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Abstract

New methods and tools have led to optimized ship structure, but poorly designed
details persist, leading to fatigue failure. The cost of optimizing all details is prohibitive.
A way is needed to parametrically assess fatigue life. Fatigue is a function of many
variables ranging from design and fabrication to operational issues and little work has
been done to quantify the relative effects. This work focuses on a narrow problem:
fatigue life of bulk carrier side shell frame lower bracket toes. The frame was reduced to
a simple two dimensional beam, subject to heave induced inertial and buoyant loads. The
ship was assumed to be operating in an ITTC wave spectrum. It was assumed that the
speed of advance is zero; the ship was flexible and the seas were from ahead. Boundary
conditions were modeled using spring supports and fixity parameters. Fatigue analysis
was performed using a hotspot SN approach and Miner’s Rule. Results show a rapid
decrease in fatigue life for ships greater than 100m.

A loading parameter was defined to model the difference between homogeneous and
alternate hold loading. Results indicate homogeneous hold loading is preferable for ships
less than approximately 290m in length and alternate hold loading is preferable for ships
greater than 290m in length. This is thought to be because the heave natural frequency
tends to be higher than the wave spectrum peak for small ships. Increasing length and
unit loading causes a lowering of the heave natural frquency to a value closer to the

forcing frequency of the waves for larger ships.



Acl W] ements

I am grateful to Dr Haddara and Dr. Bose for their help and guidance in preparing this
thesis.

I am also grateful to Lloyd’s Register of Shipping for their financial support during
this process and for allowing me to take pictures and extracts from their Technical

Association Paper “On Bulk Carrier Safety” (Ferguson ef al., 1992).



Table of C nts

Abstract.
Table of Contents iv
List of Figures. vi
List of Tables viii
ix

1. i 1
1.1 Problem Definition 1
1.2 Scope of Work. 10
13 1

2, 13
2.1 Definiti 13
2.2 Sinusoidal Stress Histories 15
2.3 Spectral Method: 17
2.4 Cycle Counting Method: 20
25 ilistic Method 23
2.6 Material Propertie: 26
2.7 Fatigue Proces 28
2.8 Test Data. 31
2.9 Factors Affecting Fatigue a2
2.9.1 Mean and Residual Stresses 43

2.9.2 Load Sequence Effect a4

2.9.3 Crack Closure. a5

2.9.4 Welding, 46

2.9.5 Surface Condition. 47

2.9.6 Corrosion. 47

2.9.7 Load Shedding a8

2.10 Damage ion Mods a8
2.10.1 Methods 48

2.10.2 Stochastic Methods 52




3.Fatigue Analysis of Side Shell Frame.

3.1 General 56
3.2 Physical i 63
3.3 Long Term Sea-State Predicti 68
3.4 Motion Study. 72
3.4.1 Typical Ship Respon: e

3 4.2 Isolation of Side Shell Frame Response. 75

of Transfer Fi 77

35 ion of Local Loads 83
3.6 Finite Element 86
3.7 Fatigue Analysis 91
3.7.1 Toe Stress 91

3.72 Fatigue Analysi 9

4. Results and Discussi 96
4.1 Finite Element C 9%
97

4.3 Fatigue Life Variation with Length 100
4.4 Fatigue Life Variation with Loading Pattern. 101
5.Ce ions and i 104
107

Appendix 1: P ic Study 110
Appendix 2: Rule-Based Frame 13
1us

A dix 3: Analysis P




List of Figures

Figure 1.1: Typical Bulk Carrier(Ferguson ef al.1992).....
Figure 1.2: Frame Cracks(Ferguson et al,1992 ).
Figure 1.3: Shell Punch Out(Ferguson ef al.,1992) ....
Figure 1.4: Typical Fatigue Damage in Ships
Figure 1.5: Typical Repair Detail

Figure 2.1: Load Types

Figure 2.2: ic of Simple Sinusoidal Proces:
Figure 2.3: Stress Hi: for Si idal Proce:
Figure 2.4: Narrow Banded Process
Figure 2.5 : Random Stress History.
Figure 2.6 Level Crossing.

Figure 2.7: Stress Hi: C ion using Cycle Counting. 23
Figure 2.8: Monotonic and Cyclic Stress-Strain Curves .. .
Figure 2.9: Schematic of Surface Intrusion
Figure 2.10: Fatigue Process Chart

Figure 2.11: Schematic of Typical Raw S-N Data ...
Figure 2.12: Schematic of Typical Converted S-N data..

Figure 2.13: ic of S-N Curve Categorie

Figure 2.14 ic of Strain-Life Relation

Figure 2.15: Crack Growth vs Stress ine et al.,1990)
Figure 2.16: Crack Growth Regimes (B ine et al.,1990)

Figure 2.17: Variation of Fatigue Life with Mean and Alternating Stress
Figure 2.18: ic of Fatigue ion Formulae

Figure 2.19 Fatigue Analysis Chart

Ship Stress
Schematic of Bulk Cargo Loading Patterns
: Typical General Arrangement and Side Structure
Midship section
Beam profile
ITTC Wave Spectrum
: Cargo Hold Bottom Sag Due to Cargo Weight...
Heave Response
Heaving Right Cylinder Added Mass Coefficient(Newman,1977,0299)
Heaving Right Cylinder Damping Coefficients(Newman,1977, p299)..
Figure 3.11: Heave Rcsponse litude Operators.

Figure 3.12: Load
Figure 3.13: Schematic Overview of Frame Model

Figure 3.14: Generated Model ic (not to scale).

Figure 3.15: Beam Element Definiti

Figure 3.16: Truss Element.

Figure 3.17: Fatigue Category Chosen etal,,1992)
Figure 3.18: Weld Toe Detail:




Figure 3.19: S-N Curve for Joint Category 21(s) ( From SSC 69)
Figure 4.1: Convergence with increasing N_BOTTOM_T¢
Figure 4.2: Fatigue Life with Variation of FIXITY.....
Figure 4.3: Life vs. Ship Length
Figure 4.4: Fatigue Life vs. Length for Various Load Coefficients
Figure 4.5: Shift of Natural Relative to




ist of Tal

Table 1.1: Casualty Statistics(Ferguson et al.1992) .....
Table 2.1: Fatigue Models
Table 3.1: ITTC Modal Frequencies and weights(Hughes,1983, p152)....
Table 3.2: Signi Wave Height Distribution(Hughes ,1983, p157)
Table 3.3: Classificati




Nomenclature

LWL

N
Nporrom_FLare
Ngorrom_toe
Ny
Nrop_Frare
Nror_toe

R

RAO:
RAO:

N
S(w)
T

Top
Topside

ship breadth
block coefficient

cargo loading coefficient ( 1.0 = homogeneous, 2.0= alternate

hold loading)

ship depth

elevation of double bottom above keel
ship deadweight

buoyant wave force acting on bottom
inertial wave force

restraint coefficient for upper toe
restraint coefficient for lower toe
elevation of hopper tank crown
significant wave height

calculate moment of inertia

Rule required moment of inertia
stress intensity factor

ship length

load waterline

number of cycles to failure

number of elements in bottom flare
number of elements in bottom toe
number of elements in midspan
number of elements in top flare
number of elements in top toe

stress ratio

response amplitude operator for absolute ship movement
response amplitude operator for relative ship movement
stress range

wave spectra

ship draft

height of topside tank

width of topside tank

crack |

amplitude of wave of frequency @
added mass coefficients

damping coefficients

breadth of flange

depth of web
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gravitational accleration

depth

weighted wave amplitude

stiffness or wave number

length along hopper of lower bracket
length along topside of upper bracket
length along shell of lower bracket
length along shell of upper bracket
msx + added mass

sectional mass of ship and cargo
hydrostatic pressure

dynamically modified pressure

ratios of frame dimensions

thickmess of flange

thickness of web

absolute vertical movement of ship
coordinate along length of ship
centroid of beam

centroid of flange

centroid of web

section modulus, relative vertical movement of ship

strain

damage ratio

density of seawater

stress

circular frequency

modal wave frequency

structural natural frequency

wave confidence interval weighting factor
wave probability of occurence



1. Introduction
1.1 Problem Definition

Traditional ship design was based on experience of what had worked in the past —
handed down from individual shipwright to apprentice as a craft. Insurance losses
dictated a more uniform approach to shipping. Classification societies originated to

the i risk i with existing vessels. They then moved on to

develop their own Rules covering ship design in one of the first attempts to rationalize
design. These Rules developed to be a mix of first principles analysis modified by
statistically derived correction factors and were holistic in approach. The interactions
between different design variables where not understood and not explicitly accounted for
in first principles, were implicit in the statistical correction factor. By designing to the
Rules a reasonable structure, though not necessarily the lightest or most efficient, could
be achieved. R

As Hughes noted, “We are at present in the midst of a gradual but profound change in
the philosophy and practice of ship structural design.. toward rationally based design
which may be defined as design which is directly and entirely based on structural theory
and computer based methods of structural analysis and optimization, and which achieves
optimum structure on the basis of designer-selected measures of merit”

Hughes identified two distinct levels of structural design: preliminary design
covering the principal scantlings and design of details (eg. brackets). The engineering
effort was focused on the principal scantlings and the detail design, a secondary matter,
left to suit production. “In the past, during the ship design and production process, the

definition of structural details has too often been left to draftsmen who had no in-depth



knowledge of fatigue design princi| and i have been itted to

modify the details provided to them by the designers — generally to solve real or
perceived problems.” (CMS, 1997,p25) The effect was often a combination of optimized
panels and poor detail.

Associated with this lack of attention to detail design was an increase in the size of
ships. “In the 1960s and 1970s, the size of US built tankers increased by a factor of about
six in the relatively short period of 10 years” (CMS,1997,p87). Concurrent with this, was
the use of high tensile steel to allow lighter scantlings and a reduction in profit margins
as fuel costs escalated.

The net effect: large, poorly maintained ships with highly loaded flexible panels
supported by mediocre details in a corrosive dynamic environment. It was a recipe for
trouble which struck when the first generation of optimized tankers and bulk carriers built
in the early 1970s hit 15-20 years of age. The combined effects of corrosion and fatigue
became apparent in the early 1990s when a series of well publicized bulk carrier
casualties were suffered. Ferguson ez al. (1992) summarize bulk carrier and OBO

causalities between Jan/90 and Sept/92 (Table 1.1).
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Figure 1.1: Typical Bulk Carrier(Ferguson et al.1992)
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Separate tracket Intogral bracket

Figure 1.2: Frame Cracks(Ferguson et al,1992.)  Figure 1.3: Shell Punch Out (Ferguson et al.,1992)

As can be seen from Table 1.1, a significant number of failures involve flooding
due to progressive failure of cargo hold side shell frames (see Figure 1.1 for a typical
bulk carrier structure).

Typically, the upper/lower end brackets of a side shell frame fail due to
fatigue(Figure 1.2). Any load these frames carried is shed to the adjacent frames which in
turn accelerates their failure. This chain reaction proceeds leaving relatively large

portions of the side shell and thus ible to it bending fatigue

or wave punch out (see Figure 1.3).
Upon failure of the side shell, the hold is flooded. If the transverse bulkheads are
weakened, wave action can cause collapse of the bulkheads separating the holds and

cause the flooding to proceed from hold to hold, quickly leading to total loss.



All ships can experience fatigue problems. Ushirokawa (1981) makes the

following observations based on fatigue testing of representative tanker structures:
1) Fatigue cracks start around the point of maximum measured stress/strain.
2) The position of crack initiation is influenced by extremely localized stress
concentrations such as those produced by the shape of the bead in fillet welds
and surface flaws present on members.

3) Fatigue cracks initiate, not at one but simultaneously at several points

4) While depending on the form of the structure represented and the conditions of

loading, cracks generally initiate at the toe or root of fillet welds

5) In many cases, the cracks initiate at wrap-around fillets surrounding brackets or
stiffener extremities, or at parts of similar configuration, and propagate in the

direction of the seam axis or else towards the plate member.



Figure 1.4: Typical Fatigue Damage in Ships

The management of these fatigue cracks in operation is difficult, due in part to the
following:

~the cracks may not always be detected because of dirt or because they are in
members which are in compression at the time of survey;

-repairs are expensive, not only the cost of doing the repair but also the lost
charter (e.g. $10 000 to $33 000 per day for a typical ship) and repair jobs

running from a day to weeks depending on availability of approved steel and the
scope of the repair;



—repair facilities may not be available — eg. if a crack opens up in the main deck,
mid-ocean, there is not much the crew can do except drill the ends of the crack
and hope;

-the liability to the owner due to an oil spill from a crack in the shell can be

enormous.

Given the above difficulties, it would appear that in association with optimized
primary structure, detail design must also be optimized for its environment. The nature
of this optimization being for example: softening of bracket noses and crowns; use of
notch toughened steels; local redesign and/or use of over-sized sections. A typical

example of such a recommendation for a repair is shown in the Figure 1.5.

Sketch of damage Sketch of repair

Additional

/ brackets with

softtoes

7
Fractire
Figure 1.5: Typical Repair Details



Damage tolerant methods of fatigue crack have been by the

aerospace industry and are well established in those industries (CMS,1997; Harris,1997).
Ma et al.(1995) describe a computer based repair management system for ships. These
methods however are not yet widely accepted in the marine industry. In specific

instances, these methods are iate but generally, considering the difficulty and cost

of inspection, repair and liability, it seems to on ing fatigue
cracking in the first instance through design.

Methods used to design structures for fatigue strength are now well established
and codified in various rules and standards. There is however a cost associated with this.
The question must be raised: do all details need to be optimized? If not, is there a way to
identify which details must be optimized and which may be left to suit production? These

are the questions that will be addressed herein.



1.2 Scope of Work

The present work focuses on the problem of bulk carrier side shell frame fatigue
introduced in the previous section.

This focus is chosen because the overall problem is too broad. One purpose of this
work is to review some of the issues involved in fatigue analysis and demonstrate the
breadth of the problem. This breadth of scope may in fact preclude any simple means of
general fatigue analysis. Despite this inherent uncertainty, it remains that some criteria
for categorizing particular details as sensitive or insensitive to fatigue is desirable and in

certain situations, such as the one developed here, are possible.

Consequently, this thesis:

) reviews basic fatigue concepts;

2) puts these concepts into a shipboard framework;

3) develops and analyzes a simplified model of a bulk carrier frame;

4) examines fatigue life of this frame as a function of ship length and loading

condition.

To date, there is no known i work specif ining the fatigue life of
bulk carrier side shell frame lower end brackets as a function of ship length and loading

condition.



1.3 Methodology

The method used to perform the fatigue analysis is as described below.
This thesis focused on the fatigue life of a typical bulk carrier lower end bracket. A
“typical” bracket was defined by first performing a parametric study of a series of bulk
carriers to establish basic dimensions as a function of length. Given these basic

the “Rules and it for the Classi ion of Ships” (Lloyd’s

Register, 1999) were applied to determine scantlings.

The frame was assumed to be in the middle of a very long cargo hold of a flexible
ship. The effect of transverse bulkheads in supporting double bottom sag due to cargo
weight was ignored. The bottom hold was assumed to sag uniformly in the region of the
frame leading to a downward rotation of the transverse floors which was carried up to the
side shell frames as some unknown bending moment. Variations about this load,
responsible for fatigue, arise from passage of the vessel through a seaway. For
simplicity, the ship was assumed to have zero speed of advance in a head sea. A standard
spectrum ( ITTC) was used to describe the distribution of wave energy and hence height
as a function of frequency. The response of the vessel was modeled as a one degree of
freedom system thus yielding response amplitude operators as functions of frequency for
instantaneous acceleration and draft.

Given an acceleration and a draft, simple expressions were developed for loading.
These loads were applied to a finite element model of the frame. The finite element
model assumed the frame was attached to the hopper and topside tank by spring supports

‘which account for structural flexibility and model the local reaction between the frame



and hopper tanks. The stress in the toe weld as a function of frequency was simply
determined by dividing this reaction by the weld area.

The results from the finite element model were then applied to a hot-spot stress
fatigue analysis procedure. Using category 21S S-N data from the Ship Structure’s
Committee (Stambaugh, 1992), the toe stress was used to calculate the damage ratio for
each component of the spectrum using Miner’s Rule. The damage ratio per component
was calculated by assuming the ship is fully utilized so the number of stress cycles
experienced would be the number of seconds in a day divided by the period of that
component. The total damage per day was obtained by numerically integrating the
damage ratio over the entire range of wave frequencies. The number of days to failure
was calculated by dividing the failure ratio by the daily damage. A failure ratio of 0.3

was used as recommended by Hughes (1983).



2.Background
2.1 Definitions

Fatigue is the gradual accumulation of cyclic strain damage leading to crack
initiation and propagation. The cyclic strain response depends on design, loading and
dynamic response if there is some overlap between the range of forcing frequencies and
structural natural frequencies.

