases, the ULTSTR estimates were very close to the experimenta results for predicting the linear
behavior of the hull girder up to and including collapse. Post collgpse predictions are not an “exact
science’ and need further research. These tests have and will continue to be instrumentd in ULTSTR
modifications.
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Figure 4 - 3: Hog Moment-Curvature Comparison of ULTSTR Versus Test Data for the Uni-
Directiond Double Hull
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To some extent, thismode! test was also atest of plate distortion formulation on plate
effectiveness rdationships incorporated in ULTSTR. The ULTSTR representation of these moddls
used moderate to severe levels of plate distortion in the mathematical modd. We believed that
digtortions related to welding the relatively thin plating would represent moderate to severe digtortions
when scaed to more typica vaues. When comparing the results of the experiment with the ULTSTR
prediction, it appears this was the appropriate condition.

4.1 Distortion Effectson Hull Girder Ultimate Strength

The ULTSTR methodology for determining hull girder ultimate strength has proven to be an
effective approach to predict hull girder capacity. With the modifications for distortion effects discussed
earlier, ULTSTR should prove to be an effective toal for determining distortion effects on hull girder
capacity.

Ultimately, as more information becomes avallable to Satistically describe distortion variability
and as more numerica and experimenta studies are performed to describe strength dependence on
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digtortion magnitudes, ULTSTR can be modified to run in Smulation mode, randomly sdecting various
digtortion magnitudes to determine hull girder strength variability. However, to demondrate the
methodology, aless ambitious program was necessary. Three ULTSTR models were constructed
representing a frigate Szed vessdl, alarger destroyer type vessd and a very large vessdl representing a
commercid tanker. For the purpose of this sudy we will refer to the cross-sections as Hull F, Hull D
and Hull C, respectively and they are shown in Figures 4.1 — 1 through 4.1 - 3.
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4.1.1 Plating Effectiveness Effects

New welding techniques are effective in reducing distortions resulting from the welding process,
but sgnificant plate distortions continue to occur. The combination of moda shape and amplitude of
these digortionsis very difficult to determine, but this information is necessary when atempting to
evauate structura performance. For this reason, empirica expressions developed from tests are
effective, if not necessary, when describing the structural response relating to this type of distortion and
the methodology ULTSTR uses. Asdescribed earlier, ULTSTR uses a set of empiricd expressons
developed from test data to describe plating effectiveness characterigics. Basicdly, apand performed
idedly in test conditions was defined to have no distortion, and the pands exhibiting the grestest strength
degradation compared to ided conditions are defined as having severe levels of distortion. Although
this manner of defining plate effectiveness does not explicitly state distortion amplitudes, it does a
reasonable job of defining the strength characteristic ranges you can expect from the construction
process. Therefore, usng ULTSTR we can effectively bound the effect of plating distortion on hull
girder srength by assuming the separate conditions of a hull girder congtructed of ided pands
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(undigtorted pandls) and ahull girder entirely constructed of poorly performing panels (severely
distorted pandls). Idedlly, asinformation becomes available that satistically describes the percentage
of the various distorted panels expected during fabrication, ULTSTR can be modified to runin
smulation mode and yidld ultimate strength expectations rather than bounds.

Figures4.1.1 — 1 through 4.1.1 - 6 show the moment-curvature results of the ULTSTR analysis
for the three hulls congdered. The hull plating distortions included no plating distortion, moderate
plating distortion, moderate to severe distortion, and severe digtortion. Aswith al of the moment-
curvature plots, moment vaues were divided by the moment capacity of the undeformed cross-section.
Therefore, amoment of 1 corresponds to the ultimate strength of the undeformed cross-section.
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The graphs above indicate that the midship sections respond differently to plating deformations,
with the tanker configuration showing the smdlest change in ultimate strength when plating distortions
increased. One reason for thisisthe increased “hard” intersections occurring in double hull
configurations.

In generd, ultimate strength degradation from idedl plating conditions for the three hulls under
normd fabrication conditions, i.e. moderate distortion, was between 2% and 10%. Thisreatively small
decrease in capacity is an indication that the fabrication procedures and standards in practice ensure a
high retention of ultimate strength capecity. However, the 20% lossin capacity shown in some of the
figures under severely distorted conditions warn againgt relaxing plating distortion tolerances further.

