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Abstract

Abstract

Over the past decades there have been many losses of the merchant vessels due to
either accidents or exposure to large environmentally induced forces. The potential for
the structural capability degrading effects of both corrosion and fatigue induced
cracks are profoundly important and must be fully understood and reflected in
vessel’s inspection and maintenance programme. Corrosion has been studied and
quantified by many researchers, however its effect on structural integrity is still
subject to uncertainty, particularly with regards to localized corrosion. The present
study is focused on assessing the effects of corrosion and fatigue induced cracks on
the strength degradation in marine structures. Various existing general corrosion
models for tanker structures have been studied and compared for time variant neutral
axis, section modulus at deck and section modulus at keel based on various years of
service. Simplified formulae to estimate time variant vertical/horizontal section
modulus degradation and stress change at upper deck and keel are developed based on
the double hull tanker. A fatigue assessment study which considers the new corrosion
degradation model has also been carried out for the side shell stiffened plates of a
North Sea operating shuttle tanker and of a world wide operating tanker.

In addition, over 265 non-linear finite element analyses of panels with various
locations and sizes of pitting corrosion have been carried out. The results indicate that
the length, breadth and depth of pit corrosion have weakening effects on the ultimate
strength of the plates while plate slenderness has only marginal effect on strength
reduction. Transverse location of pit corrosion is also an important factor determining
the amount of strength reduction. When corrosion spreads transversely on both edges,
it has the most deteriorating effect on strength. In this study, The multi-variable
regression method and the Artificial Neural Network (ANN) method are applied to
derive new formulae to predict ultimate strength of both uncorroded and locally
corroded plate. It is found out that the proposed formulae can accurately predict the
ultimate strength of both uncorroded and locally corroded plate under uni-axial
compression.

It is certain that undetected defects and developing cracks may lead to catastrophic
fracture failure. Fracture control is necessary to prevent the ship’s structure safety not
to fall down below a certain safety limit. It is very important to calculate how the
structural strength is affected by cracks and to calculate the time in which a crack
growth to the unacceptable limits. Fatigue analysis can estimate the elapsed time and
locations where cracks could develop, whereas fracture mechanic approach can
estimate crack growth times and response of structural strength as a function of crack
size. In this study, the linear elastic fracture mechanics (LEFM) method based on
stress intensity factor (K) and the elastic plastic fracture mechanics (EPFM) approach
based on J-Integral and crack tip opening displacement (CTOD) have been
investigated under different loads and crack sizes and material properties by using
finite element analyses method. The finite element modelling and calculation for
stress intensity factor (K) and J-computation are not easy tasks for most of engineers
and researchers who do not have enough experiences. Accordingly some useful macro
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Abstract

programs are developed for automatic creation of geometry, mesh details, boundary
condition and applying loads, for automatic calculation of stress intensity factor (K)
and computation of J-integral value.

Proposed formulae based on multi-variable regression method and ANN might be
useful to assess structural integrity during the initial design, on-site inspection and
maintenance. In addition the developed macro programs for stress intensity factors
(K) and J-computation could save time and efforts from time consuming finite
element analyses.

Copyright © 2006 by Duo Ok
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Nomenclature

Nomenclature

Chapter 2
A, = area of surface (m?)
C,_, =costof installation for boiler flue gas uptake based inert gas system
C,_,, = costof material/equipment for boiler flue gas uptake based inert gas system
C_yr = cost of maintenance for boiler flue gas uptake based inert gas system
C,_, =costof operation for boiler flue gas uptake based inert gas system
C,, =costof installation for inert gas generator system
C,, = costof material/equipment for inert gas generator system
C, ., = costof maintenance for inert gas generator system
C,, =costof operation for inert gas generator system
C,r =total maintenance cost for whole design life
K, = heat transfer coefficient (kcal /m*h °C')
S,  =required steam consumption to maintain oil temperature (kg/h)
Sy = required steam consumption to raise-up oil temperature (kg/h)
T, = 0il maintaining temperature (°C )
T, = surrounding media temperature (°C)
T, = temperature of cargo oil after heating up (°C)
T, = temperature of cargo oil before heating (°C')
\Y = o1l volume (m3 )
c = specific heat of cargo oil (kcal/kg°C)
i = heating coil steam enthalpy at inlet (kcal/kg )
i = heating coil condensate enthalpy at outlet (kcal/kg )
a — Z K i Ai

yVe
¥ = specific gravity of cargo oil (kg/m”)
Chapter 3
A, = original cross sectional area of the intact member
A = cross sectional area involved by pit corrosion at the smallest cross section
A, =surface area of the ith pit.
A,.. =Dplate area
C,,C, = coefficient
D = depth of ship (m)
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Nomenclature

wao = initial distance of the neutral axis above base line (=9.142 m )

= distance of the neutral axis allowing for corrosion

g

= longitudinal bending moment in still water
= moment capacity of hull transverse section

<

sT=sxx

= a wave-induced longitudinal bending moment in extreme sea conditions
= number of pits in the 300 x 300mm sample square
= a factor of ultimate compressive strength reduction due to pitting corrosion

=

=
o]

= a factor of ultimate shear strength reduction due to pitting corrosion

Tr
= age of vessel in years
= life of coating in years

NNy X =2

o

= exposure time in years, after breakdown of coating =7 -7, —T,

NN

= original plate thickness

~

wepucenp = €quivalent reduced plate thickness with uniform pit distribution

= duration of transition in years (= pessimistically 0)
= volume loss of steel due to pitting
= average volume of pits

< <X~

I
3

= reduced section modulus at deck

o]
9}

= initial section modulus at deck (=28.86 m")

= reduced section modulus at keel

>
(o)

N N N N
S
S

= initial section modulus at keel (=38.379 m?)

>
o)

= plate length
= cross sectional area of the ith structural member

Q o 8

= area of pit ‘I’
= plate breadth
= cylinder coefficient, defined as the actual pit volume divided by the

a &

corresponding cylinder of depth d,, and top area a,
= corresponding depth of corrosion penetration at ¢,
= depth of corrosion penetration at annual mean temperature f,
= depth of pit ‘I’

8&. SRR

= long term thickness of the corrosion wastage

U

, (1) = mean value of corrosion

(
(

ri

d(t) = thickness of the corrosion wastage at time
d(t) = corrosion rate

QU

= diameter of ith pit

= distance of ith structural member from the base line

1

= local moment of inertia for each member

= number of pits

= the average number of responses per unit time
= the corrosion rate under anaerobic conditions

av

5 S > =

N

5
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Nomenclature

t, = the annual mean temperature below which there is ‘no’ corrosion
throughout the year
t, = the corresponding temperature
t, = the annual mean temperature
tnn = minimum acceptable remaining thickness
t, = original thickness or rule thickness
t, = corrosion depth in mm
w = pit width
a = degree of pitting intensity (DOP)
n = safety factor
U, = mean value of In7, in years
M, (l) = mean value of corrosion
P, = average area density of pits
o. = standard deviation of InT,
o, (r) = standard deviation function of corrosion
O, = the changed stress level due to overall hull section corrosion at deck
0,, = original stress level at deck
O = the changed stress level due to overall hull section corrosion at keel
O,, = original stress level at keel
o, = ultimate compressive strength for a member with pitting corrosion

o,., = ultimate compressive strength for an intact (uncorroded) member
T = coating life

T = transition time

T = ultimate shear strength for a pitted plate

= ultimate shear strength for an intact (uncorroded) plate

DOP = the ratio percentage of the corroded surface area to the original plate surface
area

Chapter 4

= the j-th component of wave amplitude

4,
B = the greatest moulded breadth of the ship

C;  =Dblock coefficient

C, = wave coefficient

D = cumulative damage ratio

= cumulative fatigue damage for the loaded condition

—_

D
D, = cumulative fatigue damage for the ballast condition
D = corrosion environment factor

corr

D

Depth

= moulded depth of ship
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= response amplitude operator
= neutral axis above keel

= significant wave height

“

N»mz:[:m
>

9}

= the hull section moment of inertia about the vertical neutral axis

= moment of inertia of hull cross-section in m* about transverse axis

~

=

= intercept of the design S-N curve with the log N axis
#_pa = Toll radius of gyration in ballast condition

#-1oaq = TOll Tadius of gyration in loaded condition

N X xR

j<d

= stress concentration factor for considered detail and loading

L = ship’s length, in m
M, = horizontal wave bending moment amplitude
M, = vertical wave sagging bending moment amplitude
M, = vertical wave hogging bending moment amplitude
N = the number of responses in a given storm = 3600 n“'T
N,;, N =number of total cycles to failure
N,  =total number of stress cycles over the design life [: % J
4logL
N,  =number of cycles corresponding to the probability level of 1/ N,
P, ., =fraction of time in load condition
P,,.. s = fraction of time in ballast condition
P,, = therisk of probability
(0] = probability of exceedance of the stress range Ac
2 = design extreme value of response amplitude
R = the mean square value of peak to peak random variable (= 2m,)
S = stress range
S, = stress range at the intersection of the two segments of the S-N curve
Sy~ =stress range, in MPa, for the basic case considered, at the probability level of
1/N,
T = design life, in seconds
T,,. =scantlingdraft (moulded)
T,, = ballastdraft
T,  =the draught in m of the considered load condition
T,  =the actual draught
T,.. = wave period
U = vessel’s forward speed
U, = wind velocity
\%4 = vessel’s design speed in knots
X = fetch length
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Y = target value in years of “design fatigue life” set by the applicant in five (5)
year increments

zZ, = horizontal sectional modulus at ship side

Z, = stiffener sectional modulus at top of flange

Z, = vertical sectional modulus at deck line

a = life intercept of the mean S-N curve

ag = scale parameter

a, = acceleration in longitudinal direction (m/s>)

a, = acceleration in transverse direction (m/s”)

a, = acceleration in vertical direction (m/s>)

b = shape parameter

b, = length of bracket side

b, = width of flange

¢, = adjustment factor to reflect a mean wasted condition = 0.95

c, = coefficient for the weighted effects of the two paired loading patterns = 0.75
f = vertical distance from the waterline to the top of the ship’s side at transverse

section considered (m) = maximum 0.8 C, (m)

faris far,; = wWave induced component of the primary stresses produced by hull girder
vertical bending moment, in N /cm?, for load case i and j of the selected
pairs of combined load cases, respectively

Jaini» farny = wave induced component of the primary stresses produced by hull girder
horizontal bending moment, in N/ cm?, for load case i and j of the
selected pairs of combined load cases, respectively

Jaai» fan; = Wave induced component of the secondary bending stresses produced by
the bending of cross-stiffened panels between transverse bulkheads, in

N /cm?, for load case i and Jj of the selected pairs of combined load cases,
respectively

faai» f4r;= wave induced component of the additional secondary stresses produced by
the local bending of the longitudinal stiffener between supporting

structures (e.g., transverse bulkheads and web frames), in N/ cm?, for
load case i and j of the selected pairs of combined load cases, respectively
Jasis fa3; = wave induced component of the tertiary stresses produced by the local

bending of plate elements between the longitudinal stiffeners in, N/cm®,
for load case I and j of the selected pairs of combined load cases,
respectively

frc = global dynamic stress range, in N/cm? = |(fdm. - fdlw.)+ (fdl,”. - fdlhj]
fu  =local dynamic stress range, in N /cm’

w (fd2i +fd*2i +fd3i)_(fd2j +fd*2j +fd3j1

=C

Duo Ok — PhD Thesis Nom-5
School of Marine Science and Technology
University of Newcastle upon Tyne
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£, = factor to transform the load effect to probability level 10~ , when the
accelerations are specified at the 10~ probability level = 0.5"""
£ = the operation route reduction factor
£, = the mean stress reduction factor
f. = factor to transform the load from 10~ to 10~ probability level = 0.5"%
g = acceleration due to gravity = 9.81 m/s’
h = height of stiffener
h, = vertical distance from point considered to surface inside the tank (m)
k = wave number = @’ / g for deep water
k; = wave number = 27/ A
k,, =moment distribution factor = 1.0 between 0.40L and 0.65L from A.P
[ = web frame spacing
m = the negative inverse slope of S-N curve
Am = slope range at the upper to lower segment of the S-N curve
“ = the average number of responses per unit
n, = number of applied cycles in stress block i
p = number of stress blocks
Di = pressure due to vertical acceleration
D, = pressure due to transverse acceleration
P = pressure due to longitudinal acceleration
2 = weighting factor for the joint probabilities of significant wave height and
zero crossing period given in the wave scatter diagrams for a specific trade
routes
Dy = weighting factor for wave spectrum
D, = weighting factor for heading to waves in a given sea state
p,, = weighting factor for ship speed in a given sea state and heading
q = Weibull scale parameter = A—O-Ol/g,
(In N,)
r, = reduction of pressure amplitude in the surface zone
S; = stiffener spacing
s = standard deviation of log N
t, = thickness of bracket
I = thickness of flange
l, = thickness of transverse frame plating
‘, = thickness of ship sideshell plate
; = thickness of web
s, Y
v, =|—1 InN,
SRi
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X = the longitudinal distance from the origin to the load point of the considered
structural detail
X, = longitudinal distance from centre of free surface of liquid in tank to

pressure point considered (m)

B = the most probable extreme value

y = the transverse distance from the origin to the load point of the considered
structural detail

v, = transverse distance from centre of free surface of liquid in tank to the
pressure point considered (m)

Z = the location height above the keel

Zy, = distance from neutral axis to top flange

z,, = distance in m measured from actual water line

r = Gamma function
o, = factor taking into account the time needed for loading / unloading operations,
repairs, etc. (=0.85)
¢, = part of the ship’s life in loaded condition (= 0.5 for tanker)
o, = partof the ship’s life in ballast (=0.5 for tanker)
B = angle of wave attack
m2

£ = bandwidth parameter = _|1——2>—

mym,
Y = peakedness parameter
7(a, x) = incomplete gamma function, Legendre form
n = target cumulative fatigue damage for design
A = wave length
0, = phase angle
7 = coefficient taking into account the change in slope of the S-N curve

[y{H?,v,-j—v‘A"”fy{Hm +§Am Y, ﬂ

=1-
m
IN1+—
[ f]
¢ = Weibull shape parameter (= 1.1-0.35 L- 100)
&(r) = wave elevation
P = density of water = 1.025 (ton/m’)
p,, =average correlation between vertical and horizontal wave induced bending
stress (= 0.10)
o = the standard deviation (r.m.s. value) of the water surface = \\m, = H_/4
o, = the external sea pressure induced stress amplitude
o, = the internal inertia pressure induced stress amplitude
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Ao, =reference stress range value at the local detail exceeded once out of
N, cycles
Ao, =wave induced vertical hull girder bending stress ranges

Ao,, =horizontal hull girder bending stress ranges = 20,
= shape parameter (7, for @ < @, and 7, for @ > w,)
= rolling angle, single amplitude (rad)

= wave frequency

= the encountered wave frequency = | w—kU cos |

Q2 S =

= the j-th component of wave frequency = 2z /T

ES

= the peak wave frequency

. m,
= zero crossing frequency = _|—

my,

S

log K = the life time intercept of the S-N curve (=log a —2 s)

GM ,,.,= metacentric height in loaded condition
GM ., = metacentric height in ballast condition
PS[Y, ]= permissible stress ranges for the target design fatigue life of Y,

Chapter 5

A, = amplitude of the response buckling mode initial deflection for axial
compressive loading

A, = amplitude of the added deflection function

B = plate width

B,; = welding-induced initial deflection amplitude

E, = material tangent modulus

1 = internal activation

L = member length between supports

M, = the fully plastic moment

N = number of exemplars in the data set

P = number of output processing elements

Rr? = the multiple coefficient of determination

w = weight value

W1 = first layer weight matrix

W2  =second layer weight matrix

Y = value of matrix based equation

a = plate length

a,,a, = crack length for the plating and the stiffener

a(r) = crack length at given time
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b

W

W()pl

A

xqoqquqPNNQMO%Q

Q

<

Q9 9 9 99
3

3

Ult

= plate breadth
= effective width

= first layer bias vector
= second layer bias vector
= desired output for exemplar i at processing element j

= neuron output

= half wave numbers in the x and y directions
= correlation coefficient

= target output value

o . . . TXx
= initial deflection function = 9, sin A

= value of maximum initial deflection

= plate slenderness parameter ()

= the ratio of pit breadth to plate width
= the ratio of pit length to plate length
= the ratio of pit depth to plate thickness
= arbitrary data point

= network output for exemplars i at processing element j
= the mean of the data points

= the predicted value of Y, for the model
= strength of an unwelded plate
= reduction of strength due to the weld induced residual stress

= momentum constant.
= initial deflection amplitude

= error term
= function of welding

= equivalent reduced slenderness

= correction factor

= the ultimate strength of plate with localized corrosion

= elastic buckling resistance

= ultimate strength of plate without welding induced residual stress
= ultimate strength of plate with welding induced residual stress
= average stress

= maximum membrane stress at plate/web junction

= residual stress

= tensile residual stresses in the x direction

= tensile residual stresses in the y direction

= ultimate strength or compressive strength of plate
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o, = non-uniform membrane stress

O,

. = the yield strength of the material

Oy,

»» Oy, =Yield strength of the plating and the stiffener, respectively.

D (t) = nominal ultimate strength of plate under tensile load at given time t with

centre crack
P, (t) = nominal ultimate strength of plate under tensile load at given time t with

edge crack

o, (t) = o, (t)/ o, is the nominal ultimate strength of the cracked plate under
compressive load

SM = = plastic section modulus

P
MSE = mean squared error

[K T] = the tangent stiffness matrix
{Au} = the incremental displacement
{F,} =the applied load vector

{E”’} = the internal load vector calculated from element stress

i = subscript representing the current equilibrium iteration
A = load factor

Au!} = displacement due to a unit load factor = {KI.T}_1 {F.}

1

{Au " } = displacement increment from the Newton-Raphson method = {K,.T}_1 {R}

1

{R} =residual vector

fB  =scaling factor
Au, = the sum of all the displacement increments Au, of this iteration
Chapter 6
A = total sectional area
A, = effective sectional area
1 = total second moment of area of section
I, = effective second moment of area of section
K = the secant stiffness of the plate panel
M,  =The moment resulting from lateral pressure at mid span
P = maximum compressive force
P = Euler load (: 7’El,/ Lz)
b, t, = the breadth and thickness of flange, respectively
h,, t,. = the height and thickness of web, respectively
n, = the number of x stiffeners
Loy = equivalent plate thickness
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Y, = the distance between its centroid and the middle plane of the plate

Y, = the distance between the centroid of the cross-section and the extreme

stiffener fibre
A = the eccentric of load at mid-span

0, = initial plate deflection
n = welding residual stress factor

. . ( Bto, +n_A 0O, j

0y, =equivalentyield stress = | = -
Bt+n A

0, Oy, = the material yield stress for plate and stiffener, respectively
0 >0, = average axial stress applied in the x or y direction
0 ... =maximum axial membrane stress applied in the x direction
O ... =minimum axial membrane stress applied in the x direction
o0, = ultimate longitudinal or transverse axial strength components
O, m» = Maximum axial membrane stress applied in the y direction
O, mn = Minimum axial membrane stress applied in the y direction
Chapter 7

C,m = material constants

F.  =acrack shape factor

F; = a crack surface factor

F,  =afinite width factor

F,  =anon-uniform stress factor

G = strain energy release rate (= 7ac” / E)

J = J integral value

K = stress intensity factor

Kc = fracture toughness under plane stress
K,. =fracture toughness under plane strain

K;, Ky, Ky = stress intensity factors for Mode I, I and I11.
AK = stress-intensity factor

AK, = threshold values of stress intensity factor
M, = free-surface correction factor

N = number of cycles

N,  =reference number of the stress cycles

0 = flaw-shape parameter

R = K ratio defined by (=K, /K,,.)-

T, = the time to crack initiation

1
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Nomenclature

T, = the subsequent time to crack propagation

w = the strain energy density = I o,;de;

Y(a) = geometric factor

a = a half the crack length

a, = critical crack size

aq = depth of surface crack

a,, = limitsize of detection under which a crack will not be detected.
ds = arc length along the path I”

fi. £, £  =stress functions of & for Mode I, Il and III.

g/, g, g =displacement functions of & for Mode I, Il and III.
n = unit outward normal vector to path 7~

r,@ = the stress components and the coordinates

r, = the size of the plastic zone

t = thickness of plate

t = time

t, = traction vector along x-axis (=on,+7,n )

, = traction vector along y-axis (=o,n, +7 n,)

u,v,w = the displacements in the x, y and z directions, respectively
r = arbitrary path surrounding crack tip
r [ ] = the incomplete Gamma function

a,, = the shape parameter
V. = the scale parameter of the Weibull distribution of the stress range
i E
Y7, = the shear modulus of elasticity = ———
2(1+v)
1% = Poisson’s ratio
v, = the mean zero up-crossing rate
o = applied load (tensile stress)
Ao =stress range
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Chapter 1: Introduction

Chapter 1

Introduction
1.1 General

Over the past decades there have been many losses of the merchant vessels due to
either accidents such as grounding, collision, explosion and sinking or exposure to
large environmentally induced forces. Such casualties represent considerable financial
loss of both the vessel and its cargo and also, possibly more importantly, to loss of life
and of damage to the marine environment. The structural condition of a vessel, when
it is entering a period of higher than normal risk, particularly in heavy weather, is
clearly very important. The potential for the structure capability degrading effects of
both corrosion and fatigue induced cracks are profoundly important. Improperly
maintained ageing ship structures could finally lead to disastrous casualties in rough
seas and heavy weather. The complex effects of both corrosion and fatigue cracking
manifest themselves at both local and global structure performance levels. It is
probable that subsequent structural degradation, for example buckling failure, will
develop in a progressive form and spread with both further corrosion and cracking in
time dependent manner, subject to continuing environmental and operational
demands.