A body subjected to a load will develop a stress field. The stress field will vary

depending on the load bearing area and stress concentrations. Areas of high local stress

are “hotspots”.

Approach i;:;’:':ﬁ on|  Time Series | Fourier Transform
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Figure 2.1: Load Types



Load patterns may be categorized as static, periodic or random. Static loads are
constant. Periodic loads cycle through a constant range of values at a characteristic rate
called the frequency. Random loads are stochastic time series with no deterministic
interpretation. The various moments of the distribution ( eg. mean) may be known but the
instantaneous values of the series ( particularly the peak values responsible for the
majority of fatigue damage accumulation) cannot be known beforehand.

The stress history produced is determined by the load pattern (see Figure 2.1).

If the loads are periodic, the induced stress field will be periodic. If the period of
the load approaches that of the body, dynamic effects can increase the induced stress field
further.

Different situations will fall into different categories. Reciprocating machinery or
rotating shafts result in approximately sinusoidal stress histories with unit impulse
Fourier transforms. Simple interference loads can produce narrow banded beating

patterns with discrete Fourier Conti can have narrow banded

stress spectra or wide banded irregular stress histories depending on the frequency
content of the excitation and its frequency response function.
Generally, one of the first steps in fatigue analysis is to determine the stress

history category.



2.2 Sinusoidal Stress Histories

The simplest and most important stress history is the simple sinusoid (see Figure2.2)

where the Fourier transform is a single discrete spike at the forcing/natural frequency.

Stress

Figure 2.2: Schematic of Simple Sinusoid Stress History

The following relationships are important in fatigue analysis.

stress range: AC=0 g = Cpin
. -

stress amplitude: o, = ——Zﬂ-

meanstress: O, = —S=_——mi

stress ratio: R=—T2
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‘We note that the period is constant , 7, , and that for each period there is only one
maxima and one minima, consequently, the number of peaks and cycles for a given

record is well defined.

Construction of Stress Hi: for a Simple Si idal Process

The stress histogram for a sinusoidal process (see figure 2.3 below) would consist of
one entry whose amplitude is the stress range and whose count #; is the total time in the
history divided by Teyezz -

= Tore _ @Tora ®)

n
Torae 27

Count

Stress

Figure 2.3: Stress Histogram for Sinusoidal Process




2.3 Spectral Methods
As the frequency content of the stress history increases, the waveform becomes
irregular and so the certainty of a constant amplitude and period drops as the stress

history slips towards randomness (see Figure 2.4 below)

i
NPT Y

Figure 2.4: Narrow Banded Process

This slip is gradual though and when the range of frequency content is small, the
history may be considered narrow banded. An essential characteristic of a narrow banded

process is that there are unique cycles in the record — the amplitude and period may

change but there is the constant pattern of :
can be developed for the number of cycles based on the properties of the distribution

using probabilistic theory.
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The process is treated as a random process and the instantaneous value of the process
at any time ¢ is a random variable X with a probability density function  f(x) .
Moments of the distribution are defined as follows:

5 ©)
m, = j X" f(x)dx

Using this, various properties can be defined for a process possessing a probability
density function f(x) .
Expected value:

ElX]=m =" o ()ax ]

Expected number of peaks (for narrow banded processes):

E[P}= J’E ®)
L

Expected number of zeroes (for narrow banded processes):

E[0]= JE ©)
m

An irregularity factor which gives a quantitative indication of the spread is:

E[0] (10)
E[P]

7

which varies between 0 (wide banded) and 1.0 (narrow banded)
If the process is narrow banded and Gaussian, the population of peaks can be

shown to follow a Rayleigh distribution:

£ ¥ 11
p(X)= %exp[é] an



If the process is further restricted to be stationary ( i.e. moments are invariant
under time transformations), then spectral methods can be used. This is analogous to

Fourier analysis in which a complex signal is broken into a weighted sum of component

ids. This can be i i as a linear ion from the time

domain to a vector space whose basis is the set of sinusoids of frequency , and with

coordinate vector G,.

The Fourier transform pair are defined as :
2 = [ G@)edo a2)

- iar, 13y
G@) =5 s ar

‘Where G is called the Fourier transform of g.

Construction of Stress Histograms using Spectral Methods

Given this set of basic sinusoids (i.e. stress spectrum), the stress histogram is
created by superimposing the stress histograms from the basic sinusoids as obtained in
Section 2.2.

In the spectral method, a correction factor (usually based on correlation to cycle
counting results) must be introduced when the process departs from the narrow band

assumption to wide band status.



20

2.4 Cycle Counting Methods
As the frequency content increases still further, the ordering of maxima and

minima is lost and the pattern is random ( see figure 2.5).

Wil |
A

Figure 2.5 : Random Stress History

Stress

In this case, two approaches exist to sift out meaningful cyclic load information:

1) Cycle Counting ( dealt with here )
2) Stochastic Modeling ( dealt with in the next section )

The first is a cycle counting technique which works directly with the history Several
techniques exist: level crossing, peak counting, simple range counting, rainflow counting.

Only level crossing and rainflow counting algorithms will be described here.



Procedure for Level Crossing Counting
A reference stress is chosen to zero the series. The stress axis is divided into increments
above and below this reference stress. Starting on the first positive slope in the series, a
count is made whenever (Bannantine e al.,1990):

1) a positive slope crosses the reference

2) a positive slope crosses a new increment above reference

3) anegative slope crossed a new increment below reference

An example of the procedure is below (figure 2.6). Here the reference stress is zero and
the level counts (marked with x’s) were obtained using the previous rules. Given the
level counts, distinct cycles are obtained by forming progressively smaller cycles as the

level counts are used up.
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Figure 2.6 Level Crossing



Procedure for Rainflow Counting
Bannantine er al. (1990) reports rainflow counting was first introduced by
Matsusihi and Endo. This procedure has the advantage of being able to count closed
hysterisis loops. Bannantine ef al.(1990) report the following ASTM recommended
algorithm for performing rainflow counting.
1) The history is truncated so it starts with either a maxima or a minima. X = the
range under consideration and Y the previous range adjacent to X.
2) Read the next peak or valley. If out of data stop
3) If there are less than three points go to step 1. Form ranges X and Y using the
three most recent peaks and valleys that have not been discarded.
4) Compare the absolute values of ranges Xand ¥
a.if X<Y, go to step 1
b. if X>=Y, go to step 4

5) Count range Y as one cycle; discard the peak and valley of ¥ and go to step 2

Construction of Stress Histograms from a Cycle Counting Procedure

Cycle counting procedures ( eg. rainflow or level counting) work directly with a
measured portion (T,) of the total stress history (). Consequently, care must be taken
that the history used is representative of the total history and some consideration given to

the projection of a short term measured history for use as a long term stress history.
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Given a representative block of stress T, and a set of cycles J...m of stress range
... an derived from one of the cycle counting previously described, the number of

cycles of stress a;is T/T, (see Figure 2.7 below).

Stress

p—-—To
length of measured record

() cycle count

Figure 2.7: Stress HistogramConstruction using Cycle Counting

2.5 Probabilistic Methods

Another approach to obtaining cyclic loads, given a wide band, history is to
assume the peak data follows a probability distribution which is in turn used to establish

the distribution of stresses.

The probability distribution is chosen based on similarities to the expected
distribution of stress cycles in the parent data. The following are commonly assumed

probability density functions found in any standard text (Devore,1987).
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Normal

(x-

1
pr= o] A | 0%

The mean( u ) is the 50% quartile and the standard deviation (o) 2 measure of

spread of the bell curve. The central limit theorem provides some justification for

assuming the data is normally distributed as a first imation(Devore,1987).
Rayleigh
Given a normally distributed general jon, the ion of peaks can be

shown to follow the Rayleigh distribution shown below:

(15)
Again, o is a measure of spread of the population.
Lognormal
The lognormal probability distribution function is given below:
2
Ppe(x) '—z‘] (16)
=

This is a commonly used specialization of the normal distribution where it is
assumed that In(x) is normally distributed. This distribution is skewed. o is a measure

of dispersion.



‘Weibull

The Weibull probability distribution function is given below:

P =%x"" exp[—[%)ﬂ] an

a is a shape factor inversely proportional to the skew. /3 is a scale parameter.

Other probability distributions exist and the one chosen is what most accurately
reflects the data. The relevant parameters would be determined by curve fitting to any
relevant measurement data the analyst may have available. For example, Chen et
al.(1986) describe work that was done on the Sea-Land class of container ships where

strain gauge measurements were used to calibrate a gamma distribution.

Given the probability distribution function, the cycle count is determined in one
of the following ways:
1) an equivalent RMS value can be formulated, but as discussed by Vaughan (1982) this
has the disadvantage of neglecting the very peak values which are of interest.
2) probability exceedance charts can be created from which return periods and expected

number of cycles in a given span can be calculated.



2.6 Material Properties

Steel is formed from refined iron ore with controlled additions of alloying agents.
Impurities are always present in the melt. On solidification, metallic crystals form around
nucleation points. These crystals entrap some of the impurities/alloying agents as
interstitial or substitutional atoms in a solid solution and push the excess to the side

creating a complex multi-ph: i Di: ( edge, screw, mixed) are

formed as “errors” in the laying down of atoms during solidification. Dislocations are
areas in a crystal where either an extra half-plane of atoms are present (edge dislocation),
a half plane is shifted relative to each other (screw) or some combination of the

two(mixed) (! 1988). These di: ions are areas of high potential energy as

the crystal structure is deformed around them. Solid state diffusion of the entrapped
impurities occurs so the total potential energy of the system falls to a local minima
referred to as the Cotrell atmosphere.

As Xu(1997) notes, “Because atoms seek the lowest energy configuration, the
dislocations are effectively locked in place until an applied stress large enough to

the Cotrell moves the di: ion. Once it has been moved, much

smaller loads can continue the di: i which is ible for local

plastic strains.* This effectively establishes a threshold stress which must be exceeded
for the accumulation of plastic strain or fatigue damage.
The response of steel to a monotonically applied stress is summarized on the

stress-strain diagram ( figure 2.8) below.
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On application of stress from zero, the atomic bonds are stretched until the yield

stress is reached where the Cotrell is and disl

begins. Stress raises to an ultimate limit where the material will rupture.

g A

Figure 2.8: Monotonic and Cyclic Stress-Strain Curves

The initial stretching of bonds (slope = elastic modulus E) is linear, elastic and

upon ing. The of di ions is 1is and non-

it plastic damage.

The response of steel to cyclic stress shows a hysterisis effect as energy is
absorbed in doing plastic strain and work hardening/softening results. The energy
absorbed is proportional to the area under the curve.

Bannantine et al. (1990) reports, “Generally, transient behavior (strain hardening

or softening) occurs only during the early cycles. After this the material achieves a

yelically stable condition after i 20-40% of the fatigue life. Consequently,
fatigue properties are usually specified at the half-life when the material response is
stabilized. The cyclic stress-strain curve is obtained by connecting the vertices of

successive hysterisis loops.
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2.7 Fatigue Process

A complete analytical description of fatigue is not available but it may be
described qualitatively. Fatigue cracks begin at the surface or internal flaws where twin
slip faults are formed at a stress concentration. Crystals favorably oriented toward slip are

forced to yield back and forth in each cycle leading to a surface intrusion.

1] Dumage Free.

7
2) it Sip.

7
%
Y

Figure 2.9: Schematic of Surface Intrusion Formation
Ellyin (1997), identifies these slip zones as persistent slip bands (PSB) and
reports cracks tend to initiate at the interface between the PSB and surrounding matrix
when a localized saturation of dislocation movement has occurred (i.e. when the material
has absorbed all the plastic damage it can). Lampman (1996) reports initiation of fatigue
cracks has been observed to occur along slip bands, in grain boundaries, in second phase

particles and in inclusion or second-phase interfaces with the matrix phase.



Just initiated fatigue cracks are of the order of 0.1 microns (Lampman,1996,
p67). The growth of cracks this size (Stage I) is heavily dependant on local micro-
structure and is a very complex metallurgical problem beyond the current scope.
Some/many micro-crack(s) will emerge as dominant and grow by plastic deformation
along the slip planes. When the cracks reach a certain size (typically 3 to 4 grains),

loses i and their growth may be modeled using

fracture mechanics and this is termed stage II. According to fracture mechanics, a crack
will propagate when the strain energy released around the tip by crack extension is
greater than the surface energy absorbed by enlargement of the fracture surface. For
cyclic loading this energy is supplied during the peak of each cycle. Stable crack growth

occurs until the critical crack length is reached, whereupon the section will rupture.




FATIGUE PROCESS CHART

Figure 2.10: Fatigue Process Chart



2.8 Test Data

Bannantine ef al.(1990) report, work on fatigue has been ongoing for
approximately 150 years. Early work was done by Wohler (circa 1860) on rotating tests
of railway axle samples to establish a safe alternating stress below which failure would
not occur. He was the first to use the now familiar S-N diagram. The importance of cyclic
straining was first noted by Jenkin in 1923 but ignored until the 1950’s when Coffin and
Manson established quantitative relationships between strain and fatigue life. Work on
the propagation of cracks was published by Griffith in the 1920’s. It was based on energy
considerations in brittle materials. In the 1940’s, Irwin extended the theory to ductile
materials by quantifying plastic strain energy. In the 1950’s Irwin published an
asymptotic expansion for local stresses near the crack tip leading to linear elastic fracture
mechanics (LEFM). LEFM is used as a basis for crack growth and rupture models given

an assumed crack size.

Crack behavior is modeled for ks by fracture ics but

no such model exists for initiation and of mi ks. irical test data of
the form “stress/strain vs. cycles to failure at load amplitude 4 and constant frequency f
are used to predict crack initiation. The most common is the stress vs. number of cycles

(S-N) curve. These approaches are summarized in Table 2.1

‘Model Design Goal _Material Model
S-N infinite life  elastic

e-N infinite life  elastic-plastic
da/dN finite life elastic-plastic
hybrid e-da/dN finitelife  _elastic-plastic

‘Table 2.1: Fatigue Models
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Fatigue is a function of material properties and applied stress-strain history
Analysis is based on applying the results of test samples to simplified representations of

real to this is an ing of the iti under which

these test results were obtained and consequently the limitations they impose on realistic

For the fatigue of a structure to be valid, the experimental data

used must somehow “represent” it.

Fatigue crack propagation is adequately described using fracture mechanics.
Fatigue crack initiation is due to the accumulation of strain damage for which no
analytical method exists to predict it. Instead empirical results are used to predict crack
initiation.

Three types of empirical data exist depending on the controlled variable. Stress-

life data exists for load tests and strain-life data exists for
displacement tests. The two methods are related as will be shown. The third method is a
plot of crack length a versus number of cycles N for use in the fracture mechanics
approach.

The stress-life, S-N method was the first approach used.. Ideal test specimens
were subjected to a fully reversed mechanical deformation (e.g. rotating bend test) where
it experiences a uniform load/moment each cycle. The number of cycles to fracture the

specimen was counted.
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The nominal stress is calculated based on the applied load and specimen geometry
using simple elastic formulae ( e.g. o = My/I). Note, the elastic formulae were used even
when the stresses were outside the elastic limit. All plasticity is ignored.

The test is repeated for multiple loads and results plotted on an S-N diagram (

alternating stress vs. cycles to failure), an example of which is shown below in Figure 2.6

1
§ 08 =
£ o2 = \;\
o ————
’i 03
E 02
01
o
103 104 105 108 107 108
Life to Failure Neycles

Figure 2.11: Schematic of Typical Raw S-N Data

As can be seen from the S-N curve, the curve flattens out at some value around
10° cycles known as the fatigue limit. Below this limit, fatigue cracking will not start in a
similar experimental set-up. This can be related to the observation in Figure 2.5 thata

certain value of stress is necessary to start the accumulation of fatigue damage by

ming the Cotrell envi In reality, factors ( eg. damage,
corrosion or material properties) often rule out the existence of an endurance limit.
The S-N curve is approximated using a power curve:

NSy =4 as)



On a log-log scale, this is linearized. Bannantine et al.(1990) reports this first

done by Basquin in 1910:

.

log(AS) = -%log(N) +log(4™) 19)

or

log(N) =log(4) —mlog(AS) (20)
Linear ion can be on the logarithmi aS-N

pairs to get a line of best fit with slope —I/m and y-intercept log 4 = log ASa. An

example of analyzed data is given in figure 2.12 below.

10%
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Figure 2.12: Schematic of Typical Converted S-N data
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Now given AS,, and m from analysis of the linearized AS-N data, we can reverse

the logarithmic transformation:

AS,
N2 @n
(as)"
Failure occurs in the test specimen when:
N> AS"" (22)
(AS)

or equivalently, in terms of fatigue damage ratio (77):

>1=> failure

n=N 253;" == 1=>critical (23)
(¢ <1=>safe
This is the life ion statistic for ined test s subjected to a

uniform fully reversed load/moment with zero mean.