4.1.2 Siffener Tripping Effects

Aswith plate digtortions, as datistica information becomes available on stiffener web, out-of-
plane distortions, reliability methods could be used to assess hull girder capacity. Using the reliability
methods described earlier, hull girder failure probabilities could be determined with each pand
deformation randomly selected according to a given distribution. In this study, it was assumed that dl the
diffenersin the cross section were distorted the same amount. This would give an ultimate capacity of
the “worst case scenario”, that is, the capacity of the hull girder if dl the panels were deformed the
maximum amount. Figures 4.1.2 — 1 through 4.1.2 - 6 show the moment-curvature results of the
ultimate strength analysis of the three midship sections as stiffener out-of-plane distortions incresse.
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The moment-curvature results described in the graphs above indicate that the ultimate strength
of the three hulls varied greetly under this type of digtortion. Ultimately, the main reason for this variation
isthat tripping falure is only one of the failure modes of the local components. Different cross sections
will have a different percentage of the componentsfail in the tripping mode. For example, across
section composed largdly of “hard corners’ would not be influenced as greatly by distortions criticd in
the ingtability failure modes. However, from a strength standpoint, it would gppear that this type of
digtortion does not impact hull girder capacity as much as plating distortion in the three hull forms
investigated. As the digtortion amplitude was increased to large levels, hull capacity decreased by as
much as 10% in certain cases.

4.1.3 Stiffener Buckling Effects

Beam-column buckling is another of the fallure modes investigated in thisstudy. Laterd
digtortion of the stiffener was considered the distortion having the largest impact on the buckling
capacity of the plate-stiffener combination. Figures 4.1.3 — 1 through 4.1.3 - 6 show the moment-
curvature results of the ultimate strength analysis of the three midship sections as the laterd distortion
imposed on the stiffener increased. 1n the buckling andyses, distortion amplitudes were a function of
diffener length. Aswith the previous analyses, the entire hull cross-section was assumed to have the
same digtortion levels.
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Laterd digtortion of the stiffener and its effect on the buckling capacity of the plate stiffener
combination had a sgnificant effect on ultimate hull girder capacity. At distortion levels gpproaching %2
% of the stiffener length, degradation of 10-15% was not uncommon. This effect was obvioudy
minimized, however, when the plate-gtiffener combination was not the critica structura component
faling. For ingance, in cross-sections with innerbottoms (hulls D and C), stiffener buckling would not
play a predominant role in the hogging condition when the bottom structure would be in compression.

5. Fatigue
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Structurd assemblies that are subjected to cyclic loadings during their service life could a some
time develop cracks that may sdf-arrest or continue to grow. If the cracks continue to grow, they might
not adversdly affect dtructure integrity or they might grow to such length that the Sructure is rendered
inoperable or catastrophic failure occurs. If possible, the structure should be designed to an operationa
dressleve which limits the probability of crack initiation within the service life of the ship and thus avoid
the crack growth phase atogether.

Thetimerate at which cracks first gppear in ship structuresis known to depend primarily on the
magnitude of the cyclic stress levels and the number of cyclesthat are gpplied to the structure at that
dressleve. To alesser extent, mean level stress effects (both applied and residual), stress sequence
effects, and materid properties can aso influence the fatigue behavior. Precisely how these effects
influence the rate of fatigue damage accumulation is not fully understood, even though fatigue failures
have been observed for nearly a century. Thisisduein part to the random nature of fatigue behavior,
uncertainties associated with materid propertiesin the welded heet affected zone, homogeneity of the
materia and flaw definition at the microscopic leve, as well as non-uniformity of test specimens.
Additiona uncertainties arise not only because the actua mechanism of fatigue damage accumulation is
unknown, but the fatigue loadings themsalves may aso occur in arandom manner, which is the case for
ship structures.

Since there isno way of monitoring fatigue damage accumulation, one must assume there is no
damage until cyclic loading commences and that damage accumulation has reached a critical vaue once
cracks begin to appear. Many researchers have proposed different hypotheses of how damage
accumul ates between these two extremes. By far the most popular method is the PAmgren-Miner (P-
M) damage hypothesis (Pamgren, A. (1924) and Miner, M.A. (1945)). The continued use of this
damage hypothesis no doubt gems from its smplicity and flexibility in goplication to any kind of cydic
loading. This damage hypothesis often produces fairly good fatigue life estimates aswell. The P-M
damage hypothesis assumes that fatigue damage accumulates linearly, i.e., that fatigue damage dueto a
given gress cycle only depends on that particular stress level, isindependent of previoudy applied stress
cycles, and is smply added on to the running tota of damage due to previous stress cycles.

