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This Guide is a result of a 1995 Ship Structure Committee Symposium in Washington, DC,
at which it was recognized that practicing naval architects required help in applying fatigue
design research and development results. This Guide consolidates the state-of-the-art in ship
structural detail fatigue design.

The information in the Guide is presented in four sections, starting with an overview of the
fatigue design problem and related issues. -‘The second includes a catalogue of typical structural
details for commercial and combatant ship types, with suggested structural improvements for
fatigue life extension. This, along with a brief discussion of fabrication issues, represents the
"Level 1" approach to ship structure fatigue design. The third section of the report presents
analytical procedures for fatigue based design of structural details. Load, stress and fatigue
analysis procedures are presented at two levels of complexity, "Level 2" and "Level 3". The
simplified Level 2 approach makes use of Classification Society rules and analytical methods,
whereas, the spectral Level 3 approach explicitly considers vessel operational profiles and wave
climates in statistical load estimation and makes use of FE models for stress analysis. Both the
Level 2 and 3 approaches are based on a "hot spot” stress approach using Miner's rule in either a
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NOMENCLATURE

ABS
AP
A

a

a1 &

BV

CMS

FE
FP
FTL

American Bureau of Shipping

Aft perpendicular

Stress coefficient

Crack depth: or

Length of double bottom panel; or

Scale parameter of the basic SN curve, or

Accderation (m/s)

Combined longitudina accderation (M's?) [ Appendix B]
Accderation congtant [ Appendix B]

Tangentid pitch accderation (MVs’) [ Appendix B]
Longitudina component of pitch accdleration (m/s?) [ Appendix B]
Vertical component of pitch acceleration (m/s?) [ Appendix B]
Horizontal component of roll acceleration (m/s?) [ Appendix B]
Vertical component of roll acceleration (mVs?) [ Appendix B]
Combined transverse acceleration (MVs?) [ Appendix B]
Combined vertical accdleration (nVs?) [ Appendix B]

Surge acceleration (MVsY) [ Appendix B]

Accderation due to sway and yaw (m/s?) [ Appendix B]
Heave accdleration (MVs?) [ Appendix Al

Fatigue design curve parameter

Moulded breadth of ship (m or ft); plate thickness [ Appendix B]
Bureau Veritas
Transverse width of double bottom panel

Center of gravity

Committee on Marine Structures
Block coefficient [ Appendix B]
Wave coefficient [ Appendix B]
Waterplane area coefficient

Cumulaive fatigue damage

Fatigue damage inflicted by each stress cycle
Moulded Depth of Ship (m)

Det Norske Veritas

Young's Modulus [GPA]
Finite Element

Forward perpendicular
Fleet Technology Limited
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F(Hs1) Cumulative probability of lower limit wave height
F(He) Cumulative probability of upper limit wave height
F(SeaState) Probability of occurrence of a given sea state
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Fioad(Hs V,0,L.C.) Characterigtic (RMS) load response of the vessdl for each operational condition

I:Dsi (DS hot spot)

f

fi

fe
fne(Hs)

(defined by wave height, speed, heading, load condition)

Rayleigh short-term stress range cumulative distribution function for the i operational
condition

Freeboard at the transverse section considered (m or ft.) [ Appendix B]

Correction factor to convert from one probability level to another probability level
Encounter frequency correction factor

Composite didtribution of sgnificant wave heights

fine (Hs T2)composite Composite distribution of wave heights and zero crossing periods (composite

fmi (Hs;Tz)
fmcomb(Hs;Tz)

fstotal

fv (VVH,)

scatter diagram)
Probability distribution of wave heights and zero crossing periodsin Marsden Zone
Probability of wave height/zero crossing period in the Combined Marsden Zone
Totd probahility (three-dimensiond probability) or percent of time for each operationa
condition
Conditiond probability of speed, V, given awave height, Hs (or sea state) — al periods
included

fv (V | (HsT,) Conditiona probability of speed, V, given awave height combination or sea dete,

fq (ql/'Hs)

fy (@] (HsT2))
f,

f

G«

IACS
W
ISSC

|a, |b

(HsT2)

Conditiond probability of heading,q , for given wave height, Hs, - al periods included
Conditiona probability of heading,q , given aseastate, (Hs; T,)

zero crossing rate (Hy)

average zero crossing rate (H,)

Gravitational congtant

Generd form for the Limit State equation in aFirst Order rdiability andyss
Germanischer Lloyd

Metacentric height [ Appendix B]

UK Hedth and Safety Executive

Sgnificant wave height (m or ft.)

Shape parameter for Weibull Digribution (generd)

Waeibull shape factor for ni” loading condition

Basic long-term Weibull shape parameter, modified for location of Point of Interest
Vertica distance from point consdered to surface ingde a tank (m)

[ Appendix B]

International Association of Classification Societies

Internationd Ingtitute for Welding

Internationa Ship and Offshore Structures Congress

Moment of Inertia (generd)

Moment of inertia about the transverse neutra axis, including the effective width of
plating, of long (8) and short (b) stiffeners

Fatigue-Resistant Detail Design Guide for Ship Structures



I

ia: ib

K
Ky
Ke
Ky
Kn
Kte
Kta
Kw

Ko

k

ke

Ks

K

Kwm

Kuws

Ks

L
Lep
Loa

L.C.

LNG

LPG

LR

le

ls

M
My
Man
Mds

Hull cross section moment of inertia about the vertica neutrd axis

Moment of inertia of effective width of plate—i = aor b for long or short direction
(grillage)

Hull cross section moment of inertia about the transverse neutrd axis

Blended gtiffness per unit (girder and plate) about transverse (longitudind) neutra axis
of double bottom

Stress concentration factor (generd)

Stress Concentration Factor Dependent on aspect ratio, r , and panel’ s boundary
conditions

Global stress concentration factor to account for gross structural geometry (e.g., hatch
openings, shear lag) afecting the locad nomind dressfied

Stress concentration factor due to the gross geometry of the detall

Stress concentration factor due to non-symmetric stiffeners

Stress concentration due to eccentricity

Stress concentration due to angular mismatch

Notch stress concentration; local weld configuration stress concentration

Stress transfer function relating vessel |oad response to detail hot spot stress
Wave number (from dispersion rlation (w?/g), or

number of stress blocks

roll correction factor for bilge keds[ Appendix B

Side pressure panel factor [ Appendix BJ

Rall redius of gyration (m) [ Appendix B

Moment digtribution factor

Shear digtribution factor

Side pressure form factor [ Appendix B]

Rule length of ship (m or ft) [ Appendix B]

Length between pependiculars (m or ft.)

Length overd| (m or ft.)

Load condition (e.g., ballast, full load, etc.) [ Appendix B
Liquified Naturd Gas

Liquified Petroleum Gas

Lloyd's Register

Effective span of diffener or longitudina (m or ft.)

Distance (pan) between bulkhead and transverse frame (m or ft.)

Bending moment (MNm or LTft.)

Verticd bending moment range (MNm or LTft.)

Design wave-induced hogging moment amplitude (MNm or LTft.) including the effects
of whipping [ Appendix B]

Design wave-induced sagging moment amplitude (MNm or LTft.) induding the effects
of whipping
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M
M hog
Msw
My
My

Me

MEDS

m

my, M

my

my

N
N;
N

Nioad

N¢

Ns

NOAA

n

N

P

POI

p
Pad
Pap
pdr
Pe
Pext
Pi
pi nt
P2
P2
Ps

Horizontal bending moment amplitude at the location of interest (MNm or LTft.)
Hogging moment (MNm or LTft.)

Stillwater bending moment (MNm or LTft.) [ Appendix B]

Sagging Moment (MNm or LTft.)

Verticd (sagging or hogging) bending moment amplitude at the location under
consderation (MNm or LTft.)

Maximum alowable misaingment measured from the centerlines of intersecting plates
(mmorin.)

Marine Environmental Data Services

Location parameter of the Weibull digtribution

Fatigue design curve dope parameters

Spectra zeroth moment employed in spectrd andysis

Moment factor due to relative deflection between transverse supports

Tota number of cycles (wave encounters or stress reversals) experienced by the
dructure within atime, t; used to express Fatigue Life.

Average number of loading cyclesto failure under constant amplitude loading at the i™
stressrange

Totd number of loading cyclesto failure

Total number of load conditions

Totd number of Marsden Zones dong the route

Number of crosstiesin cargo or balast tank

Nationa Oceanic and Atmaospheric Adminigtration

Number of stress cyclesin stress block “i”

Number of wave encounters corresponding to the service leve of probability for
load/stress

Probability of fatigue-reduced failure

Point of Interest

Effective laterd pressure

Dynamic pressure amplitude (kPa)

Combined pressure dominated by pitch motion in head/quartering sees
[ Appendix B]

Combined pressure dominated by roll motion in beam/quartering sees
[ Appendix B]

Externd pressure amplitude (half pressure range) related to the draft of the load
condition consdered (kPa) [ Appendix B]

Externa pressure (kPa)

Fraction of time at the ith operationa condition

Interna pressure (kPa) [ Appendix B

Pressure due to vertical acceleration [ Appendix B]

Pressure due to transverse acceleration [ Appendix B]

Pressure due to longitudinal acceleration
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Pip Dynamic pressure term (kPa) for pitch-induced pressure
Pst Static pressure
Pn Fraction of design lifein the " load condition
prob(Hs) Margind probability of wave heights
prob(Hs; T,) Margind probability of the sea state
prob(V and (Hs; T;))  Joint probability of speed and sea State
prob(q and (Hs; T;))  Joint probability of heading and sea state
prob(emergence) Probahility of emergence of POI for each stationary condition

QDS hatspot)  Weibull long-term cumulative probability distribution functions for two parameter
Weibull digribution (h and g parameters)

QE&DsS hotspot)iong VWeibull 1ong term probability function pertinent to hot spot stress

QE&Ds hotspot)short Probability distribution function pertinent to hot spot stress and a single Satiionary
condition (short term)

o} Scale parameter for Weibull digtribution

RAO Response amplitude operator

RINA Royd Inditute of Nava Architects

RMS Root mean square

Rop Distance from (pitch) axis of rotation to loca centre of mass or volume (m)
[ Appendix B]

Rex Longituding distance from the pitch axis of rotation to the loca centre of mass or
volume (m) [ Appendix B]

Rez Verticd distance from the pitch axis of rotation to the loca centre of mass or volume
(m) [Appendix B]

Rr Diglance from the axis of roll rotation to the locd centre of mass or volume (m)
[ Appendix B]

Rry Transverse distance from the roll axis of rotation to the local centre of mass or volume
(mor ft.) [ Appendix B]

Rrz Verticd distance from the rall axis of rotation to the local centre of mass or volume (m
or ft.) [ Appendix B]

R(wWe) Response function

la Digtance from point considered to the transverse neutra axis of pand (m or ft.)

M Distance from point considered to the longitudina neutral axis of pane (m or ft.)

I Ratio of thei™" zero crossing rate, to the average zero crossing rate for al operational
conditions

fij Reative number of gtress cyclesin short-term condition i, j againg the totd number of
cydesinthevesH life

la Ip Moment factors for interpolation to crack location dong stiffener length

o Reduction of pressure amplitude in the wave zone [ Appendix B]

SCF Stress Concentration Factor

SSC Ship Structure Committee
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SWL Summer load waterline

Sy Wave spectrd dengity (nf*s)
Sh(Wo) Modified wave height spectrum (nP*s)
S Stiffener oacing (mm or in.)
S Transverse spacing between girders or longitudings running in the longituding direction
(morft)

S Longitudind spacing between girders or web framesin the transverse direction (m or ft.)
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Taa

T
T
Te
Tep
Tr
Ts
T,

t
th
toorr
ty
|5
tn
tr
ts
tw

TAPS

V

VLCC

Vy

Vn

Vds

X
Xc
Xs

y
Vs

y

Stillwater draft a the considered load condition (m) [ Appendix B]
Draft of ship at load condition (m); dso
Period (9)

Long-term average stress period ()

Peak wave period ()

Period of pitch (s) [ Appendix B]

Period of rall (s) [ Appendix B]

Sgnificant wave period (9)

Zero crossing period (9)

Time(s); dso

Thickness

Bracket thickness (mm or in.)

Corrosion thickness allowanced

Design life of ship expressed in seconds (9)
Stiffener flange thickness (mm or in.)

Net plate thickness (mm or in.)

Reference thickness (mm or in.)
Continuous plate thickness (mm or in.)
Web thickness (mm or in.)

Trans-Alaska Pipdine Service

Vessal speed (knots) [ Appendix B]

Very Large Crude Carrier

Horizonta shear (KN) [ Appendix B]

Vertical shear load a midship due to hogging (kN) [ Appendix B]
Vertica shear load a midship due to sagging (kN) [ Appendix B]

Length measurement variable (generd), or

Longitudina distance from the AP to the section considered (m or ft.)

Digtance from end of diffener to crack location (mm or in.)

Longitudind distance from centre of free surface of liquid in tank to pressure point
considered (m or ft.) [ Appendix B]

length measurement in variable in transverse direction (generd), or

Transverse distance from the centre line to the point of interest (m or ft.) [ Appendix B]
Transverse distance from centre of free surface of liquid in tank to point of interest (m or
ft.) [ Appendix B]

Transverse distance from centreline for roll calculation [ Appendix B
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Zdeck
ZS! Z|

Zna
Zy

4,2

Dsc

Ds hotspot
DS 1om
Ds notch
Ds,

Ds slope
Ds SN

d

—

Section modulus

of deck

of stiffener or longituding (mm® or in.%)

Verticd disance on the hull:

from the neutra axisto the point of interest (m or ft.)

from the basdine to the point of interest (m or ft.)

from the till waterline (m or ft.) (ship upright) [ Appendix B]
Instantaneous immersions of POI due to ship motion (m or ft.)

Maximum roll angle, sngle amplitude (rad) [ Appendix B]
Rdidhility index derviced from limit State equation G(x)

Gammafunction
Complementary incomplete gamma function
Incomplete gamma function

Corrected design stress range
Reference hot spot stress range (M Pa)
Reference nomind stress range (M Pa)
Notch stress range (MPa) [ Appendix A]
Design stress range for the ii” loading condition (M Pa)
Stress range at which change in dope occurs (MPa)
Design dressrange alowed by the rlevant S-N curve (MPa)
Deformation of nearest frame relative to transverse bulkhead (mm or in.)

Stress corrdation coefficient

Standard normd digtribution function
Fitch angle, sngle amplitude (rad)

Fatigue usage factor, or
Torson factor in grillage

Ship's heading relative to wave direction (degrees, 0° = head seas)
spreading angle for wave spectrum (rad)

Wave length (m or ft.)

Mean of the limit state equation G(x)
Proportion of time spent in the i area (Marsden zone)

Poisson ratio

Fatigue-Resistant Detail Design Guide for Ship Structures XXii



S nom
S lower
S mid
S upper

S»2
Sa
S3
Sd

We

panel aspect ratio
Corrdation coefficient for varidblesi and | in limit Sate andyss
Density of seawater (1.025 t/nT)

Stress (MPa)

Loca bending stress (M Pa)

Equivdent stress (MPa)

Standard deviation of limit State equation G(x)

Membrane stress

Peak stress (MPa)

Resdua sress (MPa)

Yidd strength (MPa)

Tota dtress at crack location (MPa)

Peak total stress at crack location (MPa)

Nomind gress

Stress range bin lower vaue (M Pa)

Stressrange bin mid vaue (MPa)

Stress range bin upper vaue (MPa)

Primary stresses due to bending, shear and torson in the main hull girder; pesk tota
stress (MPa)

Secondary stresses due to loca tiffener bending (M Pa)

Plate/panel secondary stresses (M Pa)

Tertiary plate bending stress (MPa)

Stresses due to relative deflection between web frame and transverse bulkhead (M Pa)

Wave frequency (rad/s)
Encounter frequency that accounts for the effects of speed and heading
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Part A - Fatigue Design Guide Overview

PART A - OVERVIEW OF THE FATIGUE DESIGN GUIDE

A.1  INTRODUCTION

In March 1995, the US National Research Council’s Committee on Marine Structures (CMYS),
on behdf of the Ship Structure Committee (SSC), convened a symposium in Washington, D.C., to
address the unusudly great number of bulk carrier losses and the continuing occurrence of fatigue
cracking in rdaively new and aging ships [Ref. A.1]. The symposum sought input from ship designers,
fabricators, operators, and regulators as well as expertsin fatigue, fracture, and structura rdiability on
how the Ship Structure Committee could best serve the marine community in preventing this type of
falurein ships.

One outcome of this symposum was that practicing nava architects and engineers were having
difficulty applying the results of much of the research and development work that had been carried out
to investigate fatigue, fracture and structurd rdiability. Asaconsequence, the Ship Structure
Committee initiated two related projects:

* development of aship structurd detail fatigue design Guide; and,
* development and presentation of a ship structure fatigue and fracture short course.

These two projects were awarded to Fleet Technology Limited under a competitive bidding
process, under contract PO Number 97-0046.

This report isthe result of the ship structure detail fatigue design Guide development project.

A.2 OBJECTIVE

The objective of the project was to develop a practical and rationally based “ Fatigue Resistant
Detall Desgn Guide’ (“the Guide’) that Engineers and Nava Architects with limited fatigue design
experience could use to design cost-effective, fatigue-resstant, welded sted ship structurd detalls.

The objective of the Guide isto provide a single source of information for practicing desgners
to usein addressing fatigue issuesin the design of ship structure. In order to achieve this objective, the
Guide was required to cater to dl levels of design detail or phasesin the design process. For this
reason, the Guide presents three levels of structural design sophistication:

» dhructurd detall geometry and layout guidance;
» asmplefatigue desgn procedure; and,
* anin-depth fatigue design procedure.
These can be used sequentialy at successve stagesin the ship design process. However, in

many projects it may not be necessary to use the more detailed levels to achieve satisfactory fatigue
performance.
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Part A - Fatigue Design Guide Overview

A.3 BACKGROUND TO FATIGUE IN SHIP STRUCTURES

A.3.1 Meta Fatigue Processin Sted Ships

Metd fatigue isthe progressive fallure of meta under cyclic loading and as the name “faigue’
implies, itisamode of degradation in which the sted isworked until it Smply getstired. Thisfaigue
cracking process can be divided into three basic stages:

() theinitiation of microscopic cracks at locd stress concentrations,

(i) the growth and coalescence of microscopic cracks into macroscopic cracks, and,

(i) the growth of macroscopic cracksto acritica size for falure (e.g., plastic collapse, fracture,
excessve deflection, or loss of water-tightness).

The absolute and relative duration of these stages depend on the magnitude of the cyclic stresses or
drains at the crack initiation Site and aong the crack propagation path, environmenta effects, and the
resstance of the materid to theinitiation and propagetion of fatigue cracks. The magnitude of the local
cyclic stress or gtrain is dependant on the magnitude of applied cyclic loads, severity of locd stress
concentration effects, structura redundancy, and the stress-strain response of a material under cyclic
loading [e.g., Ref. A.2].

Fatigue cracksin sted ships generdly initiate at loca notches (e.g., weld toe, rat hole, or weld
termination) in structura detailsthat are located in highly stressed, primary or secondary structures[eg.,
Ref. A.3, A.4]. Fatigue-prone areasin common types of shipsare listed in Tables A.3.1-A.3.5 [Rdf.
A.5]. Theinitiation and subsequent propagation of these cracks are primarily driven by wave induced
cydic loadsinduding:

() longitudina bending, transverse bending, and torsion of the hull girder; and,
(i) fluctuating hydrodtatic pressure on Sde shell plating, cargo hold boundaries, and tank walls,
[e.g., Ref. A.6].

Other sources of cyclic loading include machine vibration, propeller-induced vibration, and deck loads .
The exposure of unprotected surfaces to corrosive media (e.g., Seawater or sour crude oil) can dso
accderate theinitiation and propagetion of fatigue cracks, ether directly through corrosion fatigue
mechanisms or indirectly through the higher cyclic stresses that result from localized and generd
corrosion [Ref. A.7].

Although mogt fatigue cracks in ships are not detected by conventiona ingpection techniques
until they are saverd inches long and through the thickness of plating, the mgority of detected cracks do
not pose an immediate threat for catastrophic rapid fracture because of the relatively good fracture
toughness of modern ship stedls, the inherent redundancy of ship structures, the use of crack arrestors,
and the rdatively low level of norma service loads. Nevertheless, any detected cracks are usudly
repaired at the earliest opportunity to preserve the water-tightness or ail tightness of the ship and to
prevent a chain reaction of localized failures leading to overdl sructurd falure. The latter scenariois
believed to be responsible for some of the recent spate of bulk carrier losses[Ref. A.8].
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For example, cracks at the corners of hatch corners and coamingsin bulk carriers could alow
water to leak into dry cargo holds. Sloshing of the resulting durry could introduce significant dynamic
loads on cargo hold plating, and internal mixing could produce explosve gases. As another example,
cracking at the hold frame ends of bulk carriers could result in the detachment of side shell plating from
interna framing. This could eventudly lead to the separation of the end brackets from the dant of the
topside tanks or bilge hopper tanks.

Table A.3.1.1: Highly Loaded Structurd Elements - Tankers

Structurd Member

Structura Detall

Load Type

Side, bottom and deck plating
and longitudinas

Butt joints, deck openings and
attachment to transverse webs,
transverse bulkheads and
intermediate longitudinal girders

Hull girder bending, stiffener
lateral pressure load and support
deformation

Transverse girder and
stringer structures

Bracket toes, girder flange buitt joints,
curved girder flanges, panel knuckles
including intersecting transverse
girder webs, etc. Single lug dots for
panel stiffeners, access and lightening
holes

Sea pressure |oad combined with
cargo or balast pressure load

Longitudind girders of deck
and bottom structure

Bracket terminations of abutting
transverse members (girders,
stiffeners)

Hull girder bending and
bending/deformation of
longitudinal girder and abutting
member

TableA.3.1.2;

Highly Loaded Structurd Elements - Bulk Carriers

Structurd Member

Structurd Detall

Load Type

Hatch corners

Hatch corner

Hull girder bending, hull girder
torsonal deformation

Hatch side coaming

Termination of end bracket

Hull girder bending

Main frames

End bracket terminations, weld
main frame web to shell for un-
symmetrical main frame profiles

Externa pressure load, ballast
pressure load as applicable

top wing tank

Longitudinals of hopper tank and

Connection to transverse webs
and bulkheads

Hull girder bending, seaand
ballast pressure load

Double bottom longitudinals

Connection to transverse webs
and bulkheads

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

Transverse webs of double
bottom, hopper and top wing
tank

Slotsfor panel stiffener including
stiffener connection members,
knuckle of inner bottom and soped
hopper side including intersection
with girder webs (floors). Single
lug dots for panel stiffeners,
access and lightening holes

Girder shear force, and bending
moment, support force from
panel stiffener due to sea, cargo
and ballast pressure load
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Table A.3.1.3: Highly Loaded Structural Elements - Ore Carriers

Structura Member

Structural Detall

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 longitudina girders

Hull girder being, stiffener latera
pressure |oad and support
deformation

Transverse girder and
stringer structures

Bracket toes, girder flange butt joints,
curved girder flanges, panel knuckles
at intersection with transverse girder
webs, etc. Single lug dots for pane
stiffeners, access and lightening
holes

Sea pressure |oad combined with
cargo or ballast pressure

Transverse girders of wing
tank

Single lug dots for pand stiffeners

Sea pressure load (in particular in
ore loading condition)

Table A.3.1.4: Highly Loaded Structural Elements - Container Carriers

Hull Member

Structurd Detall

Load Type

Side and bottom longitudinas

Buitt joints and attachment to
transverse webs, transverse
bulkheads and intermediate
longitudina girders

Hull girder bending, torsion,
stiffener lateral pressure load and
support deformation

Upper deck

Plate and stiffener butt joints, hatch
corner curvatures and support details
welding on upper deck for container
pedestals, etc.

Hull girder bending and torsional
warping stress

Table A.3.1.5: Highly Loaded Structurdl Elements - Rall or/Rall off- and Car Carrier

Hull Member

Structurd Detall

Load Type

Side and bottom longitudinas

Buitt joints and attachment to
transverse webs, transverse
bulkheads and intermediate
longitudind girders

Hull girder bending, stiffener
lateral pressure load and support
deformation

Racking constraining girders,
bulkheads, etc.

Stress concentration points at girder
supports and at bulkhead openings

Transverse acceleration load

A.3.2 Hidoricd Trestment of Metd Fatigue in Sted Ships

The design of a ship can be divided into three phases. conceptual design, preliminary
design, and detail design. The principa dimensions, topology, and overall geometry of aship are
determined during the conceptua design phase, usually by non-structural considerations such as
beam and draft limitations, cargo type, and cargo capacity.
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The location, spacing, scantlings, and geometry of primary structure (e.g., Sde shell, decks,
main bulkheads, main beams and girders) and secondary structure (e.g., stiffened panels, grillages,
tank tops, short decks) are then selected during the preliminary design stage. These selections, and
the resulting degree of structural continuity, optimization, and symmetry, determine the ultimate
strength of the hull. In the next phase, detail design, the geometry and scantlings of details are
selected within fabrication and maintenance constraints to minimize local stresses.

Until recently, fatigue cracking has not been explicitly considered in the detail and
preliminary design phases except for damaged structure, novel structural configurations, and
special types of ships such as LNG ships. The preliminary design of merchant ships has been
largely based on static strength requirements in classification society rules [Ref. A.9- A.12], which
are expressed in terms of empirical relationships for minimum scantlings and spacings, whereas the
preliminary design of naval ships has been based on more rigorous static strength cal culations with
representative design loads [Ref. A.13, A.14]. Prior to the 1990's, designers and fabricators were
ableto rely on the marginsin these static strength requirements and experience-based rules-of -
thumb for detail design to achieve adequate fatigue performance in conventional ship structures.
Fatigue cracks were rarely detected in shipsless than 10 years old, and the frequency of cracking
in older ships was generally acceptable to regulators and owners. Over the past two decades,
however, sgnificant changesin the age, design, fabrication, operation, and regulation of merchant and
nava vessds have resulted in the need for rationaly-based fatigue design approaches to address the
following concerns.

* There has been asgnificant increase in the incidence of fatigue cracking in relatively new ships
sncethe early 1980's. For example, fatigue cracks were detected in the summer of 1990 &t the
intersections of sde shdll longitudinas and transverse bulkheads in 15 second-generation VLCC's
after only two to five years of service [Ref. A.15]. Similar cracking was reported in severd
classes of il tankers operating on the Trans-Alaska Pipeline Service (TAPS) route in the mid-
1980's[Ref. A.16 and A.17]. This change has been attributed to the introduction of more
sructurdly optimized ships with thinner scantlings as a means to reduce weight, fabrication cost
and operating codt. This optimization has been achieved through the grester use of high strength
stedls and the use of more sophisticated design tools [Ref. A.18, A.19]. Since the fatigue strength
of aswelded sted jointsis essentidly independent of tendgle strength, the stress concentrations of
sructura detaills must be adequately reduced to compensate for the higher design stresses, higher
local bending stresses, and reduced margins for corrosion and wear in high strength stedl
sructures with thinner scantlings. Asagenerd precaution, classfication societies introduced the
so-caled “k factor” on minimum scantling requirements which prevented design stresses for
extreme loads from increasing in direct proportion to tensile strength. However, the continuing
occurrence of fatigue cracking in ships demongtrated the need for more direct control of fatigue
cracking. A number of owners with poor experiences have snce inasted that the use of high
strength steels in their ships be kept to a minimum, and shipyards have responded with standard
desgns usng mainly low and medium strength sedls.
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 According to avallable statistics [e.g., Ref. A.20, A.21], the rate of reported fatigue cracking and
other sructura faluresin current merchant and nava vessds increases sgnificantly (i.e, the aging
phase starts) after thefirst 10 years of service. However, approximately 60% of the world's
tanker fleet and about 40% of the world' s bulk carrier fleet (by tonnage) are over 15 years old,
and many nava vessels are of the samevintage. As aresult, maintenance costs and downtime are
risng for operators. At the same time, many operators are facing reduced maintenance and
operating budgets. Thisisforcing designers, fabricators, and operators of merchant and naval
vesselsto seek integrated gpproaches to the design, congtruction, and maintenance of shipswith a
view towards maximizing operationd availability and minimizing life-cycle maintenance cods
without compromising structurd integrity [Ref. A.22, A.23].

* Strict environmentd regulations have been introduced around the world since the grounding of the
Exxon Valdez. Theseregulationswill require nearly dl new oil tankers to have double hulls by
the year 2020 [Ref. A.24]. The double hull isintended to protect againg oil spills caused by hull
punctures. However, the cellular arrangement of double hull tankers makesiit difficult to clean
and/or ventilate balast spaces. Asareault, thereisa potentid risk for explosion if fatigue
cracking permits cargo oil or vapours gas to leak into these spaces.

* In response to the aforementioned concerns, classification societies have recently introduced
rationally-based procedures for the fatigue design of structurd detailsin sted ships[eg., Ref.
A.25-A.27], and they have made these procedures mandatory for novel structural configurations
and large ship designs (e.g., tankers and container ships longer than 190 m, bulk carriers longer
than 150 m). Included in these procedures are: (i) Smplified methods for quantifying the fatigue
performance of structura detailsin common problem aress, (ii) spectral-based methods for
quantifying the fatigue performance of structurd details that cannot be properly andyzed with
amplified methods, and, (iii) quditative guiddines for optimizing the fabrication and fatigue
performance of structurd details. Similar procedures are being developed by severd navies [Ref.
A.28, A.29] and an ad hoc working group of the Internationa Association of Classfication
Societies (IACS).

A4  SCOPE OF THE GUIDE

A.41 Layout of the Guide

The design ad information in the Fatigue Resistant Detail Design Guide for Ship Structuresis
organized into four parts, entitled:

* Part A - Introduction

* Part B - Catalogue of Fatigue Resstant Details
* Part C - Fatigue Strength Assessment

* Part D - Fatigue Desgn Examples

Part A, the design Guide introduction, provides some background to illustrate the need for
consdering fatigue in the design process and describes the objectives and layouts of the remainder of
the Guide.
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Part B and Part C of the Guide present information to assst the designer to condder fatigue
design throughout the detail design process. The three levels of design procedure sophitication which
are presented in this Guide include:

* Leved 1 - sdection of fatigue resstant structura detail geometries and layouts,
* Levd 2 - asmplified fatigue desgn procedure; and,
* Leve 3 - an in-depth fatigue design procedure.

The increasing leves of the design procedures not only correspond to increased andyticd detall and
accuracy but also cost in terms of the time, effort and data required for implementation.

Part B of the Guide presentsthe Level 1 fatigue design ad in the form of acatdogue of fatigue
resstant desgn details. The catalogue itemizes dl key structura connections encountered in the midship
areaof various vessd types and provides geometric and structurd arrangement suggestions to improve
the fatigue performance of the detall of interest. The Leve 1 structurd detailing process may be used as
afirst step prior to amore sophisticated numerica fatigue strength assessment process or could be used
aone as asmplified means of improving the fatigue performance of a detail without quantifying the net
effect.

Part C of the fatigue design Guide presents rationdly-based methods for quantifying the fatigue
drength of welded structurd details and provides detailed guidance and instructions for applying these
methods. Leve 2 and Level 3 fatigue design procedures are both presented in Part C due to their
common and interchangeable procedura steps. The Leve 2 fatigue strength assessment approach
makes extendve use of empirical design equations to smplify the analysis process, wheress, the Leve 3
fatigue strength assessment gpproach makes full use of the gatistical information and numerica modeling
techniques commonly available to desgners.

Part D of the fatigue design Guide presents worked design examples used to demongirate the
gpplication of the three levels of design procedure sophidtication.

A.4.2 Application of the Guide asaDesgn Aid

The ship design process may be described schematicaly as shown in Figure A.4.1, and the
fatigue design Guide has been assembled to aid in the detall design process. The Guide includes
information to promote good detail design early in the detail design stage, aswell as andytica
techniques, which may be used in an iterative manner to optimize the scantlings of sdlected details. The
fatigue strength assessment techniques may aso indicate a need for the designer to rework the overal
sructural design (i.e,, return to the preliminary design stage) if acceptable fatigue performance cannot be
achieved by optimization at the detailed leve.
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Conceptual Design
Objective
« establish principal dimensions, layout, overall geometry of ship

Constraint
» mainly controlled by non-structural considerations (e.g., beam, draft, cargo)

Preliminary Design

Objective
« establish location, spacing, scantlings and geometry of primary structure

Constraints

< mainly controlled by static strength requirements (e.g., plastic collapse, buckling) ininitial
iterations

« modifications to primary structure may be required if fatigue strength of details cannot be
controlled by detail design

Approach

* rule based for standard configurations of commercial vessels

« rationally based for naval vessels and non-standard configurations of commercial vessels
(e.g., tankers longer than 190 m) |

Detail Design

Objective
« establish the geometry and scantlings of local details, joints, brackets, openings and
reinforcements

Constraints
« detail design mainly controlled by fatigue performance, functionality and fabrication
constraints

Approach
« select from catalogue of preferred detailsfor a particular location in a particular type of ship
« use fatigue assessment procedures to optimize scantlings of details

Figure A.4.4.1: Application of Fatigue-Design Guide in Ship Design Process

As previously noted for fatigue cracking in genera, the service life of a ship may be
divided into three distinct phases including:

() theteething phase in which fatigue cracks initiate from fabrication defects at a decreasing
rate with time;

(ii) the stable phase in which fatigue cracks initiate randomly at a constant rate with time; and

(iif) the aging phase in which the rate of fatigue cracking increases with time because of
cumulative fatigue damage and other structural degradation (e.g., wear and corrosion).

These three phases lead to a cracking rate vs. time profile that is sometimes referred to as
the “Bathtub Model” of servicelife.
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This Guide isintended to produce designs for steel welded ship structural detailsin which
the aging phase starts towards the end of a ship’s service life and in which fatigue cracking rarely
occurs during the teething and stable phases, provided the ships are well fabricated and maintained.

This Guide does not account for the possible onset of unstable fracture from afatigue crack. In
order to guard againg this possibility, ships should be designed as damage tolerant structures (i.e.,
gructures that can sustain maximum design loads without failure until damage is detected and repaired).
Damage tolerance can be achieved by appropriate material selection at the design stage, the provison
of multiple or redundant |oad paths, and the use of readily ingpected structurd details. In addition,
damage tolerance andysis can be used to quantitatively assessthe residua fatigue lives and residud
strength of ship structures with fabrication defects or in-service cracks. Fracture toughness
requirements for ship sted's and welding consumables are given in various Nava and Classfication
Society documents [e.g., Ref. A.12, A.30, A.31], while procedures for assessing the damage tolerance
and redundancy of ship structures are given in SSC Reports 402 [Ref. A.32] and SSC 354 [A.33],
respectively.

Each part of this Guide builds upon the results of previous Ship Structure Committee projects
[A.32-A.41] and recent efforts of classification societies and navies[eg., Ref. A.27]. Wherever
possible, the developers of this Guide have tried to incorporate the best features of the previous work
and to reconcile mgor procedura differences. In order to maintain a practica focus, the Guide has
been reviewed by designers and fabricators of ships, and their recommendations have been
incorporated. Sufficient commentary, guidance, and references have been included to make the Guide
sdf-contained. However, the developers of this Guide have assumed that its users will be trained in ship
gructurd anadysis and will have a least a rudimentary knowledge of metd fatigue.
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PART B - CATALOGUE OF FATIGUE RESSTANT DETAILS

For this section, the authors have drawn heavily on the work of the Classification
Societies, specifically Lloyd’ s Register of Shipping, Det Norske Veritas,
American Bureau of Shipping, and the I nternational Association of
Classification Societies (IACS), aswell as Canadian and UK Navy information.
We are indebted to Lloyd’s Register of Shipping, Det Norske Veritas, the American
Bureau of Shipping, IACS, Saint John Shipbuilding Limited and the Canadian
Navy for permission to use their source materials and drawings. These resources
areidentified in each of the data sheets herein. We recommend the referencesin
this section for those wishing to explore this area further.

B.1 INTRODUCTION

B.1.1 Background

The fatigue resstance of structura details subjected to a given cyclic load is primarily geometry
dependent. That is, discontinuous load paths, rapid geometric trangtions or misalignments and poor
weld geometries are the mogt Sgnificant factors which influence the fatigue life of astructurd detall
subjected to a given cydic load environment. Therefore, the most effective way of extending the fatigue
life of agtructurd connection is through proper detailing.

The most common reason for poor fatigue resstance is inappropriate detailed design. Figures
B.1.1 and B.1.2, extracted from previous SSC Reports [Ref. B.1], show typica crack patterns that
have been found in tankers and bulk carriers, respectively. These instances of fatigue damage can been
avoided with additiona attention to detailing for fatigue resistance in the design process.

Design for good fatigue resistance can proceed through a series of leves, or steps. Thefirst
leve in the fatigue design process involves the selection of fatigue-tolerant details. This section of the
Fatigue Design Guide presents a cata ogue of structura details for arange of vessel types, with
suggested “good practice’ to improve fatigue performance. A detall “rating” system isincluded in the
catalogue to indicate the relative performance and costs associated with aternative structural details.
The purpose of this cataogue is to provide the practicing naval architect with areadily accessble, guide
on how to improve the fatigue performance of a structura connection.

B.1.2 Objective

The Guide is intended to be utilized by engineers and nava architects in ship ructurd design
(and fabrication) to promote good design practice, reduce the likelihood of premature fatigue failure,
and identify the relative fatigue resstance of structurd detals.

The objective of Part B of the Guide - the Cataogue - is to provide guidance in the preliminary
design of structura connections to improve their fatigue performance. The Catalogue therefore,
providesal eved 1 fatigue design process.
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Figure B.II: Fatigue Crack Locations and Orientation in Typical Tanker Structure
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Figure B.1.2: Fatigue Crack Locations and Orientation in Typica Bulk Carrier Structure

B.1.3 Scope

With literdly hundreds of structurd detail configurationsin existence, this Catalogue can only
provide examples of the most common details. For these details the Catal ogue provides geometric
limitations and arrangement dternatives which may be used directly to improve the fatigue performance
of ship structurd details. However the Catalogue can aso be used to indicate the type of improvements
that may be consdered for details not presented by applying the principles that are shown herein.

The Catalogue is presented in four sections, each section providing information on a different
ship type. The four generic ship types dedt with in the catalogue are:

* Double Hull Tankers * Bulk Carriers
* Container Ships * Warships
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The Catal ogue focuses on details associated with the midship section of the vessals of interest,
sgncethisis generdly the mogt criticd area. All welded connections which are potentialy proneto
fatigue falure are presented. The Catalogue illustrates good detailing practice and/or dternative
configurations for those connections considered to be at high risk. The evaluation of a connection as
being at high or low risk is soldly based on the geometry of the connection and thus the stress
concentration it represents. The severity of the loadings seen by any specific detail will be determined
by location-gpecific factors, and thus an inherently high-risk connection may or may not require
modification depending on its gpplication. Many structurd details are common to more than one ship
type. The catdogue illustrates the detail for each ship type so that the user has complete information
within each section. Similar details, used in different ship types (e.g., tanker, bulk carrier, etc.), will have
the same detall identification number. For example, atransverse floor, bottom longitudina connection is
Detail # 2 for both tankers and bulk carriers.

The remainder of this section of the Guide provides background and guidance to the designer
on how to interpret the information contained in the Catalogue (Section B.5). Thisinformation is
presented in the following parts:

Discussion of critical and non-critical details (Section B.2)
Definitions of terminology used in the catdogue (Section B.3)
A description of the catalogue layout (Section B.4)
The Catalogue of details (Section B.5)
Guidance on good design and congtruction practice (Section B.7)
A lig of the rlevant reference materia (Section B.8)

B.2 CRITICAL AND NON-CRITICAL DETAILS

The criticality of astructurd detall is determined by assessing the risk to the continued safe
operation of the vessdl, posed by falure of the detall. Risk, in most generd terms, is a combined
measure of the probability (or likelihood) of failure and the consequence (or cost) of that failure. The
designer is encouraged to consider both the probability of failure (in terms of fatigue strength of the
detail) and the potentia consequence of failure (which may be evauated in terms of structural location
or function).

B.2.1 Probability of Failure (Fatigue Resistance)

The primary objective of the Cataogue is the improvement of standard structura connections.
For those midship connections consdered prone to fatigue damage, design improvements or aternative
arangements are presented. |n some ingtances, severd levels of fatigue performance improvements are
presented. Their relative fabrication and maintenance costs are rated to alow the designer to weigh the
additiona cogsts associated with reducing the probability of fatigue fallure,

Those details that are not prone to fatigue problems, due to their geometric configuration, may
be consdered non-critical. The connection between the longitudinad and the bottom of ashipisan
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example of awelded connection that, if good fabrication and maintenance practices are observed,
should not be considered a likely location for fatigue cracking.

B.2.2 Consequences of Failure (Structurd Function)

While the Catal ogue does not specifically categorize the details based on the consequence of
failure, the user is encouraged to examine the consequence of failure of the detall and associated
structure when deciding if it is worthwhile to apply the fatigue performance improvements suggested.
Since the cost of improving details can be sgnificant, thisisamos important consideration.

For example, afatigue-prone detail in sSide or bottom plating warrants the cost associated with
improved design practice more than the same detall in, say, alongitudind bulkhead. Thefalure of a
detall in the outer shell of asingle hull tanker in way of a cargo tank can result in massive pollution, and
therefore, the consequence of failureis greet. The Sde shdll plating in double hull tankers or bulk
cariersis another critica area. The upper deck near amidshipsin way of large openings of warships
should be consdered acritica area. With these consderationsin mind, the designer should use cost-
benefit judgements to select the detail design improvements that provide appropriate levels of safety
agang fatigue falure.

B.2.3 Warship Details

Structurd details on warships have been devel oped to meet the specific requirements of shock
and impact, and, as aresult, occasonaly embody details that are designed to enhance the impact
ressance. Anexampleisthe doubler plate on web frame/deck beam connections. However, this
doubler plate is not necessarily an enhancement for fatigue purposes. The cataogue tries to present
Sructura arrangements for warships that do not compromise the integrity of the connection while
improving the fatigue performance of the detall.

B.3 CATALOGUE TERMINOLOGY

To ensure that the user understands the terminology used in the fatigue resstant design detall
catdogue, the following list of definitionsis supplied.

Criticad Area- That areaof the ship encompassing the globa structure and comprising mgor structurd
elements such as bulkheads, decks, and in which the critical detail isincluded.

Critical Detall - The specific detail for which the fatigue performanceis critica.

Good Practice - Detail desgn and fabrication practice which will improve the resstance of the detail to
fatigue crack initiation and growth.

Detal Attributes - The measures that are being used to “rank” the dternative detail configurations.

Ranking - A smple measure of the relative strength of each attribute among the detail options described.
Number 1 is aways the best ranking for a detail.

Fatigue Performance - A measure of the resstance of the detail to fatigue crack initiation and growth.
The lower the number, the better the fatigue performance.
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Ease of Ingpection - Ease with which ingpection devices (e.g., ultra-sonic probes) can access and detect
cracks, and ease with which the configuration (e.g., ignment) can be checked after
congtruction for detection of defects. The lower the number, the easier to inspect.
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Maintenance Cogt - Thisis amessure of the degree to which the detail can be kept clean of damaging
materid, corrosve fluids, ease of painting and maintenance of an intact paint coating, as wel as
access for repair of defects. The lower the number, the easier to maintain.

Fabrication Codt - Reflects materid, cutting and welding content, ease of fabrication. The most
expendgve detall has the highest number.

B.4 LAYOUT OF THE CATALOGUE

B.4.1 Introduction

The Catadogue is aranged in a hierarchica fashion garting with a midship section in which the
globa sructura location of interest isidentified. From this, the connection structurd eements are
selected to identify the detail of interest. The hierarchica layout of the catalogue is described in Figure
B.4.1.1 dong with the nine-step process involved in making full use of itsinformation.

I|sometric Drawing of the Vessd Type Global Structure

1) Locate structurd detail of interest in typica midship drawing
(SeeFigureB.4.2)

Fatigue Resistant Structural Detail Catalogue Index Table

2) |dentify location of structurd detail to select gppropriate index table (e.g., double bottom,
double side, deck, transverse bulkhead, etc.)
3) ldentify criticd detail by connected structurd dements (e.g., inner/out bottom longituding in
way of transverse floor, bottom girdersin way of transverse floor, €etc.)
4) Read off detail type number and check critica detall sdlection in detall figure
(See Figure B.4.3)

Fatigue Resistant Detail Data Sheets

5) Review data sheet header and/or critical area drawing to ensure appropriateness of detail
data sheet

6) Note critical detail features and identified critical locations

7) Examine faigue life improvement dternative good detailing practice drawings

8) Select detall design good practice dternative based on detall attribute rankings(e.g., fatigue
performance, ease of ingpection, maintenance cost and fabrication)

9) Review comments to identify important aspects of detail fabrication or geometry and note
origina source of good practice recommendations

(See Figure B.4.4)

Figure B.4.1.1: Fatigue Design Guide Structurd Detail Catalogue Layout
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At thetop levd, the catalogue is divided into four, stland-aone sections by ship type as follows:

* Double Hull Tanker * Bulk Carrier
» Container Ship * Warship
Each vessd type specific section begins with an isometric illugtration of atypica midship area of
the vessdl type in question (see Figure B.4.1.2) with the principa structurd dements defined. This
sructura representation should aid in locating the structurd detail of interest and relating it to the
terminology used to describe it in the fatigue resstant design detall cataogue.

Deck
Longitudinal

Topside

Corrugated
Transverse
Bulkhead
Side Shell
Plating

Side
Longitudina

Bottom Girder

Inner Bottom Longitudinal

Outer Bottom Longitudinal

Figure B.4.1.2: Typica Double Hull Tanker Midship Globa Structura Arrangement
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The fatigue resstant sructurd detall catalogue index tables, smilar to that shown in Figure
B.4.1.3, group the critica structura details by location (e.g., double bottoms, double sides, deck and
transverse bulkheads). The terminology for the location names used in the catalogue index tables are
given in the globa midship structure illugtration (see Figure B.4.1.4) located at the beginning of each
vessH type catal ogue section.

A cataogueindex tableisavalable for dl sgnificant structurd locations. For the double hull tanker
structure, cataogue index tables have been assembled for:

« double bottom structure, « double sde structure, and
« transverse bulkhead structure, « deck structure.

The cataogue index tables are arranged to describe dl of the connections in the structura
location being described. Since a structurd connection is defined as the connection of two or more
structurd members, the catalogue index table identifies connection details based on the structura
elements or members joined initsfirst two columns.

The third and fourth columns of the catalogue index tables contain a detail type reference and a
figure illugtrating the structure surrounding the detall of interest. The detail type reference number directs
the user how to find more information on developing afatigue resstant structurd detail for the
connection of interest. Since experience has shown that not al structural member connection details are
prone to fatigue damage, the detail type reference may be one of the following two forms.

1) for connections where fatigue is not typicaly a critica design issue, the detall type reference directs
the user to Section B.7 which discusses good fabrication and assembly practice to preclude fatigue
cracking; or,

2) for connections which are considered susceptible to fatigue damage, the detail type reference directs
the user to gppropriate fatigue resstant detail data sheets, smilar to that in Figure B.4.4.

While each vessd type section is completdly self-contained, smilar fatigue-susceptible details
used in different vessdl types have been given the same detail reference number. Once a critical fatigue
detall isidentified the dternative designs can be reviewed by locating the associated fatigue resi stant
detall data sheet within the catalogue.

The data sheets contain information which the engineer or nava architect will use to select
appropriate detail configurations and to understand the implications of the selection. The data sheet has
five information areas induding:

* adatasheet title block;

* acriticd areaand detall illugtration;

» detal design good practice recommendations,
* adetail atribute ranking matrix; and,

* addail specific comment section.
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Critical Structural Details Detail Type# Detail Figure

Transverse Bulkhead

Transverse Floor Stiffener
- Asymmetric Longitudina 1
- Symmetric Longitudinal 2

Transverse Floor

Bottom

Inner/Outer Bottom Longitudinas

Transverse Bulkhead

- Plane Qil Tight Transverse Bulkhead 3 Transverse Foor
- Corrugated Oil Tight Transverse 4 Stiffener Outer
Critical Detail Bottom
Bulkhead Batom

#& 2 Longitudinal

Transverse Ring Web

Transverse

Bottom Longitudinals - Transverse Ring Web Tripping 5 Ring Web
Bracket
Bottom
Longitudinal
Critical Detail #6 & #7
Transverse
Transverse Bulkhead Bulkhead ™\ Bottom
- Plane Qil Tight Transverse Bulkhead 6 Girder
Bottom Girders - Plane QOil Tight Transverse 7

Bulkhead Vertical Stiffener End
Brackets and High Strength Steel

Girders Outer
Bottom

Critical Detail

#8 & #9
JHopper Tank and Tranverse Floor Inner xffer
- Welded Knuckle 8 Bottom
- Radiused Knuckle 9 Bottom
Outer Girder

Bottom

Non Critical Detail
|IBottom Longitudinal Section B.7 Iner

Bottom
Bottom

Girder

Inner/Outer Bottom Plating Outer

||Bottom Girder SectionB.7 Bottom

Bottom
Longitudinal

) Transverse
Transverse Floor SectionB.7  ||guikhead

Transverse Bulkhead

Figure B.4.1.3: Typicd Fatigue Resstant Structural Detail Catalogue Index Table
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Vessd Type: Double Hull Oil Tankers Ship Detail
Critical Area: Double Bottom \ﬁ Structure

Critical Detail: Intersection of Inner/Outer Bottom Longitudina and Committee 1

Transverse Floor Stiffener
Detail Description: Asymmetric Longitudinal FI-LTECL‘NOIL:T)GE L-TI;
Rev. 001-250199
CRITICAL AREA: DETAIL DESIGN GOOD PRACTICE:
Inner Bottom —

Transverse

Floor Stiffener Bottom Girder

Critical
Detail

Bottom
Longitudinal

CRITICAL DETAIL:

Outer Bottom

Detail Design A - Soft Heel

r=30ml'n—\

Max.15mm+

€ 55 mm

K

75 mm
x A

|

i

—> A 1-001-1
——— )
Inner I
Bottom | Detail Destgn B - Soft Toe d
d=) and Soft Heel r=30mm A
t> d/1 \
r>0.75d _)I <€ 55mm
Transverse Max. 15 mm+ \( | ¥
Longitudina Floor r - - 75 mm
A
Transverse Floor I(_)
Siiffener S a2 2 l_
1-001-2
Q ;:“ _
ouer ! Detail Design C - Soft Toe )
Bottom ! and Soft Backing Bracket « s
L 5 A t>d/18 : Z 421(%1 mm
r> 0.75d\
Max. 15 mm Max. 15 mm
Section A-A : } ,— Longitudinal % T / £ A p—
Inner Bottom :\ g !\A(i:)d/z % g
Transverse 7\ 1-001-3
Foor \
d=180- 300 mm ‘—d\ q i
” Critica Desian Detail
Transverse Floor ~ Locations Detail Attributes Rankings
Stiffener W A B C
L] IFatigue Perfor mance 3 2 1
Longituding [IEase of I nspection 1 1 2
Outer Bottom M aintenance Cost 1 2 3
1.01 Fabrication Cost 1 2 3

COMMENTS:
- Alignment between the transverse floor stiffener and the backing bracket is to be maintained.
- A wrap around weld, free of undercut or notches, around the heel and toe connections of the floor stiffener and backing bracket.

Figure B.4.1.4: Typicd Fatigue Resistant Detall Data Sheets
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The data sheet title block includes descriptions of the vessdl type, criticd area, critical detal and
any further detail description data to identify the connection of interest dong with the detall type
reference number. The critica areaand detall illustrations are included in the data sheet to locate and
describe fatigue damage susceptible dements of the critical detall. This is accomplished with a globa
gructure illugration of the critical areaincluding near by structural ementsto hdp visudize the detall
of interest. Below the critica areaillugtration, the data sheet includes a close-up of the critica detall
illugtrating the criticd locations a which fatigue cracking is most likely to occur.

The drawings on the right side of the data sheet illustrate * good practice’” recommendations to
improve the fatigue performance of the structural connection. The recommendations include both
generd items such as. soft toe and hed geometries, scallop Sizes and ensuring member/load path
continuity, dong with detail specific suggestions such as the addition of diffening ements or flange
tapering/chamfering geometry.

Limitations on geometry or detall critica tolerances and dimensons, are o indluded in the
drawings where appropriate.

Mogt of the data sheet “good practice’” recommendations include more than one fatigue resstant
detall dternative. These dternatives are offered as stepwise improvements in the fatigue performance of
the detail, but there are costs associated with improved fatigue strength. The detall attribute ranking
matrix, a the bottom right of the data sheet, tries to qualitatively express the reative cogts of the detall
improvement dternativesin terms of:

« fatigue performance, * ease of ingpection, and
* maintenance cog, « fabrication cost.

While the rlative rankings in the detail attribute matrix are subjective, they serve their intended purpose;
which isto highlight the additiona collaterad cogts or burdens associated with improving fatigue
performance. The rative cost rankings could be used to help in the selection of a detail for a specific
goplication as discussed in Section B.3.