Two types of S-N analysis exist (Moan and Berge,1997): nominal stress approach
and hot-spot stress approach.

In the nominal stress approach, the structure or component under consideration
must be similar to the test piece in size, shape and material. Given, this correspondence,
the fatigue stress is calculated using simple elastic formulae as above.

In the hotspot stress approach, the requirement for geometric similarity is
relaxed. Test data is generated for classes of standard structural details (see figure 2.13
below for a sample). The class most closely corresponding to the one in question is used.
The stress is calculated to match that reported — usually it is stress immediately adjacent
to the detail (i.e. hot-spot stress). While the requirement for complete similarity has been
relaxed, it is still necessary to maintain similarity of : material, welding effects, surface

condition and notch effects.



Sample Detail Classification

Class A & O«

@ﬁ
Class B

Sample Detail S-N Curves

Figure 2.13: Schematic of S-N Curve Categories

This hotspot stress approach is the most commonly used in codes. The readers are
referred to any of the many available codes or standards. Some examples of these are the
“Structural Welding Code-Steel” (AWS,1998) and “Rules and Regulations for the
Classification of a Floating Offshore Installation at a Fixed Location” (Lloyd’s Register,
1999).

The stress life approach allowed an adequate means of controlling fatigue in
design — keep the stresses below the endurance limit by enlarging the dimensions. This
approach was not always practical in some industries such as the aerospace industry

where weight constraint forced higher utilization of the material. This meant the materials
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could be operating above yield in the plastic zone which was ignored by the stress-life

approach Consequently, a field of study was initiated under the heading of ‘low-cycle’

fatigue. Research in the area of low-cycle fatigue accel with the
availability of closed loop loading systems in the mid-fifties (Ellyin,1997).

Coffin and Manson working independently in the 50’s found that plastic strain-life data
(e-N) could also be linearized on a log-log scale (Bannantine et al. ,1990).

Again the plastic strain life curve is approximated by a power curve

N(asy =¢, 4

which is i Linear on is on the set of
experimental strain — cycles data to determine the exponent ¢ and y-intercept & in the

same way as above.

This method of applying known strains more accurately models the plasticity of
fatigue cracking. It is not as well suited to elastic fatigue but recall stress and strain are

related by the material’s stress-strain diagram which implies:

25)

™|q

The total strain is made up of a recoverable linear elastic strain (&) for stresses
less than yield and a non-recoverable non-linear plastic strain (5) for stresses greater than

yield.

E=8 +&p. (26)
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A distinct advantage of the strain life method is its ability to deal with variable
amplitude loading through improved cumulative “damage” assessment. Cyclix plasticity
responses are accounted for, and load sequence effects are reflected in the analysis and

results.

Application of the strain life method in its simplest form is to compare the total
strain amplitude at a detail to the part of the e-N curve having the necessary maean stress
effects included. The assumption here is that the detail on the part, perhaps in ahigh
constraint area will respond identically to a specimen that is geometrically a suncoth bar
in plane stress, albeit at the same strain level (Lampman, 1996, p22).

The S-N and &-N approaches are suitable for analysis of crack free comnponents.
Analysis of a cracked member demands a different approach based on fracture mechanics
because the singularity introduced by the crack causes concepts such as stress to
breakdown at the crack tip.

The third type of basic empirical data is based on fracture mechanics.

Fracture mechanics was first developed by Griffith in the 1920’s basedl on energy
considerations. Linear elastic fracture mechanics was developed in the late 1940’s and
1950’s.

Linear elastic fracture mechanics(LEFM) is used to study the behavior- of cracks.
It is formulated around the core idea that a crack will propagate by itself if the energy
transfer from loss of strain energy outside the crack region to energy absorbed. in crack
tip plastic deformation and crack surface formation is positive.

Irwin [1957] showed the local stresses near the tip of a crack may be expressed in

terms of an i ion in polar i centered on the crack tip.




@8)

K is the stress intensity function which defines the magnitude of the local stresses
around the crack tip. Irwin related these stresses to energy (based on linear stress strain
relationship) and showed cracks would propagate when a critical rate of strain energy
release (or equivalently a critical level of stress intensity K) was reached. The stress

intensity factor may be generally expressed by:

K=f(g)oJm @9)
Where o = the nominal stress in the section obtained from external loading;

a = crack length, assumed or given;

fle= i ion factor, from tables.

Every steel specimen has a maximum value of stress intensity it can withstand.
This is a material property and is determined through crack tip opening displacement

(CTOD) tests. Two types of fracture toughness are specified (Bannantine et al. ,1990):

K. is the plane stress fracture toughness for thin sections

Kicis the plane strain fracture toughness for thicker sections with triaxial stresses

‘When a component containing a crack is subjected to cyclic loading, the crack
length (a) increases with the number of fatigue cycles(N). Load amplitude(AP), load ratio

R and cyclic frequency v are held constant.
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Crack ion data obtained s can be plotted as crack length a

vs. number of cycles N of stress range Ac-at which the crack was measured (Figure
2.15). Aocan be related to AK using equation (29) and the crack growth rate da/dN
obtained by numerically taking the derivative. The results may then be plotted as shown

in Figure 2.15

Ac3< Ao2 < Aol

IV
2oyf [aeyf [Boaf
1

&
‘_g 4
$ VARV
« //
A il
Number of Cycles

Figure 2.15: Crack Growth vs Stress Range(Bannantine et al.,1990)

Three regions of crack growth can be observed from the fatigue crack growth rate

data as shown in Figure 2.16 below.




a2

da/dN (nm/cyce)

LOG( AK)

Figure 2.16: Crack Growth Regimes(Bannantine et al, 1990)

Based on analysis of such data in 1963, Paris and Erdogan proposed the

following crack propagation model for Stage II crack growth (Bannantine ef al.,1990):

da _ 3
e C(AKY (30)

Where C and n are determined empirically from the data. X is the stress intensity factor.

2.9 Factors Affecting Fatigue
Fatigue test data is generally obtained using i imens under y
bjected to ideal sis idal stress histories. This makes the test data well

suited to the analysis of machine components.

Real are welded ies which i adesign and are
subjected to random loadings. The differences in loading, surface condition, residual

stresses and welding make the straight application of test data difficult.
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2.9.1 Mean and Residual Stresses

Compressive residual stress will prevent crack development and improve fatigue
life by opposing tensile loads tending to open cracks.

Conversely, tensile mean stresses when super-imposed on an alternating stress
will lower the fatigue life. This follows from the effect of the mean stress in raising strain
energy, facilitating the accumulation of plastic strain damage.

A typical contour plot was developed in this work to show the pattern of fatigue

life variation with mean and alternating stress and is shown in the figure below.

Cycles to Falure

Figure 2.17: Variation of Fatigue Life with Mean and Alternating Stress




Approximations to the SAFE zone for a chosen number of cycles are made using

interaction formulae; two common ones being: Soderberg and Goodman (Bannantine er

al., 1990):

[€29)

62)

Where: o, ot are the yield and tensile strengths respectively, o is the endurance limit

and O, O, are the mean and alternating stresses respectively.

Figure 2.18: Schematic of Fatigue Interaction Formulae

2.9.2 Load Sequence Effects
Fatigue failure is a progressive process. At any time in the specimen’s life, a

threshold value of stress-strain must be reached to induce a packet of fatigue damage.
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By examination of the fatigue process chart (Figure 2.10) the following is noted:
1) A certain stress is required to cause damage
2) The nominal hotspot stress is multiplied by a fatigue notch damage factor(K).
3) Kyis initially assumed to be one and is subsequently incremented by an amount

proportional to the damage caused.

It is noted the stress is weighted by the fatigue notch damage factor. Given a high
K, all stresses are significant in causing fatigue; given a low Kj; only the highest stresses
are significant.

Consequently, load sequences are crucial. For example, consider two sequences,
identical in the size and number of stress cycles but with one having a peak early in its
life. The one with the early maxima will have a shorter life than the other because Kyis
prematurely incremented causing a greater portion of the stress history to be active.

This affects the ratio of crack initiation period: crack propagation period. In
structures with randomly occurring high loads, crack initiation could be caused much

early than in an equivalent machine specimen.

2.9.3 Crack Closure
Local plasticity occurs at the tip of a propagating crack resulting in a slightly

compressive residual stress, which retards crack growth (Xu,1997).

This is applicable only to the fracture mechanics fatigue model, which is not

being used here and will not be expanded on.
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2.9.5 Surface Condition

Because most fatigue cracks occur at or near the surface, there is a high sensitivity
to surface condition.

Case hardening can help improve fatigue life because most case hardening
procedures involve the high temperature solid state diffusion of nitrogen or carbon into
the surface layers. This causes a slight increase in the volume of the surface layer which

puts the surface into compression and increases fatigue life (Bannantine et al. 1990).

2.9.6 Corrosion

Corrosion is the oxidization of exposed surfaces of steel. The oxidization process
is accelerated in the presence of seawater. Iron is oxidized over the surface to form iron
oxide. The oxide is porous allowing water to penetrate and cause deeper degradation.
‘This oxide is brittle and will crack or flake off when subjected to strain In hotspots
subjected to high cyclic straining, the oxide is repeatedly cracked off leading to fresh
exposure of steel. This steel is then oxided and the process begins again with the next
cycle. This process leads to stress corrosion cracking which is of great importance but

unfortunately extremely complex.

No ical means of | stress corrosion cracking exists
(Lampman, 1997). Cook reports as much as a 50% drop in the fatigue life of an immersed
specimen over that of a specimen in air. Hughes suggests a failure ratio of 0.3 for
locations that are maintainable and 0.1 for locations where maintenance and inspection

are impossible.



2.9.7 Load Shedding

As a crack progresses, the stress profile across the cross section can be found
using fracture mechanics. Integrating the stress over the cross sectional area yields the net
load carried by the member. Results show a decreasing capacity to carry load.

In non-redundant structures, this results in an acceleration of the failure process.
In redundant structures, adjacent members will take up some of the load thereby

accelerating their failure and slowing the failure of the original.

2.10 Damage Accumulation Models
Given a stress history, it is then analyzed by one of the methods in section 2.1 to
yield equivalent blocks of uniform cyclic loading comparable to experimental set-ups.

These must be combined to predict actual damage.

Figure 2.19, ped in this work, izes the damage

approach. A stress histogram is obtained through deterministic or semi-probabilistic
methods. The number of cycles at each stress interval is determined based on the
distribution of the loads. The number of cycles to failure at each stress interval is

determined from the S-N curve. The damage is then summed up.

2.10.1 Summation Methods

Linear Methods — Mirer’s Rule
The accumulation of damage is assumed linear and independent and identically

distributed. In other words, no consideration is given to load sequence effects.
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Failure is predicted to occur when damage is greater than the failure ratio 7:
Izn (3)
‘Where : n;= number of stress cycles at a given stress oj;

N; = number of cycles to cause failure at stress oi.

The choice of 7 is somewhat arbitrary but following the lead of Hughes (1983) a
value of 0.3 is used.

This is by far the most common accumulation model and is widely accepted in
most codes and standards. “ For most situations where there is a pseudo-random load
history, Miner’s rule is adequate for predicting fatigue life”(Banantine ef al_, 1990 ,p182).

There are drawbacks however. It does not account for load sequence events and
applies equal weighting to all loads. For elastic S-N analysis, this is acceptable for high
cycle fatigue but can be optimistic for low cycle fatigue where the accumulated damage
can be much greater than the cycle ratio n/N;. As can be seen from Figure 2.14, for high
cycle — low stress fatigue, the elastic strain curve merges with the total strain curve
indicating elastic analysis is sufficient. For low cycle — high stress fatigue, the elastic
curve falls below the total strain curve indicating that a large component of the
accumulated damage ( ie. the plastic component) is being neglected in the elastic analysis

thus leading to an over-estimate of the life.
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2.10.2 Stochastic Methods

The second approach is to recognize the inherent uncertainty in the fatigue factors
and treat them as random variables. Ximenes(1991) reports sources of uncertainty in the
context of tension leg platforms as:

1) environmental conditions such as sea scatter, wave spectrum and wave energy

spreading

2) wave load modeling

3) structural modeling

4) methods of stress analysis

5) stress concentration factors

6) fatigue damage model

7) fatigue strength

Similar uncertainties exist for ships, meaning the occurrence of a packet of fatigue
damage must be considered a random variable.

The most simplistic approach is to determine the root mean square (RMS) stress-
strain, treat this as a simple sinusoidal history and apply Miner’s Rule. This can under
estimate the life due to neglect of peak values. Vaughan (1982) described a modified
RMS approach where the RMS value is calculated not for the entire record but for sorted
blocks of decreasing stress ranges

Another approach is to treat the stress range in Miner’s Rule as a random variable.

Recalling the basic S-N relationship:

NSy =C (35)
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and Miner’s Rule:

n
nez @6)

Where:
S = stress range;
m,C = S-N empirical constants;

N=number of cycles to failure at S;

7= failure ratio.

We assume a maximum number of stress events (N;) the occurrence of stress
event s; follows a certain probability density function p(sy), from which the number of
stress events at s; can be found:

N,p(s)As
_s N.p(s; 3
n=X cIs ()
taking the limit as As — 0 yields:

N, -
n="gES") (38)
where the expected stress range S is:

E@S™)= [} 5" p(s)ds [€D)



Failure occurs when 7 reaches some value. 7 is nominally one but as reported by
Hughes (1988), a value of 0.3 to 0.7 is not unreasonable depending on the risk and
uncertainty in the analysis.

The probability density function p(s) is commonly assumed to be a Rayleigh or
Weibull distribution whose parameters are chosen to give correlation to measured
histories. As an example, assume the long term stress distribution follows a Weibull

probability distribution then the expected stress can be shown to be:
E(S™)= 8" (lnN)™* l‘(l +%) (40)

Again where S; is some characteristic value of stress range, k is the Weibull shape
function, m is the slope of the S-N curve, N is the expected number of cycles and T is the
gamma function.

‘The difficulty with the application of statistical methods is determination of
appropriate values of the statistical parameters. Ma and Bea (1995) describe a reversed
fatigue analysis procedure where the lives of failed details is used to determine these
parameters in the context of a repair management program.

Hughes (1988) gives long term stress exceedance plots for several tankers and
containers ships. He concludes from these that a k factor of 0.7 to 1.0 is suitable for large
tankers and bulk carriers and that for container ships and general cargo ships, a value of
1.0to 1.3 is suitable. He also presents stress ranges ( hull girder bending) at an
exceedance probability of 10~ per year for a bulk carrier of 29.5 ksi(206 MPa).

An altemnative approach is to assume the stress distribution follows the loading
distribution. Since for ships, the primary cyclic load source is wave action, which can be

shown to follow a Rayleigh distribution, the stress distribution is assumed to follow a
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Rayleigh distribution, the parameters of which are found from wave statistics. This

approach is discussed in Hatlestad ez al. (1979)

Reliability methods can be used to quantify the risk of fatigue failure. These are
not pursued here and the interested reader is referred to Sobczyk and Spencer(1992) or
the article “Reliability in Fatigue and Fracture Analysis of Ship Structure” by Wirsching

and Mansour (CMS, 1997).



3.Fatigue Analysis of Side Shell Frame
3.1 General
Generally, a ship of a given hullform carrying a cargo with a given speed, heading and

route in a seasate will experience dynamic loads and stresses. The design stresses are

by local fabrication defects and ion, leading to the high local

stresses responsible for fatigue (see figure 3.1 below).

Hullform | Fabrication |

Design Stresses Hl

e

Ddegradation

L
L — o —

o
g
H

—

Figure 3.1: Ship Stress Schematic

Speed, Heading, Route and Seastate
The speed and heading are operational parameters and are closely tied to the route
and the expected sea-state along a certain route. Route planning is normally done by the

owner in preliminary design. Essentially, different areas of the world have different
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characteristic wave spectra and the motions of the ship are determined by the speed of
advance and heading of the vessel through a sea. This can be customized for specific
routes or composites built for travel through successive areas, if known beforehand. This
is a complex problem and specific to each chosen route. General approaches involve
choosing a wave spectrum and varying the speed and heading of the ship through the
waves; the approach used here will be to choose a wave spectrum and then chose a speed

and heading which simplifies the analysis. It will be the role of firture work to expand on

this.
Hullform
The hullform is set during the first stages of design subject to owner requirements,
igati i i or stability i The hullform is assumed to
be a given here.

The hullform in many ways governs the design of the ship. It sets the hull
envelope within which all structure must fit. It defines the resistance characteristics and

power and fuel i It controls to some extent the weight

distribution.

All ships solve the same set of problems (more or less) and so are similar to each
other. Consequently, it is possible to do a study of similar ships and determine average
ratios for length/breadth, length/depth as required. This allows determination of
parametric formulae for basic ship dimensions as a function of say length. Length is

chosen because it is the most convenient measure of the size of a ship.



