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SEA OPERATIONAL PROFILES FOR STRUCTURAL RELIABILITY ASSESSMENTS

Recent efforts to improve the safety, cost-effectiveness, and integrity of marine structures
have focused on developments in structural reliability assessment. A key factor in assessing
structural reliability is a description of the loads experienced by the marine structure throughout
its lifetime or the period of time under consideration. The definition of loads for a ship requires
the knowledge of its sea-operational profile. The sea-operational profile can be expressed as a
function of heading, sea state, and ship speed and in general is random in nature. These
operational profiles are required for input to structural reliability methods that have been
developed in previous SSC projects and could be used for reliatility assessment of the fatigue
resistance of structural components or the ultimate strength of either the hull girder or specific
structural components on a more rational basis than the current rule-based system.

This project describes a methodology for establishing operational profiles of ships that are
suitable for structural reliability techniques being developed under other SSC projects. The
profiles developed are based on historical analyses of existing ship operations and are composed
of combinations of ship heading, sea state, and ship speed, as well as descriptions of the
uncertainties associated with each variable. The methodology developed is applicable to existing
ship classes, including naval ships, and includes information for both lifetime and short-term
(mission-oriented) reliability assessments of both fatigue and ultimate strength. Operational
profiles were developed for four ship classes including a fast container ship, a tanker, a tramp
steamer, and a small naval combatant. One of the resulting proﬁles was used to perform a
sample reliability assessment of the fast container ship examjping both short and long-term
effects. i

R.C.NORTH
Rear Admiral, U. S. Coast Guard
Chairman, Ship Structure Committee
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1. INTRODUCTION
1.1 Adminigtrative

Thisreport is submitted to the Ship Structure Committee via the Defence Research
Egtablishment Atlantic (DREA) as aresult of the project entitled, “ Sea Operationd Profiles for
Structurd Reliability Assessment”, contracted to Fleet Technology Limited under Public Works
& Government Services Canada (PWGSC) Contract No. W7707-6-4299/001/HAL. This
report has been prepared by Fleet Technology Limited (FTL) of Kanata, Ontario, Canada, with
input from Science & Technology Corporation (STC) of Columbia, Maryland, USA.

1.2  Background

Higtoricdly, ship structures have been designed to meet minimum scantling requirements for
eadtic strength. Until recently, fatigue cracking was not explicitly consdered by ship designers
because it was rarely detected in ships less than 10 years old and because the costs of repairing
fatigue cracksin older shipswas tolerated by owners. Since the late 1970's, however, fatigue
cracking has occurred more frequently in relatively new ships. This change has been attributed
to the design and congtruction of more structurdly optimized ships with thinner scantlings. This
optimization, which has been motivated by commercid demands to reduce the fabrication costs
and the weight of hull structures, has been achieved through greater use of high strength steels
and the use of more sophigticated design tools. Increased exploitation of classfication society
rules which have permitted design stresses to increase with tengile strength up to a specified
fraction of the tensle strength defined by the so-called materia factor has aso contributed to
this unexpected increase in incidents of fatigue cracking.

Unfortunately, stress concentrations of structura details have not always been adequately
reduced to compensate for the higher design stresses and higher local bending stresses
associated with thinner scantlings. Furthermore, the fatigue strength of as-welded stedl jointsis
essentialy independent of tendle strength. Therefore, loca cydlic stresses at sructurd details
have sometimes been permitted to increase without a maiching increase in fatigue strength of
these details. In addition, corrosive environments have exacerbated this mismatch since the
flexibility of thin structure promotes the flaking of rust that accelerates the wastage process and
further increases the flexibility of thin Sructure.

In recent years, there has been a growing consensus that explicit procedures for predicting the
fatigue strength and ultimate strength of ships structures are needed, a the design sage and in
sarvice, to fully exploit the cost-benefits of high strength sted fabrication and to optimize the
ingpection and repair of ship structures without compromising their safety and/or durability. It
has also become apparent that such procedures must incorporate structurd rdiability methods
to account for structura or modd uncertainties and the random nature of wave loads.



To this end, the Ship Structure Committee has sponsored numerous projects amed at the
development and practical implementation of such procedures.

Some of these projects are:

SR-1339 Effects of High Strength Stedls on Strength Congderations of Design and
Congtruction Details of Ships

SR-1341 Resdud Strength Assessment of Damaged Marine Structures

SR-1344 Assessment of Reliability of Ship Structures (Phase 1)

SR-1345 Probability-based Design (Phase [11): Implementation of Design
Guiddinesfor Ships

SR-1346 Improved Ship Structurd Detalls reative to Fatigue

SR-1374 A Guide to Damage Tolerance Analyss of Marine Structures

SR-1379 Weld Detail Fatigue Life Improvement

An important prerequisite for structura reliability assessment of ship structuresis the accurate
determination of extreme loads and the digtribution of cyclic loads in the short and long term.
This, in turn, requires knowledge of a ship’s operationd profile over the life and missons of the
ship, and the associated encounters with waves. Thislatter is known herein asthe “ sea
operationa profile’ or SOP.

1.3  Objective

The first objective of this project was to develop amethodology for determining sea-operationa
profilesthet are: (i) applicable to existing dlasses of navd and commercid ships; and, (ii)
suitable for either life-time or mission-oriented reliability assessments of fatigue and ultimate
strength based on current and future SSC rdiability-based andytica approaches.

A second objective of this project was to generate sea-operationd profiles (including life-time
and mission-oriented profiles) for four classes of ships. These profiles were to be based on
historica analyses of existing ship operations and be presented in the form of histograms for
different combinations of heading, sea state and ship speed.

A third objective wasto review the trends and/or relationships of avessd’s operationa profile
factors and compare them againg the assumptions employed in recent structurd religbility
Sudies.



2. PROBLEM DESCRIPTION

2.1 Structural Effects of Wave-Induced L oads

Primary components of wave-induced loads on ships are listed below:

gill water loads; static loading due the buoyant/weight distribution;

low frequency steady-dtate: response largely rigid-body;
high frequency steady-dtate (Springing): response largely eastic
high frequency trangent (wave impact or damming): response largely dadtic;

hydrogtatic pressure loads,

low frequency steady-state pressure loads;

high frequency transgent pressure loads (wave impact or damming);

inertialoads from cargo induced by ship motion;
inertialoads from fluids induced by ship motion (doshing).

Extreme values of wave-induced |oads are required for ultimate strength assessment, whereas
datigtica digtributions of the ranges of wave-induced loads are required for fatigue assessment.
Long-range vaues are required for design purposes whereas short-range as well aslong-range
vaues are required for damage tolerance assessment. The degree to which each of the load
types are sgnificant depends upon, among other things, the ship type, the payload, structura
configuration and location of structure. Tables 2.1 to 2.5 provide guidance in identifying the
important loads for a sdection of ship types.

Table2.1: Highly Loaded Structural Elements- Tankers

STRUCTURE MEMBER STRUCTURAL DETAIL LOAD TYPE
Side-, bottom- and deck plating | Buit joints, deck openings and Hull girder bending, stiffener
and longitudinds attachment to transverse webs, | latera pressure load and support

transverse bulkheads and
intermediate longitudind girders

deformation

Transverse girder and stringer
dructures

Bracket toes, girder flange butt
joints, curved girder flanges,
pand knucklesincluding
intersecting transverse girder
webs, etc. Singlelug dotsfor
pand dtiffeners, access and
lightening holes

Sea pressure |oad combined
with cargo or ballast pressure
load

Longitudina girders of deck and
bottom structure

Bracket terminations of abutting
transverse members (girders,
diffeners)

Hull girder bending, and
bending/deformation of
longituding girder and
considered abutting member

Source: SSC SR-1374




Table2.2: Highly Loaded Structural Elements- Bulk Carriers

STRUCTURE MEMBER STRUCTURAL DETAIL LOAD TYPE
Hatch corners Hatch corner Hull girder bending, hull girder
torsond deformation

Hatch sde coaming Termination of end bracket Hull girder bending

Main frames End bracket terminations, weld | Externd pressure load, ballast
main frame web to shel for un- | pressure load as applicable
symmetricd main frame profiles

Longitudinas of hopper tank Connection to transversewebs | Hull girder bending, sea- and

and top wing tank and bulkheads ballast pressure load

Double bottom longjtudinals (1)

Connection to transverse webs
and bulkheads

Hull girder bending stress,
double bottom bending stress
and seg, cargo, and ballast
pressure load

Transverse webs of double
bottom, hopper and top wing
tank

Sots for pand diffener including
diffener connection members,
knuckle of inner bottom and
doped hopper side including
intersection with girder webs
(floors). Single lug dots for pand
diffeners, access and lightening
holes

Girder shear force, and bending
moment, support force from
pand giffener due to sea, cargo
and ballagt pressure load

Thefdigue life of bottom and inner bottom longitudinas of bulk carriersisreated to the
(1) combined effect of axia stress due to hull girder- and double bottom bending, and dueto laterd
pressure load from sea or cargo.

Source: SSC SR-1374




Table2.3: Highly Loaded Structural Elements- Ore Carriers

HULL MEMBER

STRUCTURAL DETAIL

LOAD TYPE

Upper deck plating

Hatch corners and side coaming
terminations

Hull girder bending

Side, bottom and deck
longitudinds

Butt joints and attachment to
transverse webs, transverse
bulkheads, hatch openings corners
and intermediate longitudind girders

Hull girder bending, diffener laterd
pressure load and support
deformation

Transverse girder and Bracket toes, girder flange buitt Sea pressure |load combined with
stringer structures joints, curved girder flanges, panel | cargo or ballast pressure
knuckles a intersection with
transverse girder webs, etc. Single
lug dotsfor pand diffeners, access
and lightening holes
Transverse girders of wing | Single lug dots for pand iffeners | Seapressure load (in particular in
tank (1) ore |loading condition)

(1) Thetransverse deck-, sSde- and bottom girders of the wing tanks in the ore loading condition are
generdly subjected to consderable dynamic shear force- and bending moment loads due to large
dynamic sea pressure (in rolling) and an increased vertica racking deflection of the transverse
bulkheads of the wing tank. The rolling induced sea pressure |oads in the ore loading condition
will normally exceed the leve in the balast (and a possible oil cargo) condition due to the com-
bined effect of alarge GM-vaue and asmdl rolling period. The fatigue life evauaion must be
considered with respect to the category of the wing tank considered (cargo ail tank, balast tank
or void). For ore-oil carriers, the cargo oil loading condition should be considered as for tankers.

Source: SSC SR-1374




Table2.4: Highly Loaded Structural Elements- Container Carriers

HULL MEMBER

STRUCTURAL DETAIL

LOAD TYPE

Side and bottom Butt joints and atachment to Hull girder bending, torsion (1),

longitudinls transverse webs, transverse stiffener lateral pressure load and
bulkheads and intermediate wpport deformation
longitudind girders

Upper deck Pate and stiffener butt joints, hatch | Hull girder bending and torsiond
corner curvatures and support warping stress (2)

details welding on upper deck for
container pedestals, etc.

(1) Torsoninduced warping stresses in the bilge region may be of sgnificance from the forward
mechinery bulkhead to the forward quarter length.

(2) Thefatigue assessment of upper deck structures must include the combined effect of vertica and
horizontal hull girder bending and the torsiona warping response. For hatch covers, additiona
stresses introduced by the bending of transverse (and longitudina) deck structures induced by
the torsond hull girder deformation must be included in the fatigue assessment.

Source: SSC SR-1374

Table2.5: Highly Loaded Structural Elements- Roll on/Roll off- and Car Carriers

HULL MEMBER

STRUCTURAL DETAIL

LOAD TYPE

Side and bottom Buit joints and attachment to Hull girder bending, siffener
longitudinals transverse webs, transverse lateral pressure load and support
bulkheads and intermediate deformation
longitudind girders
Racking condiraining girders, | Stress concentration points at girder | Transverse acceleration load (1)
bulkheads, etc. supports and at bulkhead openings

(1) It should be noted that the racking congtraining girders and bulkheads are in many cases largely

unstressed when the ship isin the upright condition. Thus the racking induced stresses may be
entirely dynamic, which impliesthat fatigue is likely to be the primary design criterion. For
designs which incorporate "racking bulkheads', the racking deformations are normaly reduced
such that the fatigue assessment may be limited to stress concentration areas a openings of the
racking bulkheads only. If sufficient racking bulkheads are not fitted, racking deformations will
be greetly increased, and the fatigue assessment of racking induced stresses should be carried
out for primary racking constraining members and verticd girder structures over the ship length
as gpplicable.

Source: SSC SR-1374




2.2  Operational Profiles

Idedlly, the basis for the design of ship structure is. “the loads generated by the ship’s
operationa environment do not exceed the capacity of the ship’s structurd system”. In order to
accomplish this objective, the designer would sze structurdl members based on assumed
materia properties and applied loads. In the design process neither the gpplied loads nor the
materia properties or congtruction tolerances are known with complete certainty. Asa
consequence, efforts have been directed toward the development of structurd reliability analysis
techniques that account for the varigbility in these design parameters.

The greatest uncertainty in the design or assessment of ship structures liesin the description of
the loads experienced by the vessdl or marine structure throughout its lifetime or aparticular
period of interest. The definition of loads for a ship requires the knowledge of its operationd
profile that may be expressed in terms of the vessd’s mission, loading condition, heading, sea
state and speed. These features of a ship’s operationd profile are random in nature but may be
studied and characterized from ships operationd logs.

Previous SSC research has developed reliability-based procedures which employ these
probabilistic operationd profile feature definitions and Structurd definitions to assess the integrity
of ship structures. The focus of this project was to define through-life and missonoriented ship
operationd profiles suitable for use in the rdiability techniques developed or that are currently
being devel oped under SSC projects.

While the concept and components of the operationd profile are relatively easily defined, in
practice, the characterization of a particular operationd profile can be much more difficult due to
anumber of factors. Some of these are discussed in thisreport.

2.3 Load Estimation Methods

Two general approaches are outlined in previous SSC reports (References 1 and 2)
for the design and analys's of ships or marine structures, to incorporate the statistical nature of
the environment or loads:

short term andyss
long term andyds

The short term andys's gpproach identifies an extreme design condition which may be used to
edimate the probability of an ultimate strength failure of avessd, whereas the long term
andyss gpproach may be used to predict the probability of structurd falure due to either a
progressive damage accumulation (a fatigue failure mode) or a one time overload event (ultimate
drength failure).



While the emphasis of this project seems to be the development of the data required to employ
the long term analysis approach, the short term analysis approach is discussed here to
illustrate that the data required to perform thistype of anadyssis amply a subset of the data
used in the long term anays's gpproach.

2.3.1 Short term Andyss

In ashort term analyss adesign wave height (or sea state characterized by a sgnificant wave
height) isidentified such that its probability of encounter islessthan or equa to a specified leve.
The response of the marine structure or vessd is assessed based on the design wave and the
most unfavorable loading scenario (i.e., heading, loading condition, speed, etc.). The
probability of fallure may be calculated based on the design wave or sea State, but the
probability of failure of the ructura system in response to thisload case is conditiona upon the
occurrence of an extreme wave load for each falure criterion. The short term or ultimate
grength andysis gpproach is summarized in the five steps outlined in Table 2.6.

Table 2.6: Basic Stepsof Short term Analysis

1) From a ship route, ocean wave gatistics, and a specified encounter probability (or return period),
determine the design storm condition.

2) Cdculate the RMS vdue of the wave bending moment in the design sea condition using second order
grip theory, towing tank experiments or 3-D code (non linear) if available. Also calculate the
dill water bending momertt.

3) Edimate the strength parameters for each failure mode.

4) Cdculae the conditiond probability of failure or the safety index for each failure mode.

5) Edtimate structurd failure probakility for each failure mode from calculated conditiond fallure
probability and the wave encounter probability.

Source: Mansour et d [Ref. 2].

The key step in the short term andys's gpproach is reaing the design wave height in agiven
areato the probability of encounter. The probability of encounter (Ps), for a given wave height
in a specific ocean zone is described by Mansour et d based on the following equations:

S 1 where:
" 1-F, (H) n expected number of wavesin zonei necessary to exceed
n. wave height h
Ri =— Y, Fhi digribution function of individua wave heights generdly
Mo assumed to follow aWeibulll probahility distribution
5" design wave height

; return period in years of design wave height in zone i
total number of wave data collected in zone i
number of years of data collectionin zonei

time soent in zonei in years

probability of encounter in zonei
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QI-I-O

IS DI




The design wave may be determined for the short term andys's gpproach using this formulation
for aship route that traverses multiple ocean zones based on a systems rdigbility approach. An
upper (assuming Satistica independence) and lower bound (assuming tatistica dependence) or
“exact” (assuming equal dependence) estimate of the probability of encounter may be
caculated.

2.3.2 Long Term Andyds

Thelong term andys's gpproach determines the probability distribution of wave loads during
the service life of a ship taking into account wave statistics dong the route, loading conditions,
gpeed, and heading. Since the resulting probability distribution(s) provide information on the
entire load history, not just the extreme load events as in the short term analysis gpproach,
these load digtributions may be used to smulate a fatigue failure mode which is characterized as
adamage accumulation process. The basic sepsinvolved in along term analyss approach are
outlined in Table 2.7.

Table2.7. Basic Stepsof Long Term Analysis

1) Define the mission profile of the ship (ship route, expected service life, time a seaand in port,
nomina and maximum speeds and fraction of service at each speed, distribution of headings,
digribution of loading

2) From the ship route and available wave satistics, obtain the frequency of occurrence of different
conditions the ship will encounter in each of the geographic aress.

3) From Step 2 and the mission profile of the ship, determine the frequency of encounters different sea
conditions, loading conditions, speeds, and headings.

4) Determine the wave loads in each sea condition, loading condition, speed, and heading, using first or
second order gtrip theory, or 3-D non-linear code, if available.

5) Use an extrapolation procedure to determine the distribution of maximum loads.

Source Mansour et d [Ref. 2].

The long term analysis approach requires considerably more effort and input data than the
short term analysis. In particular, the Satistica didtribution of total stress (wave induced
dresses and still water stresses) is a function of the sea-operationd profile of aship (relaive
duration of each vessdl speed, heading, location and loading condition). Two agpproaches have
been proposed by the Ship Structure Committee in SSC reports SR-1337 and SR-1344 for
determining the wave induced load digtribution for the long term approach.(described as
Method A and B). Only Method B was used in the subsequent andlysis.




Method A - Procedure Proposed by SSC (Ref. 1)

In this gpproach, it is assumed that there arei =1 to n, loading conditionsand j = 1 to ns sea
datesin avesse’ s service life whose probabilities of occurrence may be considered mutualy

exdusiveand collectively exhaustive (e @ P, =1 and § P, =1). Inaddtion,itis
assumed that the wave induced and damming stress cumulative stress digtribution function for
sea dtate ] is K isindependent of the till water stress digtribution probability dengity function
(PDF) f4 for loading condition i.

A CDF (cumulative dengity function) which congders the contributions of al of the sea statesto
which avessd is exposed is generated as the weighted average of the individua sea date wave
induced totd stress didtributions (wave and damming) as follows:

( _ 0 ng
I:x (r) - a. jzlpsstxj (r)
For aparticular loading condition, the long term tota stress, including wave induced and il
water effectsis estimated by gpplying the convolution integra as follows:

Fri %) = @y A0 foi () ox

With thislong term tota stress distribution expression for each loading condition a CDF for the
average sarvice life load levels of the vessel may be developed through a weighted average of
the individua loading condition CDF s asfollows.

F(M=4"PF (1

This digribution may be used to smulate the cumulative damage effects involved in afaigue limit
date. In order to develop amore conservative or extreme load distribution which may be used
to andyze either afatigue or an ultimate limit sate falure, the relative number of load
applications (n) in each loading scenario is used in the weighted average as follows:

T; where:

t; average duration of avoyage in loading condition i
¢ N Ti isthetotal time spent & loading condition i

Fre ()= & 7% Ps [ Fr )
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Method B - Procedure Proposed by SSC Ref. 2.

In thislong term approach, the loading processis modeled as a series of stationary processes
with independent peaks which may be characterized by i = 1 to p stationary conditions
described by their:

* ggnificant wave height, Hs, * zero crossing period, T, ,
» forward speed, Vi, * heading angle, fi;,
» and fraction of tota time T spent a each condition, fs..

Based on this, the probability of individual pesk load observations (M) exceeding a specified
level (2) inaduration of time T is expressed asfollows:

_ 0_ & 3 fe - U2V2(2) 0
Q(Mp(T))—Pg?\/ITapr >25—1- expg Ta }Ozlvo,fs,e i )5
where vy IS the zero upcrossing rate and vi(2) is the upcrossng rate of level z.

The fraction of time spent is a pecific sationary condition isteken as

fs=1y (Hs,Tz) fV(VIHS) ff(f)

where fy isthe joint probability dendity function (relative frequency) of Hs and T, caculated for
N sea areas or zones (eg., Marsden zones) based on the fraction of the total time spent in each
zone (B) asfollows:.

fm(Hs, T2) = é.?:lpijj(Hs’Ts)

This procedure accounts for the fact that a ship’s master usualy reduces speed in order to avoid
excessve damming and green water on deck. Therefore the fraction of time spent at each
forward speed (f,) is made dependent on the significant wave height (Hs) asfollows.