Ships operate over a life of 20 years and more in an extremely demanding and
aggressive environment. The objective of classification society rules is to establish
requirements to reduce the risks of structural failure in order to improve the safety of
life, environment and property and to provide adequate durability of the hull structure
during the design life [1]. The classification societies attempt to allow for the average
effects of overall corrosion by incorporating a component related corrosion margin in
their minimum scantling requirements and actively maintain an observation of the
levels of corrosion throughout the life of the vessel, replacing steel where the
corrosion is found to have exceeded the renewal criteria. Recently IACS [1] published
“Common Structural Rules for Double Hull Tanker” for the double hull oil tankers of
150m length and upward classed with the Society and contracted for construction on
or after 1 April 2006, based on a nominal design life of 25 years and defines the
criteria for the local/overall hull girder wastage allowable thickness diminution of the
ships’ hull structures.

One of the most important considerations in controlling corrosion is to minimise cost
of both first and through life. There are many materials that are used for ship’s
structure, outfitting and piping etc. Often corrosion problems arise due to the
materials or coatings that are originally selected, are being suitable to its surrounding
operational conditions. Generally the designer selects material considering costs and
the proper level of corrosion resistance for the intended service requirements. This
does not necessarily mean the use of a material which is the most resistant to the
operational environment but that is based on cost-benefit considerations.
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Among the factors which could accelerate corrosion, the effects of tank cleaning
washing, temperature changing in cargo oil tanks and ballast tanks due to crude oil
tank heating, and inert gas have not been investigated well and should be studied more
in order to define what are the different corrosion effects and behaviours at different
tank heating temperatures, outlet pressure of tank cleaning machines and inert gas
effect to reduce corrosion rates of structural members. In this study, the possible
effects of tank cleaning washing, temperature changing in cargo oil tanks and ballast
tanks due to crude oil tank heating, and inert gas on the corrosion rates have been
investigated.

Many methods can be employed in order to protect marine structures from corrosion,
such as paints, other forms of coatings and cathodic protection, etc. However there are
no perfect long lived corrosion protection systems or methods which are used in the
marine environment and it is inevitable for vessels to experience some corrosion to
some greater or lesser extent. Of course, corrosion control is very important so as not
to lead to leakage of cargo oil, pollution, structural failure or expensive steel renewals
of structures during a ship’s lifetime. Careful attention and consideration to the
potential corrosion should be provided during a ship’s design stage, fabrication,
subsequent in-service maintenance and inspection. In this study, the useful clean inert
gas system will be introduced as one of effective corrosion control methods in marine
structures.

The most important role of a corrosion model is to enable an operator to be able to
estimate when at some time in the future ship’s structures will require some
maintenance by replacing corroded plates, renewing coating and anodes etc. If plate
thickness or coating condition is below the level required by classification rules then
the replacement or upgrade must be carried out. An economical decision for the next
maintenance and replacement period can be planned and facilitated when the rate of
future corrosion degradation can be estimated properly. Uniform corrosion is the most
common form of corrosion found in the many grades of mild steel that are mainly
used for marine structures. Normally uniform corrosion is calculated from weight loss
or sampled thickness measurement from test plate coupons. Many researches have
been carried out and considerable efforts have been made to develop time-based
predictive mathematical models. Many data have been obtained from large numbers
of thickness measurements made on many vessels that have been in-service for some
years. Such thickness measurements are typically made using ultrasonic techniques
and several point measurements may be made over the surface of a plate in order to
arrive at an assumed average value. Comparisons would then be made between as-
built scantling thicknesses. Obviously thickness measurements must be made by
approved technicians and using approved methods in order to ensure that there is a
good degree of confidence in the obtained data. Such measurements would also be
made for the web and flange element thicknesses of hull structures. Much difference
was often found in each sets of corrosion data, even though corrosion data was
sampled in same type of vessels [2-8]. This means that any generalised models will
have a fairly high level of uncertainty. Most of recent corrosion models are based on
actually measured data. Normally we can consider that the most reliable corrosion
models are those that are based on actual measurement in hundreds of vessels, this
means that a large degree of scattered data is unavoidable in sampled values. The
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reason is that there are many factors which accelerate individual levels of corrosion
such as type of cargoes, frequency of cleaning and sediment removal, type of coating,
humidity, temperature, inert gas quality, ballast frequency and presence of sacrificial
anodes, etc. It is apparent that slow and progressive corrosion and fatigue are
weakening the structure of ageing ships. Thus reliability and safety assessment
considering corrosion degradation is very important in ageing ships. This is clearly
very significant especially when the level of corrosion exceeds the corrosion margins
that are mandated by the relevant classification society.

The designer may need to consider if each panel is fully effective for contribution to
hull girder strength and undertake full hull girder cross-section area property
calculations. Hull girder section modulus represents a measure of the ship’s
longitudinal strength and the section modulus should be always greater than the rule
requirement. The value of hull girder section modulus will be decreased with time
due to corrosion progress in ageing ship structures, accordingly stress levels of local
members will also be increased over the design life. However it is time consuming
and routine work to calculate the section modulus repeatedly, so it is advantageous to
develop a model to estimate time dependent section modulus degradation which
considers annual corrosion degradation in ageing ships for initial corrosion margins in
design stage and for decision of future maintenance period.

As previously memtioned, ship and offshore structures frequently suffer from the
fatigue damage mainly caused by cyclic wave induced loads and both external and
internal hydrodynamic pressures. Fatigue thus becomes the cause of various cracks in
welded and unwelded ship structural components. Eventually fatigue damage affects
not only costly replacement or repair of ship structures but also potential damage to
cargo and environment, serviceability and safety of ageing ships. According to recent
reports, many cracks have been found in relatively new crude oil tankers which were
constructed of high strength materials. This means that the use of higher strength steel
(HTS) leads to higher stresses in ship’s structure due to reduced thickness but there is
little difference between mild steel and higher strength steel with regard to corrosion
and fatigue properties and hence more careful study is necessary during design stage.
The purpose of the fatigue assessment process is to estimate the fatigue life of
individual details of the hull structure and to ensure that the structure is well designed
for its intended service, operational and environmental loads over its required lifetime.
The estimated length of fatigue life can be a basis for initial scantling design and the
selection of appropriate design details and shall be used for future developing a
maintenance and inspection programme throughout the life of a ship. Actually
verification of an adequate fatigue life is now becoming part of the classification
society approval process. Generally, fatigue failure can be prevented by controlling
the local cyclic stress amplitude. The designer should ensure that the hull section
modulus is large enough considering corrosion degradation of the ageing ship and its
ability to continue to withstand wave induced hull girder bending stresses and seek to
reduce stress concentrations at local areas by increasing local scantling or suitably
modifying the local detail geometry.

Pitting corrosion is a highly localized form of damage, caused by severe chemical and
biological factors rather than physical contact, and its effects on structural integrity
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have not been adequately evaluated. However during the life of a vessel detailed
structural survey may detect and quantify the existence of pits. The problem for the
owner would then be to ascertain that the pits could not, at sometime in the
foreseeable future, be the source for initiating local structural failure which could
results in leakage or larger scale failure, etc. This require knowledge of the strength
of pitted plate members, general stress distributions in the local hull structure
associated with various ship loading conditions and environmental factors, etc. The
latter is now covered, to a certain degree, by the structural response data that is
typically assessed during the classification process. Frequently concentrated patterns
of localized corrosion can be found in ageing ship structures. Excessively deep pits
and a large grouping of pitting corrosion may lead to a loss of local strength, thus
degrading hull integrity and may result in serious pollution by eventual perforation of
the plate. In the case of uniform corrosion, the buckling or ultimate strength of
stiffened and unstiffened plates can be easily estimated by reducing the plate
thicknesses from their original values. Several empirical formulae are available to
obtain the ultimate strength of plates under general corrosion [9-14]. However the
calculation of strength degradation due to localized defects, such as pitting corrosion,
are more difficult and complicated than general area-wide corrosion and there have
been relatively few research activities and guidelines have been published until now
[15-21]. Accordingly it is necessary to develop and propose accurate methodologies
to predict the ultimate strength of unstiffened plates with localized corrosion or local
defects in order to develop proper inspections, maintenance periods and rational repair
decisions.

Fracture is initiated by structural flaws or cracks subject to high local stress levels.
The size of flaw and crack is typically increased slowly with repeated service loads.
Fracture control is intended to prevent fracture due to previously undetected defects
and cracks at the loads anticipated to be experienced during operational service. To
determine the permissible crack size and the safe operational life, it is necessary to
know the effect of crack on the structural strength and to calculate the operational
time in which a crack grows to a permissible size. Based on damage tolerance analysis,
periodic inspections should be scheduled so that cracks can be repaired or components
can be replaced when critical cracks are detected. Fracture control is a combination of
measurements and analyses. It may include damage tolerance analysis, material
selection, design improvement, determination of maintenance and inspection schedule
etc. The mathematical tool for damage tolerance analysis is called fracture mechanics.
It provides the concepts and equations to determine how cracks grow and how cracks
affect the local strength of a structure. The prediction of fatigue crack propagation
rates and propagation time of a cracked structure requires the input values of relevant
crack propagation data, geometry factors and stress history etc. Actually most ship
and offshore structural components are subjected to a variety of load histories either
constant amplitude loading or variable amplitude loading. The load sequence on a
ship is different in each loading and ballast voyage. The fluctuating loads on a ship
occur from hogging and sagging response across various waves. In wave conditions,
the buoyancy forces of ship are unevenly distributed, causing bending of ship, and
shows the compression in the deck and tension in the keel during the sagging
condition and vice-verse in a hogging condition. The loads on offshore structure
depend on winds, currents and waves.
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Obviously, local and overall structural strength tends to decreas with time through the
effects of corrosion and cracks. The total useful life of a structural component, which
is subject to variable loading, is determined by the time, which is required to initiate a
crack and then to propagate the crack from sub-critical size to a critical size. There are
many factors that influence crack propagation and permissible residual strength, such
as the magnitude and fluctuation of the applied stresses, fracture toughness of the
material at a particular service temperature, plate thickness, crack size and shape,
discontinuity at possible locations of fracture initiation, the magnitude of stress
intensity factor, stress-corrosion susceptibility, the fatigue characteristics, etc. It is
very important to evaluate the critical crack size at design loads and to estimate the
time or cycles to reach the critical crack size from existing crack size. Once critical
crack size and amplitude of load are known, the inspection intervals on the basis of
analysis results can be determined based on the most economic interval and reliability,
probability of detection and safety of structure, etc. Obviously undetected defects and
developing cracks may lead to catastrophic fracture failure. Fracture control is
necessary to prevent the ship’s structure safety not to fall down to below a certain
safety limit. It is very important to calculate how the structural strength is affected by
cracks and to calculate the time in which a crack grows to the unacceptable limits.
Fracture mechanic approach can be used to estimate crack growth times and response
of structural strength as a function of crack size. In this study some methodologies
which are based on linear elastic fracture mechanic method (LEFM) and elastic
plastic fracture mechanic methods (EPFM) are investigated to predict crack
propagation on damaged marine structures.

It is very important that the structural designers and operators should have a better
understanding of the causes of corrosion and fatigue cracks, the proper corrosion
prevention methods, the corrosion rate estimate models, the fatigue and fatigue
induced cracks and the location and extent of structural damage formed during
operation of the structure and how it can affect the structural capacity. One reason is
to facilitate repair decisions for a vessel’s inspection and maintenance programme.
Another possible broad reason may be to support a structural life extension decision
later in life.

In this study, the corrosion and corrosion prevention methods, corrosion rate
estimation models, fatigue assessment of ship structures, the effects of localized
corrosion on strength degradation of ship structures, and crack and crack propagation
on ship structures will be fully discussed.

1.2 Objectives and scope of thesis

The objective of the present study will be focused on assessing the effects of general
surface and localized pitting corrosion, and fatigue cracks on the structural integrity of
ship hull structures. The contributions of this study could be summarised as follows:

e Causes of corrosion acceleration in marine structures have been reviewed and
investigated.
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Existing corrosion models in marine structures have been reviewed.

The effects of high pressure tank cleaning washing, temperature changing due
to cargo oil tank heating and clean inert gas system on corrosion have been
investigated.

Various existing general corrosion models and variations due to corrosion in
neutral axis of a hull girder, section modulus at deck and keel based on various
years of service for tanker structures have been investigated and compared.
Optimised corrosion control methods by using clean inert gas system have
been proposed.

General historical background and development of fatigue damage assessment
methodologies and the guidances of the Classification Societies (IACS, DNV,
ABS) have been reviewed

Fatigue assessment studies which considered existing corrosion degradation
models are carried out for the side shell stiffened plates of a North Sea
operating shuttle tanker and of a world wide operating tanker.

General reviews of existing formulae and recommendations to estimate elastic
buckling strength and ultimate strength of unstiffened and stiffened plates
have been investigated. Some recent research activities and guidelines for the
strength degradation due to localized corrosion have also been reviewed.

The effects of pitting corrosion width, depth, length and its transverse location
on ultimate strength have been systematically studied. A total of 256 nonlinear
finite element analyses have been carried out which is the full combination of
two cases of transverse pitting locations, four cases of plate slenderness, four
cases of pitting breadths, four cases of pitting lengths and two cases of pitting
depths.

A limited study into the ultimate strength of stiffened plates with pitting
corrosion has been investigated by using nonlinear finite element analyses.
The effects of different buckling modes based on half wave number, pitting
corrosion width, transverse location and combined pitting corrosion on the
plate and web on ultimate strength have been studied.

Linear elastic fracture mechanic method (LEFM) and elastic plastic fracture
mechanic methods (EPFM) are used to predict crack propagation on damaged
marine structures. Stress intensity factors (K) and J and crack tip opening
displacement (CTOD) values have been investigated based on plate with a
central crack under various loads, crack sizes and material properties.

Consequently some useful mathematical formulae and useful programs have been
developed as follows:

To estimate corrosion degradation rate, section modulus and stress change for crude
oil tankers:

Average model for marine immersed general corrosion

Time variant vertical section modulus degradation model for crude oil
tankers

Time variant horizontal section modulus degradation model for crude oil
tankers

Time variant stress change models at upper deck and at the keel
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To predict ultimate strength of locally corroded plates by using multi-variable
regression method and artificial neural network method:
e Multi-variable regression model based formulae to predict the ultimate
strength reduction of unstiffened plates with localized corrosion
e Artificial neural networks based formulae to predict the ultimate strength of
unstiffened plates with localized corrosion

To calculate a stress intensity factor (K) by linear elastic fracture mechanic method
(LEFM) and the J-integral value by elastic plastic fracture mechanic method (EPFM):
e FEA macro program for automatic creation of geometry, mesh details,
symmetric boundary condition and applying loads
¢ FEA macro program for automatic calculation of stress intensity factor (K)
¢ FEA macro program for automatic calculation of J-integral computation

Proposed formulae and programs might be useful to assess structural integrity during
the initial design, on-site inspection and maintenance in order to save time and efforts
from time consuming finite element analyses (FEA) and actual experimental test.

1.3 Structure of the thesis

The thesis is divided into following eight chapters. A list of reference will be
presented at the end of each chapter.

Chapter One introduces the general overviews of research area, background and
objectives of this research.

Chapter Two reviews the various corrosion theories and factors which cause the
accelerated corrosion in ship structures. Especially the effect of pitting corrosion, inert
gas effect on ballast tanks, temperature effect due to tank heating by heating coil and
the effect on corrosion degradation of tank cleaning operation by high pressure tank
cleaning machine are originally issued.

Chapter Three discusses the existing probabilistic corrosion rate estimation models. In
addition, time variant vertical/horizontal section modulus degradation and stress
change at upper deck and keel are investigated for double hull tanker based on various
existing general corrosion models for tanker structures. The effects of clean inert gas
on the corrosion degradation rates and time variant section modulus changes have also
been discussed.

Chapter Four examines various fatigue assessment methods and models. Actual
lifetime prediction based on fatigue crack propagation for side shell stiffened plates
allowing for yearly progressive corrosion wastage has been performed in North
Atlantic Sea operating shuttle tanker and world wide operating crude oil tanker.

Chapter Five investigates the ultimate strength and post buckling behaviour of
unstiffened plates. New empirical formulae to predict the ultimate strength of
unstiffened plates with localized corrosion under uniaxial compression are proposed
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and developed by using the multi-variable regression method and the artificial neural
network method

Chapter Six discusses the ultimate strength of stiffened plates with pitting corrosion
by using nonlinear finite element analyses. The effects of different buckling modes
based on half wave number, pitting corrosion width, transverse location and combined
pitting corrosion on plate and web on ultimate strength have been studied.

Chapter Seven reviews theoretical and historical development of the fracture
mechanic methodologies to assess and predict crack propagation on damaged marine
structures. Finite element modelling analyses for the linear elastic fracture mechanics
(LEFM) approach using stress intensity factor (K) and the elastic plastic fracture
mechanics (EPFM) approach using the J-integral and the crack tip opening
displacement (CTOD) values have been performed based on plates with a centre crack
under various loads, crack sizes and material properties. Some useful FEA macro
programs have been developed for automatic calculation of the stress intensity factor
(K) and the J-integral computation.

Chapter Eight concludes this research and recommends the future works.
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Chapter 2

Corrosion and Corrosion Prevention in Ageing Ships

2.1 Introduction

Sea water is an aggressive corrosive environment because it is a good electrolyte and
contains corrosive salts. The marine environment is a sea water environment and this
means that corrosion in marine structures, which are generally fabricated with various
grades of mild steel and low alloy steel, is very severe not only under immersed
conditions in ballast tanks but also under general exposure to atmospheric conditions.

Corrosion eventually reduces the thickness of a ship’s structure and which results in a
corresponding reduction in both local and overall strength of the structure. Improperly
maintained ageing ship structures could finally lead to disastrous casualties in rough
seas and heavy weather. Fig. 2.1 pictures “ERICA” incident in 1999 and Table 2-1
shows some large scale oil spill accidents that have occurred since 1967.

Fig. 2.1. The loss of the ship “ERICA” [1]

There are many methods that can be employed in order to protect marine structures
from corrosion, such as paints and other forms of coatings and cathodic protection,
etc. However there are no perfect long lived corrosion protection systems or methods
which are used in a marine environment and it is inevitable for vessels to experience
some corrosion to some greater or lesser extent.
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Of course, corrosion control is very important so as not to lead to leakage of cargo oil,
pollution, local structural failure or expensive steel renewals of structure during a
ship’s lifetime. Careful attention and consideration to the potential for corrosion
should be provided during a ship’s design stage, fabrication, subsequent in-service
maintenance and inspection.

Table 2-1

Large scale oil spill accident by tanker [2]
Year Ship Name Flag State Volume Causes

(103kL)

1967 Torrey Canyon Liberia 119 | Grounding
1972 Sea Star Korea 120 | Collision & fire
1976 Urquiola Spain 100 | Grounding
1977 Hawaiian Patriot Liberia 95 | Foundered at 12 yrs
1978 Amoco Cadiz Liberia 223 | Grounding
1979 Atlantic Empress Greece 287 | Collision & fire
1979 Independenta Rumania 95 | Collision & fire
1983 Castillo de Bellver Spain 252 | Fire
1988 Odyssey Greece 132 | Foundered at 17 yrs
1989 Exxon Valdez USA 37 | Grounding
1991 ABT Summer Liberia 260 | Fire
1993 Braer Liberia 85 | Grounding
1996 Sea Empress Liberia 72 | Grounding
1997 Nakhodka Russia 6.2 | Foundered at 26 yrs
1999 Erika Malta > 10 | Foundered at 25 yrs
2001 Baltic Carrier Marshall Is. 2.5 | Collision & fire
2002 Prestige Bahama 5 | Foundered at 26 yrs

One of the most important considerations in controlling corrosion is to minimise cost
both first and through life. Many materials are used for ship’s structure, outfitting and
piping etc. Often corrosion problems arise due to the materials or coatings that are
originally selected not being suitable to its surrounding operational conditions.
Generally the designer selects the materials considering costs and the proper level of
corrosion resistance for the intended service requirements and based on cost-benefit
considerations.