Cargo
The cargo is ined by the trade. are density, total

weight and unit load. The total weight of the cargo is the deadweight (DWT) measured in
tonnes. It is stored over the length of the cargo hold (Lxo.p) leading to a sectional unit
load of

Wx = (Croan/Luorn) DWT “1)
where Cyo4p is a parameter depending on the loading pattern.
Two alternative loading patterns exist for bulk cargoes (see figure 3.2 below):

1) alternate hold loading where every second hold is loaded

for which C04p would approach 2.
2) homogeneous hold loading where cargo is evenly distributed.

for which Croap =1

Altemate Hold Loading

Homogeneous Hold Loading
S ——

Figure 3.2 : Schematic of Bulk Cargo Loading Patterns



It is anticipated that cargo weight could be significant and will be considered
separately in the current study. For the sake of simplicity, it will be assumed the ship is
always loaded in the same way and, to be conservative, that it is fully utilized.

The cargo is assumed to be heaped onto the double bottom floor of the hold. It's
weight is carried by inner bottom longitudinals to the transverse floors as shear. The
floors sag toward the center of the hold. The hopper tanks rotate into the sag carrying the
shear directly into the side shell through the turn of bilge strakes and into the side shell
frames as a bottom end moment. Towards the end of the holds, near the transverse
bulkheads, the inner bottom longitudinals are stiffened by the presence of the stool plate
structure and the transverse bulkhead which preferentially absorb the shear load instead
of the transverse floors. In this area, there is less sag, resulting in lighter bottom end
loads on the side shell frames. It will be assumed that the hold is very long and all the
shear loads from the cargo weight are carried up through the side shell frame as a bottom
end moment.

Loads

The loads on a ship may be roughly classified as still water and wave effect loads.

Still water loads arise from sinkage of the hullform until the net upward force
(buoyancy) equals the net downward weight. In general, sectional weight and buoyancy

differ leading to net sectional loads inducing global bending, shear and torsion.

Wave effects are direct modifications of ic pressure, redistribution of

buoyancy due to the wave profile, second order wave diffraction and radiation effects and
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induced ship motions. The ship motions cause accelerations of the ship’s mass causing

inertial loads.

‘Wave loads are superimposed on the hydrostatic loads. Wave loads cause :

1) buoyancy

2) instantaneous dynamic pressure modification
3) ship motions induced as a result of 1) and 2)
Wave elevation is a stochastic process meaning the load series is stochastic and

must be dealt with probabilistically.

Fabrication

The local response (stress-strain) is calculated using design data. In reality
fabrication defects may exist as given below:

1) mis-alignments

2) weld undercut

3) notching of brackets during outfitting

4) notching during bumning/cutting operations

5) weld defects ( inclusions, cracks, lack of fusion, lack of penetration)

These particular ication effects are i The
effects are beneficial:

1) peening

2) selective grinding of profiles
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Welding effects will be implicitly accounted for by using S-N data obtained from
welded test pieces, but otherwise, fabrication effects will not be explicitly considered

here: it will be assumed the structure is built as designed.
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Degradation
Degradation of the structure may occur due to :
1) corrosion

2) damage

These can be very signi For example as i di d, corrosion in

association with high stress can lead to stress corrosion cracking. Another example is
damage caused by grabs, bulldozers or shakers during unloading operations which can
cause notches or plastic damage.

It is very difficult to account for these effects. These are a function of operation,

and are ially random damage events. Similar to fabrication

defects, these are recognized as important but currently, indefinable. More work is
needed.

To account for degradation effects, a lower value of the fatigue failure criteria
will be used. It will be assumed here that fatigue failure occurs when the damage ratio n

defined in Section 2.8 is greater than 0.3 as recommended by Hughes (1983).



3.2 Physical Description

A typical general arrangement of a bulk carrier showing main dimensions is given in

figure 3.3

Topside Tank
Hopper Tank
ololo[olololololol
Bhd Double Bottom Bhd

Frame

Figure 3.3 : Typical General Arrangement and Side Structure



Generally, a bulk carrier consists of one or more cargo holds amidships. There is a

forward and with engi aft of the cargo area. The cargo holds
are of single-skin, double bottom construction with a sloping hopper tank bottom and
sloping topside tank top. The double bottom, hopper and topside tanks double as ballast
tanks. Cargo holds are separated by corrugated bulkheads mounted on stool plates.

The side shell is supported by vertical side shell frames. A profile view of the side
shell of a hold, looking outboard , is shown in figure 3.3. These frames support the side
shell against sea pressure outside and help to carry shear loads from the double bottom to
the side shell.

The design of a bulk carrier is fairly uniform despite changes in size. A
parametric study was completed using 78 existing similar ship designs (Appendix 1).
This parameteric study was intended to create a model of a typical bulk carrier as
function of length.

Based on the parametric study, overall dimensions of the ship and frame as a

function of length between perpendiculars(LBP) were found as follows:

B=0152L(m) @2
D =0.085L(m) @3)
T=0062L(m) @4

DWT = 0.006 L* (tonnes) @5)
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The frame is developed using the following idealized midship section as shown in figure
34.

Figure: 3.4 Midship section
All dimensions are measured with respect to the baseline located at the keel.

From the parametric study in Appendix 1, the following relationships hold for a “typical™

bulk carrier.
Hop =00296L(m) (@6)
Top = 0.0615L(m) @n

H=D-Top— Hop =00319L @8)



Given these basic dimensions, the scantlings for the frame were found by
application of Lloyd’s Register’s Rules for the Classification of Ships (Lloyd’s

Register,1999) as outlined below and detailed in Appendix 2:

1, =3243Jz(mm) (49)
1, =276z (mm) (50)
1,, = 30Vz(mm) G
1, =268Vz(mm) (52)

‘Where z is the Rule section modulus.

Figure 3.5 Beam profile
The ratios of flange breadth/web depth and flange thickness/web thickness are left as

parameters r; and r; .

B,

A=t (53)
I ¢

== (54)

t,=vJL (5)
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t, is the thickness of the web in millimeters.

The following relationship can be found for the moment of inertia of the frame (/,) :
1 1e” 1 1 trRl], e
L=|—rppre=tB= (" 2pepn, ° 7 ly 4| 100 =
= |:12r"’L *2 1+nn, 4r‘r1L SRl 21455 | "7 =

=Cd, +Cd2+Cd} (56)

Where C;, C3, and C; are i only on the p ri,rzand Z.

For Rule based design, the frame moment of inertia must be equal to the Rule moment of
inertia:

=1, [€y)

This can be rewritten as

Cd, +C,d? +Cyd> — I = R(dw,[) =0 (58)

This was solved for d\, thus completely describing the frame as a function of ship length

and chosen web depth.



3.3 Long Term Sea-State Prediction

The bulk carrier was assumed to be operating in an irregular seaway as defined by

the ITTC wave spectrum. The spectral density is described by the following formula

(Hughes, 1983, p 150)

4
Stottt) = 2] 2o st 9

A graphof S(@) for a 3m significant wave height over all the modal frequency

confidence intervals as defined in Table 3.1 is shown in figure 3.6

2
[ —

N

L

i

i
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A = .

Figure 3.6: ITTC Wave Spectrum
This irregular seastate can be idealised by a histogram of sinusoidal waves with
component amplitudes given by:

a(w) = 2S(w)Ao (60)

25



with corresponding period
7=2E (G}
@

The component waves are simple sinusoidal waves with a time profile given by:
B (1) = a(@)sin(@, +6) (62)
where @is some random phase angle..

The total seaway is a summation over the entire frequency range:

) =3 a(o,)sin(@,1+6,) ©3)

The ITTC formula gives a family of short term spectra. As Moan and Berge
(1997, p329) write,  the long term stress spectrum and associated fatigue damage is
calculated by weighting each short term spectrum or corresponding damage with its
probability of occurrence”. To get the long term distribution of sea-states, the value of
S(@) used is a weighted average over all possible significant wave heights and

confidence intervals of expected modal frequency:

v 9
S(@) = 3O S(@ Hyl, )W )Wy, (64)
-

‘where the parameters are as per the Table 4.2.1 and 4.2.2.

This method of simple weighting by ility of is based on the
assumption that the fatigue damage process is narrow banded. While widely held, this
assumption is not strictly valid. Xu (1997) writes “this is generally valid for rigid
ships..... but springing induced stresses and wave induced stresses generate a wide

banded process”



70

The loading process and hence the damage process is wide-banded. to some degree.
To account for this, work has been done on correlating cycle predictions made using
narrow banded assumptions to cycles distilled from actual measurements using rainflow
counting procedures. The most well known of these correction factors was first proposed

by Wirsching and Light in 1980 (Chen at al, 1996) as:

A(e,m) =a(m) +[1-a(m))(1 - £)*™ (65)
where,

a(m) =0926~0033m

b(m) =1578Tm~2323

m = slope of SN curve

&=spectral bandwidth parameter

m

= 1-2o

m,m
where m, is the nth moment of the distribution.

The fatigue damage incurred each cycle is multiplied by the appropriate value of this
rainflow correction. This effectively reduces the net damage incurred by each cycle,
making the narrow-banded approach more conservative. Consequently, to be
conservative, the narrow-banded assumption is used here and a rainflow correction factor

not applied.



i Confidence Interval Omi OF
1 lower ©Om 0.95 0.048(8.75-In Hs) 0.05
2 0.35 0.054(8.44-In Hs) 0.05
3 0.75 0.061(8.07-In Hs) 0.0875
4 0.5 0.069(7.77-In Hs) 0.1875
5 ‘most probable 0.079(7.63-In Hs) 0.25
6 0.5 0.099(6.87-In Hs) 0.1875
7 0.75 0.111(6.67-In Hs) 0.0875
8 0.85 0.119(6.65-In Hs) 0.05
9 UppET Om 0.95 0.134(6.41-In Hs) 0.05

Table 3.1: ITTC Modal Frequencies and weights(Hughes,1983, p152)
3 Hyj Was J H; Wog |
1 <1 0.0503 10 9-10 0.07900
2 12 0.2665 11 10-11 0.00540
3 2-3 0.2603 12 11-12 0.00290
4 34 0.1757 13 12-13 0.00160
3 4-5 0.1014 14 13-14 0.00074
6 5-6 0.0589 15 14-15 0.00045
7 6-7 0.0346 16 15-16 0.00020
8 7-8 0.0209 17 16-17 0.00012
9 8-9 0.0120 18 >17 0.00009

‘Table 3.2: Si ‘Wave Height

11983, p157)




3.4 Motion Study

3.4.1 Typical Ship Response

A ship responds hydroelastically to the seaway with a combination of rigid body
motions and deflection.

Support is provided by buoyant pressure on the ship’s bottom distributed over
panels supported by stiffeners which carry the pressure to webs as shear. The webs in
turn accumulate shear from multiple stiffeners and carry it to the side shell or longitudinal
bulkheads. Differential shear with respect to length leads to globally induced bending
‘moments, more or less as predicted by simple beam theory.

‘Waves complicate the situation by dynamic pressure modifications, inertial

effects and redistribution of buoyancy leading to superi wave and

forces.
Full analysis of the preceding is difficult and some degree of approximation is
necessary in the analysis and design of ships.

The first order imation is to to global bending moment

in a long wave as the most critical limit state and use empirical formulae to approximate
the global bending moment and global torsion. Many such formulae exist and the reader
is directed to Hughes (1983) for some examples. These values are often used as

ic values to scale ilistic fatigue models. This approach tends to be

conservative.
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The second order approximation is to analyze the structure at three levels of
abstraction. The first is the hull girder as above, based on strip theory and simple beam
theory. The second is hull module using the finite element method and results from the
hull girder analysis for boundary conditions. The third level is that of local structure
using a combination of mechanics and finite element analysis to obtain detailed local hot
spot stress distributions. This is the “global-local” approach and serves as the basis for
commercial fatigue analysis (CMS, 1997). Xu (1997) reports a dependence on mesh size
and recommends the mesh size be on the order of the plate thickness in regions of high
stress gradients.

Refinements on the above would involve direct coupling of structural and fluid
responses where the hydroelastic behavior of the ship is directly considered. This may
involve a coupled finite element/finite element where the fluid is modeled as an acoustic
medium. An acoustic medium is compressible meaning the wave equation can be
applied. Another approach is to use a coupled boundary element/ finite element approach
where the effects of the fluid is reduced to a surface integral using Green’s functions.

For this work, the ship was treated as a beam subject to dynamic motions. A full
three dimensional hydroelastic analysis was not attempted here due to time constraints
and because this is a parametric evaluation of fatigue strength requiring multiple runs
which would be very time consuming if the “global-local” or coupled approach were
used.

As a beam, the ship responds in three primary modes: bending, shear and torsion.
Primary structure is defined here as any structure contributing to the resistance of the

beam modes. Secondary structure supports the primary structure and resists local loads
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only. Tertiary structure supports secondary structure. Members with multiple load

sources default to the classification of the highest load. For example, bottom shell plating

resists local hydrostatic pressure but would be classed as primary because it also resists

global bending. This classification is primarily intended to distinguish between global

and local members. of the of this are given in Table
3.3 below.

Primary y Tertiary

shell plating side shell frames tripping brackets
( bending, pressure)

bottom shell, side shell and | short sections of end brackets
deck longitudinals double bottom floors

(bending)

continuous stiffeners

(bending)

double bottom plating if breast hooks and stringers

continuous

(bending) free standing tanks

transverse bulkhead plating

(shear,torsion) machinery foundations

Table 3.3: Structural Classifications

The loads on a member depend on its position in the structural hierarchy. Primary

structure is subjected to both local and global loads. For example, bottom shell plating

can carry both global bending moments and hydrostatic pressure loads. Secondary

structure carries only local loads. For example, a machine foundation supports local

machine loads only. Tertiary structure supports secondary structure. For example an end

bracket can provide rotational and shear support to a stiffener.
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In fatigue analysis we are concerned with local stresses and so it is necessary to
establish where the member stands in the ships load paths and determine what loads are
relevant and how they influence the member. Of particular importance to fatigue analysis
is determination of what Chen and Shin (CMS,1997) term the “dominant” response.
Many response modes may be present simultaneously but not all contribute to a
particular fatigue problem.

Consider as an example, the cargo hatch corners of a bulk carrier. Obviously, as
part of the main deck structure, bending moment is the dominant load. As an other
example, the centerline keel brackets in a single skin tanker where vertical shear and

bending moment dominate over local hydrostatic pressure.

Other examples are provided by Chen and Shin (CMS,1997) for closed deck

open deck side shell iti Is and bottom shell.

3.4.2 Isolation of Side Shell Frame Response

The problem of interest here is the fatigue strength of lower end brackets in a bulk
carrier as a parameter of ship length and cargo loading. It was assumed that the hold was
filled with some fixed amount of cargo causing the double bottom to sag toward the
middle of the hold. As a result, the hopper tank will tend to sag on moving toward the
center of the hold away from the transverse bulkheads and that the bracket is loaded as a

result to some unknown static value (see figure 3.7 below).




BED CARGO EOLD BHD

E=———3>»
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Double Bottom Sag Due to Cargo Weight

 Camgo
Rotation due to sag Rotation du to sag
) Significant near mid
Negligibile near bhd Causes Local Toe
Stresses
Section at Section at Frame 5
Frame 1

Figure 3.7: Cargo Hold Bottom Sag Due to Cargo Weight
To simplify the above, it was assumed that the particular frame in question was in
the middle of a very long hold which was assumed to sag freely. In other words, the

effects of the bulkheads or other transverse structure in carrying a part of the cargo

weight wa neglected. In reality this is ive since the always have some

effect but here it allows the problem to be reduced to two dimensions.



The cyclic loading induced on the bracket as a result of the sea is :
1) wetting of the side shell due to rolling and heaving

2) cargo inertial loads due to roll, pitch and heave accelerations

3) net local changes of buoyancy due to i heave still

water draft.

The wetting of the side shell due to rolling is assumed here to be a second order
effect and insignificant compared to the other loads. It will be the role of future work to
examine this.

It was assumed that the cargo is stacked in the middle of the hold so inertial loads
due to rolling will be minimized because the radial distance between the center of gravity
of the cargo and the roll center is minimized. Similarly, assuming the frame in question

is amidships, near or at the itudinal center of fl ion, the pitch induced inertial

loading is minimized by the same argument. We note, that for frames at either end of the
ship, pitch cannot be neglected.

The only remaining effects are heave related for which a transfer function was
developed. The present study was restricted to a head sea with zero speed of advance and

the ship was allowed to be flexible.