1 Ty max if HE Hyg

fv(V:VW|Hs):}1- fumin if Hg>Hg

fy(V= Vmin|Hs) =1-fy (V= Vmax|Hs)

where f, min, T, max @d Hy are the minimum time fraction, maximum time fraction and reference
damming sgnificant wave height, respectively, which are specified. The fraction of time spent a
each heading (f;) is caculated as smply the ratio of the tota time versusthe time spent at a
gpecific heading. It issuggested in the SR-1344 that al of the possible headings be summarized
in terms of five headings (0, 45, 90, 135, 180 degree angle between the vessel and the wave)
and that elther the probability of any heading (p) is considered equa (Po = Pas = Poo = Pass =
P1so) Or that the probability of trailing seas be reduced (po = Pas = Poo = 3P135 = 3P1s0)-
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These recommended relative heading probabilities need not be used. The relative probability
may be collected from ship log data and may be a function of the mission profile (i.e., urgency
or time sensitivity of the voyage).

2.3.3 DaaRequirements for SSC Approachesto Load Anadysis

The short term and two long term load analysis approaches, described in the previous
sections, employ smilar datain various levels of detail. The table below describes the data used
by each approach and would need to be collected for their application.

Table 2.8: Data Requirements of SSC L oad Analysis Approaches

Data Short Term Long Term SR-1337 Long Term SR-1344
Heading | « most unfavourable heading | « most unfavourable heading |  list of headings
* reldive time spent a each
heading
Loading | » most unfavourable loading | e ligt of loading conditions * ligt of loading conditions
* relative time spent in each
loading condition
» PDF of dill water effects
Speed * most unfavourable speed | » most unfavourable speed | » list of ship velocity ranges
* relative time spent at each
velocity for given wave
heights
Route * list of Marsden zones * list of Marsden zones or * list of Marsden zones
* relative time spent in each sea states * relative time spent in each
zone * relative time spent in each zone
zone or sea state
Wave * datidtica digtribution of * detidicd digtribution of * datidtica digtribution of
Height wave heightsin each wave heightsin each sea wave heightsin each

Marsden zone

state or Marsden zone
* relative time spent in each
sea state

Marsden zone
* lig of wave height ranges
* Ref.erence wave height
caudng sgnificant
damming (H)

In addition to the data that is gtrictly necessary for the andysis, it is useful to examine the
correlations or relaionships of the data describing vessal operational modes. The data collected
as inputs for the SSC approaches may be used to cdibrate other rdiability-based design and
andysis procedures as well.
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3. VESSEL SELECTION
31 General

Six or seven different classes of ships were consdered during the vessel sdlection phase of the
project. The vessds being consdered covered both government-operated vessels and those
operated commercially and embraced vessals trading on a prescribed route and those operating
on alesser prescribed route, such as patrol vessels.

The vessdls operated by the government which were examined included:

Canadian Navy

U.S. Coast Guard

Department of Fisheries and Oceans
NOAA/Woods Hole

> owbdhpE

Commercia vessds from the following fleets were examined, as well as the standard
SL-7 fast container ship which has been the subject of earlier SSC research (15 SSC reportsin
al of which References 3 and 4 are examples) :

1. Marbulk Shipping Inc.
2. Maine Atlantic
3. Trans-Alaskan Pipeline Service (TAPS) Tankers

After researching the availability of logs and data, the four (4) vessels selected were:

SS SEALAND McLEAN; (SL-7) Fast Container Ship
SS ARCO CALIFORNIA; (TAPS Tanker)
Hamilton-Class US Coast Guard Cutter

M.V. THORNHILL (Bulker on* tramp” routing).

AwbdpE

3.2 TheShips

The SS SEALAND McLEAN, wasthe first of anew high speed class of containership known
as SL-7 and was constructed by the Rotterdam Dry Dock in 1972. The vessel was rated for a
maximum speed of 33 knots and operated on aregular route in North Atlantic service between
the ports of Portsmouth Virginiaand Cherbourg. Table 3.1 lists particulars pertaining to the
ship [Ref. 3].

The SSARCO CALIFORNIA is a 190 000 dwt “San Diego Class’ tanker from the Trans-
Alaskan Pipdine Sarvice (TAPS). A typicd voyage of the ARCO CALIFORNIA conssts of a
round trip between Long Beach, CA and Vddez, AK. During the northbound voyages, the
shipisin balast or storm ballast condition travelling a roughly 15 knots for 150 hours. At

13



Vadez, it is usudly docked for approximately 24 hours for loading of crude oil. The voyage to
Long Beach ismade at full-load and lasts about 150 hours.

The TAPS fleet must operate within a corridor in the Northwest Pecific. The vessd must not be
more than 150 miles offshore and no closer than 50 milesto the U.S. coastline and 100 milesto
the Canadian coastline. About 23 voyages ayear are consdered normd for the ARCO
CALIFORNIA [Ref. 5].

The MV THORNHILL isageared “handysize’ bulk carrier. The ship entered service in 1987
and was purchased in 1993 by Marbulk Shipping Inc. The vessel operates on short term
contracts, (“tramp” service) which take the vessd dl over the world, asis evident from the data
obtained for andyss. The vessdl israted at a service speed of 15 knots.

The HAMILTON Class of US Coast Guard High Endurance cutter isaclass of 12 vessdls built
between 1967 and 1972 by Avondale Shipyards. These vessds are Smilar to many smal
frigatesin other Navies, and were the firs US military ships at sea with gas turbine propulsion
(CODAG). They are of ged condruction with largely duminum superstructure and are
disinguishable by their sde-by-gde funnds. Two data sets were acquired, one for the USCGC
HAMILTON - which was andysed, and one for the USCGC CHASE, which data set was

delivered but not analysed.
Table 3.1: Principal Characteristics of Selected Vessals

Particulars SSSEALAND SSARCO HAMILTON M.V.

MCcLEAN * CALIFORNIA Class THORNHILL**

Overd| Length (m) 288.38 Yy 115.2 193.84
Length Between 268.38 290.17 107.0 183
Perpendiculars (m)
Beam (molded), (m) | 32.16 50.60 13.1 27.6
Draft, desgn (m) 9.144 Ya 6.1 10.24
Depth Y 23.77 $Z 14.8
Deadweight (tons) 27,752 191,716 Y 37,938.7
Displacement (tons) | 51,120 220,808 3,050 47,047

* This vessdl was subsequently converted to a Sedift support ship CAPELLA (T-AKR 293)
for the U.S. Military Sedift Command.

** Thisvess is being converted to a salf-unloading bulk carrier
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4. DATA SOURCES AND QUALITY

4.1

4.1.1 Summary of Ship Data

Ship Operational Profile Data

Data used in this project were taken from the ship’slogs. Most of the data were manudly entered in

the vessel’ s operationd profile database, with the exception of the ARCO CALIFORNIA and

HAMILTON Class cutter where data were obtained in eectronic form.

The ship log data recording frequency varied from ship to ship. For example, datafor the SS

SEALAND McLEAN were reported in four-hour intervals whereas, the logs for the MV THORNHILL
are presented as daily summaries. Timeintervals for data collected for the ARCO CALIFORNIA and
HAMILTON Class varied between 1 minute and 1 hour. Typically reported information includes
voyage ID, date and time, latitude, longitude, ship course, wind direction, ship speed, and Beaufort
Number or wind speed. The ship log for the USCG HAMILTON Class aso included wave height,
swell height, and swell length. A summary of the data collected in this project is presented in Teble 4.1.

Table4.1: Operational Profile Data Collection Summary

Vessel/Type Profiles Hrs. of #qf Locatio_n of Data set Daysin
Dataat Sea| Entries Operation Span port/year

SSSEALAND | Eastbound 2330.5 620 North Atlantic | 3 years 172
MCLEAN SL-7 | Westbound | 2063.6 600
Container ship
ARCO Northbound 2161 945 North Pecific 20 months | 128
CALIFORNIA | Southbound 2183 967
TAPS
Tanker
MV Loaded 3624.4 151 World shipping | 1 year
THORNHILL | Bdlast 1563.4 66 routes 148
Tramper
Bulk Carrier
USCG Short Traning | 471 1343 East Coast 2.25 years
HAMILTON Long Training 2114 East Coast
Class Cuitter Patrol 951 1796 East Coast/ 220

Enforcement/ | 617 Caribbean

Rescue 4207 11703 | East Coast/

Caribbean

USCG CHASE | Not developed | ~ 3557 ~ 7months | ~
Class

Anindex of ship log datafilesis provided in Appendix A, and the eectronic files are ddivered

separately, with this report.
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4.1.2 Review of SL-7 Data

The SL-7 was avessdl sdected by the SSC over 20 years ago for studies of ship loading and response
inaseaway. Consequently, voyages were better documented than might be expected for acommercia
ship. Data used in thisreport covered three operating seasons, from October 1972 to March 1975.
Each leg of the voyage (where voyage is defined as consisting of two legs, one eastbound and one
westbound) was analyzed separately, and was named as elther an Eastbound or Westbound
Operational Profile. A totd of 620 and 600 log entries for eastbound and westbound operation,
respectively, were collected. This data corresponds to 2330.5 hours of eastbound and 2063.6 hours of
westbound operationa information.

4.1.3 Review of Datafor ARCO CALIFORNIA (TAPS Fleet)

The second vessdl analyzed was the SSARCO CALIFORNIA. The voyages recorded for this vessdl
took place between November 1992 and July 1994. The vessdl operated on the Trans-Alaskan
Pipeline Service (TAPS) on ayear-round basis between Long Beach, Cdiforniaand Vadez, Alaska
This vessal was a0 the subject of load and seaway measurements and the data, which was made
available courtesy of ARCO and SeaRiver for the ARCO CALIFORNIA, was in an eectronic form,
10-minute observations for every recorded voyage. Those voyages not covered by the electronic data
were taken from the ship’slogs.

Operationd profiles were developed for two loading conditions: ballast and fully-loaded conditions.
The ballasted condition corresponds to the northbound voyage and the loaded condition to the
southbound voyage. The collected data covers 2161 hours northbound (945 entries) and 2183 hours
(967 entries) southbound.

4.1.4 Review of Datafor MV THORNHILL

The MV THORNHILL operates on short term contracts (tramp service) which takes the vessd all over
the world as evidenced from the data set. The data obtained for this vessdl covered atime period
between August 1996 and August 1997 and was reported in daily summaries. The data covers 3624.4
hours in aloaded condition (151 data entries) and 1563.4 hoursin a balast condition (66 entries).

415 Review of Datafor HAMILTON Class

The largest amount of data was collected for the HAMILTON Class USCG Cuitter. The staff of
Science and Technology Corporation reviewed logs and records and developed an eectronic file. A
total of 40 spreadshect files with gpproximately 17,000 entries was analyzed covering gpproximately
6250 hours of operation. Every file contained a number of spreadsheets, each being onetrip or one
mission. The data analyzed includes 295 days at seain the period from December 1988 to February
1991.
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This data was sorted into four composite operationa profiles which summarize and describe the vessdl’'s
misson

OP#1:. 1-6 daysat sea, 100 NM radius. Activities include training, gun exercise, man overboard
drill, machinery testing, patrol.

OP# 2. 3-8 daysat sea, 500 NM radius. Activities include training, gun exercise, sonar work,
machinery testing, patrol, and trangit.

OP#3 1-6 days at sea, 1300 NM radius. Activitiesinclude transit, patrol, and exercise.

OP#4 2-30 days at seg, 2500 NM radius. Activitiesinclude law enforcement, hurricane relief,
trandt and training.

The number of hoursfor OP# 1, 2, 3 and 4 were 470.8, 950.7, 616.9 and 4207.1 hours, respectively.

As expected, the logica grouping of this data set was the most chalenging part of the data collection
exercise.

416 Review of Datafor CHASE CLASS

Operationd profiles for this vessel were not developed. Data includes 3557 data log entries organized
into 10 spreadsheets, where each sheet represents one mission. Data covers the period from January to
August 1998.

4.2  Ship Speed and Heading

As noted earlier, there are extraneous factors that can affect the operationa profile of thevessd. An
exampleisthe use of advanced dectronic weether forecasting and routing information that permitsa
magter to take pre-emptive action to avoid bad wegther, thus skewing the operationd profile.

Voluntary speed reduction or changing course are factors that were thought to be important and were
investigated based on the log data.

It was thought that a pattern would exist between the speed of the ship and the sea tate or wind force it
encountered, at least at higher speeds. Ship gpeed and/or engine rpm or throttle position (full ahead,
efc.,) aretypicd log entries and these entries are made only periodicdly, a the time of log entry. The
gpeed recorded in acommercia ship is more likely to be the speed made good by caculation or from
the GPS rather than the actud loca speed of the vessdl, sincein acommercid sensethisisadl that is
required. Whileit is expected that any change of engine speed would be logged, it is probable that
small changes made for short periods of time are not recorded.
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Trends and relationships in the data were examined using the Hamilton Class Cutter data. Figure 4.1(a)
shows athree-dimensiond plot of speed, reative heading and wave height (sea state) for the datain
Operational Profile#2. Figures4.1(b), (¢), and (d) are the projections of the same plot onto three
principa planes. Figure 4.1(b) shows the relationship between speed and heading, Figure 4.1(c) the
relationship between wave height and speed, and Figure 4.1(d) the relationship between wave height
and heading. Units of the plotted parameters are knots, degrees, and feet for speed, relative heading
and wave height, respectively.

The correlation coefficient, which expresses the relative strength of the association between parameters,
was caculated for each pair of the three operationa profile parameters. The following expression was
used to calculate the correlation coefficient d:

dxy = Covariance (X, Y)/ [Variance (X) Variance (Y)] *°

The vauefor d will dwaysfal between —1 and 1. The closer the absolute vaue of d fdlsto 1 the
stronger the linear relationship between X and Y. The correlaion coefficient will be Oif X and Y are
independent.

Reaults of the caculations are presented in Table 4.2. As can be seen, the relationship between speed
and wave height is very week. The correlation between speed and wave height is negative. This
reflects the tendency for larger speeds to occur with the smaler wave heights. Speed and relative
heading are positively corrdated, but the relationship is very week as indicated by the correlaion
coefficient. A relatively wesk 12% correlaion exists between relative heading and wave height. This
may show an indication of preferred headings during severe weather conditions.

Table4.2: Correlation Coefficientsfor Three Principal Planes, Operational Profile #2

I X = Speed d =0.0083 | Wesk

Y = Rdative Heading Correlation
I X = Speed d =-0.0073 | Weak

Y = Wave Height Correlation
1l | X =ReaiveHeading | d=0.1165 | 12%

Y = Wave Height Correlation

These corrdation coefficients are two-dimensiond, and do not reflect any three-dimensiond correlation
that may exist between the parameters. However, they do indicate that statistica correlation among the
parameters (in two dimensions) is very wesk.

To examine the gatisticd corrdation in three dimensions, plotting of datawas performed using the
MAPLE V software package, which alows viewing the plotted data from any angle in 3D space (see
Figure 4.1(a)). From this quditative analyss based on visuad ingpection, no evidence of athree-
dimensiond corrdation among the speed, relative heading and wave height data was observed.
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Operational Profile #2

Figure4.1(a): 3D Relationship Among Speed, Heading and Wave Height
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Operational Profile #2
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Cdculations of two-dimengona coefficients were performed for the data from Operationd Profile #2
only. Three-dimensond plots smilar to the onein Figure 4.1(a) were produced and examined for the
remaining three operationa profiles of the Hamilton Class. The shape and scatter of the data were very
samilar to that shown here. Hence the same conclusions may be drawn.

From this we conclude that the assumption of independence of speed and heading is not unreasonable.

There were some observations of changes in speed as aresult of high seas and these are discussed in
some detail in Appendix B. However, such action was neither consistent nor did it follow a pattern
associated with specific headings or sea Sates.

Ship’s heading datais o recorded in logs often in terms of the Sixteen points of the compass (N,
NNE, NE, ENE, E, etc.). It was agreed at the outset that the heading data would be grouped in eight
45’ sectors - such that North would in fact encompass al headingsfrom -22.5' to + 22.5' each side of
North. Thus smdl changesin heading to avoid westher would not be recorded.

Discussion of these and the resulting satistical didtributions are provided in Appendix B.
43  WaveData
4.3.1 Sourcesof Data

While the procedures specified herein rely on Site-specific wave statistics based on geographical
location (in this case the Marsden Zones [Ref. 6]), it was aso advantageous to investigate any wave
data which was recorded onboard. Such data would provide the wave environment being experienced
by the vessdl and may allow assessment of voluntary speed reduction, heading changes, €tc.

There were two different sources of wave data that accompanied the origina data obtained for this
project. These were log reports and color-coded weather maps (TAPS dataonly). Datafrom wave
buoys was retrieved from the Internet once vessdl routes were defined.

All shipslogs report wind data, generaly using the Beaufort Scde. Only the
SS SEALAND McLEAN (SL-7) and the HAMILTON Class reported wave data in the log books.

The SL-7 data (for the third season only) [Ref. 3] was reported in four hour intervals and consisted of
wind speed, wave heights, swell heights and swell length. The wave heights

recorded by the SL-7 were derived from the Tucker Wave Meter [Ref. 4]. Thislatter comprises
pressure sensors and accel erometers mounted on both sides of the vessdl forward.

Graphical color-coded weather maps were received with the ARCO CALIFORNIA data. [Ref. 7]. The
maps contain noon-hour (GMT) forecast wave heights and directions for the particular day of the
voyage. They cover the winter voyages of 92/93 and 93/94 and avery large area as shown in the
examplein Figure 4.2.
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Figure4.2:  Exampleof Weather Data used in ARCO CALIFORNIA Work

Once the routes of the vessal's were defined, wave buoy data were sought dong each of the described
courses. A search was conducted on the Internet by browsing various sites that have ties with wave
data collection. Three mgjor sites focused on were the Nationa Oceanic and Atmospheric
Adminigration, [NOAA], the Bedford Ingtitute of Oceanography [BIO] and the Marine Environment
Data Service [MEDS]. Wave data Sites available on the Internet are: www.nodc.noaa.gov maintained
by NOAA, and www.meds.dfo.ca maintained by MEDS.

Wave datainformation could not be located for elther the SS SEALAND McLEAN or the M.V.
THORNHILL routes, however wave buoys were located aong the route of the ARCO CALIFORNIA.
These buoys were available on both the NOAA and MEDS sites, but the NOAA site was chosen due
to the fact it contained direct links to the data on the Internet.

4.3.2 Problemswith Wave Data

Two problems were experienced with the observed wave data

The SL-7 used a Tucker Wave Meter, as mentioned, to record wave height measurements. There
were problems associated with using the wave data because of certain characteristics of the MCLEAN.
Firgly, the vessd often rollsin quartering seas and hedls in strong winds off the bow that can displace
the position of the pressure sensors by severd feet above or below its nomina depth. Also, there are
guestions concerning whether the water pressure at the sensor, which is measured through a haf-inch
(2/2) hole in the side of the ship, represents the ingtantaneous wave height a that location, during top
speed of 33 knots. Because of these factors, the data produced by the Tucker Wave Meter would
have to be calibrated for direct use. A set of correction curvesisgiven in [Ref. 3] asafunction of depth
and encounter frequency. Corrections were applied to afew data points and were compared to
observed wave heights onboard the ship. No corrdation was found and subsequent to further research
in [Ref. 4] and other related documents, the wave meter readings recorded in the SL-7 data were not
used.

As discussed earlier, the colour-coded weather maps supplied with the ARCO CALIFORNIA data
show both wave height and direction for the area of interest over alarge area. The predicted
(forecasted) wave heights were compared with observed significant wave heights[Ref. 7]. The
observed vaues were taken directly from the logs and were shown to have a correlation of 0.69.
Because of thislow correlation factor, the forecast data was not used in any of the andyses.