5.1 Operational Profile

Thefirg part of any fatigue analys's procedure is to define the loadings to which the structure
will be subjected. In the case of surface ships, this involves defining an operationd profile or the
piecewise assortment of conditions that make up the ship’ s anticipated service environment. The
conditions are defined in terms of oeed, heading and sgnificant wave height. Time spent in each of the
individual operating environments is then determined from the product of totd time at seaand
probabilities of wave height occurrence, spectral formulation for a given sgnificant wave height, and
spead and heading combination for agiven range of wave height. A representative operationa profile
can typicaly be defined by three speeds, four headings, and sixteen sea conditions defined by significant
wave heights up to 16 meters (in one meter increments). |f one chooses to use the Ochi 6-parameter
family of wave spectra, each sea condition will be defined by 11 different spectrd formulations and
probabilities of occurrence. An assemblage of 2112 different structura responses can therefore make
up asingle typica operaiond profile.
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By setting up this aggregate profile of individua operating conditions, structural responses can
be quantified gatistically and dedlt with more appropriately on arationa bass. Fatigue damage
assessments can then be made elther on an ordered recompilation of al the individual responses, i.e.
condructing an exceedance curve, or by assessing each individua response separately and accumulating
the fatigue damage from each response.

5.2 Seaway Induced L oads

Seaway induced loads imposed on a ship are nearly impossible to predict as afunction of time.
However, after the loading occurs, seaway induced loads can easly be measured. The ship loading at
any ingant of time cannot be predicted with certainty since the ocean surface is arandom time varying
elevation. However, the gatistics of wave height and ship responses tend to remain congtant, or
dtationary over extended periods of time. Methods have been devel oped to describe these responses,
ever changing in the time domain, to essentidly a congtant form in the frequency domain.

In the frequency domain, a complicated time history is decompaosed into its basic frequency
components. The amplitudes of these components at a given frequency are essentially squared,
averaged and plotted as a function of frequency to produce power spectral density (PSD) curves.
These curves identify the concentration of regponse energy as a function of frequency.

If the systemislinear, both the (sructura) response and input loading (wave height) spectra
dengties can be used to calculate response amplitude operators (RAOs) by dividing the response by the
input a each frequency increment. “Root” RAOs are then obtained by taking the square root of the
quotient. The resulting plot of structurd response per unit wave height is characteritic of that particular
ship operating at that particular heading and speed, and is independent of the input excitation (wave
height). The ship response (for a given speed and heading) to different sea conditions can then be
obtained by multiplying the RAO by the desired wave height spectra RAOs effectively separate the
ship response characterigtics from the loading (wave) environment. For a given heading and speed,
RAOs are ether obtained experimentally from full-scale seatrials and scaled model tests, empirically
from agorithms based on these types of measurements, or even andyticaly. RAOs are typicdly
determined experimentdly. It is assumed here that the ship responses have a symmetric distribution
about a zero mean level which corresponds to a narrowband Gaussian process, i.e. are Rayleigh
distributed.

The properties of the power spectra dengity curve obtained by cdculating area moments of the
power spectral density curve about the ordinate axis, are particularly important in order to characterize
the entire stochastic response process. Specifically, the zero and first area moments are used to
determine the variance and average cyclic frequency for each response. Assuming the responses follow
a Rayleigh probability digtribution, the variance defines the digtribution and the product of the average
encounter frequency and the time spent in a given condition provide the expected number of cycles.
These two pieces of information provide the basis for congtructing the response exceedance curve.

The primary fatigue loads imposed on a ship are longitudina vertica bending moments due to
changesin wave height, and hull girder whipping as aresult of wave impact. These types of |oads have
been characterized from severd full-scaletrids and mode tests as afunction of principa ship
dimensions and the anticipated operaiond profile of the ship. The operationd profileis afunction of the
ship’s service life spent a sea, broken down into time spent operating at specific speeds, headings, and
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seadates. A method of combining the above parameters to obtain an estimate of lifetime longitudina
bending momentsis dso provided in Sikora (1983) and Sikora (1998).