Located at the bottom of the data sheet is a comment block that provides detail specific
dignment or fabrication practice recommendations to improve the fatigue performance of the
connection.
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B.5 FATIGUE RESSTANT DETAIL CATALOGUE

B.5.1 Tanker Structure Details

Deck
Longitudinal

Corrugated
Transverse
Bulkhead

Side Shell
Plating

Side
Longitudina

/

0NN,

Bottom Girder

Inner Bottom Longitudinal

Outer Bottom Longitudinal

Figure B.5.1: Typica Midship Section Nomenclature for Double Hull Tankers
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TableB.5.1 (a): Critica Structura Details for Double Bottom

Critical Structural Details Detail Type# Detail Figure
. Transverse Bulkhead
Transverse Floor Stiffener
. . . Transverse Floor
- Asymmetric Longitudina 1
- Symmetric Longitudinal 2 Zﬁg;m
Inner/Outer Bottom Longitudinas
Transverse Bulkhead
- Plane Qil Tight Transverse Bulkhead 3 [Trensverse Floor
- Corrugated Oil Tight Transverse 4 [iSiffener Outer
Critical Detal Bottom
Bulkhead e m Bottom
Longitudinal
[ Transverse Ring Web Transverse
Bottom Longitudinas - Transverse Ring Web Tripping 5 Ring Web
Bracket
Bottom
Longitudinal
Critical Detail #6 & #7
Transverse
Transverse Bulkhead Bulkhead ™ Bottom
- Plane Qil Tight Transverse Bulkhead 6 Girder
Bottom Girders - Plane Qil Tight Transverse 7
Bulkhead Vertical Stiffener End
Brackets and High Strength Steel
Girders Outer
Bottom
Critical Detail Side Shell
#3 & #9
JHopper Tank and Tranverse Floor Inner ?;ffa
- Welded Knuckle 8 Bottom
- Radiused Knuckle 9 Bottom
Outer Girder
Bottom
Non Critical Detail
||Bottom Longitudinal Section B.7 Iner
Bottom Bottom
Girder
Inner/Outer Bottom Plating Outer
1|Bottom Girder Section B.7 Bottom
Bottom
Longitudinal
Transverse it
Transverse Floor SectionB.7  ||sukhead Non Critical
Transverse Bulkhead

Fatigue-Resistant Detail Design Guide for Ship Structures
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TableB.5.1 (b): Critica Structurd Detailsfor Double Side

Critical Structural Details Detail # Detail Figure
Side Shell
Transverse Web Frame Stiffener T’Z‘;WEVSE
- Asymmetric Longitudina 21 Web Frame
- Symmetric Longitudinal 22 Sde
Critical Detail -
018 #22 Longitudinal
Side Shell Longitudinals Transverse
Transverse Ring Web Bulkhead St
- Transverse Ring Web Tripping 25 Critical Longitudina
Bracket Detail #26
Transverse Bulkhead Gritica
- Transverse Bulkhead Horizontal 26 Detail #25 .— Hopper
Stiffener Transverse Tark
Ring Web
Transverse Side Shell
Bulkhead
Transverse Web Frames SectionB.7 Side
Stringer
Side Stringers Critical Detal Non
#27 & 428 Critica
il
Transverse Bulkhead be
- Plane Oil Tight 27
- Corrugated Oil Tight 28 Horizontal
Girder
. . iti Side
|Hopper/Topside Tank SectionB.7 Ron Critica Longitucina
Side
Side Longitudinals SectionB.7 Strinaer
Side Shell Plating Side Stringers Section B.7
Transverse Web Frames Section B.7
Transverse Bulkhead Section B.7
Transverse .
Side Shell
|Hopper/Topside Tanks web Frm\ )
- Welded Side Longjtudinal 29 o Side
. Critical Detail Stringer
Transverse Web Frames Bulkhead Plating 098 430
- Knuckled Side Longitudinal 30 Hopper
Bulkhead Plating Tark

Fatigue-Resistant Detail Design Guide for Ship Structures
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Table B.5.1 (¢): Critical Structurd Details for Transverse Bulkheed

Critical

uctural Details

Detail #

Detail Figure

Upper/Lower Bulkhead Stool

Deck/Bottom Plating

Section B.7

Topside/Hopper Tanks

Section B.7

Transverse Bulkhead

Upper/Lower Bulkhead Stool

Section B.7

Transverse Bulkhead Plating

at Corrugations

Section B.7

§ Non Critical
Detall

Table B.5.1 (d): Critical Structura Details for Deck

Critical Structural Details Detail # Detail Figure
Topside Tank Section B.7
Non Critical
Detail
Deck Plating Side Shell Plating Section B.7 2 \
%
PS
Transverse Web Frame Section B.7
Deck Transverse End Deck
Brackets Transverse Web Frames 61 Longitudinal
- Toe Connection \\3
q>
Critical
Detail #61
Deck Transverse Deck Longitudinals Section B.7

Transverse

Transverse Bulkhead

Fatigue-Resistant Detail Design Guide for Ship Structures
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Vessd Type: Double Hull Oil Tankers Ship Detail
Critical Area: Double Bottom \ﬁ Structure
Critical Detail: Intersection of Inner/Outer Bottom Longitudina and Committee 1
Transverse Floor Stiffener
Detail Description: Asymmetric Longitudinal FI-LTECL‘NOIL:T)GE L-TI;
Rev. 001-250199
CRITICAL AREA: DETAIL DESIGN GOOD PRACTICE:

Inner Bottom —

Transverse
Floor Stiffener Bottom Girder Detail Design A - Soft Heel
d
Crm(“,d r=3om N —)l l€ 55 mm
o Bottom Max. 15 mm \C H 75 mm
Longitudinal Outer Bottom f i o ‘
CRITICAL DETAIL: g 2
——> A 1-001-1
———")
Inner I . .
Bottom | Detail Destgn B - Soft Toe d
=l and Soft Heel r=30mm -
t> d/1 \
r>0.75d _)I <€ 55mm
Transverse Max. 15 '“"w \( ¥
Longitudina Floor r - - 75 mm
T~
Transverse Floor I(_)
Stiffener S /2 2
1-001-2
Q ;:“ e
Outer ! Detail Design C - Soft Toe )
Bottom ! and Soft Backing Bracket « s
—> A t>d/18 e

07&1\ r>400 mm
r>0.
Max. 15 mm
Max. 15 mm
Section A-A Longitucingl % . v A - * —
Inner Bottom g |<_) Min 150 g
=~

Min. d/2 Min. 300 mm

Foor

A
Transverse\y\ oo

d=180-300 mm Je—> Gitica Design Detail
Transverse Floor —\ Locations Detail Attributes Rankings
Siffener W A B C
A/ [IFatigue Performance 3 2 1
Longtuding [IEase of I nspection 1 1 2
Outer Bottom ||M aintenance Cost 1 2 3
101 Fabrication Cost 1 2 3

COMMENTS:
- Alignment between the transverse floor stiffener and the backing bracket is to be maintained.
- A wrap around weld, free of undercut or notches, around the heel and toe connections of the floor stiffener and backing bracket.
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Vessdl Type: Double Hull Oil Tankers Ship Detail
Critical Area: Double Bottom \ﬁ Structure
Critical Detail: Intersection of Inner/Outer Bottom Longitudinal and Committee : !
Transverse Floor Stiffener
Detail Description: Symmetric Longitudinal FI-LTEC'H—NEEI
Rev. 001-250199

CRITICAL AREA:

Transverse
Floor Stiffener

Critical
Detail

Bottom
Longitudinal

Inner Bottom

Bottom Girder

Outer Bottom

CRITICAL DETAIL:

Inner
Bottom

DETAIL DESIGN GOOD PRACTICE:

Detail Design A - Soft Heel

r:30mm—\

Max. lSmm¢
¢g

Detail Design B - Soft Toe

(=) and Soft Heel ’:;S o
t>
r>0.75d _)I l€ 55mm
Transverse Max. 15 mm i i
Longitudina Hoor 75 mm
? ll B
Transverse Floor a2
Siiffener
1-002-2
Outer Fé‘“ \ Detail Design C - Soft Toe a
Bottom ! and Soft Backing Bracket t>d18
|| t>d18 Ir' : jé%dmm
L 5 A r>0.75d
Max. 15 mm | Max. 15 mm
Section A-A y Longitudinal T L =
|<—)| Min.1.5d
Inner Bottom Min. d/2 Min.300mm
1-002-3
Transver: N
Floor se\ 9’\
d
d'=180-300mm Gitca Desian Detail
Transverse Floor Locations Detail Attributes Rankings
Siiffener N W A B C
[IFatigue Performance 3 2 1
?l/ Longituding [IEase of I nspection 1 1 2
Outer Bottom S—0 ||M aintenance Cost 1 2 3
\(\ < Fabrication Cost 1 2 3
102
COMMENTS:

- Alignment between the transverse floor stiffener and the backing bracket is to be maintained.
- A wrap around weld, free of undercut or notches, around the heel and toe connections of the floor stiffener and backing bracket.
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Fatigue Resistant Details

Vessd Type:
Critical Area:
Critical Detalil:

Detail Description: Plane Oil Tight Transverse Bulkhead

Double Hull Qil Tankers
Double Bottom

Intersection of Inner/Outer Bottom Longitudinal and

Transverse Bulkhead

<
L

oni Detail

Structure

Committee 3
FLEET

TECHNOLOGY LTD
Rev. 001-250199

CRITICAL AREA:

DETAIL DESIGN GOOD PRACTICE:

Transverse Inner Bottom 1 § - it
Bulkhead Stiffener . ) Detal I Deg gn A /_ V\S/(I)tflz Ez;eBst;szl:‘er
N Bottom Girder Increased Web Depth of NIEN
Bulkhead Watertight Floor NN
Ciitica Stiffener and Soft Toe <
Detail .
Batiom S Brackets on Back Side T
Longitudinal
CRITICAL DETAIL:
d r>d
—> ™ Min. 400 mm
Qil Tight [—~—oo
Bulkhead Max. 15 mm
Inner
Bottom A D T
( 1-003-1
«E = {'(E = . i Soft Toe Bracket
Water Tight Deta| | Des gn B - g with Edge Stiffener
Floor S\\
Increased Web Depth NS
Longitudinal of Watertight Floor Q
Stiffener and Soft Toe
L . Y%
outer SERC Brackets on Both Sides
Bottom
> A r>d d r>d
Min. 400mm Min. 400 mm
o Critical Max. 15 mm
Section A-A d Locations J_
Flanged - S N N
Bracket ! ( T
D nY NOFE. .
< > : ;:gchlilmLz;.i Z;Zcok; 12 mm Min. 1-003-2
A
2N %
e Desian Detail
Locations Detail Attributes Rankings
A B
[IFatigue Performance 2 1
(_\ [IEase of Inspection 1 2
Maintenance Cost 1 2
< ) Fabrication Cost 1 2
+1-03
COMMENTS:

- Alignment between the floor stiffener, soft toe bracket and the web of the longitudinal is to be maintained.
- A wrap around weld, free of undercut or notches, around the floor stiffener heel and the heel and toe of the bracket connection to
thelongitudinal.
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Vessd Type:
Critical Area:
Critical Detalil:

Detail Description:

Double Hull Qil Tankers
Double Bottom

Intersection of Inner/Outer Bottom Longitudinal and

Transverse Bulkhead
Corrugated Oil Tight Transverse Bulkhead
Supported by Horizontal Girders

Detail

A

Rev. 001-250199

Ship
Structure
Committee

<
L

FLEET

TECHNOLOGY LTD

CRITICAL AREA:

Transverse
Bulkhead Stiffener

Critical

Detail
Bottom
Longitudinal

Inner Bottom

with Transv

Bottom Girder

Outer Bottom

CRITICAL DETAIL:

Lowest
Horizontal

r=450mm

Girder

Corrugated
Oil Tight
Bulkhead

r=450mm

Critical
Locations

Al

DETAIL DESIGN GOOD PRACTICE:
Detail Design A - Increased Web Depth of Watertight Floor Stiffeners

erse Carlings and Soft Toe Brackets
—>¢

Y
/i r =300 mm

)

Lsc

2
N

Transverse
Carling _\

S

15-25 mm ||
lﬁﬁf b Section C-C oot
Water Tight
Floor fgl:tfms Design Detail
Detail Attributes Rankings
A . .
-l -l ||Fatique Perfor mance 1 2
104 Ease of Inspection 2 1
Section A-A Section B-B Maintenance Cost 2 1
Fabrication Cost 2 1
COMMENTS:

- Due to the complexity of the connection, this detail warrants further detailed analysis.

- Alignment between the longitudinal diaphragm, the soft toe backing brackets, the web of the longitudinals, and the flange of the
corrugated bulkhead to the transverse carling is to be maintained.

- A wrap around weld, free of undercut or notches, around the toe of the bracket connection to the longitudinal.
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Vessdl Type: Double Hull Oil Tankers Ship Detail
Critical Area; Double Bottom \ﬁ Structure
Critical Detail: Intersection of Bottom Longitudinal and Committee
Transverse Ring Web FLEET
Detail Description: Transverse Ring Web Tripping Bracket Fl-l_TECHNOLOGY 1o
Rev. 001-260698
CRITICAL AREA: DETAIL DESIGN GOOD PRACTICE:
Transverse Ring Detail Design A - Soft Heel
Web Frame
r=30mm
Critica
Detail 75mm
Hopper Max. 15 mm
Tank
1-005-1
Bottom
Longitudinal
CRITICAL DETAIL:
Detail Design B - Soft Toe
and Soft Heel
Hopper Ring r>= 300 mm =30
/ Face Plate 55 mm
A v Ey 75 mm
Tg ? ]-
Max. 15 mml l(—1x
1-005-2
Flat Bar Tripping Bracket
Detail Design C - Soft Toe
and Soft Backing Bracket
=P =P r:ff;c/)S
T i e
A<
Max. 15 mm
v gl A __v
Max. 15 mmF Cl X J r
= S Minx2 | ;
M_in.SOOmm 1-005-3
Section A-A
Tripping
o Bracket Flange
;frzpk';g Desian Detail
Detail Attributes Rankings
Critical A B C
Locations =
[IFatigue Performance 3 2 1
[IEase of Inspection 1 1 2
Maintenance Cost 1 2 3
105 Fabrication Cost 1 2 3

COMMENTS:

- Alignment between the tripping bracket, the backing bracket and the web of the bottom longitudinal is to be maintained.
- A wrap around weld, free of undercut or notches, around the heel and toe of the bracket connection to the longitudinal face plate.

Ref: Lloyd'sR

ister

Fatigue-Resistant Detail Design Guide for Ship Structures

B-20




Part B - Catalogue of Fatigue Resistant Details

Vessdl Type: Double Hull Oil Tankers Ship Detail
Critical Area: Double Bottom ﬁ Structure
Critical Detalil: Intersection of Bottom Girder and Transverse Committee 6
Bulkhead
Detail Description: Plane Qil Tight Transverse Bulkhead FI-LTEC'H—N(EGEI
Rev. 001-250199
CRITICAL AREA: DETAIL DESIGN GOOD PRACTICE:
Transverse
Bulkhead
Detail Design A - Soft Toe
Deep Penetration
Weldingwith
Root R < 1/3t

q<15°

1:3 Chamfer (where face plate
thickness > 25 mm)

15-25mm

t
R< 13t
L/\_/\_Bsmomm

Critical
Locations
1-006-1
Detail Design B - Parallel Toe Desp Feretration
PlaneQil Tight Welding with
/ Bulkhead q=0 Root R < 1/3t
Lowest — 1:3 Chamfer (where face plat
(L:Yoiéi:a 15-25mm ¢ R<1a
Critica i
Location C T _T
100 - 150 mm
1-006-2
/ N 7T T\
\ / )
\ / /
) /
N A Desin Detail
e Botiom Detail Attributes Rankings
A B
[IFatigue Performance 2 1
[IEase of Inspection 2 2
Maintenance Cost 2 2
Fabrication Cost 1 2
COMMENTS:

- The nominal distance between the centers of the bracket toe thickness and bottom girder web thickness should not exceed 1/3
of the inner bottom thickness.

- Extent of full penetration is 2-3 longitudinal spacings, or back to the first bracket web stiffener. A wrap around weld, free of
undercut or notches, in way of the toe of the bracket connection to the inner bottom plating.
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Vessel Type Double Hull Oil Tankers
Critical Area: Double Bottom
Critical Detalil:

Oil Tight Bulkhead
Detail Description:

Intersection of Bottom Girder and Transverse Plane

Bulkhead Vertical Stiffener End Brackets and
Higher Tensile Steel Bottom Girders

FTL

<

Ship
Structure

FLEET

TECHNOLOGY LTD

Committee

Detail

7

Rev. 001-250199

CRITICAL AREA:

Critical

Transverse
Bulkhead

DETAIL DESIGN GOOD PRACTICE:

Detail Design A - Soft Toe

CRITICAL DETAIL:

™~

1-007-1

I Detail Design B - Integral Soft Toe
Bracket, Increased Web Thickness and
PaneOil Tight Elimination of Scallop
/ Buikhead Integral Soft
ToeBracket X
e
1:3Taper e ¥ Increased Web
in Thickness /7 Thickness
Critica
Locations
Inner
Bottom\
1-007-2
— \
4 \
\ %
\ / Design Detail
\ Detail Attributes Rankings
1-07
Outer A B
Bottom [IFatigue Performance 2 1
[IEase of Inspection 1 1
Maintenance Cost 1 2
Fabrication Cost 1 2
COMMENTS:

- The nominal distance between the centers of the bracket toe thickness and bottom girder web thickness should not exceed 1/3

of the inner bottom thickness.

Ref: Lloyd'sR

ister
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Double Hull Qil Tankers
Double Bottom

Vessd Type:
Critical Area:
Critical Detalil:

and Transverse Floor
Detail Description: Welded Knuckle Connection

Intersection of Inner Bottom Plating, Hopper Tank

/3

Ship
Structure
Committee

Detail

8

Rev. 001-250199

CRITICAL AREA:
Critical
Detail

Inner
Bottom

DETAIL DESIGN GOOD PRACTICE:

Outer
Bottom

CRITICAL DETAIL:

Only Below
W8 Holds Hopper Transverse
/_ Ring Frames

Critical %
Locations

No scallop. Full penetration
weld connection of floor and
web to inner bottom girder and
hopper

Section C-C

Bottom

Bottom ]
=

|
L——

Floor_/l;'-

b i S

Outermost Girder

-

Outer Bottom _/

Bracket Arrangement
Section B-B

Inner
Bottom

Longitudinal
Girder

]

Detail Design A - Elimination of Scallops and Extension of Inner

Longitudinal
Girder

Detail Design B - Detail Design A with Additional |ntermediate

Intermediate Brackets

Between Floorsif
Spacing > 2.5m

1 1-008-2

Scarfing Brackets
(Gusset Plate)

1-008-1

Hopper
Transverse Ring
Web

“ Desian Detail
Detail Attributes Rankings
[13 A B
[IFatigue Performance 2 1
\_Longnuwnd \_ S ||Ease of I nspection 1 2
Girder Maintenance Cost 1 2
[IFabrication Cost 1 2

COMMENTS:

- Alignment between the transverse floor and the hopper transverse ring web and between sloping plating and hopper side girder
isto be maintained. Maximum misalignment isto be less than t/3 wheret is the thinner of the webs to be aligned and misalignment
is the overhang of the thinner thickness.

- Full penetration welding for the connections near the knuckle between double bottom floor to inner
bottom and girder, inner bottom to hopper and transverse ring web to hopper and girder and where full collars are fitted.
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Vessdl Type: Double Hull Oil Tankers Ship Detail
Critical Area: Double Bottom \ﬁ Structure
Critical Detail: Intersection of Inner Bottom Plating, Hopper Tank Committee 9
and Transverse Floor
Detail Description: Radiused Knuckle Connection FI-LTEC'H—N(EGEI
Rev. 001-250199

CRITICAL AREA: DETAIL DESIGN GOOD PRACTICE:

Critical
o Detail Design A - Elimination of Scallops
Bottom

Distance from side

girdertocentreof = ——»
knuckle > 50 mm
or<70mm

j Full Penetration Weld
Connection of

Transverse Ring Web
to Inner Bottom

Outer
Bottom

CRITICAL DETAIL:

Only Below
A B WB Holds Hopper Transverse
/_ Ring Frames
Critical /
I Locations |

1-009-1

Detail Design B - Detail Design A with Additional Intermediate
Bracket Arrangement

Outermost Girder

Inner Botto
A« B < _/
Outer Bottom:
Intermediate Brackets

Section A-A between Floorsif
Critical Spacing > 2.5m

Longitudinal
Locati
ation s TN
Inner Bottom:
\ e

\- T
Y L
Frame
Floor ﬁ
—) . . Desian I?etajl
[T Detail Attributes Rankings
\ A B
109 -
Longitudinal \ Outer Bottom ||Fat|que Perfor mance 2 1
Girder ||Ease of Inspection 1 2
Maintenance Cost 1 2
[IFabrication Cost 1 2
COMMENTS:

- Alignment between double bottom floor and the hopper transverse ring web. Maximum misalignment is to be less than t/3
wheret isthe thinner of the webs to be aligned and misalignment is the overhang of the thinner thickness.
- Full penetration welding for the connections near the knuckle between inner bottom and transverse ring web.
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Vessdl Type: Double Hull Oil Tankers Ship Detail

Critical Area: Double Side \ﬁ Structure

Critical Detail:  Intersection of Side Shell Longitudinal and Committee : 21
Transverse Web Frame Stiffener

Detail Description: Asymmetric Longitudinal FI-LTEC'H—NEEI

Rev. 001-250199

CRITICAL AREA:

DETAIL DESIGN GOOD PRACTICE:

Transverse SideShell . . ]
Web Frame Detail Design A - Soft Heel
Transverse Side d
Web Frame Stringer <
Stiffener
=30
Critical Sde rERM —)I e 55mm
Detal Longitudinal Max. 15mm ¥ \C |V
75 mm
T. ~ \
CRITICAL DETAIL: S ?
1-021-1
Side Longitudinal
Side Shell Bulkhead ) ) _
Side Shell Detail Design B - Soft Toe
Longitudinal and SOft Hee| d
r =30 mm.
t>d18 \
- r>0.75d _)I € 55 mm
U \tl Max. 15 mm v \( | ¥
— — omm
d2

T'S
C— — Detail Design C - Soft Toe
and Soft Backing Bracket

T 2 ‘
1-021-2

t>d/18
r>20d

t>d18 r>400 mm
r> 0.75d
o — ] Max. 15 mm
Max. 15 mm¢
Tl \ \T
Critical
Locations |(—) ¢ Min.1.5d >
Min. d/2 Min. 300 mm
Z 1-021-3
L

N

(: d=180- 300 mms
N
Design Detail
|~ - Detail Attributes Rankings
Transverse Web 1-21 A B C
Frame Siffener [IFatigue Performance 3 2 1
[IEase of Inspection 1 1 2
||M aintenance Cost 1 2 3
Fabrication Cost 1 2 3
COMMENTS:

- Alignment between the transverse web frame stiffener, the backing bracket and the web of the longitudinal isto be maintained.
- A wrap around weld, free of undercut or notches, around the heel and toe connections of the stiffeners and the backing bracket
to the longitudinal face plate.
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Vessdl Type: Double Hull Oil Tankers Ship Detail

Critical Area: Double Side \ﬁ Structure
Critical Detail: Intersection of Side Shell Longitudinal and Committee
Transverse Web Frame Stiffener

Detail Description: Symmetric Longitudinal FI-LFLEET

TECHNOLOGY LTD
Rev. 001-250199

CRITICAL AREA:

DETAIL DESIGN GOOD PRACTICE:

l

Transverse
Web Frame

Detail Design A - Soft Heel

Transverse

Web Frame Stringer A (
Stiffener
r=30 mm—\ <
Critical Side -)I .
Detail Longitudinal Max. 15 mm \, \( ¥ 75 mm
AT A
CRITICAL DETAIL: g 2
1-022-1

Side Longitudinal
Side Shell Bulkhead

Side Shell
Longitudinal

Detail Design B - Soft Toe
and Soft Heel :
r =30 mm:
t> d/1
r>0.75d '>| le 5mm
I I ax. mm
|\__~ J L \__pl Mac ; | i?Smm

N N T g G 2 T

-7 g
Detail Design C - Soft Toe
and Soft Backing Bracket ‘ s
t>d1s G
— o~ r>0.75d
Max. 15 mm Max. 15 mm
y ) A —¥

Critica Y
/ Locallons\ T |<—)| Min.15d |
A Min. d/’2 Min. 300 mm
1-022-3

(% NS )
4 >

N
Design Detail

— — “ Detail Attributes Rankings
Transverse Web vz A B C
Frame Siffener [IFatigue Performance 3 2 1
[IEase of Inspection 1 1 2
||M aintenance Cost 1 2 3
Fabrication Cost 1 2 3

COMMENTS:
- Alignment between the transverse web frame stiffener, the backing bracket and the web of the longitudinal isto be maintained.

- A wrap around weld, free of undercut or notches, around the heel and toe connections of the stiffeners and the backing bracket
to the longitudinal face plate.

Fatigue-Resistant Detail Design Guide for Ship Structures B-26



Part B - Catalogue of Fatigue Resistant Details

Vessd Type: Double Hull Oil Tankers Ship Detail
Critical Area; Double Side \ﬁ Structure
Critical Detail: Intersection of Side Shell Longitudinal and Committee
Transverse Ring Web FLEET
Detail Description: Transverse Ring Web Tripping Bracket Fl-l_TECHNOLOGY 1
Rev. 001-250199
CRITICAL AREA: DETAIL DESIGN GOOD PRACTICE:
SideShell
. Detail Design A - Soft Heel
ritical
Detl ) r=30mm
Transverse Ring
Web Frame Side Shell
Longitudinal 75mm
Hopper Max. 15 mm
Tark 1-025-1
CRITICAL DETAIL:
Detail Design B - Soft Toe
and Soft Heel
r =30 mm:
r>=300 mm
Side Shell 55 mm
¥ L smm
Max. 15 mml l(—1x
1-025-2
/_ Tripping Bracket
P / Detail Design C - Soft Toe
v | v and Soft Backing Bracket
A A Fa Bar r>=2x/3
/_ r>=400mm
~ A r>= 300 mm
I /— Hopper Ring
Face Plate Max. 15 mm
v gl A __v
* C | JTI_
Max. 15 mm X
» o " Minxi2 1
EEE:I?J ons o 10253
Tripping
Bracket
Desian Detail
Detail Attributes Rankings
» 1.25 A B C
e tenge [IFatigue Performance 3 2 1
_ [IEase of Inspection 1 1 2
Section A-A ||M aintenance Cost 1 2 3
Fabrication Cost 1 2 3

COMMENTS:
- Alignment between the tripping bracket, the backing bracket and the web of the side longitudinal is to be maintained.
- A wrap around weld, free of undercut or notches, around the heel and toe of the bracket connection to the longitudinal face plate.
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Vessel Type Double Hull Oil Tankers ship

Critical Area: Double Side \ﬁ Structure

Critical Detail: Intersection of Side Shell Longitudinal and Committee
Transverse Bulkhead

Detail Description: Transverse Bulkhead Horizontal Stiffener FTUFLEET

Rev. 001-020299

Detail

26

CRITICAL AREA:

Critical
Detail

Side Shell

Side
Longitudinal

Transverse
Bulkhead

CRITICAL DETAIL:

Side Longitudinal
Side Shell Bulkhead

|
1)) Bkt Bkt %
v J g 1
A A
), Bkt Bkt 72
Jj U]

Tank Bulkhead in Tight Bulkhead
Wing Ballast Tank

DETAIL DESIGN GOOD PRACTICE:

Detail Design A - ]

Soft Toe

Detail Design B - Soft
Toe and Soft Backing

Max. 15mm-)|
Bracket T, |+

t=di22 or
12 mm Min.

X >1.5d
Min. 300 mm

|‘

|

Max. 15 mm)l

r>15d

EE—

Design Detail
Detail Attributes Rankings
A B
Section A-A [IFatigue Performance 2 1
[IEase of Inspection 1 2
||M aintenance Cost 1 2
Fabrication Cost 1 2
COMMENTS:

- Alignment between the web of the bulkhead horizontal stiffener, the soft toe brackets and the web of the side longitudinal isto

be maintained.

- A wrap around weld, free of undercut or notches, around the heel connections of bulkhead stiffener and toe connection of brackets.
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Vessd Type: Double Hull Oil Tankers Ship Detail
Critical Area: Double Side ﬁ Structure
Critical Detail: Intersection of Side stringer and Transverse Committee
Bulkhead Horizontal Girder 27
Detail Description: Plane Oil Tight Transverse Bulkhead FI-LTEC'H—N(EGEI
Rev. 001-250199
CRITICAL AREA: \ DETAIL DESIGN GOOD PRACTICE: Decp Penctaion
e Critical Location 1: Detail Design A - Soft Toe R i Rt
Plane
Tensres s P <
Horizontal
o Critical 15-25mm ¥ ) e
Detail

CRITICAL DETAIL:

SideStringer

Critical
Location#1

-

AN

/AR

Horizontal
Girder

N
ZT_/\—/\)ST

Critical Location 1: Detail Design B - Parallel Toe

q=0

1:3 Chamfer (where face plate
thickness > 25 mm)

15-25mm

T

L/\/\_)SLO

Critical Location 2: Detail Design A - Removal of
e

[

==

XD .

\ Side Longitudinal

Bulkhead

R<1/3t |-

1-027-1

Deep Penetration
Welding with Root
R< 13t

R<1/3t

150 mm

1-027-2

lop

1-027-3

- Horizontal Girder

N\
\d
Transverse Oil Desian Detail
gt Bulkeed Detail Attributes Rankinags
Critica A B
Location #2
\ [IFatigue Performance 2 1
= <;@dl\ 127 [IEase of Inspection 1 2
Side Longitudinal Maintenance Cost 1 2
Bulkhead Fabrication Cost 1 2
COMMENTS:

- Nominal distance between the centers of thickness of two abutting members should not exceed 1/3 of table member thickness.
- Deep penetration welding for connection of toe bracketsin Location 1. Fillet welding for side stringer webs in way of bracket

toesin Location 1 and all connection in Location 2.
- A wrap around weld, free of undercut or notches, around the plate thickness.
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Vessdl Type: Double Hull Oil Tankers Ship Detail

Critical Area: Double Side ﬁ Structure
Critical Detail: Intersection of Side stringer and Transverse Committee : ! 8

Bulkhead Horizonta Girder

Detail Description: Corrugated Oil Tight Transverse Bulkhead FI-LTEC'H—NEGEI
Rev. 001-250199
CRITICAL AREA: DETAIL DESIGN GOOD PRACTICE:
Side Shell
Corrugated
iy s | Detail Design A - Soft Toe
Deep Penetration
Horizontal Weldingwith
Girder Critical q<19 Root R< 1/3t
Detail 1:3 Chamfer (where face plate le ¢

thickness > 25 mm)

CRITICAL DETAIL: 15-25mm

/—\,/'\/_ Side Stringer 1-028-1
4 Critical
C Location Detail Design B - Parallel Toe Deep Penetration
Welding with
q=c Root R: 13t

1:3 Chamfer (where face plate

thickness > 25 mm) > <t

St

Transverse Ol
Tight Bulkhead
Critical
Location
( Desian Detail
Detail Attributes Rankings
x_,_,_/ A B
\ ‘ Side Longitudin [IFatigue Performance 2 1
Sdesnell  Bulkhexd [IEase of I nspection 1 2
Maintenance Cost 1 2
Fabrication Cost 1 2
COMMENTS:

- Nominal distance between the centers of bracket toe thickness and side stringer web thickness should not exceed 1/3 of side
longitudinal bulkhead thickness.

- Deep penetration welding for connection of toe brackets to side longitudinal bulkhead. Fillet welding for side stringer webs in way
of bracket toes to side longitudinal bulkhead. A wrap around weld, free of undercut or notches, around the plate thickness.

Ref: Lloyd's Register
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Detail

29

Rev. 001-020299

Vessel Type: Double Hull Oil Tankers Ship
Critical Area: Double Side \ﬁ Structure
Critical Detail: Intersection of Transverse Web Frame and Committee
Hopper/Topside Tank
Detail Description: Welded Side Longitudinal Bulkhead and Hopper | FTWELEET
Sloping Plating
CRITICAL AREA: DETAIL DESIGN GOOD PRACTICE:
Transverse Detail Design A - Elimination of Scallops
Web Frame Side Shell
Critical gﬁige Full Penetration
Detal Welding
Hopper
Tank

No Scallop

CRITICAL DETAIL:

Side
Longitudinal
Bulkhead

Critical
Location

Hopper
Tank

Transverse Web

/ \ Side Stringer
Critical

Location /_

Hopper Tank
Transverse Ring
1-29

Deep Penetration
Welding

1-029-1

Detail Design B - Detail Design A with Additional Intermediate

Transverse Brackets

—

Transverse
Web

1-029-3

View A

“ Desiagn Detail
Detail Attributes Rankings
A B
[IFatigue Perfor mance 2 1
[IEase of I nspection 1 2
[IM aintenance Cost 1 2
[IFabrication Cost 1 2

COMMENTS:
- Nominal distance between centers of thickness of the two abutting members should not exceed 1/3 of the table member thickness.
- Full penetration welding for the connection of the hopper sloping plating to side longitudinal bulkhead and connection of side
stringer to side longitudinal bulkhead. Deep penetration welding for connection of transverse web to side longitudinal bulkhead
and to side stringer, hopper transverse webs to sloping plating, to side longitudinal bulkhead and to side stringersin way of
hopper corners.
Ref: Lloyd'sR

ister
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Vessd Type: Double Hull Oil Tankers Ship Detail
Critical Area; Double Side \ﬁ Structure
Critical Detail: Intersection of Transverse Web Frame and Committee
Hopper/Topside Tank FLEET
Detail Description: Knuckled Side Longitudinal Bulkhead and Hopper Fl-l_TECHNOLOGY 1
Slopi ng Plati ng Rev. 001-250199
CRITICAL AREA: DETAIL DESIGN GOOD PRACTICE:
uzs;f;fe Side Shell Detail Design A - Removal of Detail Design B - Detail Design
_ Scallops and Closer Knuckle A with Additional Longitudinal
Citcd Srnger Distance from Side Girder Transverse Brackets
Detail
Hopper ‘ B
Tark Deep Penetration
Welding
. Knuckle Line Longitudinal
CRITICAL DETAIL: 7omm Bracket
Side Longitudinal Transver
/\/\/ Bulkhead Bracket
Side Shell
n M
\ P b <
B D Critical TransverseWeb
! ! Location Longitudinal Bracket
r=100- 150 mm SectionD-D
___________ Knuckle Line 180 mm
SdeS{ringe/ ymm  \__ Knuckle Line D %
D
j Longitudinal
Bracket
HOpperTank Trensverse
Brackets 1-030-1
Transverse Web
View A View B
Corsion Sice Singer Design Detail
Detail Attributes Rankings
A B
____________ Hopper Tark [IFatigue Perfor mance 2 1
Trensverse Ring [IEase of I nspection 1 2
Kruke [IM aintenance Cost 1 2
[IFabrication Cost 1 2

1-30

- Nominal distance between centers of thickness of the two abutting members should not exceed 1/3 of the table member thickness.
- Deep penetration welding for the connection of side stringers to side longitudinal bulkhead, connection of transverse web to side
longitudinal bulkhead and to side stringer, connection of hopper transverse web to sloped side longitudina bulkhead and to side

stringer in way of hopper corners.

Ref: Lloyd'sR

ister
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Vessd Type:
Critical Area:
Critical Detalil:

Double Hull Oil Tankers

Deck

Intersection of Deck Transverse End Brackets
and Transverse Web Frames

<

Ship
Structure
Committee

Detail Description: Toe Connection

FTL

FLEET

TECHNOLOGY LTD

Detail

ol

Rev. 001-250199

CRITICAL AREA:

Transverse
Bulkhead

Transverse

CRITICAL DETAIL:

BN

Deck

DETAIL DESIGN GOOD PRACTICE:

Detail Design - Modification from Lapped Collars to Slit Type
Collars, Removal of Scallops and Improved Bracket Toe

Soft or
Parallel Toe

Slit Type
Collar

1-061-1

Detail Design A
Soft Toe

= 1:3 Chamfer (whereface plate
thickness > 25 mm)

15-25mm

No Scallops

Deep Penetration
Welding with
Root R < 1/3t

t |

R< 13t

1-061-2

1 1 Transverse
fgg;a:m Deta” DeSI gn B - 1:3 Chamfer (where face plate e
. S t
} } Paral | el Toe thickness > 25 mm)
Side Longitudinal q=¢
| } »; Bulkhead 15-25mm y v R<1a
1 1
100 - 150 mm
I I 1-061-3
Critical
(] 1 Locations D&ﬂqn Detall
Detail Attributes Rankings
T T - A B
} } Lo [IFatigue Perfor mance 2 1
[IEase of I nspection 1 2
Side [IM aintenance Cost 1 2
Shell TransverseWeb [IFabrication Cost 1 2
Frame
COMMENTS:

- Nominal distance between centers of bracket toe thickness and transverse web thickness should not exceed 1/3 of the side

longitudinal bulkhead thickness.

- Deep penetration welding for the connection of bracket toes to side longitudinal bulkhead. Fillet weldin for the connection of
transverse websin way of bracket toesto side longitudinal bulkhead.

Ref: Lloyd'sR

ister
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B.5.2 Bulk Carrier Structure Details

Hatch Coaming

Transverse Ring
Web
Side
Shell

Hopper Tank
Transverse Ring
Web

Tank

Bottom
Girder

A Bottom
Inner Longitudinal
Bottom \ Outer

Figure B.5.2: Typica Midship Section Nomenclature for Bulk Carriers
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TableB.5.2 (a): Critica Structura Details for Double Bottom
| Critical Structural Details Detail Type# Detail Figure

Transverse
Bulkhead Transverse

Transverse Floor Stiffener

Inner/Outer Bottom Longitudinals

Non Critica

Transverse Bulkhead Section B.7 || Detail

Critical Bottom
Detail #1 Longitudina

Transverse Transverse

Bulkhead Fl OOVB
N ottom
Transverse Floor Section B.7

Bottom Girders

Transverse Bulkhead Section B.7

Hopper Tank
- Welded Knuckle Connection
- Radiused Knuckle Connection

Bottom Longitudinal Section B.7

Inner/Outer Bottom Plating Bottom Girder Section B.7

Outer Boit Non Critical
Bottom o! o_m X Detail
Longitudinal

Transverse
Non Critical

Transverse Floor Section B.7

Transverse Bulkhead Section B.7
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Table B.5.2 (b): Critica Structura Details for Sde Shell (includes hopper and topside tanks)

VDetaiI Figure

Critical

I Critical Structural Details Detail # |
Side Shell
Frame

Hopper/Topside Tank
Sloping Plating

Side Shell Frame End
Brackets

Hopper
ITank
Sloping

Side Shell Frames

Detail #21

Critical
Detail #22

Hopper/Topside Tank
Transverse Ring Web Flat

Bar Stiffener

Hopper/Topside Tank Longitudinals

Bottom/Deck Longitudinals

Side Shell Longitudinals

Topside Tank

Longitudinal
Side Shell

Hopper Tank
Sloping Plating

Side Shell
Longitudinal

'

Bottom
Longitudinal

Critical
Detail #23

Detail #23

Transverse
Ring Web

Hopper/Topside Tank
Transverse Ring Web
Tripping Bracket

Hopper/Topside Tank Longitudinals

Bottom/Deck Longitudinals

Side Shell Longitudinals

Critical
Detall #24

Topside Tank

Longitudinal
Side Shell

Hopper Tank
Sloping Plati ng\

Side Shell
Longitudinal

<

Bottom
Longitudinal

Detail #24

Side Shell Frame

End Brackets

SectionB.7

Side Shell Plating

Non Critical
Detall
SectionB.7

B-36
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Table B.5.2 (¢): Critical Structurd Details for Transverse Bulkheed
I Critical Structural Details Detail # |

Detail Figure

Lower Bulkhead Stool

Inner/Outer Bottom
Longitudinals

Critical

Inner Bottom

Transverse Bulkhead Shelf Plate

Transverse Bulkhead

I Critical Structural Details Detail # |

Topside Tank and
Upper Stool

Bulkhead

Table B.5.2 (d): Critical Structura Details for Deck

Detail Figure

Deck Plating

Topside Tank

SectionB.7

Transverse Web Frame

SectionB.7

Longitudinal Hatch
Coaming End Bracket

Deck
Hatch

Coaming
Non Critical

Non Critical
Detail

Critical Detail #61 Transverse
Web Frame

Deck Transverse Stiffener

Deck Longitudinals

Deck Hatch Corners/End
Beams

Topside Tank Tranverse
Ring Web

Detail #63
Critical
Detall #62

Transverse
Ring Web
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of Fatigue Resistant Details

Vessd Type:
Critical Area:
Critical Detalil:

Bulk Carriers
Double Bottom

Intersection of Inner/Outer Bottom Longitudinal and

Transverse Floor Stiffener

Detail Description:

<
L

FLEET

TECHNOLOGY LTD

Ship
Structure
Committee

Detail

1

Transverse
Floor

Rev. 001-260199
DETAIL DESIGN GOOD PRACTICE:
soton | Detail Design A - Soft Hesl
Longitudina
Outer
Bottom Max. 15 mm
| 2-001-1
) e~
Inner Locations . .
Bottom Detail Design B - Soft Toe d
and Soft Heel '=30"‘m\
Transverse t>d/l
Floor r>0.75d _)I ke 55 mm
d'=180- 300 mm Max. 15 mm \(_&
Longitucina Transverse Floor *f A =uy
Stiffener I‘-)
d/2
Outer 2-001-2
Bottom
Critical —
Locations i : ~
A Detail Desgn.C Soft Toe g
and Soft Backing Bracket > 18
r>20d
t>d/18 r > 400 mm
r>0.75d
. Max. 15 mm
Section A-A /_ s Botom _— Max. 15 mm *_— —* -
A Min. 1.5d
L L 1 L ‘—’IM:E. 0 m
C ] C =] =D

2-001-3

Ref: Lloyd's Reqist

er

Critica
Locations ) )
Desian Detail
= = = Detail Attributes Rankings
i i I s [c
N A N yo N -
7 v lIEatique Performance 3 2 1
Stiffener Longitudina [IEase of I nspection 1 1 2
Outer Bottom ||M aintenance Cost 1 2 3
Fabrication Cost 1 2 3
COMMENTS:

- Alignment between the longitudinal stiffener web and transverse floor stiffener and the backing bracket is to be maintained.
- A wrap around weld, free of undercut or notches, around the heel and toe connections of the floor stiffener and backing bracket.
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Vessd Type:
Critical Area:
Critical Detalil:

Bulk Carriers

Double Bottom

Intersection of Inner/Outer Bottom Plating and
Hopper Tank

Detail Description: Welded Knuckle Connection

Ship
Structure

Qﬁ Committee

Detail

8

Rev. 001-260199

CRITICAL AREA:

Side Shell Frame

Inner Bottorr

Outer Bottom

Side Shell

Hopper Tank No scallop. Full penetration

weld connection of floor and
web to inner bottom girder and

Ciitical Detail hopper
CRITICAL DETAIL:
Only Below
W8 Holds Hopper Transverse
B /_ Ring Frames
Critical H
Locations % Section C-C Inner

I Bottom

[
~ N4
o —— | o=l
Q Bottom
e e S e e e e e e e
Floor »
Qutermost Girder Bracket Arrangement

-

SectionR-R

Outer Bottom _/ Inner

Bottom

Longitudinal
Girder

o€

DETAIL DESIGN GOOD PRACTICE:
Detail Design A - Elimination of Scallops and Extension of Inner

Detail Design B - Detail Design A with Additional |ntermediate

Intermediate Brackets
Between Floorsif
Spacing > 2.5m

11

Longitudinal
Girder Hopper
Transverse Ring
P \Web

Scarfing Brackets
(Gusset Plate)

2-008-1

- Alignment between the transverse floor and the hopper transverse ring web and between sloping plating and hopper side girder
isto be maintained. Maximum misalignment isto be less than t/3 wheret is the thinner of the webs to be aligned and misalignment
is the overhang of the thinner thickness.

- Full penetration welding for the connections near the knuckle between double bottom floor to inner
bottom and girder, inner bottom to hopper and transverse ring web to hopper and girder and where full collars are fitted.

2-008-2
Desian Detail
Detail Attributes Rankings
['E A B
[IFatigue Performance 2 1
\_ i \_ N ||Ease of Inspection 1 2
IgiJrnc?;u " Maintenance Cost 1 2
[IFabrication Cost 1 2
COMMENTS:
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Vessel Type: Bulk Carriers Ship Detail
Critical Area: Double Bottom \ﬁ Structure
Critical Detail: Intersection of Inner/Outer Bottom Plating and Committee
Hopper Tank
Detail Description: Radiused Knuckle Connection FI-LTEC'H—N(EGEI
Rev. 001-260199

CRITICAL AREA: DETAIL DESIGN GOOD PRACTICE:

Side Shell Frame:

\ Side Shell Detail Design A - Elimination of Scallops

Inner Bottorr
Hopper Tank
Distance from side

girder to centre of —
knuckle>50 mm
Critical Detail or <70 mm

j Full Penetration Weld
Connection of

Transverse Ring Web
to Inner Bottom

Outer Bottom

CRITICAL DETAIL:

Only Below
WB Holds
Hopper Transverse
A 8 / /_ Ring Frames

Critical
Locations |

2-009-1

Detail Design B - Detail Design A with Additional Intermediate
Bracket Arrangement

Inner Bottol

Outermost Girder
Intermediate Brackets

A «— B 4_| _/
Outer Bottom
between Floorsif

Section A-A Longitucing Spacing > 25 m

Critica Girder \

Location

Inner Bottom—\
Hopper 1 1 1 2-009-2

\) Transverse
Ring Web
Frame
loor ﬁ
FOO Desian Detail
—) [‘E Detail Attributes Ean <|nq§=
\\_ \ [[Fatigue Per formance 2 1
2-09 n
Longitudinal Outer Bottom ||Ease Of | nSDEC'[IOH 1 2
Girder M aintenance Cost 1 2
||Fabricati0n Cost 1 2
COMMENTS:

- Alignment between double bottom floor and the hopper transverse ring web. Maximum misalignment is to be less than t/3
wheret isthe thinner of the webs to be aligned and misalignment is the overhang of the thinner thickness.
- Full penetration welding for the connections near the knuckle between inner bottom and transverse ring web.

Ref: Lloyd's Reqister
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Vessel Type: Bulk Carriers Ship Detail

Critical Area: Side Shell \ﬁ Structure
Critical Detalil: Committee

Intersection of Hopper/Topside Tank Sloping

Plating and Side Shell Frame End Brackets 2 1
; FTUFLEET

Detail Description: Hopper Tank Backing Bracket

TECHNOLOGY LTD

Rev. 001-260199

CRITICAL AREA: DETAIL DESIGN GOOD PRACTICE:
SdeShell Detail Design A - Elimination of
Critical Detail Scallop and Additional Carling

FrameL ower
Bracket

Hopper Tank

Side Shell Frame
End Bracket

CRITICAL DETAIL:

2-021-1

Detail Design C - Detail Design A

Detail Design B - Full Bracket and B with Eull Collar

Frame Lower
Bracket

Frame Lower

Bracket Full Collar

2-021-2 2-021-3
Critical
Location Desiqn Detail
Detail Attributes Rankings

e r Al B[ C
Tark "Fatique Performance 3 2 1
Ease of |nspection 1 1 2
221 [IM aintenance Cost 2 1 3
[IFabrication Cost 2 1 3

COMMENTS:

- Alignment between frame bracket and supporting bracket is to be maintained. Maximum misalignment is to be less than t/3 where
t isthe thinner of the webs to be aligned and misalignment is overhang of the thinner thickness.

- Ensure start and stop of welding is far away as practicable from the unsupported edge corners in the supporting brackets.

Ref: Lloyd's Register
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Vessel Type: Bulk Carriers Ship Detail
Critical Area: Side Shell \‘ﬁ Structure
Critical Detail: Intersection of Hopper/Topside Tank Sloping Committee
Plating and Side Shell Frame FLEET
Detail DescriptiOnZ Hold Brackets mTECHNOLOGY LTD
Rev. 001-260199
CRITICAL AREA: T DETAIL DESIGN GOOD PRACTICE:
Side Shell
Side Shell Detail Design A - Soft Toe
Frame Critical Detail .
View X
Hopper Tank r = 10t,,
Sloping Pating x=2/3r
y=12r Face Plate
Side Shell Frame
End Bracket
Chamfer 1:3: Frame Bracket Chamfer 1:3
o /
10 mm b \___r
Ring Web
CRITICAL DETAIL: Max Taper 1:3™ / Below Hopper
Recommended 1:5 —
when HT Stedl is
used
15-25mm 2-022-1
Detail Design B - Extended Toe
Suggested: N
y=5, i .
A ~a View X
Critical x>3y
Location Taper 1:5
Frame Upper Chamfer 1:3
Bracket Frame Bracket hs Chamfer 1:3
10 mm —>; Y:d] 1 —
SideShell :ierigm/vwiipper
Frame Lower |_ 2-022-2
Bracket
15-25mm
Critical
Location
Desian Detail
Detail Attributes Rankings
A B
"Fatique Performance 2 1
Ease of | nspection 1 1
[IM aintenance Cost 1 1
[IFabrication Cost 1 2
2-22
COMMENTS
- Alignment between side shell frame lower and upper brackets and transverse ring webs or supporting brackets is to be maintained.
Maximum misalignment is to be less than t/3 where t is the thinner of the webs to be aligned and misalignment is overhang
of the thinner thickness.
- Ensure start and stop of welding is far away as practicable from the toe of the frame brackets. A wrap around weld, free from
undercut and notches, around the toe of the end bracket connections to hopper plating.
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Vessel Type: Bulk Carriers Ship Detail

Critical Area: Side Shell \ﬁ Structure
Critical Detail: Intersection of Hopper/Topside Tank Transverse Committee 23

Web Flat Bar Stiffener and Hopper/Topside tank,

Bottom/Deck, and Side Shell Longitudinal Fl-l_TECHNOLOGY b
Detail Description: Rev. 001-260199
CRITICAL AREA: DETAIL DESIGN GOOD PRACTICE:
Topside S -, Transverse . .
Tank R G Ring Web Detail Design A - Soft Heel
< ing
Topside Tank \\}..'\'\}\'Q\\:ﬁ%
Longitudina SESERNRER
Critical Detail
Side Shell Sidesnall
Frame
Hopper Tank I Max. 15 mm
Sloping Plating
Side Shell M
Longitudinal 4 Critical Detail
Bottom A ":\:5 . 2-023-1
Longitudinal £ N
g Y . . "
&S Detail Design B - Soft Toe
and Soft Heel d
r=30mm
CRITICAL DETAIL: t>d18 \
r>0.75d —)I [« 55mm
Max. 15 mm i
Y 75 mm
Critical 'y
Locations

di2

2-023-2

Detail Deﬁign_c - Soft Toe -
Section A-A and Soft Backing Bracket
d
t>d/18
r>20d
s o
A/\ Max. 15 mm Max. 15 mm
%' L\ . T
A |<—> in.15d
o — g Min. d/2 min, ;)gmm ;
A 2-023-3
=
Design Detail
— “ Detail Attributes Rankings
- ALl j A B C
[— r\ "Fatique Performance 3 2 1
A€ »2 Ease of I nspection 1 1 2
[IM aintenance Cost 1 2 2
||Fabrication Cost 1 2 3

COMMENTS:

- Alignment between longitudinal web stiffener, transverse ring web stiffener and backing bracket is to be maintained.

- Ensure start and stop of welding is far away as practicable from the heel and toe. A wrap around weld, free from undercut and
notches, around the heel and toe connections of stiffener and bracket to longitudinal.

Ref: Lloyd's Reqister
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Vessel Type: Bulk Carriers Ship Detail

Critical Area: Side Shell \ﬁ Structure
Critical Detalil: Committee

Intersection of Hopper/Topside Tank Transverse

Web Tripping Bracket and Hopper/Topside tank, 24
pping pp p: FI.LFLEET

Bottom/Deck, and Side Shell Longitudinal TermoroeT Lo
Detail Description: Rev. 001-260199

CRITICAL AREA: DETAIL DESIGN GOOD PRACTICE:
Topside P < Transverse
Tank NS G Ring Web Detail Design A - Sof
S ing ail Design t Heel
Topside Tank \\g \\\.\\\:*“3:
Lonaitudinal SIS
Critical Detail
Side Shell Sideshell r=30mm
Hopper Tank Feme v _5 75 mm
Sloping Plating F
Side Shell M I
Longitudinal 4 Critical Detail 2 2
Bottom y ":\:,: 2:024-1
Longitudinal £ (f"‘
3 Detail Design B - Soft Toe
and Soft Heel
CRITICAL DETAIL: R > 300 mm
r=30mm
Max. 15mm
w 75 mm
I x F
Critical I
Locations
2-024-2
D Detail Design C - Soft Toe
Section A-A and Soft Backing Bracket
R>2X/3
/\ R >300 mm / R >400 mm
p Max. 15 mm Max. 15 mm
A N
7 n__d l 2-024-3
A A
Design Detail
— “ Detail Attributes Rankings
- ALl j A B C
[— r\ "Fatique Per for mance 3 2 1
A€ z2 Ease of I nspection 1 1 2
[IM aintenance Cost 1 2 3
||Fabrication Cost 1 2 3

COMMENTS:
- Alignment between longitudinal web stiffener, transverse ring web tripping bracket and backing bracket is to be maintained.

- Ensure start and stop of welding is far away as practicable from the heel and toe. A wrap around weld, free from undercut and
notches, around the heel and toe connections of brackets.
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Fatigue Resistant Details

Vessel Type: Bulk Carriers Ship Detail
Critical Area: Transverse Bulkhead \ﬁ Structure
Critical Detail:  Intersection of Lower Bulkhead Stool and Committee 4 1
Inner/Outer Bottom L ongitudinal
Detail Description: FI-LTECL‘NEGEI
Rev. 001-260199

CRITICAL AREA:

Lower Stool

DETAIL DESIGN GOOD PRACTICE:

Detail Design A - Soft Toe

Critical Detail g-,[,)-,;;m I;ng ‘i}/:[aﬁlgfsf:;n\(’ev "
Inner Bottom
Outer Bottom g —»| |«—10d 10d-» )
) S
CRITICAL DETAIL: ( |—> < 100 100 > k_l 8
Critca <—| P oALL
Locations /— Inner Bottom
: . Detail Design C - Single Plate
ﬂ ) aDnecgalslolthe;a?:rlli ) ;?;Je?e Integral Brackets, Additional
Full Collars Ing i Stability Stiffener and Soft
WT Floor (L:':ct;’idms Floor Brmke&m
>d
R 200
Full Collars R > 400 mm
x t>d/18 Floor
‘ j I R>1.5d d
Outer Bouom—/ J Max. 15 mm Max. 15 mm
A

Section A-A

Inner Bottor

Sloping

TA

Stool Plate

-

Min. 1.5d
Min.400mm

2-041-2

-

4

Outer Bottom

T T T Desian Detail
% I-é ' LJ: Detail Attributes Rankings
\ A B C
Longitudina "Fatique Performance 3 2 1
I Ease of |nspection 2 2 1
[T [T \ [IMaintenance Cost 1 1 2
A = o [IFabrication Cost 1 2 2

COMMENTS:

- Alignment between brackets and stiffener webs is to be maintained.
Maximum misalignment is to be less than t/3 where t is the thinner of the webs to be aligned and misalignment is overhang
of the thinner thickness.