3.4.3 Devel of Transfer F

The following model (Figure 3.8) of a bulk carrier section was used to develop a
heave response transfer function.
It will be assumed, the ship is initially at the still water line (LWL) and subject to

an incident wave of amplitude y(t).
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The wave induces an instantaneous net positive or negative buoyancy acting on
the sectional mass of the ship causing the ship to move relative to the wave. The relative
motion is described by z(t). The location of the sectional mass m(xs), relative to the still

water line, is described by the i x(t). This is to the way the

movement of a base acts through a spring to induce a movement of a mass in a one

degree of freedom system.
m(xs)
x relative mov.
5 =pg As
absolute 1 e RS
movement ; |
incident wave
1 LWL
-
still water line taken as reference

Figure 3.8: Heave Response Schematic
The governing differential differential equation from basic vibrations is :

dx dx _dy,
proaliSn d,)‘l'k(x »=0 (66)

where x;= coordinate of section along length of ship

total mass of section at x; including added mass
¢ = damping coefficient in kg/sec

k = restoring force in N/m .




Letting:

sExy, ©n

then the differential equation can be rewritten in terms of relative coordinates as follows:
. x

m%+c%+la=m‘;—f=—mwla, sinwy (68)

‘Where the right hand side is the wave excitation force. In this derivation, it has
been assumed that incident wave elevation effects dominate over diffraction and radiation
effects (i.e. the Froude-Krylov hypothesis). This is a standard vibration problem (system

excited by support motion) with the following well known solution:

2(t) =z,(t) +z,(t) (69)
z,(t) is the solution of the homogeneous equation (mZ + bz + kz = 0) and is one of three
possible cases: underdamped, critically damped or overdamped. All three of these decay

exponentially and may be neglected in the steady state.

The particular (forced) solution is given by:

2

20 == prvmll sin(@x — ) = RAO,a, sin(ax - §) (70)
where the phase angle ¢ is given by:

., €O
¢=man”G———) an

Recalling , z = x-y, then the absolute movement x of the ship from the still water level

due to heave is given by x =z+ y, we can solve for x(t) as follows:

e G @2



‘where
3
meew @3

Ll e~ s sy

m(x;) = mass of the cross sectional area + added mass
=My +m,

m,, =9471*Cpp8L from before (74)

The added mass and damping coefficients are obtained from curves given in Newman

(1977) and shown in Figure 3.9 and 3.10 respectively

Figure 3.9: Heaving Right Cylinder Added Mass Coefficient(Newman,1977,p299)



Figure 3.10: Heaving Right Cylinder Damping Coefficients(Newman,1977, p299)

‘The added mass and damping coefficients presented are for a partially submerged right

cylinder. The cross section of which is similar to the assumed midship section.

The curves are given for different values of B/T. From the parametric study we can
determine B/T is fixed at 2.45 regardless of length. There is no curve corresponding

directly to 2.45 so the values were interpolated between B/T' =2 and B/T =4.

4) kis the restoring force which is proportional to the waterplane area A,

k= pgAy, = (1025)(981)(0.152L)(0.7) =1069.879 L a5



The response amplitude operators are seen to be

o] K@ 76)
240, = (k—ma®)* +(co)’ o)

2
RAO. mao’

e B0, an
© Jk-ma?) +(co)?

N EV/A b

to wave
RAO_Z ie instantaneous
sinkage

1

absolute movement of

RAO_X ship relative to wave
05 elevation -
o
0 05 1 15 2 25

Figure 3.11: Heave Response Amplitude Operators
By examining the figure above we see that at low frequencies, the ship moves with the

wave (RAO_X=1.0) leading to zero relative movement (i.e. difference between still
water load line which is taken as the origin and the wave amplitude is zero). At higher
frequencies, the ship does not respond to the wave excitation leading to zero absolute
‘movement and a change in buoyancy directly proportional to the change in wave
amplitude as RAO_Z approaches 1.0.
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3.5 Formulation of Local Loads
Given the response amplitude operators from the motion study and recalling that the
problem can be reduced to a two dimensional frame, the local loads were formulated as
follows (schematic in Figure 3.12 below):
1) side shell pressure
2) buoyancy

3) cargo inertial loads.

AT

Buoyancy dueto pussage of Ban! | | |

-|||| Iitull]

Figure 3.12: Load Schematic



Side Shell Pressure

Side shell pressure pushes directly against the side of the ship. In still water this is

simply hydrostatic pressure but in the presence of waves, includes the Smith effect.

Hydrostatic pressure p in N/m” was calculated using:
p=pgh— pgae™ sin(ax) 78)
where

p = density of salt water = 1025 kg/m*

g gravitational acceleration =9.81 m/sec®
h depth in meters from still water line
e = Smith effect correction(Reddy et al.,1991)
¥ = wevonmmben e

g7,

Te = wave period (secs)

The pressure distribution in the wave does vary sinusoidally in phase with the

wave elevation. To be conservative however, only the maximum value was considered.

Bottom Shell Pressure

In still water it is assumed, since each frame is independent, that the net bottom
shell pressure exactly balances the sectional weight, consequently, there is no net load. In
a wave, the head changes with the passage of the wave leading to net gains or losses of

buoyancy. Applying the Froude-Krylov hypothesis (Reddy,1991), the pressure in the
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fluid is calculated as if the ship were not present. Given bottom shell pressure, the

buoyant force is simply calculated as pressure multiplied by area:

Fy(h,1) = pgdy, [h(t) —a,e™* sin(ax)] 79)

The depth A(%) is corrected for heave as per the motion study.

Inertial Loads
The sectional mass will be accelerated due to the heave causing inertial loads

to the absolute ion. These were as follows:

F () = (mg, +m,)% = (mg +m,)RA0,0}a, sin(o,t ~ ) (80)

Net Bottom Load
It was assumed that F; and Fg are in phase and acting together as a conservative
measure. The net force in Newtons is then:

Fner=8Fp +Fi (81)
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Net Bottom End Moment

The net moment about the heel of the frame due to this load was obtained by
assuming that the cargo distribution followed a triangular profile (similar to Figure 3.12).
The center of mass of this pile would then be two thirds of the half breadth. Recalling
from the parametric study that B =0.152L we can write:

2 QAS2Ly f )= 005066 L(Fyer) 2

M~n=3 2

3.6 Finite Element Formulation

The model based on the following schematic(Figure 3.13)

z_w: instantaneous heave

still water draft

Figure 3.13 Schematic Overview of Frame Model



Given mid-span web depth from section 3.2 and the location of the toe from the
assumed section ( ie. at end of arm plus 1” nose) , the web depth at any location along
the frame can be solved for by linear interpolation. A program was written in C++ to
automatically generate the frame for different ship lengths.

The program generates a model (schematic of Generated Model below in Figure
3.14) based on the values of several parameters:

Nrop_roe = number of elements in top toe
Nrop_rLire = number of elements in top flare
Njgp = number of elements in mid span
Ngorroum_rrare = number of elements in bottom flare
Nporrom_roe = number of elements in bottom toe
The frame brackets are supported by welding which was modeled by spring

elements distributed over the bracket toes.

Net bottom loading was distributed equally among the bottom bracket nodes.
Net bottom bending moment was applied to the heel node.
The heels of the upper and lower flares, at the point of intersection of the

hopper/topside tanks with the side shell were assumed pinned.



Figure 3.14: Generated Model Schematic (not to scale)

The topside and hopper tanks were assumed rigid. Flexibility of these structures
was accounted for by multiplying the stiffness of the weld spring elements by fixity
parameters Fio_roe_roary and Fry_rok_rrary respectively.

The finite element method was used to solve the above model for displacements
and element forces.

We note from Hughes(1983, p281),  the important requirement in modeling
beams and panels is to provide an adequate representation of their interaction.” Two
modes of loading and response are involved:

1) lateral loads and the corresponding beam bending response
2) axial loads in the beam and in-plane loads in the plating which cause corresponding
beam bending response.”
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Hughes (1983) then proposes the use of eccentric or hybrid elements for use in
these situations but notes that beam bending and in-plane response are sufficiently
independent to be dealt with separately.

In this case, the loading is a combination of lateral pressure and bottom loadings
applied to the bracket nodes resulting in an end moment equivalent to hopper tank
rotation. These were assumed to dominate over the in-plane loads in the plate and so the

frame was modeled as a generalized beam element as shown in Figure 3.15 below.

e

Figure 3.15 Beam Element Definitions

The local element equations were found by direct integration.

T K -k, u 0
v, Kk -k K ||y 3/20pgl’s +1/2pghLs
M| _ ky kg ~k ks || @, 1/30pgLs+1/12pghl’s
5[4 K [~ 0 &)
v, —k, —k, k kv, 7/20pgLs+1/2pghLs
M, ks ks -k, k, ||8,) (-1/20pgLs~5/12pghl’s



where:
-
L
12E1
k= i
_6EI
T
-
L
k,=2EI
L
s = frame spacing
h,L as per figure

The elastic supports were modeled using simple truss elements as shown in

figure 3.16 below:

Figure 3.16 : Truss Element

The element equation (in the local coordinate system) is given as:
nl_Eaft fw @4
L] L1 1][ln

A program was written in C++ to perform the finite element analysis on the model.
It is included as Appendix 3. A custom program was written to facilitate automatic frame

generation and allow multple runs over a variety of parameters.
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3.7 Fatigue Analysis
Fatigue analysis was carried out using the procedure recommended by the US

Coast Guard, Ship Structure’s Committee (Stambaugh et al., 1992).

This is a “hotspot” S-N approach with a linear Miner’s Rule damage
accumulation model. It was assumed that the bracket toe most closely corresponds to

Jjoint type 21s (Figure 3.17).

Figure 3.17: Fatigue Category Chosen (Stambaugh et al.,1992)

It should be noted that stress here is defined as shear stress on the weld (i.e.

immediately adjacent to the weld or hotspot stress).

3.7.1 Toe Stress
The toe stress is the load in the toe support divided by its area. The area is

calculated below as the area of welding corrresponding to the node of the toe support.



The toe load is taken as the axial tension (7) in the spring support modeling the
weld obtained from the finite element analysis.

The area of the spring support was found based on the figure 3.18.

Node 1 Node2

Finite Element Spring Supports TT
Modelling Weld ; h}
o ﬁ“

Figure 3.18: Weld Toe Details

The minimum area of the weld is found in way of the throat. Lloyd’s Rules for
Ships (Lloyd’s Register, 1999) , Part 3 Chapter 10 require the throat to be at least 0. 341p.
Here ip (the plate thickness of the member being welded) is the thickness of the frame
web tw.

throat =034t, =034t =034vL (85)
From which the length of the leg is found to be:

leg =~/2throat = 0342 = 04808VL (86)
The arm length is one half the length of the clement

lah

arm=1_tah
2 Nioron 1

[C1)]



Therefore the area of the weld face attached to the bracket is:

A=2xlegxarm=2(04808JL el
2N poiom_toe

=o_4sog[MJ
N,

‘Bonom_Toe

Finally the required shear stress is :

T

s==
4

93

(88)

(89)



3.7.2 Fatigue Analysis

The S-N curve (Figure 3.19) for detail 21s is defined by (Stambaugh et al. 1992):
logC =log AS +mlog N 90)
where

C=338.7
m=0.1743

Category 21(S)

Sy<50 ksi

number of cycles to failure

Figure 3.19: S-N Curve for Joint Category 21(s) ( Stambaugh et al. 1992)

Therefore the number of cycles N at stress range AS wa given by:

(&)

This is valid for stress ranges with R = = =g,
o,
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Sy, is related to AS,_, by the following (Stambaugh er al. 1992):

.
1+@NY 1+2QN)  C ©

=)
l+1+R(2N)” 1+R(2N),, N

AS, =

where
ASp = O =Cin

1 50
B mlog; (4]
58l +1_ss_)

This equation is of the form %—C -0

which u-nphes. =~C and it is monotonic implying there is only one zero.

Consequently, a simple bisection method was used to solve for the number of cycles to

failure.



4.Results and Discussion

4.1 Finite Element Convergence

Initial runs were performed to establish the rate of convergence of the model as the
number of toe elements was increased. As seen from the graph below (Figure 4.1),
fatigue life drops quickly and levels out at around 16 elements. Hence 16 was be taken as

the required number of toe elements.

Model Convergence

Fatigue Life (Years)
N
b

0 20 40 60 80 100 120 140
Number of Toe Elements

Figure 4.1: Convergence with increasing Nyorrou_ roe-
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4.2 End Fixity Effects
The topside and hopper tanks provide some degree of support to the frame but
how much is not known and cannot be found by trivial means. As Faulkner and

Snyder(1971) write, “ One of the di ies arising in ing the ies of the

structure to one which is convenient and reasonably simple to analyze is in knowing the
boundary constraints and how they may be represented mathematically.” The two
extremes of boundary constraint are clamped ends and simply supported ends. End
fixity is a common measure of where the structure lies between these extremes: end fixity
equal to zero implies simply supported; end fixity equal to one implies fixed. To study
the sensitivity of fatigue life to end fixity, all parameters were fixed as follows:

1) length between perpendiculars: LBP=100m;

2) loading pattem set to homogeneous: Cy04=1.0;

3) number of elements in toe of frame: Nzorrosm r0e=16.

Frur_roe_ruary was set and F1o 1o oary varied 0.4 to 1 (Figure 4.2).
And in tun, Fro_ro¢_foxry was fixed at 0.6 and Fy_ros_ suary varied 0 to 1 and

results shown on the same figure.



98

60

50

40

Fatigue Life (Years)
8

|
i 0 0.2 04 08 08 1

12
: Fixity
i [——TLO_TOE_FXITY ----- HI_TOE_FIXITY

Figure 4.2: Fatigue Life with Variation of FIXITY

End fixity would appear to be important, particularly hopper tank fixity.

The torsional stiffness of all connected members lying in planes perpendicular to

the plane of bending was neglected as done by Faulkner and Snyder (1971). The end

fixity for the side shell frame is provided by the internal transverse stiffeners of the

topside and hopper tank which are assumed to be approximately similar to each other so

the degree of rotational stiffness provided to the upper and lower ends of the frame are

the same (ie. R = Ry, = R). It will be assumed that the rotational stiffness R is 6

which Faulkner and Snyder (1971) state is typical for ships’ structure.
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Faulkner and Snyder (1971) present the following formula for end fixity (f) of a

beam 4-B with end rotational stiffness (R) subjected to an end moment (AM):

My
= 93]
v I ©3)
where:
‘Mg = the actual end moment
‘M_4 = the resultant end moment assuming clamped ends
Rip=a i i i stiffness
Nyp = arecurring algebraic term, given by Faulkner and Snyder(1971) as
=12 + 4R4p+4Rps+RapRps
Under the above il the end fixity is esti at 0.625 which we note
is i the point of i ion of the two “variation of fixity” curves.
End fixity here was taken as 0.6 for Fio_roe_riary and Fuyy_ro£_roary
to the point of i ion where the stiffness effects are equal top and
bottom.

This is a point for future work as the actual value of end fixity can only be

by a full three dis i model using plate elements to model the sag of

the entire hold including hopper and topside tanks.



4.3 Fatigue Life Variation with Length
Runs were performed for multiple lengths with Nzorrom_roe= 16; Croap=1.0;

Fry_toe_roary and Fro_ro_roary fixed at 0.6.

Results are summarized in Figure 4.3 below.

Years

Vears
"
s

20

Figure 4.3: Life vs. Ship Length

These results show a quick drop in fatigue life beyond a ship length of 100m, for

the toe welds of the lower end brackets, which may appear dramatic.
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Life drops to less than 20 years at about 140m which roughly corresponds to the
120m length at which classification societies start to apply stricter construction and

surveying requirements on bulk carriers (Lloyd’s Register, 1999).

It has long been recognized within the bulk carrier industry that these brackets
are a problem and, in the author’s experience, these were widely regarded as “nuisance”
cracks which did not immediately endanger the ship and which would re-appear after
repair. Such an approach is not acceptable today because the progressive nature of the
failure leading to disaster is recognized, but it does show that these details do have low
fatigue lives.

Also it must be borne in mind, that this is a conservative approach. The end
loading is developed on the assumption that the cargo loads are carried entirely by the
side shell frames. In addition, the frames were automatically generated in the finite
element model using a straight line interpolation from full depth to a 1” nose. In reality
the transition would be a concave curve leading to a soft taper; ignoring the taper

increases the stress concentration at the nose.

4.4 Fatigue Life Variation with Loading Pattern
Runs were performed for multiple lengths and loading coefficients. End fixities and
Nzorrom_roe were fixed.

Results are summarized in Figure 4.4 below.
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Figure 4.4: Fatigue Life vs. Length for Various Load Coefficients

As can be seen from this graph, increasing the unit cargo load for homogeneous
hold loading (Crop=1.0) to the maximum of altemnate hold loading (Cro4p=2.0)
decreases fatigue life for small ships and very slightly increases fatigue life for very large
ships.