These edtimates of lifetime bending moments can conveniently be expressed in the form of an
exceedance curve that is smply acumulative histogram of cyclic loading excursons, offset by the il
water bending moment. The exceedance curve is congructed by andyzing each individua Rayleigh
distributed response. The area under the Rayleigh probability dengty function beyond a given response
vaueisdirectly proportiond to the number of cycles exceeding that value. The number of cycles
exceeding a given response can therefore be obtained by integrating the Rayleigh probability dengty
function from that response to infinity and multiplying thet area by the total number of cydesin that
reponse. The total number of cycles exceeding a given response vaue is the running total of smilar
caculations performed on dl the other reponses. Repesting this process for severd other response
vaues resultsin aseries of discrete points of this response exceedance curve.

To perform the fatigue andyd's, the bending moment load history must be converted to a stress
history, or stress exceedance curve. Keeping in mind that the bending moment exceedance curve
coefficients define the bending moments at a particular location dong the ship’s length, then the stress
exceedances anywhere on that cross section can be obtained provided the section modulus is known,
asdefined by 5.2 - 1. Stress exceedances at any location along the hull girder can be obtained if the
longitudina bending moment distribution and the section properties dong the length of the ship are
known. For this report, discussion islimited to asingle point somewhere on the midship cross section.

s =Mc_M (5.2-1)
I S

In order to determine the fatigue strength of the structure, the actud distribution of stress must
be known throughout the structure, the point being that actual stresses should be used for fatigue
andyses and not design stresses. All materid which will be stressed and consequently contributes to the
section modulus must be included, whether it was included in the traditiona design process or not, e.g.
balligtic protection systems, aircraft carrier sponson structure, deckhouses, etc. For example, if the ship
has a deckhouse long enough to contribute to its longitudind strength, the actud hull girder stress
associated with the design bending moment will be lower than the design stress, and should be used in
the fatigue damage calculaions. The actua stressleve can be determined from ether full-scale
measurements, finite dement or rigid vinyl modeling, or a detailed stress analysis procedure for hull
deckhouse interaction, such as Kammerer’s method (Kammerer, J.T. (1966)). Once the actud stress
acting at the point of interest is determined from the known bending moment for that section, the stress
exceedance curve is obtained by dividing al the bending moment exceedance coefficients by the
effective section modulus.

Obvioudy, the fatigue andlys's can be performed for different desgn stress levels by smply
scding the stress exceedance curve such that the design stress can be parametrically varied to determine
the mogt fatigue efficient primary design stress for a given application.

For gpplications involving fatigue andyds of a given detall for an entire ship (e.g. buttwelds) the
dresslevd a stiffener butt welds located throughout the ship are of interest. For this case astress
factor table would be congtructed from a detailed stress analysis of the entire ship. The stresses
throughout the ship would then be normdized to a single reference point, the ked amidships. The stress
exceedance curve for any point on the ship could then be obtained by scaling the reference point stress
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exceedance curve by the appropriate stress factor from the stress factor table. However, this approach
only includes stresses resulting from primary bending and does not include the contribution of pressure
loads. If secondary loading conditions sgnificantly influence stresses in the region of interest, they
should be accounted for in the analyss.

5.3 Fatigue Strength Curves

The second item needed to implement the cumulative damage theory isthe ship’s structurd
behavior characterigtics to applied cyclic loads, or the joint detail’ s fatigue resistance to applied stress.
There are many factors that influence fatigue strength of a ship structure, component, or pecimen.
These factors include but are not limited to, materia type, materid strength, size of the structura
element, resdud date of stress, welding materid and strength, geometrical stress concentrations, type of
loading (axid, bending, torsion), environment (air, seawater, temperature), surface treatment (shot
peening, surface hardening), surface finish (pitting, rust polished, flush ground welds, as-welded), and
welding and fabrication defects.

The fatigue strength is generdly characterized by cycling the structurd dement at a congtant load
(or gress) level until failure occurs or apractica limit in the number of cycesisreached and thetest is
suspended. This procedure is repeated at severd different stress levels to determine the relationship
between applied stress and the number of cyclesto falure.