- Fillet welding between inner bottom and floors.

- Ensure start and stop of welding is far away as practicable from the toe of brackets or corners. A wrap around weld, free from
undercut and notches, around the toe connections of the stiffeners and backing brackets to longitudinal.

Fatigue-Resistant Detail Design Guide for Ship Structures

B-45



Part B - Catalogue of Fatigue Resistant Details

Vessel Type: Bulk Carriers Ship Detail

Critical Area: Transverse Bulkhead \ﬁ Structure

Critical Detalil: Intersection of Lower Bulkhead Stool and Inner Committee 4: !
Bottom Girder

Detail Description: Fn.!fc'mﬂ%l

DETAIL DESIGN GOOD PRACTICE:

Inner @
Bottom_\
No Scallops-

Rev. 001-260199

CRITICAL AREA:

Detail Design
B€

Lower Stool

Critical Detail

Longitudingl Full Penetration
Girder Welding
CRITICAL DETAIL:
B <l
Lower Stool No Scallops Sloping Stool Plate
ion B-B Full Penetration
Inner Bottom Sectiol Welding Ring Web
\ A~ " N~
/ h Inner Bottom:
4\ - I Y
Critical H ! !
Locat D = >
Longitudinal ocations Foor
Girder - [ -

\ Outer Bottom A 4J P r -

SectionA-A Z04z1
Critical Sloping Stool Plate
Inner Bottom: gﬁ“{”ﬁ /‘é Ring Web
[ NaN
3/ L |_L BN [u; Desian Detail
= S ~ ! Detail Attributes Rankinas
L _ ] oo Longitudingl A Original Detail
Q T'rder "Fatique Performance 1 2
L = A L ! Ease of Inspection 2 1
r‘ 1 r [- [_ | [T ‘ [IM aintenance Cost 2 1
2 [IFabrication Cost 2 1

COMMENTS:

- Alignment between double bottom girders and lower stool webs and between floors and stool platesisto be maintained.

- Full penetration welding between inner Bottom and stool plates and near the corner intersections of primary members, floor
plates, girders and lower stool webs of ballast hold side.

- Fillet welding between inner bottom and stool plates for dry cargo hold side.

- Ensure stop and stop of welding is as far as practicable from the corners.

Ref: Lloyd's Register
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Vessel Type: Bulk Carriers Ship Detail

Critical Area: Transverse Bulkhead \ﬁ Structure

Critical Detail: Intersection of Transverse Bulkhead Stool and Committee 43
Lower Transverse Bulkhead Shelf Plate

Detail Description: FI-LFLEET

TECHNOLOGY LTD

Rev. 001-260199
CRITICAL AREA: DETAIL DESIGN GOOD PRACTICE:
Lmeae Detail Design A - Avoid
Origina Detail Crossing Shedder Plates
T

Critical Detail

4
Shelf Plate Shedder
Plates b— Shedder
Lower Stool A Plates
| — Diaphragm
Shelf
Plate ﬁ_ Full Penetration
Welding
—>
\ Lower Stool —/‘ 20431
Detail Design B Detail Design C
A

[
CRITICAL DETAIL: |
i
Transverse Bulkhead i

Shedder

Reduces stress Platec
Shedder Plates — concentrations in the
| corrugation corners
}—— Diaphragm
Shelf Plate: Full Penetration
™~ Welding %‘
2—04';2N Lower Stool 2-043-3

Shedder Plate

Diaphragm

Lower Stool h= b2 € b
Inner Bottom / - NA
2-43
Shelf Plate
[

T T T
L\.-L\,_l_,.«L\/l_, Lower Stool

s

+ = le

Design Detail
Detail Attributes Rankings
"Fatique Performance 3 2 1
Ease of | nspection 1 1 1
[IM aintenance Cost 1 1 1
Lower Stool shelf Plate IFabrication Cost 1 2 3

COMMENTS:

- Alignment between lower stool sloping plates and corrugation faces is to be maintained.

- Full penetration welding at the connections of the bulkhead corrugations, diaphragm and the stool sloping plates to the lower
stool shelf plate. Ensure start and stop of welding is far away as practicable from the corners of the corrugation.
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Vessd Type: Bulk Carriers Ship Detail
Critical Area: Transverse Bulkhead \ﬁ Structure
Critical Detalil: Intersection of Transverse Bulkhead and Topside Committee 44
Tank and Upper Stool
Detail Description: FI-LTEC'H—N%EI
Rev. 001-260199
CRITICAL AREA: DETAIL DESIGN GOOD PRACTICE:

Deck

Gitiea Detail Design A- Diaphragm Plates between Corrugations

Detail Topside Tank ¢ $

Bulkhead Deck

Watertight division or ring
webinlinewith flange b’ of
the bulkhead corrugations

Upper Stool
Shelf Plate

CRITICAL DETAIL:

Dok \ Detail Design B - Diaphragm Plates and Transverse Web
t_t | | Reinforcement

\

\

\

Watertight Division Transverse web reinforcement in Il‘ne with
flange 'a of the bulkhead corrugations

Critical Locations Full Collar

Upper |
Stool
| Topside Tank Upper Stool
;vl Shelf Plate
upper 1] NN
Stool Shelf j
Diaphragm
/ Plates
1
Critical Locations
Desian Detail
Detail Attributes Rankings
k A B
v "Fatique Performance 2 1
Ease of |nspection 1 2
[IMaintenance Cost 1 2
[IFabrication Cost 1 2
COMMENTS:

- Alignment between transverse web and the flange of corrugations. Maximum misalignment is to be less than t/3 where t isthe
thinner of the platesto be aligned and misalignment is the overhang of the thinner thickness.

- Fillet welding for connections of transverse bulkhead to topside tank and upper stool shelf plating.

- Ensure start and stop of welding is far away as practicable from the critical corners.

Ref: Lloyd's Reqister
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Vessel Type: Bulk Carriers Shi Detail
. ip
Critical Area: Deck \ﬁ Structure
Critical Detail: Intersection of Deck Plating and Longitudinal Hatch Committee 6 1
Coaming End Bracket
Detail Description: Fn.!fc'mﬂ%l
Rev. 001-260199

CRITICAL AREA: DETAIL DESIGN GOOD PRACTICE:
Detail Design A - Extend Longitudinal Hatch Coaming with Soft Toe

e

¥'S | Longitudinal
Hatch Coaming

/i
0.7H, H

Hatch Coaming

End Bracket

E o Hat Topside Tank
Endﬁh—\ Longitudinal Boundary

(Vertical Strake)

o

Topside Tank

CRITICAL DETAIL:

Detail Design B - Face Flange with Soft Toe

TTranS/erse Hatch Hatch Coaming _ |—> c Longitudinal ;‘ ion C-C
| (End) Coaming Transverse Bracket R=500mm Hatch Coamin ( Secti =
———————————— with Soft Toe Wi it @l I |
& Symmetrical
1 b 5 Flange
Vi
\
Brackets _l—k_C__)' _______ j
2-061-2
Chamfer 1:3
Taper 1:4
SectionA-A v
Hatch Coaming __———L;gm%a— — A 15-25 A
Longitudinal Hetch Coaming
End Brackets
Brackets Lo R B
[— Critical Location
peck Betvieen Desian Detail
] \\_‘ e Topside Tank Detail Attributes Rankings
End Longitudinal A B
Bound: -
B alitd "Fathue Per formance 2 1
Ease of [nspection 1 2
Topside Tank . " n
Longidina Topside Ring Web IM aintenance Cost 1 2
[IFabrication Cost 1 2

COMMENTS:

- Alignment between hatch coaming end bracket and supporting structure is to be maintained.

- Maximum misalignment isto be less than t/3 where t is the thinner of the webs to be aligned and misalignment is the overhang
of the thinner thickness.

- Full penetration welding isto be used for a distance of 0.15Hc from the bracket toe end ensuring start and stop of welding is as
far as practicable from the toes of brackets or corners.

- A wrap around weld, free from undercut or notches, around the toe connection of the bracket to deck plating.

Ref: Lloyd'sR

ister
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Ship

Vessel Type Bulk Carriers
Critical Area: Deck
Critical Detail: Intersection of Deck Transverse Stiffener and

Deck Longitudinal
Detail Description:

ﬁ Structure
Committee
ETUFLEET
TECHNOLOGY LTD

Detail

62

Rev. 001-260199

Critical Detail

Deck

DETAIL DESIGN GOOD PRACTICE:

Detail Design A - Soft Heel

Longitudinal
Topside beck I
Tr: ec
Ri:;sv/\;a;e Max. 15 ni‘m r=30mm
Transverse
CRITICAL DETAIL: Fing Web
Deck Longitudinal —\ ey /_ Deck 20621
R L L: § Detail Design B - Soft Toe and Soft Heel
A€ fal I
. — DX W |££ r=30mm
Topside Tank A * \
Critical — - Max.lS_rV 75mm
Locations S R>0.75d
2-62 t>d18 55 mm
d Transverse
Ring Web
Section A-A »oep2
Deck
Deck Desian Detail
Longitudinal Detail Attributes Rankings
A B
Critical N
Locations \ ||Fat|que Performance 2 1
Topside Transverse Ease of | nspection 1 1
Ring Web
[IMaintenance Cost 1 2
[IFabrication Cost 1 2
COMMENTS:

- Alignment between longitudinal stiffener and topside transverse ring web stiffener is to be maintained.
- Ensure start and stop of welding is as far away as practicable from the heel and toe.
- A wrap around weld, free from undercut or notches, around the toe and heel connections of the stiffener to the longitudinal.
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Vessel Type: Bulk Carriers Ship Detail

Critical Area: Deck \ﬁ Structure

Critical Detail: Intersection of Deck Hatch Corners/End Beams and Committee 6: ;
Topside Tank Transverse Ring Web

Detail Description: Fn.!fc'mﬂ%l

Rev. 001-260199
CRITICAL AREA: DETAIL DESIGN GOOD PRACTICE:
Deck Detail Design A - Enhanced Steel Grade and Thickness
Transverse \ BHD Steel of Enhanced Grade and
Topside Ring Web Increased Thickness
Transverse [
Ring Web
e |
<7 T Ty
" Hatch Coaming -~ \ | i |
C”“Fd Transverse T t
Detall Brackets | | | Radiused
»4 i e e Corner
Hatch Coaming —Z/ | | X
Longitudinal I | I
CRITICAL DETAIL: reckes e e e N acor
Deck Longitudinals Critical Imgrm icte
A BHD Locations 2-063-1  Thickness
N ) Hatch End Beam Detail Design
Transverse | —I— e ———————————— p w—— Hatch Coaming
Ring Web - TR ) —I- Transverse Hatch ) Transverse Bracket
End) Coami H N i
_i_ ! E __T(__)_a”lni_____:___l with Soft Toe
A ' —
__|__+__|__CJ Eliptical [ | Y
Hatch Coaming | | | \ i I Hatch End I
Transverse | | Beam
Brackets | ! | _ I I
Hatch End~" A € |
Beafn " Under Deck HatchCoammgl
Cantilever Support Longitudinal
Brackets Brackets Alternatively Fit
Section A-A Collars T.ranwerse o
Hatch Coaming Ring Web 0632
Transverse
Transverse Hatch
(End) Coaming
Desian Detail
Detail Attributes Rankinas
et End B : A | Original Detail
"Fathue Per formance 1 2
Ease of [nspection 1 2
IM aintenance Cost 2 1
[IFabrication Cost 2 1
Critical Locations
2-63

COMMENTS:

- Alignment between hatch end beam and support in the topside tank is to be maintained.

- Maximum misalignment isto be less than t/3 where t is the thinner of the webs to be aligned and misalignment is the overhang
of the thinner thickness.

- Ensure start and stop of welding is as far away as practicable from toes of brackets or corners.

- A wrap around weld, free from undercut or notches, around the bracket to upper deck.

Ref: Lloyd's Register
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B.5.3 Container Ship Structure Details

Hatch Coaming Stay
Hatch Coaming
Deck

\

Side Shell
Longitudinal

Side
Stringer

Side
Shell

VAN ANV NNNVARNVANNVAY

Bulkhead

VW v
N

Transverse

Floor Bottom

Longitudinal

Figure B.5.3 Typica Midship Section Nomenclature for Container Ships

Fatigue-Resistant Detail Design Guide for Ship Structures B-52



Part B - Catalogue of Fatigue Resistant Details

TableB.5.3 (a): Critica Structura Details for Double Bottom

Critical Structural Details Detail Type# Detail Figure
;rﬁ;se Transverse
Transverse Floor Stiffener ! Floor
- Asymme?rlc Longltqdl nal 1 Bottom
- Symmetric Longitudinal 2 Longitudinal
Inner/Outer Bottom Longitudinas
Critical
Transverse Bulkhead 3 Detail #3
Critical Detail Outer
#1& #2 Bottom
Transverse Transverse
Bulkhead Floor
Bottom
Girder
Bottom Girders Transverse Bulkhead SectionB.7

Non
Critical
Detail

Outer
Bottom

Table B.5.3 (b): Critica Structurd Details for Double Side

Critical Structural Details Detail # Detail Figure
Transverse
) Builkhead
Transverse Web Frame Stiffener ! Transverse
- Asymmetric Longitudinal 21 Critical Web Frame
- Symmetric Longitudinal 22 Detail #26 e
Side Shell Longitudinals fongiludi nal
Critical Detail
#0218 #22
Transverse Bulkhead 26 zd\j
Transverse Web Frames Section B.7 Transverse
Web Frame
Side Stringers Side Stringer
Non Critical
. Detail Side
Transverse Bulkhead Section B.7 Shell

Longitudinal Bulkhead
Plating

Transverse Web Frames

Section B.7

Longitudinal
Bulkhead
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Table B.5.3 (c): Critica Structura Details for Deck and Hatch

Critical Structural Details Detail # Detail Figure
Longitudinal
Coaming Stay
Transverse Web Frame SectionB.7 Cross-Deck

Deck Plating |(Cross-Deck Strips SectionB.7 || Detl

JlLongitudinal Coaming Stay SectionB.7
Transverse
Web Frame
Longitudinal
Cross-Deck Coaming
Strip
Deck
Hatch lICorners Section B.7
Longitudinal
Bulkheed
Longitudinal
lICorners SectionB.7
Hatch Coaming
lICoaming Stay SectionB.7
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Vessel Type: Container Ships Stip Detail
Critical Area: Double Bottom f Structure
Critical Detalil: I ntersection of Inner/Outer Bottom Longitudinal and Commitiee
Transverse Floor Stiffener FLEET
Detail Description: Asymmetric Longitudinal Fl-l_TECHNOLOGY g
Rev. 001-260199
DETAIL DESIGN GOOD PRACTICE:
~—
Detail Design A - Soft Heel
d
Bottom
Longitudinal r=30 mm—\ le 55mm
Max. 15 mm + \_)IC
3-001-1
Botom Detail Design B - Soft Toe
and Soft Heel
Max. 15 mm
Longitudina ;r:;sxerse *—
Transverse Floor
Stiffener
3-001-2
)
outer Detail Design C - Soft Toe .
Bottom and Soft Backing Bracket < > a8
r>20d
t>d/18 ¢'> 400 mm
r>0.75d
Max. 15 mm \/ Max. 15 mm
Section A-A Longitudinal Jrr | = A P
Inner Bottom A~ g M<i:)d/2 %I z
7\ 3-001-3
;I‘:;SVE’E\
d
d=180-300mm e Gica Detail Desian
Traverseoor —~_ | Locations Detail I ndices Good Practice
Stiffener N A B C
A/ "Fatique Performance 3 2 1
Longitudinal Ease of | nspection 1 1 2
Outer Bottom |IM aintenance Cost 1 2 3
301 [IFabrication Cost 1 2 3

COMMENTS:

- Alignment between the transverse floor and the backing bracket is to be maintained.
- A wrap around weld, free of undercut or notches, around the heel and toe connections of the floor stiffener and backing bracket.
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Vessdl Type: Container Ships Stip Detail

Critical Area: Double Bottom f Structure
Critical Detalil: I ntersection of Inner/Outer Bottom Longitudinal and Committee : !

Transverse Floor Stiffener

Detail Description: Symmetric Longitudinal FI-LTECL—NOEELOGYI
Rev. 001-260199
CRITICAL AREA: DETAIL DESIGN GOOD PRACTICE:
——
Detail Design A - Soft Heel 4
Bottom
Critical Longitudina r=30 mm—| _)I P
Detail v
Max. 15 mm ¢ \( 75 mm
Y; s \
CRITICAL DETAIL: S 2
3-002-1
Inner
Bottom Detail Design B - Soft Toe d
and Soft Heel r=30mm
t> d/1
r>0.75d _)I l« =5 mm
Max. 15 mm i
Longitudina ;r:;sxerse - i— * 75 mm
T Fl g I(_" 2
ransverse Floor dr2
Stiffener
3-002-2

Outer Detail Design C - Soft Toe d
Botom and Soft Backing Bracket 1> 18
L L r>2.0d
t>d/18 I'>400mm
r>0.75d
Max. 15 mm Max. 15 mm
Section A-A }—j'— - —*-

4 Longitudinal
Inner Bottom { { l!/IT:)fIJIZ m:: ;.05:mm
3-002-3
Transver: N
Floor Se\‘j}\
d
d'=180- 300 mm e Detail Desian
Transiseoor —~_ | Locations Detail Indices Good Practice
Stiffener N A B C
"Fatique Performance 3 2 1
P// Longitudin Ease of Inspection 1 1 2
Outer Bottom . = |IM aintenance Cost 1 2 3
\(\ < [IFabrication Cost 1 2 3
302
COMMENTS:

- Alignment between the transverse floor and the backing bracket is to be maintained.
- A wrap around weld, free of undercut or notches, around the heel and toe connections of the floor stiffener and backing bracket.
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Fatigue Resistant Details

Vesse Type:
Critical Area:
Critical Detail:

Detail Description:

Container Ships
Double Bottom

I ntersection of Inner/Outer Bottom Longitudinal and

Transverse Bulkhead

gL
FTL

Ship
Structure
Committee

FLEET

TECHNOLOGY LTD

Detail

3

Rev. 001-260199

CRITICAL AREA:

DETAIL DESIGN GOOD PRACTICE:

Bottom
Longitudinal
Critical
Detail
Bottom
CRITICAL DETAIL:
—>
Qil Tight [——]
Bulkhead
Inner
Bottom
= =n
Water Tight
Floor
Longitudina
Outer = t =
Bottom
—> A
— Critical
Section A-A d Locations
Flanged - S
Bracket
a¥ D
< A >
~Y
Critical
Locations
<),
< ) +3-03

Detail Design A - Soft Toe Bracket
Increased Web Depth of IR / i e Sifene
Watertight Floor N S
Stiffener and Soft Toe <
Brackets on Back Side T
d r>d
Min. 400 mm
Max. 15 mm
AN N _L
( T
*3-003-1
Soft Toe Bracket
Detail Design B - ;%( wiith Edge Stiffener
Increased Web Depth NN
of Watertight Floor <
Stiffener and Soft Toe

Brackets on Both Sides

r>c
Min. 400 mm

r>d
Min. 400 mm

Note:
- Higher tensile steel bracket
- Bracket thickness = d/50 or 12 mm Min.

(

TP
d
Max. 15 mm
NN _l_
1

3-003-2

“ Desian Detail
Detail Attributes Rankings

A B

"Fatique Per formance 2 1
Ease of |nspection 1 2
[IMaintenance Cost 1 2
[IFabrication Cost 1 2

COMMENTS:
- Alignment between the floor stiffener, soft toe bracket and the web of the longitudinal is to be maintained.
- A wrap around weld, free of undercut or notches, around the floor stiffener heel and the heel and toe of the bracket connection to

the longitudinal.
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Vessdl Type: Container Ships Stip Detail

Critical Area: Double Side \ﬁ Structure
Critical Detalil: Intersection of Side Shell Longitudina and Committee 2 1

Transverse Web Frame Stiffener

Detail Description: Asymmetric Longitudinal FI-LTECL—NOEELOGYI
Rev. 001-260199
CRITICAL AREA: DETAIL DESIGN GOOD PRACTICE:
Transverse
\Web Frame Detail Design A - Soft Heel
id
fonZitudmal
Critical
Detail
— ;;I Max. 15
CRITICAL DETAIL:
3-021-1
Side Longitudina Detail Design B - Soft T ]
St sl Side Lon etail Design B - Soft Toe
- and Soft Heel d
Longitudinal r=30 mm\
t>d/18
r>0.75d _)I l& 55 mm
/A
Max. 15 mm 175 .
j iy l—
— e a2
3-021-2
/=) /)
U U Detail Design C - Soft Toe
ro— p— and Soft Backing Bracket s
r>20d
t>d/18 r>400 mm
r>0.75d
Max. 15 mm | Max. 15 mm
T f
T |(—)| Min. 1.5d _f
Critica Min. d/2 Min. 300 mm
Locations
( </ d=180- 300 mms )
® P Detail Desian
Detail I ndices Good Practice
A B C
TransverseWeb 321 "Fathue Per for mance 3 2 1
Frame Siffener Ease of |nspection 1 1 2
[IM aintenance Cost 1 2 3
[IFabrication Cost 1 2 3

COMMENTS:
- Alignment between the transverse web frame stiffener, the backing bracket and the web of the longitudina isto be maintained.

- A wrap around weld, free of undercut or notches, around the heel and toe connections of the stiffeners and the backing bracket
to the longitudinal face plate.
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Vessdl Type: Container Ships Stip Detail

Critical Area: Double Side \ﬁ Structure
Critical Detalil: Intersection of Side Shell Longitudina and Committee 22

Transverse Web Frame Stiffener

Detail Description: Symmetric Longitudinal FI-LTECL—NOEELOGYI
Rev. 001-260199
CRITICAL AREA: DETAIL DESIGN GOOD PRACTICE:
Transverse —— )
e F"’:d Detail Design A - Soft Heel
e
Longitudinal ¢ d >
Critical
Detail
r=30mm—y -)I [ € 55mm
/— ;ZT Max. 15mm¢ \C i75mm
A F—
CRITICAL DETAIL: g 2
3-022-1

. Side Longitudinal
Side Shell

Bulkhead
Detail Design B - Soft Toe
ideShel d
f‘ongitudinal and SOft Heel r =30 mm:
t> d/1
r>0.75d _)I le 55mm
| IJ LI | Max. 15 mm ¥
— — *— 75 mm

ﬂ ﬁ =T

I | I 3-022-2
L) |

Detail Design C - Soft Toe
and Soft Backing Bracket i
t>d/18
t>d18 r>20d
_ _/\ r>075d r>400 mm
Max. 15 mm Max. 15 mm
y ] A —Y

Ciitica Iy Y
/ Localions\ |(—>| Min.1.5d )
R Min. d/2 N
3-022-3

Min. 300 mm
ké/ \d:180-300m7‘N%/
® S
Detail Desian
— ~— “ Detail I ndices Good Practice

Transverse Web sz A B C
Frame Siffener "Fatique Per formance 3 2 1
Ease of |nspection 1 1 2
[IMaintenance Cost 1 2 3
[IFabrication Cost 1 2 3

COMMENTS:
- Alignment between the transverse web frame stiffener, the backing bracket and the web of the longitudina isto be maintained.

- A wrap around weld, free of undercut or notches, around the heel and toe connections of the stiffeners and the backing bracket
to the longitudinal face plate.
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Vessdl Type: Container Ships Stip Detail
Critical Area: Double Side \ﬁ Structure
Critical Detalil: Intersection of Side Shell Longitudina and Committee

Transverse Bulkhead Horizontal Stiffener
Detail Description:

26

Rev. 001-020299

CRITICAL AREA; DETAIL DESIGN GOOD PRACTICE:
i Detail Design A - )
Sde Soft Toe
Longitudinal
Critical
Detail
Sid —|3 N
/_ Sht:l
S
CRITICAL DETAIL: %> 10
Side Longitudinal L — L 3-026-1
Bulkhead —)I Max. 15 mm
Detail Design B - Soft
Toe and Soft Backing . t=a22or
Bracket MI" 12 mm Min.
ﬁ S B ;\<AII>1 1:.‘)(5; mm
J
vy
K
o i :
Transverse Deep Transverse Oil y
Tank Bulkhead in Tight Bulkhead
Wing Ballast Tank
X >10d
Critica
Locations B ——— A
( L L 3-026-2
N ::/ id:150'350mr\\s L J- ) Max. 15 mnp|
"
( 326 Detail Design
Detail Indices Good Practice
Section A-A A B
"Fatique Per formance 2 1
Ease of | nspection 1 2
[IMaintenance Cost 1 2
[IFabrication Cost 1 2
COMMENTS:

- Alignment between the web of the bulkhead horizontal stiffener, the soft toe brackets and the web of the side longitudinal isto
be maintained.

- A wrap around weld, free of undercut or notches, around the heel connections of bulkhead stiffener and toe connection of brackets.
ister

Ref: Lloyd'sR
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B.5.4 Warship Structure Details

Strength
Deck

AN

\V4
Y
N7

D>

> P %\~
PNE J\‘.
Intermediate
,\. Deck
Casing —
Bulkhead | > ) «‘\‘
< i .N
/| : Intermediate
N , Deck
Deck Girder -
/ Deck
Deep Stringer ' ' gtoptinuation
ringer
L5
Side Shell
Frame
— Shdll
Shell
Longitudinal

Plate Girder

Figure B.5.4: Typicd Midship Section Nomenclature for War Ships
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Table B.5.4 (4): Critical Structurd Detalls for Bottom

Critical Structural Details Detail Type# Detail Figure
Transverse Floor Detdl #3 & #4 Girde
- Water-Tight Collar 1
- Non Water-Tight Collar with 2 Transverse
Bottom Longitudinas L ug Compensation Pieces Floor Stiffener
Transverse
Transverse Floor Stiffener Floor Shell
- WT and GT Bulkhead 3 Longituding
- Bulkhead 4
Detail #1 & #2

Detail #5, #6 & #7
Deck Plating
- Ending of Flat Bar Stiffener 5
- Ending of Fabricated Tee Stiffener 6
- Ending of Rolled Tee Stiffener 7 Transverse

Floor

Transverse Floor Stiffener Detal #8
Transverse Floor Stiffener 8 Transverse Floor
Stiffener
Cut-Out
Transverse

Transverse Floor Cut-out Floor
- Flat Bar Compensation Piece 9

Transverse Floor Detail #9

Stiffener

Table B.5.4 (b): Criticd Structurd Details for Side Shell

Deck Beam

- End Connection of Deck Beam

- End Connection of Side Shell
Frame at Deck

13
14

Critical Structural Details Detail Type# Detail Figure
Deck Plating
- Water-Tight Collar 10
Side Shell Frame
- Rolled Tee to Fabricated Tee of 11
Similar or Differing Depths
Web Frame or Bulkhead
Side Shell Frame - End Connection of Side Shell Frame 12 Side Shell
Frame

Detail #13 & #14

Deck

Deep Stringer

- Egg-Boxing of Rolled Tees of
Differing Depths

- Egg-Boxing of Rolled Tees of

Similar Depths

15

16

Detail #16 & #17

Deep Stringer
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Table B.5.4 (¢): Critica Structurd Details for Deck

Critical Structural Details

Detail Type #

Detail Figure

Deck Beams

Deck Beams

- Rolled Tee to Fabricated Tee of
Similar or Differing Depths

- Rolled or Fabricated Teeto Rolled
or Fabricated Tee of Similar or
Differing Flange Widths

- Rolled or Fabricated Teeto
Fabricated Tee of Differing Depths

17

18

19

Deck

Longitudinal

Detail #17,

#18& #19 Deck Beam

1IDeck Longitudinal Girders

- Tripping Bracket Detail

- Tee End Connection to Deeper Tee

- Tee End Connection to Similar
Depth Tee

20
21
22

Deck Longitudinals
- Non Water-Tight Collar with
L ug Compensation Pieces

23

Deck Beam

Deck Girder

Detail #20,

#21 & #22 .
Detail #23

Longitudinal

Casing Bulkhead
- End Connection of Deck Beam in way
way of Deck Opening

24

Casing Bulkhead
Deck

Casing Bulkhead
- End Connection of Deck Beam at
Girder Below Casing Bulkhead

25

Stiffener

Casing
Rillkhead

Detail #25
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Vesse Type: War Ships Stip Detalil
Critical Area: Bottom f Structure
Critical Detalil: I ntersection of Bottom Longitudinal and Transverse Commitiee
oo FLEET
Detail DeSCfiptioni Water'Tight Collar mTECHNOLOGY LTD
Rev. 001-260199
CRITICAL AREA: DETAIL DESIGN GOOD PRACTICE:
Transverse . .
Floor Detail Design A
L= —— [« L::;;m Minimum /_ Collar
45‘&/ _/ L
Shell I}eck,shell or(
Longitudinal [ Tank Top
Ciitical Detail \ | el
_); Continuous—~_ ] '
CRITICAL DETAIL: Collr W e >l
Deck, Shell or 1
Tank Top
Collar Penetrated
) Member
Continuous ——_| w71 TR
Member Detail Design B
Bmm _)I 2 — Collr
Penetrated Member - Bulkhead, ' | | / : g '
Deck, Floor or Web of Structural
Member Y
20mm
Ly | | | + ‘ P
| | A
| | Deck, Shell R25mm L
| or Tank Top >lle 1
Continuous: 1 R 60 mm L
Member Continuous
L Member
Collar
LN
Front View
[ContinuousM ember Penetrated Member
Y 1
N N Desian Detail
Deck, Detail Attributes Rankings
Shell or A B
Tank Top
[IFatigue Performance 2 1
: . [IEase of I nspection 1 1
_/' [IM aintenance Cost 1 1
Collar f f
Side View | [IFabrication Cost 1 2
COMMENTS:
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Vesse Type: War Ships Ship Detail
Critical Area: Bottom f Structure
Critical Detalil: I ntersection of Bottom Longitudinal and Transvsersd Commitiee
o FLEET
Detail Description: Non Water-Tight Collar with Lug Compensation FI-LTECHNOLOGYLTD
Pieces Rev. 001-260199
CRITICAL AREA: DETAIL DESIGN GOOD PRACTICE:
Transverse
Floor Detail Design A
I(—)IW 60 5xT I(—
\ * 1 C 1
K
Shell 20mm
Longitudinal
Critical Detail A L2
bl
j _F I va 1
CRITICAL DETAIL: = — R25 mm 20mm /
-~ Bulkhead or Longitudinal
TankTop or Girder >l T
Penetrated N
Longitudinal Member
or Girder
Detail Design B
Penetrated Lug L I‘% e~ L = 4x T (Minimum)
Member Compensation I A 4 1 I 1
Piece &’
15
Front View (
\ \ 1
N Longitudinal =
or Girder 15mm f
¥ Y / f
Longitudinal R20 mm Longitudinal / le~T
or Girder Deck, Shell, 10 mm or Girder
Bulkhead or
Tank Top /J
Penetrated
Member
SideView
| d |
Desian Detail
Detail Attributes Rankinas
Penetrated
. /_ e A | B
\ . | IFatigue Perfor mance 1 2
. [IEase of Inspection 1 2
ot ¥ [IMaintenance Cost 1 2
[IFabrication Cost 1 2
e
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Vesse Type: War Ships Stip Detalil
Critical Area: Bottom f Structure
Critical Detalil: I ntersection of Bottom Longitudinal and Transvsersd Commitiee
Floor Stiffener FLEET
Detail Description: WT or GT Bulkhead mTECHNOLOGY LTD
Rev. 001-260199
CRITICAL AREA: DETAIL DESIGN GOOD PRACTICE:
S Detail Design A - With Doubler Plate
Floor (whereD <250 mmor t< 18 mmand 1 >=d/D >=0.7)
Srell R25 mm
y ) Longitudinal
Critical Detail DI $1 Al
\4
CRITICAL DETAIL: r A>T Heag
/— Rolled Tee R25 mm
Deck |
\_ = : I‘T’l Total Thickness T = Web + Doubler = 948D
v where a= Section Area of Stiffener (without Plating)
Deck Beam o _/ i€ Collar and D = Longitudinal or Beam Depth ?
Longitudina ’ Detail Design B - Without Doubler Plate
) T ke e
Rolled Tee—/

&°
25 mm Nose
./\,/— Rolled Tee $%mmj i
P
|] -&/ 25 mm Nose
60
Deck

d

$ |

\_/

.

Y Deck.Be.am or D&Siqn Detail
"'\ Longitudina Detail Attributes Rankings
Collar A B
N [IFatigue Perfor mance 2 1
\\ [IEase of I nspection 2 1
Rolled Tee [IM aintenance Cost 2 1
[IFabrication Cost 2 1

COMMENTS:
- Doubler plate not required where d/D < 0.7. Margin around doubler is 10 - 13 mm.
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Vesse Type: War Ships Ship Detalil
Critical Area: Bottom f Structure
Critical Detalil: Intersection of Longitudinal and Transvserse Committee
Floor Stiffener FLEET
Detail Description: Bulkhead mTECHNOLOGY LTD
Rev. 001-260199
CRITICAL AREA: DETAIL DESIGN GOOD PRACTICE:
gffﬂ:‘;se Detail Design A - With Doubler Plate
N (whereD <250 mmor t< 18 mmand 1>=d/D >=0.7
N— d N
gﬁﬁ’;se Total Thickness T = Web + Doubler = %/8D 1
Siffener I where a = Section Areaof Stiffener (without Plating)
Shel | and D = Longitudinal or Beam Depth
1
Longitudinal I 3in1si
Critical Detail in1sSnipe
! 4 - R25 mm
|
CRITICAL DETAIL: t d3 '|
Bulkhead or Floor —————, 10mm _)I f *
Bulkhead
Collar ———10 /_ Hl:;or aiff;:er o
- 7
Shell Longitudinal
A/_ or Bottom Frame Doubler Plate
Detail Design B - With Chock
— Shell or 9
Inner
Bottorr
Bulkhead or 3in 1 Snipe
Floor Stiffener 10 mm Snipe for Rolled
e Sectionsand Febricated
3in 1 Snipe Sectianwith A <=CalI03 mm
25 mm Scallop for Rolled R25 mm 4
Sections and Fabricated
Sectionswith A > 103 mm -|
Shell Longitudinal Chock F
or Bottom Frame 10 mm
Chock
™~
Shell or
Inner
Bulkhead or
Bulkhexd o Design Detail
el Longiudind Detail Attributes Rankings
or Bottom Frame Collar A B
- Fatigue Perfor mance 2 1
\ Ease of | nspection 1 2
Shell or Inner M aintenance Cost 1 2
Bottom N, | [IFabrication Cost 1 2
COMMENTS:
- Doubler plate not required where d/D < 0.7. Margin around doubler is 10 - 13 mm.
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Vesse Type: War Ships Ship Detail
Critical Area: Bottom f Structure
Critical Detail: Connection of Transverse Floor Stiffener and Committee 5
Deck Plating
Detail Description: Ending of Flat Bar Stiffener FI-LTEJH—NEEI
Rev. 001-260199
CRITICAL AREA: DETAIL DESIGN GOOD PRACTICE:

Critical Detall

Transverse Detail Desgn A
Floor
60° & 10mm
TSriefxfnaswq/;dseFloor i
' T
CRITICAL DETAIL: 30mm
N———]
Detail Design B

Transverse
/ Floor
Transverse Floor
Stiffener - Flat Bar\
609 R25 mm
| e

—)l I(— 10mm
/ N~ )
Deck, Bulkhead N Detall Deﬂgn C
or Shell
N~ %° —)I e 15mm
TransverseFloor -\
iffener - ar Transverse
Stiff Flat B N /‘ ol I25mm
Desian Detail
Detail Attributes Rankings
A B C
[IFatigue Perfor mance 1 3 2
beck Bulkhont / [IEase of I nspection 1 2 1
or shel [IM aintenance Cost 1 2 1
[IFabrication Cost 1 2 1
COMMENTS
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Vesse Type: War Ships Stip Detalil
Critical Area: Bottom f Structure
Critical Detail: Connection of Transverse Floor Stiffener and Committee
Deck Plating FLEET
Detail Description: Ending of Fabricated Tee Stiffener FercmLoemo
Rev. 001-260199
CRITICAL AREA: DETAIL DESIGN GOOD PRACTICE:
Critica Detail
Transverse Detail Desgn A
Floor
;'ii;f";/gse”w - i‘ _,I K10 mm
2
CRITICAL DETAIL: R
Detall Design B 30mm
f 5 1] Transverse
/ Floor R25 mm
Transverse Floor
Stiffener - Fabricated 60°
—)l l(— 10 mm
Detail Design C
Deck, Bulkhead /
or Shell
R25 mm
60’
15 mm I
Transverse Floor k ! E
Stiffener - Fabricated Transverse
Tee Floor 25 mm Nose
Desian Detail
Detail Attributes Rankings
c 3 A B C
[IFatigue Perfor mance 1 3 2
Deck. Buktead [IEase of I nspection 1 2 2
orshel [IM aintenance Cost 1 2 2
[IFabrication Cost 1 2 3
COMMENTS
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Vesse Type: War Ships Stip Detalil
Critical Area: Bottom f Structure
Critical Detail: Connection of Transverse Floor Stiffener and Committee
Deck Plating FLEET
Detail Description: Ending of Rolled Tee Stiffener FercmLoemo
Rev. 001-260199
CRITICAL AREA: DETAIL DESIGN GOOD PRACTICE:
Critica Detail
Transverse Detail Desgn A
Floor
TrensverseFoor - i‘ _,I K 10 mm
¥
CRITICAL DETAIL: R
Detall Design B 30mm
1] Transverse
/ Floor R25 mm
T Floor
siffener - Rl TN 60’
: |
—)l l(— 10 mm
Detail Design C
Deck, Bulkhead /
or Shell
@
»l Ie 25mmNose
45 —)l e 15mm
X
Transverse Floor Transverse
Stiffener - Rolled Tee Floor _— ?zsnm
Desian Detail
Detail Attributes Rankings
c 3 A B C
[IFatigue Perfor mance 1 3 2
Deck. Buktead [IEase of I nspection 1 1 1
orshel [IM aintenance Cost 1 2 1
[IFabrication Cost 2 1 3
COMMENTS
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Vesse Type: War Ships Stip Detalil
Critical Area: Bottom f Structure
Critical Detail: Connection of Transverse Floor Stiffener and Committee
Transverse Floor Stiffener FLEET
Detail Description: Fn.mmmm
Rev. 001-260199
CRITICAL AREA: DETAIL DESIGN GOOD PRACTICE:
Critica Detail
Detail Design A - Rolled Tee to Rolled Tee
Transverse
Floor
N ) Rolled Tee
-
25ml ——
TSriefxfn:q/;orse Floor Noi R15 mm
CRITICAL DETAIL: F\J Rz mm
' Transverse Floor (/\
/ Stiffener - Rolled or A PO
Fabricated Tee T_ _f Section A-A
N——— —"'\J
e Detail Design B - Fabricated Tee to Fabricated Tee
Fabricated Tee
/\/ o~
-«
Fabricated Tee W
25 mm| [————
Nose
Where W < 150 mm — j Resmm
x \é
R25mm
Y, Transverse Floor A A Section A-A
p Stiffener - Rolled or T_ ~— N\ _T
Fabricated Tee
Desian Detail
Detail Attributes Rankings
! A B
[IFatigue Perfor mance 1 1
[IEase of I nspection 1 1
[IM aintenance Cost 1 1
(A [IFabrication Cost 1 1
COMMENTS:
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Vessel Type: War Ships ship Detail

Critical Area: Bottom f Structure

Critical Detail: Connection of Transverse Floor Stiffener and Committee 9
Transverse Floor Cut-Out

Detail Description: Flat Bar Compensation Piece FI-LFLEET

TECHNOLOGY LTD

Rev. 001-260199

CRITICAL AREA: DETAIL DESIGN GOOD PRACTICE:

Ccut-Out Detail Desion A
ransverse Floor

Critical Detail
Transverse
Stiffener

CRITICAL DETAIL:

6mm
. Transverse Floor _)I
ransverse Floor = [ iy [ I
Stiffener \ )

Detail Design B

\ Cut-Out Flat Bar

Compensation Piece

R25 mm
Transverse Floor 45 —)I I(— 15 mmy
Stiffener \<— / Transverse Floor T
A

Desian Detail
Cut-Out Flat Bar Detail Attributes Rankings
Compensation Piece A B
iR [IFatigue Perfor mance 1 1
- : [IEase of I nspection 1 1
[IM aintenance Cost 1 1
[IFabrication Cost 1 1
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Vesse Type: War Ships Ship Detall
Critical Area: Side \ﬁ Structure
Critical Detalil: Intersection of Side Shell Frame and Deck Plating Committee ] O
Detail Description: Water-Tight Collar FI-LTECIH—NEEI
Rev. 001-260199
CRITICAL AREA: DETAIL DESIGN GOOD PRACTICE:
Side Shell
Critical Detail Frame . .
Detail Design A
Deck W + 60 L=4xT
. —ax Coll
- _)1 |(_ =25 mm Minimum /_ 3
( 45&, ) I’
R20 mm ——ﬁ E__ R20+L
CRITICAL DETAIL: P
K,
/_ gjﬁmead <7
or Shell
Colla\ ;e::g:(ed
Continuous—\')
Member Detail Design B
/ fmﬁl . VA 1] //_ o 1
Penetrated Member I I ¢
L 1 ‘
20mm
( |$‘_ P
N
Deck, A
leckheadur 1 R25mm L
Srell 4 R 60 mm I(—) _>'(_ T
w Continuous
------------- Member
Collar
[ContinuousM ember Penetrated Member
I
AW [« \ Desian Detail
Deck, Detail Attributes Rankinas
Bulkhead A B
or Shell
[IFatigue Perfor mance 2 1
. | [IEase of I nspection 1 1
L [IM aintenance Cost 1 1
°°”a'/ [IFabrication Cost 1 2
COMMENTS:

Fatigue-Resistant Detail Design Guide for Ship Structures

B-73



Part B - Catalogue of Fatigue Resistant Details

Vesse Type: War Ships Ship Detail
Critical Area: Side \ﬁ Structure
Critical Detail:  Connection of Side Shell Frame and Side Shell Committee 1 1
Frame
Detail Description: Rolled Tee to Fabricated Tee of Similar or m_TEClH—NEEI
Differi ng Depths Rev. 001-260199

CRITICAL AREA:

DETAIL DESIGN GOOD PRACTICE:

Side Shell
Frame

Detail Design - Similar Depth Tees

Deck

R25 mm

=R

Deck, Shell or
Bulkhead \ Detail Design - Differing Depth Tees
/— R25 mm

g Z
Fabricated Tee
20° Max
Rolled Tee R25mm

<=/
Desian Detail
Detail Attributes Rankings

A

Critical Detail

CRITICAL DETAIL:

[IFatigue Perfor mance
[IEase of I nspection
[IM aintenance Cost
[IFabrication Cost

= ==
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Vesse Type: War Ships Stip Detalil
Critical Area: Side \ﬁ Structure
Critical Detail: Intersection of Side Shell Frame and Web Frame or Commitise
Bulkhead FLEET
Detail Description: End Connection of Side Shell Frame FercmLoemo
Rev. 001-020299
CRITICAL AREA: DETAIL DESIGN GOOD PRACTICE:
Side Shell . . .
crtiea Framo Detail Design A - Vertical Chock |
Side i
Shell
WebFrame
or Bulkhead
Deck [
NV K
R15 mm
3
CRITICAL DETAIL: [P,
| o T Side Shell Frame Chock
i“"'.'.—';" (I{_ 10mm 3 |
pes P! {L )
.b:::-"‘-.-\.., .-'-'-.IJ ] |I;II
Web Frame or il ,'I 'IlI Detall Deﬂ nB - Cur a_j ChOCk Flanoe Width. A
Bulkhead ! 'II\ gne - Luv ~
o Side Shell Total Alignment to be \/‘
-__,.--' Maintained between Shell
- Frame Flange and Chock
Side Shell ] [ 1
Frame 0 7
10 mm Snipe
/[ \
! f 8 mm Chock m
—)l |€— 10mm
/ Desian Detalil
Side Shell Web Frameor Detail Attributes Rankinas
Bulkhead A B
[IFatigue Perfor mance 2 1
[IEase of I nspection 1 1
[IM aintenance Cost 1 1
[IFabrication Cost 1 1
COMMENTS:
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Vessel Type: War Ships ship Detail
Critical Area: Side \ﬁ Structure
Critical Detail: Intersection of Side Shell Frame and Deck Beam Committee 13
Detail Description: End Connection of Deck Beam FI-LTECL—NEEI

Rev. 001-260199

CRITICAL AREA:

Detail

DETAIL DESIGN GOOD PRACTICE:

(whereD <250 mmor t <18 mmand 1 >=d/D >=0.7

Design A - With Doubler Plate

Collar

Side Shell

Detail

-4 >l

Total Thickness T = Web + Doubler = 9a/8D
where a = Section Area of Beam (without Plating)
and D = Depth of Frame

\—

Design B - With Chock

Fabricated or Rolled Tee
Shell Frame

10 mm Snipe for Rolled or Fabricated
Frames when A <= 103 mm

R25 mm Scallop for Fabricated or Rolled
Frames when A > 103 mm

/ ______
Coller Deck 10m =2 y _()
/ Flange
Width, A
Deck Beam R25mm . " ;
: A R J
10 mm
175mmMax
Chock Total Alignment to be
SideShell X Maintained between Deck
Beam Flange Tapered 1in 3 Beam Flange and Chock
when Width of Beam Flange
Exceeds Width of Frame
Flange
Side Shell
Frame
Deck B i i
cexeam Desian Detail
Detail Attributes Rankinags
[ — Al B
l ) [IFatigue Performance 2 1
[IEase of I nspection 1 1
R [IM aintenance Cost 1 1
Sideshell [[Fabrication Cost 1 2
COMMENTS:

- Doubler plate not required where d/D < 0.7. Margin around doubler is 10 - 13 mm.
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Vesse Type: War Ships Stip Detalil

Critical Area; Side \ﬁ Structure
Critical Detail: Intersection of Side Shell Frame and Deck Beam Committee 1 4
EFTUFLEET

Detail Description: End Connection of Side Shell Frame at Deck

TECHNOLOGY LTD
Rev. 001-260199

CRITICAL AREA:

DETAIL DESIGN GOOD PRACTICE:

Side Shell Detail Design A - With Doubler Plate
(whereD <250 mmor t <18 mmand 1 >=d/D >=0.7

le
-4 >l
|—

Total Thickness T = Web + Doubler = 9a/8D

where a = Section Area of Beam (without Plating)
Deck — T and D = Depth of Frame
\(%A
10 mm Snipe for Rolled or Fabricated
Sde el — Detail Design B - With Chock Deck Beamswhen A <= 108 mm
R25 mm Scallop for Fabricated or Rolled
\ Deck Beams when A > 103 mm
Side Shell Frame
/ ______
Deck 10m e )
—)I |<— 25 mm Nose AT
Flange
— K Width, A
B v /
60 ~-
e~ _s
10 mm
175mmMax
Deck Beam Chock:
Beam Flange Tapered 1in 3
when Width of Beam Flange
Sde Shell
Exceeds Width of Frame
Frame

Flange

Side Shell

DeckBeam Desian Detail
Detail Attributes Rankings
A B

[IFatigue Perfor mance
') [IEase of I nspection
\ ] [IM aintenance Cost
SideShell

[IFabrication Cost

[N = [ [N
() [ [ [

Frame

COMMENTS:
- Doubler plate not required where d/D < 0.7. Margin around doubler is 10 - 13 mm.
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Vesse Type: War Ships Stip Detalil

Critical Area: Side \ﬁ Structure
Critical Detail: Connection of Side Shell Frame and Deep Stringer Commitise 1 5

Detail Description: Egg-Boxing of Rolled Tees of Differing Depths FI-LFLEET

TECHNOLOGY LTD
Rev. 001-260199

CRITICAL AREA:

DETAIL DESIGN GOOD PRACTICE:

R25mm

Detail Design A - Non-Tapered Tee

.
X D-K+3
Deep >l T+3
Stringer —_—
CRITICAL DETAIL: P « D
L—)Lk— X+3
< . — .
Shell
Detail Design B - Tapered - Fabricated Teeto Fabricated Tee

R25 mm—/}\ -

Deep srl nger Side Shell Frame
(Longitudinal

¢ e (Transverse Smaller
T:re?er Rolled Tee)

Detail Design C - Tapered - Fabricated Teeto Rolled Tee

Rolled Tee
_/\ L
R25 mm
R25 mm o Fabricated Tee
15 mm
‘0 1Ta"e’>\4r—-/
Design Detail
Detail Attributes Rankings
A B C
[IFatigue Perfor mance 1 1 1
[IEase of I nspection 1 1 1
[IM aintenance Cost 1 1 1
[IFabrication Cost 1 1 1
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Vesse Type: War Ships Ship Detalil
Critical Area: Side \ﬁ Structure
Critical Detail: Connection of Side Shell Frame and Deep Stringer Commitise 1 6
Detail Description: Egg-Boxing of Rolled Tees of Similar Depths m_TEClH—NEEI

Rev. 001-260199

CRITICAL AREA: DETAIL DESIGN GOOD PRACTICE:

Detail Detail Design A
S 2
Deep
Stringer 7 z
Di2+15
CRITICAL DETAIL: , b
D

Shell

Detail Design B - Radiused Gusset

Radiused
Deep Stringer Side Shell Frame Cusset
(Longitudinal
Rolisi s (e o
R25 mm R20 mm : j
) A\ Xw |
Design Detail
Detail Attributes Rankings
< > 1
Fatigue Performance 2 1
Ease of | nspection 1 1
M aintenance Cost 1 2
[IFabrication Cost 1 1
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Vesse Type: War Ships Stip Detalil

Critical Area: Deck f Structure
Critical Detail: Connection of Deck Beam and Deck Beam Committee 17
i FI'LFLEET

Detail Description: Rolled Tee to Fabricated Tee of Similar or T o=
Differi ng Depths Rev. 001-260199

CRITICAL AREA: DETAIL DESIGN GOOD PRACTICE:

/-Dedx

Longitudina Detail Design - Similar Depth Tees

R25 mm

=R

Deck, Shell or
Bulkhead \ Detail Design - Differing Depth Tees
/— R25 mm

g Z
Fabricated Tee
20° Max
Rolled Tee R25mm

<=/
Desian Detail
Detail Attributes Rankings

A

Deck Beam

CRITICAL DETAIL:

[IFatigue Perfor mance
[IEase of I nspection
[IM aintenance Cost
[IFabrication Cost

= ==
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Vesse Type: War Ships Stip Detalil

Critical Area: Deck f Structure
Critical Detail: Connection of Deck Beam and Deck Beam Committee 1 8

Detail Description: Rolled or Fabricated Tee to Rolled or Fabricated | [T\ FLEET

TECHNOLOGY LTD

Teeof Similar or Differing Flange Widths Rev. 001-260199
CRITICAL AREA: DETAIL DESIGN GOOD PRACTICE:
Rolled Teeto Rolled Tee /— R25mm
Longitudinal &J
Deck Beam A A
Fabricated Tee to Fabricated Tee
CRITICAL DETAIL: S
(Dependent on Meth
SET :he:d tor \ i_ — of Construction) _i
] le———>
\ 150 mm Min
Rolled or )
Febricated TN Rolled or Rolled Teeto Fabricated Tee R25mm
Fabricated Tee /_
‘l‘_ R25 mm _i
A A
3to 1 Taper
Rolled or Rolled or
Fabricated Tee Fabricated Tee

Differing Flange Widths by
Greater than 3 mm each Side

Similar Flange Widths

/> Desion Detail
Detail Attributes Rankings
A
[IFatigue Performance

Similar Flange Widths  Differing Flange Widths lIEase of Inspection
[IM aintenance Cost
[IFabrication Cost

= ==
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Vesse Type: War Ships Stip Detalil

Critical Area: Deck f Structure
Critical Detail: Connection of Deck Beam and Deck Beam Committee 19
FI'LFLEET

Detail Description: Rolled or Fabricated Tee to Fabricated Tee T o=
of Differi ng Depths Rev. 001-260199
CRITICAL AREA: B DETAIL DESIGN GOOD PRACTICE:

Rolled Tee to Fabricated Tee

Longitudinal

R20mm
Deck Beam

/B

Rolled Tee

3in1 Taper Fabricated Tee

CRITICAL DETAIL: 4in 1 Taper

Deck, Shell or \ Fabricated Tee to Fabricated Tee

Bulkhead
\ /— Fabricated Tee
Fabricated Tee /
\ Rolled or Fabricated Z

Tee l(—)l
150 mm Min

R25 mm if Required
Dependent on Method of Fabricated

Deck, Shell or Bulkhead .
\ Construction Tee

3|anaper>/>

-
)

Similar Flange Width

EZ&I)I:i;redTee Fabricated Tee Flanges lefer by Greater
than 3 mm Each Side
“ Desian Detail
_ Detail Attributes Rankings
/ - A
< [IFatigue Perfor mance

[IEase of I nspection
[IM aintenance Cost
[IFabrication Cost

= ==
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Vesse Type: War Ships Stip Detalil
Critical Area: Deck f Structure
Critical Detail:  Connection of Deck Beam and Deck Longitudinal Committee 20
Girder
Detail Description: Tripping Bracket Detail FI-LTECL—NEEI
Rev. 001-260199
CRITICAL AREA: DETAIL DESIGN GOOD PRACTICE:
Deck Girder
Deck Beam
el R ——
Longitudinal 10 mm->| N l 10mm

Shell Frame or
Deck Transverse

CRITICAL DETAIL: / InLinewith
Frame Web
(Moulded)

10 mm Snipe when D or
E <= 150 mm

R25mm Scallopwhen D
or E> 150 mm

Long Fabricated
Girder

Shell or Deck
Pating

Shell Frame or Desiagn Detail
Deck Transverse “ Detail Attributes Rankings
A
[IFatigue Perfor mance 1
[IEase of I nspection 1
Long Ftrioded [IM aintenance Cost 1
o Do [[Fabrication Cost 1
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Vessal Type: War Ships
Critical Area: Deck
Critical Detail:

Girder
Detail Description:

Connection of Deck Beam and Deck Longitudinal

Tee End Connection to Deeper Tee

gL
FTL

Ship Detail
Structure
Committee 2 ]
TECHNOLOGY LTD
Rev. 001-260199

CRITICAL AREA:

Deck Girder

DETAIL DESIGN GOOD PRACTICE:

Detail Design A
—)l l(— 10 mm
/\‘— R15 mm
Deck Beam
Critical \
Detail
? Flat Bar
Longitudind N Chock /_>
CRITICAL DETAIL: -,
t'\'\ ., Main Longitudinal
T, \\b/_ Member R25 mm 4101 Taper
e oy
Rolled Tee \\\"".x_.- :'.'-":' \(_
(\... : b e [\\\'\.
N S Detail Design B
e e Flat Bar Chock
\\\-‘\\ L 7 A ChockaRequi red when
= Difference in Tee Sections
— >=75mm ~_—)
Main Longitudinal el P
Member Y {
Rolled 25m: \\\ ;:
Tee o >
Ve e
N
N
~—"1 Desian Detail
I Detail Attributes Rankinags
) A B
== [IFatigue Performance 2 1
_____4 [IEase of I nspection 2 1
[IM aintenance Cost 1 2
e [IFabrication Cost 1 2
COMMENTS:
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Vesse Type: War Ships Stip Detalil
Critical Area: Deck f Structure
Critical Detalil: Connection of Deck Beam and Deck Longitudinal Commitiee

Girder 2 2
Detail Description: Tee End Connection to Similar Depth Tee FTLELEET

Rev. 001-260199
CRITICAL AREA: DETAIL DESIGN GOOD PRACTICE:
P Detail Design A - Non-Tapered Tee
>
/‘\_.J' -~

Deck Beam

Critical
Detail

Longitudinal

CRITICAL DETAIL:

Rolled or
/ Fabricated

Tee

Rolled Tee/

Rolledor
Fabricated

] '\i R25 mh

Where W < 150 mm

: R25mm {

Fabricated Tee
B
R25 mm
R25 mm ~—
Rolled Tee
Y%

Detail Design B - Tapered Tee

R25 mm

R25 mm

)
L

4101 Taper

T

i .\Ns\\\‘ g
25 mm Nose Rl

g SN ) Rolled Tee —
Desian Detail
Detail Attributes Rankings
A B
[IFatigue Perfor mance 1 1
[IEase of I nspection 1 1
[IM aintenance Cost 1 1
~ [IFabrication Cost 1 1
COMMENTS:
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Vesse Type: War Ships Ship Detail

Critical Area: Deck f Structure
Critical Detail:  Intersection of Deck Beam and Deck Longitudinal Committee 23

Detail Description: Non Water-Tight Collar with Lug Compensation FI-LFLEET

TECHNOLOGY LTD

Pieces Rev. 001-260199
CRITICAL AREA: DETAIL DESIGN GOOD PRACTICE:
Detail Design A
Deck
I(—)IW *® 5xT I(—
\ v | ( |
Deck Beam Y
20mm
Critical L
Longitudinal Detall \ i
j _F I /’ 1
CRITICAL DETAIL: = e < Rzs 20mm /
-~ Bulkhead or Longitudinal
TankTop or Girder > e T
Penetrated
Longitudinal Member
or Girder
Detail Design B
Penetrated Lug L > I‘% M~ L =4x T (Minimum)
Member Compensation I A 4 1 I 1
Piece
. 15
Front View
\ A\ 1
N Longitudinal =
or Girder 15mm f
¥ L 7 {
Longitudinal R20 mm Longitudinal / le~T
or Girder Deck, Shell, 10 mm or Girder
Bulkhead or
Tank Top L
Penetrated

Member
SideView
[ ¥ 1
Desian Detail
Detail Attributes Rankings
Penetrated
J 0 /_ Merter A B
[IFatigue Perfor mance

L oreitine [IEase of Inspection
o nG?‘rtduefm ¥ [IM aintenance Cost
[IFabrication Cost

[N I
(SN OS] [N
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Vessel Type: War Ships ship Detail
Critical Area: Deck f Structure
Critical Detail: Connection of Deck Beam and Casing Bulkhead Commitise : ! 4
Detail Description: End Connection of Deck Beam in way of Deck m_TEClH—NEEI

Openl ng Rev. 001-260199

DETAIL DESIGN GOOD PRACTICE:

Detail Design A - Semi-Depth Chock

CRITICAL AREA:
Longitudinal /

15mm —)I
CasingBulkhead /\ F
R25mm

TYP.