Chandler [3] introduced six elements which should be considered during material
selection as follows;

e Material

e Fabrication and transport to site
¢ Installation

e (Quality control and testing

® Monitoring

[

Maintenance and repair

All merchant vessels are built under Classification Society Design Rules and each
Classification Society requires some extent of corrosion allowance that is based on a
certain amount or degree of corrosion wastage. If the corrosion degradation rate is
greater than anticipated in rule requirement and continuously unchecked and
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undetected due to difficulties in access during routine inspection, this will potentially
be the cause of a disastrous structural failure of ageing ships.

Many investigations and research studies [4-7] show that the mean value of the
annual corrosion degradation in typical ballast tanks varies from 0.027mm to 0.21mm
per annual and in cargo oil tanks varies from 0.004mm to 0.21mm per annual.
Furthermore the maximum annual corrosion degradation can reach up to 0.807mm
[6]. Fig. 2.2 pictures a typical example of a heavily corroded bulkhead.

Fig. 2.2. Corroded bulkhead in an oil tanker [6]

Similarly some excessive pitting corrosion of up to 2.0mm per year was found in the
uncoated bottom plating in cargo tanks and this was considered to be due to a
complex microbial induced corrosion process [8].

It is very important to know the basis and background of corrosion theory and of the
various factors which accelerate corrosion in marine structures, not only for designers
but also for operators and surveyors. This is the way to understand corrosion
behaviour and from there to give good and reasonable guidance and to fundamental
concepts in maintenance and inspection activities during the lifetime of a ship.
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2.2  Principles of corrosion

Corrosion is basically a chemical reaction process and which results in surface
wastages on metals and can be defined “The destruction of a metal by chemical or
electrochemical reaction with its environment” [9] .

Carbon steel is a very reactive material in a marine environment and the most
common material in marine structures. If the corrosion of carbon steel is considered
this can be explained by noting that steel is not homogeneous and at the initiation of
corrosion localized anodic and cathodic sites are formed on the surface of the alloy. In
the presence of an electrolyte, small corrosion cells are set up on the surface and at the
anodic areas iron goes into solution as ferrous ions. Various reactions can occur at the
cathode. The cathodic reaction under ordinary atmosphere or immerged conditions
results in the production of hydroxyl ions and the two chemical reactions can be
written as follows:

Anode: 2Fe’" + de
Cathode: 0O, + 2H,O + 4¢° — 40H (Eq.2.1)

The two products Fe** and OH™ react together to form ferrous hydroxide which
eventually is oxidised further to form what is generally referred to as rust:

Fe’* + 20H — Fe(OH), — FeOOH (rust) (Eq.2.2)

If rust is formed at the steel surface, it will eventually stifle the process so, despite the
availability of moisture and oxygen, the subsequent corrosion rate may be reduced. In
practice, on carbon steels, the anodic process at one place is stifled and corrosion
begins at new sites thus gradually spreading to the overall area.

The details of corrosion theory and basic principles can be found in many textbooks
[3, 9-13].

2.3  Physical forms of corrosion

The rusting of ordinary carbon steels is generally called corrosion. This form of attack
attributes to the major part of the maintenance and repair costs for its control. The
costs may arise from a huge amount of steel renewals, or from the repair/renewal of
coating. Typically the physical forms of corrosion in the cargo and ballast tanks of oil
tankers can generally be classified as follows [8];

(c)

(a) (b)
T O oW P F Y

Fig. 2.3. Typical types of corrosion damage [14]: (a) general area corrosion
(b) localized corrosion (c) fatigue cracks arising from localized corrosion
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2.3.1 General corrosion

This form of corrosion is the most common and is typified by steel rusting in air, and
generally appears in cargo and ballast tanks. General corrosion means that it proceeds
at more or less at the same average rate over the whole surface of the metal that is
exposed to the corrosive environment, but actually the loss of metal is not completely
uniform and there is typically a slight difference over the surface. It is usually a less
dangerous than ‘pitting’ because this kind of corrosion can be easily detected and
controlled. The loss of thickness leads to the loss of local strength and integrity of
structure. Although this kind of corrosion usually takes place slowly it should be
inspected at regular intervals in order to ensure that it does not exceed any critical
values in the structure which is assumed in the rules.

However it is difficult to investigate and judge the thickness loss until there is
excessive metal loss on the structure. One of popular method to measure corroded
thickness is through thickness measurements by using ultra-sonic equipment.
Typically several measurements would be made over the surface of a discrete plate
element. The corrosion degradation rate varies according to operating sea area, ship’s
type and corrosion location. The various corrosion degradation rates at each location
within a hull are described in Chapter 3.

2.3.2 Local corrosion

These are the types of corrosion in which there is intense attack at localized sites on
the surface of a component whilst the rest of the surface is corroding at a much lower
rate due to an inherent property of the component material (such as the formation of a
protective oxide film) or some environmental effect. This type of corrosion is usually
complex and unpredictable, so it is not usually possible to predict exactly where the
attack will occur or even its extent. However normally localized corrosion in ship
structure can be found at structural intersections where water collects or flows.
Localized corrosion can also occur on the vertical structural members at the water
flow path or on the flush sides of bulkheads in way of flexing of plating, at welds,
area of stress concentration, etc. and there are many other possibilities.

2.3.3 Pitting corrosion

Pitting is a special form of very highly localized corrosion which results in pits in the
metal surface. Once it has been initiated its continuation is determined by reactions
within the pit itself, which at the point of attack is anodic, and with the outer surface
being cathodic. Sometimes pits penetrate to a certain depth and then the downward
attack stops or may continue horizontally within the metal.

This phenomenon is more commonly found in the bottom plating, particularly the aft
bays of tank bottoms, welds of seams, stiffeners, horizontal surfaces or side shell
plating where the way of water flow and place of water and sediment accumulation.
Generally natural coatings such as a residual waxy oil coating from previous cargoes
and rust tend to protect bare steel plates and painting break down area in cargo tanks
from heavy corrosion and possibly delay corrosion degradation. But localized
breakdown of these natural tank coatings, particularly in way of turbulent fluid flow
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areas such as cargo bellmouths or tank cleaning medium impingement areas, can
quickly cause very severe pitting where sea water collects and electrolytic and/or
microbial induced corrosion can occur. If pitting corrosion is left unchecked, it can
cause severe problems such as loss of structural strength and integrity and resulting in
hull penetration, leakage and eventually leading to a serious pollution incident.

Hutchinson et al. [15], Laycock and Scarf [16], Daidora et al. [17] and Paik et al. [18]
developed various mathematical models of pitting corrosion. A detailed review of
each model is described in Chapter 3.

If pitting intensity area is higher than 15% in area, the International Association of
Classification Societies [19] requires thickness measurements to check the severity of
the pitting corrosion.

2% Scattered 5% Scattered 10% Scattered
& - Y
e ;
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Fig. 2.4. Pitting intensity diagrams [20]

2.3.4 Weld metal corrosion

Various welds cause micro-level discontinuities in the surface of the alloy steel and
these can lead to local metallurgical variations and to potential sites for coating
breakdown. Weld metal corrosion is the result of a galvanic action between the base
metal and the added weld material which can result in pitting or grooving corrosion.
To overcome and minimise these kinds of corrosion problems it is necessary to make
sure that the weld metal has a higher corrosion potential than the surrounding base
metal. This means that a more noble electrode should be used for the weld metal than
for the base metal. Eventually the weld metal will be the cathode and the base metal
will be the anode in a galvanic circuit.

2.3.5 Microbial attack corrosion

Microbiologically Influenced Corrosion (MIC) is caused by one celled living
organisms including bacteria, fungi and algae. The most common types of these
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bacteria are called Sulphate-reducing bacteria (SRB) and Acid Producing Bacteria
(APB).

Sulphate-reducing bacteria (SRB) are able to cause corrosion of steel under anaerobic
conditions. Oxygen is an essential element in the corrosion of steel, but in the
presence of these bacteria, the corrosion process differs from that experienced in
normal oxygenated sea water. SRB obtains their needs of sulphurs by a complex
chemical reaction.

Fig. 2.5. Corrosion of steel surface caused by SRB [21]

The environmental conditions preferred by SRB include zero dissolved oxygen, water
and the presence of soluble organic nutrients. Aerobic micro-organisms use up
oxygen and the oxygen deficient zone formed anodic in relation to adjacent relatively
oxygen rich zones thus causing anodic corrosion pits to develop.

During their life-cycle, the anaerobic SRB extracts the oxygen from sulphates found in
the cargo to oxidise their organic food source and form sulphides, including hydrogen
sulphide. These sulphides may be re-oxidised to form acidic sulphates during the
ballast voyage when the cargo tanks are normally empty. This sulphate corrosion
cycle requires the existence of aerobic — anaerobic — aerobic conditions. The cycle
is continuous as the cargo tanks alternate between empty and loaded conditions.

APB uses the small quantity of oxygen of the water to metabolise hydrocarbons and
produce organic acids. Since the APB consumes the residual oxygen present in the
sediment, they produce a suitable and ideal environment for the SRB.

The corrosion degradation rates for these types are extremely fast and can reach 1.5 ~
3 mm per year and can be highly irregular as Fig.2.5 illustrates. Generally the
overview of microbial attack corrosion is referred from OCIMF [8] and RINA [21].
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2.3.6 Galvanic corrosion

Galvanic corrosion occurs when two electrochemically dissimilar metals are
physically connected and exposed to a corrosive environment. The less noble metal
(anode) suffers accelerated attack and the more noble metal (cathode) is cathodically
protected by galvanic current. The tendency of a metal to corrode in a galvanic cell is
determined by its position in the ‘galvanic series’ of metals as listed in Table 2-2.

Table 2-2
Galvanic series in sea water [21]
Metal Potential mV
More anodic - Less | >0dmm (Na) -2.300
Noble - Higher Magnesinm (Mg) - 1,400
Ccuxas:’veﬂ ess - —

Zinc (Zn) - 760

Alumininm (Al) - 330

Steel-Iron (Fe) - 400

Nickel (not passivated) (Vi) -30

Copper (Cu) + 40

Mill scale +45

Mickel passivated (IN1) + 50

Stainless steel (active) + 70
Silver (Ag) + 300
Y Stainless steel (passive) + 310
More cathodic - Move |Titanium (passive) (T1) + 370

noble - Lower - -
Corvosivenass Platium (F1) 470
Gold (Au) + 690

2.3.7 Erosion corrosion

Erosion corrosion is usually caused by a movement of sea water, cargo oil and other
fluids flow impinge at an existing corrosion cell. This kind of attack is dependent on
the degree of liquid turbulence and velocity. Severe erosion corrosion can be
developed under the cargo and ballast suction bellmouths. Crude oil washing can also
be considered a form of erosion by removing corrosion inhibitor such as greasy or
waxy layer and corrosion products on tank surface by keeping the steel clean and
corrosion active. The typical effects of sea water velocity on the corrosion of carbon
steel, cast iron and copper alloy were introduced by Chandler [3]. It was found that
the changing of sea water velocity from 0.3 m/s to 1.2 m/s and 8.2 m/s will accelerate
corrosion rates of carbon steel to 2.1 and 7.4 times respectively.

2.3.8 Stress corrosion cracking

Stress corrosion cracking is a phenomenon that can occur when steel structures are
subjected to quasi-static or dynamic tensile stresses and associated fatigue with
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exposure to certain corrosive environments. Cracks are initiated and propagated by
the combined effects of stress and the environment. Stress corrosion cracking is
particularly insidious in that catastrophic failure can occur even at low applied stress
levels and often no warning.

2.4 Causes of accelerated corrosion

OCIMF [8] examined a variety of causes of accelerated corrosion in cargo oil tanks
and RINA [21] reviewed factors affecting the corrosion process in both cargo and
ballast tanks, which are listed as below:

= Cargo tanks:
- type of cargo,
- high sulphur content of cargo oil,
- frequency of sediment removal,
- presence of surface coating,
- presence of water,
- design and structural arrangement of the tank,
- inert gas quality,
- high humidity,
- high temperature,
- excessive crude oil washing.

® Ballast tanks:
- ballast frequency,
- full or partial filling of the tank,
- cleanliness of ballast water,
- frequency of sediment removal,
- cargo temperature of adjacent tanks,
- design and structural arrangement of the tank,
- coating type, application and related maintenance,
- presence of sacrificial anodes.

= Common factors for cargo and ballast tanks:
- inadequate earthing and grounding of electrical equipment,
- material of construction,
- microbial attack,
- sludge/scale accumulation,
- high temperature,
- structural flexing.

2.5 Various corrosion prevention methods and guidelines
Among the factors which could accelerate corrosion, the effects of tank cleaning

washing, temperature changing in cargo oil tanks and ballast tanks due to crude oil
tank heating, and inert gas have not been investigated well and should be studied
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more in order to define what are the different corrosion effects and behaviours at
different tank heating temperatures, working pressure of tank cleaning machines and
clean inert gas effect to reduce corrosion rates of marine structures.

2.5.1 Crude oil washing effects on cargo oil tanks

Crude oil washing was made mandatory for new tankers by the 1978 Protocol to the
MARPOL Convention [22]. MARPOL Annex I Regulation 13 (6) requires every new
crude oil tanker of 20,000 tonnes deadweight and above to be fitted with a cargo tank
cleaning system using crude oil washing. IMO resolution A446(XI) requires that
shadow area should not exceed 10% for horizontal area and 15% for vertical shadow
area. The minimum number of tank cleaning machines for each tank is determined by
the IMO resolution A446(XI) requirement. Normally fixed type tank cleaning
machines are provided for the cargo tanks and slop tanks and cleaning is carried out
either by crude oil itself or by sea water through these high pressure tank cleaning
machines as shown in Fig. 2.6.

/ P
& | 1

Fig. 2.6. Single nozzle type fixed tank cleaning machine [23]

In the past, it was usual that the construction of cargo oil tanks did not apply coating
and left the structure completely uncoated, since most ship owners and builders
thought that a subsequent natural coating of greasy or waxy crude oil deposit could
protect against corrosion as paint does and thus directly reduce the production cost.
But actually continuous high pressure crude oil washing is necessary on board and
this can remove the protective waxy layer on the steel together with any corrosion
products and rust scales. If the protective waxy layer and corrosion products are
removed by any fluid impact load and vibration, it potentially originates the new start
of the non-linear corrosion growth process.

Normally crude oil washing will be performed by high pressure (5~12 bar) jet nozzles
which are driven by cargo oil pumps or by dedicate tank cleaning pump. Apparently
high pressure tank cleaning system can cause deformation of any corroded
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longitudinal stiffeners under upper deck and eventually will potentially effect on the
strength and stiffness of ship structure. It is necessary to investigate that the possible
effect of high pressure tank cleaning machines on corroded stiffened plate
components and the subsequent behaviour of ultimate strength.

2.5.2 Temperature effects of cargo oil heating in cargo tanks

Most crude oil tankers have a cargo oil heating system for both cargo oil tanks and
slop tanks. Steam is usually used as the heating medium at a working pressure 6 ~ 8
bar and Al-brass material is the most prevalent material for the heating coil, however
stainless steel or other types of steel material is also used in accordance with ship
owner’s requirement and shipyard’s standard. The purpose of crude oil tank or slop
tank heating is to decrease the viscosity of the cargo, so as to facilitate the discharge
of crude oil by cargo oil pumps or for the heating up of the tank cleaning medium
(crude oil or sea water) for efficient tank cleaning performance.

One set of typical design criteria for crude oil tanker heating system in the market is
presented in the following Table 2-3. In the case of VLCC vessels the heating coil is
normally installed in slop tanks only.

Table 2-3

Typical design criteria for cargo oil tank heating

Item / Tank name Cargo oil tanks and

starboard slop tank
44°C

Port slop tank

Maintain temperature 44°C

Raising temperature

From 44 to 66°C within
96 hours during voyage

From 15 to 66 °C within
24 hours during voyage

Loading condition 98% full with cargo oil 50% full with sea water
Sea water temperature 5°C 5°C
Ambient air temperature 2°C 2°C

There are no specific design criteria for cargo oil tank heating in Class Rules, and
frequently design criteria is different according to type of cargo, route of voyage, and
both operator’s and builder’s standard.

Many seafarers may not be aware of the possible effects of temperature on the life of
a ship’s structure and heating up of cargoes without consideration of the temperature
control in cargo tanks. It is apparent that the maintaining and heating up of cargoes
should be based on fluid characteristics and viscosity of the cargo.

Generally chemical corrosion processes occur faster at higher temperature. For iron in
a water temperature range from 0°C to 100°C , the rate of corrosion is increasing up
to 80°C under the influence of increasing oxygen diffusion rate and then decreasing
up to 100°C under the influence of the reduction of oxygen solubility [10].

A temperature increase of 10°C may approximately double the electrolytic reaction
rates [4]. This means that the corrosion rate is approximately doubled for every 10°C
of temperature increase.
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The relative corrosion rates of hull structural steel at various temperatures are
identified by the Registro Italiano Navale as illustrated in Fig. 2.7.

Relative increase
(%]

1

1

. '

[ ] 1

e . .

n L ] 1

b : : :

0.5 + . . .

o . . '
0=C 10°C 20°C 30°C 40°C

Temperature

Fig. 2.7. Increase of corrosion rate with increase in temperature [21]

Melchers [24] introduced the corrosion rate 7, as a function of the carbon content that

was based on various relatively short exposure periods (between 10 days and 1.5
years) and the annual mean water temperature based on existing data, [25-31], as
following Fig. 2.8.
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Fig. 2.8. Corrosion rates corresponding to various temperatures [24]
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In the case of double hull tankers, the wing and double hull spaces act as a thermal
barrier and these spaces insulate the cargo tanks from the sea water. Actually cargo
tanks are not significantly affected by normal ambient temperature fluctuations, such
as sea water temperature and air temperature, and tend to keep the cargo loading
temperature. Sometimes cargo oil heating is not necessary during the summer or for
short laden voyage. After cargo discharge has taken place, the cargo tank structure
remains at an elevated temperature for certain periods until the ballast tanks are filled
by sea water. In a high temperature environment, the bacteria thrive for a longer time
and consequently there will be an associated increase in microbial influenced
corrosion rates.

It is thus apparent that the higher temperature potentially accelerates the corrosion
degradation in the structure. However the effects of cargo tank heating on wing and
double bottom ballast tank degradation have not been investigated well. When cargo
oil tanks maintain or are heated up to certain temperature, the temperature of the
adjacent emptied ballast tank structure tends to similarly increase to some appreciable
extents.

As mentioned above, the main purpose of crude oil tank or slop tank heating is to
decrease the viscosity of cargo, so as to facilitate discharge the crude oil cargo by
cargo oil pumps. According to published data most of crude oil viscosity at 30°C is
between 3 ¢St and 200c¢St [32].

Fig. 2.9 shows a typical performance curve and viscosity relationship based on a

typical cargo oil pump capacity of 2,500 m’ at 130 mwc total head and -5 m suction
head.

There is no significant difference in pump performance and power consumption
between cargo oil viscosity values of 30¢St and 200 ¢St . Considering the fact that
cargo oil pumps normally operate at less than the design condition, the difference of
power consumption between 30 ¢St and 200 ¢St can be ignored.

It is thus clear that excessive heating of cargo is not only a cause of potentially
accelerating corrosion but also results in a large amount of operation cost by
consuming the steam which is supplied by auxiliary boilers. It is often the case that
there is argument between the ship’s owner and the shipyard during the design and
construction regarding the total length of heating coil which is laid on the cargo oil
tank bottom.