The only wegther data recorded by dl ships was the wind speed, in Beaufort Number. It was,
therefore, of value to correlate the Beaufort wind scae with corresponding NATO sea dtate, the latter
being the scale of choice agreed by the Steering Committee. Table 4.3 shows the relationship between
the Beaufort Number and the NATO sea Sate.
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Table4.3: Beaufort Wind Scale and NATO Sea State

Beaufort Wind Speed NATO Sea Wind Speed Wave Heights
Number Range (knots) State Range (knots) Range (m)
1 0-3 1 0-6 0-0.1
2 4-6
3 7-10 2 7-10 0.1-0.5
4 11-16 3 11-16 0.5-1.25
5 16-21 4 16-21 1.25-2.5
6 22-27 5 22-27 2.5-4.0
7 28-33 6 28-47 4.0-6.0
8 34-40
9 41-47
10 48-55 7 48-55 6.0-9.0
11 56-63 8 56-63 9.0-14.0
12 >63 >8 >63 >14

Once the data had been placed into the correct sea state, the next step was to determine a method of
correating the recorded sea sate with arange of wave heights. This method was tested on the data
from the ARCO CALIFORNIA voyages. Two different approaches were considered to corrdlate the
ship’s recorded weather (wind speed) and the exact weather (wave height) at particular time periods.
The firgt gpproach was to directly associate the recorded Beaufort Number, from the ship’slogs, with
the wave height ranges effiliated with the particular NATO seadate. It was quickly noted that this was
not very effective. When a certain wind speed, Beaufort Force, is recorded, the probable associated
wave height may not be experienced for along time, due mainly to two factors. When wind blows, it
must continue for a certain length of time before it can reach its associated wave height, for example, if a
force of Beaufort 5 recorded, its maximum wave height being 2.4 meters (unlimited duration and fetch).
It would take eight hours to reach 75% of that height and twelve hours to reach 90%. Coincident with
this aspect, the direction of the wind force must be consistent over a certain period of time. If awind is
blowing long enough to establish an increasing wave height and suddenly changes direction, it will cause
the wave height to decrease because of the opposing direction. If the origina wind force remained
during this change, then arecording of this Beaufort Number would be mideading with regard to
correlating the existing wave height. Because of the two important factors listed above regarding wave
height estimations, this approach was not consdered for usein the andysis due to its inconsistency.

The second gpproach to correlate the Beaufort Number and wave heights, and likely the last one to be
examined, isto obtain higtorical records of wave height measurements along the vessdl’ s given route.
Thefirst step in this process was to search the Internet for available data that was discussed earlier.
Once the vessel’ s route had been defined and buoys located, the next step was to download this data
and begin comparing it to the recorded datain the logs. The wave measurements recorded by these
buoys are not directly measured by sensors on the buoys. Rather, the accelerometers or inclinators on
board the buoys measure the heave acceleration or the vertica displacement of the buoy hull during
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acquistion time. The datais transformed into a frequency domain aboard the buoy by a processor
using a Fast Fourier Transformation (FFT). To account for hull and eectronic noise, response
amplitude operator (RAO) processing is performed onthe data. It isfrom this transformation that non-
directionad wave measurements are derived. The buoys contain hourly data for every day they werein
use. Once the data was retrieved, it was compared to the recorded Beaufort Number for correlation.
The first comparison used 26 different data points. From thisfirgt attempt, it was clearly shown that
there was no correlation between the buoy data and recorded wind data. The second attempt to
develop arelationship used 68 data points. Like thisfirst result, no correlation was achieved.

The method currently employed is to take the recorded wave height from the moored buoys and use it
directly in the andys's, without trying to correlate it with the Beaufort Number. Thefind method isthe
most accurate and seemsto be the only one available at thistime.

There are, however, problems associated with this procedure and should be closdly examined. The
main problem deds with the amount of data that is available. Historical datawas located for the ARCO
CALIFORNIA, but it does not cover dl of theroute, in fact it coverslessthan 20%. No historica data
was obtained at al for the SS SEALAND McLEAN and the M.V. THORNHILL.

A more detailed search is necessary to find data for the times and areas where none could be found.
Because of thislack of data, it may be necessary to continue to attempt some kind of relaionship
between the recorded Beaufort Number and wave heights recorded by the moored buoys.

The basic objectives of attempting to correlate the observed environmenta data with measured at the
buoy site were:

a) To attempt to correate variations with speed and wave climate. The ships logs indicated minima
variation in speed, and thus no sengtivity to wave climate.

b) To determine avariaion in heading with westher. Agan, the log dataindicates no large variaions
in heading (~45°), dthough additional minor changes may have occurred.

c) To determine the influence of wegther routing, i.e., avoidance of mgor weather systems. If abasic
correlation between reported and measured wave data could be made, it might be determined that
the measured buoy data spectra should be “ skewed” towards a milder environment to reflect the
influence of weather routing. However, failure to demongtrate a basic correlation precludesthis
type of adjustment.

4.3.3 Wave Heagnt Digributionsin Marsden Zone Areas
The cdculation of the statistica ditribution of wave heights for particular Marsden zone areas was done

using a cumulative probability function and Welbull parameters. The three parameters probability
dengty function was

f(Hs) = [/( Ha - Ho)l * {[(Hs - Ho)/(Ho - Ho)l'~} * (exp - [(Hs - Ho)/(H: - Ho)l')
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By subgtituting H, = 0, and integrating the density function, a Weibull cumulative digribution function is
obtained

F(H)=1-exp[ (H/H) '], Hs>0

H; = Weibull parameter
Hs = Significant wave height
] =Webull parameter

By using the above equation aong with the two Weibull parametersj and H,, for long term probability
digribution of the Sgnificant wave height, a datistica digtribution of the sgnificant wave height expected
to occur in a particular zone can be found. For example, if avesse was designed for operation in
Marsden zone 21, then by using the above equation and the corresponding Weibull parameters for that
areq, the digtribution of sea states it expectsto encounter is caculated.

For this project, the values used for Hs correspond to the extreme vaue of wave height range for each

NATO seastate. From the above example, it is shown that 43.66% of the waves experienced are
below 2.5 meters and 73.57% below 4 meters.
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. DEVELOPMENT OF OPERATIONAL PROFILES

51  Methodology for Development of Operational Profiles
Operationa profiles were developed from the raw log data following the gpproach set out in Figure 5.1.

In the case of the commercid vessds, the quantity of data was such that this development was carried
out manudly. While ship and wave heading data were transcribed to rdative wave heading, and data
expressed as points of the compass (NNE etc.)were converted to degrees and then into the five rdlative
heading categories, the principa data reduction was in establishing the times spent at various speeds,
relative headings and locations.

In genera for the commercid vessds, the route was well established and there were only two loading
conditions as described earlier. For the HAMILTON Class however, the data was much more
extengve and required a more automated process, and, in addition, it was necessary to examine the
activity of the vessd in order to cdlassfy the missions.

Step 1

Data were organized into 40 spreadshects, each sheet representing a separate mission or task. In the
first stage of the andys's, the course of the vessdl for each sheet was calculated and plotted. Thisform
of andyds provided information on the distance (in nautical miles) the vessd travelled, duration of the
mission in days, and arough indication as to what the ship was doing during each misson. For example,
if the plot of relative course was erratic, then it was concluded the ship was performing some kind of a
task. On the other hand, if the plot of relative course was a smooth curve, the conclusion was the ship
was trangting from one point to another. It should be noted here that this analysis of relative course was
carried out a a“globa sca€’, meaning the relative course was plotted for the entire data set in a sheet.

Step 2

A mission description was provided by Science and Technology Corporation for each spreadshest. It
described exactly what the mission of the ship was for each sheet, the location, and for the trangt
missions, places of departure and arrival. As acheck it was found that sheets with mission description
“trangt” correlated well with the smooth plots of relative course of the respective sheets.

Data from the spreadsheets were organized in four bins (operationa profiles) on the basis of mission,
distance traveled and time spent a sea. The number of operationa profiles was a trade-off, as alarger
number of profiles would have resulted in fewer data points in each, thus reducing the statistica
ggnificance of the data. From atota of 40 spreadsheets, two were discarded as they did not fit any of
the four defined operationd profiles.
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Figure 5.1: Approach to Developing Operational Profiles
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Step 3

The resulting data bins (operationa profiles) were organized into histograms of speed vs. time at speed
for each wave height (Sea State), and heading vs. time at heading for each wave height (Sea State).

The information generated for each vessel operationd profile includes the following:

Joint probability (two-dimensiona probability) of speed and wave height or sea Sete;

Joint probahility (two-dimensona probability) of heading (relative to wave) and wave height or Sea
State;

A ligting of Marsden Zones [Ref. 6] as shown in Figure 5.2, traversed by the vessd and the relative
time spent in each zone.

The vessdl heading and sea State probability distribution tables are discretized in terms of five headings.
This heading discretization scheme was selected for two reasons:

(1) Headingsrelative to wave direction more precise than 45 degrees are difficult to discern and thus
are not generally recorded.

(20 By assuming port/starboard symmetry of vessdl reaction to incident waves pair-wise groupings of
relative headings are possible as follows:.

- Head Seas

- Strbd. Bow same as Port Bow

- Strbd. Beam same as Port Beam

- Strbd Quartering same as Port Quartering
- Following Seas

All of the probability tables presented in Section 5 indicate the relative amount of vessd time at sea
spent in each operationad state (e.g., heading/sea state, or speed/sea state or trandting a Marsden
Zone). Time spent dong side or in port is noted in each operationd profile summary (Table4.1) and is
incorporated in the long and short term probabilistic design calculations.
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Marsden Zones
180 150 120 80 60

Figure5.2: Marsden Zones. (Adopted from [Ref. 6])
The normdized speed, wave height and heading joint probability distributions, for each operationa

profile, are tabulated in the sections that follow. Any peculiarities or discrepancies noted in the collected
data are discussed with each operationd profile.
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52  SSSEALAND MCcLEAN (SL-7) - Operational Profiles

Table5.2.1: Eastbound Voyage - SS SEALAND McLEAN

NATO Sea State
Speed (kn))| 1 2 3 4 5 6 7 SUM
0-6 0.0000 {0.0000 |0.0092 |0.0061 |0.0061 |0.0000 |0.0000 (0.0214
6-10 |0.0000 |0.0000 |0.0031 |0.0000 |0.0000 |0.0000 |0.0000 |0.0031
10-14 |0.0000 |0.0061 (0.0092 [0.0153 {0.0245 [0.0245 [0.0000 {0.0795
14-18 |0.0183|0.0398 (0.0092 [0.0153 {0.0031 (0.0031 {0.0000 {0.0887
18-22 0.0245|0.0367 (0.0336 [0.0306 {0.0275 [0.0000 {0.0000 {0.1529
22-26 |0.0031 [0.0245 [0.0398 |0.0367 |0.0183 [0.0520 |0.0000 {0.1743
26-30 |0.0092 [0.0183 [0.0856 |0.0520 |0.0459 [0.0428 |0.0000 |0.2538
30-34 {0.0000 [0.0092 |0.0398 |0.0405 |0.0612 |0.0757 |0.0000 |0.2263
SUM  |0.0550|0.1346 |0.2294 |0.1965 (0.1865 |0.1980 |0.0000 (1.0000
NATO Sea State
Heading 1 2 3 4 5 6 7 SUM
Head Seas |0.0000 |0.0022 |0.0097 [0.0099 {0.0149 |0.0184 [0.0000 {0.0551
Strbd. Bow {0.0022 {0.0094 [0.0270 |0.0270 |0.0384 |0.0456 |0.0000 |0.1496
Strbd.Beam |0.0025 [0.0127 {0.0375 |0.0376 |0.0535 {0.0648 |0.0000 |0.2087
Strbd.Quart {0.0064 {0.0229 [0.0699 |0.0607 |0.0822 [0.0965 |0.0000 |0.3386
Following  |0.0036 {0.0147 |0.0466 |0.0453 |0.0636 |0.0743 {0.0000 |0.2480
SUM 0.01480.0620 |0.1906 (0.1804 {0.2526 |0.2996 (0.0000 {1.0000
Marsden | Tota East %
Zone
15 5.1
16 29.6
17 11.0
23 9.3
24 28.8
25 16.2
SUM 100
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Table5.2.2: Westbound Voyage - SS SEALAND McLEAN

NATO Sea State
Speed (kn))| 1 2 3 4 5 6 7 SUM
0-6 0.0000 |{0.0000 |0.0000 |0.0000 |0.0000 |0.0000 |0.0000 (0.0000
6-10 |0.0000 |0.0000 |0.0000 |0.0000 |0.0000 |{0.0000 |0.0000 |0.0000
10-14 |0.0000 |0.0000 (0.0000 {0.0000 {0.0000 {0.0000 {0.0000 [0.0000
14-18 |0.0205 |0.0102 (0.0000 {0.0137 {0.0102 (0.0171 {0.0000 {0.0717
18-22 |0.0068 |0.0102 (0.0068 [0.0068 {0.0000 (0.0137 [0.0068 [0.0512
22-26 |0.0137 (0.0102 [0.0512 |0.0580 |0.0512 [0.0563 |0.0017 |0.2423
26-30 |0.0171 |0.0375 [0.0341 |0.0717 |0.0307 |0.1075 |0.0068 |0.3055
30-34 {0.0375 [0.0410 |0.0683 |0.0520 |0.0708 |0.0597 |0.0000 |0.3294
SUM  |0.0956 |0.1092|0.1604 |0.2022 (0.1630 |0.2543 |0.0154 {1.0000
NATO Sea State
Heading 1 2 3 4 5 6 7 SUM
Head Seas |0.0277 {0.0315|0.0456 [0.0425/0.1099(0.0531 |0.0038 |0.3142
Strbd. Bow [0.0411 |{0.0462/0.0749 |0.0607|0.0767|0.0717 |0.0011 {0.3724
Strbd.Beam [0.0206 |{0.0231/0.0390 |0.0329|0.0401|0.0385 |{0.0004 |0.1946
Strbd.Quar. {0.0080 |0.0087|0.0151 {0.0118)0.0247|0.0134 |0.0000 |0.0818
Following  |0.0030 |0.0033|0.0057 {0.0046|0.0153|0.0051 |0.0000 |0.0370
SUM 0.1005 |0.1128]0.1803 |0.1525(0.2667|0.1818 |0.0054 |1.0000
Marsden | Total West %
Zone
15 0.0
16 17.8
17 16.8
23 5.9
24 41.6
25 17.8
SUM 100
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53 ARCO CALIFORNIA (TAPSFLEET) — Operational Profiles

Table5.3.1: Northbound Profile Data- ARCO CALIFORNIA

NATO Sea State
Speed(kn)| 1 2 3 4 5 6 7 | sum
0-6 |0.0000 [0.0020 [0.0000 [0.0000 [0.0049 [0.0120 [0.0000 [0.0189
6-10 |0.0021 [0.0009 [0.0025 [0.0040 [0.0102 [0.0435 [0.0000 [0.0633
10-14 |0.01220.0265 |0.0517 [0.0445 [0.0696 |0.1001 [0.0013 [0.3061
14-18 |0.0340(0.0979 |0.1416 [0.1181 [0.1155 |0.1045 [0.0000 [0.6117
SUM  |0.0484[0.1273 |0.1959 [0.1667 |0.2002 [0.2601 |0.0013 | 1.0000

NATO Sea State
Heding | 1 2 3 4 5 6 7 | sum
Head Seas |0.0064/0.0164/0.0251 [0.0216 [0.0252 [0.0353 0.0001 [0.1301
Strbd. Bow |0.0163/0.0416]0.0648 [0.0555 [0.0686 |0.0953 [0.0005 [0.3427
Strbd.Beam |0.0162]0.0420{0.0652 |0.0557 |0.0695 |0.0945 [0.0005 [0.3437
Strbd.Quar. |0.00560.0152]0.02290.0193 [0.0209 |0.0230 [0.0001 [0.1068
Following  |0.0035/0.0106/0.0147 |0.0124 [0.0157 |0.0198 |0.0001 [0.0767
SUM 0.0480/0.1258]0.1928 |0.1644 [0.1999 [0.2679 |0.0013 |1.0000




Table5.3.2. Southbound Profile Data- ARCO CALIFORNIA
NATO Sea State
Speed (kn))| 1 2 3 4 5 6 7 SUM
0-6 0.0028 (0.0000 |0.0009 |0.0000 |0.0000 |0.0010 (0.0007 |0.0054
6-10 |0.0056 |0.0031 [0.0033|0.0082 [0.0086 |0.0261 |0.0010 |0.0559
10-14 |0.0129 [0.0219|0.0503 {0.0378 |0.0449 |0.0896 {0.0019 |0.2593
14-18 |0.0900 [0.1253]0.1322 {0.1007 |0.1338 |0.0968 [0.0005 |0.6793
SUM |0.1113{0.1503|0.1866 [0.1467 |0.1873 |0.2135 {0.0041 |1.0000
NATO Sea State
Heading 1 2 3 4 5 6 7 SUM
Head Seas [0.0084 |0.0114 [0.0167 |0.0128 |0.0160 {0.0221 |0.0005 (0.0879
Strbd. Bow |0.0234 |0.0326 {0.0380 |0.0295 (0.0383 |0.0375 |0.0005 |0.1998
Strbd. Beam |0.0283 |0.0375 {0.0439 |0.0355 (0.0454 |0.0497 |0.0009 |0.2413
Strbd.Quart. {0.0421 |0.0586 [0.0729 |0.0565 |0.0724 {0.0800 |0.0013 {0.3840
Following  {0.0098 |0.0136 |0.0164 |0.0129 (0.0165 |0.0176 |0.0003 |0.0871
SUM 0.1120(0.1537|0.1880 |0.1472 |0.1886 |0.2070 |0.0035 |1.0000
Marsden Time % Time%
Zone Northbound. | Southbound
6 20.0 26.0
7 18.0 18.0
13 9.0 11.0
14 30.0 20.0
22 23.0 25.0
SUM 100 100
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54 MV THORNHILL — Operational Profiles
Table5.4.1: Loaded Condition - MV THORNHILL
Sea State
Speed (kn.)| 1 2 3 4 5 6 7 SUM
10-12 |0.0079 |0.0000 (0.0000 [0.0073 {0.0132 [0.0331 [0.0000 [0.0616
12-14 0.0310|0.0320(0.2172 |0.2144 {0.1986 [0.1532 [0.0000 |0.8464
14-16 |0.0000 |{0.0199 [0.0265 |0.0290 |0.0068 {0.0098 |0.0000 (0.0920
SUM  |0.0389|0.0519|0.2437 |0.2507 (0.2187 |0.1961 |0.0000 {1.0000
Sea State
Heading 1 2 3 4 5 6 7 SUM
Head Seas |0.0067/0.0065|0.0321 |0.0343 (0.0317 {0.0324 |0.0000 (0.1437
Strbd. Bow {0.0216/0.0190(0.1172 {0.1209 |0.1141 {0.1037 |0.0000 |0.4964
Strbd.Beam {0.0038|0.0116(0.0370 |0.0376 |0.0272 |0.0227 |0.0000 |0.1400
Strbd.Quar. [0.0028|0.0072(0.0253 {0.0256 [0.0194 |0.0159 {0.0000 |0.0963
Following  |0.0034{0.0100{0.0327 {0.0332 [0.0242 |0.0202 |0.0000 [0.1236
SUM 0.0383|0.0542|0.2443 |0.2516 |0.2166 |0.1950 |0.0000 |1.0000
Marsden |Totd Time%| Marsden | Totd Time%| Marsden |Totd Time %
Zone Zone Zone
5 14 28 2.9 59 14
11 14 29 3.0 60 3.4
13 2.8 30 6.9 61 34
16 15 32 0.7 62 2.8
17 0.7 33 1.4 66 14
18 14 36 2.7 67 34
19 0.7 37 35 68 35
20 4.8 39 0.5 69 0.7
21 6.2 40 5.0 75 3.6
22 2.0 47 2.1 84 3.4
25 0.7 50 35 85 2.8
26 34 56 2.8 90 2.8
27 34 58 21 Other 33
SUM 100
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Table5.4.2: Ballast Condition - MV THORNHILL

Sea State
Speed(kn.)| 1 2 3 4 5 6 7 SUM
<10 |0.0000 [0.0000 |0.0000 {0.0000 |0.0158 |0.0000 (0.0158 |0.0317
10-12 |0.0163{0.0000 |0.0148 |0.0158 |0.0076 |0.0000 |0.0000 |0.0546
12-14 ]0.14360.1415 |0.0603 [0.1401 {0.0608 [0.1210 [0.0000 {0.6675
14-16 |0.0000 |0.0632 [0.0953 |0.0000 |0.0445 [0.0433 |0.0000 |0.2464
SUM  |0.1599|0.20480.1705 |0.1560 (0.1287 |0.1644 |0.0158 |{1.0000
Sea State
Heading 1 2 3 4 5 6 7 SUM
Head Seas |0.0262(0.0153/|0.0162 |0.0255 (0.0115 {0.0131 |{0.0000 (0.1078
Strbd. Bow {0.0275]0.0201{0.0151 |0.0269 |0.0120 |0.0172 |0.0000 |0.1187
Strbd.Beam {0.0673)0.1095(0.0934 |0.0657 |0.0709 {0.0863 |0.0120 |0.5052
Strbd.Quar. [0.0267]0.0448(0.0391 {0.0260 [0.0243 |0.0352 {0.0000 [0.1962
Following  |0.0104{0.0164|0.0137 {0.0101 {0.0087 |0.0130 |0.0000 [0.0722
SUM 0.1580/0.2061|0.1775|0.1541 |0.1275|0.1647 |0.0120 |1.0000
Marsden | Totd Time%| Marsden | Totd Time%
Zone Zone
5 3.3 27 1.6
11 49 28 5.0
13 16.2 29 6.6
16 3.2 30 6.5
18 3.1 39 1.6
19 1.6 50 3.3
20 11.4 59 1.6
21 3.2 60 3.3
22 49 69 3.3
26 6.5 75 8.9
SUM 100
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55 USCG HAMILTON Class Cutter —Operational Profiles

In the datafiles, there were a number of entries where the ship was underway or with variable speed
(V/S), or maneuvering with variable speed and course (MV CS), or maneuvering with variable speed
(MVS). These entrieswere not used in the development of the joint probabilities of the operationa
profiles, but are characterigtics of each. Time spent at each of these entriesis given in the profile
description.