AN

10 mm

Flange Width, A

10 mm Snipe for Rolled Stiffeners or
Fabricated Stiffenerswhen A <= 103 mm
R25 mm for Fabricated Stiffeners or Rolled

Detail Design B - Full Depth Chock Stffenerswhen A > 103 mm

Casing
/ Bulkhead

AN

TYP.

S [/ )
]

10 mm

R15 mm

Stiffener
Desiagn Detail

“ Detail Attributes Rankings

A B
[IFatigue Perfor mance 2 1
[IEase of I nspection 1 1
[IM aintenance Cost 1 2
[IFabrication Cost 1 2

COMMENTS:
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Vessel Type: War Ships ship Detail
Critical Area: Deck f Structure
Critical Detail: Connection of Deck Beam and Casing Bulkhead Commitise : !!
Detail Description: End Connection of Deck Beam at Girder Below m_TEClH—NEEI

Casi ng Bulkhead Rev. 001-260199

CRITICAL AREA:

Stiffener

Casing
Bulkhead

Critical Detail
Deck Beam
CRITICAL DETAIL:
Casing
Bulkhead
Deck
Casing
Bulkhead
Girder
~——— Casing
/ Bulkhead
Deck
L] /
—
JV
Sffener —|
Deck Beam

Girder

Stiffener

Bulkhead

DETAIL DESIGN GOOD PRACTICE:
Detail Design A - Semi-Depth Chock

AN

N\

L— R25 mm

R25mm TYP.

2

10mm

\/
»”4— 15 mm

Detail Design B - Full Depth Chock

—~—————

AN

1
\ R25 mm TYP.

/—R25mm

10 mm
15mm

15 mm>| U\A ‘/_W

10 mm,

Flange Width, A /

10 mm Snipefor Rolled Stiffenersor
Fabricated Stiffeners when A <= 103 mm
R25 mm for Fabricated Stiffeners or Rolled
Stiffenerswhen A > 103 mm

I

Desian Detail
Rankings

“ Detail Attributes

A B

[IFatigue Performance

[IEase of I nspection

[IM aintenance Cost

[IFabrication Cost

RN
NN |-
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B.6 “GOOD” DESIGN, CONSTRUCTION AND WELDING PRACTICESTO
ENHANCE FATIGUE PERFORMANCE

B.6.1 Introduction

As dated in Section B.2, structura details that are non-critical need only be subject to good
design and fabrication practice to diminate fatigue cracking. This section provides an overview of such
good practice. The reader is referred to standard ship design and congtruction references [e.g., Ref.
B.9, B.10Q] for further reading.

Fatigue cracks in stedl ship Structures are commonly initisted at weld toes. These cracks are
primarily due to the presence of an initial crack-like defect, anotch or flaw that is aso subject to stress
concentrations due to the local weld, and the surrounding structural geometry. The presence of welding
and assembly resdua stresses further promotes the initiation of fatigue cracks. Accordingly, steps
should be taken a both the design and construction stages to minimize these influences, such measures
being beneficid in enhancing the fatigue performance of the affected welds and therefore, of the ship
structure.

B.6.2 Detal Desgn

Because the structura designer responsible for the fatigue performance of a structure may not
be directly involved in the generation of the find fabrication structurd drawings, the higher leve, or
guidance, drawings must indicate clearly what the assumed or required fabrication tolerances are.
Failure to tranamit the important fatigue design deta to the fabricator will grestly reduce the vaue of
much of the process described herein.

An overdl god of good design practice is to minimize stress concentrations. Stress
concentrations occur at the intersection of primary structural members (deck, shell and longitudina
girders) with other primary structural members, and with secondary structura members (decks,
bulkheads and their dtiffeners, etc.). Primary members should be arranged to ensure effective continuity
of strength, and abrupt changes of depth or section should be avoided. Where members abut on both
sdes of abulkhead or other members, proper dignment should be ensured. Members should have
aufficient laterd stability and web stiffening and the structure should be arranged to minimize “hard-
gpots’ and other sources of stress concentrations. Members should have sufficient end fixity, through
end brackets or equivaent structure, in order to provide sufficient restraint againgt rotation and
displacement and to provide an effective load transfer mechanism.

Secondary member s are generdly connected a their ends. Where alongitudind strength
member is cut a a primary support and brackets provide the strength continuity, the bracket scantlings
are to be such that the section modulus and effective cross-sectiond area are not less than those of the
strength member.

Where openings are to be used, a generous radius should be provided. For large hatch
openings, a corner radius equa to 1/24 of the hatch width, with a minimum radius of 300 mm, should be
used. If the radius must be minimized in order to reduce lost Space, appropriate compensation
measures must be taken. Elliptica profiles are dso being used more frequently for hatch corners, large
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drain holes, etc., as they provide amore favourable stress flow pattern than radid cuts. For small
openings, aradius of 150 mm is generdly used.
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Since there are dways stress concentrations around large discontinuities (doors or hatchways),
efforts should be made to avoid lower fatigue design category weld joints (insert plates, fillet welds,
drain holes, etc.) in the vicinity of large openings.

For openings in the webs of giffeners, the depth of the opening should not exceed 25% of the
web depth. In addition, the opening should idedlly be located such that the edges are not less than 35-
40% of the web depth from the face plate. The length of the opening should not exceed the web depth
or 60% of the secondary member spacing, whichever is greater, and the ends of the openings should be
equidistant from the corners of cut-outs for secondary members. Cut-outs for the passage of secondary
members should be designed to minimize siress concentrations. The breadth of the cut-out should be
kept as small as practicable and the top edge should be rounded, or the corner radii made as large as
possible. The direct connection of the penetrated web plating, or the scantlings of lugs or collars, should
be sufficient for the transmission of lateral |oads from the secondary member.

The exceptions to the above Guideines are the cut-outs, or “ lightening holes’, in double bottom
floor plates and webs where the wide plate web with large cut-out is an improved dternative to smple
dtiffeners on the two adjacent structures (e.g., inner and outer shell).

Insert plates, typicaly used as reinforcement at the corner of alarge opening, should be
incorporated into the deck or shell plating. Thick insert plates should be avoided due to their restraint
againg weld shrinkage that leads to weld cracks. |f necessary, trandtion strakes should be inserted to
smooth the changein thickness. Doubler plates should be avoided.

Another form of restraint and discontinuity develops when arigid member aboruptly
terminates at the midspan of aflexible plate panel. This creates a hard spot (stress concentration) in the
plate pand, and it is recommended that the terminating rigid member be extended and tapered to the
end of the plate pand.

For the inter section of two planes (i.e., longitudina bulkhead and deck) where a primary
dressistransferred from one plane to the other, long connection brackets are recommended to ensure a
smooth transfer of stress between the planes.

Thetoes of brackets, etc., should not land on ungtiffened plate panels and the toes should be
concave or tapered.

The use of scallops should be avoided where possible. However, scdlops are regularly used
where a groove weld of a stiffener or girder is made after the members have been assembled in place.
Scallops are not recommended for gtiffening members, girders or bilge kedlsin way of completed shell
or deck butts; rather it is recommended that the weld reinforcement be removed where crossed by the
diffener, girder or bilge kedl.

B.6.3 Condruction and Welding Practice

Sound congtruction and welding practi ce encompasses various aspects such as control of
assembly and fabrication tolerances, selection of joint design, good workmanship, optimum welding
sequence, etc. The welded cruciform joint with load carrying fillet welds is frequently required in ship
fabrication. The fatigue life of such ajoint can be drastically reduced by the presence of misalignment
between the load carrying members which are welded to the continuous member of thejoint.
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The fit-up tolerances typicdly limit the maximum dlowable misdignment, M, to t4/3 (max. 5 mm),
wheret is the continuous plate thickness and M is measured from the centrelines of the intersecting
plates (see Figure B.6.3.1). The decreasein fatigue lifeis proportiond to M and therefore, it is highly
desirable to minimize the misaignment.

—_ ts e
M
_— ¢ _
A
T .
Continuous
’WMember

Figure B.6.3.1: Maximum Welded Cruciform Joint Misalignment

Misdignment between two groove-welded membersis aso detrimentd to fatigue life. Codes
and Standards have recognized this and generdly limit the maximum misaignment to 10% of the
thickness of the thinner member, but no more than 3 mm. For the same reason, where the difference in
plate thicknessis greater than 3 mm, the thicker plate should be tapered (not exceeding 1 in 3) or
bevdled to form the welded joint. Where the difference isless than 3 mm, the trangtion may be
achieved within the width of the weld.

L ap connections are typically not used to connect plates that may be subjected to high tensile
or compressve loading. When lap connections are used, the widith of the overlap is not to exceed four
times nor be less than three times the thickness of the thinner plate.

Fillet welds aretypicaly used for T-connections and should be on both sides of the abutting
plate. Where the connection ishighly stressed, deep penetration or full penetration welds may be
required.

Asfar asweld joint design isconcerned, it iswdl recognised that fatigue cracks are relatively
eadly initiated in transversely loaded partid penetration groove welds and therefore, full penetration
groove welds must be specified when cydlic loading is present. Similarly, transversely loaded full
penetration groove welds made from one side on to a sted backing strip have afar lower fatigue
performance compared to smilar welds made from both sides. However, the ad hoc use of a backing
gtrip to address the problems associated with too large aroot gap during assembly may adversdly affect
the fatigue strength of the welded joint.

When it comes to member fit-up for fillet welds, it is cusomary to am for as smadl agap as
possible between the two members. For gaps exceeding 1.6 mm, the required fillet leg length is
increased to compensate for the increased gap. At the same time, there is some evidence that a gap of
1.5to 2 mm influences the weld residua stresses in such away that fatigue performance is enhanced,
provided thet the joint restraint is low, i.e,, the attaching member is free to move in response to weld
shrinkage [Ref. B.11]. Under such circumstances, a 1.5 mm gap isided.
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Weld shape is another important factor influencing the fatigue performance of the welded joint.
Infillet welds, adightly convex or dightly concave weld profileis desred. Excessve convexity is
detrimental from a fatigue point of view and islimited in fabrication codes.

Inthe case of butt joints, weld reinfor cement and undercut are important considerations.
Excessve weld reinforcement increases the stress concentration at the weld toe and therefore the
maximum alowable reinforcement in fabrication codesistypicaly 3.2 mm with the weld smoothly
blending into the base metal. Undercut, which is defined as a groove or notch formed in the base metal
adjacent to the weld toe, can serioudy reduce the fatigue life of the welded joint. Formed as aresult of
incorrect selection of welding parameters or welding consumables, or lack of welder kill, the
fabrication codes generdly specify smdler dlowable undercut for dynamicaly loaded structures. For
example, Reference B.12 dlows a maximum undercut of 0.25 mm in criticd members when theweld is
transverse to the applied stress. Otherwise, the maximum allowed undercut is0.8 mm (1/32). In
comparison, for saticaly loaded structures, the undercut is generdly limited to adepth of 1 mm, and for
short lengths, the alowable undercut may be as high as 1.6 mm.

Longitudina welds generdly have good fatigue performance. However, the presence of starts
and stops which are not ground out, or breaksin the backing strip (unwelded joint in backing strip)
in the case of welds made from one sde, sgnificantly reduce the fatigue strength of the weld.

Where diffening members are continuoudy fillet welded acr oss completely finished butt or
seam welds, the butt welds are to be made flush. Smilarly for the butt weldsin the webs of diffening
members, the butt weld is to be completed and generdly made flush with the stiffening member before
thefillet weld is made.

Other welding flaws such as hydrogen-induced cold cracks in the heat affected zone,
solidification cracks in the weld metd, incomplete root penetration in welds made from one side but
without a backing gtrip, etc., are other likely Stes for fatigue crack initiation. Embedded flaws such as
dag inclusons and porogty are rdatively benign for fatigue unless present in excessive amounts.

B.6.4 Reddud Stresses

Residud stressesin sted ships can be considered to be composed of two components. short
range weld therma residud stresses and long range assembly and restraint stresses. The short range
weld thermd residua stresses result in high levels of tensle stresses that gpproach the yield strength of
the base metd. Theseresidua stresses, which are dways present and are difficult to control or modify,
can reduce the fatigue strength of the welded joint. However, through careful attention to fit-up
tolerances and welding sequences, the long range assembly and restraint stresses can be reduced. If the
members to be welded need to be jacked or bent in order to achieve the correct alignment, bending
stresses will be introduced into the structure and these can contribute to fatigue crack initiation. Once
cracking isinitiated, these Stresses tend to rdax. In terms of welding sequence, it should be so arranged
that as welding progresses, the members retain as much freedom to move as possible.
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Reference B.9 provides recommendations for welding sequence for butts and seams, with and without
interna framing, and for large sub-assembled plate panels. Another gpproach is to commence welding
in the deck and bottom regions and progress towards the neutra axis of the ship. The restraint stresses
will then be high near the neutra axis where the applied stresses are lower.

B.6.5 Wed Toe Dressng Treatments

Finaly, it should be added, that in certain Stuations it may not be possible to avoid relativey
inferior fatigue design detalls, or the Structurd detail may involve high stress concentrations. In these
gtuations, fatigue crack initiation is deemed unavoidable at the design stage. In such circumstances, one
could consider weld toe dressing treatments such as hammer or shot peening, toe grinding, TIG
remdting, etc. Further information on the benefits and costs of such techniques are covered in
Reference B.13.
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PART C - FATIGUE STRENGTH ASSESSMENT

C.1 INTRODUCTION

C.1.1 Background

The analysis procedure involved in the estimation of the fatigue life or probability of
fatigue failure over the design life of a ship may be described in terms of the following four
basic steps:

1) Establish the long-term statistical distribution of cyclic loads on a ship over its
design life;

2 Deter mine the corresponding long-term statistical distribution of the notch stress
range (Ds naten) at the anticipated crack initiation site;

3 Calculate the fatigue damage inflicted by these loading cycles;

4 Perform areliability analysisto predict the probability of fatigue based failure.

Classification Societies, anongst others, have developed a variety of approaches to assess
the fatigue life of ship structural details by expanding on this basic four step process. Discussion
of the fatigue design approaches adopted by the major class societiesis presented in Section
C.2.3 and Appendix A.

C.1.2 Objective

The assessment procedures set out in this Guide are intended to be used by engineers and
naval architects in ship structural design to reduce the likelihood of premature fatigue failure and
to assist in planning through-life inspection strategies by identifying the relative fatigue
resistance of different elements of the ship.

The objective of Part C of the Guide - Fatigue Strength Assessment - is to describe the
procedures for predicting the fatigue life of ship structural details that are subjected primarily to
wave-induced loads.

C.1.3 Scope

While the four basic steps in fatigue analysis are easily understood, the analytical
techniques required can be relatively complex. Two alternative fatigue assessment procedures,
categorized as Level 2 and Level 3 (asimplified, and a direct spectral approach respectively), are
outlined in a step-by-step fashion in Sections C.2.1 and C.2.2, respectively, and a flow chart for
these procedures is presented in Figure C.2.1.

The intended applications and limitations of these procedures are discussed in Section C.2.3,
while detailed guidance for the calculation of input loads, structural response and resulting
fatigue damage are given in Sections C.3to C.6. A reliability procedure for estimating the
probability of failure associated with predicted fatigue lives is given Section C.7.

The processes presented are exhaustive, but they are the most practical available at the
time of production of thismanual. 1t should be recognized that some of the procedures remain at
an early stage of development.
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C.2 FATIGUE ANALYSIS PROCEDURES

C.21 Overview

The Level 2 and Level 3 approaches are presented in parallel in Sections C.3 through C.6,
each section dealing with one of the four basic steps in the analytical process. While the two
Levels contain the same four basic steps as stated in C.1.1, they differ in the details of their
execution. To illustrate the differences in the two parallel procedures, Figure C.2.2.1 expands
the four basic steps into eight more detailed blocks. In each block of the fatigue analysis process
flow chart (Figure C.2.2.1) reference is made to the section within this report (Part C) in which a
technical description of the procedure is presented.

The analytical process shown in Figure C.2.2.1 includes two cross-over points between
the simplified and spectral analysis approaches. These cross-over points indicate, for instance,
that the user may use the full analysis approach to determine the long term statistical distribution
of wave loads and cross over to use the simplified approach to determine the corresponding
statistical distribution of notch stressranges. Although the steps in the two approaches use data
and develop results of a similar form, the level of conservatism, and possibly accuracy, may not
be consistent.

C.22 Commentary

C221 Intended Applications

The Level 2 procedure is best suited to the assessment of standard structural detailsin
ships, whereas the Level 3 approach is intended for: (i) assessing structural details outside the
calibration-base of the ssimplified procedure (e.g., novel structural configurations, unusua wave
environments), and, (ii) confirming and refining the fatigue performance of critical structural
details at the end of the detail design stage.

In any design where fatigue is expected to be a significant issue, the Level 1 approach of
using good fatigue-resistant details should be used as a matter of course. In the event that a
combination of Level 1, 2, and/or 3 approaches does not provide an adequate expected fatigue
life in the detail design stage, then a more genera redesign of the structure may be required to
lower the overal (or local nominal) stress level.

C.2.22 Design Life

The design life for structural details in damage tolerant structure should be set to the
service life of the ship (typicaly 20 years).

If damage tolerance cannot be achieved or isimpractical for the structure surrounding a
structural detail, the design life of the detail should be many times the service life of the ship to
ensure that fatigue cracks do not initiate in service. In other words, use a safe life design
philosophy.
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Level 2

1) Identify relevant environmental data for
target return period
[Sec. C.3]

Level 3

1) Develop vessdl operationd profile and
assemble composite wave scatter diagram

2) Define reference vaues for load range
components using parametric equations

[Sec. C.3]
|

[Sec. C.3]
|

2) Determine transfer functions for load range
components using strip theory or
empirical transfer functions [Sec. C.3]

3) Define reference values for nominal stress
range components in primary structure
using parametric equations, frame and
beam models [Sec. C.4]

3) Determine transfer functions for nominal
stress range components in primary
structure by globa finite element analysis

[Sec. C.4]

4) Use primary defined SCF sto determine
reference values of hot spot stress range
components [Sec. C.4]

4) Determine transfer functions for
components of hot spot stress range by
locd finite eement analysis [Sec. C.4]

5) Develop hot spot stress ranges from |load
and stress transfer functions [Sec. C.5]

5) Develop hot spot stresses from load and
stress transfer functions [Sec. C.5]

6) Define long-term distribution for notch
stress range [Sec. C.5]

6a) Define short-term distribution for hot spot
stress ranges [Sec. C.5]

6b) Define long-term stress distribution by
summing short-term distributions

[Sec. C.5]
7) Fatigue damage summation using fatigue
design curve and Miner’srule
[Sec. C.6]
8) Reliability / Limit state analysis
[Sec. C.6 and C.7]
Figure C.2.2.1: Fatigue Strength Analysis Flow Chart: Levels 2 and 3 Methods
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The safety margins in the fatigue design cur ves presented in Section C.5 are consistent
with the safety margins in fatigue design curves for welded joints in bridges and offshore
structures. Experience has demonstrated that these margins are generally sufficient to ensure a
finite but acceptably low probability of failure during the service lives of bridges and offshore
structures, where failure is defined as the initiation of a through-thickness crack several inches
long. Fatigue cracks that do initiate will tend to do so towards the end of the service life, and
the damage tolerance of the surrounding structure will ensure that these cracks can be detected
and repaired before they pose athreat to structural integrity.

In the case of ships, the greater uncertainty in the estimation of loads is countered by the
greater redundancy of ship structures. Therefore, the safety margins in the fatigue design curves
presented in Section C.5 should be adequate for structural details in damage tolerant ship
structure. The acceptable probability of failure should be agreed upon between the ship owner
and ship designer, and should be based on previous experience whenever possible.

C.2.23 Non-linearities

Neither the Level 2 procedure nor the Level 3 procedure presented herein account for
non- linearities in the load and structural responses of a ship. Some of the parametric equations
presented in Sections C.3 and C.4 for predicting reference loads and stresses are based on
Classification Society rules, while an implicit assumption in the spectral analysisis that the
structural and load responses of the ship are linear. Certain non- linearities can be neglected in a
fatigue damage assessment. For example, the well-known non-linear effect of hull shape on hull
girder bending stresses occurring especially with large wave heights and pronounced bow flare
has only a small effect on fatigue life. The major part of fatigue damage is caused by the large
number of smaller stress cycles for which the linear assumption is adequate. Other non-
linearities, however, can have a significant influence on fatigue damage. For example, the time
history of the side shell pressure at alocation near the still-water line that is temporarily emersed
due to ship motions can be highly non-linear because negative pressure or suction cannot occur.
Linearization and time domain techniques have to be used to account for these non- linearities.

C.2.3 Design Codesand Criteria

In the course of acommercial design it will be necessary to obtain Classification Society
approval and therefore it is prudent to follow the fatigue design procedures specified by the
specific Society, [e.g., References C.1 to C.3], or to have the procedure used approved by the
appropriate Society. The procedures for fatigue design, which are currently promulgated by the
Classification Societies, vary somewhat in scope and applicability. In order to assist in
determining the relative merits of these codes a discussion and detailed comparison of their
treatment of fatigue is provided in Appendix A.
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C.3 LOADANALYSIS
C.3.1 Determination of Environmental Loads

C311 I ntroduction

This section provides guidelines for determining the fatigue loading that a ship structure
will experience throughout its lifetime or a particular period of interest. It is assumed, as
elsewhere herein, that this Guide is being used by a qualified and practicing ship designer or
structural engineer, and therefore this Guide does not provide comprehensive direction on how to
determine the loads on a ship structure. Rather it provides guidance on how the loading is
applied to the fatigue analysis problem.

The ship designer is assumed to be aready working with loads to determine the vessel’s
design strength, and size the structural elements and scantlings, and with knowledge of the
operational area and possibly the operating profile for the vessel. This Guide will show how the
information needs to be formulated and used for fatigue assessment. The fundamental difference
is that fatigue design has to be based on an explicitly statistical representation of the complete
loading environment, while much of the rest of the design only considers single extreme values.

C.3.1.2 Definition of Loads

For fatigue life analysis, loads must be defined in terms that allow derivation of stress
ranges. This may require definition of aload component in hog and sag, or as maximum
compressive and tensile load, so that a range can be defined. As for overall ship design, loads
can be categorized as global or local. Reviewing these loads, the important global loads are:

a) dillwater loads;

b) wave loads;
- low frequency steady-state, response largely quasi-static
- high frequency transient (wave impact or ssamming), dynamic.
- high frequency steady-state (springing)

while the main local loads are:

¢) hydrostatic pressure loads;

d) pressure loads due to waves, asin b);

€) inertialoads from cargo or fluids (dloshing) induced by ship motion;
f) functiona loads, from machinery and deck equipment;

g iceloads.
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Any loads that result in significant variation in stress levels are potentially relevant for
fatigue assessment. Fatigue damage is seen as cumulative, and thus al loading sources
potentially contribute. However, since a vessel will typically be exposed to between 3x10” and
1x10°® wave cycles in its life, unless another load source compares (within an order of magnitude)
in either magnitude or number of cycles with the wave loading at a particular location, it is
unlikely to affect the cumulative load history. Thus, sources such as machinery vibration loads
(unless locally relevant) or ice loads may be ignored. Ref. C.4 provides additional discussion on
this subject.

The relative significance of each type of load depends, among other things, upon the ship
type, the payload, structural configuration and location of the structure. TablesA.3.1t0 A.3.5
(pages A.3-A.4) provided earlier, give guidance in identifying the important loads for different
ship and detail types. Further discussion of the treatment of some of the most important loads is
given below.

@ Stillwater Loads

Stillwater and hydrostatic pressure loads are not a direct factor in fatigue design as they
typicaly only vary with loading conditions, and thus do not occur with sufficient frequency to
cause significant fatigue damage. As fatigue damage accumulation is reduced when part or al of
a stress cycle isin compression, it can be argued that the stillwater condition contributes in
reducing or increasing the risk of fatigue. However, in general, stillwater (plus wave)
compressive loads will not be high enough to reverse the generally tensile residual stresses at a
weld. Thus, the assumption that wave induced bending is fully reversing about a stillwater
reference is generally valid.

In cases where the stillwater hull girder load is significant, such that parts of the hull do
remain in compression throughout, special techniques to treat this offset may be justified. Ref.
C.5 provides a discussion of the impact of mean stress on fatigue.

(b) Wave Loads

The dominant load on most ships arises from the response to waves. The primary
mechanism for wave loading is through hull girder bending. The loading is cyclic with periods
of the order of several seconds; the response is essentially quasi-static.

In severe sea states, dynamic phenomena such as slamming may occur which result in
transient impact loads. The response to this type of load is characterized by frequencies that are
considerably higher than those associated with normal wave loading. As the responseis
transient, analysis of these loads is difficult using standard spectral techniques. However, it is
generally assumed that the number of slams in the ship's lifetime will be small enough to neglect
in fatigue analysis.

The phenomenon of “springing” in which the hull girder responds in flexure on a continuous
basis, at frequencies at or close to the natural frequency(ies) of the hull, obviously have an
impact on fatigue. This phenomenon is seen on occasionsin, for example, Lakers [Ref. C.6] but
is much less common than transient (Slamming) effects.
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(© Local External and Internal Pressure Loads

Waves may also impose significant loads on local structural elements. The primary
examples are the variation in static pressure on the side shell due to ship motions (roll, pitch,
heave) and dynamic pressure |oads near the waterline due to wave impact.

Internally, ship motions result in inertial (acceleration) forces on liquid or solid cargoes
and deck equipment. In addition, “sloshing” of tank liquids can occur under specific conditions
of tank level, fluid density, and vessel response. “Sloshing” loads can be severe, resulting in
damage. However, they are normally neglected in fatigue design.

C.3.13 Definition of Operational Profile

The starting point for the fatigue analysis, (as with ship structural design overal) isthe
operationa profile for the vessel. This will determine the wave climate that will be experienced.
The definition of the operationa profile may be as smple as stating a general area of operation
(e.g., North Atlantic) and an endurance or service speed. At the other extreme, afull operational
profile may state how much time the vessal will spend in various areas of the world, and at what
timesin the year, as well as the distribution of its speed and headings to permit the exposure to
wave data to be determined,.

C3.131 Level 2 —Method

Since the Level 2 methods for calculation of loads often rely on prescriptive parametric
equations derived for specific vessal types, the amount of information required for defining the
operationa profile is minimal.

Since the basic approach in the Level 2 method is to develop areference load (e.g., a
design value) for use in defining the long-term statistical distribution (a Weibull representation
being the “standard' approach”), the information required on operational profile islimited to that
required to define the parameters used to develop the reference loads. This may include al or
some of the following:

Ship loading conditions, e.g., loaded departure, loaded arrival, ballast departure, ballast
arrival. This data may be used directly, and if not will be used to define parameters such as
draft and displacement for use in the reference equations.

Speed - Speed is not typically used as an explicit parameter, but is used to identify high(er)
speed vessels (e.g., container ships), where allowances for dynamic effects such as keel or
flare slamming should be considered.

Area of operation - while a specific area of operation is not typically cited, if the anticipated
operations are inshore or sheltered waters, then a reduction factor may be applicable in the
formula for the reference load. There are explicit examples, such as the rules for Great Lakes
vessels, where reductions in strength requirements are associated with the geographic area of
operations.
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There are implicit assumptions in the prescriptive rules which the designer should be
aware of. For example, in developing extreme loads for some local structure (for example
midbody framing), primary loads may be based on head seas for vertical bending moment,
whereas rules for side shell pressure will have been devel oped assuming a beam sea, and a
prescribed minimum roll angle [C.7]. Combining the loads by simple or weighted summation
may not always justify the same spectral representation to be used. However, in practice the
assumption that this can be done is reasonable, and is acceptable for the Level 2 method

Another such assumption relates to the implied wave conditions used to develop the
design loads. Thisis discussed further in Section C.3.1.4.1.

C.3.13.2 Level 3—Method

A schematic representation of the Level 3 method is provided in Figure C.3.1.3.1, which is
taken from Ref. C.8.

In the Level 3 - Direct Calculation - Method, the loads are determined from a detailed
knowledge of the ship’s operational profile. In using direct methods for calculating extreme
loads, considerable ssimplifications of the operational profile are usually accepted. For fatigue
calculations, it may be necessary to examine the data in more detail to ensure a reasonably
accurate representation of spectrum shape.

The operational profile information required for a detailed calculation includes:

The projected route of the vessel described in terms of areas of operation and the % time

spent in these aress;

Vessel loading conditions or missions and relative time spent in each mode; (loading
conditions are appropriate for commercial vessels, while the misson may be more

appropriate for military or patrol vessels);
Distribution of time spent at each heading relative to the predominant sea direction;

Vessel average speed ranges and relative amount of time spent at each speed in a particular

sea state or wave height.

This data can then be combined with a statistical representation of the wave climate for each
areato provide a complete picture of the vessel's "sea operational profile", as described in the
next section.

In order to make the calculations feasible, each of the parameters is discretized in some
manner. For example, the route can be divided into Marsden Zones [Ref. C.9] (or zones of
latitude and longitude transited by the vessal) and the time spent in these zones. Loading can be
treated in terms of standard conditions. Relative heading can be simplified into head, bow,

beam, quartering, and following seas; and speed can be treated as sets of speed ranges.
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Define Problem
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Define Operational Profiles
Based on Mission or
Loading Conditions
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Obtain Wave Climatic Data
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Loop over sea state
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Compile Load-Range
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Figure C.3.1.3.1: Schematic of Level 3 - Direct Calculation - Method
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When a new design will follow the same operational profile as an existing ship, the
existing ship’s operations may be studied and characterized from operational logs, [e.0., Ref.
C.8]. For new designs, operational profiles can be generated from the operators’ plans. The
level of discretization of operational and/or environmental data should correspond to the
certainty in the operational profile information.

The process of developing a detailed operational profile requires the development of
input joint probability diagrams, including ship speed versus Sea State (or wave height) (Table
C.3.1.3.1) and then ship relative heading versus Sea State (or wave height) (Table C.3.1.3.2).
These are obtained either from historical data (as in the examples) or perhaps from operating
directions for the vessels (particularly speed in given sea states).

When an operational profile is developed in the absence of historical data, speed, sea
state and heading are often assumed to be independent quantities. This may not always be the
case, as in severe sea states, the practice is to reduce speed and to orient the ship in preferred
directions. However, since the bulk of fatigue damage arises from the exposure to moderate
conditions, and because the amount of time spent in these severe sea sates is not as significant as
that spent in more moderate conditions, the assumption of independence is reasonable, and
avoids extremely complex computations that are not justified. When the profile is devel oped
from existing ships logs, it will obviously reflect current practice, which may or may not be
modified by other features of the new design.

The impact of on- board weather routing and forecasting systems in reducing the
exposure of the vessel to extreme conditions, may also "skew" the observed or theoretical
operational profile. Such measures cannot be taken into account in the design process at present.
For amore detailed discussion of these issues see Ref. C.8.

The next data set required is the distribution of time spent in each geographical area
(Table C.3.1.3.3). In order to construct the lifetime operational profile, time spent in port should
also beincluded. A ship which spends 50% of its time alongside will obvioudy see fewer wave
encounters per year than one which is more or less continuoudly at sea.

These three distributions are combined with the wave data into a table of joint probabilities
of speed, heading, wave height, and wave period for the specific profile. The process for
producing this final joint distribution is described in the following section
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Table C.3.1.3.1: Sample Operational Profile

Joint Probability of Speed and Wave Height
SPEED Significant Wave Height (m)
(knots) |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

Table C.3.1.3.2: Sample Operational Profile:
Joint Probability of Heading and Wave Height
Significant Wave Height ( m)

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

Table C.3.1.3.3: Geographical Distribution of Time

Marsden Zone Tota %
15 5%
16 30%
17 10%
23 9%
24 28%
25 18%
SUM 100
C.3.14 Definition of Wave Climate

C31l41 Level 2 —Method

In general, the wave climate is not explicitly defined for the Level 2 approach rather a
“design wave” condition is either defined or implied by the form of the load equation. The
probability of the design wave occurring in the lifetime of the ship is inherent in the various load
eguations specified by the Classification Societies, and as agreed by IACS, and is understood to
be 10°® encounters per 20-year life.

Modifications may be required to the load formulae to correct for ship size to ensure
equal probability of occurrence. In the case of larger vessels, linear extrapolation of the
prescriptive formula would result in an unrealistically large wave height, and thus upper bounds
have been introduced to the formulae based on vessel dimensions.
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Most major Classification Societies have replaced prescriptive rules by direct calculations
for large vessels (e.g., L > 190m). This requires the development of at least part of the data
described here for use with the Level 3 approach. In the case of smaller vessels, including many
naval ships, the concern with prescriptive rules, again most typically for longitudinal strength, is
that the resulting “design” load will occur at a higher frequency of occurrence than is consistent
with a spectral analysis. Whenever direct calculations of extreme loads are made, care should be
taken to ensure that the underlying assumptions are understood and properly accounted for in the
fatigue analysis

C.3.14.2 Level 3 - Method
C3.14.2(a) Sourcesof Wave Climate Data

The wave climate experienced by ships varies considerably depending on the area of
operation. Wave datais available for most parts of the world including oceans and large bodies
of water such asthe Great Lakes. Perhaps the most comprehensive compilation of wave datais
published by British Maritime Technology [Ref. C.9]. Regional wave datais also available, an
example being for Canadian Waters - including the Great Lakes [Ref. C.10]. Wave data sites are
also available on the Internet for example, at, www.meds.dfo.ca maintained by the Canadian
MEDS (Marine Environmental Data Services), and www.nodc.noaa.gov maintained by the U.S.
National Oceanic and Atmospheric Administration (NOAA).

Wave climate atlases typically divide the world's oceans into blocks or areas. One such
system is that of the “Marsden Zones’ used frequently in commercial and offshore applications
as presented in Ref. C.9.

Wave heights may be quoted directly, usually in 1 m gradations, or aternatively as “sea
states’. Ships' log data often use sea states due to their more direct relationship with observable
physical phenomena. Some warship design methods define wave parameters as NATO sea
states, and the ship design performance requirements may be expressed in these terms. [Ref.
C.11]. When sea dtate data is used, it will generally have to be transformed into wave height
values for use in load calculations. This transformation is described in Section 3.1.4.2(f).

The degree to which the wave climate can be defined depends on how well the route is
defined. In cases where the wave climate is unknown, it is advisable to employ “standard” wave
climate data for areas known to experience severe weather. A good choice in this circumstance
is to use data gathered in the North Atlantic, not only because it experiences severe weather
compared with many other areas, but also because the quality of datafor this area of the world's
oceans is very high asit is particularly well instrumented. Hence, the use of the familiar,” Winter
North Atlantic” ocean definition.

The data sources provide long-term wave height and possibly period data, usually
expressed in terms of, for example, the frequency of occurrence of a significant wave height
and/or period. For fatigue analysis, it is necessary to derive a distribution of the wave energy
across the wave frequency band from this data.
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C.3.14.2(b) Selection of Wave Spectral Model

In order to use the wave climate data in response modelling, it is generaly necessary to
select a spectral model for wave height. This is a mathematical representation of the distribution
of wave energy as a function of the spectral parameters.

Much has been written about the use of appropriate sea spectra, and some references are
provided. For coastal areas it isimportant to fit the datato a “limited fetch” spectrum such as
JONSWAP [Ref. C.12], while for a fully developed sea, the Bretschneider spectra [Ref. C.13] is
popular. The spectra selected must be appropriate to the data available. If the latter includes
much energy at swell frequencies, then a spectrum with a greater number of parameters may be

necessary.

If the vessdl is being designed for a specific area for which actual sea data is available from,
say, directional wave buoys, then it may be possible to use this directly. However, care should
be taken to ensure that an adequate number of readings are available to provide a statistically
valid prediction for the climate the ship will experience.

C.3.1.4.2(c) Encounter Frequency and Reference Axes

Wave height spectratypicaly refer to the wave climate at a stationary point in the ocean.
The frequency of waves that the ship experiences differs from the frequency a stationary
observer would experience. The former is usually referred to as the “encounter frequency”. The
spectrum being used in the analysis needs to be modified to account for this fact. In general, the
ship direction will not be aligned with the direction of the waves. The encounter frequency that
accounts for the effects of speed and heading is given by:

?e= ’?gi- —cos”g (C3.1
@
(See Nomenclature for variable definitions).
The expression for the wave height spectrum also needs to be modified to account for the
transformation of the axes system from a fixed point to one that is trandating with the ship. The

modified wave spectrum is given by:

1
1- (2wV/g)cos?

$:(?6) =$:(?) (C32)

If a software package is used to generate motions and loads, these corrections will normally be
generated automatically.
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C.3.1.4.2(d) Representation of Confused Seas with Two-Parameter Spectra

In addition, if atwo-parameter spectrum is employed, it is often the practice to account
for the “ short-crestedness’ of the seas. This provides a means of accounting for the variation in
wave energy with direction within a single- moded spectrum. As a two-parameter spectrum does
not explicitly consider wave direction (only height and frequency), the alternative to assuming
uni-directional seas (all wave energy concentrated on one axis) is to apply a cosine-squared
spreading function as follows:

S, (26, 20=5, (2.) x % cos? 2¢ (C3.3)

Again, most software packages will alow for either uni-directional or ‘corrected' representations
of the spectrum.

C3.14.2(e) Wave Scatter Diagrams

Wave climate data for both directional and non-directional seas are usually expressed in
terms of “wave scatter diagrams’ which express the relative frequency of occurrence of certain
combinations of wave height and modal period. Hence, using statistical terminology, the
diagram is the joint probability density function for wave height and period. A typical non-
directional wave scatter diagram (in this case for a composite area covering the North Atlantic) is
shown in Table C.3.1.4.1.

The direct calculation method is based on the creation of a composite wave scatter diagram
derived from the reference wave climates that comprise the proposed shipping route or operating
area. Mathematically, the composite scatter diagram is defined as:

N

(HS’TZ)composite = é i (HS’ TZ )i (C34
i=1

where Hsand T, are the significant wave height and zero crossing period respectively, pj is the

proportion of time spent in the ith area (Marsden zone), and N°is the total number of areas along
the route. In practice, the composite wave scatter diagram is created by:

1) multiplying the relative frequency values in wave scatter diagrams for each geographical
area by their respective factor ;-

2 adding all of the modified relative frequency values for common height and period to
develop a single weighted scatter diagram.
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Table C.3.1.4.1: Scatter Diagram for North-Atlantic for Use in Fatigue Computations

T, (sec) Hs (m) for 1000 wave encounters total
05 |15 |25 |35 (45 |55 |65 |75 [85 |95 |[105 [115
13.50 0 0 0 0 0 1 1 0 0 0 0 0 2
12.50 0 0 1 2 2 2 2 1 1 1 0 0 12
11.50 0 1 4 6 7 5 4 2 2 1 1 0 33
10.50 0 4 14 |22 (18 (13 |8 4 3 2 1 1 89
9.50 1 16 |43 (48 |34 (20 (11 |5 3 1 1 0 183
8.50 4 47 |80 (65 (38 |18 |8 4 2 1 0 0 268
7.50 13 |75 (79 |46 |21 |9 3 1 1 0 0 0 248
6.50 21 |54 |33 |14 |5 2 1 0 0 0 0 0 130
5.50 14 |13 |5 1 0 0 0 0 0 0 0 0 33
450 3 0 0 0 0 0 0 0 0 0 0 0 3
3.50 0 0 0 0 0 0 0 0 0 0 0 0 0
250 0 0 0 0 0 0 0 0 0 0 0 0 0
Total 5 [210 |259 |203 (125 |70 |38 |17 |12 |6 3 1 1000

While the ideal is to compile a composite wave scatter diagram that reflects the intended
route of the ship, this information is not necessarily available. In this situation, it may be
necessary and appropriate to use average pre-compiled data. While Table C.3.1.4.1 is intended
for use for routes in the North Atlantic, this is significantly more severe than the “world average”
wave climate which is shown in Table C.3.1.4.2. The designer has the option of using a more
severe set of conditions to ensure alevel of conservatism in the fatigue analysis.

Table C.3.1.4.2: Scatter Diagram for World Wide Trade for Use in Fatigue Computations

T, (sec) H (m) for 1000 encounters

05 |15 |25 (35 |45 |55 (65 |75 |85 (95 |105 |115 |tota
13.50 0 0 0 0 0 0 0 0 0 0 0 0 0
12.50 0 0 1 1 1 1 0 0 0 0 0 0 4
11.50 0 1 2 3 3 2 1 1 1 0 0 0 14
10.50 0 3 9 11 (8 5 2 1 1 0 0 0 40
9.50 1 13 (27 |24 |15 |8 4 2 1 1 0 0 9%
8.50 4 9 (57 |38 |19 (8 3 1 1 0 0 0 170
7.50 13 (80 |76 |37 |14 |5 2 1 0 0 0 0 228
6.50 P2 |9 |61 |21 |6 2 1 0 0 0 0 0 222
5.50 4 |70 |28 |7 2 0 0 0 0 0 0 0 151
450 P2 |2 |6 1 0 0 0 0 0 0 0 0 61
3.50 8 2 0 0 0 0 0 0 0 0 0 0 10
2.50 1 0 0 0 0 0 0 0 0 0 0 0 1
Total 135 (329 |267 |143 [68 |31 |13 |6 4 1 0 0 997
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The composite scatter diagram then forms the basis for representing the wave climate
associated with the design operational profile, giving the relative proportion of the wave
encounters which will have the given height and period (significant wave height and mean
crossing period) given by each cell in the scatter diagram.

C.3.1.4.2(f) Sea Statesversus Wave Height

As noted above, wave statistics and other operational profile data may be available in
terms of wave heights, sea states, or some combination of the two. If amix of datais available, a
transformation of wave heights to sea states (or vice-versa) will be required. For example, this
can be achieved by assuming that significant wave heights follow a three parameter Weibull
distributions, where:

_ g(Hs' m)

F(Hg)=1-ep ¢ 9

h

o

(C.3.5)

Vaues of g, m and h may be found and the probabilities of sea states determined from:
I (Sea State) = F(Hg) - F(Hg) (C.3.6)

This process is demonstrated in the Examples - Section D. Similarly, the wave period
data may not be expressed in the same way in a scatter diagram as in a spectral representation
(periods may be peak or zero-crossing) and may need to be converted prior to use.

C.3.15 Determination of Wave Load Distribution

Once the ship and wave data required have been developed, they can be combined (for
the Level 3 method) into a composite "sea operational profile" containing al the information
needed to construct a long-term distribution of the loads

Two examples of composite wave scatter diagrams have been presented above. To
illustrate the overall process, a third composite has been constructed for the ship whose
operational data was presented in tables C.3.1.3.1-C.3.1.3.3. To simplify the presentation, the
period data has been excluded and only the wave heights are shown.

The composite wave height probability distribution (Table C.3.1.5.1) for distribution of time
in the relevant sea areas (Table C.3.1.3.3) is combined with the conditional probability of vessel
speed and wave height (Table C.3.1.3.1) according to the expression:

fmc XfV (V]/d_'S) = fs (C37)
where fs = joint probability of significant wave height and speed (Table C.3.1.5.2)
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The term (fv (VYH,) is calculated from Table C.3.1.3.1 as follows:

fv (VYH;) = prob(V and Hy) / prob (Hs) (C.3.8

where: prob(V and Hy) is the joint probability of speed and wave height (individua entries in the
Table C.3.1.3.1), and prob (Hy) is the marginal probability of wave heights, shown in the bottom
row of Table C.3.1.3.1 as bolded numbers. Table C.3.1.5.2 presents the results of the
calculation of fs:

Table C.3.1.5.1: Composite Distribution of Wave Height Probabilities (fic)

Hs[m] Marsden 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

TableC.3.1.5.2: Two-Dimensional Joint Probability Distribution (fs)
SPEED Significant Wave Height ( m)
(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

The third parameter, heading, is then incorporated in the analysis. The procedure is similar
to that for speed, but is combined directly in the expression to give atotal probability (three-
dimensional probability), as calculated from the expression:

fstota = Ts 1:q (g¥Hy) (C.3.9

where fy(¥Hy) is the conditional probability of heading (q) for given wave height Hs or sea
state.
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The latter term is calculated from Table C.3.1.3.2 as follows:

fq (g¥Hs) = prob(g and Hy) / prob (Hs) (C.3.10)

The values of f; calculated for every entry from Table C.3.1.3.2 are multiplied by each entry
in Table C.3.2.2. In this example, there are four ranges of speeds x five headings = 20 resullts.
This must be repeated for each of seven wave heights. Thus, a matrix of three-dimensional
probability of simultaneous occurrence of speed (V), heading (q) for the given wave height or
sea state (Hs) in the combined operating areahas5 x 4 x 7 = 140 entries. Table C.3.1.5.3 gives
the results of the calculations. The values shown in Table C.3.1.5.3 are probabilities
standardized by multiplying by 1000. Thus the probability of occurrence of Sea State 2 in head
seas, with avessel speed between 14-18 knots is 3.504/1000 = 0.003504.

When (as in this case) the ship data is drawn from a relatively short period of log data, it may
well be that zero joint probabilities appear to exist for certain combinations of conditions. Itis
then necessary to make some assessment of how to handle these. In this example, the lack of
specific ship records for wave heights above 7 m should not be taken to imply that such
conditions will never be encountered, as the composite wave data goes up to 12 m seas for the
areas under consideration. In Table C.3.1.5.3, the joint probability data for the 7 m wave height
has therefore been applied to all higher wave heights. Some such adjustment is necessary, as
these conditions may contribute significantly to fatigue damage (and to ultimate strength
assessments). On the other hand, it is less important to “fill in the blanks™ at the lower end of the
range, where the potential inaccuracies are less significant.

Selective elimination of cellsin the matrix by combining their ranges and probabilities
can reduce the overall computational effort required considerably. For each cell retained, a set of
possible wave periods will also need to be considered, as shown in Tables 3.1.4.1 and 3.1.4.2.
Each speed, heading, wave height, and period combination will generate its own response
gpectrum. A full analysis of this matrix could thus require over 1000 separate calculations to be
undertaken and their results combined. As shown in the examplesin Section D, a reduced scope
will normally be quite sufficient.
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Table C.3.1.5.3: Operational Profile Summary Table

speep|Sea Sate 1 Sea Sate 2
(kn.) Head | Stb. | Sth. | Sth. Following Head| Stb | Sth. | 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 ] 0493 | 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 | 43 | 118 | 143 | 21.3 4.9 42 1 120 | 138 | 216 5.0

SPEED Sea State 3 Sea Sate 4
(kn)) Head | Stb. Stb. Stb. Following Head | Sth. | Stb. Stb. 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
14-18 118.637|42.549|49.163|81.588| 18.376 |15.857|36.628| 44.032| 70.159| 15.950
SUM | 263 | 60.1 | 694 | 115.2 26.0 231 | 534 | 641 | 1022 | 23.2

SPEED Sea Sate 5 Sea Sate 6
(kn.) Head | Stb. | Sth. | Sth. Following Head| Stb. | Stb. | Stb. 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 | 1.530 | 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| 9.54012.669|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 | 62.8 143 | 134| 22.7 | 30.2 | 48.6 10.7

SPEED Sea Sate 7

(kn.) | Head | Stb. | Sth. | Sth.
Seas | Bow | Beam | Quart.
0-6 [ 0941]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 | 2249 | 4402 | 6.049 | 1216 | 10-14
14-18 | 0.627 | 0.562 | 1.100 | 1.512 | 0.304 | 14-18
SUM | 53 4.8 94 | 129 2.6 100

SPEED
Following | (KN.)
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C.3.2 Determination of L oad Ranges

Cc321 Level 2 — Method

In the smplified (Level 2) analysis method, the loads are defined in such away asto
allow the application of a statistical method, typically based on a Weibull distribution, to
determine the distribution of the load amplitudes and frequencies. For most structural details, the
focus will be on the hull girder analysis, but methods for calculating other components discussed
above are presented.

C3211 Design Load Equations

The designer will identify design load equations from the various Classification Society
rules or specific sets of rules such as those available for warship design, [Ref. C.14]. Designers
will aso know that such rules are often somewhat empirical, cannot necessarily be interchanged,
and, must be applied intelligently, with an understanding of the underlying assumptions and their
expected scope of application. This information may be provided in Class notes or through
papers in the open literature. The use of a set of equations from any single source will generally
result in load (stress) levels which are broadly comparable for a given ship configuration. Thus,
any set of load equations can provide the basis for subsequent fatigue design.

Examples of design load formulae are provided below. These formulae, (taken from Ref.
C.3) are certainly not the only equations available. 1f adesign is being undertaken with a choice
of Classification Society already finalized, it is advisable to use their preferred formulae. 1t
should be noted that Classification Society formulae for fatique loads are not always identical to
those provided for basic scantling design.

The overall approach is to define the loads in terms of the following components:

vertical bending moment;

horizontal bending moment;

torsional bending moment;

dynamic externa pressure loads;

internal pressure loads due to ship motions.

Each of these may need to be considered under a set of ship loading conditions, depending on the
type of vessel under consideration. Examples of design load equations for usein Level 2
analysis are provided in Appendix B.

For naval vessels, fatigue calculations normally only take into account wave bending
effects, though local machinery and propeller-induced vibrations may also be important. Most
naval design standards incorporate similar parametric formulae to those shown in Appendix B
for commercial vessels.
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C321.2 Determining Loads for Fatigue Analysis

Some approaches to fatigue design also use the “lifetime extreme” stress range as a
reference level, but the mgjority (including this Guide) use a higher exceedence
probability/lower value to reflect the fact that most damage accumulates at lower stress ranges.
In order to convert values from one probability level to another probability level, a correction
factor, fi (using Weibull distributions) isrequired. f; is given by:

f = {(Inp2)/(Inpy } " (C.311)
where:

p2=  reference probability level to which the load is to be changed (10 in this Guide)
p.= probability level at which the quantity is specified (generally 10°® as discussed above)
h =  Waelbull shape parameter

Specifically, the factor f is applied to the load equations to correct them for the revised
probability of occurrence.