Dueto the nature of fatigue, and the many factors which affect it, ssemingly identica structurd
edementswill fail after adifferent number of cycles, even though they were tested under the same
conditions. It has become customary to develop SN diagrams to graphicdly illustrate the fatigue
grength of astructural ement. The SN diagrams are generated by plotting the gpplied stress (S) on
the ordinate versus the number of cyclesto failure (N) on the abscissa, and fitting the data to a power
function of the form shown in Equation (5.3 - 1).

Life = A(Stress)® (5.3-1)

Fatigue data generaly plot asastraight line on alog log graph (or log(siress) versus log (life) on
aregular graph). The inherent scatter can therefore be quantified by performing aleast squaresfit of the
fatigue data to alinearized form of Equation 5.3 - 1, shown as Equation 5.3 - 2.

Log( Life) = Log(A) + B( Log(Stress)) (53-2)

The resulting best fit Sraight line is referred to as the average or mean line (assuming the
log(Life) datato be normdly distributed), and can be used to estimate the mean life for agiven stress
levd, asshownin Figure 5.3 —1. Atlow sressleves, some data appear to approach a stress
corresponding to infinite life (for dl practica purposes); this stressis referred to as the endurance limit.

Although an endurance limit exists under congtant amplitude loads, test results produced under
random |loads indicate better agreement with P-M predictions when the constant amplitude endurance
limit is known and the S/N curve extended linearly a the same dope.
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Figure5.3 - 1. Conventional SN Fatigue Diagram

If SN datafor other than the mean line are required, e.g. 10% probability of falure, afamily of
SN curves can be plotted, each corresponding to a particular probability of failure. Thisfamily of
curvesisreferred to as PS\N curves (Probability, Stress, Number of cycles). There are two ways of
defining the PISIN curves, depending on the number of points available for the andyss. Thefirst
method is for the case when alimited number of data points exist at severd different stresslevels. The
data are fit to Equation 5.3 - 1, and the scatter is quantified by the standard estimate of error, or the
dtandard deviation of the differences between the actud data and the data as cal culated by the best fit
draight line. The data can then be treated as though the scatter in the log(Life) direction follows a
normd (Gaussian) probability digribution. The family of curvestherefore run pardld to one another,
with the mean life line representing 50% probability of fallure, aline one sandard deviation below the
mean would represent a 15.87% probability of fallure; two standard deviations below the mean line
would represent 2.28% probability of failure, etc. Thistype of plotisillustrated in Figure 5.3 - 2.
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Figure 5.3 - 2. SIN/P Diagram (Congtant Scatter in Life at a Given Stress)

Fatigue data, however, can aso show an increase in scatter with decreasing stresslevel. If
aufficient data are available a severd different stresslevels, then the data a each stressleve can befit
to a specific probability digtribution for that stresslevel. Having defined the probatility distribution at
each of the different sresslevels, lives corresponding to a particular probability of failure are calculated
at each of the dtress levels and then fit to Equation 5.3 - 2. This process is then repeated for many
different probabilities of fallure to generate afamily of P'SIN curves. An example of such aplotis

shown in Figure 5.3 - 3.

~ .
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-Log (Life)

Figure 5.3 - 3: SIN/P Diagram (Increasing Scatter in Life with Decreasing Stress)

Congant amplitude SN curves for most materids or structural dements generdly follow a
different dope at the low-gtress, high-cycle region of the SN curve and therefore exhibit aknuckle or
bend in the region of trangtion. This condition can be handled by considering abi-linear SN curve,
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where the fatigue characteristics are defined by two straight lines, the first portion of the curve defined
by log(A1) and B1, and the second portion by log(A2) and B2. Although of little interest for surface
ship gpplication, athird linear portion of the SN can exist a the high stress, low cycle region of the SN
curve near the yidd and ultimate strengths of the materia or structural element, producing atri-linear
curve which define the fatigue characteristics. Random amplitude tests have shown, however, that a
sngle line SN curve produces better agreement between prediction and experimenta fatigue lives than
abi-linear SN curve; in essence ignoring endurance limit effects.