5.5.1 Operationd Profile#1 Short Training Activity

Description: 1-6 days at sea, 100 NM radius.

Activitiesinclude: training, gun exercise, man overboard drill, machinery testing, patral.
Number of files used in the OP#1. 10

Number of Entries: 1343

Table5.5.1: Operational Profile#1 - USCG HAMILTON Class

Total Total Total Total Total Total Total Total Total
number | number of | number | number | number | number | number | number of | number
of hours of of hours of of hours | of hours hours of hours
hoursat | Underway | hours DIW hours MVS | START | MOORED | STOP
sea VIS MVCS
471 39 3.3 6.7 4.1 2.0 1.0 10.7 155.6

Operational Profile #1

Wave Height (m)
Speed (kn.) | 0-0.305 | 0.305-0.61 | 0.61-0.915 | 0.915-1.22 | 1.22-1.525 | 1.525-1.83 | SUM

0-3.75 0.1985 [0.1582 0.0504 0.0003 0.0000 0.0000 0.4074

3.75-7.50 ]0.0688 |0.0426 0.0101 0.0031 0.0000 0.0000 0.1246

7.50-11.25 [0.0453 |0.0872 0.0339 0.0072 0.0048 0.0000 0.1785

11.25-15.0 |0.1306 |0.0561 0.0441 0.0166 0.0044 0.0003 0.2522

15.0-18.75 |0.0098 ]0.0143 0.0008 0.0100 0.0000 0.0012 0.0360

18.75-22.5 |0.0013 ]0.0000 0.0000 0.0000 0.0000 0.0000 0.0013

22.5-26.25 [0.0000 |0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

26.25-30  |0.0000 |0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

SUM 0.4543 ]0.3585 0.1393 0.0372 0.0092 0.0015 1.0000

Wave Height (m)
Heading | 0-0.305| 0.305-0.61 | 0.61-0.915 | 0.915-1.22 | 1.22-1.525 | 1.525-1.83 | SUM

Head Seas |0.0943 |0.0359 0.0250 0.0249 0.0010 0.0000 0.1811

Strbd. Bow [0.0735 [0.0621 0.0224 0.0130 0.0019 0.0000 0.1728

Strbd. Beam|0.1580 |0.1581 0.0639 0.0116 0.0041 0.0000 0.3957

Strbd.Quart.[0.0786  [0.0520 0.0190 0.0087 0.0021 0.0014 0.1618

Following |0.0432 |0.0305 0.0147 0.0002 0.0000 0.0000 0.0886
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|sum

|0.4475 |0.3386

|0.1450

|0.0584

|0.0090

|0.0014

11.0000 |
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5.5.2 Operationd Profile#2 Long Training Activity

Description: 3-8 days at sea, 500 NM radius.
Activities include training, gun exercise, sonar work, machinery testing, patrol, and transit.
Number of files used in the OP#2:
Number of Entries:

9
2114

Table5.5.2; Operational Profile#2 - USCG HAMILTON Class

Total Total Total Total Total Total Total Total Total
number | number of | number | number | number | number | number | number of | number

of hours of of hours of of hours | of hours hours of hours
hoursat | Underway | hours DIW hours MVS | START | MOORED | STOP
sea VIS MVCS

951 7.0 9.6 19 34.2 35 0.2 152.3 B5.7
Total Total | Total number

number | number of hours
of hours | of hours | ANCHORE

at sea MVC D

951 2.1 10.7

Operational Profile #2
Wave Height (m)
Speed (kn.) [0 0.305- |0.61- |0.915 |1.22- |1525 |1.83 (2135 (244- |SUM
0305 |061 [0.915 |1.22 1525 |(1.83 2135 (244 2.745
0-3.75 0.0366 [0.0047 |0.0046|0.0217 {0.0256 |0.0000 {0.0000 |0.0000 |0.0000 {0.0932
375750 [0.0214 |0.0165 |0.0207(0.0128 [0.0063 |0.0196 |0.0000 |0.0019 |0.0000 |0.0992
7.50-11.25 (0.0802 [0.0639 |0.0771(0.0556 [{0.0327 |0.0246 |0.0020 |0.0028 |0.0013 |0.3400
11.25-15.0 |0.0664 |0.0266 |0.0581|0.0613 |0.0303 [0.0491 |0.0055 [0.0083 [0.0000 |0.3056
15.0-18.75 |0.0402 |0.0217 {0.0385|0.0366 |0.0081 |0.0013 |0.0000 |0.0000 {0.0000 {0.1463
18.75-22.50 |10.0055 |0.0001 |0.0022|0.0046 |0.0001 [0.0000 |0.0000 {0.0000 (0.0000 |0.0125
22.50-26.25 (0.0000 (0.0000 [0.0026|0.0000 {0.0000 |0.0000 |0.0000 |0.0000 |0.0000 [0.0026
26.25-30 0.0000 {0.0000 |0.0005|0.0000 {0.0000 |0.0000 {0.0000 [0.0000 |0.0000 {0.0005
SUM 0.2503 {0.1334{0.204 [0.1926{0.1032|0.0946|0.0075|0.0130/0.0013 {1.0000
2
Wave Height (m)
Heading 0O |0305 | 061- (0915 | 1.22- |1525 | 1.83 | 2135 | 244- | SUM
0305 | 061 | 0915 1.22 | 1525 | 1.83 | 2135 | 244 | 2.745

Head Seas |0.0671 |0.0206 |0.0425 (0.0188 [0.0090 (0.0114 [0.0023 |0.0005 {0.0000 |0.1721
Strbd. Bow [0.0564 [0.0309 |0.0449 [0.1124 |0.0355 |0.0200 {0.0034 [0.0030 (0.0010 |0.3074
Strbd. Beam|0.0668 (0.0202 [0.0369 |0.0352 |0.0149 |0.0148 |0.0000 {0.0025 (0.0000 (0.1914
Strbd.Quiart. {0.1464 (0.0181 |0.0334 {0.0241 |0.0125 |0.0181 |0.0000 (0.0022 |0.0000 |0.2547
Following |0.0229 |0.0147 |0.0106 |0.0084 |0.0088 |0.0096 (0.0000 (0.0017 [0.0000 [0.0765
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|sum

|0.3596 [0.1044{0.1682]0.1990]0.0806 [0.0739/0.0057]0.0099 [0.0010[1.0000 |
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5.5.3 Operationd Profile #3 Peatrol

Description: 1-6 days at sea, 1300 NM radius.
Activities include trangit, patrol, and exercise,

Number of files used in the OP. 10
Number of Entries:

1796

Table5.5.3; Operational Profile#3 - USCG HAMILTON Class

Total Total Total Total Total Total Total Total Total
number | number of | number | number | number | number | number number number
of hours of of of of hours | of hours of hours of hours
hoursat | Underway | hours | hours | hours MVS | START | MOORED | STOP
sea VIS DIW MVCS
617 18 0.0 0.9 40.5 0.9 0.3 26.6 0.0
Operational Profile #3
Wave Height (m) |
Speed (kn.)| O |[0305 | 061- [ 0915 | 1.22- | 1525 | 1.83- |2135 | 244- | SUM
0305 | 061 | 0915 | 122 | 1525 | 183 | 2135 | 244 | 2745
0-3.75 0.0011 {0.0023 [0.0000 |0.0003 |0.0000 {0.0000 |0.0000 |0.0000 |0.0000 {0.0037
3.75-750 |0.0095 |0.0121 {0.0075 |0.0016 |0.0026 {0.0000 |0.0000 |0.0000 |0.0000 {0.0332
7.50-11.25 |0.0353 |0.0153 |0.0377 |0.0307 |0.0140 |0.0000 |{0.0000 |0.0000 |0.0000 |0.1330
11.25-15.0 |0.0603 |0.0544 |0.0360 |0.0422 |0.0123 |0.0217 |0.0077 |0.0055 [0.0024 (0.2425
15.0-18.75 |(0.1032 |0.1120 {0.1325 (0.1017 [0.0358 |0.0161 {0.0049 [0.0000 |0.0000 |0.5062
18.75-22.50 (0.0104 (0.0133 [0.0306 [0.0121 {0.0141 [0.0000 (0.0000 (0.0000 [0.0000 {0.0805
22.50-26.25 |0.0004 {0.0000 {0.0000 |0.0002 |0.0000 {0.0000 |0.0000 |0.0000 |0.0000 [0.0006
26.25-30 0.0003 {0.0000 (0.0000 |0.0000 |0.0000 {0.0000 |0.0000 |0.0000 |{0.0000 {0.0003
SUM 0.2206{0.2094|0.2443|0.1888|0.0787 |0.0378]0.0125|0.0055|0.0024|1.0000
Wave Height (m)
Heading 0O |0305 | 061- {0915 | 1.22- | 1525 | 1.83 | 2135 | 244- | SUM
0305 | 061 | 0915 | 122 | 1525 | 183 | 2135 | 244 | 2745
Head Seas (0.0820 (0.0317 [0.0134 [{0.0132 {0.0058 [0.0107 [0.0067 {0.0000 [{0.0000 [0.1634
Strbd. Bow |0.0327 [0.0711 {0.0527 |0.0447 |0.0089 {0.0000 |0.0012 |0.0016 |0.0021 {0.2149
Strbd. Beam|0.0499 |0.0558 |0.0684 |0.0592 |0.0089 |0.0111 |{0.0000 |0.0000 |0.0000 |0.2534
Strbd.Quiart.|0.0674 |{0.0297 |0.0535 |0.0482 |0.0407 [0.0117 |{0.0028 |0.0032 |0.0000 |0.2572
Following |0.0422 [0.0150 |0.0352 {0.0060 |0.0123 |0.0000 (0.0004 [0.0000 |0.0000 (0.1112
SUM 0.2742(0.2033|0.2233|0.1713|0.0765 [0.0334{0.0111|0.0048|0.0021 {1.0000
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5.5.4 Operationd Profile #4 - Enforcement/Rescue

Description: 2-30 days at sea, 2500 NM radius.
Activities include law enforcement, hurricane relief, trangit and training
Number of files used in the OP#4:
Number of Entries:

11

11703

Table5.5.4: Operational Profile#4 - USCG HAMILTON Class

Tota Tota Tota Tota Total Tota Tota Tota Total
number | number of | number | number | number | number | number | number of | number
of hours hours of hours | of hours | of hours | of hours | of hours hours of hours

atsea | Underway V/S DIW | MVCS | MVS | START | MOORED | STOP
4207.1 | 136 0.0 9.2 92.3 0.8 24 120.7 83.7

Operational Profile #4
Wave Height (m) |
Speed (kn.) 0 |0.305| 0.61- [0915-| 1.22- (1525 | 1.83- | 2135 | 244- | 2.745- | 3.05 | SUM
0305( 061 (0915 122 | 1525 | 1.83 | 2135| 244 | 2745| 3.05 | 3.66

0-3.75 0.0339(0.0138]0.0135(0.0031|0.0019|0.0012{0.0011|0.0003{0.0000{0.0000|0.0000{0.068
9

3.75-750 ]0.0443(0.0420(0.0357(0.0339(0.01460.0099|0.0057{0.0011|0.0039(0.0011{0.0007(0.192
9

7.50-11.25 ]0.0458|0.0411{0.0832/0.0555|0.0233(0.0132]0.0071{0.0026(0.001310.00080.0004(0.274
3

11.25-15.0 (0.0489|0.0352|0.0547(0.0658]|0.0356 |0.0169(0.00710.0025|0.0004(0.0000|0.0000|0.267
1

15.0-18.75 |0.0366|0.0394|0.0237]0.0231|0.0273(0.0182(0.0056 {0.0029(0.0000|0.0008|0.000010.177
7

18.75-22.50 {0.00210.0034|0.0040{0.0034|0.0032 |0.0004(0.000010.0007{0.0004(0.0000]0.0000{0.017
7

22.50-26.25 |0.0000(0.0003(0.0006(0.00020.0004 |0.0000]0.0000{0.0000{0.0000(0.0000{0.0000(0.001
5

26.25-30 0.0000{0.0000/0.0000{0.0000(0.0000 |0.0000{0.0000|0.0000{0.0000{0.0000]0.0000{0.000
0

SUM 0.211 |0.175 10.215 [0.185 |0.106 |0.059 [0.026 |0.010 |0.006 {0.002 |0.001 |1.000
7 1 5 0 4 9 5 3 0 6 1 0

Wave Height (m) |
Heading 0 |0.305| 0.61- [0915-| 1.22- [1525 | 1.83- | 2135 | 244- | 2.745- | 3.05 | SUM
0305( 061 (0915 122 | 1525 | 1.83 | 2135| 244 | 2745| 3.05 | 3.66

Head Seas |0.0652|0.0295|0.0370(0.0366(0.0198 [0.0214|0.0063|0.0036|0.0027|0.0009(0.0006(0.214
7

Strbd. Bow [0.0583(0.0546|0.0573]0.0457|0.0395 |0.0169|0.0093|0.0028 {0.0019{0.0002{0.0001|0.286
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Strbd.Beam |0.0556|0.0459|0.0535{0.0453|0.0155 |0.0075|0.0036|0.0015{0.0000{0.0005|0.0000|0.228

Strbd.Quart. |0.0342|0.0237|0.0434(0.0376|0.0191 | 0.0073|0.0027|0.0009{0.0002|0.0000|0.0000 3.169

Following  |0.0265|0.0140{0.02420.0154|0.0087 |0.0054|0.0031|0.0009(0.0008|0.0008|0.0004 8.100

SUM 0.230 [0.167 [0.215 |0.180 |0.102 [0.058 [{0.025 [0.009 |0.005 |0.002 |0.001 i.OOO
8 7 4 6 7 5 1 7 6 4 0 0




6. APPLICATION OF METHODOLOGY

Sample gpplications of the short and long term andysis procedure outlined in [Ref. 2] have been
completed to demongtrate the adequacy of the collected data as well asto illustrate any inconsistencies
in the procedures. The vessel route selected for these case studiesis the TAPS tanker in the North
Pacific Ocean covering Marsden Zones 6, 7, 13, 14 and 22. Information on vessdl time spent in each
Zone and operating condition was obtained from the sea operationa profile developed for TAPS
tankers given in Section 5.2.

6.1 Case Study #1 (Short Term Analysis)
6.1.1 Description of Procedure

This study presents a procedure for calculating ship/storm encounter probabilities that can be used for
edtablishing extreme design environmenta conditions. The encounter probabilities provide meaningful
criteriafor design snce they involve the design life of the ship, as well as wave statisticsin the expected
region of operation. The procedure involves a number of steps, each comprising severd tasks and
requiring severa setsof data. Steps 1 and 2 identify the single most severe sea condition based on
some smd|l probability of encounter. The extreme design condition is characterized by the extreme
wave height that will be encountered during the period of interest, which, for thisandysss, istaken to be
20 years. In Step 3, thiswave height is used to compute extreme wave loading. Theimplicit
assumption is that the highest wave height yields the highest load effect. The wave period, required to
fully describe the extreme design condition, was obtained from the encounter period at which transfer
function (or response amplitude operator RAO) was a maximum. With extreme wave loading
caculated, Step 4 covers caculaions of structura probability of falure.

It should be noted here that short term analysis gpproach is, in fact, adesign wave approach and may
be more reasonably referred to as such. The time parameter L , inthe andyssis defined asatime
spent (in years) in the Marsden Zone (see Section 2.3.1), and may take any vaue. The name “short
term” stems from the assumption that sea conditions characterized by wave height and wave period to
which the vessdl is subjected are constant over oneto three hours. In literature thisis usualy referred to
asa"“ daionarity” assumption in the Satigtica description of the sea.

Step 1: Short Term Analysis (Design Wave Approach)(Case #1)

From wave data [Ref. 6], smilar to that shown in Table 6.1.1, cumulative probability distribution
functions of ggnificant wave heights are determined for each Marsden Zone in which the vessdl
operates. Inthe andyss, it is assumed that Sgnificant wave height follows a three-parameter Weibull
didribution given by:

F(H) = 1—exp{- [(Hs—m) /K] '}
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Where m isthe location parameter, k is the scae parameter, and | is the shape parameter of the Weibull
digribution. The parameters of Weibull distributions are calculated (Mansour et. d., 1997) for each
Marsden Zone, as shown in Table 6.1.2.

Table6.1.1: Sample Non-Directional Wave Data for Mar sden Zone 6.
(Adopted from Hogben et al, 1986).

Total | 1 | 24 | 125|266 | 283 | 182 | 81 28 8 2 1 | 1000
Hs
>14 | ~| ~| ~ | ~ [ ~ 1]~ ~ ~ ~ ~ ~ | ~
13-14 | ~ | ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~
12-13| ~ | ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~
11-12 | ~ | ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 1
10-11 | ~ | ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 1
9-10 | ~ | ~ ~ ~ 1 1 1 ~ ~ ~ ~ 3
8-9 ~ | ~ ~ ~ 1 2 1 1 ~ ~ ~ 5
7-8 ~ | ~ ~ 1 2 3 2 1 1 ~ ~ 11
6-7 ~ | ~ ~ 2 5 7 5 2 1 ~ ~ 22
5-6 ~ | ~ 1 5 12 | 13 8 4 1 ~ ~ 45
4-5 ~ | ~ 2 13 | 26 | 25 | 14 5 2 ~ ~ 87
3-4 | ~ 7 32 | 51 | 40 | 19 6 2 ~ ~ 158
2-3 ~| 2121 |68]| 83|51 | 20 5 1 ~ ~ 251
1-2 ~|] 6 | 50 [103] 84 | 36 | 10 2 ~ ~ ~ 292
0-1 1 |16| 44| 41 | 18 | 4 1 ~ ~ ~ ~ 125
<4|45|56|6-7|7-8|89|9-10| 10-11| 11-12| 12-13 | >13 | Totd
T,

Table6.1.2: Significant Wave Height Weibull Probability Distribution Parameters

Marsden Scde Shape parameter L ocation Parameter
Zone Parameter k I m
6 2.26032 1.25714 0.55011
7 2.81349 1.49968 0.62740
13 2.60645 1.41403 0.62772
14 2.13950 1.28599 0.54784
22 1.56905 1.25626 0.61804

Step 2: Short Term Analysis (Case #1)

With the cumulative probability disgtribution function calibrated for esch Marsden Zone, relevant
datistics including an estimate of return period and probakility of encounter in each Zone are calculated
for the design wave heights.
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Table 6.1.3 summarizes the encounter probabilities and associated sgnificant wave heights for each
Marsden Zone. In addition, an upper and lower bound estimate of the overall probability of encounter
is calculated for each Marsden Zones.

Table6.1.3: Calculated Twenty-Year Encounter Probabilitiesfor Significant Wave Heights
for Each Marsden Zone

Marsden Zone Probability
Sg. Wave 6 7 13 14 22 Lower Upper
Height (m) Bound Bound
14 0.3243 | 0.1097 | 0.0807 | 0.1144 | 0.0018 0.3243 | 0.5111
15 0.1455 | 0.0346 | 0.0277 | 0.0422 | 0.0005 0.1455 | 0.2321
16 0.0611 | 0.0103 | 0.0091 | 0.0150 | 0.0001 0.0611 | 0.0931
17 0.0247 | 0.0029 | 0.0029 | 0.0052 | 0.0000 0.0247 | 0.0354
18 0.0098 | 0.0008 | 0.0009 | 0.0017 | 0.0000 0.0098 | 0.0132

Encounter probabilities range from a 1.32% chance of encountering an 18 m wave height to 51.1%
chance of encountering a 14m wave height in 20 years of operation in the North Pecific, specificaly in
Marsden Zones 6, 7, 13, 14 and 22. Inthe anays's, it was assumed that the ship spends 18.3 years at
seg, and 1.7 yearsin port. Thiswas based on the assumption of 23 days/year for loading/unloading and
7 dayslyear for maintenance.

At the beginning of this section it was mentioned that the design sea condition is selected based on some
small probability of encounter. In this example the design level of wave encounter probability is taken as
1.5%. Thus, (from Table 6.1.3) awave height of 18 m was taken as the design significant wave height.

From the table, it can be seen that highest encounter probabilities occur in Marsden Zone 6 for dl wave
heights considered. Thus the lower bound of the system equates to the encounter probabilitiesin Zone
6, as the lower bound assumes complete independence between the probabilities of encounter in each
Zone. The encounter probability in each Zone is considered to be part of the overdl probability of a
series system, and if individual encounter probabilities are perfectly corrdated, then the lower bound
edimate is Smply the maximum of the individua probabilities. In this case, the maximum of the
individua probabilities for each wave height happensto occur in Zone 6. Thisis an indication that most
severe weather conditions exist in Zone 6.