The Weibull Shape parameter, h, is dependent on the location of the structure and may be
established from long-term wave load analysis. The following values are given in Ref. C.3, for
tankers and bulk carriers:

ho, the basic long-term Weibull shape parameter = 221-05410g(L)
(@) For deck longitudinals: h= h
2 For bottom longitudinals: h = hy-0.005 Ty

3 For external pressures:
Ship side above the waterline: h =
Ship Side at Waterline: h= h+0.05
Ship Side below the waterline: h = hy+0.05(z/ Tac ) - 0.005( Tact-2)
4 For Internal Pressures on Longitudinal and Transverse bulkheads:
h= hy+0.05

ho + 0.05((Dm-2y)/(Dm- Tact))

The above equations are for vessels with atypical roll period (natural roll period <14
seconds). For vessels with along roll period, the value 0.05 in the above equations can be taken
as zero.

If information is available from similar designs/operational profiles to suggest that the
distribution shape parameter for any or all loadings should be changed, then alternative values
can be used in the above correction factors. Similarly, different probability ratios can be
introduced if desired.

The general assumption in all simplified (Leve 2) approaches is that loads (stress ranges)
can be combined by simple superposition (or minor modifications to this) and the same spectrum
shape applies to the combined loads as to the principal components. While not strictly true, this
assumption is adequate for most cases.
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C3213 Application of Direct Calculation Methods in the Level 2 Approach.

Under current Class requirements, the loads for certain types of vessel must be analysed
using direct calculation methods rather than specified parametric design equations such as those
discussed above. This applies, for example, to tankers over 190m length. Classification
Societies have devel oped specialized software for this, including the ABS Safehull system [Ref.
C.15]; the LR ShipRight suite [Ref. C.16]; GL’s Poseidon system [Ref. C.17]; and DNV’s
Nauticus program [Ref. C.18]. These methods have several characteristics in common,
including:

computer-based systems

explicit calculation of extreme loads
explicit calculation of structural resistance
capability to assess fatigue performance

The methods incorporate a fatigue design component, generally following the process
outlined under the Level 2 Method in Figure C.2.2.1, i.e., they are based on an estimate of
extreme load derived, and the stress range spectrum is based on the Weibull model.

The simplifications incorporated in these methods mean that they are not generic in terms
of the ship types to which the resulting software can be applied. To reduce computational
demand, first-principles results are synthesized by ship type and structural configuration to
simpler algorithms. The Classification Societies have developed systems primarily for larger
vessdls, the main ship types being tankers, bulk carriers, and container ships (this varies between
Class Societies). Implicit in many of the systemsis an assumption of a specific structural
configuration.

The designer can employ the same basic technique using other, non-proprietary methods.
In al cases, thiswill involve identification of a design sea condition, and the devel opment of
response amplitude operators (RAQO’s) for each load component, as per the procedures defined in
Section C.3.2.2. Alternatively, there are published parametric equations for hull girder design
moment derived from RAO’sby Sikora et a. [Ref. C.19 and C.20], that are appropriate for
warships and high speed commercial vessels. This approach is described later.

C.3.2.2 Level 3 — Method
C3221 Basis of the Approach

The basis for developing loads in the spectral analysis method, the core of the Level 3
approach, is the development of transfer functions generally referred to as Response Amplitude
Operators, or RAO’s. An RAOQ represents the response of the ship’s structure to excitation by a
wave of unit height, and is derived over the full range of (encounter) frequencies that will be
experienced. RAO’s are complex numbers with real and imaginary components that express the
amplitude and phase relationship between the wave load (forcing function) and the response.
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This Guide does not develop the mathematical basis for the various ship response RAO’s.
There are a variety of suitable references [Ref. C.21-C.23]. In general, the numerical calculations
are computationally demanding and require a computer code. Empirical (model test or parametric)
representations have, however, been developed for some specific ship types.

For aLevel 3fatigue analysis:

@ An RAO should be developed for every combination of speed and heading represented in
the operational profile, aswell as for every load component.

2 Vessal response is obtained for every individual condition (combination of speed,
heading and sea condition). The RAO’s are applied to each cell in the wave scatter
diagram, using the wave height and period as characteristic values with the selected sea
spectrum. Each resulting load response spectrum represents the short-term response to
the conditions defined in the specific cell. As a short-term response must be obtained for
every condition in the operational profile, a large number of spectral analyses isrequired.

3 The fatigue assessment is a long-term analysis that employs all the data given in an
operational profile. Each individual response spectrum is multiplied by the probability of
that combination. The end result is a statistical distribution due to wave loading. This
approach is then used to predict the probability of structural failure due to progressive
damage accumulation.

Regarding (1), the overall approach is simplified considerably if it is assumed that the
ship responses are linear, allowing asingle set of RAO’sto be used to cover the full range of
wave conditions defined in the wave scatter diagram. In extreme seas, the vessel response may
be highly non-linear, and thusin principle, different RAO’s should be used to calculate the
response. However, for the purposes of fatigue analysis, the extreme value loads represent a
small number of cyclesin thetotal life, and thus the (non-conservative) error is generally
acceptable.

C3222 Calculation of Response Amplitude Operators (RAO’S)

An RAO needs to be developed for each of the load types which are considered in the
fatigue analysis. These are expressed in the form:

HV(T|2) = RAO for vertica bending moment,

Other RAO's and terms are defined in the Nomenclature.

The RAO’s for hull girder response (bending moment and shear) are derived from section
properties, the external forces due to hydrostatic restoring forces, the hydrodynamic response of
the hull, and the incident wave excitation force.
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As indicated by the parametric equations B.9, B.10 in Appendix B, the equations for
external and internal pressure loadings are strongly dependent on the hydrodynamic (vessel
motion) response and acceleration components. Thus, the basic RAO will be derived from the
RAO for the vessdl’s motion response, and will rely on a conversion function to pressure, as
outlined in Section 3.3.1.1. In addition, there may be a“dynamic” component due to the incident
wave impacting on the structure externally, or internal sloshing of liquids. Thisload component
is developed using standing wave theory, as developed in Ref. C.23 or C.24, for an incident
wave on avertical wall. Asthis phenomenon is specific to the higher frequency ranges that are
not coincident with the peak response to static pressure variation, it has been proposed that a
combined RAO is created. Thisis shown in the third example, Section D.

RAOs can be determined by model tests, full-scale measurements, or by computer
programs. Currently, the most commonly used method for predicting ship motions and sea
loads, involving the computation of RAQO's, is linear strip theory. Several computer programs
based on this theory are readily available (e.g., Ref. C.25).

The limitations of strip theory may be overcome with the use of computer programs
which use computational fluid dynamics approaches, wave diffraction theory, hull geometry
panel methods, and time-domain based codes. These programs are gaining popularity, but are
more complex, and the end result may not justify the effort required to generate the data in any
situation other than for research or for unusua hull forms. In the context of afatigue analysis,
the limitations associated with the use of strip theory are generally offset by the narrow range of
conditions that are affected by those limitations, and by the speed of computation (given that
multiple short-term analyses must be generated under the Level 3 approach).

As an dternative to numerical or physica modeling of the RAQO’s, parametric equations
have been developed for specific vessal types and loads. For example [Ref. C.20] provides such
data for hull girder bending for warships and high speed commercial craft.

This method relies on a generalized response amplitude operator for vertical bending
moment at midships. For a set of ships consisting of frigates, destroyers, and high speed
commercia vessels, the RAO is, after appropriate normalization, represented by a single curve,
where

The ordinate of responseis. (ORAO)/r g (Lep)°BF1F2

The abscissa of frequency is: W3 (C3.12
where:

F. = |3Ccos|

F, = 1litanh(15+V/g) + 0.03(V/g)?

W = w(Q2py Lep)

Fs = Croyq
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Figure 3.2.1 is taken from Ref. C.20 and illustrates the nature of the data.

__~VRAO 0 0-7 knots O 9-12 knots A 14-17 knots
rgL2BRF, 002 A
where:
V.&
F= ‘34[C05q‘ 0.015 - o
F, = 1.1 Tanh(L5 + v/g) + 0.03 (v/g)? B3
_ o =
Fy3 =|/C .01 ~
3 ‘ 0 0.0 |%> Oo
W o
~ [2pg/L 0.005 - aOiler, AtSea ©
] Tanker, Model
r g = density of seawater ® Ore Carrier, Model
g = heading (0 = head seas) 0
v/g = speed per grav. constant, sec. ' ' '
g =speedperg 0.4 0.9 14 1.9

Non-Dimensional Wave Frequency, W F3

Figure 3.2.1: RAOsfor Qilers, Tankers and Ore Carriers

C3223 Determining Load Ranges

In the Level 3 approach, the objective is again to provide aload range. Each loading
combination in the operational profile must ultimately be converted from an amplitude to a
range.

C3.223(a8 Wave Induced Hull Girder Bending Moments

Vertical Bending moment is generally assumed to be fully reversing, i.e., any variation
between hog and sag is not explicitly considered. Thisis afunction of the basic linear theory.
The vertical bending moment range will be twice the magnitude of the response calculated from
the spectral analysis based on the single amplitude RAO for vertical bending.

The horizonta (and torsional) wave bending moment range is not fully reversing. Using
an analogous approach to the Level 2 discussion, the horizontal bending range can be equated to
the single amplitude horizontal bending response.

C.3.22.3(b) Externa Pressure Range

The Level 3 external pressure range is calculated from two separate transfer functions
consisting of:
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@

2

The range of quasi-static head at a point of interest on the side shell due to vertical
motions of the vessd, is:

Dpst = r9(z — z) (C313)

where z, 2 are the instantaneous immersions of the POI at the extreme points of motion.
The prefix “D” refersto a*“range” value of given parameters where z is derived from the
local vertical motion RAOs for the point of interest. It is recommended that the single
amplitude response be used due to intermittent emergence of the point of interest, noting
that when the point of interest emerges from the water, the outside pressure falls to zero.

The dynamic pressure, pg, at the point of interest (POI) — due to the incident wave and

reflected wave in deep water given by Equation C.3.14, with terms as defined in Figure
322, anddw = ¥:

Pg = Zgé?gH cos(kx) cos(?t)g (C319)

where k is the “wave number” = w?/g in deep water.

< Tw \j? > X
W\

‘ POI— Incident Wave
|

ST S

Figure 3.2.2: Dynamic Pressure on Side Shell Scenario
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The resulting pressure range transfer function is calculated as the difference between the
total pressure at the wave crest and wave trough:

Dpa= pd (wave crest) - pq (wave trough) (C.3.15)

These transfer functions are directly calculated as ranges, as they are expressed as a
pressure difference. As phasing information is generally unavailable, separate fatigue
damage assessments will be conducted for each pressure component, each taken over the
life of the vessdl.

3 The combined (if phase data is available) or individual pressure component is then
defined as the “ effective lateral pressure” (p) in subsequent stress calculations.

C.3.2.2.3(c) Interral Pressure Loads due to Ship Motion

For reasons analogous to the external pressure calculation, the internal pressure RAO
should also be developed as arange. In this case, the designer must be concerned about: (i)
saturation of the tank; and, (ii) combination of quasi-static pressure variation and sloshing
effects.

C.3.23 High Frequency Loads - Samming, Whipping and Springing

In general, the magnitude of high frequency loads that result from slamming (whipping)
or springing will be significantly smaller than the wave bending loads. Therefore, unless
whipping or springing is expected to occur frequently, they can generally be neglected for
fatigue analysis.

Springing is a steady-state phenomena, where higher mode hull responses are excited by
general wave interaction. The phenomena is most closely associated with Great Lakes bulk
carriers (Lakers) which feature high Length/Depth ratios [Ref. C.6].

Whipping is atransient effect resulting from bow flare or keel lamming effects and are
location dependent, where samming is of greatest concern in the forebody. In the calculation of
the extreme value hull girder response, the superposition of transient loads will result in an
increase of the loading over the basic wave-induced loading. This has implications for the
simplified fatigue approach, and the designer must decide whether or not this component should
be carried through the Weibull analysis on the basis of the frequency of occurrence of slamming
over the load range (and the extent to which slamming effects may already be accounted for in
empirical load formulae).

If these types of transient effects are expected to be significant contributors to fatigue
damage, complex representations of ship dynamic response is needed to quantify these with
reasonable precision. For arestricted range of fast ship forms (warships and others) a smplified
method can be found in Ref. C.20.

Alternatively, slamming may be handled by manipulating appropriate parts of the load
spectrum. In the case of both lamming and springing, it may be more appropriate to add an
additional safety factor to the “standard” prediction rather than attempt the full analysis.
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C.3.3 Summary

For the Level 2 Method, the load amplitudes to be used in the subsequent devel opment of
stress ranges are generally determined from well-recognised parametric equations with no
explicit determination of the ship operations or the wave climate. For example the vertical
bending moment, My, may be derived from formulae published in Classification Society rules,
and modified to a more appropriate level of exceedance probability as shown herein.

L oad amplitudes to be used in determining stress ranges may require adding cal cul ated
loads (such as with vertical bending — in which the load range is the addition of the sagging and
hogging moments) or, as with horizontal bending, selecting the calculated single amplitude
value.

Loads for side and internal structure are likely to be expressed as a pressure, for
subsequent treatment in determining stresses using lateral loading analyses techniques.

For the Level 3 Method, a more rigorous examination of the ship operational profile and
wave climate is used to produce statistical distributions of load under al the various operating
conditions. Response Amplitude Operators (transfer functions) are developed for each load
component of interest. In some cases, more than one RAO must be generated to define a load
component, e.g., Side shell pressure loads. Seakeeping programs may be used to determine the
RAOs. The array of operating conditions (generated from the operationa profile and wave
scatter diagram) and the associated RAOs, then comprise components used to derive a stress
range spectrum to be developed in the subsequent sections.
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C4 STRESSANALYSIS

C.4.1 Introduction

This section provides procedures for relating the ship load distributions or spectra,
developed in Section C.3, to the local response of the structural detail of interest for use in the
design of fatigue resistant details. Thisinvolves developing “ship load” to “structural detail hot
spot principal stress’ transfer (or response) functions.

The fatigue design processes, presented in this Guide, are based on stress transfer
functions or coefficients relating the local stresses to the global hull girder bending moments,
external sea pressures acting on the hull, and internal pressures acting on the tank boundaries.
The stress coefficients are evaluated by calculating the local field stresses at the point of interest
for aunit value of each load component (e.g., vertical, horizontal and torsional bending moment
loads, internal and external pressure loads). In general, this will involve conducting stress
analyses for unit loads considering each type of loading individualy. Strictly, the stress
coefficients are a function of wave frequency. However, it appears [Ref. C.3]) that it is
acceptable practice to compute stress coefficients for one particular wave frequency, and heading
for that matter, and apply it to al wave frequencies and/or headings. The total stress spectrum at
the location of interest can then be estimated by combining the stress coefficients and loads
spectra using the methods outlined in Section C.2. The remainder of this section outlines
methodol ogies to determine the local stresses from unit loads, hence determining the stress
coefficients.

The processes covered in this section are the third and fourth steps outlined in the flow
chart for the fatigue design procedures (Figure C.2.1). The two-step process, described below,
may be completed viathe Level 2 (simplified) or Level 3 (direct spectral analysis) routes or a
combination of the two.

Level 2 Level 3
1) Define reference values for nominal 1) Determine transfer functions for nominal
stress range components in primary stress range components in primary
structure using parametric equations, structure by global finite element
frame and beam models analysis

2) Use primary defined SCF s to determine | 2) Determine transfer functions for
reference values of hot spot stress range components of hot spot stress range by
components local finite element analysis

The cross-over linkages, shown in Figure C.2.1, are intended to indicate that any
combination of the first and second steps of the Simplified and/or Spectral Analysis approaches
may be used in the design of fatigue resistant details. The ability to cross over affords the
designer the freedom to use any combination of analytical detail appropriate or available in the
design process.
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Asin the other elements of the fatigue design process, there are a number of approaches
with varying degrees of complexity and accuracy that may be used. The approach selected for
the stress analysis should, in general, be consistent with the complexity and accuracy applied to
other elements of the design process.

C.4.2 Stressand Stress Concentration Category Definitions

In the design of ship structures, both stresses and structural elements may be classified to
simplify and isolate structural elements or their response to applied loads. The following
definitions of primary, secondary and tertiary stresses [Ref. C.26] will be used in this Guide:

* 51 - Primary - stresses due to bending, shear and torsion in the main hull girder;
* S, - Secondary - stresses in a stiffened grillage due to bending and membrane effects; and,
* s3 - Tertiary - membrane stresses in panels between stiffeners.

The utility of separating out classes of structure or stresses is less important when numerical
(finite element) analysis methods are used to analyse the response of the entire structure. The
classification approach is important when stresses are superimposed to estimate the response of
structural elements to the applied loads.

In general, the fatigue life of a structural detail is a function of the fluctuating stress field
at the point of interest. These stresses may be treated directly, or resolved into four components
as shown in Figure C.4.2.1 and described below.
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Figure C.4.2.1: Stress Componentsin a Welded Joint

Fatigue-Resistant Detail Design Guide for Ship Structures C-30



Part C — Fatigue Strength Assessment

C4.21 Local Nominal Membrane and Bending Stress (S and Sp)

The local nominal membrane stress is the uniformly distributed stress that is equal to the
average value of stress across the section thickness. The local bending stress is the component of
nominal stress due to applied loading that varies linearly across the section thickness. The
nominal stresses satisfy the simple laws of equilibrium of forces and moments from applied
loads. They may be derived from simple formulag, beam element models, or coarse mesh finite
element analysis (FEA) as described in Section C.4.4.2. The term “local nomina stress’ is used
because stress concentrations resulting from the gross shape of the structure surrounding the
local detail of interest will affect the local stress field magnitude (e.g., shear lag effects) and must
be included in the local nominal stresses.

C4.22 Peak Stress (sp)

The peak stress is the component of stress due to applied loads due to stress
concentrations at local discontinuities in the vicinity of the crack. The peak stress represents the
highest value, usually at the surface at a notch (e.g., weld toe). Peak stresses arise from stress
concentrations due to the following effects:

(1) Geometric Stress Concentrations (Kg): due to the gross geometry of the detail
considered. The effect of the geometric stress concentration typically decays over
distances of the order of the section thickness.

(2) Notch Stress Concentrations (Ky): due to the local geometry of the notch (e.g., weld
geometry). The effect of the notch stress concentration typically decays over distances of
the order 10% to 20% of the section thickness. Notch stress concentrations are not
considered in the structural detail safe life fatigue design process in this Guide.

(3) Misalignment Stress Concentrations (Kie, Kta):: dueto bending stresses caused by
misalignments including eccentricity tolerance (K+e), and angular mismatch (Kt4). These
are normally used for plate connections only. The effect of the misalignment stress
concentrations typically decay over distances of the order of the section thickness.

C.4.2.3 Residual Stresses (s;)

Residual stresses are local self-equilibrating stresses that arise from fabrication and
welding. In general, residua stresses are strain/displacement limited phenomena and, as such,
do not contribute to plastic collapse if they relax. However, they do add to the tensile stress field
in the vicinity of the crack and have to be included in the calculation of the stress intensity factor
for residual strength assessments. Residual stresses may also be resolved into membrane and
bending components. However, since there is only limited quantitative data on the distribution
of welding residual stresses in ship structural details, it is normal practice to assume a uniform
(membrane) residual stress field approaching tensile yield strength (i.e., s, » Sy). Residual
stresses need not be considered in the Miner’s summation fatigue design process being presented
in this Guide since their effect on the mean stress level should be accounted for in the SN curve
or fatigue life data.
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C4.24 Total Stress

The total stressis the sum of the various stress components. The maximum value of total
stress at the crack location is referred to as the peak total stress (Stp).

C.4.25 Stresses in Fatigue Analysis

As mentioned in the previous sections, the stress analysis for fatigue design does not
necessarily incorporate al stress concentrating effects. While this Guide is based on a “hot spot”
stress approach, other rules may be based on nominal or notch stress stresses. The difference
between these approaches lies in how the experimental fatigue test data is reduced in developing
the design S-N curves. In order to correctly determine the stresses to be used in fatigue analyses,
it isimportant to note the definition of the stresses used in the SN curve being applied. Possible
stress definitions include:

* Nominal stresses are those derived from beam e ement models or from coarse mesh FEM
models. Stress concentrations resulting from the gross shape of the structure, e.g., shear lag
effects, are included in the nomina stresses derived from coarse mesh FEM models.

» Geometric stresses include nominal stresses and stresses due to structural discontinuities
and presence of attachments, but excludes stresses due to presence of welds. Stresses
derived from fine mesh FEM models provide geometric stress data. Effects caused by
fabrication imperfections (e.g., misalignment of structural components), are however
normally not included in FEM analyses, and must be separately accounted for. The greatest
geometric stress value at the point of interest (including fabrication imperfections), the
weld toe, is commonly denoted hot spot stress and the location of the greatest geometric
stress outside the region affected by the geometry of the weld is termed the hot spot.

» Notch stress is the total stress at the weld toe (hot spot location) including the geometric
stress, misalignment effects and the stress due to the presence of the weld.

C.4.3 Determination of Local Nominal Stresses

As discussed in the previous section, local nominal stresses are those that would be
calculated at the location of interest in the absence of the stress concentration due to the local
structural detail and weld. The local nominal stresses include the stress concentration effects of
the overall geometry of the structure surrounding the detail, but not the detail itself.

The local nominal stresses may be calculated, for unit loads, using a combination of
parametric formulae for smple structural assemblies and global stress concentration factors to
account for the gross geometry of the structure and the effects of misalignment. This approach is
referred to in this Guide as the “Level 2" approach.
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C.4.3.1 Level 2 Approach

Calculation of hull girder stresses is the simplest way of getting reasonable
approximations to the stress levels in longitudinal hull girder elements and connections and may
be used for a quick evauation of stress levels in important details. Global hull girder stresses
may be calculated based on gross scantlings. Local stress components should be calculated
based on net scantlings, i.e., gross scantlings minus corrosion allowances. The hull girder
analogy is based on ssimple beam theory in which:

* plane cross-sections remain plane;

* stresses remain in the elastic range and thus allow superposition;

* the beam is essentially prismatic (no openings or discontinuities); and,

» there is no interaction between bending and other response modes (e.g., transverse and
longitudinal deflections or shear and torsional distortions).

Formulae for calculating hull girder stresses are included in Classification Society Rules.
Alternatively, the following formulae derived from formulae presented in [Ref. C.3] may be
used. The approach presented here estimates nominal stress levels based on the cumulative
contributions of primary (hull girder), secondary and tertiary bending stresses, as shown in
Figure C.4.3.1. Secondary and tertiary bending stresses are the result of local bending of
structural members due to lateral pressure.

The simplified analysis formulae, presented in the sections which follow, relate the
design loads (bending moments and pressures) to nominal stresses based on the geometry of the
vessel structure, as defined in Figure C.4.3.2.
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Figure C.4.3.1: Simplified Stress Analysis of Hull Girder [Ref. C.3]
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Figure C.4.3.2: Definition of Geometric Parameters for Hull Configurations
[Ref. C.3]
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C431.1 Primary Hull Girder Bending

The horizontal bending stress (s m,n) and vertical bending stress (sm ) at a particular point
in the ship hull can be combined as follows to account for phase differences between the two
stresses:

s = \/s ont2esh sty +si, (C.4.2)

where e is the stress correlation coefficient. The correlation coefficient is zero in head seas and
nearly unity in beam and quartering seas because horizontal bending in these seasis mainly due
to healing of the ship. For design purposes, it is sufficient and conservative to simply add the
horizontal and vertical bending stresses.

In the vertical and horizontal bending stress analysis formulae presented below the
following structure should be included in the calculation of the section moment of inertia, section
modulus or neutral axis location:

* Deck plating (strength decks and other effective decks);
* Shell and inner bottom plating;

* Longitudina bulkheads and girders; and,

* Longitudina stiffeners.

Only longitudinally effective structure should be considered in these calculations. For a
structural element to be longitudinally effective it must extend over sufficient length for some
portion of the longitudinal stress field to enter the structure. An approximate rule of thumb is
that longitudinal stresses diffuse at arate of 1in 2 in aweb (e.g., side shell or longitudinal
bulkhead) and about 1 in 4 in flanges (e.g., deck or bottom structure), therefore, the structure
must be continuous for twice or four times its width, respectively in order to be considered fully
effective.

For vertical hull girder bending:
Smv=KeMy znally (C4.2

and, for horizontal hull girder bending,:

S mh = KgMn Yna/ I n (C.4.3)
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C4.31.2 Secondary/Tertiary Sresses due to Internal and External Pressure Loads

Local secondary bending stresses are the results of bending, due to lateral pressure, of
stiffened single skin or double hull cross-stiffened panels between transverse bulkheads (see
Figure C.4.3.2). Thisapproach may be applied to bottom or deck structures, sides or
longitudinal bulkheads.

The preferred way of determining secondary stresses is by means of Finite Element
Anaysis (FEA) or by frame analysis models. Alternatively, secondary bending stresses may be
estimated from parametric equations such as the following equations [Ref. C.3]. Similar
equations are given in Ref. C.1. The secondary and tertiary bending stresses are presented in the
following five categories:

@ Longitudina Secondary Bending Stress in Double Bottom Panels;

(b) Transverse Secondary Bending Stress in Double Bottom Panels;

(© Secondary Bending Stressin Single Skin Panels;

(d) Bending Stress of Stiffeners Between Transverse Supports (e.g., Frames,
Bulkheads); and,

(e Tertiary Bending Stress of Plates Bounded by Stiffeners.

The effects of these secondary and tertiary stresses are cumulative with the local nominal
stress levels calculated from the hull girder analysis.

)] Longitudinal Secondary Bending Stress in Double Bottom Panels
Longitudinal secondary bending stresses in double bottom panels at the intersection of
transverse bulkheads may be estimated by the following formulae:

* Double Bottom Wider than Long (b > a): [Case 1 and 2, Table C.4.3.1]
s> =(Kpp b? ra)/ Qg ip) r =(alb) (iali b)”“ (C4.49)

» Double Bottom Longer than Wide (a> b): [Case 3 and 4, Table C.4.3.1]

s;=(Kppara)lia r=(b/a) (ip/ ia)" (C.4.5)
where:

Ia = ldsa

ib = ly/sp

(b) Transverse Secondary Bending Stress in Double Bottom Panels
Transverse secondary bending stresses in double bottom panels at the intersection of
transverse bulkheads may be estimated by the following formulae.

» Double Bottom L onger than Wide (a> b): [Case 3 and 4, Table C.4.3.1]

s,=(Kppbr)/ip r = (alb) (ip/ i2)" (C.4.6)
» Double Bottom Wider than Long (b > a): [Case 1l and 2, Table C.4.3.1]
szz(Kbpb2 ra)/ia r =(b/a) (ip/ ia)l’4 (C4.7)
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(© Secondary Bending Stress in Single Skin Panels

The stresses at transverse and longitudinal bulkheads may be estimated from the same
formulae as for double bottom configurations. However, the parametersr and torsion
coefficient h should be taken as given in Table C.4.3.2 (also see Table C.4.3.3 for definitions).

(d) Bending Stress of Stiffeners Between Transverse Supports (e.g. Frames, Bulkheads)
The loca bending stress of stiffeners with effective flange between transverse supports
may be estimated by (Figure C.4.3.3):

aM & an El 0
sb:K>§—i+§ AT rgd (C.4.8)
Zsg &lelsy

sl
12

where: M = moment at stiffener support = o

Q- -0:

i =1- 26;3'(i 9
elew
.2 .
o =Ll
4 egd 4 eg
K = stress concentration factor
mq = 4.4 at the bulkhead where no stringers or girders support the frames
adjacent to the bulkhead; else my must be determined from a beam
element analysis as per the procedure in Ref. C.3.
Zs = section modulus of stiffener

It is of great importance for reliable assessments that bending stresses in longitudinals
caused by relative deformation between supports are not underestimated. The appropriate value
of relative deformation, d , has to be determined for each particular case (Figure C.4.3.3). This
usually will require 2-D or 3-D frame analysis or coarse mesh FEA.

(e Tertiary Bending Stress of Plates Bounded by Stiffeners
The local longitudinal tertiary plate bending stress in the weld at the plate/transverse
frame/bulkhead intersection midway between longitudinals is given by:

Sp=0.343p (s/ tn)? (C.4.9)

Similarly the transverse stress at stiffener mid length is:
Sp=0.5p (S/ tn)? (C.4.10)
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Figure C.4.3.3: Secondary Stressesin a Stiffener [Ref. C.3]
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Table C.4.3.1: Support Bending Stress Coefficients K, - Double Bottom Panels [Ref. C.3]

Caseno. & Stress Boundary Conditions r h=0.0 h=05 h=10
Location

Caseno. 1. Long edges: 1.00 0.0952 0.0845 0.0767

Support bending Simply supported 125 0.1243 0.1100 0.09%4

sressin long 150 0.1413 0.1261 0.1152

direction a middle of | Short ends: 175 0.1455 0.1342 0.1251

short end Clamped 2.00 0.1439 0.1374 0.1300

2.50 0.1388 0.1381 0.1356

3.00 0.1371 0.1376 0.1369

3.50 0.1371 0.1373 0.1373

4.00 0.1373 0.1374 0.1373

& up 0.1374 0.1374 0.1374

Caseno. 2. All edges: 1.00 - - 0.0564

Support bending Clamped 110 - - 0.0591

sressin long 120 - - 0.0609

direction at middle of 1.30 - - 0.0619

short end 1.40 - - 0.0624

150 - - 0.0626

1.60 - - 0.0627

& up - - 0.0627

Caseno. 3: Long edges: 1.00 0.0952 0.0845 0.0762

Support bending Clamped 133 0.1026 0.0949 0.0878

stress in short 2.00 0.0972 0.0950 0.0926

direction a middie of | Short ends: 2.66 0.0920 0.0925 0.0922

long edge Simply supported 4.00 0.0912 0.0915 0.0917

& up 0.0916 0.0916 0.0916

Caseno. 4. All edges: 1.00 - - 0.0564

Support bending Clamped 110 - - 0.0638

stress in short 120 - - 0.0702

direction a middle of 1.30 - - 0.0755

long edge 140 - - 0.0798

150 - - 0.0832

1.60 - - 0.0857

1.70 - - 0.0878

1.80 - - 0.0892

1.90 - - 0.0903

2.00 - - 0.0911

& up - - 0.0911

Notes:
1) For intermediate values, use linear interpolation
2) See Table C.4.3.3 for definitionsof r & h
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Table C.4.3.2: Support Bending Stress Coefficients Ky, - Single Skin Panels [Ref. C.3]
Caseno. & Stress Boundary Conditions r h=0.0 h=05 h=10
Location

Caseno. 5: Long edges: 1.00 0.0866 0.0769 0.0698

Support bending Simply supported 125 0.1140 0.1001 0.0004

sressin long 150 0.1285 0.1148 0.1049

direction a middle of | Short ends: 175 0.1324 0.1221 0.1139

short end Clamped 2.00 0.1310 0.1250 0.1191

2.50 0.1263 0.1257 0.1234

3.00 0.1248 0.1253 0.1246

3.50 0.1248 0.1250 0.1246

4.00 0.1240 0.1250 0.1250

& up 0.1250 0.1250 0.1250

Case no. 6: Long edges:. 1.00 0.0866 0.0769 0.0698

Support bending Clamped 133 0.0934 0.0858 0.0799

stress in short 2.00 0.0885 0.0865 0.0843

direction a middle of | Short ends: 2.66 0.0837 0.0842 0.0839

long edge Simply supported 4.00 0.0830 0.0832 0.0835

& up 0.0834 0.0834 0.0834

Notes:
1) For intermediate values, use linear interpolation
2) See Table 4.3.3 for definitionsof r & h
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Table C.4.3.3: Definition of Stiffness and Geometry Parameters[Ref. C.3]

Type Sketch Formulasfor r and h
A: C_:ross st_iffening_ 5 a | - |na¢+285a - 1hae0
Middle girder / stiffener T s & b g
in both directions are s, ‘ .
dtiffer than the others b, = tooe, Zgéb ~ e
P~ Ay i $ e a g

o _a [ip

g r=—4-

b hs b \/;

I;, = main central girder— x
I, = repeating girder———

— IpaI pb

Inalnb
B: Modified cross i a I la
stiffening la= 27

One girder / stiffener in
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reseneny b=, € a o
e r=a I.—b
'51'1 b I3
| o2 b
h = 0124, —2
lal nbSh
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C.4.3.2 Level 3 Approach Using Finite Element Analysis

In the design of critical structural elements, or when the global structure is too
complicated for ssimple parametric formulae, finite element analysis (FEA) may be used to obtain
areliable description of the overall stiffness and global stress distribution in the hull.

The globa FEA is generally carried out with arelatively coarse mesh, the main objective
being to obtain a good representation of the overall membrane panel stiffness in the longitudinal
and transverse directions and for shear, sufficient for determination of nominal stresses.
Stiffened panels may be modelled by means of anisotropic elements or, aternatively, using a
combination of plate and beam elements.

The extent of the model is dependent on the type of response to be considered and the
structural arrangement of the hull. If the FEA based design process involves only several
localized details, the required extent of the local model is dependent on the stiffness variation of
the hull over a certain length and this has to be captured in the global FEA model. The minimum
hull module length required to accurately portray the structural response and provide the
additional information not available from the ssimplified analysis approach typically includes
several cargo holds (or watertight compartments of a naval vessel). The exact length
requirement depends on the ship’s overall geometry and nature and arrangement of the cargo or
other loads.

For horizontal and torsiona bending response of the hull of an open hatch ship, it is
generally required that the extent of the global model covers the complete hull length, depth and
breadth (a half breadth model may be used if antisymmetric boundary conditions can be assumed
at the centerline). A complete finite element model may also be required for the evaluation of
vertical hull girder bending of ships with complex superstructure arrangements (e.g., warships,
passenger ships), and for ships of complex cross-section (e.g., catamarans).

Alternatively, a part of the hull (for example, the midship area) may be modelled. Hull
girder loads should be applied individually at each end of the model to result in a value of unit
load (e.g., bending moment) at the location of interest. Unit pressure loads will normally be
distributed over the appropriate section of the hull. The loads should be balanced in order to give
aminimum of reaction forces at the supports (boundary conditions). The loads and boundary
conditions in the hull cross section should be evaluated carefully when modelling only a part of
the hull to avoid unrealistic stiffness from the forebody/ afterbody.

Figure C.4.3.4 shows an example of a global finite element model of a section of a bulk
carrier. This model may be used to calculate nominal global stresses and deformations away
from areas with stress concentrations. In areas where local stresses in web frames, girders or
other areas (for example hatch corners) are to be considered, the global model should have a
mesh producing deformations applicable as boundary conditions for local stress analysis. In
such cases, the global and local models should be compatible. The local model may be directly
applied as a substructure or super-element in the global model (if such techniques are available
with the FEA software). The substructure technique ensures that forces and deformations in the
global and local models are compatible and, if the substructure is detailed enough, local stress
results may be obtained directly. The substructure technique is very effective where local
structural assemblies (i.e., the substructure) are repeated several timesin the overall assembly,
but it does present added complexity into the analysis.
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More commonly, the global and local analyses are conducted separately. Nodal forces
and/or displacements obtained from the global model are applied as boundary conditions for the
local model. In general, the stiffness of the local model should be comparable to that of the
globa model representation so that forces and displacements between the two models are
compatible. However, due to the greater level of geometric detail and mesh refinement of the
local model, thisis rarely achievable. As such, it is preferable that nodal forces be transferred
from the coarse modédl to the local model rather than forced displacements. It isimportant that
the extent of the local model is sufficiently large that boundary effects due to prescribed forces or
displacements are away from the areas where accurate stresses need to be determined.

The loads to be applied in the global analysis can be produced using any of the
methodol ogies presented in Section C.3. The globa analysis should be conducted for each load
case individuadly (i.e., vertical bending, horizontal bending, torsiona bending, external pressure,
internal pressure). Each load case should be analyzed for a unit value of the applied load at the
location being considered. In this manner, the stresses derived from subsequent local analysis
will correspond to unit loading and therefore, be equal to the stress coefficients, A;, which are
required to generate the local stress spectrum from the combined loading spectra.
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Figure C.4.3.4: Globa Finite Element Model of Bulk Carrier [Ref. C.1]
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C.4.4 Determination of Peak Stresses

Peak stresses may be estimated based on parametric approximations of stress
concentration factors for ship details, when these are available. Alternatively, they may be
determined based on local fine mesh finite element stress analysis of the joint.

C441 Evaluation of Peak Total Stress

The peak total stress can be evaluated by
Stp=Sm+Sh+Sp+ Sy (C411)

Stp = Kg-Kw - (Kte-Kta Sm+Sp) +S¢

In afatigue design process based on a hot spot stress approach, the notch stress
concentration factor (K) isomitted. The notch stress concentration associated with the weld toe
is accounted for in the S-N curve or fatigue life data. The notch stress concentration due to an
existing defect would only be considered in a damage tolerance or residual life assessment as
opposed to the safe life fatigue design process presented in this Guide.

The nominal membrane, bending and peak stress components due to the applied loads
(excluding residua stresses) may be derived, for a given stress distribution s (x) for x = 0 (at the
surface) to x = ts (through the thickness), by the following analytical expressions Ref. C.27 (see
Figure C.4.2.1:

tS
S = 2 X xax (C.412)
tg 0
6 ads 0
Sp=— p K .¢=- xT.dx (C.4.13)
tS 0 e (%]
Sp) =S(X) - Sy - Sp(X) (C4.19)
C44.2 Stress Concentration Factors for Ship Details

Stress concentration factors (SCF) for arange of typical ship structure details are
available in anumber of references, including [Refs. C.1, C.3, C.28, C.29] Stress concentration
factors for typical ship structural details (Kg) and for misalignment effects (Kte, Kta) are defined
in Section 4.2.2 and presented in Appendix C.

It is necessary to exercise extreme care when applying stress concentration factors from
different sources to ensure that the correct nominal stress definition isused. For example, in
some cases the nominal stress is defined at the intersection point of a connection, in other cases,
the global nominal stress may be defined at the weld toe or some distance form the weld toe.
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Furthermore, the designer should be aware that sometimes the published stress
concentration factor solutions are designed to calculate the "hot spot” stress or the "notch” stress
as opposed to the local nominal stress. It is, essential, therefore, to make certain which form of
peak stress will result from the application of the SCF.

C4.4.3 Local Finite Element Anayss

If appropriate stress concentration factors are not available, the total stress distribution
including local peak stresses may be calculated by local FEA. Asdiscussed previoudly in the
section on global FEA, the extent of the local model should be large enough that the calculated
results are not significantly affected by assumptions made for boundary conditions and
application of loads.

Figure C.4.4.1 shows alocal finite element model of a ship detail. The local model
should have arelatively fine mesh, especially in areas of stress concentration. It isimportant to
have a continuous and not too steep change in the density of the element mesh in the areas where
the local stresses are to be analyzed. The geometry of the elements (aspect ratio, corner angles,
skewness and warp) at the point of interest should be as near optimal as possible (for example:
element length/breadth aspect ratio less than 2, corner angles between 60° and 120°, avoid use of
triangular elements with reduced order shape functions).

Loca FEA of ajoint is usualy conducted to determine the local nominal and hot spot
stress at the location of interest. If the peak notch stress has to be determined (i.e., for fatigue
analysis approaches other than that used in this Guide), then the most common approach is to use
local FEA to evaluate the hot spot stress. The hot spot stress value is then factored by aweld
notch factor, Ky, , derived from parametric equations or tables to provide an estimate of the peak
notch stress in the joint.

Finite element size requirements in the stress concentration region are dependent on the
type of element. The mesh size may be determined based on experience or by benchmark testing
asimilar mesh for a case where results have been presented in the literature. Figure C.4.4.2
provides some guidance on element sizes for 20-node solid, 8-node shell and 4-node shell
element types suitable for determining the stress concentrations consistent with approach
advocated by this Guide.

Normally the element stresses are derived at the Gaussian integration points. Depending
on the element type, it may be necessary to perform severa extrapolations in order to determine
the stress at the weld toe. Referring to Figure C.4.4.3, all stress components are used for the
extrapolation. The processis as follows:

(@D} Extrapolate the stresses to the surface from the Gauss points based on the assumed
distribution function in the element (some FE programs will provide this on request);

2 Extrapolate surface stress to a line A-B centred on the hot spot of interest;

3 Calculate stress along line A-B at reference points taken at t/2 and 3t/2 from hot spot;

4 Linearly extrapolate through reference points t/2 and 3t/2 to determine stress at hot spot;

) Having extrapolated stress components for the hot spot, the principal stresses are
calculated at that location for fatigue analysis.
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Figure C.4.4.1: Loca Finite Element Model of Ship Detail [Ref.C.30]
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Figure C.4.4.2: Recommended Element Sizes for Local Detail FEA [Ref. C.3]
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C.5 DEVELOPMENT OF STRESSRANGE DISTRIBUTIONS

C.5.1 Introduction

This section describes procedures for combining the environmental, vessel and structural
response information, to produce the stress range distributions required for the fatigue damage
summation. This involves applying the response functions previously developed.

The processes covered in this section are the fifth and sixth steps outlined in the flow
chart for the fatigue design procedures (Figure C.2.1). The two step process, described below,
may be completed for the Level 2 or Level 3 approaches. These two generalized steps are
expanded and described in the sections which follow.

Level 2 Level 3
5) Develop hot spot stress ranges from 5) Develop hot spot stresses from load and
load and stress transfer functions stress transfer functions
6) Define long-term distribution for notch | 6a) Define short-term distribution for hot
stress range Spot stress ranges
6b) Define long-term stress distribution by
summing short-term distributions

C.5.2 Level 2 Approach

This step involves the combination of data and transfer functions to develop a
characteristic stress range value from which a long term stress range distribution isinferred. The
information required to develop along term distribution includes:

Design Load Data

» Components of ultimate strength loading (Mnog, Msag Pint, Pext) eeeeeerreen [Section C.3.2]
« Reference wave encounter period for the design load (rp = 10%) ................ [Section C.3.1]
* Load to load range approximation (e.g. fully reversing moments) ............. [Section C.3.1]
Stress Transfer Functions

* Nominal stress transfer functions (Fan(load), Fe(load), Kg) vvveevveceennennee. [Section C.4.3]
* Hot spot stress transfer functions (Kg, Kie, Kta) v [Section C.4.4]

Modifying Factors
» Encounter frequency correction factor (fr) .......ccccoceevieiiecviee s [Section C.3.2]
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Determination of the hot spot stress range distribution (see C.4.2.4) is athree step process
(illustrated for vertical bending moment):

(1) Calculate reference nominal stress range
DS nom = (DMy Yna/ Iv) Kg f (C5.1)
where: DMy =2My or (Mhog + Msyg) and f; is the factor to transform the load from one
probability level to another probability level.

(2) Calculate reference hot spot stress range

DS hotspot = Kg - Kte - Kta DS nom (C5.2
(3) Develop longterm Weibull stress range distribution for the location of interest
Q(Ds hot spot) =1 - €Xp(-[DS hotspot / 0 h) (C5.3
where: Q() isthelong term Weibull cumulative distribution function for a stress range
Ds hot spot -

q=DSnotspot / [ In(rp) ] "

h isthe Weibull shape parameter (see Section C.3.2.1.2)

Based on this approach, along term probability distribution function of stressrangesin
either continuous (Figure C5.2.1a) or discrete form (Figure C5.2.1b) is available for the fatigue
damage summation.

0.35
% 1 | | | | o
. hg 37
0.8 & e[Sh t t U =-—
f: \ QBs ot ot ) =00 - g L 20257
% 06 \ é e 9 05 5 0.21
5 04 N\ where q=25 and h=1 _  §0.157
z & 0.1
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-§ 0 —— \ 0
= 0 20 40 60 8 100 120 5 25 45 65 8 106 125
Stress Range, Ds Stress Range, Ds
Figure C5.2.1a: Continuous Weibull Stress Figure C5.2.1b: Discrete Welbull Stress Range
Range Distribution Distribution

The Weibull parameters (g and h) used to devel op the continuous distribution are ready to
be used in the closed form fatigue damage summation (see Section C.6.3.2), whereas, the
discrete distribution may be used in the discrete fatigue damage summation described in Section
C.6.3.1.

C.5.3 Development of a Stress Range Distribution for the Level 3 Approach

This step involves the combination of data and transfer functions to develop a
characteristic stress range value from which a series of short term operational condition stress
ranges are devel oped and then summed to produce a long term stress range distribution. The
information required includes:
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Design Load Data

» Composite wave scatter diagram(S) .......ceoerererererereseeeee e [Section C.3.1]
« Reference wave encounter period for the design load (np = 10%) ................ [Section C.3.1]
* Load to load range approXimation, Fioad......cccoeereieereeieseesesieeseeseeeseesseenas [Section C.3.1]
* CharacteristiC 10ad rESPONSE ......ccceieeieeierie e [Section C.3.2]
» Conditional probabilities for wave direction and veloCity (fy) ....ccoooverereene. [Section C.3.2]
Stress Transfer Functions

» Nominal stress transfer functions (Global FEA results)...........ccocvevvnenienne. [Section C.4.3]
* Hot spot stress transfer functions from unit load, local FEA)..........cccocv...... [Section C.4.4]

Determination of the hot spot stress range distribution is a three step process (as
illustrated for vertical bending moment):

1) Calculate reference hot spot stress range
DS hot spot = 2 Ko Fioad(Hsi, Vi, i, L.C;) ... foreach (Hs, V, g, L.C.) (C5.4)

where: K is the stress transfer function relating vessel load response to detail hot spot
stress
Fioad is the characteristic (RMS) load response of the vessel such as My, My, p

2) Develop Rayleigh short-term stress range distribution
Fosi(DS hotspot) = 1 - €Xp(-DShot s> / 8 Myi) - . . for each (Hs, V, g, L.C.) (C5.5)

where: my; is the spectral zeroth moment for each of the i operational conditions inferred
from reference hot spot range (my = DS hotspot RM )
Fosi(Ds hot spot) 1S the Rayleigh “short term” hot spot stress cumulative density
function for the i*" operational condition.

3) Develop long-term stress range probability distribution function (Weibull or Histogram)
Q&Ds hotspot)long = S 1 Q&Dshot spot)short X0 (C.5.6)
Q&Ds hotspot)sha’t = Fps(DShot spot)upper - FDs (Ds ot saot)lower

where: p; isthe fraction of time at the it operational condition
r ratio of the i zero crossing rate (f,;) to the average zero crossing rate for all
operational conditions r =f,/ f,
where: f, =Sp, f,;
Q&Ds notspot)iong 1S the “long-term” hot spot stress probability distribution function
Q&Ds hotspot)sort 1S the “short-term” hot spot stress probability distribution function

In this third step, a weighted sum of Rayleigh “short-term” distributions is used to
develop a“long-term” distribution of stressranges. A direct approach to this involves breaking
each Rayleigh distribution, associated with an operational condition, into discrete stress range
intervals and estimating their probability of occurrence, as shown in Figure C.5.3.1 and Table
C.5.3.1.
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Figure C.5.3.1: Operational Condition Rayleigh Distribution Stress Range Interval Probabilities

Table C.5.3.1: Operational Condition Rayleigh Distribution Stress Range Interval

Probabilities
Operational pi fi Stress Rangelnterval*, Ds
Condition [9] 5 15 25 35 45 55 65 75

1 (mp; = 100)| 0.50 |0.0556] 0.118 | 0.276| 0.282 | 0.189] 0.091 | 0.033| 0.009 | 0.002 |. . ..

2 (my2 =350)| 0.35 [0.0909] 0.035] 0.098 | 0.142] 0.160 | 0.155] 0.133| 0.103 | 0.072]... . .

3 (myz =800)| 0.15 |0.2000} 0.016| 0.045| 0.071] 0.090 | 0.102| 0.107 | 0.105| 0.097|. . . .

* each 10 MPa stress range interval is identified by its mid point

The three data sets, presented as examplesin Figure C.5.3.1 and Table C.5.3.1, represent
the short-term Rayleigh distribution for three operational conditions that define the potential
service conditions of avessel. The weighted short-term distribution sum, used to develop along-
term distribution is completed, for n operational conditions as follows:

f = 2 X f
S anx (C5.7)
f, =0.0556(0.5) + 0.0909(0.35) + 0.2(0.15) = 0.0896

Table C.5.3.2. Weighted Short-Term and Resulting Long-Term Stress Range I nterval

Probabilities
Operational p; iy Stress Rangelnterval*, Ds
Condition o 5 15 25 35 45 55 65 75

Zi

1 (mp; = 100) 0.310 0.0366|0.0856|0.0874/0.0586/0.0282/0.0102| . . ..

2 (my = 350) 0.355 0.0124{0.0348|0.0504]0.0568|0.0550(0.0472] .. ..

3 (mp3 = 800) 0.33 0.0056]0.0151/0.0238|0.0301{0.0341/0.0358] . ...

Long-Term - - 0.0544{0.1355|0.1616|0.1155]|0.1173/0.0932] . ...

* each 10 MPa stress range interval is identified by its mid point
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With the probability of occurrence of Qof each stress range interval estimated for the
long term probability distribution (see Table C.5.3.2) in a discrete form, a cumulative
distribution, Q, is obtained by summing stress range probabilities from the smallest stress range
incrementally to the higher stress ranges such that the cumulative probability of each bin is equal
to the sum of cumulative probabilities of all stress range bins up to the latest bin and the
probability of occurrence of the latest bin. Ultimately, the value of the cumulative probability of
the longest stress range bin should equal 1. Continuous representation is developed by fitting a
Weibull distribution to this data. A least squares fit was used to establish the statistical
parameters (q = 36.5 and h = 1.62 ) for the continuous Weibull distribution (Eq. C.5.3). Thisis
shown in Figure C.5.3.2.
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Figure C.5.3.2: Long-Term Stress Range Cumulative Probability Function
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C6 FATIGUE DAMAGE CALCULATIONS

C.6.1 Introduction

Once the expected stress ranges (including concentration factors) have been determined
for any structural detail, the fatigue damage calculations can be undertaken. The standard
approaches to this use the Miner-Palmgren linear damage summation model [Ref. C.31] to
eva uate the cumulative damage (D) over the period selected, which is normally taken as the
design lifetime of the ship.

This model assumes that the cumulative fatigue damage (D) is the sum of the fatigue
damage inflicted by each stress cycle (d;), independent of the sequence in which the stress cycles
occur. The model further assumes that d; can be mathematically expressed as 1/N; where N; is
the average number of loading cycles to failure under constant amplitude loading at the i stress
range.

P

t Nt
(¢}

di: L

D= =
N;

(C.6.1)

Qo

1 =1

A damage sum exceeding unity is interpreted as a failure, although the meaning of this
term is generaly left somewhat vague. It can generaly be interpreted as the generation of a
through-thickness crack, several centimetres in length, in the detail under consideration. In
practice, such a crack may or may not be of sufficient size to cause degradation of function (e.g.,
water tightness) or of unacceptable risk of fracture; i.e., a crack that needs to be repaired.

If the damage sum over N stress cycles is less than unity, the ratio of the projected fatigue
life to the time for N cyclesis D/Nia. Fatigue damage assessments can thus be used to rank
structural details in the ship according to projected life, and devel op inspection strategies that
focus attention on the highest risk areas.

In order to derive the damage at each stress cycle, or at each stress range level, fatigue
design (S-N) curves are used. These curves are derived from experimental data from fatigue
tests conducted in air or in a simulated sea water environment, usually on relatively small
specimens simulating simple welded details of various configurations. Derivation of the design
SN curves from the experimental data takes into account:

« differences in stress concentration factors between the structural detail and tested weld
detail;

» adjustments to reflect desired safety factors (probabilities of failure);

« differences in the material thickness between the structural detail and the tested detail.

Other modifications may aso be needed to account for fabrication processes, including
the effects of mean stress levels, residual stresses and post-weld trestments such as grinding and
peening. Obvioudly, if the design calculations assume certain “non-standard” factors, then the
ship construction needs to ensure that these are actually incorporated in the fabrication processes.
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Section 6.2 presents recommended fatigue design curves for use with the stress
calculation methodol ogies described earlier, and a set of modification and correction factors
which can be used in tailoring these to a specific application. Section 6.3 provides damage
assessment calculation tools, which are standard mathematical applications of the recommended
eguations and distributions.

All aspects of the procedures are consistent with “state-of-the-practice” ship design.
However, it should be noted that individual approval agencies (such as classification societies)
may take different approaches to some or all issues. In addition, ongoing research in this area
has recently led to changes in some of the equivalent codes and standards for offshore structures.
Therefore, where adesign is particularly sensitive to fatigue performance, the structural designer
should consider undertaking additional background studies of the most recent research. The
Triennial Proceedings of the International Ship and Offshore Structures Congress [Ref. C.32] can
be a valuable starting point for such studies.

C.6.2 Fatigue Design Curves

C.6.2.1 Baseline (in Air)

Fatigue design or fatigue assessment procedures based on SN curves can employ one of
three different approaches:

nominal stress approach;
hotspot stress approach; and,
notch stress approach.

The latter two are referred to as “local stress’ approaches. All of these fatigue design
approaches include the effects of: structural geometry, local detail geometry, weld toe (notch)
geometry. The difference among the three approaches is how they capture these effects. It is
possible to include these effects in the calculated stress range in terms of stress concentration
factors (which increase the applied stress range) or to capture these effectsin the S-N curve
(which reduces the fatigue life). In principle, all three approaches should lead to similar
outcomes if all of the effects are properly captured in the stress concentration factors and S-N
curves. In practice, this may not happen due to various assumptions made in either deriving the
design S-N curve or in calculating the applied stress range. The local stress (three) approaches
evolved over time, to overcome the limitations of the nominal stress approach when applied to
welded joints in complex structural details.