Most of ship owners prefer and think that the greater the length of heating coil that is
laid on the cargo oil tank bottom, the better it is for operation. But ships owners and
shipyard should know the fact that an over-designed cargo heating system leads to a
large amount of initial cost for installation, increasing operation cost and reducing
ship’s life by increasing corrosion rates due to high temperature heating in cargo oil
tanks.
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Fig. 2.9. Performance curve of typical cargo oil pump
JSDS [33] proposed that the steam consumption for cargo oil heating, is given by:
1
Sy =7 ZKiAi(Tk _Ts) (Eq.2.3)
L=
1 T -T,
Sy =8y 1 b IV KA, (Eq.2.4)
( ’ 1) L=
where §,,  =required steam consumption to maintain oil temperature (kg/h)
Sy = required steam consumption to raise-up oil temperature (kg/h)
i = heating coil steam enthalpy at inlet (kcallkg )
i = heating coil condensate enthalpy at outlet (kcal/kg)
K, = heat transfer coefficient (kcal /m*h°C )
A, = area of surface (m*)
T, = 0il maintaining temperature (°C)
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T, = surrounding media temperature
T, = temperature of cargo oil after heating up
T, = temperature of cargo oil before heating
Y KA
a = =1
yVe
¥ = specific gravity of cargo oil
Vv = oil volume
c = specific heat of cargo oil

(°C)
(°C)
(°C)

(kg/m3)
(m®)
(kcallkg°C)

To estimate the total steam consumption during cargo oil temperature maintaining or
raising-up the following design conditions are considered:

e Heating coil steam inlet pressure

¢ Heating coil steam condensate pressure
¢ Heating coil material

e Specific gravity of cargo oil

e Specific heat of cargo oil

: 6 kglem’g

: 3 kglem’g

: Al-Brass (0.D 44.5mm)
: 850 kg /m’

2 0.94 kcall kg °C

The total steam consumption is calculated based on oil maintaining temperatures of
alternatively 30°C, 40°C, 50°C and 60°C and the design criteria as shown on Table

2-4.

Table 2-4

Illustrative design criteria of cargo oil tank heating temperature

Item / Tank name

Cargo oil tanks

Slop tanks

Maintain temperature

30°C /40°C /
50°C /60°C

Same as cargo tanks

Raising temperature

From 44 to 66°C within
96 hours during voyage

Same as cargo tanks

Loading condition 98% full with cargo oil Same as cargo tanks
Sea water temperature 5°C 5°C
Ambient air temperature 2°C 2°C

Table 2-5, Figs. 2.10 and 2.11 show the differences in the total steam consumption
and heating coil length at each of the design conditions and for the AFRAMAX tanker
model which has been selected in order to calculate steam consumptions.

Table 2-5
Steam consumption and heating coil length
Heating-up
Item 30°C 40°C 50°C 60°C (44°C to 66°C)
Steam consumption (kg/hour) 4,620 6,387 8,153 | 10,009 26,539
Required heating coil length (m) 920 1,384 1,937 2,632 7,456
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Fig. 2.10. Total steam consumption (kg/hour)

8000 -~
7000 -
6000 -~~~
5000 -~
4000 -
3000 -
2000 e b
1000 +--p==a—-F }——1 || |

Length (m)

30 deg 40 deg 50 deg 60 deg  Heating up

Fig. 2.11. Total required length of heating coil

As shown in the above illustrative examples, the present design provision for cargo
heating, which is applied on crude oil tankers, will effect not only the resulting high
value of corrosion degradation rate but also the increasing overall construction costs
such as increasing heating coil length, piping and fitting size on steam lines and the
capacity of auxiliary boiler.

An additional cost evaluation shall not be carried out any further in this research
because the final decision to change the design criteria of cargo heating is solely
dependent on the ship’s owner and the shipyard. However it is apparent that reducing
the design criteria of cargo oil tank heating will lead to not only a reduction of the
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corrosion degradation of cargo oil tanks and adjacent ballast tanks but also a reduction
of large amount of construction and subsequent operating costs.

2.5.3 Inert gas system

In the mid of 1970’s there was a series of explosions in crude oil tankers, especially
during the tank cleaning operations on-board and where an inert gas system was not
installed. As a consequence an inert gas system is now required on new tankers as
described by Regulation 60 and Regulation 62 of Chapter II-2 of the SOLAS Protocol
[34].

With such a system protection against a tank explosion is achieved by the introduction
of inert gas into a cargo tank to keep the oxygen content low and to reduce the
hydrocarbon gas concentration in the tank atmosphere both of which significantly
reduce the chance of accidental ignition.

Generally an inert gas system is used during the following operations of crude oil
tankers:

Cargo oil discharging,

Hydrocarbon gas purging after tank cleaning for gas freeing,
Tank cleaning,

Topping-up at sea,

Gas freeing of ballast tanks in cargo area.

For a gas carrier, an inert gas system is used for following operations:

To supply inert gas into the cargo tanks during gas purging,

To supply inert gas into the cargo tanks during air purging,

To supply dry air into the cargo tanks during aeration,

To supply dry air for drying the cargo tanks and cofferdam spaces,

To supply inert gas for inerting cargo piping, cargo machinery and cargo
machinery room via spool piece,

e To supply dry air for drying the duct keel via spool piece.

2.5.3.1 Types of inert gas systems
There are three types of inert gas plant as follows:
e Conventional boiler flue gas uptake based inert gas plant

e Inert gas generator by fuel oil (F.O) or diesel oil (D.O) burning
e Pure N, generator

1) Conventional boiler flue gas uptake based inert gas plant

A conventional boiler flue gas uptake based inert gas plant uses flue gas taken from
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the exhaust gas duct of the auxiliary boilers. This plant typically consists of a scrubber
and demister, two(2) inert gas blowers, a deck water seal unit, a pressure vacuum
breaker, ducting and necessary fittings. A typical schematic arrangement of this type
of inert gas system for tanker is shown in Fig. 2.12.

NON-HAZARDOUS AREA HAZARDOUS AREA
Cargo
QOil Tank
F Blower Dock
rom ecl
flue Serubber Water .G SUPPLY MAIN
gas i | Seal >
uptake
Blower P/V
Breaker
Cargo
Oil Tank

Fig. 2.12. Typical schematic of a boiler flue gas uptake inert gas system

Basic boiler flue gas and final inert gas compositions are typically as in the following
Table 2-6 [35].

Table 2-6
Typical boiler flue gas and corresponding inert gas composition [35]

Item Flue gas composition Inert gas composition
co, 13.5 % 13.5 %
S0, 0.3 % less than 0.03 %
0, 4.2 % 4.3 %
N, 77.0 % 79.6 %
H,0 5.0% 2.0 %

Actually each manufacturer has slightly different standards in inert gas composition.
Generally the SO, content is not more than 100 ppm in inert gas composition and O,
content is less than 5.0 % by volume.

Inert gas is to have an oxygen content of less than 8 % by the rule and this will result
in a reduced corrosion rate compared with normal atmosphere conditions which has
an oxygen content of 20.95 % by volume. The rate of corrosion of steel structure is
significantly reduced when the oxygen content is below 1 %. This low oxygen level
can be achieved by other types of inert gas plants such as the inert gas generator and

N, generator systems.
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The corrosion rate tends to increase with increasing O, and SO, levels in inert gas.
Sulphur dioxide is of major importance for atmospheric corrosion. Absorption of
SO, into the surface of a metal depends on the relative humidity and the presence of
corrosion products. SO, oxidizes to SO, in the atmosphere or in the moisture film on
the metal surface and this subsequently reacts with the H,0 to form H,SO, and
which leads to an acid reaction against a metal surface. The SO, content in a tank is

more related to the type and origin of crude oil cargoes rather than to the presence of
inert gas. Sometimes, for example, the hydrogen sulphide content can be more than
600 ppm depending on the type of crude oil [4].

2) Inert Gas Generator by F.O and D.O burning

Fuel oil NON-HAZARDOUS AREA HAZARDOUS AREA
uel oi ;
pump ‘
unit
Bl Cargo
ower —| Oil Tank
Blower J
Burner/ Deck
Scrubber Water 1.G SUPPLY MAIN R
Unit Seal >
PNV
Breaker
Cargo
Oil Tank

Fig. 2.13. Typical schematic of an inert gas generator based system for tanker

This type of system employs a separate inert generator which is normally located in
engine room or engine casing on upper deck level. The separate inert gas generator is
provided with two or more fuel oil or diesel oil pumps. This type of inert gas
generator is normally used where high quality inert gas is required in such as chemical
tankers and gas carriers where it is necessary to protect the quality of cargoes and
spaces from any possible contaminations. However the price and operating costs of
such system are somewhat more expensive than conventional boiler flue gas uptake
based inert gas system. The typical arrangement of inert gas generator is shown in Fig.
2.13.

Table 2-7 shows a general design specification from one of current manufacturer.
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Table 2-7
The composition of gas contents [36]
Item Inert gas generator
Co, Approx. 14%
Cco Max 100 ppm
S0, Max 1 ppm
NO, Max 150 ppm
0, Approx. 1% ~ 3%
N, Balance

As shown in Table 2-7, the quality of inert gas from an inert gas generator is much
better than from a conventional boiler flue gas uptake system. The SO, content is less
than 1 ppm and the oxygen content can be controlled to approximately 1 % by
volume. This means that an inert gas generator can control and reduce the corrosion
degradation rate significantly compared with both conventional boiler uptake flue gas
based inert gas system and the normal ambient air condition.

3) N, generator system

A direct nitrogen gas generator is an expensive solution for an inert gas system and there
are some restrictions in gas production capacity and in installation for a large capacity
equipment. However there is no sulphur or oxygen in their products and this means that
such system can reduce corrosion rates significantly for enclosed steel structure in
marine and offshore environments.

NON-HAZARDOUS AREA HAZARDOUS AREA
N2 Cargo
Buffer [—» Oil Tank
Tank
To
consumer
Air FU Heater MSM .G SUPPLY MAIN
Compressor || ] ] e
PN
Breaker
FU : Filter Unit
MSM : Membrane Separator Modules Cargo
Oil Tank

Fig. 2.14. Typical arrangement for N, generator system

Typically a N, generator is used in gas carriers for the following operations:

e To supply the inter-barrier spaces and insulation spaces,
e To purge boil-off gas line in the engine room,
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e To purge cargo liquid line, vapour lines and vent masts,
e To seal high duty and low duty compressors.

A N, generator consists of air compressor, separators, filters, heaters and membrane
modules as illustrated in Fig. 2.14.

The gas composition from the N, generator depends on the design of the system,
normally between 95% and 99.9% N, with 5% to 0.01% of other inert gases which
can be adjustable by changing the operating conditions.

2.5.3.2 Inert gas system for ballast tank and ship structure

Ship structures are continuously suffering from corrosion related fatigue, strength and
integrity problems under the sea water environment. However there have been only a
few investigations undertaken regarding the effects of inert gas on the corrosion of
ship structures. Johansson and Vannerberg [37] studied the atmospheric corrosion of
a commercial steel by laboratory tests under relative humidity of 90% at 22°C and
with the following conditions:

e Type A : Polished steel samples were exposed to an inert gas consisting of
3.0% 0,,12.0 % CO, and 10 ppm (by volume) SO,

e Type B : Polished steel samples were exposed to a mixture of humid air and
10 ppm (by volume) SO,

e Type C: Polished steel samples were exposed to an inert gas consisting of
3.0% 0,,12.0 % CO, and 100 ppm (by volume) SO,

e Type D : Polished steel samples were exposed to an inert gas consisting of
3.0% 0,,0 % CO, and 100 ppm (by volume) SO,

e Type E : Pre-corroded samples were exposed to the same atmosphere as in
experiment C

e Type F : Pre-corroded samples were exposed to an atmosphere consisting of
3.0% 0,,12.0 % CO, and 300 ppm (by volume) SO,

However, contrary to common expectation and other recent researches, the study
revealed that high concentrations of SO, in an inert gas may, under certain
circumstances, be corrosion-inhibitive by creating the formation of a protective
coating consisting of iron sulphide and iron sulphite hydrate on the surface of the
steel. This result illustrates that it is difficult to simulate in a laboratory corrosion test
environment. A full actual onboard test is considered to be necessary in order to
evaluate the effects of inert gas on marine structures.

Miyuki et al. [38] have carried out laboratory simulations of corrosion in a wet inert
gas environment (13% CO,, 5% O, and a small amount of SO, ) and they found that
the corrosion rates increased with increasing levels of O, and SO, contents in the
inert gas [4].
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Matsuda et al. [39] have introduced a new anticorrosion method that purges oxygen
from ballast tanks by providing a continuous supply of nitrogen. The design concept
is that liquid nitrogen, that is stored in independent tank, supplies nitrogen gas passing
through an evaporator and a reduction valve into the ballast water. The pressure
within the ballast tank is controlled by a pressure release device and the ballast tank is
monitored by pressure, temperature and oxygen sensors as shown in Figure 2-15.

Pressure Release
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Valve
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Fig. 2.15. New anticorrosion method by using nitrogen gas [39], [40]

In order to verify the system efficiency in the control of corrosion, an experimental
test was carried out in a 150,000 tonnes coal/ore carrier for a period of 18 months
(583 days). Steel test plates were used in one tank with the nitrogen gas control and
other plates in an untreated standard ballast tank condition. The changing pattern of
oxygen content in the nitrogen treated tank during operation is shown in Fig. 2.16.

Subsequently they found that the rate of rusting on shot blasted steel test plates placed
at the bottom of the nitrogen treated ballast tank was 0.039 mm/year, compared with
0.382 mm/year for the same type of plates at the bottom of a standard ballast tank
with normal operating tank atmosphere condition as shown in Fig. 2.17. This means
that the corrosion rate of nitrogen treated environment is approximately 10 % that of
normal operating tank atmosphere condition. It also found that painted steel plates
with the nitrogen atmosphere treatment the corrosion rate was reduced to 0.001
mm/year.
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Fig. 2.16. Percent oxygen in the nitrogen treated ballast tanks during 18 months of
operations of the coal/ore vessel [39] [40].
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Another new solution was introduced by Tamburri et al. [41]. This is called the
Ventury Oxygen Stripping™ system. The system produces inert gas by combusting
low-sulphur marine diesel in a special device and then mixing the output gases with

the ballast water using a ventury injector that is installed in-line, just down stream of
the Dballast pump. Both the continuous nitrogen supply system and
Ventury Oxygen Stripping™ system are used for ballast water treatment in order to
reduce both aquatic organism introduction and corrosion control in ballast tanks. But
the initial cost for installation and operating costs are still too high to adopt these
kinds of system for many ship’s owners.

However the company Hellespont has adopted full inert gas coverage of its ballast
tanks during laden voyages, in both old and new ships. This inert gas is double
scrubbed to produce a sulphur dioxide content of less than 2 ppm. There is a separate
inert gas injection pipe with holes at each stringer level installed at the aft end of each
ballast tank in order to ensure good purging flow and adequate distribution of inert
gas pressure within the tank space. This innovative design cuts corrosion of the
steelwork and piping considerably in the ballast tank where the coating has begun to
break down [42] [43].

Cox [44] briefly introduced and reviewed the advantages and disadvantages of the
various inert gas systems to ballast tanks.

In connection to this research, recently Ok and Pu [45] presented the economical and
innovative solution to control corrosion in marine and offshore structures by using
clean inert gas and concluded that clean inert gas can be advantageous, economical
and innovative methods to control corrosion for marine and offshore structures. The
details and results are introduced in following sections regarding an optimized anti-
corrosion design by clean inert gas system, cost evaluation and degradation of section
modulus over service life in Chapter 3.
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(b)

Fig. 2.17. Corrosion levels on steel plates placed in ballast tanks during the 18 months
shipboard study: (a) plate from controlled tank under constant air saturation levels
with a corrosion rate of 0.382 mm/year, (b) plate from the nitrogen treated ballast
tanks under periodic hypoxia with a corrosion rate of 0.039 mm/year
[39], [40]

2.5.3.3 Optimized anti-corrosion design by inert gas generator

It is apparent that an oxygen content of below 1% will reduce the rate of corrosion
significantly. An inert gas generator or a N, generator can thus be used to control
corrosion within cargo tanks and ballast tanks. An inert gas generator especially can

be installed on board with a relatively small amount of initial cost and this system
would reduce the corrosion rate of ship structure.

A N, generator could be an economic solution for container vessels and bulk carriers
where an inert gas system is not compulsory by the rule requirements. This means
that there is no restriction in capacity and the capacity of the N, generator could be
designed in accordance with the operation concept of the ballast tanks and their tank
capacity. An optimised design approach for an oil tanker is proposed in this research

and cost based criteria to apply clean inert gas system in ship structures are to be
introduced and investigated.

(1) Proposed design
SOLAS [34] Regulation II-2/59.4 requires oil tankers constructed on or after 1

October 1994, to be provided with suitable arrangement for gas freeing and for
ventilation of double hull spaces.
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Fig. 2.18. Inert gas supply to double hull space during laden voyage

In addition, oil tankers fitted with inert gas systems are required to have suitable
arrangements for inerting double hull spaces, when necessary. The arrangements for
the inerting of double hull spaces may be through portable connections to the inert gas
system for cargo tanks or by fixed piping connections. Practically, a cross connection
with portable spool piece, non return valve and manual isolation valves are to be
provided between the inert gas main line and the water ballast main line in the cargo
oil pump room so as to supply either inert gas or fresh air into the ballast tanks.

Fig. 2.18 shows a typical schematic of the inert gas supply from an inert gas generator
to a double hull ballast tank through an existing inert gas supply main and ballast
piping line. There is no additional piping, except for the cross over, necessary for a
crude oil tanker and this design allows the system to put the inert gas into the ballast
tank during a laden voyage where the ballast tanks are empty.

However there is no actual onboard corrosion measurement data available for tank
structures which compare the difference in corrosion rate between a conventional
boiler flue gas uptake and an inert gas generator system. However from the past test
data obtained by Matsuda et al. [39], we can assume that an adequately inerted
environment will results in significantly reduced corrosion degradation rates than the
normal sea water environment in ballast tanks.

The potential effect of an inert gas generator system on a hull section modulus
degradation over service life is introduced and discussed in Chapter 3.

(2) Design consideration for double hull tanker inert gas supply

The above design approach outlines the most economic solution to supply inert gas to
double hull spaces. There are many alternative and improved designs that are
available, however this research is to focus on introducing the most economic solution
that will be required in order to appreciably reduce the corrosion rates for ballast tanks
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and cargo tanks and thus have the financial benefit of reducing steel replacement costs
in ageing ships.

The provision of inert gas supply to the double hull space through existing ballast
piping is carried out after completion of de-ballasting in the tanks. There are no
specific rule requirements to supply inert gas to ballast tanks and some classification
societies may be more conservative than others in the application and interpretation of
this system. However considering the potential reduction of corrosion rates and the
resultant increasing reliability of a ship’s structure, a more optimistic interpretation is
justified in order to apply this system.

Generally the following should be considered during the initial design of inert gas
system in double hull spaces.

e Air vent heads for ballast tanks should be blinded during a laden voyage and
permanent high velocity pressure vacuum valves are to be provided for each
ballast tank.

e The size of high velocity pressure/vacuum valves should allow for the design
concept of inert gas supply rate to each double hull tank. However during the
operation it is advisable that the ballast tank access hatch should always be
opened during inert gas supply to ballast tanks.

e If high velocity pressure/vacuum valves are not of a water tight design, then
they should be located such as to avoid any accidental flooding during heavy
seas, such as near the ship’s centre line. Alternatively the possibility of
accidental flooding rate through a pressure/vacuum valve into a water ballast
tank should be calculated and considered during design stage.

e Interpretation of each classification society rules and requirement should be
checked in order to ensure compliance.

(3) Cost evaluation

In connection to this research, Ok and Pu [46] firstly introduced an approximate cost
evaluation between a conventional boiler flue gas uptake based inert gas system
without inert gas supply to the double hull space and an inert gas generator with inert
gas supply to the double hull space based on an AFRAMAX tanker. It was found that
using clean inert gas to marine structure will reduce overall maintenance costs
considerably for replacement of steel structures, and possibly can reduce tank coating
thicknesses for both new building ships and ageing ships.

Generally, it is recommended to install a clean inert gas system in crude oil tankers, if

the total through-life cost of the boiler flue uptake based inert gas system is expected
more than the total through-life cost of clean inert gas system as follows:

z (CF—M +Cr +Crp+ CF—MT) > Z (CG—M +Co +C 0+ CG—MT) (Eq.2.5)

where C,_,, , C,_,, Cr,, Cp_,,y are the cost of material/equipment, cost of
installation, cost of operation and cost of maintenance (hull structure and equipment)
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during designed ship’s life, respectively for boiler flue gas uptake inert gas system.
Cori> Coys Co_pr Cipyr are cost of material/equipment, cost of installation, cost of

operation and expected cost of maintenance (hull structure and equipment) during
designed ship’s life, respectively for clean inert gas system such as inert gas generator
or N, generator.

If ship and offshore structures are not required to have an inert gas system by rule, it
is recommended to install an clean inert gas system when the total cost of
maintenance of hull structure is expected being more than the total through-life cost
of clean inert gas system given by:

Z (CMT ) > Z (CG—M +Co +Co 0 +Coipr ) (Eq.2.6)

where C,,, is total maintenance cost for whole design life.

2.6 Concluding remarks

There are many factors which accelerate corrosion in marine structures. Among these
factors, the effects of high pressure tank cleaning washing, temperature changing due
to cargo oil tank heating and clean inert gas system have not been investigated well.
This chapter generally reviews and investigates the effects of these factors on marine
structures.