Step 3: Short Term Analysis (Case #1)

At this stage, the RM S vdue of the wave bending moment for the identified design significant wave
height iscalculated. In thisexercise, the RMS values were calculated for a Product Tanker whose
characteristics are shown in Table 6.1.4.
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Table6.1.4. Principal Data - Example Tanker

Ship length (Lpp) 187.15m

Ship Beam 28.96 m

Draft 12.4m

Digplacement 58,800 tonnes

KG 12.2m

SM (deck) 15.94 7’

SM (bottom) 23.08 n?

Full Load SWBM 0.43 x 10° kNm (sag)
Ballast Cond. SWBM 1.00 x 10° kNm (hog)

A linear ship motion program SHIPMO 7 [Ref. 8] was used to devel op response spectraand the
associated RM S vaue for the vertical bending moment. Since Step 2 does not provide the period of
the design storm wave, the ship was andyzed (full load condition) in a number of short term extreme sea
dates at seven headings (from O to 180 degrees) to identify the period (encounter frequency) and
heading at which bending moment is the most severe. The maximum wave bending moment occurred
amidships at 180 deg. heading angle (head seas) with an amplitude of 3.38 x 10° kKNm and
corresponding RMS of 0.97 x 10° kNm in the fully loaded condition. The wave period of 11.42
seconds was obtained from the encounter frequency a which the maximum vaue of the RAO occurred
in the ship motion analysis. Wave bending moment at this heading and period for the ballast condition
were 2.65 x 10° kNm and RMS of 0.91 x 10° kNm. Using the dispersion relation for waves in deep
water, wave length was caculated to be 203.76 m. Resulting wavelength to ship length retio (8/L) is
1.09, whichisvery close to the familiar vaue of 1 used in the classicd “wave dtic baance’ cdculations
of maximum bending moment. Complete lists of parameters associated with the design short term wave
loading condition are given in Table 6.1.5.

Table6.1.5: Calculated Design Wave Parameters - from Parametric Analysis

Sgnificant Wave Height: 18.00 m (from Step 2)
Peak Period: 1142s

Wavdength: 203.76 m

Wave Stegpness: 0.088

Ship Speed: 12.0 knots

Step 4: Short Term Anadlyss (Case #1)

In this example, the only mode of failure consdered is yidding due to hull girder bending. The srength
parameter used in the calculaionsistheinitia deck yidd moment M,y. Thisis defined as the globd hulll
girder bending moment that, if applied to the ship, would cause the stressin the partial-section of the
ship in tension to just reach the yield strength of the materid [Ref.2).
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The god isto evduate the probability of initid yied in astorm condition specified by a sgnificant wave
height of 18 m and peak period of 11.42 seconds. The storm is assumed to be Stationary under these
conditions for aperiod of one hour.

Loads

In Table 6.1.6a, My, actud isthe caculated till water bending moment. For the probabiligtic analys's,
the mean My, istaken as 60 percent of the actud vaue, and a coefficient of variation (COV) of 0.25is
assumed [Ref. 2]. There are two distinct tillwater bending moments: one for each loading condition.
When in the fully loaded condition, the ship has a sagging dillwater bending moment, wheress, the
bdlast condition induces a hogging sillwater bending moment.

The mean of the extreme wave-induced bending moment M,, is caculated for the design short term
loading condition by usng RMS data for both the ballast and loaded conditions with an extreme vaue
cumulative probability distribution F,, * of the form:

Fu=exp{-N exp[-W*/(2 x RMS"?)]} (6.1)
wherew isthe bending moment, N is the number of moment pesaks in one hour (60x60/11.42 »315
peaks), and RMS s the vertica moment root-mean square as obtained from SHIPMO7. Figure 6.1.1

shows this digtribution. The 50 percent probability of excedence vaue is taken as the mean M,,, for the
religbility andyds.

In order to modd the effects of damming, a dynamic moment My is introduced into the andysis. The
dynamic moment is taken to be afraction of the extreme wave moment. For the fuller formed
commercid ships (tanker in this example), avaue of 20 percent of M,, was used.

Coefficients of variation (COV) are taken asfollows: 0.25 for gtill water bending moment (Ms,,) 0.1 for
extreme wave moment (M,,,) and the largest value of 0.3 for dynamic moment (Mg).

Strength

Table 6.1.6b presents the Setistical parameters for theinitid yield moment. These vaues were
caculated by multiplying the appropriate section modulus (SM) by theyield strength (s ) of the
materid.

My=a SM* Sy (62)
Where subscript | denotes deck or bottom.  Yidld strength is based on amaterid with anomind yield

drength of 259 MPa. For rdiability andysisa=1.15, or mean strength M,y istaken to be 15 percent
larger than the calculated value in order to correct for inherent conservatism in the caculated strength.

! Cumulative distribution of the largest pesk based on the upcrossing andlysis (Mansour, 1990)
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Load combination factors were used in the limit state equation to account for the correlation between
loads. Two combinations factors namely kq and ki, were used: ky to combine the wave induced and
dynamic bending moment, and k,, to combine the wave moment with the tillwater moment. Mean
values of the coefficients were 0.7 and 1.0 for kyq and k.. The sdected coefficients of variation for Kk,
and kg were 0.05 and 0.15, respectively (Mansour et d., 1997).

Short Term Probability of Exceedence (N=315)
(Heading=180 deg.)

Ballast Cond.

Loaded Deptarture

1.000 —~

0.900

0.800

0.700 \\
0.600 \
0.500 \

0.400
0.300
0.200
0.100
0.000

2.5E+06 2.8E+06 3.0E+06 3.3E+06 3.5E+06 3.8E+06 4.0E+06 4.3E+06 4.5E+06

Probability of Excedeence

\\.\H

Bending Moment (kNm)

Figure6.1.1: Extreme Value Cumulative Distribution

Limit State Equation

Now that dl of the variables have been quantified, the next sep in the andyssis the formulation of the
limit state equation. Since we are dedling with only one faillure mode we will have one limit Sate
equation for two cases: loaded and balast condition.

G =My —[ Mgy + ky (My, + kg My)] (6.3)
Where:

M= M — [ Musw + Ku (Muw + Kg Mua)] (6.3.1)
and
Sg= [SMIY2 + SMSW2 + Ivlw 2 Skw2 + kw 2 Md 2 Skd2 + kw 2 SMW2 + kW 2 kd 2 S|\/|dz]1/2 (632)

The sefety index b according to the Mean Vaue First Order Second Moment Method (MVFOSM) is
defined as the mean of the limit state function ng divided by its Sandard deviation s,
b=m/sc (6.4)
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Table 6.1.6¢ presents the values of the mean, standard deviation of the limit state equation, and

evauates the safety index (b) for loaded and balast condition.

Table6.1.6a: Short Term Analyss Probabilistic L oad Data
Actud Mean Cov Digtribution Comment
Mgy [KNmM] 0.430E+06 |2.580E+05 |0.25 Normal Bdlast Cond
1.000E+06 {6.000E+05 |0.25 Normal L oaded Dept.
M., [KNm] 3.175E+06 |0.10 Extreme Bdlast Cond.
3.400E+06 |0.10 Extreme Loaded Depit.
Mg [KNm] 6.350E+05 |0.30 Extreme Bdlast Cond.
6.800E+05 |0.30 Extreme Loaded Depit.
Kw 1.00 0.05 Normal
Kq 0.70 0.15 Normal
Table 6.1.6b: Short Term Analysis Probabilistic Strength Data
Mean COoVv Digtribution Comment
My [kN*m] 4.748E+06 |0.10 Lognorma  |deck* (Ballast
Con.)
6.874E+06 bottom* (L oad
Dep.)
SMq [nT] 15.94 0.10 Normal
SM, [nT] 23.08 0.10 Normal
*Nomind Yidd
Stress
S y =259 MPa
Table6.1.6c. Short Term Analysis Probabilistic Results
Limit Function:
Mean: 2.398E+06 Safety 294
I ndex:
Standard Dev. 8.155E+05 P: =0.0016
Limit Function:
Mean: 8.705E+05 Safety 1.42
I ndex:
Standard Dev. 6.147E+05 P: =0.0778

(Case#1)

(Case#1)

L oaded
Departure

Ballast
Cond.

The results of the reliability analysis for the example ship and operationd profile indicate thet the “leve

of safety” quantified by safety index b are 2.94 for the loaded condition and 1.42 for the ballast

condition. These safety indices, 2.94 and 1.42, correspond to probabilities of failure of 0.0016 and
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0.0778, respectively. It should be noted that computed probabilities given in this example are
conditiona probabilities given that the ship encounters a specific storm for a specified length of time,
6.1.2 Discusson of Case Study #1 (Short Term Andysis)

Sengtivity to Operational Parameters

Encounter probabilities are highly dependent on the time spent in Marsden Zones as well as the route of
aship. Theissueis complicated by the uncertainty that is associated with the ship’s operationd profile,
as it may change during the lifetime of the ship. For example, the SS SEALAND McLEAN was
designed for a gpeed of 33 knots. However, between mechanica problems and operational decisions
based on fud prices, the ship never operated at that design speed again. Circumstances such as
reduced operating speeds will increase sailing time and consequently change the time spend in the
individual Marsden Zones and thus exposure time to extreme conditions. Another obvious reason for
changein avesse’ s operationa profile would be a complete change of route (e.g., dueto achangein
contract). Changesin operationd profile invaidate initid design calculations and require updating to
ensure continued vessd safety.

To demondrate the sengtivity of the short term andysis to design storm encounter probability, existing
data on time spent in Marsden Zones 6, 7, 13, 14 and 22 given in Section 5.1 were modified to reflect
achangeinrouting. Table6.1.7 contains origina data (defined as Case 1) and modified data (Case 2):

Table6.1.7: Changein Exposure Time - Example Case

Marsden Case 1: Case 2:
Zone Time(years) Time (years)
6 4.76 7.80
7 3.29 5.40
13 2.00 2.90
14 3.66 2.20
22 4.58 0.00

The length of time spent in Zones 6, 7 and 13 is increased between 31 to 39 percent. Timein Zone 14
was reduced by approximately 39 percent while Zone 22 was completely excluded from the ship route.

Figure 6.1.2 presents the upper bound of the probability of encounter of the system of Marsden Zones
for the origind (Case 1) and modified (Case 2) data, for the range of sgnificant wave heights. This
figure is complemented by Table 6.1.8 where plotted data are shown in numerical form together with
associated vertica wave bending moment data. It should be noted that wave bending moments were
caculated from the maximum value of the RAO evauated in the ship motion analysis for the wave with
period of 11.42 seconds.

Asit can be seen from the figure, the change in exposure time had noticegble influence on the
probabilities of encounter. For al sgnificant wave heights examined vaues for Case 2 are higher than

53



corresponding vauesfor Case 1. The upper bound increased from 24% at 14m wave height to
gpproximately 49% at 18m wave height.
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Figure6.1.2: Digribution of Probabilities of Encounter — Sensitivity Analysis

Sincein our example, the design levd of encounter probability was rather smal (1.5%), the tail portion
of the didribution is sketched in the window of Figure 6.1.2. For Case 1, the design wave height of
18m. has probability of encounter of 1.3% and was selected as adesign wave height. For Case 2, a
design wave height based on 1.5% probability lies between 18 and 19 m. Thus, the changein
operationd profile from Case 1 to Case 2 has changed the design wave height. Thisindicatesthe
necessity to perform sengtivity andyssto investigate any possible changesin the parameters of adesign
gorm if short term andlyssis used as design criteria and there is any uncertainty in the expected vesse

operation profile.

Table 6.1.8: Upper Bound on Probabilities of Encounter - Sengtivity Analysis

Sg. Wave Upper Bound Upper Bound Vertica Bending

Height (m) Casel Case?2 Moment (kNm)
10 1.0000 1.0000 1.88E+06
11 1.0000 1.0000 2.07E+06
12 0.9972 0.9997 2.25E+06
13 0.8609 0.9374 2.44E+06
14 0.5111 0.6374 2.63E+06
15 0.2321 0.3156 2.82E+06
16 0.0931 0.1326 3.00E+06
17 0.0354 0.0519 3.19E+06
18 0.0132 0.0197 3.38E+06
19 0.0048 0.0074 3.57E+06
20 0.0018 0.0027 3.76E+06




21

0.0006

0.0010

3.94E+06
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Vertica wave bending moments shown in Table 6.1.8 are related to the wave heights through the linear
rel ationship due to assumptions inherent in the strip method used in the ship motion caculations.

The probability of encounter Py isdefined as:
Ps = Probability [excedence of Hs inlife Lj]
where L; isthetime spent in zonei in years, and Hs is the Sgnificant wave. This indicates that encounter
probaility of certain Sgnificant wave height is essentidly a probability of exceeding that Sgnificant wave
height. Thisinterpretation can be extended to the bending moment, where for the example of an 18m
wave height in Table 6.1.8, probability of excedence of 3.38x10° bending moment is 1.32% for the
Case 1, and 1.97% for the Case 2.

Wave Period and Directiondity

The short term anays's provides information on the encounter probability of the design storm conditions
described by the wave height. However, to completely describe a short term sea condition the wave
period is needed. In the example above, the margina probabilities of wave heights in Marsden Zones,
asgivenin[Ref. 6], wereused. That is dl of the wave information in the region was combined in a
sngle wave height distribution regardless of wave period. For acomprehensive gpplication, it would be
prudent to repeet the same andysis for every wave period given in the scatter diagrams of the
operationa zones (Marsden Zones). Obvioudy, this represents a sgnificant increase in the time
required to complete the andlys's; an dternative may be to review the variability in wave period and
direction in the operating zones, and make an assessment concerning the suitability of cregting a
combined wave height distribution.

Another factor to consider isthe limiting wave segpness; not dl combinations of wave height and period
are physicaly possble, i.e, the wave will “breek”. Thusit may be possible to diminate some
combinations of design wave height and period.

Linearity

Findly, in the short term andlys's, an extreme wave loading was evduated using alinear strip theory
program (SHIPMO 7). However, in the case of the extreme design wave, the response of the ship may
be sgnificantly non-linear. If non-linear effects are expected to be important, which will apply to many
design cases, then an dternative to directly employing the strip theory results should be found. The
amplest gpproach is to augment the linear response using dynamic response factors (multipliers) to
account for non-linear effects. These factors may be available for a particular type of hull form from
empiricd (model or full scae) data
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Anocther dternativeisto restrict the input wave conditions to the linear range, and extrgpolate the linear
predictions usng extreme vaue theory. This gpproach will involve modifying the process outlined
previoudy, as both a“design wave condition” (i.e., the 1.5% threshold in the example) and the linear
wave condition (at some higher probability of encounter) would be used in the andysis. Also, one could
generate the extreme wave loads using a more sophisticated code than linear strip theory; however,
vaidation of the code may be an issue.

It should be noted that non-linear effects are not expected to be sgnificant in along term andysis, due
to the relatively low occurrence probability of the wave conditions generating those effects.

6.2 Case Study #2 (Long Term Analysis)
6.2.1 Description of Procedure

In this study, we will use the same ship as in the previous example, (i.e., a product tanker) operating in
the North Pacific Marsden Zones 6, 7, 13, 14, and 22. The am of the long term analysis approach is
to determine the probability distribution of wave loads during the service life of a ship and thus assess
the fatigue strength of the vessd structure. Figure 6.2.1 schematically depicts the long term procedure.
As can be seen from the figure, there are three levels of load range spectrum that need to be developed.
Thefirgt level of load range spectrum is developed for al possible combinations of speed, heading and
wave height (sea state) for asingle wave period. The same procedure is repeated for all wave periods
occurring in the zones where the ship operates. Thisyields aload range spectrum specific for an
operationa profile. If more than one operationa profile exists for a vessd, the procedure just described
has to be repeated as many times as there are numbers of profiles. Findly, lifetime load range spectrum
is obtained as asum of the product of each ordinate of operationd profile spectrum and the weighting
factor reflecting the time spent in particular operationa profile. For the sake of clarity, in the example
developed in this section, only afirgt level load range spectrum was caculated. The wave period
selected was 7.5 seconds which gpproximately corresponds to the mean wave period in the North and
Centra Pacific Ocean [Ref. 9].
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Step 1: Long Term Analyss (Case #2)

Table 6.2.1 presents the distribution of wave heights for the Marsden Zones of interest. Table 6.2.2 is

taken from Section 5.2, and contains percent time spent in the Marsden Zones for the Southbound
voyage.

Table6.2.1: Distribution of Wave Height Probabilities (f,,;) for Marsden Zones

Marsden Zone
Hs [m] 6 7 13 14 22

0-1 0.1250 0.0480 0.0630 0.1280 0.1580

1-2 0.2920 0.2130 0.2380 0.3080 0.3800

2-3 0.2510 0.2730 0.2760 0.2590 0.2780

3-4 0.1580 0.2130 0.2010 0.1560 0.1230

4-5 0.0870 0.1280 0.1140 0.0800 0.0430

5-6 0.0449 0.0660 0.0571 0.0380 0.0129

6-7 0.0219 0.0320 0.0271 0.0170 0.0039

7-8 0.0109 0.0150 0.0121 0.0080 0.0010

8-9 0.0049 0.0070 0.0061 0.0030 0.0010

9-10 0.0029 0.0030 0.0030 0.0020 0.0000

10-11  |0.0010 0.0010 0.0010 0.0010 0.0000

11-12 0.0010 0.0010 0.0010 0.0000 0.0000

SUM: 1.0000 1.0000 1.0000 1.0000 1.0000

Table6.2.2: Data From Operational Profile (ARCO CALIFORNIA)

Marsden Zone % of timeat sea(m)
6 26.0
7 18.0
13 11.0
14 20.0
22 25.0

The composite digtribution of wave heights fine (Hs; Ts)composite IS Shown in Table 6.2.3, and was
developed from:

fmc (Hs;Ts)composite = é- m fmi (Hs;Ts)i (65)
where Hs and T are Sgnificant wave height and wave period respectively, and m isthe rddive time

gpent in each Marsden Zone. The summation is taken over the (i) number of zones in which the ship
operates. Asin Case Study #1, for smplicity, the probabilities given are wave height margina
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probabilities, thet is, dl wave period information in each Zone was combined in a Sngle wave height
digtribution. This assumption will be discussed further later.
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Table6.2.3: Composite Distribution of Wave Height Probabilities (fyc)

Marsden

Hs[m] Combined
0-1 0.1131
1-2 0.2970
2-3 0.2660
3-4 0.1634
4-5 0.0849
5-6 0.0407
6-7 0.0188
7-8 0.0087
8-9 0.0041
9-10 0.0020
10-11 0.0008
11-12 0.0006

Step 2: Long Term Andysis (Case #2)

In this step, we combine the composite wave height probability digtribution (Table 6.2.3) with the joint
probability of vessel speed and sea state (Table 6.2.4) according to the expression:

fs = fmc (Hs;Ts)composite fV Nl/d_ls) (66)

Theterm f, (V¥Hs) isthe conditiond probability of speed V given awave height Hs (or seadtate). This
term is cdculated from Table 6.2.4 asfollows:

fv (V¥Hs) = prob (V¥H,) = prob(V and Hs) / prob (Hs) (6.7)
where: prob(V and Hs) isthe joint probability of speed and wave height (entriesin Table 6.2.4), and
prob (Hs) isthe margina probability of wave heights, shown in the bottom row of Table 6.2.4 as bolded

numbers.

Table6.2.4: Joint Probability of Speed and Sea State
(Operational Profile, ARCO CALIFORNIA)

SPEED NATO Sea State
kn) | 1 2 3 4 5 6 7 | sum

0-6 0.0028 [0.0000 |0.0009 |0.0000 |0.0000 {0.0010 |0.0007 |0.0054

6-10 |0.0056 [0.0031 [0.0033 |0.0082 |0.0086 [0.0261 [0.0010 |0.0559

10-14 ]0.0129 [0.0219 |0.0503 |0.0378 {0.0449 |0.0896 |0.0019 |0.2593

14-18 0.0900 |0.12530.1322 {0.1007 |0.1338 |0.0968 |0.0005 |0.6793

SUM ]0.1113]0.1503 |0.1866 |0.1467 |0.1873 |0.2135 |0.0041 | 1.0000
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Table 6.2.5 presents the results of the calculation of fg:

Table6.2.5: Results- Two-Dimensional Probability Distribution (fs)

SPEED NATO Sea State
(kn) |1 2 3 4 5 6 7 SUM

0-6 0.0014 |0.0000 |0.0014 |0.0000 {0.0000 |0.0006 |0.0062 [0.0096

6-10 [0.0028 |0.0012 [0.0053 [0.0148]0.0075 [0.0154 [0.0082 |0.0552

10-14 ]0.0065 [0.0082 |0.0800 |0.0686 [0.0392 |0.0527 |0.0164 |0.2717

14-18 |0.0457]0.0472]0.2103 |0.1826 |0.1167 |0.0570 |0.0041 |0.6636

SUM  ]0.0564 |0.0566 |0.2970 |0.2660 |0.1634 |0.1256 |0.0349 |1.0000

Step 3: Long Term Anadlyss (Case #2)

Up to this stage, the probabilities calculated were two-dimensional probabilities of speed V, and
combined Marsden Zone. Now athird parameter, heading, will be incorporated in the andyss. Table
6.2.6 presents the joint probability of heading and sea state for the ARCO CALIFORNIA (see Section
5.2).