The definition of applied stress may vary when dedling with fatigue data from different sources.
Congant amplitude fatigue tests are run a specific “R” ratios. An“R” ratio is defined asthe ratio of the
minimum stress to the maximum stress of a congtant amplitude test. An“R” of zero would indicate
cycling from aminimum gtress of zero to amaximum tendle sress; an “R” ratio of —1 would indicate
fully reversed stresses where the minimum dress is the same vaue in compression as the maximum
dressintenson. In addition, data are sometimes reported in terms of “equivaent R = - 1 sress’ or are
reported in terms of sressrange. Datain terms of different “R” ratios or equivaent stresses may follow
any one of severd mean dress correction relatiionships. One such relationship is known as the Modified
Goodman Relationship, which is expressed below.

S
o Shen = 1 (5.3-3)
S(R:'l) SJH

This eguation relates the maximum and minimum siresses to the ultimate tendle stress and
accounts for mean level effects. This equation can be more conveniently written in the form of Equation
5.3 -4, having solved for the equivalent R = - 1 stressin terms of the other parameters.

1

_(Smax - Smin)
S(R=-1)= 21 (53-4)
E(Smax + Smin)

1-

S

ult

Datain terms of stressrange do not account for mean stress effects and are only defined by the
excurson in gress between the minimum and maximum gress leves. Thisrelationship is given by
Equation 5.3 -5.

S = Sma>< - Smin (53 - 5)

range

It appears that large welded structural components made of thick members exhibit less mean
gress effect than smdll, thin welded specimens. This may be due to the presence of high residua stress
levels, on the order of the yield strength, in the large welded components that are not present in the
smaller specimens.

Either of these two conventions can be used in the cumulative damage cadculations. However,
both the applied stresses and cycles defined by the exceedance curve and the cycles to cause failure at
acertain dress leve defined by the fatigue SN curve have to be consstent, both in terms of equivaent
R =- 1 dress or stress range.

5.4 Linear Cumulative Damage Theory
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Linear cumulative damage theory was origindly proposed by Pamgren (Paimgren, 1924) and
later developed from a consderation of the work done during each loading cycle by Miner (Miner,
1945). “Miner’sRule’ asit iscommonly referred to, assumes that fatigue damage accumulates linearly
and isindependent of any neighboring stress cycles. Fatigue damage a a given stress leve is defined as
the ratio of the number of gpplied cycles to the number of cycles a which fallure occurs. In equation
form, Miner'sRuleis expressed as,

o, ni —
al N K (5.4-1)

Where n is the gpplied number of cyclesat the i stressleve, N; is the number of cydesto failure & the
i stresslevd, B is the number of stresslevds and K is the summation constant usualy taken as unity.
Miner's Ruleis applied by firgt dividing up or discretizing the stress exceedance curveinto “B” discrete
blocks aong the abscissa or “cycles’ axis. The maximum and minimum stresses, corresponding to
number of cycles exceeded, are then calculated at both the left hand sde and the right hand side of each
block. The average maximum siress acting within the block is obtained by averaging the maximum
dress cdculated a the left hand Sde and the maximum stress caculated at the right hand side of the
block. The average minimum gress acting within the block is caculated smilarly. The number of cycles
gpplied within the block is the difference between the number of cycles exceeded a the right hand side
and the number of cycles exceeded at the left hand Sde of the block. These calculations are repested
for each block, resulting in amaximum dress, aminimum stress, and a number of gpplied cydes having
been defined for each block.

Having determined a maximum and minimum stress for each block, the gppropriate stress leve
is calculated from either Equation 5.3 - 4 or Equation 5.3 — 5, depending on whether equivalent R = -1
dress or stress range is being considered. The number of cyclesto cause failure a that stresslevd is
then calculated from Equation 5.3 - 2 using the appropriate vaues for log(A) and B for the materid
being used. Thevauesof log(A) and B must be consstent with the way the gpplied stresses are
defined, i.e., equivalent R=-1 stress or stress range.

Whether using equivalent R=-1 stress or stress range gpproach, the damage incurred at theith
gressleve within theith block isthe ratio of the number of gpplied cycles within the block to the
number of cyclesto cause falure a theith block stresslevel. Repesting these cdculations for dl the
blocks and summing the damages for each block resultsin the total fatigue damage the structure will
accumulate within the number of years represented by the exceedance curve.