C6.21.1 Nominal Stress Approach

Fatigue design procedures for welded plate-to-plate joints in steel bridges and steel
offshore structures [Refs. C.33-C.38] classify basic welded joints subjected to uni-directional
loading (axial or bending) into different categories of fatigue performance, and specify an S-N
design curve for each category. The effects of welding residual stresses and stress
concentrations in the classified joints are assumed to be built into the relevant design curves, so
the fatigue design stress for a given joint is ssmply the nominal stress range at the anticipated
crack initiation site. SN design curves from the aforementioned procedures have been
incorporated into fatigue design procedures recently introduced by certain classification societies
and navies for welded joints in ship structures [Refs. C.1, C.2 and C.14].
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However, the basic joints covered by the nominal stress approach are often embedded in
complex structural details and sometimes located near openings and other structural
discontinuities. The stresses within these details can be highly multi-axial even if the details are
located in generally uni-directional nominal stressfields. Furthermore, the principal components
of the actual stresses at a given point in a structural detail may be higher or lower than the
nominal stress components. Therefore, when the aforementioned S-N design curves are applied
to welded joints in ship structural details, the fatigue design stresses for the aforementioned
situations should be based on the principal components of local nominal stresses. These stresses
are the actual stresses at the anticipated crack initiation site, minus any stress concentrationsin
the basic joint (e.g., weld toes, weld reinforcement, attachments, eccentricity of lap joints), but
including the global stress concentration of the structural detail and the global stress
concentration effect of any nearby structural discontinuities (e.g., openings). Unfortunately, it is
often difficult to classify awelded joint in a complex structural detail and to quantify the stress
concentration effects that are not aready built into the corresponding S-N curve, and, therefor e,
the nominal stress approach isnot recommended in this Guide.

C6.212 Notch Stress Approach

Det Norske Veritas [Ref. C.3] and Bureau Veritas (BV) have advocated the use of the
notch stress approach. The notch stress range is defined as:

Ds noteh = Kw XDS hotspot = Kg XKw XDS nom (C6.2

where Kg XK are the general detail and weld stress concentration factors, respectively (see
Appendix C). Therefore, this includes the stress concentration effects of the local weld
configuration and local notch geometry, as well as the overall stress concentration of the
structural detail. The value of K, can be computed from parametric equations or by fine mesh
finite element analysis, but in either case, require a prior knowledge of the weld profile and toe
geometry that may not always be known. DNV propose a default value of 1.5 for Ky, and it
seems that design notch stress based fatigue design curve has been obtained from a hotspot stress
fatigue design curve by adjusting the stress axis by a factor of 1.5. BV, on the other hand,
provides a parametric equation for Ky that is a function of the weld toe angle and that can
assume values from about 1.0 to 1.96 for toe angles varying from 12 to 45 degrees. The design
SN curve to be used in conjunction with the notch stress approach is that for the base material
which seems to be a non-conservative approach as it does not take into account residual stresses
a al. Theauthorsof this Guide do not see any inherent benefit in following the notch
stress approach and therefore, it isnot recommended in this Guide.

C.6.2.1.3 Hotspot Stress Approach

The hot spot stress approach is widely used in fatigue assessment procedures for tubular
joints in offshore structures [Refs. C.33, C.38 and C.39] and is being increasingly used as an
alternative to the nominal stress approach for welded plate-to-plate joints in complex structural
details [Ref. C.40]. It enables the fatigue lives of many types of structural details with nominally
similar weld profiles, weld toe geometries and local joint configurations to be assessed using a
single fatigue design curve.
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The applicable stress range to be used in conjunction with the design hotspot stress S-N
curve is the maximum principal stress range at the crack initiation site minus the stress
concentrations of the weld reinforcement, weld toe geometry. The latter effects are built into the
fatigue design curve, whereas the overall stress concentration of the structural detail must be
explicitly included in the hotspot stress range. The hot spot stress range is defined as:

DS hot spot =K g XDS nom (C.6.3
where Kq is the local detail (or structural) stress concentration factor.

For plate to plate joints, the hotspot stress fatigue design curve corresponds to the S-N
curve for atransversely loaded butt weld (with reinforcement in place). Unfortunately, such SN
curves are not identical in various codes, standards or rules. For example, the American Bureau
of Shipping’s fatigue design procedures for tankers and bulk carriers [Refs. C.1, and C.41]
suggest the use of the “Category E” nominal stress design curve (transversely loaded, full
penetration butt weld made in positions other than down-hand or made using the submerged arc
welding process or between plates of unequal width or unequal thickness) as the hotspot stress
fatigue design curve to assess the fatigue strength of fillet-welded bracketed connections. The
constant amplitude fatigue strength of “Category E” joints at 10" cyclesis 47 MPa. Refs. C.42
and C.43, on the other hand, advocate the use of the SN design curve for a better quality
transverse butt weld to analyze fillet-welded joints, while the U.K. Department of Energy’s
widely referenced T-curve for hotspot stress analysis of tubular joints with full penetration fillet-
like welds in offshore structures [Ref. C.44] nearly coincide with the aforementioned “ Category
D” curve. The constant amplitude fatigue strength of category D joints at 10’ cyclesis 53 MPa.

It is conceivable that the selection of the hot spot stress fatigue design curveis a
reflection of the weld quality anticipated by the respective organizations. Since offshore
structures and bridges are subject to extensive non-destructive inspection, it might ensure better
quality welds warranting a category D hotspot fatigue design curve. In ships, on the other hand,
non-destructive inspection is usually performed on a selective basis only and therefore selecting
a category E curve for hotspot stress fatigue design may be prudent.

Notwithstanding these differences, the hot spot stress approach is advocated in this
Guide because of its ease of application compared to the nominal or the notch stress approaches.
The hotspot stress design fatigue curves, shown in Figure 6.2.1 for “air” and “sea water”
environments, are adopted from the UK Health and Safety Executive (HSE) [Ref. C.45] whichis
believed to reflect the latest (1998) thinking on this subject.
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Figure 6.2.1: HSE Hot Spot Fatigue Design Curve for Plated as Welded Joints [Ref. C.45]

When compared to actual or implicit hotspot stress fatigue design curves adopted by
various organizations (see Appendix A), the HSE curve is seen to be “in the middle of the pack”.
For the air environment, the HSE hotspot stress design curve provides a bi-linear relationship
between log N and 10g DS hot pot

for N £ 107 cyde

log N =log & - my }0g Ds hotspot = 12.182 - 3.0 [0g DS hotspot (C.6.39
for N > 10’ cyde
log N =log & - mp ¥0g Ds hotspot = 15.637 - 5.0 [0g DS hotspot (C.6.3b)

where N is the fatigue life for a constant hotspot stress range DS hotspot- The value of DS potspot &t
the transition between the two sections of the bi-linear curve is 53 MPa

The second part of the bi-linear curve reflects the reduced rate of damage accumulation at
stress range levels below the 'fatigue limit' found in constant amplitude testing. A limit, as such,
is not normally encountered in service experience with fluctuating stress ranges. Fracture
mechanics theory, confirmed by experience, leads to the change in slope reflected by my to m.
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This curve is generaly valid for hotspot stress ranges greater than the nominal yield
strength of steel plate (Syied), Up to a maximum of 2syiaq [Ref. C.31]. However, it should not be
used if the largest principal component of the nominal stresses at the crack initiation site (i.e., the
maximum stress excluding residual stresses and stress concentration effects of the weld toe, weld
reinforcement, basic joint configuration, and overall stress concentration of the structural detail)
exceeds 80% of the yield strength of the surrounding parent material. Neither of these
limitations will normally be important to conventional ship designs.

SN curves exist not only for fabricated details, but also for other types of structure
including rolled sections, cut-outs of various types, etc. Normally in ship construction, fatigue
will not be a problem in components that have not been processed to some degree, or at locations
remote from such processing. However, if high fluctuating stresses are expected (for example) at
the centre of along, unsupported, rolled beam, the designer should refer to source documents
such as Ref. C.33 for guidance on an appropriate curve. A type of detaill where fatigue problems
may be more likely in standard design is the thermal (flame) cut-out in plated structure. A wide
range of fatigue tolerance can be found in such cut-outs, depending on the heat inputs and on the
process controls. Equation C.6.3 will provide a conservative prediction of the fatigue life for all
but poor quality cut-outs. If designers need to account for better quality (or post-treatment), then
some guidance on relative performance can be found in Ref. C.46.

C.6.2.2 Corrosion and Corrosion Fatigue

The basic fatigue design curve in the section previous (Equation C.6.3) is for
performance in a corrosion-free environment. In practice, general corrosion and localized
corrosion (i.e., pitting) of unprotected steel are major sources of damage in ships, and the
resulting reductions of net-section and stiffness can significantly increase cyclic stresses at
welded details. Various corrosion fatigue mechanisms can also accelerate the initiation and
propagation of fatigue cracks in welded structural details without proper protective coatings even
if the details are cathodically protected.

To address this situation, it is normally accepted that all nominal stress levels should be
calculated for net (i.e., end-of-life) scantlings. The generalized corrosion allowances applied to
different types and areas of structures vary somewhat between classification societies but within
fairly narrow ranges. ABS Rules[Ref. C.41] alow some account to be taken of the periods
when the actual scantlings will remain above the minimum net (end of life) values by permitting
reduction of general stress levels by a factor of 0.95. Although this type of further adjustment
appears reasonable, its effects are minor in comparison with the uncertainties in other aspects of
the procedure. Therefore, this Guide recommendsthe basic, net scantling approach, as
being consistent with most other approaches.

As regards fatigue life, mgjority of codes and standards accept that unprotected joints
exposed to sea water have their fatigue lives reduced by approximately a factor of two compared
with those in air. Further, the fatigue design curves are no longer bi-linear, but instead retain
their steeper gradient at lower stress ranges.
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Some more recent data has suggested that the factor of two is non-consenvetive, and also
that cathodic protection may not always provide effective fatigue corrosion protection. Thisis
discussed in references [Ref. C.45 and C.47], and larger reductions in life (factors 2.5-3) are
recommended under the UK Health and Safety Executive's latest guidance for offshore structures
[Ref. C.48]. Following HSE again, the fatigue damage calculations for welded plate-to-plate
details in the marine environment (submerged, splashed, or sprayed by sea water) are
recommended to be based on the following relationships:

with undamaged protective coatings and cathodic protection:

for N £1.026° 10° cydles
logN =loga; - my Xlog DS hotspot = 11.784 - 3.0 109 DS hotspot (C.6.49

for N > 1.026 ~ 10° cycles
logN =log & - mx0g DS hotspot = 15.637 - 5.0109 DS hotspot (C.6.4b)

The value of Dshotspot @t the transition between the two sections of the bi-linear curve is 84
MPa.

without cathodic protection and proper protective coatings in a sea water environment (i.e.,
freely corroding joints):

logN =1log a- mxog DS notspot = 11.705 - 3.0l0g DS hotspot (C.6.4¢)

The hotspot stress fatigue design curves represented by Equations C.6.4 for the sea water
environment are included in Figure 6.2.1 shown earlier.

When structure can be assumed to be effectively protected over part of itslife and
unprotected over the remainder (e.g., for ballast tank coating systems with expected lifetimes of
less than 20 years) then the fatigue life assessment can combine calculations using Equations
C.6.3and C.6.4. A simplified method for doing thisis offered by DNV [Ref. C.3]

C.6.2.3Probability of Failure

Equations C.6.3 are based on two standard deviations below the mean probability of test
specimenfailure at acalculated value of D = 1; i.e., afailure probability of approximately 2.3%
a N¢ lifetime cycles. Thisisregarded as acceptable for most ship structures for the level of
“failure” implied. However, where adetail is critical to the safety of the ship and/or personnel, it
will be advisable to apply an additional safety factor, either by choosing D < 1 or by adjusting
the SN curve used in the analysis. The selection of an aternative acceptable failure probability
can make use of reliability analysis, as described in Section C.7.

The lifetime failure probability should also reflect an accurate assessment of the number
of stress cycles at each stress range over the life of the ship, as discussed in Section C.5.
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C.6.24 Thickness Effects

The inherent stress concentration factors for any type of detail, reflected in the S-N curve,
may change with thickness due to differences in stress gradient and to residual stresses.
Therefore, it may be necessary to make a thickness correction above a value characteristic of the
samples tested to develop the curve. The “classic” form of this correction is due to Gurney [Ref.
C.49] in which, for fillet-welded joints with plate thicknesses exceeding a reference thickness t;

.. .1
ass  O_ &, 83

?

s (C.6.5)
7S¢ a9 tsz

where:
ts is the thickness of the plate through which fatigue cracks propagate;
Ds isthe design stress range allowed by the relevant SN curve; and,

Ds isthe corrected design stress range.

This correction was subsequently incorporated into a number of fatigue design standards
for steel bridges, offshore structures, and ships. Many of the classification society rules have t; in
the range of 22-25mm. However, HSE based on the latest available data, suggests that reference
thickness should be 16mm, and that the exponent should be 0.3. Accordingly, when the thickness
exceeds 16 mm, Equations C.6.3 and C.6.4 need to be modified to include the thickness
correction that accounts for experimentally observed and theoretically predicted reductionsin
fatigue life of certain joints with increasing plate thickness (t):

log N =log & - My }0g Ds hotspot - 0.3. My xIog(t/16) (C.6.6)

While the above correction is more conservative than that recommended in other codes
and standards, it is compensated by more recent experimental and theoretical studies indicating
that the correction is not required for longitudinal welds, transverse butt welds, and transverse
fillet welds with weld stress concentrations comparable to that of butt welds (e.g., transverse
fillet welds with smooth weld/base transitions achieved by grinding or special welding
techniques).

C.6.25 Fabrication Considerations

While the in-air S-N curves have been used for steels with yield strength up to 690 MPa,
the experimental data base in the sea water environments is based on steels with tensile yield
strengths in the range of 300-500 MPa. There is currently little suitable public-domain data for
higher-strength steels in a marine environment where there is potential for further deterioration
in the fatigue performance due to increase in hydrogen embrittlement susceptibility with increase
in strength. Up to 500 MPa the curves can be considered independent of material tensile strength
[Refs. C.50 and C.51].
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The weld toes of fatigue-prone structural details in ships are sometimes ground to
improve the resistance to fatigue crack initiation. A factor of 2.2 (improvement) on the fatigue
lives of welded detailsin air and cathodically protected welded details with proper protective
coatings in a sea water environment can be achieved if grinding is used to produce a smooth
concave weld profile, including the weld toe, which blends smoothly with the parent material.
This correction can be implemented by adding log 2.2 to the right-hand side of Equations C.6.3
to C.6.4. However, the effect will only be achieved with a high-quality weld and careful
application of the grinding procedure. Adequate weld throat size must be retained and protective
coatings must be properly applied before any corrosion can initiate.

It is known that ship structures experience residual stress relief during a* shake-down”
period after they enter service. Weld toes, initially under considerable tension, may see this
relaxed. This can mean that the ongoing stress cycles which they experience are fully or partly
compressive, and thus significantly less damaging than purely tensile cycles. However, it is
difficult to provide generic credit for this effect due to the lack of relevant data and the
importance of local design.

If it can be demonstrated theoretically or experimentally that the sum of the applied stress
range, fabrication restraint stresses, and welding residual stresses will be partly or completely
compressive over a particular duration of the design life, then the effective stress range over that
duration can be defined as the sum of the tensile part of the sum plus 60% of the compressive
component. Otherwise, the effective stress range should be assumed to be equal to the applied
stress range.

C.6.3 Damage Summation Model

Integration of the damage caused by the anticipated |oads using the SN curves
recommended above can be done in a number of ways, depending on the nature of the stress data
available and the level of accuracy required from the procedure.

C.6.3.1 Numerical Calculation

If the long-term Weibull distribution of hotspot stress ranges for the simplified method,
or the sum of the short-term Rayleigh distributions of hotspot stress range for the full spectral
analysis method is approximated by a histogram with k blocks of stress cycles of constant stress
range, the damage inflicted by the distribution can be estimated as follows:

& & on,
D»gqd =g — (C.6.7)
i=1 i=1 Ni
where k = number of stress blocks

n = number of stress cyclesin stress block i
N; = number of stress cyclesto failure at stress range Ds;;

The number of blocks should be large enough to ensure reasonable numerical accuracy and
should not be less than 20. Within each block, the stress range Ds; selected should represent the

mean stress range for that block [Ref. C.3].

Fatigue-Resistant Detail Design Guide for Ship Structures C-62



Part C — Fatigue Strength Assessment

C.6.3.2Closed Form Solution for Level 2 Analysis

If the long-term distribution of hotspot stress ranges is defined by a Weibull distribution
and if the fatigue design curveis alinear log N vslog Ds haspot relationship like Equation C.6.4,
the cumulative damage (D) is defined by the following closed form solution:

e N oad '
p=lzfe §'p qmc+ M2 (C6.8)
a n=1 hn ﬂ
where

Njoad = total number load conditions
pn = fraction of design life in " load condition
ty = design life of ship in seconds (20 years = 6.3~ 108 seconds)
h, = Weibull shape factor for i" loading condition

0 = Weibull stress range scale parameter for i loading condition = (IDSW (C6.9)
nn,

E = average long term zero-crossing frequency (see Section C.5.3)
aand m = fatigue design curve parameters
G(1+m/h,) = gamma function

Ds, = design stress range for the " loading condition
1/ro = the reference probability of exceedence on which Ds,, is based (typically 10%)

If the long-term distribution of hotspot stress ranges is defined by a Welbull distribution
and if the fatigue design curve is a bi-linear log N vs log Dshatspot relationship like Equation
C.6.3, the cumulative damage (D) is defined by the following closed form solution

N A, h, dU
s 2 , &S
D=f,t4 &Py e—fq”) G+ hs“)pe? » ()" ”91+ g 002 U (C610)
1galgh” qﬂfaaz e M q”“%

where:
a; and my = the fatigue design curve parameters for N £ 10 cycles
& and mp = the fatigue design curve parameters for N > 10 cycles
g (;) = incomplete gamma function
& ; )= complementary incomplete gamma function
Ds gope = stress range at which change in slope occurs (See Sections C.6.1.1 and C.6.1.2)

Tables of full and incomplete gamma functions can be found in numerous standard texts,
such as[C.6.59].
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C.6.3.3 Cumulative Damage for Level 3 Analysis

If the long term stress range distribution is defined by a series of short-term Rayleigh
distributions for different sea states and headings, and if the fatigue design curveisalinear log N
and log Ds hatspot relationship like Equation C.6.4, the cumulative damage is defined by the
following closed-form solution:

— N, dl hedngs
. N ings
DISLEARC PN R S N o (C6.11)
a e 2g i-1,j-1
where
hj = the relative number of stress cycles in short-term condition i,j (see Section C.5.3)
Moijn = zero spectral moment of stress response process

G(1+m/2) = gammafunction =1.33form=3

If the long term stress range distribution is defined by a series of short term Rayleigh
distributions for different sea states and headings and if the fatigue design curve is a bi-linear log
N and log Ds notspot rel@tionship like Equation C.6.3, the cumulative damage is defined by the
following closed-form solution:

al seastates
N, al headings

D=fa4Q Pnx afjn(B+C) (C.6.12)
n=1 i-1,j-1

(2 2m0ijn)m1 2?

dope - —
a, e 2 éz\lzmmn o} ﬂ

B=

where: my and nmp are fatigue design curve first and second slopes respectively.
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C.7 FATIGUE LIMIT STATE RELIABILITY ANALYSIS

A reliability analysis allows the effect of the variability in load and strength variables to
be accounted for in the design process. In other words, areliability analysis provides a vehicle
for estimating the probability that a given mode of failure (e.g., fatigue, fracture, plastic collapse,
etc.) will manifest in a given period of time. This analysisis based on the assumed variability of
the parameters used to describe the structural system and its loading.

The following section is not intended as a comprehensive review of structural reliability
analysis for ship structures. It isincluded here to make the reader aware that these techniques
have been introduced and to provide a brief review. In general, structural reliability analysis
may be completed by numerical simulation or by reliability index based approaches. In this
section, only the reliability index based approaches are discussed.

C.7.1 Rdiability Analysis

Class societies, the Ship Structure Committee and other organisations have developed
reliability based design procedures [Refs. C.2, C.3, C.52 and C.54]. In general, afatigue design
procedure estimates the probability that a fatigue failure (pr) will occur in a given structural
element during a given time period. Failureistypically defined by the Miner’s [Ref. C.31]
summation usage factor (h) exceeding avalue of unity in the time period of interest or the
estimated fatigue life being shorter than the target design life. The approach presented below
was formulated to allow an analytic solution by assuming that the loading is distributed
according to aWeibull statistical distribution. For ssmplicity the fatigue assessment does not
include a thickness correction. The physical basis for the fatigue failure limit state is expressed
as follows:

m .
=n K &+ 19 (C.7.1)
as N e hg
where: h = fatigue usage factor predicting fallurewhen h =1

N = number of stress cycleswithintimety, t/T

m = slope parameter of the SN curve

asn = scale parameter of the basic SN curve for members with K = 1
K = stress concentration factor

h = dope parameter of the Wiebull distribution for stress range

g = scae parameter for the Wiebull distribution for stress range

ty =design life

T =long-term average stress period

In the above fatigue limit state equation not all of the parameters are considered random
or uncertain. Those parameters which are considered random would be represented by a
characteristic (e.g., mean or percentile) value and a measure of uncertainty (e.g., standard
deviation or coefficient of variation = standard deviation/mean). It has been suggested that the
slope of the S-N curve (m) should be considered a random variable, as well as, the S-N curve
scale parameter (a).
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The stress concentration factor (K) is generally considered uncertain and it’s statistical
parameters may be estimated as a function of the statistical parameters of its component parts as
shown in Equation C.7.2 below, by replacing G(x) and x with K(k) and k; , respectively. The
wave characteristic period (T) which along with the design life (t) determines the number of
wave encounters or stress cycles (N), is considered uncertain and should be considered a random
variable. As far as the magnitude of the environmental loading is concerned, it is suggested that
the slope parameter of the Weibull stress, load or wave height distribution (h) be considered
deterministic whereas, the scale parameter (g) should be considered random. It is commonly
assumed that the uncertain (random) variables are statistically independent.

Typicaly afirst order reliability method (FORM) based on a Taylor series expansion of
the deterministic expression for the expected Miner’s summation usage factor, is used to estimate
the reliability or probability of fatigue failure. In this case the limit state equation G(x) is 1-h(x)

and is used to estimate the probability of the usage factor exceeding unity in a given period of
time (e.g., Pr = Prob( G(x) =1 - h(x) < 0)). The mean and standard deviation of the limit state
equation are estimated as:
o 8 o N0
Mg :G(I’T}() and SG :aCiZSxi +a arijCistxis)q- (C.7.2
i=1 i=1j=1

Where: G, = 1G(x) (thefirst partial derivative of the limit state function
ere:C; = x,  G(x) with respect to one of the function variables, x)

andr j; is the correlation coefficient for variables i and j, which is typically assumed to be equal
to zero based on an assumed independence of the variables, x; and x;.

The reliability against failure is estimated in terms of areliability index (b):

-e (C.7.3)

The reliability index (b) is directly related to the reliability and probability of failure as
follows:
P = 1- Reliability = 1-F }(b) (C.7.4)
where F ! is the inverse standard normal distribution function

A refinement of the first order technique described above, the design point approach,
identifies a combination of the limit state function random variables which minimises b and thus
maximises the probability of failure [Refs. C.56 to C.58].
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C.7.2 Inherent Assumptionsor Approximationsin Structural Reliability Analysis

While reliability analysisis a useful tool to demonstrate the relative (i.e., comparison of
design aternatives or scantlings) likelihood of failure or risk associated with a structural detail,
the quality of its absolute numerical results are a function of the quality of the model and data it
employs, asin all engineering calculations.

In performing areliability analysis, the user should be aware of the sengitivity of the
analysis results to the potential sources of error or assumptions made in the analysis process. A
general structural reliability analysis assumes that:

* All sources of variability or uncertainty are represented in the analysis. If thisis not the
case, then the analyst has made a conscious decision to omit sources of variability that are
considered of lesser significance or that are unquantifiable. Sources of variability that are
difficult to quantify in a structural reliability analysis may include human behaviour or
error, fabrication tolerances or defects and gross differences in structura configuration.

* The variahbility of the load and strength variables are accurately defined. A statistically
significant sample or database of information is available to characterise the variable and
develop arepresentative statistical distribution.

* The dependence of variables and/or modes of failure are understood, quantifiable and
incorporated in the reliability analysis. The analyst may choose, as a numerical
simplification, to neglect dependencies or assume complete dependence or independence,
but should be aware of the effects of these assumptions.

* Since the limit state equation is used to define failure, it is essentia that it accurately
predicts the expected mode of failure. Some detailed reliability analysis work includes a
random variable representing the uncertainty in the limit state equation based on a
comparison of experimental and predicted behaviour.

* In areliability analysis, the failure mechanism or mode of failure must be specified,
therefore, it isimportant to ensure that the proposed mode(s) of failure correspond to the
actual mode(s) of failure. For instance, areliability analysis of atension member based on
a plastic collapse limit state would not be valid if reality the structural member failsin a
brittle (fracture) mode.
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PART D - EXAMPLES
D.1 EXAMPLE 1. LEVEL 2FATIGUE ANALYSISSAMPLE APPLICATION
D.1.1 Objective
The objective of this example isto perform aLevel 2 Fatigue Analysis for an opening in
the deck of a conventional dry cargo bulk carrier. Anillustration of the location of
interest isshown in Figure D.1.1.1. Specifically, the location of interest is at the aft end

of amidship cargo hatch coaming. The coaming is supported by stiffeners that intersect
the deck plate. Thislocation is susceptible to fatigue cracking and an estimation of the

fatigue life will be completed.

FigureD.1.1.1: Location of Interest for Fatigue Calculation

D.1.2 Assessment Approach
The approach followed in this example is summarized in seven steps.

(N} Define problem data;

2 Estimate extreme cheracteristic loads;

3 Estimate service characteristic loads;

4 Estimate local nominal stresses,

) Calculate hot spot stresses;

(6) Define service stress range distribution; and
) Perform fatigue damage summation.
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D.1.21 Define Problem Data

The bulk carrier in this example is a*handy-size’ bulk carrier operating on short
term contracts, (“tramp” service) which takes it all over the world. The vessdl israted at
a service speed of 15 knots with its principle particulars outlined in Table D.1.2.1.

TableD.1.2.1: Vessd Characteristics

Principal Particulars:

Length (L) 190.00 m

Beam (molded) (B) 27.60m

Depth 1480 m

Draft Max (SW) 10.93 m

Draft Max (TFW) 1140 m
Displacement (SW) 47,043 tonnes
Displacement (TFW) 48,075 tonnes
Block Coefficient (Cg) 0.80

Deck Section Modulus (Zgec) 2.398 x10"° mm3

The structural geometry in the region of interest is shown in Figure D.1.2.1. The
geometry in question consists of 12 mm deck plate, a coaming bracket and a longitudinal.
The angle between the coaming bracket and deck plate is 80° degrees. The longitudinal
runs underneath the plate in line with the coaming bracket.

/oaming Bracket

< _ Deck Plate

<«—1 ongitudinal

FigureD.1.2.1: Structural Geometry near Region of Interest

The structure is fabricated out of AH32 steel, which has the following material
properties: yield strength 300 M Pa and ultimate tensile strength 400 MPa. The hot spot
stress life (SN) curve for the material in a non-corrosive environment is taken as.

Log(N) =Log(a) - mLog(?S Hot spot) (D.11)
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TableD.1.2.2: Hot Spot SN Curve

Log(a) m
N<10’ 12.182 3.0
N>10’ 15.637 5.0
1000 = e
~ — In Air S-N Curve
© \\\
a S
=
° SN
S 100 ™~
© PN
o i
Ttk
m \‘~.__
10
1.0E+4 1.0E+5 1.0E+6 1.0E+7 1.0E+8 1.0E+9
Number of Cycles

FigureD.1.2.2: In Air Hot Spot SN Curve
D.1.2.2 Estimate Extreme Characteristic Load

Both the maximum hogging and sagging moment are calculated for the location
of the deck. These moments are determined through the class society rules. Since the
crack is located on the deck, we can assume that the primary loading is due to hull girder
bending, resulting in the following sagging moments:

M gs = - 0.11K\ym Cy L2B(Cg +0.7)  [kNm]
3
§300- L2

& 100 H
K wm = 1.0 (between 0.4L and 0.65L)

Cy=10.75- for 100m < L < 300m) (D.1.2)
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Substituting for the above constants results in:
3
C, =10.75- B0 10® _ g 594
e 100 g
M 4s = - 0.11(1.0) 9.596 (190)227.6 (0.8 + 0.7)

Mgs = - 1,577,577 kNm

Similarly the hogging moment can be calculated from:
M gy =0.19Kym CyL2BCg  [KNI]
M gn =0.19(1.0) 9.596 (190) 227.6(0.8) (D.1.3)
Mgy =1,453,283 kNm

D.1.2.3 Estimate Service Characteristic Loads

The above calculated maximum hogging and sagging moments are based on the
extreme event with an assumed probability of exceedance of 1" 10 | while it has been

demonstrated that the majority of fatigue damage results from smaller wave events (i.e.,
probability of exceedanceinthe 1" 10*range. If the loads are assumed to be distributed

according to a Weibull distribution, then the conversion of the characteristic bending
moment from the extreme event to the typical service level of 1" 10 is performed based
on theratio:

f = Mgervice _ €N qu}ﬁ

= = (D.1.4)
M Extreme gln le
where: h =2.21-0.54 log(L) = 2.21-0.54 10g(190)
=0.9795
Substituting the data gives:
é |n(10- 4) L‘%.9795
ff =él- N
g In(10"%)q
f; =0.4928
TableD.1.2.3: Extremeand Service Bending Moments
Moment Extreme (kNm) Service (KNm)
Sagging -1,577,577 -777,430
Hogging 1,453,283 716,178
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D.1.24 Estimate Local Nominal Stress

The nominal stress at the deck in aregion remote from the opening can be
determined by simply dividing the service bending moments by deck section modulus
(Zgeck) from Table D.1.2.1. The local nominal stress includes the stress concentration
caused by the hatch opening. The local nominal stress can be determined through:

_KgM

= (D.15)
Z deck

nom

where M is the service bending moment, K¢ is the global stress concentration. The
global stress concentration can be determined from Figure D.1.2.3. From thisfigure, a
K factor of 5.0 is estimated for this region. However, the peak stress concentration
coincides with the deck plate hatch opening corner illustrated in Figure D.1.2.4. The
location of interest is approximately 900 mm away from this location, therefore a
reduction in the K¢ is substantiated based on the distance from the maximum stress
concentration to the location of interest. Therefore at the location of interest, a K s factor
of 2.0 is suggested based on the above discussion.

NRATARRRRTER Al 2.0
0 ( 15
( (- b AP 1.0
. (

“'l(r aJ J\:l

/ L 25

T T

r/b
0 0.1 0.2 0.3 0.4 0.5

FigureD.1.2.3: Global Stress Concentration (Kg)

Top of Coaming

/ Max K SCF

L ocation of Coaming
Interest Bracket

Figure D.1.2.4: Location of Peak Stress Concentration
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The local nominal stress is computed from equation D.1.5 as

_€é2M710° U
- € - oY

61174 104
sy =1.7036” 10 *M

SN

D.1.25 Determination of Hot Spot Stress

The hot spot stress includes the geometrical details and effects due to local
geometrical configuration such as misalignment, angular distortion. etc. In this example,
an idealized welding geometry is used with no misaignment (i.e. Kie,Kia = 1).

S Hotspot = K gKteK taSnom (D.19)

The local stress concentration caused by the coaming bracket angle (Kg) can be
determined from Equation (D.1.7), and the variables are shown graphically in Figure
D.1.25

9 321 160t

. (126800 (D.1.7)
_4é  (12)(80)u
9738 (160) o

4e t,?U
— Al + l]

FigureD.1.2.5: Coaming Toe Attachment

Two cases are considered in this example, with and without a doubler plate,
where the thickness of the plate (ts) is changed.
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TableD.1.2.4: Hot Spot Stresses at L ocation of I nterest

Load Condition | Nomina Stress Hot Spot
Doubler No Doubler
t,=24 mm t,=12 mm
Kq=5/3 Kq=2
S nom S hot oot S hot oot
Hogging 59.7 MPa 99.5 MPa 119.4 MPa
Sagging -64.8 MPa -108 MPa -129.6 MPa-
D.1.2.6 Define Service Stress Range Distribution

The stress range is based on the difference between the hogging and sagging
conditions. Therefore the hot spot stress range at the  service probability’ of 10
encounters can be determined as the algebraic difference between the hog and sag
conditions.

?Shotspot = Sh - Ss
?Shotspot = 99:5- (- 108) = 207.5MPa (doubler case)
Similarly, Ds hot spot = 249.0 MPafor the no doubler case.

(D.1.8)

The stress range distribution is assumed to follow a Weibull distribution of the following
form:

.h

si'Q
Q(?s) = apg- LU=
g cat g (see Eq. C.5.3) (D.19)
_ ?Shot spot

[intn o)

whereh = 0.9795 (from before), and in this example, g for the doubler caseis
calculated as:

207.5
q=———7 =2L5MPa
In(10%) |o.9795
where n, = 1/characteristic encounter probability
=1/10"

and Q(Ds) is the probability of exceedance for the stress range (Ds). Thus Q(Ds) for
doubler case has the form:
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& 475 09® 0

2s) = expC- £ U - D.1.10

%) =e0L greh - (D.1.10)
Similarly,q = 25.8 MPafor the case without a doubler plate.

D.1.2.7 Perform Fatigue Damage Summation

The fatigue damage is assessed using the Miner-Palmgren linear damage model.
This model assumes that the cumulative damage is the sum of individua cyclic damage
and that the damage is independent of the stress cycle sequence. The damage summation
isin the following form (see Eq. C.6.7):

D=&d =8 (D.1.12)

Two methods are described for the damage summation, a discrete and closed form
solution approach.

D.1.27.1 Discrete Approach

In this approach, the stress range distribution is broken down into a histogram of
at least 20 bins. The fatigue life calculation uses the mid range value for each bin. The
fatigue damage d; resulting from each stress range magnitude or bin is determined and
then the total damage is calculated as the summation of the d;’s, as follows.

TableD.1.2.5: Sample Discrete Fatigue Damage Summation
(Doubler Case)

Stress Range Mid | Stress Range | Number of Cycles| Cyclesto |Damage Ratio,
Vaue, Ds [MPa]* |Probability, pi ¥| per Year,n' |Failure, Ni¥| di=n/N;
10 6.06E-01 3030410 4.34E+10 6.99E-05
30 2.35E-01 1173067 1.78E+08 6.58E-03
50 9.43E-02 471272.6 1.39E+07 3.40E-02
70 3.83E-02 191609.9 4.43E+06 4.32E-02
3 K 3 K 3
450 2.54E-09 0.012713 1.67E+04 7.62E-07
470 1.08E-09 0.005397 1.46E+04 3.69E-07
Sum 1.98E-01
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(No Doubler Case)

Stress Range Mid | Stress Range | Number of Cycles| Cyclesto |Damage Ratio,
Vaue, Ds [MPa]* |Probability, pi ¥|  per Year,n' |Failure, Ni¥| di=n/N;
10 5.41E-01 2706253 4.34E+10 6.24E-05
30 2.44E-01 1218098 1.78E+08 6.83E-03
50 1.13E-01 567131.2 1.39E+07 4.09E-02
70 5.34E-02 266860.2 4.43E+06 6.02E-02
3 K 3 K 3
450 5.25E-08 0.262716 1.67E+04 1.57E-05
470 2.57E-08 0.128301 1.46E+04 8.76E-06
Sum 3.53E-01

* All probable stress ranges are captured in 20 M Pa stress range intervals (i.e. 0 to 20 mid value = 10, 20 to

40 mid value = 30, etc.)
* probabilities for each stress rangeinterval is estimated based on the difference between the probability of

exceedance of its upper and lower bounds using equation D.1.10 (i.e. p; =Q(DSjower) - Q(DSupper))

T Assuming a 20 year design life with 10° wave encounters, the number of cycles per year for each stress
rangeis calculated as the product its probability and the number of wave events per year (i.e., 10° p; /
20).

¥ Cyclesto failure are calculated using equation D.1.1 or using Figure D.1.2.2.

D.1.2.7.2 Closed Form Solution
Alternatively, a closed form solution can be obtained for this problem. This
solution has the benefit that the stress distribution is not discretized into a series of bins

the solution processis continuous along its domain. The closed form solution is of the
following form (equation C.6.10):

é L

D:fztd,\ qcél ' g @
€ a h ‘44
6 1 é g 2 %

(D.1.12)

Where:a; and my = the fatigue design curve parameters for N £ 10 cycles (Table D.1.2.2)

& and mp = the fatigue design curve parameters for N > 10’ cycles (Table D.1.2.2)
g () = incomplete gamma function

& ; )= complementary incomplete gamma function
Ds sope = stress range at which change in slope occurs
h and q = Weibull distribution parameters

E = average zero crossing period

ty = design life in seconds (20 years = 6.3 x 10% 5)
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D.1.2.7.3 Fatigue Life

Regardless of the solution approach used for the linear damage summation the same
results should be obtained.

Table D.1.2.6: Cumulative Damage Results

Portion of Fatigue Life No Doubler | With Doubler
ussdinaYear

Discretized Approach 0.353 0.198
Closed Form Solution 0.260 0.143

The fatigue life estimates can be determined from the inverse of the damage summation
(/D). If we assume that the vessel isin operation only 85% of the time, the expected
fatigue life is (1/0.85D):

TableD.1.2.7: FatigueLife Estimates

No Doubler With Doubler
[Years| [Years|
Discrete 3.3 5.9
Closed Form 4.5 8.2

The results of this example indicate that fatigue cracking will initiate or become
visible after a service life of four to eight years. This analysis does not indicate that the
predicted fatigue cracks will grow to acritical size in the estimate time period.

It should be noted that the Level 2 approach presented here, includes severa
conservative assumptions having a cumulative effect. In general, the rule based load
estimation is conservative and so is the rule based stress analysis with analytic stress
concentration factors. for example, the bracket toe detail geometric stress concentration
factor did not include the presence of deck longitudinals which would increase the
bending stiffness of the plate locally and thus reduce the stress concentration factor.

A more detailed or precise analysis of the scenario described in this example
could be completed by performing aLevel 3 analysis, smilar to that presented the
Section D.2. This example develops a load history based on the expected operation of the
vessel. In addition, the behavior of the vessel structure is more accurately considered
using finite element analysis.
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D.2 EXAMPLE#2-LEVEL 3ANALYSIS

Problem Statement:

Perform aLevel 3 Fatigue Analysis for an opening in the deck of a conventional dry
cargo bulk carrier, as shown in Figure D.1.1.1 (previous section). Asin the last example,
the location of interest was at the aft end of a midship cargo hatch coaming. The
coaming is supported by stiffeners that intersect the deck plate. In the context of the last
example, the spectral approach is being employed to produce a more realistic estimate of
the fatigue life.

D.2.1 Assessment Approach
The approach that was applied is summarized in six steps:

@ Establish the operational profile;

2 Calculation of loads;

3 Determine reference hot spot stress ranges,
4 Define short-term stress range distribution;
) Define long-term stress range history;

(6) Perform fatigue damage summation.

D.2.2 Egtablish Operational Profile

D.2.2.1 Overview

For this analysis, an operational profile of the vessel needs to be established.
Whenever aship is at sea, its “operating mode” is defined by its speed, heading relative
to the waves, and the sea conditions encountered by the vessel. The operational profile is
acompilation of all individual operating modes, covering the entire operational envelope
of the vessel and is usually presented in the form of a probability of speed and heading at
prescribed sea conditions.

D.2.2.2 Vessal Description

The analysis was conducted for the same vessel used in Example 1 (see Section
D.1.2.1).
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D.2.23

D.2231

Establish Operational Profile

Establishing Ship Transit Profile

Operational profiles were developed from the operational data recorded in the
ship’s log covering a one-year period. The encountered wave climates were recorded in
the ship’slog in the terms of Sea State, and so the operational profile was developed on

this basis.

For a detailed description of the development of the profile and joint probability
distributions from the logs and examples, see Reference D.2.

The resulting distributions of Speed with Sea State and Heading with Sea State
are shown in Tables D.2.2.1 and D.2.2.2. The route of the vessdl is transcribed into the
time spent in each Marsden Zone in Table D.2.2.3, and the time spent in each loading
condition and in port is given in Table D.2.2.4.

TableD.2.2.1: Joint Probability of Speed and Sea State

Sea State
Speed (kn) 1 2 3 4 5 6 7 SUM
10-12 | 0.0078 [ 0.0000 [ 0.0000 | 0.0072 [ 0.0130 | 0.0326 | 0.0148 [ 0.0755
12-14 | 00305 | 00315 | 02140 | 0.2112 [ 0.1957 | 0.1509 | 0.0000 | 0.8339
14-16 | 0.0000 | 00196 | 0.0261 | 0.0285 | 0.0067 | 0.0097 | 0.0000 | 0.0906
SUM 0.0383 | 0.0511 | 0.2401 | 0.2470 | 0.2155 | 0.1932 | 0.0148 | 1.0000

TableD.2.2.2: Joint Probability of Relative Heading and Sea State

Sea State

Rel. Heading 1 2 3 4 5 6 7 SUM
Head Seas | 0.0066 | 0.0064 | 0.0316 | 0.0338 | 0.0313 | 0.0319 | 0.0148 | 0.1564
Strbd. Bow | 0.0212 | 0.0187 | 0.1154 | 0.1191 | 0.1124 | 0.1022 | 0.0000 | 0.4890
Strbd. Beam | 0.0038 | 0.0114 | 0.0365 | 0.0371 | 0.0268 | 0.0224 | 0.0000 | 0.1380
Strbd. Quart. | 0.0027 | 0.0071 | 0.0250 | 0.0252 | 0.0191 | 0.0157 | 0.0000 | 0.0948
Following | 0.0034 | 0.0099 | 0.0322 | 0.0327 | 0.0238 | 0.0199 | 0.0000 | 0.1218
SUM 0.0378 | 0.0534 | 0.2407 | 0.2479 | 0.2134 | 0.1921 | 0.0148 | 1.0000
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TableD.2.2.3: Listing of Geographical Zones (Marsden Zones) ship traversed and
relative time spent in each zone.

Marsden Zone | Timein | MarsdenZone | Timein | MarsdenZone | Timein
Zone Zone Zone
5 0.0140 28 0.0290 59 0.0140
11 0.0140 29 0.0300 60 0.0340
13 0.0280 30 0.0690 61 0.0340
16 0.0150 32 0.0070 62 0.0280
17 0.0070 33 0.0140 66 0.0140
18 0.0140 36 0.0270 67 0.0340
19 0.0070 37 0.0350 68 0.0350
20 0.0480 39 0.0050 69 0.0070
21 0.0620 40 0.0500 75 0.0360
22 0.0200 47 0.0210 84 0.0340
25 0.0070 50 0.0350 85 0.0280
26 0.0340 56 0.0280 90 0.0280
27 0.0340 58 0.0210 ~
sum: 0.3036 sum: 0.3706 sum: 0.3258
total sum:  1.0000
TableD.2.2.4: Operational Profile Summary
Total Operation Time (hours) | Number of Data Entries
Loaded Condition 3624.4 151
Ballast Condition 1563.6 66
Time in Port 3552.0 ~
Total 8739.8 ~

This procedure results in the distribution of time spent by the vessel in various

geographical zones, and the distribution of headings and speeds with various sea
conditions. The following is a commentary on the development of the sea operational

profiles:

a) The resulting probabilitiesin an operational profile will depend on the quality and
guantity of the recorded operational states aboard the vessel. For example, vessel

speed, heading, and environmental conditions can be collected on a 10 minute,

hourly, four-hourly (watch) or, sometimes, daily basis. Further, the actua
measurements are prone to errors, as the majority of the measurements except ship
speed are based on visual observations.
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b)

d)

For avessel engaged in “tramp” service or otherwise irregular routes (such asin this
example), it is desirable to obtain records over along duration (several years). This
permits assessment of the variability in data and will improve the statistical
significance of the resulting probabilities. In this example, the data is representative
of only one year in the ship'slife.

The probability tables indicate the relative amount of vessel time at sea in each
operational state (e.g., Speed/Sea State, or relative heading/Sea State or transiting a
Marsden Zone). Asindicated, the sum of al of the operational state probabilitiesis
equal to one. This means that the “volume” under the three-dimensional surface plot
of probability (Speed; Sea State) or probability (Rel. Heading; Sea State) is equal to
unity.

Although heading information for the ship was recorded in degrees and covered 360
degrees, in the development of the vessel relative heading/Sea State probability table,
the headings were discretized into five headings. This discretization scheme was
selected for two reasons. First, headings relative to wave direction more precise than
45 degrees are difficult to determine consistently, and thus are not generally recorded
in the ship logs. Second, by assuming port/starboard symmetry of vessel response to
incident waves, pair-wise groupings of relative headings was possible:

Head Seas

Strbd. Bow same as Port Bow

Strbd. Beam same as Port Beam

Strbd. Quartering same as Port Quartering
Following Seas

In a statistical sense, this meant that the probabilities of pair-wise groups (e.g., Strbd.

Bow and Port Bow, etc.) were smply added together to yield overall probability of
“Strbd. Bow” entry, as shown in the Operationa Profile Table D.2.2.2

€)

The operational profile was developed from the ship’slog. Voluntary speed
reduction and/or change in course to avoid bad weather is a common practice and is
left to the discretion of the master. The data thus may be biased in thisregard. If the
ship reduced speed and/or changed heading reduce motions during heavy weather,
this was presumably recorded in the ship log, and therefore it is reflected in the
operational profile.

The source for the environmental data used in this analysis was the Global Wave
Statistics, [Ref D.3]. Over 55 million visual observations of wind speed and
direction, as well as wave height, period, and direction, obtained by the United
Kingdom Meteorological Office marine data bank, were used to compile wave
statistics for 104 zones (sometimes referred to as a Marsden Zones).
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g Inthisanayss, for each Marsden Zone, the wave statistics are presented on an annual
basis as well as for uni-directional seas only. Wave data has been normalized to
approximately 1000 observations.

D.2.23.2 Transposing Sea States ard Wave Heights

Wave statistics in Marsden Zones are given in terms of significant wave heights,
and zero crossing periods [Ref. D.3]. In this example, the operationa profile datais
defined in terms of Sea State. Therefore a transformation of wave statistics from wave
heights to Sea State is required. The transformation consists of the following steps:

Assume that the significant wave height follows a three-parameter Weibull
cumulative probability distribution given by:

&Hs- m)o"
T € U
FHg)=1-e ¢ 9 d (D.2.1)

where m is the location parameter, q is the scale parameter, and h is the shape
parameter of the Weibull distribution.

Taking the natural logarithm of both sides of the equation D.2.1 twice, it can be
reduced to an equationof astraight line if plotted on the In-In versus In scale.

The wave data is then plotted, and the line that fits the data best is drawn using
linear regression analysis.

The parameter m is found by iteration, so that the regression error is minimized.
The parameters h and g are determined from the slope and intercept of the line.
With the cumulative probability distribution function calibrated, the probabilities
of Sea States are calculated as

f (SeaState)=F(Hs, )- F(Hg) (D.2.2)
Note that this transformation from wave heights to Sea States was necessary only

because the operational profile was recorded on the basis of Sea State. For operational
profiles based on wave height this step is not necessary.
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D.2.233 Calculation of Composite Wave Scatter Diagram

The composite probability distribution of wave heights and periods for all
Marsden Zones combined is calculated to produce a “ Composite Marsden Zone” scatter
diagram. The joint probability of each significant wave height/zero crossing period
combination is multiplied by the appropriate entry in the Table D.2.2.3 of the Operational
Profile Data for n zones in which ship operates. The results are then summed for
appropriate combinations of wave height and zero crossing period.

Thisis expressed in terms of an equation as:
N
fme(HsT2) =8 Kifmi (HsiT7) (D-2.3)
i=1
and is provided as a sample calculation in the following table:

TableD.2.2.5: Wave Data by Marsden Zone [from Ref D.3]

5<T,<6 seconds
Hs (M) | Marsden | Marsden Marsden | Mar sden
Zone. #5 Zone. #11 Zonet... | Zone. #90
0-1 0.0790 0.0940 Ya 0.0080
1-2 0.1400 0.1210 Ya 0.0130
2-3 0.0700 0.0630 Y 0.0040
3-4 0.0230 0.0270 Y 0.0010
4-5 0.0060 0.0110 Ya 0.0000
5-6 0.0010 0.0040 Ya 0.0000
6-7 0.0000 0.0020 Ya 0.0000
7-8 0.0000 0.0010 A 0.0000
8-9 0.0000 0.0000 1, 0.0000
9-10 0.0000 0.0000 Y, 0.0000
10-11 0.0000 0.0000 Ya 0.0000
11-12 0.0000 0.0000 Y 0.0000
12-13 0.0000 0.0000 Ya 0.0000
13-14 0.0000 0.0000 Y 0.0000
>14 0.0000 0.0000 Y 0.0000
SUM 0.3190 0.3230 Ya 0.0260

The data from Table D.2.2.3 and Table D.2.2.5 are combined via the equation above. For
example,

froc (Hg=0- 1m, 5 < T, <65)=0.0790>0.014+0.0940>0.014+ ... +0.00.0080=0.0524

where 0.014, 0.014, and 0.0280 are relative time spent in the zones 5, 11 and 90
respectively (Table D.2.3). Entry of 0.0524 appears in the Composite Marsden Zone
Scatter Diagram (Table D.2.6) for Hs = 0-1 m and 5<T, <6 seconds.
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In this example the ship traversed 38 Marsden Zones, and atypical scatter

diagram for each Marsden Zone is divided into 11 zero crossing periods (e.g., T,<4 sec.,
4A<T<5 sec., 5<T,<6 sec., etc.). The above process is repeated for al the wave height
ranges and crossing periods and the result is a Composite Marsden Zone Scatter Diagram
(Table D.2.2.6). Thisdiagram is unique for the example operational profile. Different
profiles would result in a different Composite Marsden Zone scatter diagram

TableD.2.2.6: Composite Marsden Zone Scatter Diagram

Hs T, (sec.)
(m)

<4 | 45 | 56 | 67 | 7-8 | 89 | 910 |10-11 | 11-12| 12-13| >13 | SUM
0-1 195 | 51.3 | 524 | 29.7 | 108 | 27 | 04 ~ ~ ~ ~ |166.8
1-2 55 1385|845 | 961 |685| 319|103 | 24 | 05 ~ ~ 3381
2-3 11 | 116 | 364 | 608 | 670 | 478 | 228 | 7.7 | 20 | 05 ~ | 2577
3-4 0.3 30 | 113 | 225 | 323 | 311 | 196 | 8.6 2.9 0.8 0.1 | 132.3
4-5 00| 08| 34| 74 | 122 | 146|115 | 61 | 23 | 08 | 0.2 | 59.3
5-6 ~ 02 | 10| 26 | 47 | 62 | 56 | 35| 14 | 05 | 0.2 | 258
6-7 ~ 00| 03| 09| 17| 25| 26 | 1.7 | 09 | 04 | 01 | 111
7-8 ~ 0.0 0.2 0.3 0.7 1.0 12 0.9 0.6 0.2 0.0 51
8-9 ~ ~ 00| 01 ] 03| 04| 06 | 05 | 0.3 | 0.0 ~ 2.3
9-10 ~ ~ ~ 00] 01| 02| 02 | 02 | 02 | 00 ~ 0.9
10-11 | ~ ~ ~ ~ ~ 00| 02| 01 | 00 ~ ~ 0.3
11-12 | ~ ~ ~ ~ ~ ~ ~ 0.0 ~ ~ ~ 0.0
12-13 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 0.0
13-14 | ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 0.0
>14 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 0.0
SUM | 26.4 | 1054|1895 2204 |198.3| 1385| 74.8 | 31.7 | 11.2 | 32 0.5 [999.8

It can be seen that the sum of all probabilitiesis not equal to 1000. The small

difference is due to rounding errors and is not significant. It will aso be noted that the
values obtained from the application of equation C.3.1 have been multiplied by 1000.
Table D.2.2.6 then represents a single (composite) wave data set for the encounter

probabilities of waves for this specific route.

As noted earlier, to calculate the joint speed/ heading wave probabilities it is necessary in
this case to convert Sea state data from the ship’s operational data set, to wave height
data as used in the wave environment data set. Thisisillustrated in Table D.2.2.7 for the
5<T,<6 sec condition. This step is not necessary if operational data is available in terms
of Wave Heights.
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TableD.2.2.7: Transformation of Sea State and Wave Height.

H¢[m] Composite SeaState | Rangeof | Combined
Marsden Z. Hs (m) | Marsden Z.
0-1 0.0524 p 1 0-0.1 0.0000
1-2 0.0845 2 0.1-0.5 0.0524
2-3 0.0364 p 3 05125 0.0699
3-4 0.0113 4 1.25-2.5 0.0500
4-5 0.0034 p 5 2.5-4 0.0143
5-6 0.0010 6 4-6 0.0026
6-7 0.0003 p 7 6-9 0.0002
7-8 0.0002 sum 0.1895
8-9 0.0000
9-10 0.0000
10-11 0.0000
11-12 0.0000
12-13 0.0000
13-14 0.0000
>14 0.0000
Sum 0.1895

D.2234 Calculation of Speed/Heading Probabilities

Having established the distribution of time at heading and speed for the range of
Sea States, and having devel oped a wave climate (height and zero crossing period) for a
composite “zone” which reflects the distribution of time in all the geographical zones, it
remains to combine these to obtain the joint probabilities of speed, heading and sea
conditions.

The probability of operating in a particular mode characterized by speed V,
relative heading g, and Sea State - as defined by wave height and zero crossing period
(Hs, Ty), - isequal to the product of the probability of operating in that range of speed
times the probability of being in that range of heading times the probability of being in
that Sea State. Thisis defined as:

fstoraL =fmc(HsiTz) Ay (VI(Hg; T2)) ¥, (?[(Hs;T2)) (D.24)
| I \f

Term | isthe probability of wave height/zero crossing period in the Combined Marsden
Zone. Term |1 is the conditional probability of speed V given a Sea State (Hs, T,), and
term 111 is the conditional probability of heading q for a given Sea State (Hg; T,):

prob(V and (Hg;T))

(D.2.5)
prob(Hg; T7)y

fv (VI(Hs;TZ)) =
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)= prob(?and (Hg;T7))

£, (?/(Hg: T D.2.6
2(?(Hs;TZ) orob(He: 1), (D.2.6)
where:

- prob (V and (Hs, T)) = isthe joint probability of speed and sea state (entriesin the
Operational Profile Table D.2.2.1 with Sea State
transformed to Wave Height and Crossing Period).