Table6.2.6: Joint Probability of Heading and Sea State (for ARCO CALIFORNIA)

NATO Sea State
Heding |1 2 3 4 5 6 7 SUM

Head Seas |0.0084 |0.0114 0.0167 |0.0128 |0.0160 |0.0221 |0.0005 |0.0879

Strbd. Bow |0.0234 |0.0326 |0.0380 |0.0295 |0.0383 [0.0375 |0.0005 |0.1998

Strbd. Beam |0.0283 |0.0375 |0.0439 |0.0355 |0.0454 [0.0497 |0.0009 |0.2413

Strbd.Quart. [0.0421 |0.0586 |0.0729 |0.0565 |0.0724 |0.0800 |0.0013 |0.3840

Following  |0.0098 [0.0136 |0.0164 |0.0129 {0.0165 |0.0176 |0.0003 [0.0871

SUM 0.1120 [0.1537 {0.1880 |0.1472 |0.1886 |0.2070 [0.0035 |1.0000

Totd probability (three-dimensiond probability) or percent of time for each operationd condition is
cdculated from

faoa = fs fr (f 7o) (6.8)

wheref; (f ¥Hs) isthe conditiona probability of heading (f ) for given wave height Hs or seastate. This
term is cdculated from Table 6.2.6 as follows:

fr (f YHs) = prob (f YHs) = prob(f and Hg) / prob (Hs) (6.9)
Thevdues of f; caculated for every entry from the Table 6.2.6 are multiplied by each entry in the Table

6.2.5. There are four ranges of speeds x five headings = 20 results. This must be repeated for each of
seven seadates. Thus, amatrix of three-dimensiond probability of smultaneous occurrence of speed
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(V), heading (f ) for the given wave height or sea state (Hs) in the combined Marsden Zone has 5 x 4 x
7 =140 entries. Table 6.2.7 givesthe results of the caculations.



The vdues shown in Table 6.2.7 are probahilities sandardized by multiplying by 1000. Thusthe
probability of occurrence of Sea State 2 in head seas, with a vessal speed between 14-18 knotsis
3.504/1000 = 0.003504. Some of the probabilities are small, and some are zero asit can be seen for

the cases at Sea State 7.
Table6.2.7: Joint Probabilities - Speed, Heading, Sea State
SPEED Sea State 1 Sea State 2
(kn) Head |[Sth. Stb. Sth. Following Head [Stb |Stb. |Stb. Following
Seas |Bow (Beam |Quart. Seas |.Bow [Beam |Quart.
0-6 |0.109 [0.301 |0.364 |0.542 |0.126 0.000{0.000 {0.000 (0.000 |0.000
6-10 ]0.214 |0.594 |0.717 |1.067 |0.248 0.086|0.246 (0.283 [0.443 |0.103
10-14 [0.493 |1.367 |1.650 (2.457 |0.571 0.613(1.749 (2.009 (3.144 |0.730
14-18 (3.447 |9.564 |11.546 (17.192 |3.998 3.504(10.004{11.492 (17.986 |4.175
SUM 4.3 11.8 143 |21.3 |49 42 1120 (138 (216 (5.0
SPEED Sea State 3 Sea State 4
(kn) Head |[Sth. Stb. Stb. Following Head [Stb. [Stb. Sth. Following
Seas |Bow (Beam |Quart. Seas |Bow |Beam |Quart.
0-6 |0.125 |0.286 |0.330 |0.548 |0.123 0.000 |0.000 |0.000 |0.000 |0.000
6-10 [0.467 [1.066 |1.232 |(2.045 |0.461 1.285 (2.968 [3.568 [5.686 |1.293
10-14 |7.089 |16.186 |18.702 {31.036 (6.990 5.956 |13.757/16.538 |26.351 (5.991
14-18 (18.637|42.549 |49.163 |81.588 [18.376  |15.857|36.628|44.032 |70.159 {15.950
SUM [26.3 |[60.1 |69.4 |115.2 |26.0 231 |534 (64.1 |102.2 |(23.2
SPEED Sea State 5 Sea State 6
(kn) Head |Sth. Sth. Sth. Following Head |Sth. |[Sth. |Sth. Following
Seas |Bow (Beam |Quart. Seas |Bow (Beam |Quart.
0-6 |0.000 [0.000 |0.000 |0.000 [0.000 0.061]/0.103 [0.137 [0.221 |0.049
6-10 [0.639 (1530 |1.818 (2.898 |0.661 1.641|2.779 |3.690 |5.938 (1.308
10-14 |3.317 |7.940 [9.430 (15.035 (3.428 5.633|9.540 |12.669 |20.388 |4.490
14-18 |9.891 |23.676 |28.121 {44.833 (10.223 |6.085|10.306(13.686 [22.024 (4.850
SUM (138 (331 |394 (628 |14.3 134 |22.7 |30.2 |48.6 (10.7
SPEED Sea State 7 SPEED
(kn.) |Head |Stb. Sth. Sth. Following (kn.)
Seas |Bow (Beam |Quart.
0-6 |0.941 |0.843 |1.651 |2.268 |0.456 0-6
6-10 |1.254 |1.125 |2.201 |3.024 |0.608 6-10
10-14 (2509 |2.249 |4.402 |6.049 |(1.216 10-14
14-18 (0.627 |0.562 |1.100 (1.512 (0.304 14-18
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Now, with the combinations of stationary conditions (combinations of speed, heading and sea state)
identified with an associated frequency of occurrence, it is necessary to evauate the responses for each
combination. The fact that some of the probahilities are zero, or very smdl, reduces the number of
conditions for which the response needs to be evaluated. Out of 140 stationary condition combinations,
75 responses were evauated. Responses were again obtained using the linear strip theory code
SHIPMO 7. Output for each condition includes the RAO (response amplitude operator) and the RMS
vaue of the vertical bending moment. RM S vaues were generated using a two parameter
Bretschneider Spectrum (suitable for fully developed seas), with the sea states defined in Table 6.2.7,
and a peak period of 7.5 secondsfor al runs.

Table 6.2.8 summarizes computed results. Columns two through seven indicate sea Sate, soeed and
vesse’ s heading for each run. Next two columns are values of RMS and corresponding period T..
There are three additiona columnsin the table: standardized frequency of occurrence (px1000),
number of wave bending moments (or wave peeks) in ship’slife a each condition (N), and nomina
deck stress (s 4) where the section modulus a the deck was taken as 15.94 n.

In this example, only the Southbound operationd profile was andyzed. To complete the long term
distribution of wave loading, it would be necessary to repest the procedure described for the
northbound voyage. For our example, thisimplies another 82 SHIPMO 7 runs. This was not
undertaken as the demonstration of the procedure was dready highlighted. The end product would be
two histograms of wave loading, one for the northbound and one for the southbound leg of the voyage
(see Table 6.2.9). Thelifetime (long term) wave loading didtribution is obtained by multiplying each bin
of the histograms by gppropriate weighting factor which reflect time spent at each trangit leg (noting that
thereisavariaion in loading condition a o).

For the case of the TAPS tanker profile, the weighting factors are: 2161/4344 = 0.497 for the
northbound leg and 2183/4344 = 0.503 for the southbound leg. These values are based on the total
number of hours in each loading condition (see Table 4.1).

Thus, it will be understood that for the fatigue reliability assessment described in the next section, the

wave loading distribution of the southbound leg of the voyage, shown in Figure 6.2.1 is assumed to be
vesHd'slifetime digtribution of wave loading.
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Table6.2.8: Long Term Response Values- Strip Theory Analysis

Heading SHIPMO7 Data Nom.

Stress.
Run | Sea |Speed) 14| 1o5] oo | 45 rRMs| Tz | P N |Decksq

# | State| (kn.) 1000 (Pa)
1 |1 |8 |o |0 |0 |1 |0 [13006[10.7 |1.067 |85E+04|82E+04
2 |1 |12 |0 |t o |0 |0 |1007.1]63 |1367 |1.1E+056.3E+04
3 |1 |12 [0 [0 |t |0 |0 |10795]7.4 |1650 |1.3E+05|6.8E+04
4 |1 |2 |0 o |0 |1 |0 |16493[125 [2.457 |2.0E+05|10E+05
5 |1 (16 |1 |0 |0 |0 |0 [75527 |43 [3.447 |2.7E+05(4.7E+04
6 |1 |16 |0 |1 |0 |0 |0 [9906 |57 |0.564 |7.6E+05|6.2E+04
7 |1 |16 |0 |0 |1 |0 |0 |11584|7.4 |11546|9.0E+05|7.3E+04
8 |1 |16 [0 [0 |0 |1 |0 [20255]|155 |17.192|1.4E+06|1.3E+05
9 |1 |16 |0 |0 |0 |0 |1 |11082]220 [3.998 |3.2E+05|7.0E+04
10 |2 |12 |0 |t o |0 |0 |60428|63 |1749 |L4E+05|3.8E+05
11 2 |12 [0 |0 |1 |0 |0 [e476.7|74 |[2.009 |16E+05|4.1E+05
12 2 |12 |0 [0 |0 |1 |0 [98959[125 |3.144 |25E+05|6.2E+05
13 |2 |16 |1 [0 |0 [0 |0 [45762[43 |[3.504 |2.8E+05|2.9E+05
4 |2 |16 |0 |t |0 |0 |0 [59437|57 |10.004|8.0E+05|3.7E+05
15 |2 |16 |0 |0 |1 |0 |0 [69506|7.4 |11.492|9.1E+05|4.4E+05
6 |2 |16 |0 |0 |0 |1 |0 [12153 [155 |17.986|14E+06|7.6E+05
17 2 |16 |0 [0 |0 |0 |1 [66492[220 [4.175 |3.3E+05|4.2E+05
18 3 |12 |1 |0 |0 |0 |0 |13302 |53 |[7.089 |5.6E+05|8.3E+05
19 [3 |12 [0 |t |0 |0 |0 [17625 |63  |16.186|1.3E+06|1.1E+06
20 |3 |12 |0 |0 |T |0 |0 18890 |7.4  |18.702|1.5E+06|1.2E+06
21 |3 |12 [0 |0 |0 |1 |0 [28863 |125 |31.036|2.5E+06|1.8E+06
2 3 |12 [0 |0 |0 |0 |1 |18043 [17.1 |6.990 |5.6E+05|1.1E+06
23 |3 |16 |1 |0 |0 |0 |0 |13172 |43 |18.637|1.5E+06|8.3E+05
24 |3 |16 [0 |1 |0 |0 |0 |17336 |57 |42.549|3.4E+06|1.1E+06
25 3 |16 |0 |0 |1 |0 |0 [20273 |74  |49.163|3.9E+06|1.3E+06
26 |3 |16 |0 |0 |0 |1 |0 |35447 |155 |81.583|6.5E+06|2.2E+06
27 13 |16 |0 |0 |0 |0 |1 |19393 [220 |18.376|1.5E+06|1.2E+06
28 |4 |8 |1 |0 |0 |0 |0 29181 |65 |1.285 |1.0E+05|1.8E+06
29 |4 8 [0 |1 |0 |0 |0 [39215 |70 |2.968 |2.4E+05(2.5E+06
30 |4 |8 [0 |0 |t |0 |0 37315 |75 |3.568 |2.8E+05|2.3E+06
31 |4 |8 |0 |0 |0 |1 |0 |50984 |107 |5.686 |4.5E+05(3.2E+06
2 4 8 [0 |0 |0 |0 |1 [31285 [127 |1.293 |1.0E+05|2.0E+06
38 |4 |12 |1 |0 |0 |0 |0 28505 |53 |5.956 |4.7E+05|1.8E+06
34 |4 |12 |0 |1 |0 |0 |0 |[37768 |63 |13.757|1.1E+06|2.4E+06
3% 4 |12 [0 |0 |1 |0 |0 |40479 |74 |16.538|1.3E+06|2.5E+06
36 |4 |12 |0 |0 |0 |1 |0 |61849 |125 |26.351|2.1E+06|3.9E+06
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Table6.2.8: Longterm Response Values- Strip Theory Analysis (Continued)

Heading SHIPMO7 Data Nom.

Stress.
Run | Sea |Speed) 14| 1o5] oo | 45 rRMs| Tz | P N |Decksq

# | State| (kn.) 1000 (Pa)
37 |4 |12 |0 |0 |0 |0 |1 |38666 |17.1 |5.991 |4.8E+05|2.4E+06
38 |4 |16 |1 |0 |0 |0 |0 |28226 |43 |15.857|1.3E+06|1.8E+06
39 |4 |16 [0 |1 |0 |0 |0 [37148 |57 |36.628]2.9E+06|2.3E+06
40 |4 |16 |0 |0 |1 |0 |0 |43441 [74 |44.032|35E+06|2.7E+06
41 |4 |16 [0 |0 [0 |1 |0 [75958 [155 [70.159|5.6E+06|4.8E+06
2 |4 |16 |0 |0 |0 |0 |1 |41557 [220 [15.950|1.3E+06|2.6E+06
43 |5 |8 |t o |0 |o |0 |50581 |65 [0.639 |5.1E+04|3.2E+06
44 |5 8 o |1 |0 |o |0 [67972 [70 1530 |1.2E+05[4.3E+06
45 |5 |8 |0 |0 |1 |0 |0 |64679 [75 |1.818 |L4E+05|4.1E+06
46 |5 |8 o o |0 |1 |o |e8373 107 |2.898 |2.3E+05|5.5E+06
47 |5 |8 [0 |0 [0 |0 |1 |54226 [127 [0.661 |5.3E+04|3.4E+06
48 |5 |12 |t |0 |0 |0 |0 |49408 [53 |3.317 |2.6E+05|3.1E+06
49 |5 |12 |0 |t |0 |0 |0 |65464 |63 |7.940 |6.3E+05|4.1E+06
50 |5 |12 [0 |0 |1 |0 |0 [70164 |74 [0.430 |7.5E+05|4.4E+06
51 |5 |12 |0 |0 |0 |1 |0 |107205[125 |15.085|1.2E+06|6.7E+06
52 |5 (12 [0 |0 |0 |0 |1 [67020 [17.1 [3.428 |2.7E+05|4.2E+06
53 |5 |16 |1 |0 |0 |0 |0 48926 |43 |0.891 |7.9E+05|3.1E+06
54 |5 |16 |0 |1 |0 |0 |0 64390 |57 |23.676|1.9E+06|4.0E+06
55 |5 (16 |0 |0 |1 |0 |0 [75200 |74  |28.121|2.2E+06|4.7E+06
56 |5 |16 |0 |0 |0 |1 |0 |131660{155 |44.833|3.6E+06|8.3E+06
57 |5 |16 |0 |0 |0 |0 |1 [72033 [220 |10.223|8.1E+054.5E+06
58 |6 |8 |1 |0 |0 |0 |0 [77817 |65 |1641 |1.3E+054.9E+06
59 |6 |8 |0 |1 |0 |0 |0 |104573[7.0 |2.779 |2.2E+05|6.6E+06
60 |6 |8 |0 |0 |1 |0 |0 [99507 |75 [3.690 |2.9E+05[6.2E+06
61 |6 |8 |0 |0 |0 |1 |0 [135959[107 |5.938 |4.7E+05|8.5E+06
62 6 |8 |0 |0 |0 |0 |T |83425 |127 |1.308 |1.0E+05|5.2E+06
63 |6 |12 |1 |0 |0 |0 |0 [76012 |53 |5.633 |45E+05(4.8E+06
64 |6 |12 |0 |1 |0 |0 |0 [|100714[63 |9.540 |7.6E+05|6.3E+06
65 |6 |12 |0 |0 |1 |0 |0 |107945[7.4 |12.669|1.0E+06|6.8E+06
6 |6 |12 |0 |0 |0 |1 |0 [164931]125 |[20.388]1.6E+06|1.0E+07
67 |6 |12 |0 |0 |0 |0 |T |103108[17.1 |4.490 |3.6E+056.5E+06
68 6 |16 |1 |0 |0 |0 |0 [75270 |43 |6.085 |4.8E+05(4.7E+06
69 |6 |16 |0 |1 |0 |0 |0 [99062 |57  |10.306|8.2E+05(6.2E+06
70 |6 |16 |0 |0 |1 |0 |0 |115844[7.4  |13.686|1.1E+06|7.3E+06
71 |6 |16 |0 |0 |0 |1 |0 [202553[155 |[22.024|1.8E+06|1.3E+07
72 |6 |16 |0 |0 |0 |0 |1 |110820{220 |4.850 |3.9E+05(7.0E+06
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Table6.2.9: Lifetime Wave L oading — Southbound Oper ational Profile

Momert Number of observations
per 1000 events

x10° KNm Birwt (p*1000)
0.0075-0.1352 1 132.077
0.1352-0.2629 2 151.966
0.2629-0.3906 3 196.959
0.3906-0.5183 4 99.021
0.5183-0.6460 5 50.688
0.6460-0.7737 6 144.367
0.7737-0.9014 7 5.847
0.9014-1.0291 8 23.536
1.0291-1.1568 9 39.823
1.1568-1.2845 10 13.686
1.2845-1.4122 11 50.771
1.4122-1.5399 12 0
1.5399-1.6676 13 20.388
1.6676-1.7953 14 0
1.7953-1.9230 15 0
1.9230-2.0507 16 22.024
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Figure6.2.1: Lifetime Wave Loading - Southbound Operational Profile (Histogram)



Sep 4: Fatigue Rdiability Assesment (Case #2)

In the development of the smplified fatigue assessment, it will be assumed that the lifetime load spectrum
of wave induced vertica bending moment represented in Figure 6.2.1 is the only source of cyclic
sressesin ship structure. The gpproach used for the fatigue andysis was the PAmgren-Miner approach
based on the SN curves. The SN curves describe the number of constant amplitude stress cyclesto
falure, asafunction of the fluctuating stress amplitude. Such curves are of the form:

N S™ =K (6.10)

where N isthe number of cyclesto falure, Sisthe constant amplitude stress range, misthe inverse
dope of the SN curve (fatigue strength exponent), and K is the fatigue strength coefficient.

Each structurd detail type hasan SN curve. In this example, fatigue assessment was performed for the
hatch opening structurd detail dassified as belonging to class F2' with the S-N curve defined as:

logN=logK -mlog S (6.11)
with K=0.43x10", and m=3.0.

Accumulation of fatigue damage D is assumed to be described by alinear damage accumulation rule
(Pamgren-Miner):

D =S n(S)/N(S) (6.12)

where n(S) isthe number of stresscyclesa stress S , and N(S) is the number of cydesto falure a
stress §. The summation is over dl stress ranges experienced by the structurd detall. When D=1,
failure occurs.

Edtimates of the hull girder bending stresses produced by the vertical bending moment are based on the
flexure formula. To account for gross structurd geometry surrounding the detail (e.g., hatch opening),
the stress concentration factor is used.

SV: KG MV Z/lv (6.13)

where s, isthetota hull girder stress due to vertica bending, M, isthe vertica bending moment
amplitude at the location under congderation, z is the vertica distance from the neutrd axis of the hull
cross section to the location under consideration, |, is the moment of inertia of the hull cross section
about the transverse neutrd axis, and Kg isthe globd stress concentration factor.

1 BS5400: Part10. Code of practice for fatigue, British Standards Institution
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Table 6.2.10 gives the fatigue assessment results. In the calculations Kg =3 was used, and relevant
sectional properties were the same asin Case Study #1 (e.g., z=11.09m, and |, =176 m *).
Accumulation of fatigue damage, indicated by summation over al stress ranges (D=0.66), shows that
for the hatch opening detail fatigue damage is not criticdl.

Table 6.2.10: Fatigue Assesment Results

Moment Stress Stress* Stress cyclesto
x10e5 KNm | Nomind |Bin#| tot. (Pa) | (Mpa) falureN n n/N | p*1000
0.0075- 4475771 | 1 | 1342731 | 1.3427 11.25 |1.78E+11| 9.99E+06 | 0.00 | 132.08
0.1352

0.1352- 1248637 | 2 | 3745910 | 3.7459 991 [8.18E+09 1.15E+07 | 0.00 | 151.97
0.2629

0.2629- 2049696 | 3 | 6149088 | 6.1491 9.27 |1.85E+09 1.49e+07 | 0.01 | 196.96
0.3906

0.3906- 2850755 | 4 | 8552266 | 8.5522 8.84 |[6.87E+08| 7.49E+06 | 0.01 | 99.02
0.5183

0.5183- 3651815 | 5 [10955445| 10.9554 851 [3.27E+08| 3.83E+06 | 0.01 | 50.69
0.6460

0.6460- 4452874 | 6 |13358623| 13.3586 8.26 |1.80E+08| 1.09E+07 | 0.06 | 144.37
0.7737

0.7737- 5253934 | 7 |15761801| 15.7618 8.04 |[1.10E+08| 4.42E+05 | 0.00 | 5.85
0.9014

0.9014- 6054993 | 8 |18164980| 18.1649 786 |7.17E+07| 1.78E+06 | 0.02 | 23.54
1.0291

1.0291- 6856053 | 9 |20568158| 20.5681 7.69 [4.94E+07| 3.01E+06 | 0.06 | 39.82
1.1568

1.1568- 7657112 | 10 |22971336| 22.9713 755 [3.55E+07| 1.03E+06 | 0.03 | 13.69
1.2845

1.2845- 8458172 | 11 |25374515| 25.3745 742 |2.63E+07| 3.84E+06 | 0.15 | 50.77
1.4122

1.4122- 9250231 | 12 |27777693| 27.7776 7.30 [2.01E+07| 0.00E+00 | 0.00 | 0.00
1.5399

1.5399- |10060290| 13 (30180871| 30.1808 719 |[156E+07| 1.54E+06 | 0.10 | 20.39
1.6676

1.6676- |10861350| 14 |32584050| 32.5840 7.09 [1.24E+07| 0.00E+00 | 0.00 | 0.00
1.7953

1.7953- | 11662409 15 |34987228| 34.9872 7.00 |1.00E+07| 0.00E+00 | 0.00 | 0.00
1.9230

1.9230- | 12463469 16 |37390406| 37.3904 6.92 [8.23E+06| 1.67E+06 | 0.20 | 22.02
2.0507

* Stress concentration factor Kg=3 SUM: 0.66
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6.2.2 Discusson of Case Study #2 (Long Term Andysis)

A step-by-step procedure to determine the probability distribution of wave loads during the service life
of aship has been demondtrated. The purpose of this commentary isto make the reader aware of the
amplifications used in the example, and outline the required volume of caculations needed to fully
complete the analyss.