If the summation of damage is less than the summation condant, K, (usudly taken to be unity)
the structure will, according to the theory, successfully complete its service life and il have some
reserve life before experiencing fatigue fallure. If the summation of damage is gregter than K, faigue
falureis expected before the service lifeisreached. The fatigue life is therefore defined by Equation 5.4

- 2, relating the service life, summeation congtant, and accumulated damage.
Service Life K
o N

AN

Fatigue Life= Equation (54 - 2)

The summation congtant K can ether be determined experimentdly to accurately predict fatigue
lifefor andysis of a particular gpplication or be used to gpply afactor of safety to the calculated fatigue
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lifein the design process, most anadlyses use a summation constant of unity. Experiments have shown
that using a summeation condant of unity will usudly result in fairly accurate estimates of fatigue life.

5.5 Thelmpact of Misalignments on Fatigue Life

Misdignment of ajoint detall introduces loading eccentricities that can subgtantialy increase the
local stress magnitude. Finite element methods can be used to determine the stress concentretion factor
resulting from a given misalignment of adetall. Astheloca stress magnitude increases, the fatigue
characteristics of the detail degrade. To determine the correlation between the stress concentration
factor associated with the misdignment of the detail and the fatigue life of the misdigned detall, the
fatigue strength curves of specimens ddiberatdy misaligned a determined amount must be developed.
The stress concentration factors determined by the numerica modes can then be compared to the
experimentally determined SN curves to determine the relationship between the siress increase caused
by the misdignment and the fatigue strength reduction. Although sizegble databases of fatigue strength
curves exist for various aligned details, this database will need to be constructed for misdigned details as
wdll.

A series of fatigue tests were performed on digned cruciforms and cruciforms ddliberately
misdigned haf of the base plate thickness to determine the impact of the misadignment on fatigue
performance. The cruciformisshown in Figure5.5- 1.
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Figure 5.5 - 1. Misdigned Cruciform
The cruciforms were made out of various stedls and were cycled at constant amplitude values varying

between 7.5 ks and 30 kd. Results of the fatigue tests for the mild sted specimens are shown
graphicdly in Figure 5.5 - 2.
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Figure 5.5 - 2. Fadigue of Aligned and Misaigned Detall

In the figure “ stress amplitude” refersto the nomina far field stress magnitude. The peek stress
occurring in the misdigned cruciform will actudly be significantly higher than the far field stress amplitude
shown in the figure. To determine the peak stress vaue for the misdigned detall, finite dement andysis
(FEA) was used. The FEA indicated a stress concentration factor associated with this misaignment to
be approximately 2 timesthat of an digned cruciform. If fatigue life were only afunction of pesk stress,
the aligned and misdigned cruciforms’ trendlines would have the same dope, and the fatigue life of a
misdigned specimen a a given far fidd sress amplitude would be the same as the fatigue life of the
digned cruciform at double the far fidld stress. Assuming this linear inverse corrdation between pesk
stress magnitude and fatigue life of the detail, a* Stress Concentration Trendling” can be developed and
isdso shown in Figure 5.5—2. Asshown in the figure, this* Stress Concentration Factor (SCF)
trendling’” can be used to estimate the fatigue performance of this misdigned detail, however, it does not
exactly predict the fatigue performance of the misdligned cruciform as compared to the digned
cruciform. Therefore, in this case, the relationship between the stress concentration factor and fatigue
lifeis not alinear inverse rdationship and to define a more accurate trendline further fatigue tests with
other misalignment magnitudes are recommended.

The stress concentration factor for asted detail remaining in the linear, dastic range is not
materia dependant, and, for the most part, the SN curves for the various stedls are very smilar. For
these reasons, the type of stedl sdlected for a particular detall does not have a sgnificant impact on
fatigue life. This behavior has become apparent as the use of higher strength materias has become more
prevaent in ship condruction and fatigue problems have arisen.  Although the use of higher strength
gedsin the strength deck and ked fibers of the hull girder can significantly increase ultimate capacity, it
does not improve fatigue performance. In fact, as higher strength materia is used to reduce weight, the
hull girder section modulusis reduced and the primary stressesincrease. This causes areduction in the
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fatigue life of the hull girder. The stress concentrations associated with misdignments will further
degrade fatigue performance and should be carefully analyzed before reducing the design primary
sresses for higher strength stedls.