- prob (Hs; T)v = is the probability of the sea state given in the bottom row of
the Operational Profile Table D.2.2.1.

- prob (qand (Hs, T)) = isthe joint probability of heading and sea state (entriesin
the Operationa Profile Table D.2.2.2).

- prob (Hs, T2)q = is the probability of sea state given in the bottom row of the
Operationa Profile Table D.2.2.2.

The processis illustrated as follows. From Table D.2.2.1

Sea State
Speed (kn) 1 2 3 4 5 6 7 SUM

10-12 0.0078 | 0.0000 | 0.0000 | 0.0072 | 0.0130 | 0.0326 | 0.0148 | 0.0755

12-14 0.0305 | 0.0315| 0.2140 | 0.2112 | 0.1957 | 0.1509 | 0.0000 | 0.8339

14-16 0.0000 | 0.0196 | 0.0261 | 0.0285 | 0.0067 | 0.0097 | 0.0000 | 0.0906

SUM | 00383 | 00511} o 2a01 Eo.247o 0.2155 | 0.1932 | 00148 | 1.0000

rob(V and (He T
fy (VI(Hg: T, ) =PV @B T2)) o (v = @2t014kn)|(Hg: T7)
prob(Hs; Tz )y
_ 0.2140
0.2401
and from Table D.2.2.2
Sea State
Rel. Heading 1 2 3 4 5 6 7 SUM

Head Seas | 0.0066 | 0.0064 | 0.0316 | 0.0338 | 0.0313 | 0.0319 | 0.0148 | 0.1564

Strbd. Bow | 0.0212 | 0.0187 | 0.1154 | 0.1191 | 0.1124 | 0.1022 | 0.0000 | 0.4890

Strbd. Beam | 0.0038 | 0.0114 | 00365 | 0.0371 | 0.0268 | 0.0224 | 0.0000 | 0.1380

Strbd. Quart. | 0.0027 | 0.0071 | 0.0250 | 0.0252 | 0.0191 | 0.0157 | 0.0000 | 0.0948

Following | 0.0034 | 0.0099 | 00322 | 0.0327 | 0.0238 | 0.0199 | 0.0000 | 0.1218

SUM 0.0378 0:0534 02407 | 02479 | 02134 | 0.1921 0:0148 1.0000
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prob(?and (Hs:TZ)) _

b (HaTy, 77 = (Head Seas)(Hs T7)

f2 (?I(Hs:TZ))=

00316
0.2407

Total probability of a given operating mode then is:

fstoraL =fmeomb (Hsi Tz) v (VI(Hs: T2)) %, (?|(Hs:T2))
i Y 1

forora, 200609, :2140,00316

ﬁf‘ 0.2401 0.2407
I I
where Term | comes from Table D.2.2.7.

=0.00818

Summarizing this calculation, the probability of occurrence of Sea State 3 in Head
seas, with the vessel speed between 12 to 14 knotsis 0.00818. These calculations are
repeated for all combinations of speed and headings. Therefore, in this example, there
are 3 ranges of speed, 5 ranges of heading and 7 Sea States. Thus, the theoretical number
of operating mode combinations for a single zero crossing period is 3x5x7=105 entries.

The calculated data for a single zero crossing period is as shown in Table D.2.8

The values shown in the table are probabilities standardized by multiplying by
1000. Thus, the probability of occurrence of Sea State 3, in Head seas with a vessel
speed between 12 to 14 knots is 8.2/1000=0.0082. In the table sign “~" indicates
absolute zero, and numbers are given with one significant digit. This means that
probabilities less than 0.0001 are not shown.

For the operationa profile used in this example there are 3 ranges of speed, 5
ranges of heading, and 7 sea states covering 11 zero crossing periods. The theoretical
number of operating mode combinations is 3x5x7x11=1155 entries. The fact that some
probabilities are zeros or very small, reduces the number of combinations for which
vessel response need be evaluated. In this example the total number of operational
modes was 231.
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Table D.2.2.8: Probabilities of all combinations of Speed, Heading and Sea State for
zero crossing period T, between 5 and 6 secondsin Combined Mar sden Zone.

SPEED |Sea State 1 Sea State 2
Head | Strbd. | Strbd. | Strbd. | Foling | Head | Stirbd. | Strbd. | Strbd. | Follng
Seas Bow | Beam | Quart. Seas | Bow | Beam | Quart.
10-12 - - - - - - - - - -
12-14 - - - - - 385 | 1133 | 689 | 429 | 597
14-16 -- -- -- -- -- 239 | 703 | 428 | 266 | 371
SPEED |Sea State 3 Sea State 4
Head | Strbd. | Strbd. | Strbd. | Foling | Head | Stirbd. | Strbd. | Strbd. | Follng
Seas Bow | Beam | Quart. Seas | Bow | Beam | Quart.
10-12 - - -- - -- 020 | 070 | 022 | 015 | 0.19

12-14] 8.18 | 2983 | 945 | 646 | 833 | 584 | 2055 | 640 | 436 | 5.64
14-16 | 100 364 | 115 | 079 | 102 | 079 | 278 | 086 | 059 | 0.76

SPEED|Sea State 5 Sea State 6
Head | Strbd. | Strbd. | Strbd. | Foling | Head | Strbd. | Strbd. | Strbd. | Follng
Seas Bow | Beam | Quart. Seas | Bow | Beam | Quart.

10-12 | 0.13 046 | 011 | 008 | 010 | 007 | 023 | 0.05 | 004 | 0.05
12-14 | 191 686 | 164 | 117 | 145 | 034 | 108 | 024 | 017 | 021
14-16 | 0.07 024 | 006 | 004 | 005 | 002 | 007 | 002 | 001 | 001

SPEED |[SeaState 7
Head Seas| Strbd. | Strbd. | Strbd. | Follwng

10-12 021 - - - -
12-14 - - - - -
14-16 - - - - -

D.2.3 Calculation of Loads

D.2.3.1 Overview

A linear strip theory program is used to calculate the structural response of the
hull girder to the range of sea conditionsin the problem. This example focuses on
vertical bending moment of the hull in the midships area.
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D.2311 Selection of a Wave Spectrum

While the information that has been established to date identifies the degree of
exposure to each sea condition that is represented in the geographical zones, the seas
have been identified by wave height and zero crossing period. It remainsto select a
distribution for the wave energy for these Sea States. It was assumed that representation
of the sea spectra as afully developed sea was sufficient, and the irregular description of
sea was modeled using the Bretschneider Spectrum [Ref D.4].

The input parameters for the spectrum are the significant wave height Hs and the
pesak period T,. For each Sea State, the Hs used corresponded to the mid value of the Sea
State wave height range. The relationship between the peak wave period T,. required by
the loads program and the zero crossing wave period (T,) used so far, based on the wave
datais:

T, = 1.408T, (D.2.7)

Note that the program makes the necessary calculations to transcribe from
stationary wave data to encountered wave data due to ship speed and heading relative to
the waves.

D.23.12 Establishing Vertical Bending Moment

Responses of the example ship in the conditions identified in the previous section
were calculated using the frequency domain linear strip theory code SHIPMO 7 [Ref.
D.5]. Output for each operating mode (ship speed and heading) and sea condition
included: the Response Amplitude Operator (RAO); Root Mean Square (RMYS) loads;
and zero crossing period, T, of the response in irregular seas. Inherent in the use of strip
theory for these calculations is the assumption of alinear relationship between input
wave height and the vessel response.

Table D.2.3.1 shows a sample of the output of Shipmo7 for one Sea State.
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TableD.2.3.1: Ship Response Calculation: Output from Shipmo?.

SeaState =3 Sg. WaveH. = 0.88 m
SHIPMO 7 Output
Vert. Bend. Moment
Speed Heading Te prob* 100 T, RMS
(kn.) (sec.) 0. (sec) (kNm)
13 Head 493 0.6 2.20 3803.538
13 Strbd. Bow 493 2.1 3.00 3620
13 Strbd. Beam 493 0.7 4.90 7481.692
13 Follow. 493 0.6 22.50 2640.077
13 Head 6.34 4.2 3.80 7250.077
13 Strbd. Bow 6.34 14 470 7789.231
13 Strbd. Beam 6.34 4.4 570 9486.154
13 Strbd. Quart. 6.34 3.4 12.80 13314.85
13 Follow. 6.34 4.4 18.40 5894.615
15 Strbd. Bow 6.34 1.7 4.40 7920.692
15 Strbd. Beam 6.34 0.5 5.70 9351
13 Head 7.75 8.2 5.30 13084.62
13 Strbd. Bow 7.75 29.9 5.80 13080.31
13 Strbd. Beam 7.75 9.5 6.30 9622.077
13 Strbd. Quart. 7.75 6.5 13.20 22347.15
13 Follow. 7.75 8.3 17.50 13793.92
R R R R R R

For this example 231 SHIPMO7 runs were completed, accounting for the operating
combinations with any non-zero probability of occurrence. Vaues of RMS Vertical
Bending Moment (M) were divided into 20 equal bins, covering the range of BM’s from
the minimum to the maximum calculated value. The probability of each bending moment
range is equal to the sum of all probabilities corresponding to the RMS values falling
within the boundaries of each bin. The resulting histogram is shown below.
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Range of RMS (kNm)| Bin# rob.*100d
0 9959 1 182.0 Example #1 Wave Loading Histogram

9959 19018 2 198.9

19918 | 29877 3 100.4

29877 39836 4 118.6 225

39836 | 49795 5 107.8 200

49795 | 59754 6 451

59754 | 69713 7 46.0 175 1

69713 | 79672 8 80.5 _ 150 1

79672 | 89631 9 15.4 =]

89631 | 99590 10 23.2 o 125 1

99590 | 109549 11 13.1 5 |

100549 | 119508 12 75 2 100

119508 | 129467 13 191 75 1

129467 | 139426 14 6.1

139426 | 149385 15 4.9 50 7

149385 | 159344 16 1.8 25

159344 | 169303 17 1.5

169303 | 179262 18 3.6 0

179262 | 189221 19 4.2 1 234 56 7 8 910111213 1415 16 17 18 19 20 21

189221 | 199180 20 7.0 )

199180< 21 5.7 Bin#
Sum 992.4

FigureD.2.3.1: Vertical Bending Moment (RMS) Distribution

Before these bending moment |oads were transferred into the stress rangesin a
particular part or detail of the ship structure, there was a further step to be completed to
obtain an annual * distribution of vertical bending moment. It is necessary to repeat the
same procedure as described up to this point using any other ship operating condition, for
example in this case, the “Ballast” operationa profile data. This would result in different
stationary operational conditions, associated probabilities and responses.

This has not been undertaken in the example as the procedure has been
demonstrated. The result of a complete analysis would be two histograms, one for
“Loaded” and one for “Ballast” condition. The annual wave loading distribution is
obtained by multiplying each bin of the histograms by an appropriate weighting factor
that reflects the relative time spent in each condition. Note that the Bin # boundaries
should be identical in both histograms. For example, RMS range in bin #1 for the ship
loaded condition operationa profile isfrom 0 to 9959 kNm. The range of RMSin Bin #1
for the ballast condition profile should be the same, i.e., from 0 to 9959 kNm.

The annual probability distribution of wave loading is calculated from:

e . 3624.4 . 1563.6
Prob{Ein ) =Prob(Bin #1) e [3624.4+15636) Prob{Bin #) e "[B624.4+1563.6)
(D.2.8)

where 3624.4 is the number of hours in loaded condition and 1563.6 is the number of
hours in ballast condition. These numbers were taken from Table D.2.2.4 of the
operational profile data.

! Recall that Operational Profiles for example ship were developed on an annual basis.
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D.2.4 Determine Reference Hot Spot Stress Range

The vertical bending moment histogram defines the bending moments
experienced by the whole vessel under each operational condition. These bending
moments are used to define the stress range at the location of interest for the fatigue
analysis. In order to relate the global vertical bending moments to the localized stresses
at aparticular detail, theoretical or numerical methods can be employed. In this example,
alinear eastic finite element model was constructed to relate the vertical moment to the
local stress for the location of interest.

D.24.1 Finite Element Model

Both a global and refined substructure model of the hatchway was constructed.
Sub-structuring allows an efficient method of determining localized stresses while
remaining computationally efficient. Boundary conditions from the global model are
passed to the refined substructure model. The global model was subjected to a unit
bending moment of 2000 KN*m.

The location of interest in the welded intersection between an angled support bracket and
the base plate. The bracket supports the coaming around a large central hatchway.
Fatigue cracking is expected in the base plate with the crack running perpendicular to the
longitudinal axis of the vessal. Figure D.2.4.1 illustrates both the global and local models
used in the finite element model. Superimposed on the substructure model are the fatigue
crack location and direction of principle stress

Global M odel

s

L ocal Model

FigureD.2.4.1: Global and Substructure FEM M odel
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D.2.4.2 Determine Reference Hot Spot Stress Ranges

The hot spot stress approach was used in the analysis. Figure D.2.4.2 plots the
principle longitudinal stress in the base plate starting from the corner of the coaming and
emanating in the longitudinal direction. Two structural conditions are used, with and
without a doubler plate at the location of interest. Figure D.2.4.3 shows the extrapolation
of the stress to the hot spot. The hot spot is located 855 mm from the coaming. Points C
and D define the distances for the linear extrapolation to the location of the hot spot
stress. These points are located 12 and 36 mm respectively away from the coaming
bracket to deck intersection when considering the case with a doubler plate.

The hot spot stress range is calculated by assuming fully reversing moments. For
the doubler plate case:

Dshot oot :2 KOMV . fOI' e&:h (Hs,Tz, V, q, LC)
=2 (0.262) M, / 2000
=2.62" 10*M,

where My isin KNm and Ds ot spot IS in MPa.
and K, is the transfer function between hot spot stress and design moment.

0.8 \
X
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Distance (X) From Coaming [mm]

FigureD.2.4.2: FEM StressDistribution along the longitudinal
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Figure D.2.4.3: Extrapolation of Hot Spot Stress (With Doubler)

Using the transfer function in Table D.2.4.1, it is possible to convert the vertical bending
moments cal culated previoudly into the hot spot stress range.

TableD.2.4.1: Hot Spot Transfer Functionsfor the Location of I nterest

Doubler No Doubler
Ko 0.262 0.292
DS Hot Spot 2.62° 10* M, 291 10 M,
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D.2.5 Define Short-Term Stress Range Distribution

A short-term stress range distribution is constructed for each of the operational
conditions defined in the matrix of stationary conditions (Section D.2.2.3.4). The short
range distribution is a Rayleigh distribution with the following form (equation C.5.5).

& ps20
Fosi(Ds) =1- exp§ T (D.2.8)
8m0i a3

where my, is the zeroth moment of the wave spectrum and is calculated in terms of the
RMS design moment (M,;).for each operational condition as:

Myi = (2KoMyi)? (D.2.9)

D.2.6 Long-Term Stress Range History

The short-term behaviors are summed to develop along-term stress range
distribution as follows:

Qs)= A FRusi(?s)np, (D.210)

al conditions

where p; is the fraction of time at each of the i operational conditions and r; is the ratio of

crossing rate and average crossing rate (zero crossing period, T ). The average zero
crossing rate and crossing rate ratio are calculated as follows:

T=  apT, ad -1 (D.2.11)
al conditions T

If the short-term distributions are summed in a discrete fashion, the long-term
distribution is fitted using a least squares regression to select the appropriate Weibull
distribution parameters g and h, where:

& ¢ps "0
Q(Ds) =1- e(pg- —u - (D2.12)
g e qu

]
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FigureD.2.6.1: Long-Term StressHistory

The least square Welbull Statistics calculated for the two configuration cases are
tabulated in Table D.2.6.1.

TableD.2.6.1: Wiebull Parametrsfor the Long-Term Stress History

With Doubler | No Doubler
g(Scale) 26.6 35.7
h(Shape) 1.102 1.060

D.2.7 Perform Fatigue Damage Summation

Asin the first example, the fatigue damage is assessed using the Miner-Palmgren

linear damage model, where the damage summation is in the following form:
D=&d = é% (D.2.13)
i

where D is the cumulative damage, d; is the damage from i stress cycle, N; is the
average number of loading cycles to failure at the i'" stress range and n is the number of
cycles at each stress range in the period of interest. The fatigue damage accumulated in
one year at each stress range is presented in Table D.2.7.1. The summation of the fatigue
damage for the doubler and no doubler cases, indicate annual cumulative damages of
0.25 and 0.71, respectively.
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By assuming that the vessel is at sea only 85% of the time, the fatigue life may be
calculated as 1/ (0.85*D) and are presented in Table D.2.7.2.

TableD.2.7.1: Sample Discrete Fatigue Damage Summation (Level 3)
(Doubler Case)

Stress Range Mid | Stress Range | Number of Cycles| Cyclesto |Damage Ratio,
Vaue Ds [MPa]* |Probability, pi *| per Year,n" |Failure, Ni¥| di=n/N;
10 5.18E-01 2591235 4.34E+10 5.98E-05
30 2.73E-01 1366097 1.78E+08 7.66E-03
50 1.22E-01 611533.4 1.39e+07 4.41E-02
70 5.17E-02 258325.1 4.43E+06 5.83E-02
3 3 3 3 3
450 1.82E-10 0.000912 1.67E+04 5.47E-08
470 6.05E-11 0.000303 1.46E+04 2.07E-08
Sum 2.49E-01
(No Doubler Case)
Stress Range Mid | Stress Range | Number of Cycles| Cyclesto |Damage Ratio,
Value, Ds [MPa]* |Probability, pi ¥| per Year,n" |Failure, Ni¥| di=n/N;
10 4.18E-01 2089411 4.34E+10 4.82E-05
30 2.58E-01 1292383 1.78E+08 7.24E-03
50 1.47E-01 735191.6 1.39E+07 5.30E-02
70 8.14E-02 407146.2 4.43E+06 9.18E-02
3 3 3 3 3
450 2.99E-07 1.492549 1.67E+04 8.94E-05
470 1.50E-07 0.748971 1.46E+04 5.11E-05
Sum 7.15E-01

* All probable stress ranges are captured in 20 M Pa stress range intervals (i.e. 0 to 20 mid value = 10, 20 to
40 mid value = 30, etc.)

* probabilities for each stress rangeinterval is estimated based on the difference between the probability of
exceedance of its upper and lower bounds using equation D.1.10 (i.e. p; =Q(DSjower) - QDSupper))

Assuming a 20 year design life with 10° wave encounters, the number of cycles per year for each stress

range is calculated as the product its probability and the number of wave events per year (i.e. 108 p; /
20).

¥ Cyclesto failure are calculated using equation D.1.1 or using Figure D.1.2.2.

TableD.2.7.2: Summary of Fatigue Damage

Annual Fatigue Life
Damage, D (Years)
Doubler 0.25 4.7
No Doubler 0.71 1.7
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Figure D.2.7.1 plots the annual fatigue damage for an individual stressrange. This
representation illustrates the stress range levels that contribute most significantly to the
fatigue damage accumulation. While in general, larger stress ranges produce more
fatigue damage, they are not observed as often as lower stress range events.
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FigureD.2.7.2: Yearly Fatigue Damage

As can be seen by comparing Examples 1 and 2, the spectral analysis (Level 3)
should provide a much more representative estimate of fatigue life, since it is based on
the operational experience of the case vessel. Another point of interest, as a design case,
is that the introduction of a doubler plate improves fatigue life about 300%. Despite this
local fatigue life improvement, the finite element analysis indicates that the fillet weld at
the edge of the doubler plate, attaching it to the deck, is a potential fatigue crack initiation
site which should be investigated.

A final observation is that the designer must be conscious of the degree of error
associated with the fatigue life prediction. Thus, despite the convergence on asingle
value for life in the process, the designer must consider the number of possible sources of
error in the process; in developing the operational profile, the spectral prediction of
bending moment, in the application of stress concentration factors, and in the
experimental data used to develop the damage estimates. Sensitivity analyses are
recommended, and the designer would be prudent to expect margins of error of at |east
20%.
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D.3 EXAMPLE 3: - SDE PRESSURE CALCULATIONS

D.3.1 Objective

To conduct a comprehensive fatigue analysis, based on the spectral method (Level
3) for a gtiffened panel including a side shell structural detail for a product tanker
operating on a route between the U.S. West Coast and Alaska. The fatigue life isto be
estimated for a bracket loaded by lateral side pressure at the intersection with transverse
bulkheads.

D.3.2 Approach

The basic stages in the analysis follow those defined in Example 2. However, the
loading on the structure was considered in two parts: first, quasi-static pressure due to
vertical displacement of the point of interest, and second, the dynamic pressure at the
point of interest due to a wave impinging on the vessel side shell. These components are
shown schematically in Figure D.3.2.1.

FigureD.3.2.1: Schematic of Side Shell L oad Components

Severd fatigue failures near the waterline and on the weather side have been
reported in the literature [e.g., Ref. D.6]. Most of these failures occurred next to a
bulkhead or web frame in way of an attachment bracket, and were associated with local
pressure acting on the ship’s side. This effect is essentialy non-linear. However, in this
example, an approach based on linear theory will be employed to address the problem.
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In this example only the outside pressure will be considered, i.e., only atmospheric
pressure is acting on the inner plating of the side shell. In terms of the example, this case
corresponds to the cargo leg of the voyage, where a ballast tank, containing the structure

of interest, is empty.

D.3.3 Operational Profile Data

D.3.3.1 Definition of the Operationa Profile

Operational profile data used in the example was for a tanker operating on the West

Coast of North America between Californiaand Alaska. The principa particular of the

example ship and operational profile data used in the example are given in Tables D.3.3.1
and D.3.3.2 respectively. The operational profile data is based on historical records.

TableD.3.3.1: Principal Data: Example Ship

Ship Length (Lpp) 187.15m
Ship Beam 28.96 m
Draft (L oaded Condition) 124 m
Displacement (Loaded Condition) | 58,800 tonnes
KG 12.2m
Table D.3.3.2a: Joint Probability of Speed and NATO Sea State for Example Ship
SPEED NATO Sea State
(kn) 1 2 3 4 5 6 7
0-6 0.0028 0.0000 0.0009 0.0000 0.0000 0.0010 0.0007
6 -10 0.0056 0.0031 0.0033 0.0082 0.0086 0.0261 0.0010
10-14 0.0129 0.0219 0.0503 0.0378 0.0449 0.0896 0.0019
14 -18 0.0900 0.1253 0.1322 0.1007 0.1338 0.0968 0.0005
0.9999 0.1113 0.1503 0.1866 0.1467 0.1873 0.2135 0.0041

Table D.3.3.2b: Joint Probability of Heading and NATO Sea State for Example Ship

HEADING NATO Sea State
1 2 3 4 5 6 7
Head Seas 0.0084 | 0.0114| 0.0167 | 0.0128 | 0.0160| 0.0221 | 0.0005
Strbd. Bow 0.0234 | 0.0326 | 0.0380 | 0.0295 | 0.0383 | 0.0375 | 0.0005
Strbd. Beam | 0.0283 | 0.0375| 0.0439 | 0.0355 | 0.0454 | 0.0497 | 0.0009
Strbd. Quartering | 0.0421 | 0.0586 | 0.0729| 0.0565 | 0.0724 | 0.0800 | 0.0013
Following 0.0098 | 0.0136| 0.0164 | 0.0129 | 0.0165| 0.0176 | 0.0003
1.0000 0.1120 0.1537] 0.1880| 0.1472 | 0.1886 | 0.2070 | 0.0035
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Table D.3.3.2c: Relative Time Spent in Marsden Zones for Example Ship

Marsden Zone % of time, (m)
6 26.00
7 18.00
13 11.00
14 20.00
22 25.00
D.3.3.2 Composite Scatter Diagram and Probabilities of Stationary Conditions

The procedure for calculations of wave composite scatter diagram for this
example was identical to one used in spectral approach of the Example #2. As before, the
source of wave statistic data used was Global Wave Statistics [Ref. D.3]. In the example
annual wave data for unidirectional seas was utilised.

The composite probability distribution of wave heights and periods for all
Marsden zones combined was calculated according to the following equation:

N¢
fmc (HS;TZ): a Uifmi (HS;TZ) (D-3-1)
i=1
where i (Hs; Ty) isthe probability distribution of wave heights and periodsin Marsden
Zones 6, 7, 13, 14, and 22, m are given in Table D.3.3.2c, and N¢= 5 (the number of
Marsden Zones). The resulting Composite Scatter Diagram is shown in Table D.3.3.3.

Table D.3.3.3: Composite Marsden Zone Scatter Diagram

Tz

H{m] | <4 | 45| 56 | 6-7 | 7-8 | 89 | 9-10|10-11|11-12|12-13| >13

Sum

0-1 ]0.0015]0.0153)0.0373)0.0362|0.0175/0.0046/0.0012/0.0000]0.0000]0.0000]0.0000

0.1135

1-2 ]0.0003]0.0070]0.0460]0.0948/0.0870]0.0441]0.0145]0.0035/0.0007/0.0000]0.0000

0.2979

2-3 ]0.0000]0.0017]0.0180]0.05890.0830|0.0626|0.0295|0.0096|0.0023| 0.0005] 0.0000

0.2662

3-4 0.0000]0.0003|0.0053|0.0237]0.0453|0.0452/0.0275|0.0114]0.0038|0.0008/0.0000

0.1632

4-5 10.0000]0.0000]0.0012{0.0082/0.0194]0.0243|0.0181{0.0090|0.0035]|0.0008|0.0003

0.0848

5-6 |0.0000]0.0000]0.0003]0.0028)0.0080|0.0110{0.0096|0.0059|0.0023|0.0008|0.0003

0.0409

6-7 |0.0000]/0.0000/0.0000]0.0012/0.0030{0.0050|0.0049]0.0032/0.0015/0.0003]0.0002

0.0192

7-8 |0.0000]0.0000]0.0000]0.0003)0.0010/0.0021{0.0020{0.0016|0.0010]0.00030.0000

0.0083

8-9 10.0000[0.0000/0.0000]0.0000;0.0005{0.0010/0.0010]0.0011]0.0003|0.0002|0.0000

0.0040

9-10 |0.0000{0.0000{0.0000]0.0000;0.0003]0.0004,0.0008|0.0003|0.0003{0.0000{0.0000

0.0020

10-11 {0.0000]0.0000]0.0000] 0.0000|0.0000/0.0000{0.0000{0.0000]0.0000]0.0000] 0.0000

0.0000

11-12]0.0000]0.0000]0.0000]0.0000] 0.0000]0.0000}0.0000] 0.0000] 0.0000{0.0000]0.0000

0.0000

12-13]0.0000]0.0000]0.0000] 0.0000]0.0000|0.0000{0.0000{0.0000|0.0000] 0.0000] 0.0000

0.0000

13-140.0000]0.0000{0.0000]0.0000] 0.0000]0.0000}0.0000] 0.0000] 0.0000{0.0000]0.0000

0.0000

>14 |0.0000]0.0000]0.0000]0.0000{0.0000{0.0000]0.0000;0.0000]0.0000|0.0000/0.0000

0.0000

Sum 0.0017]0.0243)0.1080]0.2261|0.2650{0.2003)0.1091|0.0456/0.0157/0.0036|0.0008

1.0000
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The operational profile data and the Composite Marsden Zone scatter diagram are
combined to obtain the probabilities of stationary (operating) conditions.

The next consideration is that the wave environmental data and the vessel
operational profile data should be defined on the same basis. In this case, operationa
profile data was ordered using the NATO Sea State scale, and environmental data was
organized by significant wave height. Thus, to calculate the stationary condition
probabilities it is necessary to convert the wave height probabilities from Table D.3.3.3 to
Sea State probabilities. Furthermore, for a comprehensive analysis this would be done
for al zero crossing periods in the Composite scatter diagram. For the purpose of this
example, the Composite scatter diagram was reduced into two wave height distributions.
This was accomplished by grouping wave height data for zero crossing period bins from
4< to 9-10 seconds together for the first distribution and wave height data for period bins
from 10-11 to 13> seconds for the second.

Grouping of the wave periods was done for two reasons: reduction of the number of
calculations; and an expectation of that there would be a dominant source of pressure
variation at POl associated with each distribution. This will be described in detail in
Section 6. Table D.3.3.4 shows these two distributions and the conversion to Sea States.
The procedure used for Sea State-wave height conversion is outlined in Section
D.2.2.3.2.

Table D.3.3.4: Transformation of Wave heightsto Sea Statesfor Combined Scatter Diagram

Include zero crossing period T bins Include zero crossing period T bins
from <4 to 9-10 seconds from10-11 to >13 seconds
SeaState | Prob. Rangeof | Prob SeaState | Prob. Rangeof | Prob
Hs (m) Hs (m)

1 0.0000 0-1 0.1135 1 0.0000 0-1 0.0000
2 0.1127 1-2 0.2936 2 0.0000 1-2 0.0043
3 0.2342 2-3 0.2538 3 0.0027 2-3 0.0124
4 0.3112 3-4 0.1473 4 0.0134 3-4 0.0159
5 0.1864 4-5 0.0712 5 0.0221 4-5 0.0136
6 0.0745 5-6 0.0317 6 0.0202 5-6 0.0092
7+ 0.0153 6-7 0.0141 7+ 0.0072 6-7 0.0052
Sum 0.9344 7-8 0.0053 Sum 0.0656 7-8 0.0030
8-9 0.0025 8-9 0.0015
9-10 0.0014 9-10 0.0006
10-11 0.0000 10-11 0.0000
11-12 0.0000 11-12 0.0000
12-13 0.0000 12-13 0.0000
13-14 0.0000 13-14 0.0000
>14 0.0000 >14 0.0000
Sum 0.9344 Sum 0.0656
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The stationary conditions characterised by probabilities of speed and heading for
agiven sea state are given in Tables D.3.4.1aand D.3.4.1b. The probabilities given in
the tables are normalised by a1000. Thus, in Table D.3.3.5a, the probability of speed
between 14-18 knots and head seas at sea state 3 with waves having zero crossing period
from less than 4 up to 10 seconds is 14.697/1000=0.014697. The agorithm for the
calculations of probabilities was discussed in detailsin section D.2.2.3.4 and is not
repeated here. The theoretical number of stationary conditions is 280 (4 speeds x 5
headings x 7 sea states x2 periods), although in practice there are a number of zero
probabilities.

D.3.4 Side Shell Loading Calculations

The pressure force on the side shell of the vessal can be modelled as two
components:

1) the quasi-static head that a point of interest on the side shell experiences due to
vertical motions of the vessdl;

2 the dynamic pressure due to waves impinging onto the side shell. This
phenomenon is referred to as a standing wave.

Each load component was introduced in section C.3.2.2 and are briefly discussed
here.
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TableD.3.4.1a: Probabilitiesof all combinations of Speed, Heading and Sea State

Combined Marsden Zone

for zero crossing periods Tz between <4 and 9-10 secondsin

SPEED Sea State: 1 Sea State: 2
(kn) | Head | Sth. Sb. Sth. . Head | Sbh. Sh. Stb. ,
Seas | Bow | Beam |Quart. Following Seas | Bow | Beam | Quart. Following
06 | 0000 | 0000 | 0000 |0.000| 0.000 0.000 | 0.000 | 0.000 | 0.000 0.000
6 10 | 0.000 | 0.000 | 0.000 | 0.000| 0.000 0172 | 0491 | 0.564 | 0.882 0.205
10 14| 0.000 | 0.000 | 0.000 | 0.000| 0.000 1221 | 3485 | 4003 | 6.266 1.455
14 18| 0.000 | 0.000 | 0.000 | 0.000| 0.000 6.985 | 19.940|22905| 35848 | 8.322
Sum 0.0 0.0 0.0 0.0 0.0 84| 239 275 43.0 10.0
SPEED Sea State: 3 Sea State: 4
(kn) | Head | Sth. Sh. Sth. , Head | Sbh. Sh. Sth. ,
Seas | Bow | Beam |Quart. Following Seas | Bow | Beam| Quart. Following
06 | 009 | 0225 | 0.260 | 0432| 0.097 0.000 | 0.000 | 0.000 | 0.000 0.000
6 10 | 0368 | 0841 | 0972 | 1.613| 0.363 1503 | 3473 | 4174 | 6.651 1512
10 14| 5591 | 12.764 | 14.748 |24.476| 5.513 6.967 | 16.094 |19.347| 30.827 | 7.008
14 18| 14.697 | 33555 | 38.770 |64.341| 14.492 | 18550 | 42.849 |51.510| 82.074 | 18.659
Sum 20.8 47.4 54.8( 90.9 20.5 2700 624 75.0 1196 27.2
SPEED Sea State: 5 Sea State: 6
(kn) | Head | Sth. Stb. Stb. : Head | Stb. Stb. Sh. :
Seas | Bow | Beam |Quart. Following Seas | Bow | Beam| Quart. Following
06 | 0000 | 0000 | 0000 |0.000| 0.000 0.036 | 0.061 | 0.081| 0.131 0.029
6 10 | 0729 | 1745 | 2073 | 3305| 0.754 0974 | 1649 | 2190 | 3.524 0.776
10 14| 3.783 | 9.055 | 10.755 |17.146| 3.910 3343 | 5662 | 7519 | 12100 | 2665
14 18| 11.280 | 27.001 | 32070 |51.130| 11.659 | 3611 | 6.116 | 8122 | 13071 | 2878
Sum 15.8 37.8 449 71.6 16.3 80 135 179 288 6.3
SPEED Sea State: 7 + SPEED
(kn) | Head | Sth. Sh. Sh. . (kn)
Seas | Bow | Beam |Quart. Following
06 | 0412 | 0370 | 0.723 | 0994 | 0.200 06
6 10 | 0550 | 0493 | 0964 | 1.325| 0.266 6 10
10 14| 1.099 | 0986 | 1929 | 2651 | 0533 | 10 14
14 18| 0275 | 0.246 | 0482 | 0663 | 0.133 | 14 18
Sum 2.3 21 4.1 5.6 11
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TableD.3.4.1b: Probabilities of all combinations of Speed, Heading and Sea State
for zero crossing periods Tz between 10-11 and 14> secondsin
Combined Marsden Zone.

SPEED Sea State: 1 Sea State: 2
(kn) | Head | Sth. Sb. Sth. . Head Sb. Sh. Sth. .
Seas | Bow | Beam |Quart. Following Seas Bow | Beam | Quart. Following
06 | 0000 | 0000 | 0000 |0.000| 0.000 0.000 | 0.000 | 0.000 | 0.000| 0.000
6 10 | 0.000 | 0.000 | 0.000 | 0.000| 0.000 0.000 | 0.000 | 0.000 | 0.000| 0.000
10 14| 0.000 | 0.000 | 0.000 | 0.000| 0.000 0.000 | 0001 | 0.001 | 0.002| 0.000
14 18| 0.000 | 0.000 | 0.000 | 0.000| 0.000 0.002 | 0.005 | 0.006 | 0.010| 0.002
Sum 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
SPEED Sea State: 3 Sea State: 4
(kn) | Head | Sth. Sh. Sth. , Head Sh. Sh. Sth. .
Seas | Bow | Beam |Quart. Following Seas Bow | Beam | Quart. Following
06 | 0001 | 0003 | 0003 |[0.005]| 0.001 0.000 | 0.000 | 0.000 | 0.000| 0.000
6 10 | 0004 | 0.010 | 0011 | 0.019| O0.004 0.065 | 0150 | 0.180 | 0.287 | 0.065
10 14| 0064 | 0.146 | 0169 | 0.281| 0.063 0301 | 0695 | 0835 | 1.330| 0.302
14 18| 0169 | 0.385 | 0445 | 0.738| 0.166 0801 | 1.849 | 2223 | 3542 | 0.805
Sum 0.2 05 0.6 1.0 0.2 1.2 2.7 32 52 1.2
SPEED Sea State: 5 Sea State: 6
(kn) | Head | Sth. Stb. Stb. : Head Stb. Stb. Sb. :
Seas | Bow | Beam |Quart. Following Seas Bow | Beam | Quart. Following
06 | 0000 | 0000 | 0000 |0.000| 0.000 0010 | 0017 | 0.022 | 0.035| 0.008
6 10 | 0087 | 0.207 | 0.246 | 0.393| 0.090 0263 | 0446 | 0592 | 0953 | 0.210
10 14| 0449 | 1075 | 1277 | 2036| 0.464 0904 | 1531 | 2034 | 3.273| 0.721
14 18| 1.340 | 3.207 | 3809 | 6.072| 1.385 0977 | 1654 | 2197 | 3535 | 0.779
SUM 19 4.5 5.3 8.5 19 2.2 3.6 4.8 7.8 17
SPEED Sea State: 7+ SPEED
(kn) | Head | Sth. Sth. Sth. , (kn)
Seas | Bow | Beam |Quart. Following
06 | 0193 | 0173 | 0339 | 0466| 0.04 06
6 10 | 0258 | 0.231 | 0452 | 0621| 0.125 6 10
10 14| 0515 | 0462 | 0904 | 1.242| 0250 | 10 14
14 18| 0129 | 0115 | 0226 | 0.311| 0.062 | 14 18
SUM 11 10 19 2.6 05
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D.34.1 Quasi-Static Pressure

The calculation of the quas static pressure is given by (see Equation C.3.13)

2ps =70 (22- 71) | (D.3.2)

In the subsequent analysis the difference in pressure calculated from (D.3.2) will
be referred to as* quasi-static pressure”.

It is expected that the static head (z — z) will be derived from a vertical motion
response prediction for the POI (combining local roll, heave, and pitch components) from
the spectral analysis of motion response. It is recommended that the single amplitude
response be used due to intermittent emergence of the point of interest, noting that when
the point of interest emerges from the water, the outside pressure falls to zero.

D.34.2 Pressure Due to Wave |mpinging on the Side Shell

The pressure component due to wave action against the side of the vessel is
investigated by analyzing incident regular waves on a two-dimensional free-surface-
piercing body (i.e., the side shell). The approach assumes the following:

The wave length of the incoming waves is small, such that the hull will not oscillate
due to the wave excitation. Thus the side shell is stationary.

The side shell is vertical at the intersection with the free surface.

The effect of the wavesis only felt on the weather side of the ship. On the lee side of
the ship there is a “shadow” region where there is no wave action.

The angle of incoming waves is perpendicular to the wall. Thisis true for beam seas
and can be extended over bow and quartering seas.

With the above assumptions, the problem of wave action striking the side of the
vessel reduces to analysis of an incident wave impinging on a vertical wall. The primary
characteristic of this approach is the “ Standing Wave’, a wave that has twice the wave
height of the incoming waves on the upstream side of the vertical wall. Field

observations aboard ships confirm that this type of wave behaviour occurs on the weather
side of the ship [D.6].

Dynamic pressure pq is given by (see equation C.3.14) as:

Pg = 22_; gH cos(kx)cos(?t)g (D.3.3)
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The linear solution for the “ Standing Wave” pressure distribution can be written [D.7] as.

Ptota = - 92 + Py (D.3.4)
where z corresponds to the “stationary” elevation of POI from the still water line.

Note that defining H=1 effectively defines atransfer function (RAO) for dynamic
pressure.

The magnitude of total pressure at point of interest is considered for two cases:

@ when the wave crest arrives at the side shell; and,
(b) when the wave trough arrives at the side shell.

In the subsequent analysis, this pressure difference will be reffered to as “ dynamic
pressure’. The approach for calculation of dynamic pressure is not ship dependent. The
only information required is the vertical location (from the still waterline) of the point of
interest. However, the assumptions of small ship oscillation should be verified against
the predicted (or actual) ship motions.

D.3.4.3 Treatment of the Side Pressure Components

It is not generally expected that the phase difference between pressure at the POI
due to vertical motion (static pressure) and due to wave impingement (dynamic pressure)
will be known. Thusa*net pressure’ analysis on the POl will not be possible. Thus, it
will be necessary to conduct separate fatigue damage assessments for each loading
component, each taken over the life of the vessel. This assumes that the two components
do not constructively combine to create greater pressure magnitudes, i.e. that they are
about 180 degrees out of phase. Thisis generaly valid if roll is the dominant response
mode. If thisis not the case, the predicted life may well be unconservative as two
distributions of lower intensity will generally result in less damage than a single
distribution of higher loadings, due to the general form of an S-N curve.
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D.3.5 Development of RAO’s

In this section, metods for calculations of Response Amplitude Operators (RAO),
response functions and associated Root Mean Square (RMS) values for static and
dynamic pressure are described.

D.35.1 Quas -static Pressure (Vertical Displacement of POI)

Response of the vessal in terms of vertical displacement of the POl was calculated
using the linear strip theory program Shipmo 7. The procedure was as follows:

Cdculate RAQ’s. The Shipmo program produced RAO’s in regular seas for the six
degrees of freedom motions at the vessel’s CG. Figure D.3.5.1 shows an RAO of the
roll motion for the example ship.

Specify Sea Spectrum. In this example the two- parameter (significant wave height
and peak wave period) Bretschneider spectrum was used.

Define the location of the POI. In this example, the location was taken as.

vertical location = 2.5 m below still waterling;

longitudinal location = 30 m aft from AP, and

14.48 m to the starboard from centreline.

Calculate RMS values. Shipmo 7 calculated RM S values for absolute displacements,
velocities and accelerations in vertical, transverse and longitudinal directions at the
location of the POI. Shipmo 7 also calculated RM S of the relative displacement of
the point of interest, where “relative displacement” is the distance from the POI to the
actual free surface. Associated with this value is aso a probability of emergence (with
exceedence parameter of 0.01) of the POI and the rate of emergence expressed in
number of emergences per hour.

Static pressure RMS at the POI due to vertical displacement is taken as:

N
RMSquasi- stat. press. = RMSga_gisp. 70 [F] (D.3.5)

The mean sgquare (area under the vertical displacement response spectrum curve)
is the average of the square of the vertical displacement amplitude, and the root
mean square (RMS) is the square root of that value. Therefore, RMSga . press.
represents a single amplitude static pressure.
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Roll RAO (Heading=90 deg, V=16
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FigureD.3.5.1: Roll RAO against Encounter Frequency for Beam Seas and Speed
of 16 knots

D.3.5.2 Dynamic Pressure (wave action against the side of the vessal)

For the dynamic pressure case RAO's, the response functions and associated
RMS values were calculated using a spreadsheet. Figure D.3.5.2 shows calculated
dynamic pressure RAO for beam seas. Note that the RAO units have dimension of N/n?
(pressure per unit wave height).

Dynamic Pressure RAO (Heading=90 deg.,
V=16 knots)

25000

20000 ~
2 15000 M
> 10000 “%..‘“
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0.00 0.50 1.00 1.50 2.00 2.50

Encounter Frequency (rad/sec)

Figure D.3.5.2: Dynamic Pressure RAO against Encounter Frequency for
Beam Seas
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The Bretschneider sea spectrum was corrected to the encounter frequency by (Eg. C.3.2):

S(?,) = OS(W) (D.3.6)
- 22Y cosq)
and the response function was calculated from:
R(?¢)=RA0O(?.)*8(?.) (D.3.7)

where R(we) is the response function. Phase information is retained because dynamic
pressure is in phase with the wave elevation. In other words, a wave crest accompanies
maximum dynamic pressure, and a wave trough accompanies minimum dynamic
pressure.

Response statistics are calculated as follows:

Zeroth moment:
¥ N

mo = R(?e)d?. @4 Ri(?4)??4 (D.3.8)
0 i=1
Second moment:
¥ 2 c’>\l 2
My =Fe R(?e)d?e@a?ei Ri(?ei)’{??ei (D.3.9)
0 i=1
Root mean Square:
RMSpyn.press. =4/Mo (D.3.10)

Response Zero Crossing Period:

Mo
T, =2p [0 (D.3.11)
2

D.3.6 Calculations of Responses

In Section D.3.3, the composite scatter diagram (Table D.3.3.3) was divided into
two marginal distributions. However, the response calcul ations require more detailed
wave period information. For a comprehensive analysis this would not be an issue as the
response cal culations would be carried out for every period in the scatter diagram. In this
example, however, the response cal culations were performed for the two aforementioned
marginal distributions and the periods for each were calculated by selecting a period
which would give the same order of magnitude of number of cycles as if the calculations
were performed for every wave zero crossing period. Table D.3.6.1 summarizes these
results.
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TableD.3.6.1: Calculation of Lifetime Average Zero Crossing Period

Tz (sec.) Number of Cycles Tz (sec.) Number of Cycles
<4 308,257 10.5 2,737,660
45 3,401,445 11.5 860,267
55 12,384,466 12.5 181,205
6.5 21,940,064 >13 35,519
75 22,281,287 Sum: 3,814,652
8.5 14,862,620 Tz (average) = 10.8 3,831,040
9.5 7,240,486
N = pr Ob: :20( years)_li_3,265>24>6600
Sum: 82,418,625
Tz (average) = 7.2 81,853,440

The selected wave zero crossing periods of 7.2 and 10.8 seconds then had to be
converted for use with the Bretschneider spectrum, which requires significant wave
height and wave peak period. Conversion of zero crossing period to peak period is
expressed as [D.7]:

T, =1.408T, (D.3.12)

Using this expression, T is10.14 and 15.2 seconds. Converting to circular
frequency this correspond to 0.62 rad/sec and 0.413 rad/sec. From Figure D.3.5.1, it can
be seen that resonance frequency for roll is around 0.35 rad/sec. Thus, the peak period of
the calculated wave average zero crossing is very close to the roll resonance frequency.

Thus it can be said that marginal wave height distribution which includes zero
crossing periods from 10-11 to >13 seconds (see Table D.3.3.4) was dominated by the
roll response, and therefore the static pressure component is significant. Conversely, the
circular frequency of 0.62 rad/sec is sufficiently far from the resonant roll frequency
(Figure D.3.5.1) such that the marginal wave height distribution from <4 up to 9-10
seconds will be dominated by the dynamic pressure component. Thisis consistent with
the assumption made in formulating dynamic pressure; that is the ship is essentially
vertically stationary.

Calculation of responses and response statistics were done for the array of 175
stationary conditions (specified by probability of occurrence of Sea State, heading and
speed) identified in Tables D.3.4.1aand D.3.4.1b. A sample of the calculationsis given
inTable D.3.6.2. InTableD.3.6.2, Columns 1 to 3 contain the stationary condition
information, and column 4 is the normalised probability of the stationary conditions.
Columns 5 to 8 are Shipmo 7 output pertinent to the POI, and columns 9 and 10 are
dynamic pressure calculations.

It can be seen from the Table that the number of emergences and associated probabilities
increases with increasing Sea State. Also, the dynamic pressure is calculated for beam
guartering and bow seas. Thisis probably a conservative estimate due to the assumption
that the angle of incoming waves is perpendicular to the wall.
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TableD.3.6.2: Sample of Shipmo7 Output and Dynamic Pressur e Calculations

Sea State 2 Sg.WH=03 |
Rel. Vert. Displacement  Emerg. |Dynamic pressure |
Speed| Heading | Tp | prob. Tz* RMS | Rate/hr. | prob. Tz RMS
8 |Head 1014 | 0.172 9.40 0.070 0.0 0.0000
8 |Sthd.Bow | 10.14 | 0.491 9.10 0.071 0.0 0.0000 6.07 1128.0
8 |Stbhd.Bm | 10.14 | 0.564 9.80 0.076 0.0 0.0000 7.71 1128.0
8 |Stbd.Quat.| 10.14 | 0.882 1270 | 0.045 0.0 0.0000 10.34 1128.0
8 |Follow. 10.14 | 0.205 14.40 | 0.063 0.0 0.0000
Sea State 3 Sig. WH.=0.88
Rel. Vert. Displacement  Emerg. [Dynamic pressure |
Speed| Heading | Tp | prob. Tz RMS | Ratelhr. | prob. Tz RMS
8 |Head 10.14 | 0.368 9.40 0.205 0.0 0.0000
8 |Sthd. Bow| 10.14 | 0.841 9.10 0.208 0.0 0.0000 6.07 3307.0
8 |Stbhd.Bm | 10.14 | 0.972 9.80 0.222 0.0 0.0000 7.71 3307.0
8 |Stbd.Quat.| 10.14 | 1.613 1270 |0.132 0.0 0.0000 10.34 3307.0
8 |Follow. 10.14| 0.363 1440 |0.185 0.0 0.0000
Sea State 5 Sig. WH=3.25
Rel. Vert. Displacement  Emerg. |Dynamic pressure |
Speed| Heading | Tp | prob. Tz RMS| Rate/hr. | prob. Tz RMS
12 |Head 10.14| 3.783 8.80 0809 | 26.7 0.0344
12 |Stbd. Bow| 10.14 | 9.055 8.80 0875 37.1 0.0561 5.49 12213.0
12 |Stbd. Bm | 10.14 | 10.755 9.80 0.826 19.7 0.0396 7.71 12213.0
12 |Stbd.Quat.| 10.14 | 17.146| 14.70 | 0.560 0.3 0.0009 12.70 12213.0
12 |Follow. 1014 | 391 17.70 | 0.717 29 0.0137
Sea Stae 6 Sg. WH=5
Rel. Vert. Displacement  Emerg. |Dynamic pressure |
Speed| Heading | Tp | prob. Tz RMS | Ratehr. | prob. Tz RMS
16 |Head 10.14 | 3.611 8.50 1338| 2415 | 02918
16 |Sthd. Bow| 10.14 | 6.116 8.50 1475| 2486 | 0.3628 5.00 18790.0
16 |Stbd. Bm | 10.14| 8.122 9.70 1271 127.3 | 0.2555 7.71 18790.0
16 |Stbd.Quat.| 10.14 | 13.071| 16.90 | 0.888 13.3 0.0612 15.68 18790.0
16 |Follow. 1014 | 2878 | 21.80 |1.130( 28.1 0.1779
12 |Head 15.2 | 0.904 1050 |0844| 29.1 0.04%4
12 |Stbd. Bow| 15.2 | 1531 1030 | 0966| 50.7 0.0943 6.07 11400.0
12 |Stbd. Bm | 15.2 | 2034 1190 |1235| 76.3 0.2355 8.33 11400.0
12 |Stbd.Quat.| 15.2 | 3.273 16.90 | 0.658 15 0.0061 13.01 11400.0
12 |Follow. 152 | 0.721 | 2040 | 0.692 2.1 0.0100
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D.3.7 Calculation of Stress Ranges

A sketch of the structural detail for which the stress ranges due to outside lateral
pressure was calculated is given in Figure D.3.7.1. For a bracket termination on top of
stiffener, the stresses to be considered related to lateral pressure are due to:

Local stiffener bending;
Relative deflection between web frame and transverse bulkhead:;

Panel bending - single hull vessdl.

All three components will be considered in this example. Theoretical background
and appropriate equations have been introduced in Section C.

WEDb Frame

Transverse
bulkhead \\ / (15.875mm plate)

4 = 4064 609.4

Bracket
15.875mmm — A
N
N
\ |

5' | | §
[4 .

Longitudinal
/=4267 J \ &

Side Shell

Bracket Side Shell
16.51 /_ (17.42mm plate)
101.6 i '

—————

— A

A

15.875 - A
441325

Section A-A
FigureD.3.7.1: Description of Structural Detail
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D.3.7.1 Stiffener Berding

Stresses due to local stiffener bending can be calculated from (see the first part on
the right hand side of the equation C.4.8):

s, =K (D.3.13)
S
where:
K = Stress concentration factor

The hot spot stress is related to the nominal stress using a factor K as:
K =KgKn
and where factors are defined as following:
Term Ky is taken as per stiffener support K-factors [D8]. For the case of stiffener
bending due to lateral load, K is taken as 1.8". An additional factor of 1.15is

used to take into account bracket/stiffener overlap (see figure D.3.7.1).

K represents additional stress concentration factor due non-symmetrical stiffener
and is calculated as per [D.8, Section 7]:

1+ 7R2
K, = =
1+ M%7
where:
H
3(1+—
9:—( 280) = |e4
' s} 3 4h S
*0 by *t; h?[—5 +—51
w p
aop tw 5= (h-t)%ty,
bs 47 5

! . Ref. D.8 for the case considered recommended K factor KgKy, = 2.7. HereK,, is
related to the local geometry of the notch. Since in this Guide notch stress concentrations
are not considered in fatigue calculations, K, contribution needed to be extracted. K,

stress concentration factor equals 1.5 if not stated otherwise [D.8], therefore Ky alone
equals 1.8.
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M Moment at stiffener support adjusted to hot spot position at the stiffener
(e.g. bracket toe). It is calculated as (see Equation C.4.8):

_pste’
12 P
p is lateral dynamic pressure
S stiffener spacing
o  effective span of stiffener
' Moment interpolation factor for interpolation to hot spot position along the

stiffener length (see figure C.4.3.3)

r, =6¢

&
P=o¢)

2 ;
9 - 639(— 9+ 1.0
ed eleg

Zs Section modulus of stiffener with associated effective plate flange.
The properties of the stiffener containing the POI are listed in Table D.3.7.1.

TableD.3.7.1: Geometry of the Stiffener Consider ed

Stiffener spacing: s=914.4 mm

Web frame spacing: | = 4267 mm

Effective span of stiffener: le = 4064 mm

Location (POI): Panel CG @ 2500 mm below still waterline
Longitudinal location @ 30 m aft from FP

Stiffener moment of inertia Trans. Axis |= 4.23x10® mn*

Sectional Modulus Zs: 1.44x10° mn? (flange top)
2.33x10° mn? (baseline)

X - position: X =406.4 mm

Plate thickness: tp =17.4 mm

Height of stiffener: h=441.3 mm

Web thickness: w=16.5mm

Flange width; br =101.6 mm

Flange thickness: tr =159 mm

Bracket thickness: tp = 15.9 mm
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Calculations:

- 610842 4064 00 4e
4064 4064
K=Kgy215K

Using the data from Table D.3.7.1 K, term is calculated as follows:

M =148.9

2=0.9728

R=0.8376

? =0.5184 @ Zg =1.44x10°
1+ 0.97280.83762

K. =
" 1+0.9728:0.83762 :0.5184

=1.243

K=Kg215K,, =1.84.15%.243= 2.573

Stresses due to stiffener bending per unit lateral dynamic pressure (1 kN/nf) is
(Equation D.3.13):

1
) 1:20° x—>914.4 4064

5 ,
s,=K2le [ —pg73 10 2046 =1.034 5
27 o 12%.4440° mm

@D
c/

s

2

D

ce

D.3.7.2 Stress due to Relative Deflection between Web Frame and Transverse
Bulkhead

Stresses due to the relative deflection between the transverse bulkhead and the
web frame can be approximated according to the following formula (see the second part
on the right hand side of the equation C.4.8):

myEl

o rqd (D.3.14)
l e ZS

Sqg =K
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K= Kg X1 X5
Here Kqistaken as 1.467 [Reference D8] recommends Ky Ky, as 2.2 for stressin

longitudinal direction, and K,,=1.5). As before factor of 1.15 is taken to account for
the bracket/stiffener overlap.