For small LBP and Cro4p, the heave natural frequency is above the frequency of
the most energetic waves in the spectrum. It is noted here that increasing LBP and Co4p
have the effect of shifting the heave natural frequency down towards the frequency of the
‘wave spectrum peak leading to increased dynamic resonance effects and loss of life span
(Figure 4.5). As LBP increases beyond 175m to 250m and Cyo4p increases above 1.75

they combine to force the natural frequency below the frequency of the wave spectrum
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peak for long ships and alternate hold loading. This leads to a reduction of dynamic
resonance effects with a plateau effect for homogeneous loading and a slight increase in
fatigue life for highly loaded ships. Further increases in LBP beyond 250m show
decreasing fatigue life regardless of Crosp . In this range, the natural heave frequency is
pushed well below the wave spectrum peak and the ship stops responding to the seaway.
In this case, the full effect of changes in cyclic buoyant loading which dominates over
cargo inertial loads is felt with the resultant drop in fatigue life beyond 290m. It should
be noted that in this range, alternate hold loading provides a higher fatigue life for the

lower bracket toe.

3.5 -
3
2.8
2
1.5 \ N -
i N\~ snpraGE """ -
R
§.% i Wave Spectra
- ~_
. -7 -~
0.5 1 1.5 2
-0.5 J
[P—— =T —r T RAO_z I

Figure 4.5: Shift of Natural Frequency Relative to Spectrum



5.Conclusi and R dati

Conclusions

This paper, by focusing on a narrow problem (the fatigue life of bulk carrier side
shell frame lower end bracket toes) was able to identify potentially useful relationships as
a function of ship length and highlight some other important parameters for further
study.

These frames were modelled as simple two dimensional beams subjected to end
loads and moments due to cargo inertia and variations in bottom shell pressure due to the
passage of a wave.

End fixity of the frame was seen to have a significant effect on the calculated
fatigue lives, but is difficult to determine. A value of 0.6 was chosen to balance the
opposing effects of topside and hopper tank fixity and was close to values determined
using an approximate formula presented by Faulkner and Snyder (1971).

There was a steady decrease in fatigue life for ship lengths greater than 100m and
less than 175m. This was due to a reduction of the heave natural frequency towards the
frequency of the wave spectrum peak. The latter is essentially the same as the forcing
frequency of the dominant waves and the shift in heave natural frequency leads to a
resonant response. For ship lengths between 175m and 250m, and alternate hold loading,
there was a slight increase in fatigue life. For ships in this length range with
homogeneous loading there was no increase in fatigue life. For ship lengths greater than
250m fatigue life again showed a steady drop with increasing length regardless of loading

pattern.
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Fatigue life for homogeneous hold loading was higher than for alternate hold
loading below approximately 290m above which, alternate hold loading provided a better
fatigue life. This implies that alternate hold loading is preferable for ships over 290m in

length and hold loading is for ships less than 290m in length.

The calculated fatigue lives obtained in this study were low but not unreasonable
or immediately catastrophic. It had been widely accepted in industry that these were
problem areas prone to what were previously considered “nuisance cracks”. The
progressive nature of the failure from toe crack to side shell punch-out as described was
not widely known and the finding and repairing of these cracks was routine. This implies

that the lives are not out of line with actual experience.

It is seen from the di ions on the ignil to the

fatigue problem that this is a very complex problem ranging from metallurgy to structural
analysis, hydrodynamics and statistics. The difficulty in drawing generalizations about
fatigue strength of ship details is clear. The multitude of designs, fabrication and load

histories and variations in material ies and ion make such

difficult at best.

This work, by concentrating on a narrow, but very important problem, has been
able to highlight some parametric relationships between basic ship parameters and fatigue
life which are interesting and may be useful. Consequently, it would appear that despite

the difficulties, further work would be very worthwhile.



Future Work

It must be borne in mind that this is a very simple model. More work is suggested
on the dynamics, an advancement being a strip theory model to determine dynamic
response to combinations of seastate and speeds of advance. Additional work would be
useful to determine a more accurate model of the bottom shell pressure distribution than
the simple Smith effect model used here.

Also of great importance is the three dimensional nature of the hold’s bottom sag

which was i d here. A ‘would be to develop a full three

dimensional finite element model of a hold and determine more precise values for the end

loads on the frames and end fixity effects. Further work could also include actual

strain gauge to validate these models. The added complexity of
future work , though, must be balanced against the clarity of a simple model.

The next step would be further validation of the chosen model. One method
would be through correlation of damage and repair statistics versus size of ship and
loading pattern. This is difficult however because damage statistics are not always

available and if available may be kept private for commercial reasons.
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Appendix 1: Parametric Study
The following parametric study was based on ship data obtained from Lloyd’s Register of

Shipping.

Basic data on length, breadth, depth, deadweight, double bottom height, hopper tank

height and topside tank dimensions was obtained for 78 ships.

A summary of basic bulk carrier dimensions sorted by length is presented in the
following table. From this basic data, ratios of L/B, L/D and L/DWT were formed and

averaged to yield expected values.
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21375 [322¢ |18 [13.1 (64100 [02 [06 |04 |7 |e629 |11.875 [16:316 [1523
215 [322 |178 [1203 [63000 |02 (065 os [7 |e677 [12.078 |16.627 [1555
235 (3225 (18 [13  fesooo [o2 [06 [o5 |0 [7.286 |13.055 [18.076 [199.6
220 (3225 |183 [133 (66500 fo2 08 [05 [7 [6.821 [12.021 [16.541 [160.1
215 (3223 1885 132 [66000 [0.175 06 |08 [7 (6670 |11.405 [16.287 |150.5
2154 (3226 178 |129 (65300 Jo2 [065 |05 [7 [6676 [12101 |16.607 [153.0
214 [322  [177 [12.84 65150 [0.18 |07 o4 |7 6645 |12.080 {16.666 |150.4
215 [322 |183 [132 [es100 f02 |05 o5 |7 |s677 11748 |16287 |14s9
2195 [3223 (2015 [14.86 77000 [0.18 [0.55 |05 |7 [6810 [10.893 [14771 |137.3
225 (3225 [199 (1372 [70400 [0.15 (07 [os |7 [6.976 |[11.306 {16399 |161.7
248 (3225 [192 (1402 [81400 f02 [06 o4 |7 |7.689 |12916 |17.689 |187.3
250 (407 |22 [162 [1195000.19 [07 o5 |9 [6.142 [11.363 {15432 [130.7
250 a2 |227 |16.67 [127000 [0.125 [0.75 [049 |9  [5.952 [11.013 |14997 [123.0
250 43 [238 [164 [132700[02 |07 (055 |9 [6.046 [10.927 |15.853 [1324
258 |a2  [229 |1677 [137000(02 |08 05 |9 [6.142 [11.266 [15.384 [1253
259.38 [42.97 (2377 |16.58 [138000[02 [05 0.5 [9 [6.035 [10.912 |15.644 |126.4
260 |43 [238 |175 |144000f02 |08 Jo& |3 6046 [10.924 |14.857 |1220
260 (43 |234 |17.4 [144700/02 (065 [055 |0 [6.046 [11.111 [15204 [121.4
280 (43 232 |17 [151000/02 (08 [05 |9 [6511 [12.068 [16.470 [145:3
279 |46 |24 171 [161000j02 (0725 [06 [o [6.065 [11.625 (16315 |134.8
2766 |46 [24 [178 [172000[02 [o7 o0& |9 |6.013 [11.525 [15539 [123.0
285 |s0  fo46 [182 [190000/02 [06 [0.5 [11 [57  [11.585 [15.659 [121.8
306 (542 f25 |187 07 Jos |11 |5645 [1224 [16.363 (1284
305 jso [z 20 07 Jos |11 |61 11206 [1525 |1222
AVG [6570 11768 [16.158 |159.4
STD [0687 [0.893 (1234 [27.12
MIN (5429 [10.348 |1343 [121.4
MAX (8848 [16.504 [20.543 [241.2
where
L= length of ship
B =breadth of ship
D = depth of ship
T=loaded draft of ship

DWT = deadweight of ship

DB = height of double bottom
= height of hopper tasnk

‘Topside = depth of topside tank
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Appendix 2: Rule-Based Frame Scantlings

Details of the development of the rule based frame scantlings are given here.

The frame is developed using the following idealized midship section

—i

Figure: Al Midship section
All dimensions measure with respect to the baseline at the keel.

DB = elevation of double bottom (m)
Hop = elevation of hopper tank crown (m)
Topside = vertical heigth of topside (m_
Top = elevation of topside tank toe (m)
LWL = elevation of load waterline (m)

13
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From the ic study in A dix 1, the ing ionships hold for a “typical”
bulk carrier.

Hop = 00296 L(m)
Top=0.0615L(m)
H="Top— Hop=00364L
Given , basic dimensions, the scantlings for the frame can be found by application of
Lloyd’s Register’s Rules for the Classification of Ships.
Part 4, Chapter 7, Section 6.2 gives the required section modulus as:
z=35skh H? 107 (cm®)
where
s= frame spacing is given as 700mm or
L

> (470+—

S2(70+ OAG)

Assume s =700mm, this will be at the design envelope for larger ships (>140m) and
conservative for small ships (<140m).

k = material factor, taken as 1.0 for mild steel

J

27.))

h= T—h""T"E‘= 7 TOP+HOP _ 0.0165L(m)

Cw = wave head =7.71x 102 Le %4~
H = frame span = TOP-HOP =0.0319L (m)

by =(hy +C,(1—

Upon substituting the factors back in to the section modulus formula, it can be rewritten,
2=2.493L*(0.0165+0.00668¢°™“%) x 10 (cm*)

Given section section modulus the Rule dimensions of the bracket flare and toes are:
1, =32.43Jz(mm)

1, =276z(mm)

1, =303z (mm)

1, =268z (mm)

The required moment of inertia [ is:
L= 3'2:” Z =2544L' (00165 +0.00668e % }(mm*)
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A web profile was chosen to be slightly conservative and expedient.

=
T

e

Figure A2 Beam profile

bf = breadth of flange (mm)
tf = thickness of flange (mm)
dw = depth of web (mm)

tw = thickness of web (mm)

The ratios of flange breadth/web depth and flange thk/web thk are left as parameters r1
and r2.

b

Rule requirement for thickness of the frame web is:
1, = min((7 +0.03L),13)(mm)

We note, 7+003L ~+/Z for the length range under consideration ( ie 90-300m). Also,
applying the design rule of thumb that the thickness of the stiffener must be less than or
equal to the thickness of the plate it’s supporting, we will assume

t,=JL

Consequently, for a given length L and set parameters rl and r2, the following sectional
properties can be defined as a function of dw:

Area of Flange: 4, =b,t, =rd rt, =rrd NL(mm?)

Areaof Web: A, =d,L(mm?)

Area of Beam: 4, = 4, + 4, = (1+rr,)d, L (mm?)
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Note: it was decided to maintain stiffness of the beam up to the toe by maintaining the
breadth of the flange ( even though in reality, the flange is tapered to a soft nose) in order
to give us a worst case scenario.

Consequently, outside the midspan region, bf/dw not equal to r1 and the area of the beam

must be calculated as Af+Aw.

Centroid of flange: y,, = dw+%r/ = dw+05r, VI (mm)
Centroid of Web: y,., = 05d, (mm)
Ay +4 05+rn)d* VL
4, (I+rr)d NL
Finlly, the moment of inenin o the e on b epresed s

L= b8} 4 g = 3 Ay 82 4=y Ay )

Centroid of Beam: y, = (mm)

Expressing in terms of r1,r2 and L and collecting about dw terms we get:
3
. _[L,‘,;Lm,,lﬂ,,1,,|z,;Lm+%,,,1L},W [ 1ngL [wﬁd:

12 4 1+n 4 21+nn 41+n, 3

=Cd, +Cyd +Cd>(mm')

For Rule based design, we require

L=l

Cd, +Cyd? +Cyd3(mm')— I, = R(dw,L) =0
where we force the residual R(dw,L) to zero.

Note, C1,C2,C3 are all positive montonically increasing functions, meaning the residual
function (see figure below) is well behaved for L>0.



u7

Roal)
+ - =0
ncraing
L
L= 100
L=300
de
-
I_RULE(L=100)
a(L=100)

Figure A3: Schematic of Residual Function

Therefore, we can use a simple bisection method to solve for the web depth dw required
to satisfy Rule Requirements at a given ship length L.



Appendix 3: Analysis Programs

s

The programs used to generate the frame, perform the fatig is and finite el 1
here as developed using Symantec C++ for Windows

1) DOC_BLKR FRAME.H : basic itions for frame ion module:
2) DOC_} _BLKR_FRAME.CPP: frame generation code

3) DOC FATIGUEH < basic definitions for fatigue module

4) DOC_FATIGUE.CPP : fatigue analysis code

5) DOC_FEM.H - basic definitions for finite element modules

6) DOC_FEM.CPP : finite element modules

is are given



FILENAME: DOC_BLKR_FRAME.H

s the header fle for the frame generation routines.
ldd‘m: ns 14155265

iehne NOSE 179578 1=COSAS 254

IHdeclared global so parameter window allowed acoess..
ineN_TOF TOEN TOFFLAREN MIDN_ BOTTOM { FLAREN_BOTTOM_TOE:
1 TOE_FLEXL0_TOE_FLEXHOPPER ROTATION HOFFER_END. } MOMENT;

foa
int snow_mspucem'rs.n‘scu

public:
float RAOXRAOZF_LF_BM_IM_BM_NETF_NET.z wx_w;
floata_i1_x, b_22_xb_xa xm_xk >

gy TDE,N TOP.FLAREN MIDN BOTTOM_FLAREN BOTTOM_TOE:
{/int HI_TOE_FLEXLO_TOE_FLEX;
it C_L;

float HI_TOE_L HI_TOE_E,HI_TOE_A;
flost LO_TOE_LLLO,_TOE_E.LO, TOE.A;

float L

float LALAW.Ab.ycLycw,yc;

float tw.dw.dwo.bfo L5

a3, sy cooed f e et corcad Tk Gt
float HOA,ILIVmeIIILTw.Bu

float | RULEZ_R

void cale_dynarmic._ emihon L, st A, float T;

public:

blkr_frame(FEM_model_data& model);

void init(FEM_model_data model float L._SHIPY;

void fll_bikr_frame(FEM_model_data& model,float L_SHIP):

ok defie Jomi(FEM_ moel_deiak ol ot A fc T):
define_be(FEM_model_data model);

private:
‘void get_section(float x);
float 1_SECTIONO;




FILENAME: DOC_BLKR_FRAME CPP
oo Hi_fame cyp be Sed

1/2) dnmnudy--xmxmmm)
define boundary

1/ usage: include header after doc_fem.h
i include code mywhere

blkr_framezblkr_frame(FEM_model_datad model)
€

HI_TOE_FLEX=TRUE;
LO_TOE_FLEX~TRUE;
113dd beam elements
modeln_elements=N_TOP_TOE*N_TOP_FLARE+N_MID+N_BOTTOM_FLARE+N_BOTTOM_TOE;
/1add elastic foundation elements (i€ Springs), if egd
#fTH1_TOE_FLEX) model.n_elements+=N_TOP_TOE;
iRLO_TOE_FLEX) model.n_elements+=N_BOTTOM_TOE;
model.n_nodes=modeln_clements+1;
skl camberof depecs of frezdom
beam clemer

[OP_FLARE+N_MID+N_BOTTOM_FLARE+N_BOTTOM_TOE+1)"

HTHI_TOE. FLEJQ dnfv— N_TOP_TOE2;

IILO_TOE_FLEX) dof +=N_BOTTOM_TOE*2;
modeln_be=dof; /set o max possible value
model.n_loads=dof:
model.g_dof=dof;
i check

1/if marri i and i
11 with new sizes
ift model.coord 1= NULL) delete model.coor
Mt motel e def 1= NULL) delete madel el det:

fl modet Joad ! ad;
M modele t= NULD) detet model 5
model coord = (_matrix<float>*) new _matrix<floar>(model.n_nodes _.5);
oot et ot jements 5

modelbc = matrix<float>*) new_matrix<float>(modeLn be  3);
)

Idisuibute amoun 'Mlmdain
void bikr_frame::define_load(FEM_t i 1_datade model,float A, float T)

inta.NI,

float x1.x2:
flost Head pDLel;
float U10,U20,V10,V20,M10,M20;

1 calculte dynamic response:
calc_dynamic_load(LAT);

flost LWL_coord = -1(16.45°L +2_w*1000);

Heyele thru clements and check if “wet™



for (int =1 i<=model.n_clements;i++)

Ni= *modei.l_def(iNodel); N2=modelc_defliNode2);
x1=*model.coord(N1,1); |.coord(N2,1);
Head = (x1-LWL_
L.

e " A
1 for equivalent nodal loadings in terms of
A8 e e dp ot amog iy N o
10 conversion necded except for moments
//ma:mn:mmrynmmmrm

if (Head >0 && x1>=1*H2-1 && x2<=H/2+1)
t
PD=pg*fabs(A)*exp(-1*pow(2*PL2)/(g*pow(T.2)" Head));

pg/20°pow(L._cl2)+pg2*Head*L_chtpD);
(pe/30*pow(L_ clJ)OwlZ'Hnd'L el*L_ aylm

(7°pR/20°pow(L._el,2)+pg/2* Head*L_ch+pD);
Mzo:o‘nu'( -pE/20°pow(L_el3)-5°pg/12*Head®L._el°L._el)1000;