A temperature increase of 10°C may approximately double the electrolytic reaction
rates. This means that the corrosion rate is approximately doubled for every 10°C of
temperature increase. It is thus apparent that the higher temperature potentially
accelerates the corrosion degradation in a structure. When cargo oil tanks maintain or
are heated up to certain temperature, the temperature of the adjacent emptied ballast
tank structure tends to similarly increase to some appreciable extents. In this research
it is found that current design of tank heating system for cargo tanks slop tanks in
crude oil tanker has relatively higher maintained and raising temperature to keep the
viscosity of cargo than actually required temperature to facilitate discharge the crude
oil cargo by cargo pumps. The effects of different design criteria of tank heating on
the steam consumption and required heating coil length have also been investigated.
Obviously a well-designed cargo heating system can lead to a large amount of cost
reduction for installation, operation and increasing ship’s life by decreasing corrosion
rates in cargo oil tanks and ballast tanks, thus it is recommended that a design
optimization to determine design criteria of cargo heating system for each new
building or conversion project has to be carried out by ship’s owner or shipyard which
consider viscosity of cargo, period and route of voyage etc.

Crude oil washing operation by high pressure (5~12 bar) jet nozzles can cause
deformation of any corroded longitudinal stiffeners under upper deck and eventually
this will potentially effect on the strength and stiffness of ship structures. It is
necessary to investigate the possible effects of high pressure tank cleaning machines
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on corroded stiffened plate components and the subsequent structural behaviour in
terms of ultimate strength.

The clean inert gas system, either a high quality inert gas generator system or a N,
generator system, can be used to reduce corrosion degradation in marine structures in
areas such as ballast tanks and permanent void spaces. This system can be adopted to
not only crude oil tankers but also to bulk carriers and container vessels. The
application on bulk carriers, container vessels and other types of vessels has the
advantage that there is no capacity restriction to apply to inert gas systems and the
operator can adopt a smaller capacity considering individual operation concepts and
can reduce equipment cost. In connection to this study, Ok and Pu [46] firstly
introduced an approximate cost evaluation between a conventional boiler flue gas
uptake based inert gas system without inert gas supply to the double hull space and an
inert gas generator with inert gas supply to the double hull space based on an
AFRAMAX tanker. It is found that the clean inert gas can effectively control corrosion
of marine and offshore structures, accordingly can minimize hull girder stresses
increasing over service life and will reduce overall maintenance costs considerably for
replacement of steel structures, and possibly can reduce tank coating thicknesses for
both new building and repairing ships.

It is recommended that further research activities with actual onboard tests are
required to verify effectiveness of high pressure tank cleaning washing, cargo oil tank
heating and clean inert gas system on marine/offshore structures against corrosion for
certain type and size of vessels.
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Chapter 3

Corrosion Rate Estimation Model

3.1 Introduction

Uniform corrosion is the most common form of corrosion found in the many grades of
mild steel that are mainly used for marine structures. Normally uniform corrosion is
calculated from weight loss or sampled thickness measurement from test plate
coupons and many researches have been carried out and considerable efforts have
been made to develop time-based predictive mathematical models. Many data have
been obtained from large numbers of thickness measurements made on vessels that
have been in-service for some years. Such thickness measurements are typically made
using ultrasonic techniques and several point measurements may be made over the
surface of a plate in order to arrive at an assumed average value. Comparisons would
then be made between as-built scantling thicknesses. Obviously thickness
measurements must be made by approved technicians and using approved methods in
order to ensure that there is a good degree of confidence in the obtained data. Such
measurements would also be made for the web and flange element thicknesses of hull
structures.

Many differences are often found in each set of corrosion data, even though corrosion
data was sampled in the same type of vessels. This means that any generalised models
will have a fairly high level of uncertainty. Most of recent corrosion models are based
on actually measured data. Normally we can consider that the most reliable corrosion
models are those that are based on actual measurement in hundreds of vessels, this
means that a large degree of scattered data is unavoidable in sampled values. The
reason is that there are many factors which accelerate individual levels of corrosion
such as type of cargoes, frequency of cleaning and sediment removal, type of coating,
humidity, temperature, inert gas quality, ballast frequency and presence of sacrificial
anodes, etc. It is apparent that slow and progressive corrosion and fatigue are
weakening the structure of ageing ships. In the past there have been many casualties
of ageing ships. Thus reliability and safety assessment considering corrosion
degradation is very important in ageing ships. This is clearly the most significant
where the level of corrosion exceeds the corrosion margins that are mandated by the
relevant classification society.

Generally, there are three stages of anti-corrosion activities throughout the life of a
vessel as follows;

e Corrosion prevention at the initial design and construction stages of the vessel
by effectiveness of paint coatings and other anti corrosion methods.

e Regular monitoring and intermediate hull surveys of the hull structure.

e Renew or repair of the excessively corroded and coating breakdown areas.

Duo Ok — PhD Thesis 3-1
School of Marine Science and Technology
University of Newcastle upon Tyne



Chapter 3: Corrosion Rate Estimation Model

There are two kinds of methods to predict the corrosion rates of ship structures. The
first one is to employ statistical models which collect corrosion data from existing
ageing ships and to calculate the mean and standard deviation of corrosion rates for
each primary member. The other is to employ probabilistic corrosion prediction
models which are formulated in terms of key variables with an understanding of the
mechanisms of the processes of corrosion.

Schumacher [1] provided a summary of early experimental data of mild steel exposed
to seawater together with a description of the main influencing variables.
Viner and Tozer [2] described the main types of corrosion, which can occur in ship
structures. It was concluded that corrosion in ships is influenced mainly by the
following factors: salinity of seawater, temperature, marine fouling, pollution,
corrosion films, speed of flow, stray-current, frequency of tank washing, humidity and
oxygen availability, type of cargo, cargo residues and mechanical abrasion. A general
analysis of ship corrosion and estimation of corrosion rates in various spaces for
various types of ships reflecting their operational purpose was also presented by
Yamamoto et al. [3] and also by Ohyagi [4]. Additionally many studies of corrosion
in tankers have been presented by Pollard [5], TSCF [6, 7] and Loseth et al.[8], which
introduced estimated tanker corrosion rates. The comprehensive historical overviews
on corrosion models from Schumacher [1] to TSCF [7] are presented by Gardiner and
Melchers [9]. Hajeeh [10] investigated the corrosion rate effects on carbon steel from
its interaction with different variables both singly and in combination, such as
temperature, oxygen, urea, sulphide, inhibitor and chloride. In the case of temperature
(30 °C and 45°C) and oxygen (Deaerated and Aerated) interaction, they found that
increasing temperature increases the corrosion rate on average by 1.48 mils (0.03759
mm) per year, and which is significant. The main effect of oxygen is positive and
strong. The corrosion rate increases by 2.86 mils (0.07264mm) per year, and a
combined two-way interaction produces a sharp rise in the corrosion rate especially at
high levels of oxygen.

The most important role of a corrosion model is to enable an operator to be able to
estimate when at some time in the future a ship’s structures will require some
maintenance by replacing corroded plate, renewing coating and anodes etc. If plate
thickness or coating condition is below the level required by classification society
rules then the replacement or upgrade must be carried out. An economical decision for
the next maintenance and replacement period can be planned and facilitated when the
rate of future corrosion degradation can be estimated properly.

Ballast tanks are normally considered to have the most corrosive environment. Some
guidelines propose the requirement for 10, 15, and 25 year of ballast tank coating
systems and associated surface preparations in order to prevent excessive corrosion in
ballast tanks [11]. The typical hull strength degradation by ageing up to 25 years
service of a conventional tanker was investigated by Kawano and Hirakata [12].

This Chapter introduces various published corrosion models and data. A new marine
immersed corrosion model based on an average of several existing corrosion models
is introduced. Time variant section modulus degradation models are also proposed in
this Chapter.
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3.2  Existing general corrosion rate estimation models for tanker

General corrosion is the most common and typical pattern of large scale corrosion.
Existing corrosion models assume that the corrosion proceeds over the whole surface
of the exposed metal at the same nominal rate. The corrosion degradation rate varies
according to the operating area, types of cargo, temperature, corrosion location and
other factors. It is a question of the reliability of the measurement and sampling
processes that were used to collect data from corroded structures and to arrange such
data in a valid and accurate manner. There are many corrosion models that have been
developed and published, but only a few models can be adequately reliable and be
adopted as acceptable corrosion models for application during design of structure and
the evaluation of the reliability of an existing ship structure. There is no single unified
model to estimate corrosion rates. The measured values from each model are so
scattered, therefore it is necessary to develop unified average corrosion model which
is based on existing models. Each classification society has its own guidance for
minimum corrosion deduction values for plating and structural members for oil
tankers [13-15]. Recently IACS published unified new rules and guidelines, so called
“Common Structural Rules for Double Hull Oil Tankers”, of corrosion additions for
double hull tanker structures. These rules apply to double hull oil tankers of 150m
length and upward classed with the society and contacted for construction on or after
1** April 2006 but for double hull tankers of less than 150m in length, the rules of the
individual classification society are to be applied [16].

3.2.1 Melchers’s model

Melchers [17] proposed a simple equation for the effect of temperature on corrosion
and which was based on long-term immersion corrosion observations that were
collected during the 1930~40s, and given by:

d, =224 (Eq.3.1)
’ (t it 0) l
where ¢ = the annual mean temperature below which there is ‘no’ corrosion
throughout the year
t, = the corresponding temperature
t, = the annual mean temperature
d, = the corresponding depth of corrosion penetration at ¢,
d, = the depth of corrosion penetration at annual mean temperature ¢,

The common observation that is frequently made is that corrosion does not occur
below the freezing point of seawater (approximately —2°C at 3.5% salinity) and that
the annual variation in temperature for most operational regions is around 15 ~ 20°C .
In this research, five years of corrosion results for several sites based on ASTM field
data [18] were plotted as a function of annual mean water temperature, the results of
which are as illustrated in Fig. 3.1. Melchers also proposed both linear and non-linear
function models based on all field exposed specimen data, as shown in Fig. 3.2.
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Fig. 3.2. Corrosion data points for field exposed specimens [17]

By adopting a bi-linear model [19], a mean value 4, (t) and an associated standard

deviation function o, (r) with expected corrosion depth at any time 7, are given by:

u,(t) =0.09t 0 <t < 1.46 years (Eq.3.2)
u,(t) =0.076 + 0.038t 1.46 < t < 16 years (Eq.3.3)
c,(t) =0.062t 0 <t < 1.46 years (Eq.3.4)
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c,(t) =0.035+0.017t 1.46 < t < 16 years (Eq.3.5)
By using a non-linear model [17, 20], the equation is given by:

d,(t)=u,(t)=0.084:"%> (Eq.3.6)
c,(t) = 0.056:"% (Eq.3.7)

He also introduced a corrosion-time relationship showing various characteristic
controlling phases as illustrated in Fig. 3.3 [21-23].
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Fig. 3.3. Multiphase corrosion time model [22]

Fig. 3.3 illustrates corrosion modelled as four consecutive controlling phases. The
kinetic Phase 1 shows a linear function. As corrosion proceeds the rust layer increases
in depth and a nonlinear Phase 2 commences when the rust layer has so impeded the
diffusion of oxygen through it to the basic metal such that it controls the subsequent
rate of the corrosion process. Consequently, the corrosion rate reduces as the rust
layer increases in thickness. This is called “diffusion control”. Eventually the rate of
diffusion of oxygen through the rust layer becomes so small that anaerobic conditions
begin to set in at the corroding surface. Corrosion controlled by anaerobic conditions
is modelled as commencing with Phase 3, which defines an initial period of rapid
growth of sulphate reducing bacteria (SRB) and a relatively high corrosion rate.
Finally Phase 4 shows a more gradual linear function, so called the longer term SRB
corrosion range. In general the corrosion rate r, under anaerobic conditions increases

both with increasing carbon content, in the range 0.04 ~ 0.5%, and average seawater
temperature between 10 and 28°C .

3.3.2 Guedes Soares and Garbatov’s model
Soares and Garbatov [24] proposed a time-dependent model of corrosion

degradation. They separated the corrosion process into three phases. Phase 1 assumes
that there is no corrosion taking place owing to the applied paint or other similar
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protection of metal surfaces and which it is assumed that it works properly. This is
illustrated 1€ [0',0] in Fig. 3.4.

din)]

o Q0 B
Fig. 3.4. Thickness of corrosion wastage as a function of time [24]

Phase 2 is initiated when the corrosion protection is damaged and metal surface
corrosion starts to decrease the thickness of the plate, te [O,B]. The Phase 3
corresponds to a stop in the corrosion process and the corrosion rate becomes
effectively zero caused by heavy corrosion products on the plate surface, (r > B) in

Fig. 3.4. If the corrosion products are removed, for example by impact load, vibration
or tank cleaning, from a surface, it originates the new start of the non-linear corrosion
growth process, effectively opening-up a new fresh surface to the corrosive
environment. The model was developed by the solution of a differential equation of
the corrosion wastage process.

d_d+d@)=d. (Eq.3.8)

where d_ denotes long term thickness of the corrosion wastage, d(¢) indicates the

thickness of the corrosion wastage at time ¢ and d (t)is the corrosion rate.
The solution of Eq.3.8 was found to have the general form:

dt)=d_{1-e"'") (Eq.3.9)
and the particular solution leads to:

d()=d (1=, 1>z, (Eq.3.10)
d(t)=0, <7, (Eq.3.11)

where 7, indicates the coating life and 7, is the transition time
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3.2.3 Paik and Thayamballi’s model

Paik et al. [25-28] also assumed that there was no corrosion as long as the protective
coating was effective and also that there was a short transition time for the full
corrosion process to develop after breakdown of the coating. They categorized
corrosion behaviour into three phases as (1) durability of coating, (2) transition to
corrosion and (3) progress of corrosion. These phases are shown in Fig. 3.5.

Transition ;
1 1 !

—~ | Durability__!_1 ! , ‘
B of maﬁ:g ' - Froge= o coramion 1
L ] ]

o i ;

£ L

¥ o

& 2

§ b

0 Te T+ Ty

Structure age T (years)
Fig. 3.5. A schematic of the corrosion process for steel structure [27]

The life of a coating depends on the type and quality of the coating system, type of
cargoes, temperature, humidity and relevant maintenance and other factors which are
described in Chapter 2. The effective life of coating to a predefined state of
breakdown at which corrosion initiation can be said to follow the log-normal
distribution and is given by [25, 27]:

Xp[— M} (Eq.3.11)

20°

c

f(T,)=

2r o,

where w4, is mean value of In7, in years, o, denotes standard deviation of In7, and

T. represents coating life in years.

The coating life 7 is usually assumed to be either 5 years, 7.5 years or 10 years [26,
29].

The reduction of plate thickness due to corrosion may be generally expressed as a
function of the time (years) after corrosion starts [25, 28], can be given by:
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t, =CT" (Eq.3.12)

where ¢, represents corrosion depth in mm, 7, denotes exposure time in years, after
breakdown of coating (= T -7, —T,), T indicates age of vessel in years, T, is life of
coating in years, 7, means duration of transition in years (= pessimistically 0) and

t

C,,C, = coefficient

Paik et al. [28] proposed a corrosion wastage model for ballast tanks based on a total
of 1937 corrosion data sets measured in seawater ballast tanks, as follows:

t, = corrosion depth in mm
=0.0466(T - 5.0) for T, =5 years (Eq.3.13)
=0.0579T - 7.5) for T. =1.5 years (Eq.3.14)
=0.0823(T -10.0) for T. =10 years (Eq.3.15)

When only the corrosion data for the 95% and above band is used, they proposed
severe (upper bound) corrosion trends to be given by:

t, = corrosion depth in mm based on 95% and above band
=0.1469(T - 5.0) for T, =5 years (Eq.3.16)
=0.1938(T—7.5) for T. =1.5 years (Eq.3.17)
=0.2894(T -10.0) for T. =10 years (Eq.3.18)

Fig. 3.6 shows the “95% and above band” wastage model and Fig. 3.7 indicates the
comparison of annualized corrosion rate formulations.

¥

5% and
below band

Probability density distribution

’-— 95% and abowve band

4

Coefficient C| (mm/year )

Fig. 3.6. The 95% and above band for corrosion wastage model [28]
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— : All corrosion data
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Fig. 3.7. Corrosion rate formulations and data for sea water ballast tanks [28]

3.2.4 Qin and Cui’s model

Qin and Cui [30] also introduced similar three stages for the whole corrosion process
model. Phase 1 assumes that there is no corrosion while the corrosion protection
system is fully effective; Phase 2 denotes that corrosion is developing and
accelerating when the pitting corrosion generates and progresses; and Phase 3
indicates the overall corrosion rate is decelerating due to the increasing thickness of
the corrosion products inhibiting further formation at the metal surface.

They recommend a combined model which can accommodate other existing corrosion
models such as those suggested by Melchers [17], Soares and Garbatov [24] and Paik
et al. 25, 31].

3.2.5 Average model for marine immersed general corrosion

Due to there being so much scatter in the pattern of the measured data that forms the
basis for each corrosion model, there is no clear and unambiguous answer which to
consider as a standard model for marine immersed steel structures. The data, on which
each of the existing models has been developed, may not have been collected
according to some common well established and agreed-upon process, e.g. type of
equipment, skills of the technicians, etc. It is considered that the best way is to
evaluate each of existing corrosion models and to adopt an “average” model from the
various models in order to reduce uncertainty of data from individual models.
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Ok and Pu [32] proposed an ‘“average” model which was developed from the
following models:

Melchers’s model [17, 20]

Soares and Garbatov’s model [24, 33]
Wang et al.’s model [34]

Paik et al.’s model [28]

Soares and Garbatov [24], Wang et al. [34] and Paik et al. [28] models introduced a
coating effective life, however Melchers [17, 20] model did not consider coating
effective life and assumed that the corrosion process started immediately after the
construction of the vessel. In this study, every model is considered to have 5 years of
effective coating life and Melchers’s [17, 20] model has been modified and corrected
to assume an equivalent initial period based upon 5 years of effective coating life. The

Soares and Garbatov’s [24] model is assumed to have a transition time(7,) of 10

years and that the long term thickness of the corrosion wastage(d. ) is 1.5mm. In

addition, the side shell plate component is selected from Wang et al.’s [34] model in
order to evaluate marine immersion corrosion model.

Fig.3.8 illustrates combined time dependant corrosion degradation values based on the
selected corrosion models.

1.8
1.6
¢ MELCHER

1.4 7 m GUEDES

1.2 A PAIK
E 1 X WANG
= | —e— Average
= 0.8

0.6

0.4 -

0.2

0= ]
0 10 20 30 40

Year
Fig. 3.8. Time dependant average general corrosion degradation model

Finally, the equation of average marine immersion model can be calculated and given
by:

dt) = corrosion depth in mm
=0 for 0 <T <5 years(Eq.3.19)
=-0.319 +0.0699 T - 0.00063 T*> for 5 years < T (Eq.3.20)
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3.3  Pitting corrosion estimation model

Pitting corrosion is a highly localized form of attack which occurs randomly.
Normally it mostly prevails in the aftermost bays of ballast tanks and under
bellmouths. Excessively deep pits and a large grouping of pitting corrosion may lead
to a loss of local strength, thus degrading hull integrity and may result in serious
pollution by eventual perforation of the plate.

TSCF [35] undertook a study to determine the strength of uniformly pitted plate
models subjected to bending and with a range of uniform pitting intensities of 14 %,
23.5 % and 35.5 %, and together with uniform variation of pit depths from Smm to
15.4mm. The results of the tests showed a 25.8 % maximum reduction in bending
capacity for the plates analysed in the tests [36].

There are some models to estimate the effects of the occurrence of pitting corrosion in
both depth and size. Among others following models can be considered as the most
common and recently developed models.

3.3.1 Hutchinson and Bea’s model
Hutchinson and Bea [37] proposed a fairly rudimentary model for predicting the

equivalent reduced plate thickness with an assumed uniform pitting distribution based
on the average volume and distribution density of pits given by:

T,A ate ~ P P,TV
Trepucen :( = A - PITJ (Eq.3.21)
Plate

where Ty, czp = €quivalent reduced plate thickness with uniform pit distribution

T, = original plate thickness
Ap..  =Dplate area

P, = average area density of pits
Vor = average volume of pits

3.3.2 Daidola and Parente’s model
Daidola et al. [36] developed a mathematical model based upon average, maximum
values of pitting data and using the number of deepest pits. A 300 x 300mm sample

square plate was used for their study as illustrated on Fig. 3.9.

They proposed a mathematical model using average and maximum pit data given by:

N
V=>cad, (Eq.3.22)
i=1
where V = volume loss of steel due to pitting
a, = area of pit ‘I’
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d, = depth of pit i’

c, = cylinder coefficient, defined as the actual pit volume divided by the

corresponding cylinder of depth d,, and top area a,.