In the example, only the southbound operationd profile was andyzed. To complete the long term
anayss, it would be necessary to repesat the procedure for the northbound voyage. Thiswould require
another 82 SHIPMO 7 runs. Also, al wave information in the region was combined in asingle wave
height digtribution regardless of wave period. For acomprehensive gpplication, it would be necessary
to repesat the same andysis for every wave period given in the scatter diagrams of the operationd zones
(Marsden Zones). In the andlys's, it was assumed that vertica wave-induced bending moment isthe
only source of cyclic stresses. For comprehengive caculaions lifetime digtribution of horizonta and
torsona bending moments need to be incorporated, as well aslocad and secondary cyclic load sources.

In many recent reliability-based analyses of ships, speed and heading are assumed to be independent
quantities. Methodology used in this report to define operationa profiles provided aframework in
which assumption of speed and heading independence can be reviewed. Joint probability of vessdl
speed and sea dtate, and joint probability of vessal heading and sea state define each operationd profile.
Combining these two probabilities (for each sea state) together with the probability of combined
Marsden Zone, three-dimensiona probability of speed, heading and sea dateis obtained. This
procedure was demondtrated in the Case Study #2. If the relationship between heading and speed
exig, it would become apparent by plotting the histograms (joint probability) of speed and heading for
each sea dtate. For example, by plotting the datafor Sea State 1, 3 and 7 from Table 6.2.7 it can be
observed that at Sea State 1, rel ationships between speed and heading exist at 14-18 knots speed
range, while at smaler speeds probability of heading and speed isvery smdl. At intermediate Sea State
3, the speed/heading relationship begins to appear at 10-14 knots speed range. At Sea State 7 joint
probabilities of speed and heading are comparable over the whole range of speed and headings.

Based on this data and in Case Study #2, heading/speed relationships exist at certain speeds, which in
the Case Study #2 correspond to the speed range at the limit of the operationa profile. This relationship
isnot unique, as it changes with Sea States, and different ships. Heading/Speed relaionship for al four
vessdsis shown in Appendix B. If the vessd’s operationd profileis defined in the terms of speed and
sea state and heading and sea state, and the procedure outlined in Case Study 2 is followed, then the
andyst need not to worry about this relationship. Combined heading and speed histograms derived from
the operationd data can be used as a check in the caculations. Thus the definition of the heading/speed
relationship is mainly a concern when adesigner is cregting a hypothetica operationd profile.
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In this example, the procedure demonstrated in Case Study #2, under steps 1 to 3, will be employed to
develop three dimensiond probabilities for four operationd profiles of the HAMILTON Class Cuitter.
Assumed percent time spent in the Marsden Zones for the four operationd profiles are given in Table
6.3.1, and the distribution of wave heights probabilities for the Marsden Zones are presented in Table

6.3.2.
Table6.3.1: Time Percentagesin Marsden Zones
Marsden Zone 23 | Marsden Zone24 | Marsden Zone 33
Operationa Profile #1 100% - ~
Operationa Profile #2 100% ~ ~
Operationd Profile #3 50% ~ 50%
Operationa Profile #4 40% 20% 40%
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Table 6.3.2: Digribution of Wave Height Probabilities (f;) for Marsden Zones

HYm| Marsden Zone
23 24 33

0-1 0.1959 0.0831 0.1612
1-2 0.3559 0.2641 0.4122
2-3 0.2389 0.2691 0.2652
3-4 0.1169 0.1811 0.1072
4-5 0.0519 0.1011 0.0362
5-6 0.0219 0.0511 0.0112
6-7 0.0099 0.0251 0.0042
7-8 0.0049 0.0121 0.0012
8-9 0.0019 0.0061 0.0012
9-10 0.0010 0.0031 0.0000
10-11 0.0009 0.0021 0.0000
11-12 0.0000 0.0011 0.0000
12-13 0.0000 0.0011 0.0000
SUM: 1.0000 1.0000 1.0000

For smplicity, detailed caculations of composite distribution of wave height probabilities (f,,.) and the
joint probabilities of gpeed and wave height for each profile are not shown here (see steps 1to 3in
Case Study #2). The process of caculation can be easily automated using any spreadsheet program.
Maitrices of three dimensiona probability of smultaneous occurrence of speed (V), and heading (f ) for
the given wave height (Hs) in the combined Marsden Zone for operationa profiles 1 to 4 are giveniin
Tables 6.3.310 6.3.6, respectively. Asin Case Study #2, probabilities shown are normalized such that
they represent number of observation per 1000 events.
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Table 6.3.3: Operational Profile#1 - Joint Probabilities Speed, Heading, Wave Height

77

SPEED (kn) 0-0.31 (m) 0.31-0.61 (m)
Head Stb. Sth. Sth. : Head Sth. Sth. Sth. :
Seas Bow Beam Quart. Follawing Seas Bow Beam Quart. Following
0-3.75 10 8 16 8 4 7 11 29 9 6
3.76-7.50 3 3 6 3 2 2 3 8 3 1
7.51-11.25 2 2 4 2 1 4 6 16 5 3
11.26-1500 | 6 5 11 5 3 2 4 10 3 2
1501-1875| O 0 1 0 0 1 1 3 1 1
18.76-2250 | O 0 0 0 0 - -- -- -- --
2251-26.25 | -- -- -- -- -- - -- -- -- --
26.26-30 -- -- -- -- - - -- -- -- -
22 17 37 18 10 15 26 65 21 13
SPEED (kn) 0.61-0.92 (m) 0.92-1.22 (m)
Head Stb. Sth. Sth. : Head Sth. Sth. Sth. :
Seas Bow Beam Quart. Following Seas Bow Beam Quart. Follawing
0-3.75 8 7 21 6 5 0 0 0 0 0
3.76-7.50 2 1 4 1 1 4 2 2 1 0
7.51-11.25 5 5 14 4 3 9 5 4 3 0
11.26-1500 | 7 6 18 5 4 21 11 10 7 0
1501-1875| O 0 0 0 0 13 7 6 4 0
18.76-2250 | -- -- -- -- -- - -- -- -- --
2251-26.25 | -- -- -- -- -- - -- -- -- --
26.26-30 -- -- -- -- - - -- -- -- -
23 20 58 17 13 47 25 22 16 0
SPEED (kn) 1.22-1.53 (m) 1.53-1.83 (m)
Head Stb. Sth. Sth. : Head Sth. Sth. Sth. :
Seas Bow Beam Quart. Following Seas Bow Beam Quart. Follawing
0-3.75 -- -- -- -- -- -- -- -- -- --
3.76-7.50 -- -- -- -- -- - -- -- -- --
7.51-11.25 5 11 23 11 -- - -- -- -- --
11.26-1500 | 5 10 21 11 -- -- -- -- A --
15.01-1875 | -- -- -- -- -- -- -- -- 324 --
18.76-2250 | -- -- -- -- -- - -- -- -- --
2251-26.25 | -- -- -- -- -- - -- -- -- --
26.26-30 -- - -- -- - - -- -- -- -
10 20 44 22 0 0 0 0 418 0




Table6.3.4: Operational Proflile#2 - Joint Probabilities Speed, Heading, Wave Height

SPEED (kn) 0-0.31 (m) 0.31-0.61 (m)
Head Strbd  Strbd.  Strbd. . |Head Strbd.  Strbd. Strbd. :
Seas Bow Beam  Quart. Following Seas Bow Beam Quiart. Following
0-3.75 3 2 3 6 1 1 1 1 1 1
3.76-7.50 2 1 2 4 1 3 5 3 3 2
7.51-11.25 6 5 6 14 2 13 20 13 12 9
11.26-15.00 5 4 5 11 2 5 8 5 5 4
15.01-18.75 3 3 3 7 1 4 7 4 4 3
18.76-22.50 0 0 0 1 0 0 0 0 0 0
22.51-26.25 -- -- -- -- -- -- -- -- -- --
26.26-30 -- -- -- -- -- -- -- -- -- --
20 16 19 43 7 28 41 27 24 20
SPEED (kn) 0.61-0.92 (m) 0.92-1.22 (m)
Head Strbd  Strbd.  Strbd. . |Head Strbd.  Strbd. Strbd. ,
Seas Bow Beam  Quart. Following Seas Bow Beam Quart. Following
0-3.75 1 1 1 1 0 1 7 2 2 1
3.76-7.50 3 4 3 3 1 1 4 1 1 0
7.51-11.25 12 13 11 10 3 3 18 6 4 1
11.26-15.00 9 10 8 7 2 3 20 6 4 1
15.01-18.75 6 7 5 5 2 2 12 4 3 1
18.76-22.50 0 0 0 0 0 0 1 0 0 0
22.51-26.25 0 0 0 0 0 -- -- -- -- --
26.26-30 0 0 0 0 0 -- -- -- -- --
3B 3 29 26 8 10 62 19 13 5
SPEED (kn) 1.22-1.53 (m) 1.53-1.83 (m)
Head Strbd  Strbd. Strbd. . |Head Strbd.  Strbd. Strbd. :
Seas Bow Beam  Quart. Following Seas Bow Beam Quart. Following
0-3.75 3 11 4 4 3 -- -- -- -- --
3.76-7.50 1 3 1 1 1 2 4 3 4 2
7.51-11.25 3 13 6 5 3 3 5 4 5 3
11.26-15.00 3 12 5 4 3 6 11 8 10 5
15.01-18.75 1 3 1 1 1 0 0 0 0 0
18.76-22.50 0 0 0 0 0 -- -- -- -- --
22.51-26.25 -- -- -- -- -- -- -- -- -- --
26.26-30 -- -- -- -- -- -- -- -- -- --
11 43 18 15 10 12 21 16 19 10
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SPEED (kn) 1.83-2.14 (m) 2.14-2.44 (m)
Head Strbd.  Strbd.  Sirbd. . |Head Strbd. Strbd. Strbd. ,
Seas Bow Beam  Quart. FdlowmgSeas Bow Beam  Quart. Following
0-3.75 -- -- -- -- -- -- -- -- -- --
3.76-7.50 -- -- -- -- -- 0 2 2 2 1
7.51-11.25 7 11 - -- -- 1 3 3 3 2
11.26-15.00 20 29 - -- -- 2 10 9 8 6
15.01-18.75 -- -- -- -- -- -- -- -- -- --
18.76-22.50 -- -- -- -- -- - - -- - -
22.51-26.25 -- -- - -- -- - - -- - -
26.26-30 -- -- - -- -- - - -- - -
27 40 0 0 0 3 16 12 9
SPEED (kn) 2.44-2.745(m)
Head Strbd. Strbd.  Strbd. :
Seas Bow Beam  Quart. Following
0-3.75 -- -- - -- --
3.76-7.50 -- -- -- -- --
7.51-11.25 - 220 - -- --
11.26-15.00 -- -- -- -- --
15.01-18.75 -- -- - -- --
18.76-22.50 -- -- - -- --
22.51-26.25 -- -- -- -- --
26.26-30 -- -- -- -- --
0 220 0 0 0
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Table6.3.5: Operational Proflile#3 - Joint Probabilities Speed, Heading, Wave Height

SPEED (kn) 0-0.31 (m) 0.31-0.61 (m)
Head Strbd. Strbd.  Strbd. . Head Strbd. Strbd.  Strbd. .
Seas Bow Beam Quart. Following Seas Bow Beam Quart. Following
0-3.75 0 0 0 0 0 0 1 0 0 0
3.76-7.50 1 0 1 1 1 1 3 2 1 1
7.51-11.25 4 1 2 3 2 2 4 3 2 1
11.26-15.00 6 3 4 5 3 6 14 11 6 3
15.01-18.75 11 4 7 9 6 13 29 23 12 6
18.76-22.50 1 0 1 1 1 2 3 3 1 1
22.51-26.25 0 0 0 0 0 -- -- -- -- --
26.26-30 0 0 0 0 0 -- -- -- -- --
23 9 14 19 12 24 54 42 22 11
SPEED (kn) 0.61-0.92 (m) 0.92-1.22 (m)
Head Strbd. Strbd.  Strbd. . Head Strbd. Strbd.  Strbd. .
Seas Bow Beam Quart. Following Seas Bow Beam Quart. Following
0-3.75 -- -- -- -- -- 0 0 0 0 0
3.76-7.50 0 1 1 1 1 0 0 0 0 0
7.51-11.25 1 5 7 5 4 1 5 7 5 1
11.26-15.00 1 5 7 5 3 2 7 9 8 1
15.01-18.75 5 18 24 19 12 5 17 22 18 2
18.76-22.50 1 4 6 4 3 1 2 3 2 0
22.51-26.25 -- -- -- -- -- 0 0 0 0 0
26.26-30 -- -- -- -- -- -- -- -- -- --
9 4 44 35 23 9 31 41 34 4
SPEED (kn) 1.22-1.53 (m) 1.53-1.83 (m)
Head Sirbd. Strbd.  Strbd. . Head Strbd. Strbd.  Strbd. .
Seas Bow Beam Quart. Following Seas Bow Beam Quart. Following
0-3.75 -- -- -- -- -- -- -- -- -- --
3.76-7.50 0 0 0 2 1 -- -- -- -- --
751-11.25 1 2 2 10 3 -- -- -- -- --
11.26-15.00 1 2 2 9 3 15 -- 16 16 --
15.01-18.75 4 5 5 25 8 11 -- 12 12 --
18.76-22.50 1 2 2 10 3 -- -- -- -- --
22.51-26.25 -- -- -- -- -- -- -- -- -- --
26.26-30 -- -- -- -- -- -- -- -- -- --
8 12 12 55 17 26 0 27 29 0
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SPEED (kn) 1.83-2.14 (m) 2.14-2.44 (m)
Head Strbd Strbd.  Strbd. , Head Sirbd. Sirbd.  Strbd. :
Seas Bow Beam Quart. Following Seas Bow Beam Quart. Following
0-3.75 - -- -- -- - - -- -- -- -
3.76-7.50 -- -- -- -- - -- -- -- -- -
7.51-11.25 -- -- -- -- - - -- -- -- -
11261500 | 25 4 -- 11 2 - 18 -- 36 --
15.01-1875 | 16 3 -- 7 1 - -- -- -- -
18.76-22.50 -- -- -- -- - -- -- -- -- -
22.51-26.25 -- -- -- -- - - -- -- -- -
26.26-30 -- -- -- -- - -- -- -- -- -
44 7 0 17 3 0 18 0 36 0
SPEED (kn) 2.44-2.745 (m)
Head Strbd Strbd.  Strbd. .
Seas Bow Beam Quart. Following
0-3.75 -- -- -- -- --
3.76-7.50 -- -- - - -
7.51-11.25 -- -- - - -
11.26-15.00 -- 198 -- -- --
15.01-18.75 -- -- -- -- --
18.76-22.50 -- -- - - -
22.51-26.25 -- -- -- -- --
26.26-30 -- -- -- -- --
0O 198 0 0 0
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Table 6.3.6: Operational Proflile#4 - Joint Probabilities Speed, Heading, Wave Height

SPEED (kn) 0-0.31 (m) 0.31-0.61 (m)
Head Strbd  Strbd.  Strbd. . Head Strbd. Strbd.  Strbd. .
Seas .Bow Beam Quart. Following Seas Bow Beam Quart. Following
0-3.75 3 3 3 2 1 2 4 3 2 1
3.76-7.50 3 3 3 2 2 6 11 9 5 3
7.51-11.25 3 4 3 2 2 6 11 9 5 3
11.26-15.00 4 4 4 2 2 5 9 8 4 2
15.01-18.75 3 3 3 2 1 6 11 9 5 3
18.76-22.50 0 0 0 0 0 0 1 1 0 0
22.51-26.25 -- -- -- -- -- 0 0 0 0 0
26.26-30 -- -- -- -- -- -- -- -- -- --
16 16 16 10 7 25 47 40 20 12
SPEED (kn) 0.61-0.92 (m) 0.92-1.22 (m)
Head Strbd  Strbd.  Strbd. . Head Strbd. Strbd.  Strbd. .
Seas .Bow Beam Quart. Following Seas Bow Beam Quart. Following
0-3.75 1 2 2 2 1 0 0 0 0 0
3.76-7.50 4 6 6 5 3 4 5 5 4 2
7.51-11.25 9 14 13 11 6 7 9 9 7 3
11.26-15.00 6 9 9 7 4 8 10 10 8 3
15.01-18.75 3 4 4 3 2 3 4 4 3 1
18.76-22.50 0 1 1 1 0 0 1 1 0 0
22.51-26.25 0 0 0 0 0 0 0 0 0 0
26.26-30 -- -- -- -- -- -- -- -- -- --
23 36 4 27 15 23 29 29 24 10
SPEED (kn) 1.22-1.53 (m) 1.53-1.83 (m)
Head Strbd Strbd.  Strbd. . Head Strbd. Strbd.  Strbd. .
Seas Bow Beam Quart. Following Seas Bow Beam Quart. Following
0-3.75 0 1 0 0 0 1 0 0 0 0
3.76-7.50 3 5 2 3 1 5 4 2 2 1
751-11.25 4 8 3 4 2 7 5 2 2 2
11.26-15.00 6 13 5 6 3 8 7 3 3 2
15.01-18.75 5 10 4 5 2 9 7 3 3 2
18.76-22.50 1 1 0 1 0 0 0 0 0 0
22.51-26.25 0 0 0 0 0 -- -- -- -- --
26.26-30 -- -- -- -- -- -- -- -- -- --
19 38 15 19 8 30 23 10 10 7
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SPEED (kn) 1.83-2.14 (m) 2.14-2.44 (m)
Head Strbd  Strbd.  Strbd. . Head Strbd. Strbd.  Strbd. .
Seas .Bow Beam Quart. Following Seas Bow Beam Quart. Following
0-3.75 1 1 0 0 0 1 1 0 0 0
3.76-7.50 4 6 2 2 2 2 2 1 1 1
7.51-11.25 5 7 3 2 2 5 4 2 1 1
11.26-15.00 5 7 3 2 2 5 4 2 1 1
15.01-18.75 4 5 2 2 2 6 5 2 1 1
18.76-22.50 -- -- -- -- -- 1 1 1 0 0
22.51-26.25 -- -- -- -- -- -- -- -- -- --
26.26-30 -- -- -- -- -- -- -- -- -- --
17 26 10 7 9 21 16 9 5 5
SPEED (kn) 2.44-2.745 (m) 2.745-3.05 (m)
Head Strbd Strbd.  Strbd. . Head Strbd. Strbd.  Strbd. .
Seas Bow Beam Quart. Following Seas Bow Beam Quart. Following
0-3.75 -- -- -- -- -- -- -- -- -- --
3.76-7.50 14 10 -- 1 4 6 1 3 -- 5
7.51-11.25 5 3 -- 0 1 4 1 2 -- 4
11.26-15.00 1 1 -- 0 0 -- -- -- -- --
15.01-18.75 -- -- -- -- -- 4 1 2 -- 4
18.76-22.50 2 1 -- 0 0 -- -- -- -- --
22.51-26.25 -- -- -- -- -- -- -- -- -- --
26.26-30 -- -- -- -- -- -- -- -- -- --
22 16 0 2 7 14 4 7 0 12
SPEED (kn) 3.05-3.66 (M)
Head Strbd Strbd.  Strbd. .
Seas Bow Beam Quart. Following
0-3.75 -- -- -- -- --
3.76-7.50 49 7 -- -- 35
751-11.25 2 5 -- -- 23
11.26-15.00 -- -- -- -- --
15.01-18.75 -- -- -- -- --
18.76-22.50 -- -- -- -- --
22.51-26.25 - -- -- -- -
26.26-30 -- -- -- -- --
82 12 0 0 58
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The number of stationary conditions (combination of speed, heading and wave height) in the tablesis
1400 (240-OP#1, 360-OP#2, 360-OP#3, and 440-OP#4). As can be seen, some of the probabilities
are amdl, and some are zero (indicated by “--“). This reduces the number of conditions for which the
response needs to be evaluated. There are total of 602 non-zero entries (92-OP#1, 159-OP#2, 130-
OP#3, and 221-OP#4).