=*modcl.coord(N1.global_ndx);
*model.load(n,1)=NT; *model Joad(+1,1)=N1; *modeLload(n+2,1)=N1;
*modeLioad(n2)=1; ' *model.load(+12)=2; *modelload(n+2,2)=3;
*modeLioad(n3y=U10; *modelload(n+13)=V10;  *modelioad(n+23}=M10;

model.coord(N2,global_ndx);

- udello‘d(n,l)-Nz model.load(n+1,1)=N2; *modeL load(r+2,1)=N2:
load(n2)=1; ' *modelload(n+1.2)=2; +model load(r+2.2)=3;
‘mndellnldtnj)-'.'l(r *model load(r+1.3y=V20;  *model Joad(m+2,3)=M2(

} llend wet elements

i(HOPPER_END_MOMENT 1=0)
11 apply dynamic loads as end moment
int load_node,joad_dof:

10ad_node = model.n_nodes-N_BOTTOM_TOE"2;
foad_dof= *model.coord(load_node, global_ndx);

*modelload(load_dof,1) = load_node;

*model Ioad(load_dof.2) =3

*model load(load_dof3) = M_NET;
B

Sprintf (buf,*%i %f", load_node,M_NET);
AfxMessageBox(buf);

)
|l[HOPPER ROTATION ==0 && HOPPER_END_MOMENT=0)

intload_node.load_dof:
for(i=model.n_nodes;i>modeln_nodes-N_BOTTOM_TOE*2;i-=2)

Io0ad_node=; load_dof= *model.coord(ioad_node,global_ndx):
*modeLload(load_dof, 1) = il
*model load(load ¢

dof.2) =
;mmﬁl  load(load MJ)«((F #F_B)(N_BOTTOM_TOE+D));
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void blkr_frame:calc_dynamic_load(float L. float A, fioat T)
t

float g wm, 1 Tradisec]
#0.0795"sq(L); / [radise<]

loat m_s_x=6.629*L*L*C_L; //unit mass [kg]
P iy
Iicalculate damping coefficieat b

floatb_wne_ndx(n_b+1], b_valln_b+1];

b_wne a1 }=0.0001: b val{11=L000: b o ; b_val[S}=0.1327;
z1-089 Y

6]

(D=TRUE;
.r(wnsoounn I FOUNDLRUE
! otherwise, ifin range imerpolate..
while (FOUND && i<n_b)

if (wnc==b_wnc_ndx[i]) {b_x =b_valfi]; FOI “TRUE;}
(b e mxr»lma x=b, v-lr»n.rovND-muE)
if( wn F+1])

o LmeIn:
s e ST i+ -b_wme_nésD)
Boval 1 vl

FOUNI

)
UFOUND) i++; fincrement ndx and Ioop...
)

if(tFOUND) COULDNOT

eise
, X+23.6816 wn"LL:  kg/mesec]

Vostoime sdied mass contfient s

\ a+1], a_val[n_s+1
0001; vl 25 m'/ e ngS10.

001) { 4_x=2.5437; FOUND=TRUE:}
1l otherwise, ifin range interpolate...

while (IFOUND && i<n_a)
if (wnc==a_wne_néxfi) (a_x=a_valfil; FOUND=TRUE:)




i 1D a_x =a_vlf+1); FOUND=TRUE}
(wne=3_wnc_ mtxl;“ Bk

braciet,
T s e i TS s 1}, o e
X v-lr-ﬂn_v-rn.

ene//azﬁmmmsznd.wmm
)
if(IFOUND) COULD NOT FIND.

else.
allx=a

*23.6816"L"L: /7 Tkg)

m_x=m_s_x+a_1|_x; // mass = scctional + added

1 calculate RAO s )l
RAOx=sqre((k_x*k_x+pow(b_22.

(Gow(E s, xeumtun4powts 2 swn.2)
= RADC S Hamplitede o ave Fsponse ]
F_I=m_s_x*wn*wn®x_w; / incrtial force [N}
RAOzZ=m_x*wn*wnsqn(pow(k_x-m_x*wn*wn.2ytpow(b_22 x*wn.2));
2 w=RADz* A:. //mplm-aenmlmvem:m( m]
Healculste Smith effect
float Head = (0.062°L+z_

ot poopa A" expl(A T PIPIVE T+ Ty Head:
F_B=k x*z_w-pD*0.1064°L; // buoyant force [N]

F_NET=F_B +F_I; // net force [N]

M_L=005066
=0.038°L°F §

jpertial moment [N-m]
inertial moment [N-m]

M_NET=M_B+M_L

)

void blk_frame:define_be(FEM_model_data’: model)
i

int i,bc_dofibc_node:

lset spring ends=0
fTHI_TOE_FLEX) /fix upper toe topside tank ends
(=2ii<=N_TOP_TOE"2:+~2)

be_node =i be_dof=*model coord(be_node.global_ndx):
dof=4

I
#fLO_TOE_FLEX) //fix upper toc hopper tanks.
o ot JomN_BOTTOM, TOEv270-3)

bes B e onalel sl sodgoin o3
riode e ot Yo, n0d: ModeL b, o 1o s
*model.be(bc_dof+1 22,

*model be{bc_dof+13)=0;

Fode=N_TOP_TOE+1:}™
1bc(be_dof Lt ; *model. dot3)
e dof T ol model S dar1 B3 . GaFe13Y0;



sk dafof towss phvo ke s 1p of oper sk
)_TOE_FLEX) {bc_dof-model.g dof-N_BOTTOM_TOE*5-1;
ben Ln_nodes-N_BOTTOM_TOE*Z;
clse (uc :_dofemodel.g_dof-N_BOTTOM_1 TUE')— H
be_node=model.n_nodes-N_BOTTOM_TOE;]
cmocel hz(hc - dof,1y=be_node; 'Mlu(b: douFl *model be(b.
c_dof1,1)=bc_node;*model be(be._dof+1.2)=2:t rmddbu(bc AP

if(HOPPER_ROTATION 1=0)

feap(=rey m—:r-xm Hconvert Nem to Nemm
Iidistan suppors
foatdl=0: -nn-(hnm BOTPOM ToR)

- ‘LOJDEVWVILO_TDE_I;

=L
Iangie of rotation of lower
float theta = -M/(k*dI*dI*SUME2);
int r_ndx=0;

iILO_TOE_FLEX) /fix upper toe hopper tanks ends
for (i=1#<=N_BOTTOM_TOE"2:i+=2)
¢

:_node=model.n_nodes-i; bc_dof= *model.coord(bc_node,global,

model.belbe_dof,1y=be_node: “modelbelbc o, 11b_tode:

smodelbefbc_dof21; 'model belbe_doF+1,21=2;
model.bo(be_dof3y=(N_BOTTOM_TOE-+_ndx)*dI*thets;*model.bebe._dof+1.3)=0;

r»m:«:

)

it(FEM_model_datadz model.float L_SHIP)

1 RULI 1000°pow(L4)°( 0165+ 0668°exp(-0.0044°L)):
ZRULE 25 002455 ol 0165+ 0668°exp(-0.0044°L);
RULE);

lah =324
Ivh = 27.60sqn(Z_RULEY;

1at =30 00%sqn(2 RULE)

1V =26.80%q(Z_RULE);
HOA = H +COS4s*(lat+iah);
Top =H2-COS4S*lat;

Bonam FACOMS i

F1=0.6666:2=1;
wmsq(L);  thr2tw;
dwo=find_dwo0; bferldwo;

HI_TOE_L=tw*10; //scale up the lengih so is more visible
HI_TOE_¢
HI_TOE_A=0.34*tw*1s/N_TOP_TOE;

LO_TOE_L=tw*10; / scale up the length 5o is more visible
LO_TOE_E=200E3/10; // scale down by same smount to keep stiffness:
LO_TOE_A=0.34*tw*lalvN_BOTTOM_TOE;



void bikr_frame:fil_bikr_frame(FEM_model_datad model, float L_SHIP)
flotximraxt 2y Lyzem

BOOL SPRING_ADDED = FALSE:
init(model,L._SHIP);

intrvl = COS45®1at/N_TOP_TOE;
ndx=1; coord_ndx=1:x=Top;

‘while (x<Bottom-1)
xImcxecrinuvl;
il x2 >Bonom) x2=Bottom;

RO " . 1

fset coords for node |
*model.coord(coord_ndx,I)=x;

‘*model.coord(coord_ndx.2)=y_coord;
“odelcoord(coord_ndx node-dofymax(3*modelcoord(coord_ndxnode_doD)

2<-H2+1 && HI_TOE F FLEXM'PAST mv >_FLARE)
{//2dd extra node and element for
ol soord(eoordnaxe1, {11 HI. TOE_Ls
oo e LTy, uorte

(coord_ndx+1 node_dofy=max(2, *model.coord(coord_ndx+14));

¥ : 20;
model.cl T ndx; /inode | = this ndx

y=coord_v
*model.el_¢ 1_TOE_E*HI_TOE_FIXITY;
I_TOE_A

: 4
>H2+1 &4 L0_TOE FLEX &4 PAST_BOT_FLARE)
{V/add

sectional properties

{_ndx+1,1)=x2+L0_TOE_L;

 coord(coord_ndx+1.2)=y.

fget._section(x1);/iretum to x| temporarially

*model.coord(co0rd._nds+,node_dofj=max(2,*model.coord(coord_ndx+1,4));
uble

(ndx,1)=truss_2D;

I ndc+; finode |
(ndx3)coord_ndx+: fincrement coord_ndx and sct
-LO_TOE_E*LO_TOE_FIXITY;

LO_TOE_A;

11 get midspan scctional properties(yc,y_coord LAb)
get_section((xI+2)2):

st clement_sable
Lel_defind, I y=beam_2D;
deflndx.2)




IfISPRING_APDED) (coord_ndx++;

model at_def(ndx 3y=coord_ndxc f node 2 = 0eXX 0dx.
*model.cl udxmuy-znoa 1/E=210000

*model.el_deftnde.6p=l;

*model.¢l_defindx.Sy=Ab;

nderr;

gt sectional propertes && coords for node 2
section(2);

Iisét coords for node 2.

*model.coondicoord_ndx.1}=x2:

*model.coord(coord_s

)=y_coor
‘*model.coord(coord_ndxnode_ uenqnnu *model.coord(coord_ndxnode_dof);

lieoor
n m,m ot i necessary

.r(u>=l-|lz<.ruwm TOP_FLARE)
izt ToP_FLARE:
PAST. TOP_FLARE=TRUE:

=+ IPAST_MID)

imtri=(H-Ive-IvhYN_MID;
H+

)
ix2>=HP2-err && IPAST_BOT_TOE)

«

Inryi=COSAS b/ BOTTOM_TOE:

rm BOT_TOE-TRUE:

1 increment ndx and x
x=x2;

Inow that the model has been
Uiset global manfmu:nmt,mﬂmda‘l
ool cuouil slobe AL

Lcoord(i global_t ndx)—‘vwdelm.d(l 1 |Iold R+

Ilmmmlidqr:nmuulhwndbmm
void bikr_frame:get_section(float x)
L

PO it upper bracket 1o

*model.coord(i-1,node_dof);

{y=0.707°}

~H2-x); }
If (o=-H2 &k n<-( (-H2+w1) / in the flare of the upper bkt

s
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X CH2+V) && x<(H2-VW) /1 in mid span region
ty=dwo;
tank=0:} .

(y=0: :
tank=0;}

i ((H12)) 1 in lower e

ank=(H2);)

yow=0.5%dw:
yo= (AfPycE+ Aweycwi/Ab;
y_coord=ycHank;

{_SECTIONO:

Hreturns moment of in
inline float bikr_frame: sEcnONo
€ return

"+ (reyem ey AW |

et cross sctional wea in
inline float blks_frame::A_SECTIONQ
{ rewum (1471 'm'aw‘w-m.)) )

17 well behaved over the interval in.
float bikr_frame::find_dwo()

¢

int count = 0;

double = (x_mintx_max)2;
double R=1;

uhile (Bbs(R)>0.0001 &8 count<100 8k sl s miny>01)
measurements in mm, anything less then 0.01mm is

[

i (R<0) x_min=x; else x_max=x;

X = (x_mirrex_max)2; dwo=x;
oo/t fame mode, O=midspan




FILENAME: DOC_FATIGUEH

11 doc_ e
#teine .. Hswogrm 10

fine matcrial_Su 30
it S_N_constant 338.7

#define S_N_slope 0.1743

#define w_min 02

#define w_max 1.5

#define del_w 0.

#definen_w 14/l note n_w = w_max-w_min/del_w+1 recalc if any changed
#define FATIGUE_FAILURE 0.3

cnum {w_i=1,block_damage};
enum {H_S=I.occurance};

class fatigue_model

t

private:

float s_max.s_minRAOX RAOZF_LF_BM_NETz_wx_w,A_ia 22b 22.m xk XLBP.wn;
loat Iife.damage;

public:
_matrix<float>* cycle_ratio;

fatigue_model

void dump(ine Ny
float,

loat L_SHIP):

void w Stress, nngg(noﬁL SHIP Gom . G T
float get_cycle_damage(float in, float ni);
ot o Tome Rom . oas, Tom S

%
class wave_model
(

private:
float w.wm(10](S}. wh{19](3]);

ke
wave_model():

Tioat S(oa w.foa Hey

float component_amplitude( float w);
¥



FILENAME: DOC_FATIGUE.CPP

1doc g
void fatigue_model:dump(int N)

{
CSudioFile out;
char buff120];

inti;
llout Open("dump.oxt”,

ifN=1)

sprintfibuf"L=.%f, C_LOAD=2%f"LBP.C_L);
out WriteString(bu

”
sprintf{but"N_TOP_FLARE=%i, N_TOP_TOE=4i".N_TOP_FLARE\N_TOP_TOE);

out WriteSiring(buf);
sprintflbuf."N_MID=%0\n",N_MID);

out WriteString(bu):

sprintfibuf."N_BOT_FLARE=3%i, N_BOT_TOE= i)
auWrieSmingCf)

i Tbut 1 TOE_FIXITY~3%(, LO_TOE. . FIXTTY=2%f \a" HI_TOE_FIXITY.LO_TOE_FIXITY);
out WriteString(buf);

Uisprintflout” w, A_ia 22,6 22.m XRAOZRAOXXZF_LF_BMu");
IHout WriteString(buf);

{_BOTTOM_FLARE,N_BOTTOM_TOE);

)

ifN=2)
sprintbu.
ICREICHSICABICHS -
wmA_ia 22 22.m XRAOZRAOKX wiz_wiF_LF_BM_NET)
out WriteSiring(ouf);
)

iMN=3)
i
uf"w, damage, s_max, s_min\n *);
mWnus-mx(hulr
for(i=li<n_wii++)
spnmmumxr/.zm *cyele_ratiofiw_i),=cycle_ratiofi.block_damage),

cle_ratio(i3).*eycle_ratiofid);
oL WrES g (ouD:
1

sprintf(but.“Fatigue_life=%f,years Accumulaed Damage=24f\n " lifc.damage);
out WriteStringo

ufl;

iN==s)
i

UIsprintf(outFatigue._life= %€ years, Accumulaied Damage=%f\n *ifc,damage):
sprnelbutLifem KO0 lfedamage); ”
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outClose0;
rewm;

e modetuigue modelg
€ cycle_ratio= (_matrix<flost>*) new _matrix<loat>(n_w,11);}

float fatigue_model::calc_ife(float L_SHIP)

float a_i,T,w.ni, max_T;
e_model ITTC;

LBP=L_SHIP;
HOPPER_END_MOMENT=1;

dump(1);
aoad Block s of duration = maximum period.

by i cyeles of component in max_T
ax_T = 60°60%24; /ichoose one day as block unit..

for (L_SHIP=50;L._SHIP<=300;L._SHIP+=10)

for(w= w_min; we=w_max+0.001:w+=del_w)

T=
get S vinge(L_SHIPa_i) i
max T/

ITTC componest_smplitude(w):

cyele_ratiofiw_i)=vwe;
e o ook amage g eyee_damage(s s minl

“cycle_ratio(j 3y=s_max;