The means exig to estimate the fatigue lives of digned and misdigned details throughout the hull
girder cross-section. If the fatigue strength curves are known for the details in a ship cross section, one
can begin to design the ship for a given service life and determine tolerance criteriafor individud detalls.
When congdering fatigue due to vertical bending loads, misdignment tolerances for a detail near the
neutra axis of the hull girder cross section could be relaxed as compared to the same detail near the
outer fibers and gill exhibit the same fatigue life. Therefore, misalignment tolerances should be used as a
guide, but should be flexible and dlow for rdaxation if evidence is produced that the fetigue life of the
misaligned is not degraded to alevel below the operationd lifeit isintended. A fatigue assessment as
described in this report could be used as ameans of evauating the fatigue performance of a detail for
this purpose. Of course, vertica bending is not dways the only significant loading condition for a given
detall and other sgnificant loadings such as laterd bending, pressure heads and combined bending and
pressure loads should be addressed when needed.
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6. Conclusons and Recommendationsfor Future Work

This report describes an gpproach for determining appropriate tolerance limits on distortions
resulting from the ship construction process. The approach focuses on the structural impact of the
digtortions and, therefore, provides arationa structural bass for determining tolerance limits. It
addresses both strength and fatigue issues relevant to deformed and misdligned sructure. Hull girder
performance is characterized by the loss of load carrying capacity of the cross section, based on
predictions made by the computer program ULTSTR. ULTSTR estimates the ductile collapse of the
hull girder assuming the collgpse results from a sequence of failures of local components. Closed form
solutions describing the structura response of these loca components have been updated in ULTSTR
based on finite eement methods to account for fabrication-induced imperfections. An approach to
determine appropriate maximum misalignment amplitudes based on fatigue consderationsis aso
described. This approach aso uses finite e ement methods to determine stress concentration factors
associated with misdigned detalls.

The methodology developed in this effort to determine distorted structural response was used to
evauate the impact of severd digtortions on the buckling and tripping capacity of numerous plate-
diffener combinations. The digtortions believed to have the largest effect on tripping and buckling
capacity were consdered. Future efforts should evauate the effect of other types of distortions on
buckling and tripping capacity. Eventudly, other plate-stiffener combinations should aso be investigated
to complete a database on the most commonly used plate-stiffener combinations.

The impact of the ditortions on the tripping and buckling capacity of the stiffeners sdected to
demondtrate the methodology was varied. In generd, as imperfections were introduced, there was an
immediate drop in tripping and buckling capacity as compared to the undistorted shape. Asthe
distortions gpproached the tolerance limits, the tripping capacity of the selected stiffeners degraded
sgnificantly, dropping on the average 10%-15%. Similarly, the buckling performance degraded as the
distortions approached the tolerance limits, where reduced buckling capacity’ s exceeding 15%-20%
were not uncommon. Based on these results, performance of the stiffeners at current tolerance levelsis
margina and caution should be exercised before further relaxing of the tolerances is considered,
particularly near the outer fibers of the hull girder.

The impact of the digtortions on hull girder capacity was addressed by assuming that dl the
gtructura members were deformed an identical amount. Hull girder capacity was reduced between 5%
and 10% as digtortion magnitudes gpproached their tolerance limits. In the future smulation techniques
should be used to determine the hull girder capacities. The techniques should use redigtic, randomly
generated distorted components with varying degrees of distortions.

Recent efforts devel oping databases describing the fatigue characterigtics of various welded
details and advancements in the ability to predict cyclic structurd loadings resulting from a given
operationa profile make it possible to design a hull girder for agiven operationd life. These databases
should be used when defining appropriate primary stress allowables for the higher strength steels whose
detals have very smilar SN curves as smilar mild sted details but are currently dlowed to significantly
higher primary dresslevels. These efforts are d <o critica in identifying optimum ingpection schedules
and probable fatigue crack initiation sites for ingpections.
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Although numerica methods can be used to estimate the fatigue life of amisaigned detail as
compared to the digned detail by relating stress concentration factors to fatigue performance, further
fatigue tests are needed to expand the database and provide more accurate fatigue strength curves for
misaligned details. Eventudly, the degree of misaignment alowed for a particular detail should be highly
dependent on the location of the detail on the hull girder cross-section and the operationd life needed.
Economic decisions can then be made trading off costs associated with tighter tolerances and longer
operationd lives versus less stringent tolerances and shorter operationd lives.
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