The parameter c; has the range (0 < ¢; < 1.0)
w = pit width
N = number of pits in the 300 x 300mm sample square

300 mm

Fig. 3.9. A representative sample square of the typical inspected pitted panel [36]

To simplify Eq.3.22, if a constant cylinder coefficient and a round shape for all pits
are assumed. The wasted steel volume, V, can be computed by the following equation:

N (o )
V=c), v, (Eq.3.23)
i=1

If all pits are assumed to have a semi-spherical shape, the value of the cylinder
coefficient can be obtained as:

1 (1 2 dj
_ ‘/semisphere _ 2 3 _
c= - = 0.667 (Eq.3.24)
chlinder l Wzd
4

They proposed and recommended that the total cross sectional area lost in any section
of the pitted plate should not be more than 15%.

3.3.3 Paik’s model

Paik et al. [38] carried out various experimental and numerical computations and
introduced the degree of pit corrosion intensity (DOP), given by:
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1
S A x100(% Eq.3.25
ab 2 pi (%) (Eq.3.25)

DOP=o=

where DOP = the ratio percentage of the corroded surface area to the original plate
surface area

n = number of pits

A, =surface area of the ith pit.
d,, = diameter of ith pit

a = plate length

b = plate breadth

They found that the ultimate strength of a plate with pitting corrosion can be
estimated using a strength knockdown factor, given by:

For uni-axial compression loading:

p A A 0.73
R, =—= :( ¢ ’j (Eq.3.26)
o A

Xuo o

Paik et al. [39] performed finite element modelling to find out ultimate edge shear
strength for a pitted plate, expressed by:

R =Tl =10 fora<1.0 (Eq.3.27)

= —-0.18lna+1.0 fora>1.0

where R = a factor of ultimate compressive strength reduction due to pitting
corrosion

= a factor of ultimate shear strength reduction due to pitting corrosion

= ultimate compressive strength for a member with pitting corrosion

= ultimate compressive strength for an intact (uncorroded) member

= original cross sectional area of the intact member

= cross sectional area involved by pit corrosion at the smallest cross
section

T = ultimate shear strength for a pitted plate

= ultimate shear strength for an intact (uncorroded) plate

a = degree of pitting intensity (DOP)

They found out that the ultimate strength of a plate element can be significantly
decreased due to pitting corrosion. The ultimate strength of a plate element with pit
corrosion and under edge shear is governed by the DOP, whereas a pitted plate under
axial compressive loads is governed by the smallest cross-sectional area of the most
corroded (pitted) plate section.
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3.3.4 TSCF’s model

TSCF [7] proposed the following guidance for evaluating the minimum remaining
plate thickness in pits for pitting density < 20% as follows:

Table 3-1
Guidance on minimum remaining plate thickness in pits
Structural component Normally no action is required when the
following conditions are fulfilled
Bottom plate tom = 213Xt
Webs of horizontal members t. =21/2xt,
(Stringers, longitudinals etc.)

where ¢ . is minimum acceptable remaining thickness and ?, denotes original
thickness or rule thickness

TSCF [40] also reported based on some single hull tankers of less than 5 years old,
the average pit depth was found to be 2 to 3 mm, with a density of around 200 to 400
pits per m” and a maximum pit depth of 5 mm. The accelerated pitting corrosion rates
that were experienced were as high as 5 times the normally anticipated rates, and
these experiences were thought to be due largely to Microbial Influenced Corrosion
(MIC) attack.

TSCF Working Group 2 [40] carried out a survey involving 111 existing tankers and
released the results as following in Table 3-2 and Table 3-3.

Table 3-2
Experience with bottom pitting (maximum depth)
Maximum Depth / Coated Area Uncoated Area
Years in Service Syear | 10 15 20+ | Syear | 10 15 20 +
0.5 mm 36% 46% | 18% | 0% | 25% 22% | 22% | 0%
5-10 mm 46% 63% | 55% | 27% | 15% 73% | 78% | 20%
10 — 15 mm 18% 25% | 5% | 46% | 0% 0 0% | 40%
15 — 20 mm 0 % 0% |0% |27% | 0% 0 0% | 40%
Table 3-3
Experience with bottom pitting (average depth)
Average Depth / Coated Area Uncoated Area
Years in Service Syear | 10 15 20+ | Syear | 10 15 20 +
0.3 mm 50% 25% | 64% | 9% | 69% 15% | 22% | 0%
3-5mm 50% 38% | 18% | 9% | 19% 77% | 67% | 20%
5 -7 mm 0% 37% | 18% | 64% | 12% 7 11% | 60%
7 —10 mm 0 % 0% |0% |18% | 0% 0 0% | 20%
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3.3.5 IACS recommendation

IACS [41] recommends that if pitting intensity is higher than 15% in area, thickness
measurements should be taken to check pitting corrosion. The minimum acceptable
remaining thickness in pits or grooves is equal to:

®  75% of the as-built thickness, for pitting or grooving in frames and in bracket
webs and flanges,

e  70% of the as-built thickness, for pitting or grooving in the side shell, hopper
tank and top side tank plating attached to the side frame, over a width up to 30
mm from each side of it.

Recently TACS [16] introduced the assessment of local wastage in “Common
Structural Rules for Double Hull Oil Tankers”, Section 12, 1.6. It requires steel
renewal for pitting, grooving and edge corrosion if the measured thickness is less than
the criteria defined in rules.

For plate with pitting intensity less than 20% and the overall corroded height of the
edge corrosion of the flange, or web in the case of flat bar stiffeners, is less than 25%
of the stiffener flange breadth or web height, the measured thickness, z, , of any

individual measurement is to meet the lesser of the following criteria:
ttm 2 07 (taxfbuilt _tnwn ) mm (Eq‘3'28)
t, 2t —1 mm (Eq.3.29)

ren

denotes as built thickness of the member, ¢ means owner/builder

as—built own

specified additional wastage allowance, ¢, is renewal criteria for general corrosion
(=1, i —toss —Lon —Lomas ) L., INdicates wastage allowance and ¢ is 0.5mm.

corr=2.5

where ¢

Where the groove breadth is a maximum of 15% of the web height, but not more than
30mm, the measured thickness, ¢, , in the grooved area is to meet the lesser of the

s Yim o

Eq.3.28 and following criteria, but not less than 6 mm:

t,2t,—0.5 mm (Eq.3.30)

ren

3.4  General corrosion estimation models for specific regions

Recently several general corrosion models have been proposed in order to estimate
the corrosion degradation rates in various regions within tanker structures. The Tanker
Structure Co-operative Forum presented various corrosion data based on thickness
measurements carried out on 54 oil tankers [6] and issued guidance on corrosion
control for tankers [7].

The Tanker Structure Co-operative Forum Work Group 2 [40], lead by the Chevron
Shipping Company, undertook further surveys for corrosion rate data among 111 oil
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tankers and proposed new corrosion data against TSCF 1992 [6]. However neither
TSCF 1992 [6] and TSCF 2000 [40] considered the durability of coating life.

Kawano and Hirakata [12] introduced 5 years, 10 years, 15 years and 20 years
corrosion rate predictions for tanker structures based on a Class NK database. Paik et
al. [26] presented corrosion measurement data obtained from 230 aged ocean going
single hull tankers with a total of 33,820 individual measurements for 34 different
structural member groups. In their paper they introduced corrosion wastage mean
values based on 5, 7.5 and 10 years coating breakdown time. Wang et al. [29, 34]
investigated the corrosion rates of structural members in oil tankers based on a
corrosion wastage database of over 110,000 individual thickness measurements from
140 single hull oil tankers and assumed that there was no corrosion during the first
five years of service (an assumed coating effective period).

Recently Ok and Pu [42] investigated various existing general corrosion models for
tanker structures and compared the time variant neutral axis, section modulus at deck
and keel based on various years of service. Simplified formulas to estimate time
variant vertical/horizontal section modulus degradation and stress changes at both
upper deck and keel were developed based on the double hull tanker.

BGP N LProe
BETS.E LBHP-BB b

Fig.3.10. The name of individual double hull tanker structural components

Among the various corrosion models that have been published, 7SCF 1992 [6] and
TSCF 2000 [40] did not consider coating effective periods and assumed that corrosion
started immediately after construction of the vessel. Whereas the Paik et al. [26] and
Wang et al. [34] models can each be considered to be one of the latest and more
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detailed corrosion models which include coating effective periods. However both
models do not show similar corrosion rates and there are large differences in values
between these two models as shown in Table 3-4. It is also found that Paik et al.
model shows higher corrosion rates for upper deck plate and deck longitudinal web in
ballast tank than in cargo tank, whereas Wang et al. model indicates higher corrosion
rates in cargo tank than in ballast tank.

Table 3-4, which is a compilation of the above data, shows that there is considerable
scatter in the data between each corrosion model even though the same area and
structure are referred to. This is because there are so many corrosion uncertainties and
different corrosion environments in each ship as well as potential variations in actual
measurement practices.

In this study, oil tanker structures are sub-divided into 27 individual components as
shown in Fig. 3.10 and Table 3-4.

Table 3-4
Comparison of existing general corrosion models
TSCF 1992 | TSCF 2000 PAIK [26] WANG [34]
NO STRUCTURE [6] [40] 5 year/7.5 year 5 years
mean/max mean value mean / max
1 DKP-C Cargo 0.03-0.10 0.057/0.2174 0.0489/0.0581 0.066/0.580
2 DKP-B Ballast 0.10-0.50 - 0.0824/0.1084 0.055/0.277
3 DKLW-C | Cargo 0.03-0.10 0.018/0.0874 0.0620/0.0716 0.055/0.807
4 DKLW-B | Ballast 0.25-1.00 - 0.2081/0.2403 0.047/0.444
5 DKLF-C Cargo - 0.04/0.0404 0.0509/0.0588 0.037/0.243
6 DKLF-B Ballast - - 0.0764/0.0882 * | 0.044/0.175
7 SSP-C Cargo 0.03 0.02/0.0688 0.0444/0.0523 0.044/0.547
8 SSP-B Ballast 0.06-0.10 - 0.0552/0.0661 0.043/0.573
9 SLW-C Cargo 0.03 0.011/0.0454 0.1697/0.1960 0.040/0.567
10 SLW-B Ballast 0.10-0.25 - 0.1224/0.1413 0.042/0.800
11 SLF-C Cargo - 0.007/0.0284 0.1543/0.1782 0.033/0.171
12 SLF-B Ballast - - 0.0764/0.0882 0.032/0.482
13 BTS-C Cargo 0.04-0.10 0.09/0.1264 0.0526/0.0607 0.085/0.690
14 BTS-B Ballast 0.04-0.10 - 0.0518/0.0597 0.049/0.320
15 BTLW-C | Under Cargo | - - 0.1697 /0.1960 0.032/0.207 *
16 BTLW-B | Ballast - - 0.1184/0.1367 0.027/0.117
17 BTLE-C Under Cargo | 0.20-0.60 - 0.1543/0.1782 0.047/0.730
18 BTLE-B Ballast - - 0.0976/0.1127 0.045/0.700
19 CBHP-C Cargo 0.03 0.037/0.1272 0.0475/0.0577 0.049/0.654
20 LBHP-B Ballast 0.10-0.30 - 0.0792/0.1012 0.051/0.470
21 LBHP-BB | Ballast 0.10-0.30 - 0.1111/0.1408 0.051/0.470 *
22 BHLW-C | Cargo 0.03 0.009/0.044 0.0476/0.0550 0.038/0.411
23 BHLW-B | Ballast 0.20-1.20 - 0.1224/0.1413 0.042/0.800 *
24 BHLE-C Cargo - 0.019/0.0778 0.0440/0.0508 0.045/0.782
25 BHLF-B Ballast 0.20-0.60 - 0.0764/0.0882 0.032/0.482 *
26 BGP Ballast - 0.02/0.0688 * | 0.0539/0.0619 0.043/0.573 *
27 HOR-B Ballast - - 0.1111/0.1408 0.051/0.470 *

Note) The values of * marked structural components are selected from same location
with similar structural components.
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Abbreviations)

C/COT
B/ WBT
DKP
DKLW
DKLF
SSP
SLW
SLF
BTS
BTLW
BTLF
LBHP
CBHP
BHLW
BHLF
BGP
HOR-B

Fig. 3.11 illustrates average corrosion rates for each structural member which is based
on Table 3-4. The results indicate that the highest corroded structural components is
deck longitudinal web in ballast tank based on Paik et al. model, whereas bottom shell
in cargo tank based on TSCF [40] and Wang et al. models. Generally the Paik et al.
model shows higher corrosion degradation rates than does the 7SCF [40] and Wang
et al. models.

: Cargo oil tank

: Water ballast tank

: Deck plate

: Deck longitudinal web

: Deck longitudinal flange

: Side shell plate

: Side longitudinal web

: Side longitudinal flange

: Bottom shell

: Bottom longitudinal web

: Bottom longitudinal flange
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: Longitudinal centre bulkhead
: Bulkhead longitudinal web

: Bulkhead longitudinal flange
: Side shell bilge plate
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Fig. 3.11. Corrosion rate in each structural component (27 components)

Duo Ok — PhD Thesis
School of Marine Science and Technology
University of Newcastle upon Tyne




Chapter 3: Corrosion Rate Estimation Model

According to some recent studies, it is clear that the corrosion rates of double hull
tanker structures are less than those of single hull tankers.

Yoneya et al. [43] introduced the following comparison of corrosion levels
corresponding to 95% cumulative probability at 20 years operational life and made
between Post-MARPOL and Pre-MARPOL tankers as following Table 3-5:

Table 3-5

Corrosion of structural members in Post-MARPOL and Pre-MARPOL ships

Member Post - MARPOL (mm) | Pre-MARPOL (mm)

COT WBT COT WBT
Upper Deck 3.14 1.92 3.22 2.78
Side Shell 1.92 2.09 2.66 1.59
Bottom Plate 3.27 2.96 5.62 3.44
Longitudinal BHD plate 1.96 1.95 291 3.24
Side longitudinal face 1.8 1.75 2.65 2.69
Bottom longitudinal face 1.94 1.77 2.84 2.79

The Tanker Structure Co-operative Forum Work Group 3 by Bergesen D.Y. ASA [44]
presented corrosion rate data from three double hull VLCCs as following Table 3-6:

Table 3-6

Summary of plate thickness diminution

Structure Average annual diminution (mm/year)
3 years 5 years

Upper deck plate 0.07 0.06
Deck longi.(web) upper 0.12 -
Deck longi.(web) lower 0.10 -
Deck longi.(web) average 0.11 0.07
Deck longi.(face) 0.07 0.04
T. BHD plate 0.04 0.02
Transverse web frame plate 0.04 0.02
Tank top plate 0.02 0.05
Vertical stiffener on T. BHD(web) 0.04 0.03
Vertical stiffener on T. BHD(face) 0.06 0.05
Swash BHD plate 0.00 -
Inner L. BHD plate 0.02 0.02
Outer L. BHD plate 0.02 0.02

3.5  Section Modulus Degradation Model

The ultimate longitudinal bending moment capacity could be calculated by any one of

following methods [13]:

e Assessment method using simplified equations
* Assessment method using cross-section moment

Duo Ok — PhD Thesis

School of Marine Science and Technology

University of Newcastle upon Tyne

3-19




Chapter 3: Corrosion Rate Estimation Model

e Assessment method by direct calculation using analysis codes
e Assessment of ultimate hull girder strength

If the assessment of ultimate hull girder strength method is considered, the total
longitudinal bending moment in extreme conditions should not exceed the moment
capacity of hull transverse section, M, , in the hogging and sagging conditions,

expressed by:

Af} v (kN-m) (Eq.3.31)

M +M,| <

where M, is a longitudinal bending moment in still water, M, represents a wave-
induced longitudinal bending moment in extreme sea conditions and 77 denotes
safety factor.

All longitudinal surfaces must be completed with initial scantlings and steel grade
selection. The designer may need to consider if each panel is fully effective for
contribution to hull girder strength and undertake full hull girder cross-section area
property calculations.

The location of neutral axis of the hull transverse cross section above the base line can
be calculated as follows:

I X (Eq.3.32)
NA T Zai q.3.
where a, = cross sectional area of the ith structural member
h, = distance of ith structural member from the base line

From the parallel axis theorem, the moment of inertia of the hull cross section is
expressed by:

I, :Zai(hi _HNA)2 +Zki (Eq.3.33)
where k; = local moment of inertia for each member

Finally the section modulus at deck (Z,)) and at keel (Z ) are given by:

Z,=—"— Eq.3.34
= H, (Eq )
z L (Eq.3.35)
= q.3.
" HNA
where D = Depth of ship (m)
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Chapter 3: Corrosion Rate Estimation Model

Hull girder section modulus represents a measurement of the ship’s longitudinal
strength and the section modulus should be always greater than the rule requirement.
The value of hull girder section modulus will be decreasing with time due to corrosion
progress in ageing ship structures, consequently stress levels of local members will
also be increased over the design life. However it is time consuming and routine work
to calculate the section modulus repeatedly, so it is advantageous to develop a model
to estimate time dependent section modulus degradation which considers annual
corrosion degradation in ageing ships not only for initial corrosion margins in design
stage but also for estimating future maintenance period.

3.5.1 Vertical section modulus degradation model

Based on various corrosion models as examined earlier [26, 34, 40], the progressive
time related changing of the vertical and horizontal section modulus values are
investigated for an existing AFRAMAX Double Hull Tanker (L.=219.08m, B=42.0m,
D=21.3m). For these calculations, an additional average corrosion rate model is also
proposed as follows:

e  PW model . Average of Paik et al. [26] and Wang et al. [34] models

where H,,, :Initial distance of the neutral axis above base line (=9.142 m)

H,, :Distance of the neutral axis allowing for corrosion

Z,, :Initial section modulus at deck (=28.86 m’)
Z,. :Reduced section modulus at deck
Zyo, :Initial section modulus at keel (=38.379 m’)

N

xc - Reduced section modulus at keel

N

: Ship’s age

The corrosion data from Paik’s et al and Wang’s et al. models are all collected from
ageing single hull tankers. Fig. 3.11 indicates statistical uncertainty and huge
differences in corrosion rates between Paik et al. and Wang et al. models for each
structural member. Generally Paik’s et al. model shows much higher corrosion
degradation rate than other models. However some recent studies have revealed that
the corrosion rate of double hull tankers is much lower than that of single hull tankers
[43, 44]. This means that Paik’s model could be too conservative to be adopted for
double hull tankers, thus it is reasonable to propose an average model as an alternative
corrosion degradation model for double hull tankers.

3.5.1.1 Section modulus at deck

Fig. 3.12 shows the time related changes in the vertical section modulus for the deck
structure according to Paik et al. [26], Wang et al. [34] and PW models. Paik et al’s.
model results in a smaller section modulus at deck than Wang et al’s. model. The PW
model can be proposed as an average model of section modulus reduction at deck.
Figs. 3.12 and 3.13 show that section modulus predicted by all the three degradation
models is above the requirement of JACS [45] recommendation up to 35 years.
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Table 3-7
Comparisons of the section modulus at deck
Corrosion Model / 10 years 15 years 20 years 25 years 30 years 35 years
Ship’s Age
PAIK | Z)c 27.68 m® | 27.02 w® | 26.36 w® | 25.69 m® | 25.03 m® | 24.37 w’
2003 1Tz, | 09590 | 09361 | 09132 | 0.8903 | 0.8674 | 0.8445
WANG | Zpc 27.80 m’ | 2727 m’ | 26.73 m® | 2620 m’ | 25.67 m® | 25.13 w’
2003 Tz Z,, | 09634 | 09448 | 09263 | 09078 | 08893 | 0.8708
PW Zpc 27.75 m® | 27.15 m® | 26.56 m® | 25.97 m® | 25.38 m® | 24.79 m®
Zpc/Zpp | 09614 | 09409 | 09203 | 08998 | 0.8793 | 0.8588
148
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Fig. 3.12. Time variant section modulus changes at deck

The time dependent average section modulus reduction ratio (Z,./Zp, ) based on
Paik et al., Wang et al. and PW models are derived by curve fitting as in Table 3-8:

Table 3-8
Equations of section modulus degradation models at deck
Model / Year > 5 years 5<T <35 years
Paik 2003d 1 1.0281—0.0067T +0.00004T*
Wang 2003¢ 1 1.0237 —0.0058T +0.00004T"
PW 1 1.0257 —0.0062T +0.00004T"
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3.5.1.2 Section modulus at keel

As shown in Fig. 3.13, Paik et al. model is a more pessimistic model than Wang et al.
model of section modulus reduction at keel. The PW model can also be proposed as
an average model of section modulus reduction at keel.