*cycle_ratio(j,1 Ly=x_w;
A_ima_iswmmwidump(2);

damage=0;
intblock_count=0;

block_count = 0.3/damage; // 0.3 = filure damage

if block_count>2E4) AfMessageBox("MAX BLOCK COUNT. POSSIBLE INFINITE LIFE™):

life = block_count * max_T/(60°60°24*365.25); //in seconds

IHdump@)
dump(4);

char bufls(
sprintftbut, Fatigue Life= %€ years damage~%f", life,damage);
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AfxMessageBox(buf);

rewm life; /i years

7 will

J1 final stress will be a weighted average obtained by running.
atdi rTC

void fatigue_model:zget_stress_range(float L_SHIP.float i, float T)

bl fame ftheApp hmode):
frame(theApp.h.modelL_SHIP);

ld_KO;
frdefine_load(theApp h.model.a_i.T);
frdefine_be(theApp.h.model);

theApp.h.build_UQ:
theApp 5ol

u i i i
1 corresponding to the low toe divided by its area
N = theApp.h.model.n_clements -

ot A = e Apy et 1 deT Area

float To =*theApph.T(N,1);

s_max=To/(A);

define_load(theApp.h.mode,-
1 define be(iheApp mocel

meAnp hbuild Q0;

mpp.h.mlveo

- . ’

4 corresponding 1 the low toe divided by its area
N = theApp.h.model.n_elements -

A= enrp ot def Are:

To=*theAppAT(N.1);

s_min=To/(A);

SHOW_DISPLACEMENTS=1;
)



Hbased on S-N curves from
float fatigue_model::get_¢ l:y:le w«ms max float s_minfloat i)
{

{_co
floatm =S} N siope;
loat b —-1/6vTog 0(2+100(1.S*maerial_Su)):

/oot bisection to find N

11 passes through zero and for which f(x_n mm»o «x max)<0

float x_min = 1;
float x_max = IE30;

float x = (x_min+x_maxy2;
int count = 0;

(Roxb,del_S)»>0.0001

xr(mmu(&x bdel s)>0) x.
if (cesidual (Rox.b.del
x=(x_min+x nw(lﬂ
counts=1;

)
1 calculate cyele ratio and retum
tum ni

float atigue,_model:residual(float R, loat N, float b, float del_S)

float = (Imwﬂ'N bl)/(l«hkvu R)*pow2*N.b);
re=S. N cons
rr=de]

wave_model::wave_model()

I init wave data.
11 confidence interval, wmi param 1, wmi param 2, weighting factor wfi

{1}
wm(2]{1]0.85; wm{Z][2]=0.054; wm{2]3}=8.44wm{2][4}=0.05;
w3][11=0.75; wm{3][2}=0.061; wm[3][3]=8.07:wm(3]4}=0.0875;
wm{4][1}=0.5; Wm[4](2}=0.069: wm4](31=.77:-wm[4]{4}=0.1875;
wm(SI{11=0; " wm[S][2}=0.079; wmn{S]3}=7 63 wm(S}i4]=0.25;
wn[S][1]=0.5; wm[6](2}=0.099: wen{6][3}=6.87: emlel01875:
wn(7]{1}=0.75; winj 67:wm(7][41~0.0875:
wmmn—u wn[82}-0.119; m[lu?]‘.&swn[l][‘}-ﬂos
IR1=0.134;

I1wave height distribution and percentage occurance
wﬁ(IIBM 05T3: whLLOIIE .5 wh{IOIZ}0007%

.0209; wh{17I[1]=16.5; whi1]
WhISI[1]-8.5; WhISIIZI=0.0120; whIISILII-17.5; whLI8IIZ}-0.00005:
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Sw=0;
for Cint = 1; i<=95k++) / final S_w is weighied average of
i

wm_i = wm(i][2] 3 log = In s
S_wi-+=03125* pow(wm_ifw,4)* s Hs/wecxp(-1 25 *pow(vwm_i

)
rewm S_w;
)

float wave_model::component_amplitude(float w)
¢

i) 8_b=sar wh[i][H_ST)*del_w)*




FILENAME: DOC_FEM.H

11 header file for finite element routines

cnum(Element sype= Node Node2,Elastic
i element.

odegath 91 2.C_néx._ndl:
cnumnode e eyt b S5t loba e

enum{unknown=0 known=1);
‘cnum{truss_2D=1,tuss_3D,beam_2D,beam_3D,platc_2D};

1/ base model storage class
class FEM_model_daia

(
bl
e

clementsn_loadsn_be;
.m g_dom an(,,_anr
odes.el_nodal_dof;

“aie<tloae b
void initialize():

3

11 FEM model manager class

class FEM_model

void build_QQ):
void build_UQ:
int solve():

U1 "after init, the rewm matrix by flashi
Iitis a uiliry only i model
class T_2D

{

public:

_matrix<float>*

_2D0;
void init(float x1, float 1, float x2, float y2);
%



k_Tr_2DQ;
vaid nitfloat E. float A, loat L):
I

class k_Beam_2D

public:
matrix<float>® k;

eam._2D0;
void ini(loat E. float A, float L float L);

%
class k_Beam_3D
(

public:
L matrix<floa>* k;

k.

Beam_3DQ;
id init(float E, float A, floatIy, float Iz, float G, float ,float L);

class K_Tr_2D

public:

K.
void init(FEM_m¢
%

class K_Beam_2D
bl _
ix<floa>* K;

fte.don, durN(]]

K_Beam_2D0;

_matrix<float>* K:
int e_dof, n_dof, N{3};

DO:
o X1 e Lok xz.na-vlm E, float A);
model

o X1 fow Y1 flow X2-lom Y2 fow . float Aot )
model_datad

‘model, int 1),
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FILENAME: DOC_FEM.CPP

_marrix<float> K_tmp = *K:

llparse system of equations.
1] check for zero rows in the global stiffness matrix...

for(i=1ii<=model.g_dofii++)
t

ifCzero) (*UG | y=known:) /7f any found st as dummy.
'

for (i=1si<=model.g_dofii++) *SOLNG.1)=*QGi2);

for (i=lsi<=model.g_dofii++)

IR *UG.1=known)
f{*U(i.2)==0) *SOLNG,1)=1; /et force vector component=dummy
forj=1 j<=model.g_dofj++) *SOLNG,I) -= *K_tmpG.) * *UG2):

else
Uset as diagonal entry in stiffness matrix

//first biank row and column
I‘M(FI.K-"MEI LM.I"'*)(‘ _tmp(ij)=0; *K_tmpG,i)=0; |

.
M end dofs, end parse.

Usolve global system for unknown displacements
K_tmp.GJ_elim(*SOLN);

i Lg_dofi++) UG, G2} *SOLNG,1);
# calculate nodal forces
Q=K oU;
Jealeutate tension
for (i=1ii<=model.n_clements;i++)

int NI=*model.cl_defliNodel); int N2=*model.el_defliNode2);
loat X2=*model.coord(N2,1);

ok DX~ 33 X1: ow DY & Y2¥ 15 nn-nz-a.zn
float L = pow(DX*DX+DY*DY+DZ*DZ0.5);
float E = *model.cl_defliElasticity);

G_ndx);
float J = *model.el dd(vJ ndx);

iftmodel.el_def->x{i][Element_type}==truss_2D)



i
Hlcreate eiement and transformation matrices
KTCIDkehicelimE ALY
T2 OCLY 1O V2):
Tt o displacement tabl
Jmetonn UKL

(N1, global_ndx);
-um el o 201G D U121
base= *model.coord I_ndy

‘model ;.
UG =0 ase2): DI, 1)=*Ubasc+1.2);

mm-u<llnl!>'l'|(2,ll Ti="*k_elk * (“T2D2* UN);
Ticapy 1o global tension vector
TIR.1):

T T, TG
Miend tuss 2D
iftmodel.cl_def->x(il[Element_type}==beam _2D)

Ilereate element and transformation matrices
K Beam 2D ol k cIn(EALL

b D.init(XLY L X2.Y2);

i ocal dsplacement able

blon> UG

nt base= *model.coor
-um I)='U(Inm.2). -Um,l)-ul'h-m.z) UIG, I=*Ubase+2.2);
model.coord(N2,global_r
ﬂ,“:* Uy <t 1 U(base+1.2); *UI6,1=~Ulbase+2.2);
culate

cou THE 5 T1 = K <l * (T2 * Ui

Tlcopy to global tension vector

Do T Th2E o e e
G4)= 3 ittt et

)/r end bmn 3
) #1end clements

rewm 1;
)

void FEM_model=build_UQ

it nbe._node,be_dof;

4
be_node=*model.bei
iR ode 1=0)

): be_dofi= *modelbei.2):

e coordte node global_nds) b dof1;
"Ute, 1=known;

ild_Q0
int i,n.load_node,load_dof;

for(i=1i<=model.n_loads;i++)
foad_node=+model load(i,1); load_dof =*model load(i.2);
flload_node 1=0)

n =*model.coord(load_node,global_ndx}+load_dof-1;
(1.1 y=inown; *Q(n2)=*model.load(i3);
*Un.1)=unknown;
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11 get model data...
if (FRAME_AUTOGEN=1)

Ilkr_frame frame(model);
IHframe.init(model theApp.LBP);

)
else
model initialize0:

11 now that model_data is initialized
11 now that size is known, allocate ycm K.Qand U matrices

1 need 10 allow for multple runs with change of parameters, so check
11 matrices previously i

i U 1= NULL) delete Us
f{ SOLN t=NULL) delete SOLN;
(T = NULL) delete T

K =( maurix<float>*) new_matrx<loar>(model.g_dofmodel.g_dof);

int FEM_model:dump()
CSuioFile out:
ar buf[80J;

1 file dump
CFileDialog
Tex xrxes(-ncn;-'nm TXTIAl Flesc-

ileDialog. DoModal(!=IDOK) (TRACEQ("File Esror"); rewm 13}

it

0w OpenfFileDinog GerPutim.
CFil reateiCFile::modeWrite)) retum 1

sprinttbut."Global Stiffness Matrixn’]
out WriteString(buf);

fori=1;i<=model.g_dofii-+)
¢

(=13 .g_dofj++){sprintfbuf,"%i %i Wi K->xG16D:
‘out WriteString(buf);}
)
sprintflbuf,"Global Load Vectorin®);
out WriteString(uf);
for(i=L;i<=model.¢_dofii++)

(
for G=1j<=2i++){ sprintf(buf."%i %i = %120a"ij.Q->x(10D;
) out WriteString(buf);}

sprintf(but,"Ship Length: %i \n",the App.LBP):

140



out WriteString(buf);

sprintRbuf,"Number of nodes: %i \n".modeLn_nodes);

out WriteString(buf);

eiabut Number of cereats %] W model.n_slemcnel

out WriteString

mmur-u..nhaurmm conditions:%i \n".modeln_bc):

out WriteString(buf);

sprintftbuf, "Number of nodal loads:%i \n".modeL.n_loads);
riteString(but

sprindbuNode x y 2a):

\_nodesii++)

sprnitout % %12¢ %12 i 3
coord>x(ilBD:
o WeicSotoud
sprintout olemert Type Node f Node E A fa;
i mosi ementsi++)

t
Sprintlbut"%4i %98 %498 %95 KDL g HIE i,
mod=l el Mé'xm[l].nlxhul M-hnm
[i](3):model.el_def->x{i]|

‘model el_d
odeLel defnf3Tmodel

out WriteString(buf);
¥

sprintffbuf,"\aNode DOF  Load \n");
out WriteString(buf);
for(i=1:i<=model.n_loads;i++)

i

iftmodet.load->x[i][1]!=0 && model load->x[iJ2]!=0)

sprintflbuf,"%g.%.%g\n" modeL load->xfl( 1],
el owd>x{{2 mode o :

out WriteString(by

!

m..mmr-\..swnm Conditions: Node DOF VALUE \a");

out WriteString(b

Pt
t

1_beii++)

il model be->x(I[1]1=0 && model.be->x{l[2]!=0)
sprintf(bu*%g.%e, %ghn",model.be->x ][ 1} model.be->x[iJ[2]model.be->x{II13D;
out WriteSiring(buf);

sprintf(bu."Intemal Reactions \nElement T1 VI M1 T2 V2 M2w™);
out WriteString(buf);

for(i=Lii<=model.n_clements;i++)

sprintfbu s40g’, LTI T>x(i2],
T-)xanT&nr][l],T—hnb!S),T&kfl[ﬂl

oot WriteStr

)

sprintfibut"Node: T V. Mwa");
out WriteString(buf):

for(i=li<=model g_dof;i+=3)
¢
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sprindf(but.*%3i: %12g %12g %l2g\n"
3+1,Q->x(TR21.Q->x [+ 21Q=>x (212D

out WriteString(buf);

)

R ol . v i
out WriteString(

for(i=lii<=model.g_dofii+=3)
inflbut"%3i: %12g %12g %I12g\n",
ehi * 3+1,U->x({IRJU->x(+ [2LU->x(202D:
out WriteString(buf);
)
sprintftbuf” \n *);
out WriteString(buf);
outClose0:
rewm 15
)

8.T4.20 globalized element niffhess i

(: g n o K= (_matrix<float>*) new _matrix<fioat>(4.4); }
void K_Tr_2D:init(FEM_model_data& model, int )

Niij= deffiNodel);  N[2}=*model.el def(i.Node2)
et XeemaT coordNIIL1 Mo Xomemodecou coord(N[2],
float Y1=*model.coordN[112); float coord(N|
float 2 1.coord(N[113):
float DX=X2-XI: float DY=Y2-

float L=pow(DX*DX+DY*DY+DZ*DZ.0.5):

float E =*model.c_def{i, Elasticity);
float A =*model.ci_def(i.Area);

KT 2Dkl kelint(EAL);
T2D T: Tinit(X1,Y1.X2.Y2);

K =Tu>flash_TO * (k_elk * *T:
)

1K _Tr_3D - globalized clement stiffness matrix

K_Tr_3D:K_Tr_3DQ

(€_dof=2:n d0f=3; K = (_matrix<float>*) new_matrix<ioat>(6.6); )
void K_Tr_3D:init(FEM_model_dataf model, int i)

Nlilsimodelel deflNodel).  NEZl-emodelel deftiNode2
float X1=*model.coord(N[1],1); flow Xa=~model coonlNZLi%:
floa Y1== 2 2

float Z1=*model.coord(N[1]3); o 22wt coord(N[21,3);
fom DX=32-X1; flomt DY=Y2-Y1; float DZ-22-
loat L=pow(DX*DX+DY*DY+DZ*DZ,0.5);

float E =*model.el_defli, Elasticity)
float A =*model.e|_defli.Arca);

KT 2D kel k_elini

T30_Truss.

HEAL)
i(X1,Y1Z1.X2.Y222);
K =Ta>flash_TO * (*k_elk * *Ta);

)

#/K_Beam_2D - globalized element stiffness matrix
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K_Beam_2D:K_Beam 2D0
(6 dof=2: n_dof=3; K = (_matrix<float>*) new _matrix<floa>(6.6): )
woid K_Beam_2D:init(FEM_mode!_datal model, int 1)

Ni=emodelel deflNodel); NI2l-madel ol seliNode2:
fioat X1=*model.coord(N1],i Xa=+model.coord(N[2},1)
float Y1=*model.coord(N[1]2): ot V2w modecoordND12)

float E =*model.cl_def(i Elasti
float A =*model.cl_deffi, Arca);
float I =*model.¢_deliInenia

& Bram 2Dk ek K _elingEALLY
T_2D_Beam Tini(XLY1.X2.Y2);

K = Toflash_TQ * (K bk * *T);
)

ah: e ix for russ elements
¢ 2DQ( k =(_matrix<float>*) new _matrix<float>(2.2)}

it(float E, float A. float L)

void k_Tr_21

t

bt Lol ol
kZD=-EAL: k@2

)

I e 30. the ol sifvse o 20 b clemens
eam_2Dzk_Beam_2D()( k =(_matrix<float>*) new _matrix<float>(6.6):}

void k_Beam_2Drinit(float E, float A, float . float L)

*K(11=E* A/L; *k(14)=E*AL;

DD UL LA KOG E UL LA S} Q2L O-K23N
KB 2)="k2.3); KO EULKB. 5717 *K26): *KC.67-2°EULs
k(8.1=rk(1.4); k4 4)= *k(1,1

KS2=KS): k(IG5 *KS.E=KO.5):

Sy=tk(22
: *k(6.3)="k(3.6): k(s Sy=*k(5.6)

“K(62)="k(2.6 : *k(6.61="K(33):
'

412D ook i o 20 s cemests
T_3D=T_2D0 { = matrix<float>*) new _matrix<float>(2.4):}

void T_2Dxinit(float x1, float y1, float x2. float y2)

flox DX-x2xL: Gou Y2
=pow(DX*DX+DY*DY,0.5);
ok DXL o SeDVIL:

LG (L2S:
>xRIBIC;  t>RR2][4)=S:

~_2D_Beam() { t= (matrix<floa>*) new _matrix<loat>(6,6);)
void T_2D_Beam::init(float x1, float 1, float x2, float y2)

float DX.DY,L.CS;

DX=2xI;

DY=y2-y|
Lpow(DX*DX+DY*DY.0.5)



C=DX/L;
S=DYIL;

“0.1=C;
U=
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