My Moment factor due to relative deflection between transverse
supports (taken as 4.4 — no stringers supporting the frames [D.8]).
rq Moment interpolation factor for interpolation to hot spot position
along the stiffener length (see equation C.4.8).
X
g =1- X 7 )
d Deformation of the nearest frame relative to the transverse
bulkhead. According to Reference D.8, d can be approximated as
follows:

d=(1- (I- 2Ez)z)olm (mm)

and
1101 3D 2
dp =———1 (no side stringers)
™ T E TN,
Here:
Ns Number of crosstiesin the web frame
ls Span between bulkhead and transverse frame
Dm Depth of ship in meters.
z Vertica distance from baseline to considered longitudinal.

Data for these values can be found in Table D.3.7.2.
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TableD.3.7.2: Web Frame and Panel Geometry

Longitudinals:
Stiffener spacing: S, = 9144 mm
Stiffener moment of inertia I= lna= 4.23x10° mm*
Smeared out stiffness i = 4.23x10°/914.4 = 4.626x10° mm’
Moment of inertia of effective breadth w.r.t. N.A: ,:=1.51x10° mm’
Sectional Modulus Zs;: 1.44x10° mm? (flange top)
2.33x10° mm?® (baseline)
Effective span of dtiffener: le = 4064 mm
X - position: X = 406.4 mm
Length of panel a=29870 mm
Transverses.
Web frame spacing: S, = 4267 mm
Web moment of inertia: Iy = |y = 5.21x10™ mm*
Moment of inertia of effective breadth w.r.t N.A: | ,=1.68x10"° mm’
Smeared out stiffness i, = 5.21x10'°/4267 = 122.10x10° mm®
Sectional Modulus Zs: 3.93x10" mm’ (flange top)
8.47x10' mm® (basdline)
Distance between bulkhead and transverse web: ls = 4267 mm
Width of panel b = 12495 mm
Vessd depth Dnn=1859 m
Number of crossties Ns=0
z=99m
Calculations:

Using the above equations and tabulated data, together with unit lateral dynamic pressure
of 1kN/n? the following results are obtained:

dm = 2.699%x10™* mm
d =2.687x10% mm
Id =0.8

Stresses due to relative deflection between the transverse bulkhead and the web frame are
(equation D.3.14):

El 5 8
M= 1 d=1467.15 220 A2 5,5 687,00 =5.96040"3 (——)

Sq = K
0°Z 40642 1.4420° mm
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D.3.7.3 Panel Bending — Single Hull Vessel

The equation for secondary bending stress in side shell panels at the intersection with
transverse bulkheads (web frames) (see Equation C.4.4) is:

Longitudinal Secondary Bending Stress:
Ky p b? ra

Herg3p isdynamic lateral pressure. In the calculation it will be taken as a unit pressure of
1x10° N/nrf.

S, =K (panel longer than wide) (D.3.15)

The stress concentration factor K is:
K=Kg4.15
where Kq is taken as 1.467, and 1.15 to account for bracket/stiffener overlap.

Theterm Ky in Equation (D.3.15) is function of the aspect ratio r , panel’ s boundary
conditions and torsion coefficient h (see Table C.4.3.2).

i 5
=8, [l _ 29870 J12210x10° _
b \ig 12495 | 4.626x10°
o \/Ipalpb _ J1.51x108 4.68x100 _
4.23x10% x5.21x10"°

Inalnb

here i, and iy are smeared out stiffnesses calculated in accordance with section C, Table
C.4.3.3, Type A pandl. Terms |4 and I, represent moment of inertia of effective breadth
of plating alone associated with longitudinal and transverse, respectively (see Table
D.3.7.2).

Table D.3.7.3 shows the values of the K, term used in the calculations.

Table D.3.7.3: Ky values (Taken from Table C.4.3.2)

Boundary Conditions | r h=00| h=05

Long edges simply 25 | 01263 | 0.1257

supported

Short edgesclamped | 3.0 | 0.1248 | 0.1253
K @r =252 and Kp=0.1259
h=0.34 (calculated)
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In the equation D.3.15, b term is the effective depth of the panel bounded by
double bottom and deck, and r, term is the distance from point considered to the neutral
axis of the panel in longitudinal direction (a— stiffener direction). This valueis calculated
as 292.9 mm (see figure D.3.7.1) and is distance from neutral axis to the outer fiber of the
stiffener flange.

From equation (D.3.15) longitudinal secondary bending stress:

0.1259x 103 ><i6 24952 x292.92 N
S, =14673.15x 10 = 4.087 (—)
/4626105 412210405 mm
D.3.7.4 Combination of Stress Components

The above calculated stresses due to lateral pressure are combined considering the
sign — positive (tension), and negative (compression).

Stress due to stiffener bending ( s 2= 1.034 N/mn?). For an external dynamic lateral
pressure load, these will be in compression at the considered point (i.e., bracket
termination) [D§].

Stress due to relative deflection between web frame and transverse bulkhead (s 4=
5.960x10% N/mn?). Bending of the stiffener is resulting in compression at the
considered point for external pressure loads [D.8].

Plate/panel bending ( s 2= 4.087 N/mn?). Bending of the stiffener results in tension
at the considered point of the stiffener [D.8].

Therefore, for a unit external lateral pressure of 1kN/nT exerted uniformly on the side
shell panel, the equivalent stress at the intersections with transverse web (in away of
tripping brackets) is

- 1.034- 5.96040" 3 +4.087 = 3.047 (— )
m 2

D.3.7.5 Calculation of Stress Ranges

This “transfer function” of 3047 kN/n will be applied to both quasi-static
(Equation C.3.13), and dynamic pressure (equation C.3.15). The stress range response of
the structural detail was assumed to be Rayleigh distributed within each stationary
condition. The stress range distribution (defined in terms of stress range bins) for a given
stationary condition is (see Section C.5.3):
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Q' (S mid) short —gl-‘ € a & ©

> @ > D~

Where s mid, S upper 8d S ower are stress range bin’s mid, upper and lower value.
Q' (sSmid)short represents stress range bins probability distribution for a stationary condition.
The my is the stress response zeroth moment obtained from:

Quasi-static Pressure:
1
mg =RM s? Quasi- Stat.press. x]_0_3 xX3047
Dynamic Pressure:

mo =RM Sszn.preSg, xi 3047
10°

RM Squasi-stat. Press 1S Calculated from equation (D.3.5) where RMSyer. pispl IS tabulated
(similar to the Table D.3.6.2, column 6) and RM Spyn. press. 1S SO tabulated (similar to
Table D.3.6.2, column 10). Division by 10° was necessary to bring the dimensions of
RMSto kN/nf. Calculations using equation (D.3.18) are repeated for all stationary
operational conditions. The end result isa m x n matrix with m rows, indicating number
of stationary conditions, and n columns indicating the number of stress ranges (bins). In
this example, there was a 175x25 matrix for the static pressure case and a 175x30 matrix
for the dynamic pressure case.

The stress range response of the structural detail was assumed to be Rayleigh
distributed as the excitation due to wave action is Rayleigh distributed. Thisisa
significant approximation. In reality, the distribution of pressure peaks at POl will not be
Rayleigh distributed, as the POI randomly emerges from the water and pressure drops to
zero, while vessel motion continues. Thus the vertical motion response used to derive the
(static) pressure will be Rayleigh distributed, but in fact the resulting pressure variation
will not.

To redigticaly approximate the stress range distribution, the information
regarding probability of POI emergence for each stationary condition (Table D.3.6.2,
column 8) was employed. If the probability of emergence for a stationary condition was
greater than zero, then the Rayleigh distribution for that stationary condition was
“normalized” such that the “area’ under the distribution (probability sum of all stress
range bins) was equal to:

n
Area = é Q' (S mid )short = Prob emergence (D.3.17)
1
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where n is 25 for the static pressure and 30 for the dynamic pressure cases. The
magnitude of probemergence fOr that stationary condition was then added to the normalised
zero stress range bin. The normalised stress range (bins other than zero) distribution for a
given stationary condition then becomes:

QI (S mid )short - prob emergence

= QJO:S

[Q'(s mid )Short ] normalized = Q'(s mid )short (D.3.18)

Q'(S mid) short

— Qo5

For the individua stress ranges, the long-term stress probability distribution is found
from (see equation C.5.6):

#oof stationary cond.

. o 1 .
Q (S mid)long = a prObi m){QI (Smid)short]normalized af (D-3-19)
i=1

where proby; is a probability of a stationary condition (see Table D.3.6.2, column 4) and
recall that the probability was normalized by a 1000, and the number of stationary
conditionswas 175. Term r; isthe ratio of zero crossing rate (frequency) to average zero
crossing rate:

Zero crossing periods T, are tabulated (similar to Table D.3.6.2, column 5 for quasi-
static pressure and column 9 for dynamic pressure), and are related to frequency f,
through

1

fzi=—
Tzi

The average zero-crossing frequency is calculated from:

#of sati %natycond.

1
fz= robx——x
z a P50z

Again, the number of stationary conditions was 175.

Quasi-static and dynamic long term stress range distribution are shown in Figure
D.3.7.2aand D.3.7.2b, and mid value of stress ranges (s miq) and associated probabilities
(Q’(smid)iong) are given in Table D.3.7.4. Note that the stress range bins are not the same
for the two cases.
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Table D.3.7.4: Stress Ranges and Corresponding Probabilities

Dynamic Pressure Quasi-Static Pressure
Stress Range| Probability Stress Range |  Probability of
(MPa) of (MPa) Occurrence
S mid Occurrence S mid Q' (Smid)iong
Q’ (S mi d)long
35 0.2107 3 0.2721
10.5 0.1721 9 0.2116
17.5 0.1470 15 0.1537
24.5 0.1108 21 0.1073
315 0.0853 27 0.0761
38.5 0.0669 33 0.0534
45.5 0.0511 39 0.0369
52.5 0.0380 45 0.0257
59.5 0.0281 51 0.0181
66.5 0.0211 57 0.0129
73.5 0.0160 63 0.0092
80.5 0.0123 69 0.0066
87.5 0.0095 75 0.0047
94.5 0.0072 81 0.0033
101.5 0.0055 87 0.0024
108.5 0.0042 93 0.0017
115.5 0.0032 99 0.0012
122.5 0.0024 105 0.0009
129.5 0.0019 111 0.0006
136.5 0.0014 117 0.0005
143.5 0.0011 123 0.0003
150.5 0.0009 129 0.0002
157.5 0.0007 135 0.0002
164.5 0.0005 141 0.0001
1715 0.0004 147 0.0001
178.5 0.0003 Sum: 0.9995
185.5 0.0002
192.5 0.0002
199.5 0.0001
206.5 0.0001
Sum: 0.9993
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FigureD.3.7.2a: Stress Range Distribution Dueto Quasi-Static Pressure
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Figure D.3.7.2b: Stress Range Distribution Due to Dynamic Pressure
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D.3.7.6 Damage Summation

Accumulation of fatigue damage is assumed to be described by alinear damage
accumulation rule (Palmgren-Miner) (see Equation C.6.7):

D @} % (D.3.20)

where D is the total damage, N; is the number of cyclesto failure for a particular stress
range, and ny is the number of cycles at that stressrange. The parameter N; was
calculated from S-N curve data using:

log(N) =log(a) +mlog( ?1 ) (D.3.21)
where the parameters are defined in Table D.3.7.5. Parameters include corrosion fatigue,
steel with cathodic protection and protective coating in sea water (see Equation C.6.4a
and b).

TableD.3.7.5: Parametersused in Example

N Log (a) m
(unitsin MPa) | (unitsin MPa)

N<10° 11.784 -3

N>10° 15.637 -5

The total number of cycles ship experiences per year (N) is estimated according to:

rob;
#of stationary cond. 1>Xum. of daysat sea% 245602

N = a (D.3.22)
i=1 Tz

where the number of days at seais given on an annua basis, and prob; is probability of
individual stationary conditions (Table D.3.6.2, column 4). Term T, refersto the wave
zero crossing period. In this example ship spends 237 days at sea per year. Thus the total
number of cyclesfor all 175 stationary conditions was calculated to be 2.29x10°
(dynamic pressure), and 2.78x10° (static pressure).

Number of cycles at stress range n; is then estimated as:

ny = F’? (S mid)long N (D.3.23)

Table D.3.7.6 shows the calculations of number of cyclesto failure N; for dynamic and
static pressure case using equation (D.3.21) and parameters from Table D.3.7.5. Also,
Table D.3.7.6 contains the number of cycles at stress range n and the relative damage
accumulation n/N;.
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Table D.3.7.6: Stress Ranges and Corresponding Fatigue Damage

Dynamic Pressure

Quasi-static pressure

S mid n N; n/N; S mid n N; n/Ni
MPa Mpa

35 4.83E+05 | 8.25E+12 | 5.85E-08 3 7.56E+05 | 1.78E+13 | 4.24E-08
10.5 3.95E+05 | 3.40E+10 | 1.16E-05 9 5.88E+05 | 7.34E+10 | 8.01E-06
17.5 3.37E+05 | 2.64E+09 | 1.28E-04 15 4.27E+05 | 5.71E+09 | 7.48E-05
245 2.54E+05 | 4.91E+08 | 5.17E-04 21 2.98E+05 | 1.06E+09 | 2.81E-04
315 1.95E+05 | 1.40E+08 | 1.40E-03 27 2.12E+05 | 3.02E+08 | 7.00E-04
38.5 1.53E+05 | 5.13E+07 | 2.99E-03 33 1.48E+05 | 1.11E+08 | 1.34E-03
45.5 1.17E+05 | 2.22E+07 | 5.27E-03 39 1.03E+05 | 4.80E+07 | 2.14E-03
52.5 8.70E+04 | 1.09E+07 | 8.01E-03 45 7.13E+04 | 2.35E+07 | 3.04E-03
59.5 6.44E+04 | 2.89E+06 | 2.23E-02 51 5.02E+04 | 1.26E+07 | 4.00E-03
66.5 4.83E+04 | 2.07E+06 | 2.34E-02 57 3.58E+04 | 7.20E+06 | 4.97E-03
73.5 3.68E+04 | 1.53E+06 | 2.40E-02 63 2.56E+04 | 4.37E+06 | 5.85E-03
80.5 2.82E+04 | 1.17E+06 | 2.42E-02 69 1.82E+04 | 2.77E+06 | 6.58E-03
87.5 2.17E+04 | 9.08E+05 | 2.39E-02 75 1.30E+04 | 1.83E+06 | 7.09E-03
945 1.66E+04 | 7.21E+05 | 2.30E-02 81 9.21E+03 | 1.24E+06 | 7.40E-03
101.5 | 1.26E+04 | 5.82E+05 | 2.17E-02 87 6.55E+03 | 8.70E+05 | 7.53E-03
108.5 | 9.60E+03 | 4.76E+05 | 2.02E-02 93 4.68E+03 | 6.23E+05 | 7.50E-03
1155 | 7.31E+03 | 3.95E+05 | 1.85E-02 99 3.35E+03 | 4.56E+05 | 7.35E-03
122.5 | 5.59E+03 | 3.31E+05 | 1.69E-02 105 2.41E+03 | 3.40E+05| 7.10E-03
129.5 | 4.29E+03 | 2.80E+05 | 1.53E-02 111 1.74E+03 | 2.57E+05 | 6.75E-03
136.5 | 3.31E+03| 2.39E+05 | 1.39E-02 117 1.25E+03 | 1.98E+05 | 6.34E-03
1435 | 2.57E+03 | 2.06E+05 | 1.25E-02 123 9.04E+02 | 1.54E+05 | 5.87E-03
150.5 | 1.99e+03| 1.78E+05 | 1.12E-02 129 6.52E+02 | 1.21E+05 | 5.37E-03
1575 | 1.55E+03 | 1.56E+05 | 9.95E-03 135 4.70E+02 | 9.67E+04 | 4.86E-03
1645 | 1.20E+03 | 1.37E+05 | 8.80E-03 141 3.39E+02 | 7.78E+04 | 4.36E-03
1715 | 9.33E+02 | 1.21E+05 | 7.74E-03 147 2.45E+02 | 6.32E+04 | 3.88E-03
178.5 | 7.24E+02 | 1.07E+05 | 6.77E-03 Sum: 1.10E-01
185.5 | 5.62E+02 | 9.53E+04 | 5.90E-03
1925 | 4.37E+02 | 8.53E+04 | 5.13E-03
199.5 | 3.40E+02 | 7.66E+04 | 4.44E-03
206.5 | 2.66E+02 | 6.91E+04 | 3.85E-03

Sum: 3.42E-01

Total Number of cycles(N)=2.29x10°

Total Number of cycles(N)=2.78x10°

From Table D.3.7.6 the linear cumulative damage summation given by equation (D.3.22)
for two casesis:

Dynamic Pressure

Static Pressure

D =0.3418 (1/D = 2.93 years)
D =0.1102 (1/D = 9.07 years)

N = 2.29x10°
N = 2.78x10°
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Fatigue life due to dynamic pressure is lower than the fatigue life due to static pressure.
However, they are of the same order of magnitude, and thus an indication that both
components need to be considered in the fatigue analysis.
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APPENDIX A - COMPARISON OF CURRENT CLASSIFICATION SOCIETY
APPROACHES TO FATIGUE DESIGN

A.1 Introduction

One of thefirst stepsin the design processis to determine which key challenges the
design will have to overcome. Thiswill dictate the nature of the design approach and the
processes used to address each element of it. Often, fatigue is not amajor issue. Many small,
robust ships, such as tugs and supply vessels, do not have the levels of cyclic stresses which will
lead to fatigue problems. In other ships, fatigue may be alocalized concern for specific
eguipment foundations or for other structural components such as shaft brackets. Fatiguein
machinery systems or propulsors can also affect ships where structural fatigueis highly unlikely.

All types of localized fatigue can be handled using the same general approaches used in
this course. However, they will not be given any more detailed consideration. The focus of this
lecture, and those which follow, will be on general ship structures where fatigue performance
needs to be validated in order to assure an owner of acceptable through-life capability. Thisis
likely to include all major warships, and larger commercia vessels including tankers, bulk
carriers, and container ships.

The level of performance validation required will vary, depending on the ship's
configuration and intended service. Accordingly, more or less sophisticated methods of fatigue
life assessment may be utilized. Where it is anticipated that highly detailed analyseswill be
required at some stage in the design process, it is still probable (and highly advisable) that less
complex methods be used in the earlier stages, when the overall design parameters are being
selected. Detailed analyses should only lead to changesin details, rather than major reworkings
of the ship design as awhole.

The designer should therefore have an understanding of the probable extent of a ship's
fatigue concerns, the level to which they can be expected to influence other design
considerations, and the methods which can be used to manage fatigue design most cost-
effectively at each stage in the process. These methods include a variety of design codes,
standards, and criteria. A number of the most commonly used of these are described in this
section.

A.2 Overview

Many of the existing ship fatigue analysis codes are based on the same knowledge base,
and reference (directly or in supporting documents) other non-marine or offshore standards.
These other applications generated earlier interest in fatigue either because fatigue failures were
more likely to prove immediately catastrophic, or because their economic consequences were
more dramatic than was the case with traditional ship construction. Organizations such as the
International Institute for Welding (I1W), the European Committee for Standardization, and a
variety of national and industry standards bodies produced materials relevant in whole or part to
ship structural design. The ship classification societies, such as ABS, DNV, and LIoyds, have
applied these materials with greater or lesser degrees of customization, detail, and interpretation.
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The commercial ship designer is most likely to apply one or other classification society
approach, or to have to have an alternative approach approved by Class at some stage during
design. Itisquite possible that preliminary design may be conducted using one classification
society method, and that final selection of Classwill require another. It istherefore useful to
have an understanding of the scope of each set of Class Rules and of their similarities and
differences in approaches. For those involved in military projects, Class Rules and guidance
notes can be valuable reference documents to assist in the design process. An understanding of
the background information, including other codes and standards, can also assist in developing
approaches to new types of design problem.

Table A.1, drawn from the Proceedings of the 13th ISSC in August 1997 [Ref C.32],
provides a good general summary of the procedures for fatigue assessment of ship structures
which are required by the major western classification societies. Most of the Rule systems now
in place have been developed and implemented quite recently, and as a result the levels of
guidance available (and in some cases the requirements themselves) are still changing fairly
rapidly. Thistableisthusonly asnapshot. As can be seen, in some cases (such asthe ABS and
LR Rules) the use of afatigue assessment procedure is mandatory for certain sizes and classes of
ships. In others, it isaways optional. Where fatigue assessments are carried out, the ship may
be given a supplementary class notation which acknowledges the procedure. In the case of
DNV, it may also alow the assignment of a specific design lifein excess of 20 years, which is
assumed to be the default. Navy standards, if added to the list, would generally show afocus on
detailed analytical treatments.

Asindicated in Table A.1, several Rule systems can allow for the treatment of fatigue
with varying degrees of design sophistication. These have been categorized by Lloyd's Register
aslLevel 1, 2, and 3 methods, and similar terminology will be used here as a convenient
shorthand. Level 1 methods involve the selection of good structural details to minimize the
likelihood of problems. Level 2 performs analyses of probable performance using standardized
assumptions for loading and response. A full Level 3 analysis will use ship-specific loading
data, finite element modelling of global and local response, and realistic representations of any
other effects expected to influence the fatigue life. Asnoted in the Introduction, each and all of
these may be appropriate to a particular project at different stages in the design process.

Table A.2, from the same source, provides some more detail on the background to each
of the rule systems. Some of the differencesin approach are readily apparent, but more are
hidden in the details of each method. Several obvious questions could be posed, for example (a)
are the resulting differences significant, and (b) if so, which approach is correct?
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Table A.1: Proceduresfor Fatigue Assessment of Ship Structures

Class. | Reference | Brief description of the scope of the document, applicability and when required.
Soc.
ABS ABS The fatigue strength assessment is performed in three steps: Step 1 is adesigner oriented
(1996 & | assessment for connections of longitudinal stiffeners to transverse webs and bulkheads. Step
1996h) 2 isasimplified fatigue analysis for local hull structures. Step 3 is acomprehensive
structural analysis based on spectral approach for details found inadequatein step 2. The
procedure is applicable for tankers, bulk carriers and container ship.
BV BV The aim of the procedureisto ‘ provide the ship designer with relevant information to asses
(1994) fatigue strength and to define the fatigue design criteriato be applied’.
DNV DNV General background is given the rule requirements for fatigue control of ship structure and
(1995) detailed recommendations for such control. Various levels of fatigue assessment procedures
defined include a simplifies approach and a direct calculation approach. Itsapplicationis
required for structural details ‘ subject to extensive dynamic loading’.
GL GL Rules for smplified fatigue strength analysis. Its application is required for structures which
(1997) are ' predominantly subjectsto cyclic loads.
LR LR Three Levelsare given. Level 1 isbased on a comparison of the structural details with
(1996) recommendations derived form consolidation of available service experience. Levels2 and 3
areasimplified and full spectral direct calculations procedures. The procedure is developed
for adouble hull oil tankers and bulk carriers and is under development for container and
LNG/LPG ships. Mandatory for new oil tankers and bulk carriers over 190 metersin Length.
Level | and 2 areto be applied and Level 3 at the request of the ship owner or the
shipbuilder.
NK NK A simplified approach for ship design which has been verified for longitudinal stiffeners.
(1996) Research work is under conduction for improving and revising the guidance. The procedure
isapplicable for longitudinal, transverse and local strength members of oil tankers, bulk
carriers and container ships.
RINA RINA Rules for checking is the fatigue strength of ship hull structures by means of asimplified
(1995) fatigue analysis. Applicable for ship structures which satisfy RINA standards for obtaining
the highest class made of normal and/or high strength steels. Its application isrequired for
the special notation FTC bye RINA.
KR KR Guidance for simplified fatigue strength assessment is ship structures at theinitial stage.
(1995)
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FTL-4714

Table A.2: A Short Summary of Different Fatigue Assessment Procedures Available for Ship Design

Class. Loads Stress anal. guid. Fatigue strength *
Soc. Corrosion | Safety Program Guidance
Basis Prob. | Shape | nominal SCF | Nom. | Local® | mean’ thick.* method | factor® name on details
ABS Rule 2 10° | Weib. simple Yes | DoE | DoE no° spec.case net’ no SafeHull yes
BV Rule 10° | Weib. no Yes | DoE | DoE® yes 25mm time’ no™ VeriStar no
DNV Rule/Direct 10* | Weib. | simple/FE | Yes no own™ yes 22mm net™” no Nauticus yes
GL Rule 10° Lin. simple Yes | 1IW W yes | spec.case no™ yes® | Poseidon | yes(inrules)
LR” Simple/spectral approach™® smple/FE | Yes no | own' no 22mm net™® no ShipRight | yes(in prog.)
NK Direct™ 10, | Weib. FE Yes BS BS yes no no” yes— | Prime Ship Yes
RINA Rule 10° Lin. simple No W W yes no no no no Yes
KR Rule 10* | Weib. simple Yes DoE yes 22mm true” no no No

1 The SN data sources are given for nominal (Nom.) and local approaches. BS refers to British Standards 5400, 11W to [1W (1996) and DoE to different editions
of theref. “Offshore Installations: Guidance and Design Construction and Certification”, Health and Safety Executive (formerly Department of Energy),

U.K.

2 Local approach is the hot spot method in most cases. Comparison of different local approach SN curvesisgivenin Figure 7.1.
3 Mean stress correction is applied on the stress range basing on the mean stress or in case of NK (1996) on S-N curve by modifying the scope.
4 The thickness effect se accounted for by a factor on stress range basing on the mean stress or in case of NK (1996) on S-N curve by modifying the slope.

5 Mean minus two standards deviations SN curves are used in most case. Additional safety factorsto the rule are referred here.

6 Not explicitly.
7 The stress calculated for net scantlings are multiplied by afactor of 0.95 to reflect a“‘mean wasted condition’.
8 Special local approach is used based on notch stress which is the structural stress multiplied by aweld factor is 1.96.
9 Corrosion is modelled by multiplying the cumul ative damage with a correction factor that is afunction of corrosion rate and time.
10 Mean minus one, two or three standard deviation S-N curves for non critical , critical or particular structural members.
11 Specia local approach is used based on a notch stress that is structural stress multiplied by aweld factor. Default factor of the weld valueis 1.5.
12 Stress are calculated using net scantlings and S-N curves for corrosive environment. A simple approach is given for partially effective corrosive protection.
13 Only implicitly for hold framesin bulk carriers.
14 For non-redundant structures and for some rounded corners with large rider plates.
15 The procedure is available through the use of the ShipRight program.
16 Loads used by voyage simulation used in Level 2, Parametric formulas for ships motions and loads in regular waves. In level 3 direct approach is used.
17 SN curves are based on parametric formulas of the hot spot SCF’ s derived from systematic FE-analysis.
18 Inlevel 2 timeinvariant simulation of thickness reduction due to corrosion isused. Inlevel 3 no corrosion modelling is applied.
19 Two approaches defined are ‘a combination’ and ‘design wave' methods.
20 If considered, in ballast tanks for example, the stresses should be converted to appropriate values and stress safety factor of 1.1 to 1.3 should be considered.
21 Safety factors are used depending on the importance of the member. Explicit values are not given. For basic joints mean S-N curves are used.
22 The stress concentration factors are applied for stress analysisand S-N curve for corrosive environment. A simple approach is given for partialy corrosive

protection.
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Figure A.1 provides a partial answer to the first of these. Thereis significant
variability in the S-N fatigue design curves used by the different classification societies,
and although the uses of the curves also differ, the resulting predictions can be more
rather than less different. The variability can easily be increased by different
interpretations of the input data requirements.

When results from any of the methods are compared with actual service
experience, there is considerable scatter, some of which isinherent in the probabilistic
approach and some of which may result from uncertainties in aspects such as load
modelling or the actual local as-built configuration. Thus, although it can be stated that
any and all of the fatigue analysis methods available are based on rational approaches to
the problem, at the same time it can aso be noted that following any one of them will not
necessarily provide conservative predictions for a given structural component. If
calculations show the possibility of fatigue problems within the intended service life of
the ship, it becomesincreasingly important to ensure that the fabrication quality at key
detailsis at least as good as the default assumptions of the analysis method.

A.3 Detailed Comparisons

Asthere are eight classification society approaches and several other Codes
referenced in Table A.1, it would be alengthy (and confusing) task to present al the
differences among the approaches. The focus of these comparisons will therefore be the
approach recommended in this Guide, and used in the worked examplesin Section D.
The Guide approach is devel oped from basic data derived for British Standard 7608
[C.33], using the same principles applied in some of the more recent offshore. It is closer
philosophically to the DNV ship design method [C.3] than to most of the otherslisted in
Table A.1. Some of the most significant differences between the Guide approach and
other rule systems commonly used in North America (such as ABS[C.1] and Lloyds
[C.2]) will be highlighted; other approaches will only be noted where they offer
significant extra assistance in the performance of fatigue analyses.

A.3.1 Load Definition

In al of the approaches to fatigue design, designers are given the option of
developing loads using a spectral approach tied to the expected lifetime and operational
profile of the ship. This can be utilized with response models of varying degrees of
sophistication (linear strip theory, fully non-linear dynamic) and with finite element
models of greater or lesser levels of refinement in order to provide the required input
stresses for the fatigue damage assessments. However, it will almost aways be advisable
to perform more ssimplified load and stress cal culations beforehand. These will indicate
where the design may be expected to have its most severe fatigue problems, and they will
also provide a valuable benchmark against which the more sophisticated results can be
compared. Most fatigue (and other) design criteria have been developed using
experience, calibrated against relatively simple assessments of loadings. If a
sophisticated analysis produces results that are significantly different from expected
values, several possibilities should be considered:
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(a) the design (or operation) have unique features which were not adequately recognized
in the concept stages;

(b) the sophistication of the analysis warrants reconsideration of traditional safety factors;
or

(c) there are errorsin the analysis.

The simplified load models provided (or recommended) by codes differ in most of
their provisions; the differences being smallest - in terms of outcome - when dealing with
the primary stresses, and greatest for the tertiary stresses due to dynamic load
components. In other areas of design practice using classification society rules, many of
the differences will cancel out again due to differencesin strength criteria. It is possible
that thisis also true for aspects of fatigue design. Designers are therefore cautioned that
fatigue cal culations undertaken with one Class simplified method may not be accepted by
another without at least some dialogue.

A significant difference in philosophy between standards comes in using spectral
methods due to the differences in the selection of reference stress exceedence probability.
Different class rules and naval standards fall anywhere within the range of 10 to 10°® for
this. This Guide usesthe 10* value. Thisis done for several reasons;

(a) to highlight the fact that most fatigue crack growth (as opposed to fracture initiation)
takes place at relatively low stress ranges; and

(b) if amore extreme probability is used, the results of fatigue damage calculations will
be very sensitive to the spectrum shape parameters, which are often quite uncertain.

A.3.2 Local Idealizations

The Guide is based on using the notch stress, derived from either ssmple or
complex analyses, as the basis for fatigue damage assessment. This approach has been
adopted in several codes and standards because it removes a certain amount of
subjectivity from the analytical procedure. In the notch stress approach, fatigue damage
accumulation is based on Ds ytcn, Where:
DS notch = Kw XDs hotspot = Kg XK w XDS nom (A.1)

Ky isthe local weld configuration stress concentration factor, and K, is the stress
concentration resulting from the detail under consideration. Other fatigue design
approaches, meanwhile, continue to use either the hotspot or nominal stress range
approachesto predict fatigue. In practice, there are few inherent differences between the
approaches until aLevel 3 level of sophistication is applied, since tabulated correction
factors have to be applied to nominal stresses under any approach.

Joint-specific S-N curves, such as those originally developed for the British
Standards for various types of steel construction, are intended for use with the nominal
stresses at the crack site, and incorporate K, and K,, effects. Such curves are used in the
Canadian and British naval design standards. A set of these curvesis shown in Figure
A.2, with two examples of the 'best’ and ‘worst' typical joint configurationsin Figure A.3.
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Figure A.2: Example of S-N Curve for Different Joint Configurations
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Category C Detail t

Category W Detail -

Type 10.5

Figure A.3: “Best” and “Worst” Typical Joint Configurations

A problem with using specific curves of these typesisthat it is often difficult to decide
(a) which nominal curveis best suited to the application, and (b) which additional stress
concentration effects need to be considered. Unlike the situations shown in Figure A.3,
actual ship configurations will normally have multi-axial stress states, in whichitis
difficult to isolate the stress concentrations built into the S-N curves from those resulting
from the real surrounding configuration.

A step beyond the nominal curvesisto use the hotspot stresses, which take
account of more general configuration effects and thus allow single fatigue design curves
to be used for arange of joint types. However, there is no agreement as to which S-N
curve ismost appropriate to use with hotspot stresses, and thisis one of the main reasons
for the divergence of the curves shownin Figure A.1. ABS, for example, selectsthe
Category E curve for use with fillet welds, while others are less conservative. Lloyd's
Register's Fatigue Design Assessment software incorporates its own S-N curves, which
have been derived from model and finite element analyses of typical ship structural
details.

Moving to the notch stress approach should allow explicit treatment of al effects
except for those due to the welding process (local material properties, grain size, etc).
Thereis still no absolute agreement as to which S-N curve best represents the base case
situation, but several organisations have taken the Category D curve, corrected to remove
any weld geometry stress concentration effects. The Guide has done this by applying a
factor of 1.5, which is very similar to the BV and DNV approaches. This provide the
formula:

Fatigue-Resistant Detail Design Guide for Ship Structures A-8



Appendix A — Comparison of Current Classification FTL-4714
Society Approaches to Fatigue Design

for N £ 10" cycle

log N =log & - my xXlog DS notch = 12.710 - 3.0 log DS notch (A.2)
for N > 10 cycle
|Og N = |Og a2 = m2 ><|09 mnotch: 15637 = 50 |Og mnotch (A\?))

Thistype of bilinear formulation is common to all codes, though the location of
the break point varies. Codes which follow the International Institute of Welding (11W)
approach use 5+ 10° cycles.

A further aspect of the local idealisation, which may need to be taken into
account, isthe material thickness. Thiswill affect the through-thickness stress
distributions and thus the worst stress concentrations. Most of the ship design approaches
use a thickness correction for steel greater than 22-25mm thickness, but for consistency
with the basic data set the Guide applies a similar correction above 16mm thickness.
Thistakes the form:

log N =log & - my xlog DS noich - 0.25. m; *log(t/16) (A.4)

i.e., the life expectancy is reduced for any thickness, t, greater than 16mm by the
italicised term in the equation. Recent work in the offshore industry has suggested that
thisis non-conservative for very thick structures, and the exponent/coefficient should be
raised from 0.25 to 0.3. However, this may only be applicable to the types of joint used
in the offshore industry, and no ship rules have yet adopted the larger correction.

A.3.3 Structural Condition

Steel structuresin a corrosive environment are much more prone to fatigue
failuresthan are those in dry air. Corrosion has both overall and local effects. The
overall reduction in scantlings as thicknessis lost increases the global (and hence local
stresslevels). At thelocal level, fatigue and corrosion are mutually reinforcing. Stress
cycling promotes corrosion, and corrosion accel erates crack formation. Coating
breakdown is also most likely to occur at fatigue-prone locations, due to their geometry
and also to the higher cyclic strains.

Asshownin Table A.2, the mgjority of class rules take account of both the overall
and the local effects, the former by applying a correction for thickness loss through life,
and the latter by modifying the S-N curve for the detail under consideration.

Thickness loss corrections are not consistent across rule systems. Table A.3
highlights some of the more significant differences between the ABS and DNV rules,
noting at the same time that in other areas their requirements are identical. The same
would be true of most other rule comparisons.
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Table A.3: Corrosion Thickness Allowances

Structural Component teorr ABS (mm) teorr DNV (mm)
Longitudinal bulkhead between cargo/fuel oil 15 0
tank and dry space
Weather deck beam in ballast tank 2 3
Bottom plating i.w.0. ballast tank 1 1.5
Side shell framesin bulk carrier holds 15 13

Note: * refers to upper/lower part of hold

In addition to these direct differences, ABS (uniquely) takes some account of the
progressive loss of thickness through life by 're-correcting' the stress levels downwards
from the values based on net thicknesses.

At thelocal level, severa codes anticipate that a freely-corroding joint - i.e. one
which is not protected by a coating or by an effective cathodic protection system - will
have adesign life roughly afactor of 2 shorter than the same joint in a non-corrosive
environment. Thisis the assumption recommended in the Guide, though some judgement
may still be needed in deciding when to apply it. Modern coating systems, for example
in ballast tanks, may have a probable life expectancy lower than that for the ship asa
whole. They can be very difficult and costly to reapply after full or partial breakdown. It
istherefore realistic to assume that the structural detailsin such tanks will be protected
for part of their life and unprotected subsequently; and the overall fatigue damage
accumulation calculations should take account of both periods. DNV provides a
simplified method for this that should, in principle, be applicable under any of the rule
approaches.

It should be noted that some recent research has suggested that even a factor of 2
life-expectancy penalty may be non-conservative for freely corroding jointsin sea water.
The most recent issue of UK requirements for offshore structures applies penalties of up
to 3 times, and downgrades the assumed effectiveness of cathodic protection.

A.3.4 Safety Factors

Fatigue calculations are probabilistic in nature. The load and stress level
predictions are based on statistical representations of lifetime experience. The fatigue
design (S-N) curves are developed from experimental data with significant levels of
scatter. Source documents for SN curves will normally quote the mean and standard
deviation values for these curves, to alow safety factors to be tuned to the importance of
the structural component under evaluation, or the level of structural redundancy present.
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The majority of codes take failure probabilities two standard deviations below the
mean curve as their default standard, giving a nominal 2.3% failure probability at a
calculated damage index of 1 (normal distribution is assumed). Some of the
classification society rules and guides note that higher safety factors should be used for
the most important details, whose failure could hazard the ship or the safety of personnel.
However, only alimited amount of guidanceis offered in most cases. Bureau Veritas
recommends the use of 1, 2, and 3 standard deviations for non-critical, critical, and very
critical details respectively. Thisequatesto 16, 2.3, and 0.14% failure probabilities for
each class of detail respectively, or alternatively to approximately successive factors of
1.5 improvementsin life expectancy.

It is possible to use the results of afatigue damage prediction as inputs to amore
general structural reliability prediction, which can use fracture mechanics approaches to
predict the risk of more catastrophic failures. Such methods can be used to help
categorise the different details in the ship and thus to refine the detailed design.

A.4 Summary

Fatigue life prediction is arelatively new consideration for ship design. Itisan
areain which the different design standards devel opment bodies have been very activein
recent years, and where codes are continuing to evolve relatively rapidly. Itisstill
difficult for designers to identify what the criteria should be for a new design, or to assess
whether they have been met successfully. Fabrication and maintenance procedures can
make enormous differences to the actual performance of nominally equivalent designs.

Existing codes and their accompanying guidance documentation provide useful
tools, particularly if they are used in comparative evaluations within and between
designs. They can highlight potential problem areas, and guide design development
which will keep the risk of fatigue damage to historically acceptable levels. They areless
likely to provide accurate predictions of the onset of failurein any individua structural
detail.
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APPENDIX B
Level 2 Analysis Formulae for Loads
B.1 Wave- Induced Hull Girder Bending Moments

Q) Where direct calculation is not required, the vertical wave induced bending moments may
be calculated using the bending moment amplitudes specified as:

Mgs = -0.11Kym Cw LB (Cg + 0.7)  (kNm) (B.1)
Mgn = 0.19Kwm Cw L°B Cg (kNm) (B.2)
where:
Mgs = wave sagging moment amplitude
Mgn = wave hogging moment amplitude
kwm = moment distribution factor
= 1.0 between 0.40L and 0.65L from A.P., for ships with low/moderate speed
= 0.0 at A.P. and F.P. (Linear interpolation between these values.)
Cw = wave coefficient
= 0.0792L; L <100 m
= 10.75- [(300-L) / 1001¥% 100m<L <300 m
= 10.75; 300m<L<350m

10.75 - [(L-350) / 1501¥% 350m <L

and other parameters are as defined in the Nomenclature. Note that these are “ permissible’
bending moments, i.e. rule limits rather than the actual bending moment developed in a hull
under design conditions.

In general, equations B.1 and B.2 are similar for al the maor Classification Societies for
longitudinal strength. This variation over the length of the vessel is accounted for in the moment
distribution factor kym . If bow-slamming effects are to be considered, the individual Class
Rules provide guidance on modifying vertical bending moment envelope. A general discussion
isprovided in Section 3.2.3 in the main text.

Alternative equations for vertical bending moment have been derived for warships and
other slender hulls[Refs. C.19, C.20]. Theresulting expressions for predicting the extreme
lifetime bending moment including the effects of whipping were then formulated as:

M, =M, +00006L*°B (B.3.9)
M, =M, +00009L*°B (B.3.b)
where:
Mgn = design hog moment (ton-ft)
Mgs = design sag moment (ton-ft)
Msy = stillwater bending moment (ton-ft)
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The equivalent expressions for lifetime bending moment (including whipping) in SI units
are:

M, = M_, +0.000115L*°B [MN*m]] (B.3.0)
M, = M, +0000172L*°B [MN*m] (B.3.d)

Implicit in these is an operating life of 3600 days; this translates to approximately 3.888 x
10 encounters, and thus differs from the IACS standard of 10® encounters. Refer to Section
C.3.1for an approach to modifying the loads to meet a specific encounter probability.

2 The horizontal wave bending moment amplitude (My) may be obtained from:
My = 0.22 L% (Taq + 0.30 B) Cg (1-cos(2p X/L)) (kNm) (B.4)

Note that the longitudinal distribution is defined in the equation, where x is the distance in
metres from the A.P. to the section considered. Horizontal bending moment is of primary
concern for slender vessels or open-hatch (large openings) vessels, such as container ships.

3 Wave torsional loads and moments that may be required for analyses of open type vessels
(e.g., container vessels) can be found in Appendices C and D of [Ref C.3].

B.2)  Shear Loads
The formulae for shear loads at midship are derived from conventional beam theory, thus:

Q) Vertical Shear:
Vgs = -0.11kys Cy LB (Cg +0.7)  (kN) (B.5)
Vg = 0.19%,s Cy LB Cp (kN) (B.6)

Again, the Class Rules provide guidance on the distribution of shear over the length of the vessel
using a kys factor.

2 Horizontal Shear:
Vi = 0.22 L% (Ta + 0.30 B) Cg (1-sin(2p x/L)) (kN) (B.7)

Torsional Shear formulae can also be obtained from the References if required.

B.3 External Pressure Loads

The external pressure amplitude (half pressure range), pe, related to the draft of the load
condition considered may be taken as:

Pe = P4 (kN/m?) (B.8)

eduction of pressure amplitude in the wave zone
0 for z<Tat - Zw
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+
% for Tagt - Zwi < Z < Tact + Zui
C
=0.0 for T +zm <z
where:
Zuw = Y4 (Pgr/r g); Pt = dynamic pressure at T

The dynamic pressure amplitude may be taken as the largest of the combined pressure
dominated by pitch motion in head/quartering seas, pqp, O the combined pressure dominated by
roll motion in beam/quartering seas, par, 8S:

Pa = Max (Pep, Par) (KN/m?) (B.9)

where:
Pp = P1+135|y|/(B+75)-1.2T-2)
per = 10[ |; |a/2 + Cg 0>’|1—J(;kf) (0.7 + 22/T)]
P = KsCw + K

= (kCw+ ki) (0.8+0.15V/\L) ifVIJVL >15
ks = 3Cg+25/,Cq at AP and aft

= 3Cg between 0.2 L and 0.7 L from AP

= 3Cg+4.0/Cs at FP and forward

(between specified areas ks is to be varied linearly)

ks =  minof Ty or freeboard “f” to weatherdeck < 0.8 C,, (m)
a = roll angle, single amplitude (rad) = 50 z,,; / (B + 75) [rad]
v = y>Bl4(m)

Vv =  ship speed (knots)

L =  shiplength (m)

Z =

vertical distance from baseline to POI (m) < Ty (M)

B4 Internal Pressure Loads due to Ship Motion

The dynamic internal pressure amplitude, p; in kN/m?, may be taken as the maximum
pressure due to acceleration of the internal mass:

.‘|. pl =r avhs
p=fimaxip, =raly| (kKN (B.10)
% P3=
where:
a = combined vertical acceleration (m/s?)
fyfal + af
a, = maxj
;1/02 + a
a = combined transverse acceleration (m/s?)
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Sox

Sz

Tep

GM

2 H 2
a, =4a, +(gosma +ary)
combined longitudinal acceleration (m/s?)

a; = \/ai + (gosinf + apx)2

tangential pitch acceleration (m/s?)

a(2p/7,,F Ry

longitudinal component of pitch acceleration (m/s?)

t(2p /7, f Ry

vertical component of pitch acceleration (m/s?)
f (2p /Tpp)zRPX

maximum pitch angle (rad)

0.25 & /CB

period of pitch (s)

180 . L/g

surge acceleration (m/s?)

0.29 & \/C—B
acceleration due to sway and yaw (m/s%)

03ga
heave acceleration (m/s%)

07ga/./C,

acceleration constant

3CwIL +Cy V/ VL

horizontal component of roll acceleration (m/s?)
a (2 p/ TR)2 Rrz

vertical component of roll acceleration (m/s?)

a (2 p/ TRp)2 Rry

Vertical distance from the pitch axis of rotation to the local centre of mass or volume
(m)

Longitudinal distance from the pirch axis of rotation to the local centre of mass of
volume (m)

VL /50, max 0.2
g A & = acceleration constant
period of roll

2k / VGM , maximum 30 ()

roll radius of gyration (m)

0.39 B for ships with even distribution of mass and double hull tankersin
ballast

0.35 B for single skin tankers in ballast

0.25 B for shipsloaded with ore between longitudinal bulkheads
metacentric height (m)

0.07 B in general
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0.12 B for single skin tankers, bulk carriers and fully loaded double hull tankers
0.17 B for bulk and ore carriersin the ore loading condition

0.33 B for double hull tankersin the ballast loading condition

0.25 for bulk carriersin ballast condition

0.04 B for container carriers

maximum roll angle, single amplitude (rad)
50z, /(B +75)

Zi (1.25 - 0.25 Tg) k¢

ke 1.2 for ships without bilge keel

1.0 for shipswith bilge keel
0.8 for ships with active roll damping capabilities

o}
1 1 T 1 A A A B

In asimplified analysis of bulk or ore cargoes, only p; need be considered. A hydrostatic
distribution can be considered, although for large granular cargoes, the distribution may in fact
be quite different. The appropriate density and pressure height should be specially considered.

Sloshing pressures may normally be neglected in fatigue computations. However, if
dloshing isto be considered, formulae for sloshing pressuresin partly filled tanks may be
obtained from the Classification Society Rules.

In case of partly filled tanks on both sides of a bulkhead, the pressure range may be taken
as the sum of the pressure amplitudes in the two tanks.

The above formulations are examples of what may be used for a Level 2 design approach.
The designer may refer to Classification Society Rules for alternative formulae. Before doing so
he may wish to review the differences by reading Appendix A.
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APPENDIX C

STRESS CONCENTRATION FACTORS
FOR SHIP STRUCTURAL DETAILS

This appendix provides guidance on the estimation of stress concentration factors (Kg,
Kte, Kt) for ship structural detailswhere: Kqis a stress concentration factor due to the gross
geometry of the detail, K is an additional stress concentration factor due to eccentricity
tolerance (normally used for plate connections only), and K is an additional stress concentration
factor due to angular mismatch (normally used for plate connections only).

These stress concentration factors account for the local geometry of the detail, excluding
theweld (K, —see Appendix A). They do not account for the global stress concentration effects
of the structure surrounding the detail to be analyzed (Kg). The latter should be determined by
global FEA or additional published solutions. The total stress concentration factor for the
location, used to determine the peak stressin the load carrying section containing the flaw, is
thus defined as follows:

Ko = KG >KW XKg >Kyr >Kt
The following SCF solutions have been adapted from Cramer et a. (1995). Alternate solutions

may be found in Classification Society documents for fatigue analysis, and previous Ship
Structure Committee reports.
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Table B2 SCF For Stiffener Supports

Géometry K-factor
B2a _ S
b~ d )
I*E For supporting members welded to stiffener
! flange: ‘
! K‘ .K, =18 d <50
! Deteult ¥ '
b ewes K, =19 50< d <100
¢ s K,-X,=20  100< d <150
) o, K,-K,=22 d>150 -
. For supporting members welded to stiffener

web by overlap with weld throat thickness as
given in B.5a ( Table §.5 ), the above factors
are to be multiplied by a factor 1.15 '

Note: The weld connection area between
supporting members and stiffener

B flange must fulfil the requirements
in Rules, .
'B2b _
K -XK =16 d <50
K,-X =11 50< d <100
K -XK =18 100< d <150
K -X, =20 d>150

kept clear of flange edge.

For supporting member welded to stiffener,
flange only. It is assumed that the weld is

Note: The weld connection area between
supporting members and stiffener
flange must fulfil the requirements
in Rules.
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Table B3 SCF For Termination of Stiffeners on Plates

Geometry » K-factor
B3.a -
Local elements and stiffeners welded to ' _
platcs ) : . ; _
K K, =2(1+ 0 )
t,160
5 :
Yo ' . .
- L 0= angle in degrees of sloping
Y L . _
— termination
B3.b '
Sniping of top flanges: ' _ . 34,
P =
] ‘."‘-: [] )
— and X, -X,, = min30
5 2
H
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Table B4 SCF For Butt Welds

K-factor

- Geometry
B4.a o

Default: e=6 mm

Angular mismatch in joints between flat

plates results in additional stresses at the -

bptt weld and the stiffener
K, =1+ 2 as
4 ¢
where:

A = 6 for pinned ends

A =3 for fixed ends

a = angular mismatch in radians
s = plate width

1 = plate thickness

BA4b
Welding from both sides

ST R

Default: e=0.15¢

K, =10

K, =10-+05(tan §)"*

Default value X, =15 for 6= 45deg.

K, from7.4.2

X, = 1+3t_e

Guide to Damage Tolerance Analysis of Marine Structures
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Table B4 SCF For Butt Welds (Continued)

Bd.c: - A=1t, -1,

Plate not restricted in out-of-plane
movement - ) : ' 3 é{
K =1+ 4

&
K. =1+ ? 3
1+(1 +.E)
4
- e=0151,.
' K, fromf 4.2
B4d " . -
Plate restricted in out-of-plane movement At=1, -1
e.g. flanges ' ' '
(e.g. flanges) X, =10
Z A+
| K, = 1.4(1—!— e)
. 2a
284 X, =10
5 Te :\ K, =10
Default: e=0.151,
Bd.e '
Welding from one side Welding from one side is not recommended
in areas prone to fatigue due to sensitivity
of workmanship and fabrication

Je

. Default value; X, =22

| = K =14
Default: e=0.15t. - | K, fromB.4.a
& .
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Table BS SCF For Doubling Plates

Geometry

. 7 K-factor

BJa i
' Cover plates on beams

_ ad
l ‘DI

.4

" Welded at its end with throat thickness a

1 -t

gD

Foraz

‘K =18 . d<50

KS
K, -XK =19 50< d <100
K, K =20 100 < 4 <150
- K, -XK =22 d>150
B5b _ A
Doubling plates welded to plates Foraz p
, L +1p
K -X =18 d <50
K, -K =19 50< d<100
X -K =20 100< d<150

Fori>150: X, -K, = 25[1.';._2%_J

P

if a more detailed analysis is not performed.

Note: If the welds of the doubling plates are placed closer to the member
(flange, plate ) edges than 10 mm, the K-factors in Table 8.5 should

be increased by a factor 1.3
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Table B6 SCF For Cruciform Joints

X-factor

Geometry
B.6.a
x ﬂ
- - ’
Lo * . 61% - e
: - K, =1+ -
2 ‘1 ] t3, z.:s 2‘3 z.3
- L L L
L
I
4 .
X _<]
L sle N
P 7| 4
12 11
B.6b
K,=L0

K, =090 +0.90(tan §)"*
Default value; X, =18

=Ly b K, fromB.6.2
4] 2 ‘ ~
7, <1, K, =10
e, <031,
B.6.c
K, =10
K, =090+090(tan 6)'*
4

< XN G

Abpplicable also for fillet welds

Default value: X_ =18
K, =10
K, =10
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Table B6 SCF For Cruciform Joints (Continued) -

B.6d

~—1 K, K. =12+13(tang)"
)
N Defult value : X, - K, =2.5
: F——A ~ ¢ : . :
<> 5 | \ '_’ < K. fromB.6.2 withe as givenin8.6.b -
) K.=1.0
}|B.6e :
.. e g?‘["" Based on nominal stress in member with
I ] thickness #,
r—é R | K,-K, =122
<>t L h S £ a
N
a 4 X, from £.6.a with e as givén inF.6.b
—
1, 217, X, =10
B.6.f ,
- , 14
574 K,-K, = 1_2:;—
<> 4 ‘:73_'5"% K. from§f.6.a with e as givex-l ing.6.b
: K,=10
’3
——J
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Table B7 SCF For Cut Quts

5.0

L.g

R _
S i
\\\&\ 11U |
) '\i\m
NEANY

3.L ) \\
:j V | V ! | 1 wm=10
N
o | N

2L

\

1~
i

o
\

2.2 ; bla=0,25]

20

1.8

L&

o
(=]

01l - 02 . 03 06 . ,05
- rfd
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