Table 3-9
Comparison of the section modulus at keel
Corrosion Model / 10 years 15 years 20 years 25 years 30 years 35 years
Ship’s Age
PAIK | Z 36.22m’ | 3525 m° | 3428 m® | 3330 m° | 3233 m’ | 31.35 m’
2003 7 T Zee | 09438 | 09184 | 08931 | 08677 | 0.8423 | 0.8169
WANG | Z, 36.58 m’ | 3596 m® | 3534 m’ | 3473 m’ | 3411 m’ | 33.49 m’
2003 77 1 Ze | 09530 | 09370 | 09209 | 09048 | 08887 | 0.8726
PW Zy 3642 m’ | 35.65m° | 34.88 m’ | 3411 m® | 3333 m° | 32.56 m’
ZelZgo | 0949 0.9289 0.9088 0.8886 0.8685 0.8484
14
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Fig. 3.13. Time variant section modulus changes at keel

The time dependent average section modulus reduction ratio (Z,q/Zp, ) based on
Paik et al. [26], Wang et al. [34] and PW models are derived as in Table 3-10:

Table 3-10
Equations of section modulus degradation models at keel
Model / Year 25 years 5<T <35 years
Paik 2003d 1 1.0341—-0.0087T +0.000073T*
Wang 2003¢ 1 1.05576 —0.01385T +0.00049T* —0.000007T"
PW 1 1.05974 —0.01464T +0.00048T* —0.0000068T"
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3.5.2 Horizontal section modulus degradation model at ship side shell

Based on various corrosion models [26, 34], The horizontal section modulus at ship
side shell (starboard) was investigated on AFRAMAX Double Hull Tanker model.

Table 3-11 and Fig. 3.14 show the horizontal section modulus degradation pattern at
ship side shell based on Paik et al. [26], Wang et al. [34] and the average (PW)

models.

Table 3-11
Comparison of the horizontal section modulus at ship side shell

Corrosion Model / 10 years 15 years 20 years 25 years 30 years 35 years
Ship’s Age
PAIK | Zg, 46.28m’ | 45.03m° | 43.79m° | 42.56m° | 41.29m° | 40.04m°
2003177 /2y, | 09460 | 09204 | 08949 | 08694 | 08438 | 08183
WANG | Zg, 46.75m° | 45.98m° | 45.20m° | 44.42m’ | 43638 | p286m°
2003 3
Zs,/Zg, | 0.9556 0.9397 0.9237 0.9078 0.8919 0.8760
PW Zs, 46.50m° | 45.47m° | 44.44m’ | 43.40m° | 42.37m° | 41.34m°
Zs,/Zgy, | 0.9504 0.9293 0.9082 0.8871 0.8660 0.8449
1+
A PAIK2003
o WANG2003
0.95
—e—PW
0.9 -
2
=
o
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0.8
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Fig. 3.14. Time variant section modulus changes at ship side shell

The time dependent average section modulus reduction ratio (Zg,/Zg,, ) based on

Paik et al. [26], Wang et al. [34] and PW models can be expressed as following Table
3-12:
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Table 3-12
Equations of section modulus degradation models at ship side shell
Model / Year 2> 5 years 5<T <35 years
Paik 2003d 1 1.0622 —0.01493T +0.00044T* - 0.0000063T°
Wang 2003¢ 1 1.0525 —0.01298T +0.00045T* —0.0000063T"
PW 1 1.0577 —0.01404T +0.00044T* — 0.0000063T"

3.6  Estimated section modulus degradation model with I.G.G System

Chapter 2 provided a general review of high quality inert gas systems such as an inert
gas generator and a N2 generator system. It is apparent that the low oxygen and low
SO, content provided by an inert gas system can control corrosion and reduce the
corrosion rate significantly [46, 47].

In Chapter 2 and Ok et al. [47] found that inert gas generator based clean inert gas
could be economical solution to control corrosion in an oil tanker environment and
minimize structural maintenance cost in ageing double hull tankers.

As investigated in Chapter 2, some recent study by Matsuda et al. [46] indicates that
the rate of rusting on shot blasted steel test plates placed at the bottom of the clean
inert gas (nitrogen) treated ballast tank was 0.039 mm/year, compared with 0.382
mm/year for the same type of plates at the bottom of a standard ballast tank with
normal operating tank atmosphere condition based on 18 months onboard testing
period. This means that the corrosion rate of clean inert gas treated environment is
approximately 10% that of normal operating tank atmosphere condition.

It is clear that the ship structures under clean inert gas environment will reduce
corrosion rate remarkably than under normal operating condition. However the extent
of effectiveness of clean inert gas system for double hull tanker structures is still
questionable and actual onboard tests are necessary. In this study, the effects of high
quality inert gas on time variant section modulus degradation have been investigated
by assuming that the corrosion rate under inert gas is respectively 10%, 30%, 50%
and 70% of average corrosion degradation model (PW model) with the assumption
that the effective coating life is 5 years.

Table 3-13 shows the corrosion degradation rate based on expected corrosion rates
under an inert gas system. Fig. 3.15 and Fig. 3.16 indicate the corresponding time
variant section modulus degradation at deck and keel. The results show that the ratios
of section modulus degradation at deck over original as-built value at 25 years after
construction are 0.899 for average model (PW model) and 0.924, 0.941, 0.957 and
0.974 for corrosion rates under inert gas environment of 70%, 50%, 30% and 10 % of
average corrosion degradation model and the ratios of section modulus degradation at
keel over original value at 25 years after construction are 0.888 for average model
(PW model) and 0.912, 0.929, 0.945 and 0.961 for corrosion rates under inert gas
environment of 70%, 50%, 30% and 10 % of average corrosion degradation model.
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Table 3-13
Assumed different corrosion rates under high quality inert gas system
PM model | 70% of PM | 50% of PM | 30% of PM | 10% of PM
STRUCTURE model model model model
(mm/year) | (mm/year) | (mm/year) | (mm/year) | (mm/year)
DKP-C Cargo 0.05745 0.04022 0.02873 0.01724 0.00575
DKP-B Ballast 0.0687 0.04809 0.03435 0.02061 0.00687
DKLW-C Cargo 0.05850 0.04095 0.02925 0.01755 0.00585
DKLW-B Ballast 0.12755 0.08929 0.06378 0.03827 0.01276
DKLF-C Cargo 0.04395 0.03077 0.02198 0.01319 0.00440
DKLF-B Ballast 0.06020 0.04214 0.03010 0.01806 0.00602
SSP-C Cargo 0.04420 0.03094 0.02210 0.01326 0.00442
SSP-B Ballast 0.04910 0.03437 0.02455 0.01473 0.00491
SLW-C Cargo 0.10485 0.07340 0.05243 0.03146 0.01049
SLW-B Ballast 0.08220 0.05754 0.04110 0.02466 0.00822
SLF-C Cargo 0.09365 0.06556 0.04683 0.02810 0.00937
SLF-B Ballast 0.05420 0.03794 0.02710 0.01626 0.00542
BTS-C Cargo 0.06880 0.04816 0.03440 0.02064 0.00688
BTS-B Ballast 0.05040 0.03528 0.02520 0.01512 0.00504
BTLW-C Under Cargo 0.10085 0.07060 0.05043 0.03026 0.01009
BTLW-B Ballast 0.07270 0.05089 0.03635 0.02181 0.00727
BTLE-C Under Cargo 0.10065 0.07046 0.05033 0.03020 0.01007
BTLE-B Ballast 0.07130 0.04991 0.03565 0.02139 0.00713
CBHP-C Cargo 0.04825 0.03378 0.02413 0.01448 0.00483
LBHP-B Ballast 0.06510 0.04557 0.03255 0.01953 0.00651
LBHP-BB Ballast 0.08105 0.05674 0.04053 0.02432 0.00811
BHLW-C Cargo 0.04280 0.02996 0.02140 0.01284 0.00428
BHLW-B Ballast 0.08220 0.05754 0.04110 0.02466 0.00822
BHLEF-C Cargo 0.04450 0.03115 0.02225 0.01335 0.00445
BHLF-B Ballast 0.05420 0.03794 0.02710 0.01626 0.00542
BGP Ballast 0.04845 0.03392 0.02423 0.01454 0.00485
HOR-B Ballast 0.08105 0.05674 0.04053 0.02432 0.00811
1 % X ——PW
| —a—[GS 70%
0.98 ——
0.96 - X\x\ —a— IGS 50%
o 094 X—x —x—1GS 30%
E 0.92 - ——IGS 10%
0.9
0.88 -
0.86 -
0. 84 T T T 1
0 10 20 30 40
Year
Fig. 3.15. Time variant section modulus changes at deck
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Fig. 3.16. Time variant section modulus changes at keel

The results indicate the effectiveness of clean inert gas on control corrosion of marine
and offshore structures, improvement of structural integrity and longitudinal strength
in ageing double hull tankers. This means well designed clean inert gas system can
minimize corrosion rates of structures and accordingly can minimize section modulus
degradation over typical service life. Eventually the maintenance costs for ageing
ships will remarkably be reduced compared to the structures which haven’t clean inert
gas provision as discussed in Chapter 2 and Ok and Pu [47].

3.7 Stress changes based on section modulus degradation model

Based on Paik et al. [26], Wang et al. [34], and PW models, the changing of hull
stresses at keel and upper deck level over original as-built value are investigated on
the AFRAMAX Double Hull Tanker as illustrated in Fig. 3.17.

1.26
1.22
1.18 -
—o— Keel (PW)
£ 1.14 - —=— Deck (PW)
g —+— Keel (Paik)
Deck (Paik)
1.06
—x— Keel (Wang)
1.02 7 —— Deck (Wang)
0‘98 | | | | |
0 5 10 15 20 25 30 35
Year
Fig. 3.17. Time variant stress changes pattern based on various models
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The results indicate that the stress levels at the deck and keel due to overall hull
section corrosion are increasing by time variant manner, thus the margin of structural
safety can be reduced substantially and Paik et al’s. model shows the highest values of
stress increasing at deck and keel and could consider the most pessimistic values for
time variant hull girder longitudinal strength.

By considering Paik et al. model, the changing hull stresses at keel and upper deck
levels, which consider the time variant vertical section modulus reduction can be
proposed as follows:

For the stress change at upper deck level:

(O'DC J =] 0<T < 5years (Eq.3.36)

Opo
= 0.9721+0.00656 T —0.000016 T* 5 < T < 35years

For the stress change at the keel:

(O'Kc J -7 0<T< 5years (Eq.3.37)
Oxo

= 0.9655+0.00864 T —0.000039T*> 5 < T < 35 years

where o,., 0, are the changed stress levels due to overall hull section corrosion

at the deck and keel respectively and o,,,, 0y, denotes original stress level in the as-
built uncorroded condition at deck and keel respectively.

3.8  Concluding remarks

There are many existing corrosion models to estimate time dependent general
corrosion rates. However the estimated corrosion rates from each proposed model are
so scattered. This means there is a fairly high level of uncertainty in each corrosion
data, such as type and route of vessel, type of equipment, skills of technicians and
uncertainty of as-built data etc. In this Chapter various existing general corrosion
models have been investigated and new formulae based on Melchers’s [17, 20],
Soares and Garvatov’s [24, 33], Paik et al.’s [28] and Wang et al.’s [34] models has
been proposed to estimate marine immersed general corrosion rates and to reduce
uncertainty of data from individual models. The proposed model shows lesser value
than Soares and Garvatov’s, but indicates more conservative values than other models
such as Melchers’s, Paik et al.’s and Wang et al.’s models, thus might be consider
suitable model to represent marine immersed general corrosion rates.

Excessively deep pits and a large grouping of pitting corrosion may lead to a loss of
local strength, thus degrading hull integrity and may result in serious pollution by
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eventual perforation of the plates. However the calculation of strength degradation
due to localized defects, such as pitting corrosion, are more difficult and complicated
than general area-wide corrosion and there have been relatively few research activities
and guidelines have been published until now. Accordingly some recent research
activities and guidelines to assess localized pitting corrosion have been investigated
and studied.

Recently several general corrosion models have been proposed in order to estimate
the corrosion degradation rates on various regions within tanker structures. Among
the various corrosion models that have been published, TSCF 1992 [6] and TSCF
2000 [40] did not consider coating effective periods and assumed that corrosion
started immediately after construction of the vessel. Whereas Paik et al’s. [26] and
Wang et al’s. [34] models can each be considered to be one of the latest and more
detailed corrosion models which include coating effective periods. However there are
large differences in the predicted corrosion rates between these two models. It is also
found that Paik et al’s. model shows higher corrosion rates for upper deck plates and
deck longitudinal webs in ballast tank than in cargo tanks, whereas Wang et al’s.
model indicates higher corrosion rates in cargo tanks than in ballast tanks. The
comparison of existing corrosion models shows that there is considerable scatter in
the data between each corrosion model even though the same structural members are
referred to. This is because there are so many corrosion uncertainties and different
corrosion environments in each ship as well as potential variations in actual
measurement practices. In this study, oil tanker structures are sub-divided into 27
individual components and the existing corrosion models are compared against each
structural component. The results indicate that the highest corroded structural
components is deck longitudinal web in ballast tank based on Paik et al’s. model,
whereas bottom shell in cargo tank based on TSCF and Wang et al’s models.
Generally Paik et al’s model shows higher corrosion degradation rates than do the
TSCF and Wang’s et al. models.

Hull girder section modulus represents a measurement of the ship’s longitudinal
strength and the section modulus should be always greater than the rule requirement.
The hull girder section modulus will be decreasing with time due to corrosion
progress in ageing ship structures, consequently stress levels of local structural
members will also be increased over the design life. However it is time consuming
and routine work to calculate the section modulus degradation which considers annual
corrosion degradation in ageing ships not only for initial corrosion margins in design
stage but also for estimating future maintenance period. Based on Paik’s et al, Wang’s
et al and the average model (PW model), the progressive time related changing of the
vertical and horizontal section modulus values are investigated for an existing
AFRAMAX Double Hull Tanker. Paik et al’s model shows a more severe decreasing
pattern of section modulus at deck than Wang et al’s model Finally some simplified
formulas to estimate time variant vertical, horizontal section modulus degradation and
associated stress change at upper deck and keel are proposed. The proposed formulas
are useful to evaluate suitable corrosion margins for marine structures and to assess
time variant reliability and hull girder longitudinal strength of ship structures.

It is clear that the ship structures under clean inert gas environment will reduce
corrosion rate remarkably than under normal operating condition. However the extent
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of effectiveness of clean inert gas for double hull tanker structures is still questionable
and actual onboard test are necessary. In this study, the effects of high quality inert
gas on time variant section modulus degradation have been investigated by assuming
that the corrosion rate under inert gas is respectively 10%, 30%, 50% and 70% of
average corrosion degradation model with the assumption that the effective coating
life is 5 years. The results indicate the effectiveness of clean inert gas on control
corrosion of marine and offshore structures, improvement of structural integrity and
longitudinal strength in ageing double hull tankers. This means well designed clean
inert gas system can minimize corrosion rates of structures and accordingly can
minimize section modulus degradation over typical service life. Eventually the
maintenance costs for ageing ships might remarkably be reduced compared to the
structures which haven’t clean inert gas provision.

It is assumed that different size and structural details might have a different time
variant section modulus degradation ratios and associated stress change at upper deck
and keel. Accordingly further research activities and investigation are required based
on different sizes and types of vessels.
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Chapter 4

Fatigue Assessment of Corroded Ship Structures

4.1 Introduction

Ship and offshore structures frequently suffer from the fatigue damage mainly caused
by cyclic wave induced loads and both external and internal hydrodynamic pressures.
Fatigue thus becomes the cause of various cracks in welded and unwelded ship
structure components. Eventually fatigue damage affects not only costly replacement
or repair of ship structure but also potential damage to cargo and environment,
serviceability and safety of ageing ships. According to recent reports, many cracks
have been found in relatively new crude oil tankers which were constructed of higher
strength materials. This means that the use of higher strength steel (HTS) leads to
higher stresses in ship’s structure due to reduced thickness but there is little difference
between mild steel and higher strength steel with regard to corrosion and fatigue
properties and hence more careful detail design become necessary.

The purpose of the fatigue assessment process is to estimate the fatigue life of
individual details of the hull structure and to ensure that the structure is well designed
for its intended service, operational and environmental loads over its required
lifetime. The estimated length of fatigue life can be basis of initial scantling design
and the selection of appropriate design details and shall be used for future developing
a maintenance and inspection programme throughout the life of ship. Actually
verification of an adequate fatigue life is now becoming a part of the classification
society approval process.

Generally, fatigue failure can be prevented by controlling the local cyclic stress
amplitude. The designer should ensure that the hull section modulus is large enough
considering corrosion degradation of the ageing ships and its ability to continue to
withstand wave induced hull girder bending stresses and seek to reduce stress
concentrations at local areas by increasing local scantling or suitably modifying the
local detail geometry.

The systematic study of fatigue was initiated by Wohler in the period of 1858 ~ 1860,
who performed the first systematic experimentation on damage of materials under
cyclic loading. He conducted tests on full scale railway axles and also on small scale
bending, torsion and axial cyclic loaded specimens of different materials. Wohler
introduced the concept of the fatigue curve where a characteristic magnitude of cyclic
stress is plotted against the corresponding cycle number that resulted in fatigue
failure. This presentation of fatigue life has become very well known as the S-N
diagram [1].

In 1924 Palmgren suggested the damage accumulation concept which is known as
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‘Linear Rule’. Miner [2] first presented the Palmgren linear damage concept in
mathematical form, expressed by:

n.
D=) — Eq.4.1
> N (Eq.4.1)
where D = cumulative damage ratio
n, = number of applied cycles
N, = number of total cycles to failure

This approach is necessary when a component is subject to complex combination of
different stress range cycles and associated frequencies.

U.S. Ship Structure Committee [3-11] have done many comprehensive reviews of ship
fatigue and fracture control researches.

Xue et al. [12] investigated the fatigue behaviour of longitudinal stiffeners in oil
tankers and container ships by using three different long term marine distributions,
namely the RINA, ISSC-88 and GL/IACS wave environments.

Cramer and Hansen [13] proposed a general procedure for obtaining the long term
cyclic wave induced stress range distribution or extreme value distribution to be
anticipated over a ship’s lifetime. The procedure outlined is built on the specified
trading route of the vessel and takes into account ship speeds, heading angle, different
loading conditions and effects of manoeuvring. The method was based on a linear
frequency domain analysis.

Hansen and Winterstein [14] attempted combining linear frequency domain analysis
with realistic wave models to the analysis of the fatigue damage in the side shell
region. They found that it is very important to include the water pressure in the fatigue
analysis, as this accounts for the majority of the anticipated fatigue damage in the side
shell region.

The International Ship and Offshore Structures Congress (ISSC) has reviewed the
existing state of the art related to the fatigue and fracture in ship and offshore
structures [15, 16]. Comparative fatigue analyses have been performed according to
the various Classification Societies rules and guidance promulgated by ABS,
BV/RINA, DNV, GL, KR, LR, NK and RS with an application to a Panamax Container.
A welded pad detail on top of a longitudinal hatch coaming bar, and where the hatch
covers are supported for vertical loads, had been selected for the analyses. The
calculated results showed that large differences existed between the predicted fatigue
lives for the same detail as determined by the different Classification Society rules
and guidance [15].

Additional comparative fatigue FEM-based analyses have been performed on a simple
I-beam structure based on the Classification Societies rules and guidance promulgated
by DNV, GL, ABS and LR. The results showed that fatigue life predictions ranged
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from 239,600 to 713,900 cycles [16] that indicates a large variation in calculation
results.

A general history and review of fatigue damage can be found in various papers such
as Fatemi and Yang [17], Fricke et al. [18] and Brennan et al. [19]. Some recent
literature reviews on fatigue analysis of welded joints were introduced by
Fricke [20].

Currently the Classification Societies fatigue assessment procedures are based on
reduced scantling and accordingly the corrosion allowance which is required by each
Classification Society should be subtracted from the as-built scantlings before the
calculation of the fatigue life. It would be valuable to calculate fatigue life based on
expected corrosion rates from existing corrosion models and compare with each
Classification Society requirements in order to decide maintenance programme and
period in ageing ships.

In this chapter the fatigue life of an existing AFRAMAX double hull shuttle tanker
considering the effects of corrosion, based on a design target fatigue life of 20 years,
has been investigated to evaluate the actual fatigue life of the various ship sideshell
longitudinal stiffeners in accordance with the DNV method [21].

4.2 Fatigue assessment methods

Normally the assessment of the fatigue strength of welded structural members is
carried out in three phases:

e (alculation of stress ranges,
e Selection of the appropriate design S-N curve,
e (Calculation of the cumulative damage ratio.