Once the response is evauated for 602 stationary conditions, four wave loading histograms (four
operationd profiles) can be condructed. To obtain lifetime long distribution of wave loading , each bin
of the histograms needs to be multiplied by the appropriate weighting factor which reflects time spent at
each operationd profile (see datain Table 4.1).

In this exercise, it was observed that the wave heights reported in the ship log (wave heights used in
development of operationd profiles) are smdler than the wave heights given in the Marsden Zones for
the same area. For example, in Marsden Zone 23, the largest observed wave height (on an annua
bass) is between 10-11m, while maximum wave heights reported for the operationd profile #2 are
between 2.44-2.745m. In order to affect thisfor caculation purposes, probabilities for wave heights
greater than 2.745m were lumped together.



1. DISCUSSION OF FINDINGS
In this section, we review the outcome of thiswork, in relation to the objectives set.

7.1  Objectivel
(Develop a methodology for determining sea operational profiles)

Sea Operationa Profiles have been developed from log data for four ships of different type and
function. A totd of ten (10) operationd profiles have been developed for these four ships.

For commercid ships, sea operationd profiles are expressed in terms of the vessal’ sloading condition,
heading, sea state (wave height) and speed. For the government-operated vessdl, operationd profiles
are defined in terms of vessdl’ s mission, heading, sea state (wave height) and speed. In order to put the
operationd profilesinto the environmenta context, the vessd’ s routes are described in terms of
Marsden Zones visited, and the time spent in each zone is documented.

Operationd profiles have been organized in the following manner:

i) joint probability (two-dimensiond probability) of speed and wave height or sea State;

ii) joint probakility (two-dimensiond probability) of heading (relative to wave) and wave height or
sea state;

iif) aliging of Marsden Zones, traversed by the vessd and relative time spent in each zone.

7.2  Objective 2
(Generate lifetime and mission oriented profiles)

Two operationd profiles have been identified for al commercia ships. The bassfor the definition was
the loading condition (balast or fully loaded) with the exception of SS SEALAND McLEAN for which
operationa profiles were defined as Eastbound and Westbound trips. In the case of the HAMILTON
Class USCG cutter, four mission specific operationa profiles were developed for atotd of ten.
Operationd Profile Summary:

SS SEALAND McLEAN 2 Profiles (Eastbound, Westbound)

ARCO CALIFORNIA 2 Profiles (Northbound, Southbound)

MV THORNHILL 2 Profiles (Loaded, Ballast)

USCG HAMILTON Class 4 Profiles (Short Training, Long Training, Patrol, and
Enforcement/Rescue)
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Three case study examples were completed to demondrate the reliability-based structura andyss
approaches for the vessdl load data collected. Case Study #1 and Case Study #2 dedl with the short
and long term anadlys's procedures, respectively, outlined in SSC-398 report, “ Assessment of Rdliability
of Ship Structures’. Case Study #3 dedl's with the gpplication of the long term procedure for misson
oriented operationd profiles.

The short term method seeks to establish the extreme wave height that will be encountered during the
period of interest (ship'slife). Theimplicit assumption isthat the highest wave height yields the highest
load. Theresults of the short term analys's indicate that wave height encounter probabilities are highly
dependent on the time spent in Marsden Zones as well astheroute of aship. If it is sugpected that a
ship’s operationd profile may change over the lifetime of the ship (e.g., change in time spent in Marsden
Zones and/or route of the ship), and sengtivity analyss of the short term approach is recommended.
Once the procedure is set up on the spreadshedt, it is quite easy to change the parameters of the
operationd profile and investigate the changes in the encounter probabilities, and thus in design wave
height.

In evauating the vessdl response in the short term anays's care should be taken as to which theoretica
or experimenta method is used in the calculations as the response to the extreme design wave is
expected to be non-linear.

The gpproach for the long term andysis fully employed dl the data collected for the operationd profiles.
A step-by-gtep procedure was demondtrated with the fina result being the lifetime distribution of wave
loading. Thiswas done by obtaining vessa response for each gtationary condition and multiplying this
by the probability of the Sationary condition (three-dimensiona probability of speed, heading, and sea
date). Thisinformation was used for the amplified fatigue assessment of a ship’s structurd detall.

In the long term andlys's, severa smplifications were used to maintain clarity of the procedure. These
include:

only one operationd profile was used in the anayss,

al of the wave information in the regions of interest were combined in asingle wave height
distribution regardless of the period; and,

vertica bending moment was taken as the only source of cyclic loading;

Asthese smplifications are relaxed, the volume of the required caculations is expected to rise
dramaticaly.
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7.3  Objective3
(Relationships of a vessel’ s operational profile factors and comparison against the assumptions
employed in recent reliability studies)

Assumptions of speed/heading independence need not be used in the rdiability-based andyss. With
data collected form ship’s logs, and compiled into operationa profiles, the reative probability of heading
and speed combinations for different profiles can be obtained.

Some recent rdiability studies use parametric equations for wave load estimation, and then Weibull
digtribution is used to provide a modd for the stress range spectrum. In along term andysis described
here, the end product is the lifetime distribution of wave loading based on the operationa profiles, wave
climate of interest, and the response is eva uated based on the particulars of the hull form in question.
This represents a more rigorous way of wave load estimation and it dleviates the need for shape
parameters of the Weibull distribution to describe the stress range spectrum.
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APPENDIX A - INDEX OF DATA FILES

A.1  Introduction

This CD-ROM has been produced by Fleet Technology Limited for the SSC project entitled, “ Sea
Operationd Profiles’. The CD-ROM contains an eectronic version of the report, as wel as the full
data set of operationd profile data. The data includes ship’s log data as well as reduced and analysed
data and statistica didtributions. This data may be accessed for subsequent andysis.

The data covers the four vessdl classes/types used in the report, as summarized below in Table A-1.

Table A-1: Principal Characteristics of Sdlected Vessels

Ship Name Ship Type Length Displacement
ARCO Tanker 290 metres 220,808 tons
CALIFORNIA
SS Sealand Mclean | Container Ship 288 metres 51,220 tons
MV Thornhill Panamax bulk carrier | 194 metres 48,075 tons
US Coast Guard High Endurance 115.2 metres 3,050 tons
Cutter Hamilton Cutter

A.2  Organization of DataFHles

Each of the vessdl types has amain ship name directory (see Table A-2).

Ship name directory for:
ARCO CALIFORNIA arco *
SS Sealand Mclean mclean*
MV Thornhill thornhil*
USCG HAMILTON Class Cutter hamilton*

* throughout this Appendix, file/directory names are printed in bold exactly as they appear on the CD-
ROM.

Each vessdl has two main subdirectories: rawdata and analysis. rawdata containsthe origind data
filesfrom which analyss has been made. analysis contains files of data that has been evauated and
correlated.
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Index of Flesof Vesds

The files arcindex.doc, mclindex.doc, thoindex.doc and hamindex.doc lig dl the files in the
subdirectories for ARCO California, SS Sealand Mclean, MVThornhill and USCGC Hamilton
respectively with explanations of what the files are and what the filenames refer to.  Please refer to the
* index.doc files before accessing the appropriate subdirectories. Finaly, there is a readme.doc file
that should be read before accessing the files.

Table A-2: CD-ROM Directories Organization

Director
y

Subdirectories

report

Final
Report

Appendix
A

Appendix
B

arco

rawdata

analysis

rawdata

analysis

thorn

rawdata

analysis

hamilton

Chase

rawdata

analysis

Description

Text for final report
Index of Data Files

Speed and Heading Data

Rawdata of ARCO California
Analysed data of ARCO California

Rawdata of SS Sealand Mclean
Analysed data of SS Sealand Mclean

Rawdata of M.V. Thornhill
Analysed data of M.V.
Thornhill

Rawdata of USCGC Chase (not
analyzed)

Rawdata pf USCGC Hamilton
Analysed data of USCGC Hamilton

A.3 DESCRIPTION OF INDIVIDUAL DIRECTORIES

A.3.1. Directory for ARCO California - arco

A31l1

ar co/rawdata
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Subdirectory contains origind log data for the ARCO California
A312 rawdata

The rawdata subdirectory for the ARCO California contains 15 subdirectories that
have dates in their titles (e.g., nov92).
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These subdirectories contain individud files for individud days. Flename format is a 3 digit
prefix then a 2 digit number for the day followed by the letter of the month in question and the
year (2 digits). An exampleis 26903d92.xls which means the file number 269 on the 3rd of
December, 1992, and the extension indicates it is an EXCEL file. Please note that this
format only appliesto the arco files.

north This directory has only northbound voyages for specific months
with one exception which has the suffix MIX in thetitle.

Fles within the rawdata subdirectory
buoys.doc Ligt of dl buoys on ARCO Cdifornia s routes

A.3.13 arco/analysis
Subdirectory contains andyss of raw data of the ARCO Cdifornia

arconato.xls Converts Marsden zone data of wave heightsto NATO types
headwavexls Rdative wave direction to ship

mar stotl .xlIs Totd time spent in Marsden zones

ntstsvss.xls North & southbound voyages, speed in sea Sates
seastate.xls Sea dtates during north and southbound voyages
seavsspd.xls Ship’s speed for NATO sea states for al ARCO voyages
spdvswvd.xls Ship’s course for north & southbound voyages

tvthednt.xls Ship’s speed for north & southbound voyages & tota

A.3.2. Directory for SS Sealand Mclean - mclean

A321 mclean/rawdata
Subdirectory contains unandysed data for the SS Sealand Mclean

sealand.xls Datafile for dl years combined

Subdirectory - year 1raw contains one (1) file:
sealandl.xls Datafilefor firs year of SS Sealand Mclean

Subdirectory - year 2raw contains one (1) file:
sealand2.xls Datafilefor second year of SS Sealand Mclean

Subdirectory - year 3raw contains one (1) file:
sealand3.xls Datafilefor third year of SS Sealand Mclean

A3.22 mclean/analysis
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Subdirectory - mclean/analysis - contains andyss of the data on the SS Sealand
Mclean

mar simexls
rehtwdl.xls
sealand1.xls
seasnmz.xls
seastatl.xls
seavspll.xls
seavspd3.xls
shipsped.xls
spdvswdl.xls
spdvwdl1l.xls
tothtwd1.xls
totshspl.xls
totstatl.xls

relhtwd2.xls
seastat2.xls
seavspd2.xls
shipspd2.xls
spdvswd2.xls

mar stim3.xls
rehtwd3.xls
seastat3.xIs
seavspd3.xls
shipspd3.xls
spdvswd3.xls
tothtwd3.xls

hdtowd-t.xls
seavsp-t.xls
sestat-t.xls
shsp3s-t.xls
d-7nato.xls
spvswd-t.xls

Subdirectory - year1
First season data, only one that recorded lat. and long.
Wave direction rdative to ship for certain voyages, 1st season
All voyages, ship speed and heading histogram, 1<t season
Firgt season data, only one that recorded lat. and long.
NATO sea states encountered for each Marsden zone, 1st season
Tables of ships speed for given sea dates, 1st season
Tables of ship's speed for given sea dates, 1t season
Ship speed for total voyage time and docking, 1st season
Tables of speed vs. rlative wave direction E and W, 1t season
Histogram of speed vs. wave direction all voyages, 1st season
Histogram of totd wave directions during al voyages, 1st season
Histogram of ship speed during voyage plus docking, 1st season
Histogram of total sea states encountered, all voyages, 1st season

Subdirectory - year2
Wave direction rdative to ship for certain voyages, 2nd season
NATO sea states encountered for each Marsden zone, 2nd season
Tables of ship’'s speed for given sea dates, 2nd season
Ship speed for totd voyage time and docking, 2nd season
Tables of speed vsrelative wave direction, 2nd season

Subdirectory - year 3
Tota time spent in each Marsden zone, 3rd season
Wave direction relative to ship for certain voyages, 3rd season
NATO sea states encountered for each Marsden zone, 3rd season
Tables of ship's speed for given sea tates, 3rd season
Ship speed for tota voyage time and docking, 3rd season
Tables of speed vsrelative wave direction, 3rd season
Wave direction reative to ship, all NE, SW voyages, 3rd season

Subdirectory - total
All 3 seasons head to wave directions
All 3 seasons of ship speed againgt sea State
All 3 seasons of sea states encountered
All 3 seasons of recorded ships speed
Observed vs. expected sea states in each Marsden zone ( 3 seasons)
All 3 seasons of ship speed againgt head to wave directions
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A.3.3 Directory for Thornhill - thor nhil

A331

thornhil/rawdata

Subdirectory contains unanalysed data on the vessd

thornhil xIs

A.33.2

All voyage data pertaining to M.V. Thornhill

thornhil/analysis

Subdirectory contains andysis of raw data for the vessdl

abstowd.xls
brokzonexls
headtowd.xls
mar simexls
mzprobab.xls
seastate.xls
seatota2.xls
seavsspd.xls
shipsped.xls
spdvswvd.xls
sped& hed.xls
spvwdtot.xls
tothtowd.xls
totsvssp.xls

Takeswind direction correlated with course

Ligs dl Marsden zones ship was in with timein each
Absolute wave direction for each voyage

Time spent in each zone for each voyage

Table of probabilities of sea states in each Marsden zone
Tables of sea states encountered during each voyage
Histogram of total sea states for dl voyages combined

Tables of ship speed vs. sea Sate for each voyage

Histogram of total ship speed recorded during al voyages
Tables of ship speed vs. relative wave direction, each voyage
Tables and graphs for each voyage, speed and course
Histogram of totdl datafor ship speed vs. rdative wave direction
Histogram for relative wave direction

Histogram of ship speed vs. sea state recorded

A.3.4 Directory for USCG Hamilton Class Cutters - hamilton

A34.1

hamilton/chase

Subdirectory USCG Cutter Chase raw data.

Note: The datafor the USCGC Chase was not anadlysed. Only the USCGC Hamilton data was

analysed.
chaseraw.xls

A.34.2

Raw data of operations from 10/31/87 to 8/23/88

hamilton/rawdata

Subdirectory USCG Cutter Hamilton raw data

All files prefixed ssc#* .xIs are raw datafiles.

sscla.xls
ssclacor .xlIs

Sheets H1 and H2 have datathat is not entirely correct
Sheets H1 and H2 for ssclaxls are corrected in thisfile

94



A.34.3

hamilton/analysis

Subdirectory USCG Hamilton Cutter analysed data

Fleswith _an suffix on the filename are Stage 1 Andlysis (see report).

Other filenames in subdirectory - hamilton/analysis

hmltnl& 2.xls
hmltn3.xls
hmitn4.xls
ham_opr xlIs
sumdata2.xls

Operationd profiles#1 and #2 summary

Operationd profile #3 summary

Operational profile #4 summary

Operationd profile andyss of dl 4 operationd profiles
Explanation and tables of operationd profiles
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APPENDIX B — SPEED AND HEADING DATA

B.1 SSSEALAND McLEAN

The firg set of data, which covered three seasons of operation in North Atlantic service, belonged to
the SSSEALAND McLEAN. This data covered dates between October 1972 and March 1975. The
datawas reported at 4-hour intervals, asis usud with ship’slogs. This particular ship wasrated a a
maximum speed of 33 knots during its operationd lifetime.

During the first season of data collection, October 8, 1972 to April 4, 1973, two speed ranges were
noticed. During the first four voyages, the ship’s speed dropped below 28 knots only one time, due to
aBeaufort wind force of 10. During the fifth voyage, the vessdl logt her port engine and following
replacement, the ship did not exceed speeds over 30 knots. Fifty-seven percent of the vessdl’s speed
was recorded above 28 knots and 28% between 24 and 28 knots. The amount of time spent between
24 and 28 knots is mainly due to the reduced speed after the engine replacement. Speeds were below
24 knots for about 15% of the time, the loss of the port engine accounting for mogt of thistime and the
rest due to a storm where winds of 55 knots were recorded, and due to dense fog. It must be noted
that other storms were recorded during the first season but the ship kept its speed between 28 and 30
knots.

During the second season, September 1973 to March 1974, the ship appeared to dow down for two
magjor storms, but continued at a speed above 26 knots for the balance of the voyages. In fact 87% of
the speeds recorded during the second season were above 26 knots. The storms encountered causing
reduction in speed were recorded at Beaufort winds of 11 and 12, which corresponds to 60 knot winds
and greater. It was noticed that for winds of up to 50 knots, the ship continued at the regular speed
between 28 and 32 knots.

The third season of data, January 1975 to March 1975, showed much the same result as the first two.
The westher encountered during the final season was less severe than that of the first two. However, the
ship did spend more time between 14 and 20 knots than at its usua speed of 28 to 32 knots. This
change came about as aresult of an operating policy (higher fud costs) than operationd congraints.

96



B.2 ARCO CALIFORNIA

The second vessdl analyzed was the SSARCO CALIFORNIA. The voyages recorded for this vessdl
took place between November 1992 and July 1994. The vessel belongsto the Trans-Alaskan Pipdline
Service and operates on ayear-round bass. The data available for the ARCO CALIFORNIA was
mostly eectronic, 10 minute intervas for every voyage recorded. Those voyages not covered by the
electronic data were taken from the ship’slogs.

This ship was designed for a maximum speed between 15 and 16 knots. From the operationd data, the
speed was shown to remain between 12 to 16 knots for about 85% of the recorded time. A further
breakdown of the data shows that 67% of the speed was greater than 14 knots and 18% was between
12 and 14 knots. Any speed that was recorded below 10 knots was storm related except for readly low
speeds (0-6 knots) which relate to dock approach and departure and on one occasion, for boiler
repairs. Analysis showed the ship reduced speed on afew occasions due to high winds, but spent the
same or greater amount of time a higher speeds for the samewind force. 1t was fdt that this difference
may have been due to ship’s heading relative to the sea, or loading condition. However, these were
examined to try and clarify such results, and dthough some changes were recorded, no significant
pattern emerged and no firm explanation could be found.

There was aso an in-house study conducted by the ARCO staff on the subject of speed reduction due
to bad wegther. Similar to the findings from the above andlysis, they confirmed no sgnificant changein
the vessd’ s speed during avoyage. Once the vessdl reachesitsinitid trangt speed, little regard is given
to any changes in the weather encountered aong the route [Ref. MT].

B3 MV THORNHILL

The third ship examined wasthe MV THORNHILL. The data obtained for thisvessel covered atime
period between August 1996 and August 1997 and was reported in daily summaries for each day
during avoyage. Thisvesse operates on aworldwide route and is designed for a service speed of 15
knots.

Although the vessel was designed for a service speed of 15 knots, most of the voyage speeds recorded
were between 12 and 14 knots. In fact, 93% of the vessdl’ s time was spent at gpeeds above 12 knots.
Any speed that was recorded below 10 knots was due to contact with a severe weather system.
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B4 USCGCUTTERHAMILTON

The fourth ship examined was the US Coast Guard Cutter HAMILTON. The statistics used covered
the period February 1989 to January 1991 because these showed a significant amount of transitting
time. The operating area of the Hamilton extended from the East Coast of the United States to the
Caribbean.

The vessdl sailed over awide range of speeds in varying sea states with no correlation between speed
reduction and wind speed or wave height. During a 3-day period, the ship was travelling at 17 knots
with wind speeds rising from 14 to 36 knots. No speed reduction was undertaken. At other times, in
very cam conditions, the vessel would travel at 6 knots.

The highest wave height recorded was 6 feet and the vessel maintained a 17-knot speed during this
entire period. The variability of the datidicsislikely due to the vessd’s misson profile, eg., trangtting

to aparticular area a cruising speed, remaining in the areafor a certain length of time to carry out atask
and then trangtting to another location.

B.5 DESCRIPTION OF USCOAST GUARD OPERATIONAL PROFILES

B.5.1 Operationd Profile#1 - Short Training Activity

The following activities were undertaken: training, gun exercise, man overboard drill, machinery testing
and patrol. These were carried out over 1-6 days with the vessel operating within a 100 NM radius.

B.5.2 Operationd Profile#2 - Long Training Activity

The duration of this activity was 3-8 days a seawith the vessel operating in 2500 NM radius.
Training, gun exercise, sonar work, machinery testing, patrol and trangt were carried out during this

period.
B.5.3 Operationa Profile #3 - Patrol

The vessel spent 1-6 days at seaand operated over a 1300 NM radius. The activities carried out
included trangit, patrol and training exercise.

B.5.4 Operationa Profile #4 - Enforcement/Rescue

During this period, the vessdl carried out law enforcement, hurricane relief, trangt and training. The
vessel was at seafor between 2 and 30 days and operated over aradius of up to 2500 NM.
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Operational Profile of SS Sealand Mclean

S8 Sealand Mclean (Eastbound)

S8 Sealand Mclean (Eastbound)
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