Depending on the characteristics of the stresses used in the calculations, the actual
form of the fatigue assessment can be categorized by the so-called “nominal stress
approach”, “hot spot stress approach” or by the “notch stress approach”. The three
stresses are defined as follows [22]:

m Nominal stress

A general stress in a structural component calculated by beam theory based on the
applied loads and the sectional properties of the component. The sectional properties
are determined at the section considered (i.e. the hot spot location) by taking into
account the gross geometric changes of the detail (e.g. cutouts, tapers, haunches,
brackets, changes of scantlings, misalignments, etc.). The nominal stress can also be
calculated using a coarse mesh FE analysis or analytical approach.

m Hot spot stress

A local stress at the hot spot (a critical point) where cracks may be initiated. The hot-
spot stress takes into account the influence of structural discontinuities due to the
geometry of the connection detail itself but excludes the effects of welds.
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m Notch stress
A peak stress at the root of a weld or notch taking into account stress concentrations
due to the effects of structural geometry as well as the presence of welds.

4.2.1 S-N Curve

The fatigue analysis can be calculated based on a S-N curve in conjunction with the
Palmgren-Miner linear cumulative damage law or by fracture mechanics methods
based on crack propagation calculations. The capacity of welded steel joints with
respect to fatigue damage is characterized by various S-N curves which are obtained
from a combination of experience and fatigue tests. The nominal stresses are to be
multiplied by relevant stress concentration factors for calculation of local notch
stresses.

For ship structural details, S-N design curves are given by:
S"N=K (Eq.4.2)

which in logarithmic form becomes:

log N =log K —mlog§ (Eq.4.3)
where S = stress range

N = number of cycles to failure

m = the negative inverse slope of S-N curve

log K = the life time intercept of the S-N curve (=loga -2 s)

a = life intercept of the mean S-N curve

s = standard deviation of log N

Experimental S-N curves are defined by their mean fatigue life and standard deviation.
The mean S-N curve means that for a cyclic stress level S the structural detail will fail
with a probability level of 50 percent after N loading cycles. The design S-N curves
represent two standard deviations below the mean lines, which corresponds to a
survival probability of 97.5 per cent [22].

Each of the classification societies have their own selected S-N curves for fatigue
assessment [21, 23-25] referenced to specific design details and the ship’s fatigue life
can be evaluated by their own computer program such as ABS SafeHull, LRS
ShipRight and DNV Nauticus Hull System that are made available to the shipbuilding
industry.

Unless supported by alternative direct measurement, IACS [22] recommends the
following sets of S-N curves:

e U.K. HSE Basic S-N Curves, or
e [IW(The International Institute of Welding) S-N Curves
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The HSE Basic S-N curves consists of eight curves as shown in Fig. 4.1, These curves
give the relationship between the nominal cyclic stress range and the number of
constant amplitude load cycles to failure. Each curve represents a class of welded
details which are dependent on the geometrical arrangement of the detail. The
Classification Societies provide guidance regarding the selection of specific curves
that are relevant for specific ship structural details.

The International Institute of Welding (IIW) S-N curves, as shown in Fig. 4.2, also
based on the nominal stress range and correspond to non corrosive conditions are
characterized by the fatigue strength at 2x10°cycles, The prime slope of all S-N
curves is m=3 and the change in slope (m=5) occurs for N =5x10° cycles.

4.2.2 Cumulative damage model

The cumulated fatigue damage can be derived from the local stress range responses
over the design life of the ship. The target cumulative fatigue damage factor 7 should
be equal to or less than one. If the local long term stress range response is defined
through adequately refined histograms, the cumulative damage is given by:

m
I’n 11’

D=) —L=— Ao, < Eq.4.4
St ¥nlac) < (g 4.4

where D = accumulated fatigue damage

p = number of stress blocks

m = negative inverse slope of the S-N curve

K = intercept of the design S-N curve with the log N axis
n = number of stress cycles in stress block i

= number of cycles to failure at constant amplitude stress range Ao,
= target cumulative fatigue damage for design.

The difficulty for the designer is the creation of a stress range histogram that
adequately represents the applied cyclic stresses experienced by the vessel over its
designed lifetime. Such cyclic stresses are generally taken due to the many waves of
various amplitudes, periods and frequency of occurrence that the vessel will encounter
during its lifetime, allowing for such factors as the vessel loading conditions, heading
angles relative to the waves and ship speed, etc.

Various mathematical approaches have been developed to represent the long term
wave-induced demands on a vessel. There is also a somewhat more refined approach
based upon the availability of more accurately quantified average yearly sea-state
statistics. These approaches are reviewed in the following sections.

IACS [22] assumed that the long term distribution of stress ranges fit a two-parameter
Weibull probability distribution, by applying the Palmgren-Miner rule, the
cumulative fatigue damage D, for each relevant condition is given by:
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o, N S m
D, =——*t B T 1+— (Eq.4.5)
K (InN,)"* [ fj
where:
L ao,T
N,  =total number of stress cycles over the design life | =
4logL
o, = factor taking into account the time needed for loading / unloading operations,
repairs, etc. (=0.85)
¢, = part of the ship’s life in loaded condition (= 0.5 for tanker)
o, = partof the ship’s life in ballast (=0.5 for tanker)
T = design life, in seconds
L = ship’s length, in m
m, K = constants
Sy = stress range, in MPa, for the basic case considered, at the probability level of
1/N,
N, =number of cycles corresponding to the probability level of 1/ N,
¢ = Weibull shape parameter (: 1.1-0.35 L- 100)
r = Gamma function
7 = coefficient taking into account the change in slope of the S-N curve
[y{l+m’vij_v—Am/§y{l+ m+Am’Viﬂ
o1 S 3
m
INi+—
( 5]
S 4
v, =|—=| InN,
SRi
S, = stress range at the intersection of the two segments of the S-N curve
Am = slope range at the upper to lower segment of the S-N curve

7(a, x) = incomplete gamma function, Legendre form

With this proposed method the resultant cumulative damage ratio, given by:

D=D,+D, (Eq.4.6)
where D, = cumulative fatigue damage for the loaded condition
D, = cumulative fatigue damage for the ballast condition

The cumulative fatigue damage ratio, D, may be converted to a calculated fatigue life
using the relationship expressed by:
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Design life

Predicted Fatigue life = b

(Eq.4.7)

Finally the calculated fatigue life is to be equal or greater than the design life of the
ship.

The total cumulative fatigue damage can also be estimated from the combined
accumulated damage within each short term sea state condition. The cumulative
damage is then the weighted sum over all the sea states and wave heading directions
the ship is encountering over the design life, weighted with the occurrence rate r of
the difference sea states and heading directions, given by [21]:

all sea states m

Nigag all headin,
D :% F(H%j Yopox Y ¢ raR2me,) < n (Eq4s)

n=l1 i=l,j=1

where p, = fraction of design life in load condition n

r.

l.j = the relative number of stress cycles in short-term condition i, j

m, = zero spectral moment of stress response.

4.3  Stress and load analysis

There are two general kinds of methods that can be employed in order to estimate
long term stress range distribution. One is the stress range based on dynamic loading
as specified in the each classification rule. Normally the Weibull distribution is
adopted for the calculation of long term stress ranges. The nominal stresses are
multiplied by the relevant stress concentration factors for calculation of local notch
stresses. The other method is that the long term stress ranges are calculated based on
wave scatter diagram data of actual or expected routes. This latter method requires
considerably more analytical effort than does the former method.

4.3.1 DNV model
Cramer et al. [26] and DNV [21] introduced simplified approach for estimating the

long term stress range distribution which is based on the assumption of Weibull
distributed stress ranges, having cumulative probability, expressed by:

Ao :
0(Ac)=1-exp| - [—j (Eq.4.9)
q

The stress range distribution may also be expressed as:

¢
Ao =Ac, [hll“]\’; } (Eq.4.10)
R
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where Q = probability of exceedance of the stress range Ac
q = Weibull scale parameter = __Ao,_ .
In N,)

Ao, =reference stress range value at the local detail exceeded once out of
N, cycles

The shape parameter & depends on the prismatic parameters of the ship, the location
of the considered detail and the planned sailing route over the design life as follows:

&E=¢, for deck longitudinals
E=& +¢ DDD“’L for ship side above the water line
Depth “ Lact
E=¢6,+ 8, for ship side at the water line
E=¢&+ iaz - O.OOS(TM, - z) for ship side below the water line
&=¢,-0.005T,, for bottom longitudinals
E=¢6,+ 8, for longitudinal and transverse bulkhead
where &, = shape factor as a function of ship’s length = 2.21-0.54 x log (L)
g, = additional factor depending on the motion response period
= 0.05 in general

=0 for plating subjected to forces related to roll motions for vessels
with roll period T, >14 sec

D,,, = the moulded depth of ship
T,  =the actual draught
Z = the location height above the keel

The combined stress range response from the combined global and local stress range
is given by the largest of:

Ao, =f Ao (Eq.4.11)
A Ao, +0.6A0, Ead 12
o= 4.
1M 06a0, + Ao, (Fq:4.12)
where f, = the operation route reduction factor

= 0.8 for world wide operation
= 1.0 for shuttle tankers and vessels that frequently operate in the
North Atlantic

f,,  =the mean stress reduction factor
= 1.0 for tension over the whole stress cycle
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= 0.85 for mean stress equal to zero
=0.7 for compression over the whole stress cycle

The combined global stress range response is estimated by:

Ao, =\JAc?+Act, +2p, Ao, Ao, (Eq.4.13)

g

where Ao, = wave induced vertical hull girder bending stress ranges
Ao, =horizontal hull girder bending stress ranges = 20,
p., = average correlation between vertical and horizontal wave induced
bending stress (= 0.10)

The combined local stress response is estimated by:

0,=2,Jc}+02+2p, 0, O, (Eq.4.14)
where o, = the external sea pressure induced stress amplitude
o, = the internal inertia pressure induced stress amplitude

The correlation between the external and internal pressure induced stresses is a
function of the location of the considered detail, given by:

c b bl i

> Yor. Tartup st =l
pp = act act (Eq415)
W bW
04+—+ z>T,
4L 4B 5L
where B = the greatest moulded breadth of the ship

x, ¥, z = the longitudinal, transverse and vertical distance from the origin at
(midship, centreline, baseline) to the load point of the considered
structural detail.

The wave induced vertical hull girder bending stress is given by:

o, =05K[M ,, — M, |10%]z=n)|/1, (Eq.4.16)
The wave induced horizontal hull girder bending stress is given by:

o, =K M, 107|y|/1. (Eq.4.17)

where M, = vertical wave sagging bending moment amplitude
M, , = vertical wave hogging bending moment amplitude

|Z - n0| = vertical distance in m from the horizontal neutral axis of hull cross
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section to considered member
I, = moment of inertia of hull cross-section in m* about transverse axis
K
M, = horizontal wave bending moment amplitude
y = distance in m from vertical neutral axis of hull cross section to
member considered
I, = the hull section moment of inertia about the vertical neutral axis

= stress concentration factor for considered detail and loading

!

The vertical wave induced bending moments and horizontal wave bending moment at
10~ probability level of exceedance, given by:

M, =-011fk,C, L*B(C,+0.7) (kNm) (Eq.4.18)
MwO,h = 0'19frkmewL28CB (kNm) (Eq419)

M, =022fL"*T,, +0.30B)C,(1-cos(2mx/L)) (kNm) (Eq.4.20)

ct

where C, = wave coefficient
k., ~ =moment distribution factor
= 1.0 between 0.40L and 0.65L from A.P
f = factor to transform the load from 10~ to 10~ probability level
= 0.5"%
g, = long term Weibull shape parameter = 2.21 — 0.54 log (L)
C,  =Block coefficient

The dynamic external pressure amplitude is given by:

p,="1,p, (kN /m?*) (Eq.4.21)

p

where p, = dynamic pressure amplitude below the waterline

The dynamic pressure amplitude is taken the largest of the combined pressure
dominated by pitching motion in head/quartering seas, p,,, or the combined pressure

dominated by roll motion in beam/quartering seas, p,, , as:

o
m‘lQ(Tm -z,)

Ytk ,
D =10{|y|§+CB||—f(O.7+2;—“]:|

Py =D +135
p, = max (kN/m*) (Eq.4.22)

16

act
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where pﬁ:hc;+kf:(hc;+kf{08+01531J it 515

JL) AL
k., =3C, between 0.2L and 0.7L from AP.
z,, = vertical distance from the baseline to the loadpoint = maximum 7, (m)
y = horizontal distance from the centre line to the loadpoint
y =y, but minimum B/4 (m)
k ;= the smallest of T, and f
f = vertical distance from the waterline to the top of the ship’s side at
transverse section considered (m) = maximum 0.8 C, (m)
¢ = rolling angle, single amplitude (rad) = 50 ¢ /(B +75)
¢ =(1.25-0.025T,) k

k =1.2 for ships without bilge keel
= 1.0 for ships with bilge keel
V = vessel’s design speed in knots
r,= reduction of pressure amplitude in the surface zone

=1.0 for z<T, -z,
T.,+z,-2
= % for Tact - Zwl < Z < Tact + Zwl
wl
=0.0 forT,, +z,<z
. . . 3
z,, = distance in m measured from actual water line = %
P8

pdT: pd at z :Tact
T,. = the draught in m of the considered load condition

p = density of water = 1.025(t / m3)

The dynamic internal pressure amplitude can be taken as the maximum pressure due
to acceleration of the internal mass, expressed by:

p=pah,
p,=f, max{p,=paly,| (kN / m*) (Eq.4.23)
b, =paq, |'xs|
where p, = pressure due to vertical acceleration
D, = pressure due to transverse acceleration
Ds = pressure due to longitudinal acceleration
0 = density of sea water = 1.025 (ton/m’)
X, = longitudinal distance from centre of free surface of liquid in tank to
pressure point considered (m)
v, = transverse distance from centre of free surface of liquid in tank to the
pressure point considered (m)
h, = vertical distance from point considered to surface inside the tank (m)
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a, = acceleration in vertical direction (m/s>)

a, = acceleration in transverse direction (m/s”)

a, = acceleration in longitudinal direction (m/s>)

£, = factor to transform the load effect to probability level 10~ , when the

accelerations are specified at the 10~ probability level = 0.5""
h = h, +0.05=2.26-0.541log,,(L)

4.3.2 ABS Model

ABS [24] defines the determination of total stress range f, as follows;

fe=c;(feg+ fru) Nicm® (Eq.4.24)

where
fre = global dynamic stress range, in N/cm® = |(fdm. - fdlvj)+ (fd””. - fdlhj}

fre

local dynamic stress range, in N /cm’

(fdzi +f;2i +fd3i)_(fd2j +fd*2j +fd3j1

= CH’
¢, = adjustment factor to reflect a mean wasted condition = 0.95
¢, = coefficient for the weighted effects of the two paired loading patterns = 0.75

Sawi» far,; = wave induced component of the primary stresses produced by hull girder

vertical bending moment, in N /cm?, for load case i and j of the selected
pairs of combined load cases, respectively

Jaini» fany = wave induced component of the primary stresses produced by hull girder
horizontal bending moment, in N /cm?, for load case i and j of the
selected pairs of combined load cases, respectively

Jani» fan; = Wave induced component of the secondary bending stresses produced by
the bending of cross-stiffened panels between transverse bulkheads, in

N/cm?, for load case i and Jj of the selected pairs of combined load cases,
respectively

faui» fan ;= Wave induced component of the additional secondary stresses produced by
the local bending of the longitudinal stiffener between supporting

structures (e.g., transverse bulkheads and web frames), in N/ cm?, for load
case i and j of the selected pairs of combined load cases, respectively

Jusis fa3; = wave induced component of the tertiary stresses produced by the local

bending of plate elements between the longitudinal stiffeners in, N /cm?,
for load case I and j of the selected pairs of combined load cases,
respectively

ABS 2004 Rule 5-1-Al specifies a listing of the permissible stress ranges, PS, for
various categories of structural details based on 20 year minimum design fatigue life.
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For vessels designed for a fatigue life in excess of the minimum design fatigue life of
20 years, the permissible stress ranges, PS, calculated above are given by:

PY[Y.]=C(20/Y.)"'" PS (Eq.4.25)

where PS[Y, ]= permissible stress ranges for the target design fatigue life of Y,

Y = target value in years of “design fatigue life” set by the applicant in
five(5) year increments
m = 3 for Class D through W of S-N curves
= 3.5 for Class C
=4.0 for Class B
C = correction factor related to target design fatigue life considering the

two-segment S-N curves

4.4  Spectral based fatigue analysis

The purpose of the Spectral-based Fatigue Analysis is to accurately determine the
dynamic response stresses for each sea state experienced by the structure. Perhaps it
should be noted that this approach is only appropriate if there is very good sea state
data available for the intended sea area of operation. The Spectral-based Fatigue
Analysis method for selected structural locations can be categorized into the following
components [25].

e Establish fatigue demand
e Determine fatigue strength or capacity
e (Calculation fatigue damage or expected life

Through a vessel’s lifetime the irregular ocean waves are considered to be the main
source of hull structure fatigue damage. The first steps of a spectral fatigue analysis is
the determination of the stress range transfer function, H (@, ), which expresses the
relationship between the stress at a particular structural location with wave frequency
and wave heading.

Many references and guidance are available for describing spectral based waves
theory [21, 25, 27, 28].

4.4.1 Statistical description of wave

The linear modelling of the ship response to waves is generally used for fatigue
assessment of ship structures. The response is described by a superposition of the
response to all regular wave components that make up the irregular sea, leading to a
frequency domain analysis. The resulting stresses are calculated as a summation of all
contributing dynamic loads and load effects.

The wave elevation of a long-crested irregular sea propagating along the positive x-
axis can be written as the sum of a large number of wave components.
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Considering a long-crested irregular sea described by a sea spectrum S(w), whose
elevation is given by:

E@)= iAj costk,x—m;t+6,) (Eq.4.26)
j=1
where A, J= the j-th component of wave amplitude
k; = wave number = 27/ A
A = wave length
o, = the j-th component of wave frequency = 2z/T,,,
T,.. = wave period
0, = phase angle

For a linear system, the response spectrum S (@) of stationary structure is given by:

Sy (@) =H (o, B)S(w) (Eq.4.27)
where H = response amplitude operator

w = wave frequency

B = angle of wave attack

For ship with a forward speed U, the response spectrum is expressed by:

Sy(w)=H(w,,pS(,) (Eq.4.28)
where @, = the encountered wave frequency
= | w—kUcos B |
k = wave number = @’/ g for deep water
g = acceleration due to gravity

The wave energy of a random sea is independent of the ship’s forward speed, thus
S(w,)dow, = S(w)dw (Eq.4.29)

The area m,, of a response spectrum is expressed by:

my=[ S, (@)do, =[ H(@,.p)S@,)do, (Eq.4.30)

or  my=|" H(a,pS@do

The second moment m, of the area of the response spectrum is given by:
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my =" @S (@)Mo,=| oH (@,p)SW®,)do, (Eq.4.31)

o m=[ @’H (@, AS(@dw

The fourth spectral moment m, can be calculated as follows:

m,=[ @'H(,p)S@do (Eq.4.32)

4.4.2 Wave spectrum

The shape of the actual wave spectrum which is observed in the oceans varies
depending on the geographical location, duration, wind, stage of growth and decay of
a storm and existence of swells. Bretschneider [29] was the first to propose that the
wave spectrum for a given sea state could be represented in terms of two parameters
such as the wave height H and the average wave period 7. Since then various other
formula have been proposed. Among others, the International Towing Tank
Committee (ITTC) and JONSW AP spectrums are reviewed in the following sections.

4.4.2.1 ITTC Spectrum

The International Towing Tank Conference [30, 31] suggested a modification of the
P-M spectrum in terms of the significant wave height and zero crossing frequency, @, .
The ITTC spectrum is formulated as:

4 2 4
S(@) = ag ™ exp[— %} (Eq.4.33)
where @ = wave frequency
g =9.81 m/s>
H_ = significant wave height
0.0081
o = x
Jglo
T
3.54 o,
. : n,
w, = zero crossing frequency = _[—
m,
o = the standard deviation (r.m.s. value) of the water surface
=.m, = H_ /4
4.4.2.2 JONSWAP spectrum

Hasselman et al. [32] developed the JONSWAP spectrum during a joint North Sea
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wave project. The formula for the JONSWAP spectrum can be written by modifying
the Pierson-Moskowitz [33] formulation, given by:

ex _(a)—a)(,)z
S(@)=a g’w” expl-1.25(w/ w,) ]y p[ }

2y (Eq.4.34)
where @, = the peak wave frequency
¥ = peakedness parameter
T = shape parameter (7, for @ < &, and 7, for @ > @,)

Considering a prevailing wind field with a uniform velocity of U, and a fetch of X,
then the average values of these quantities are given by:

=3.30 may vary from 1 to 7

=0.07

=0.09

= 0.076(X,) with & = 0.0081 when X is unknown
= fetch length

_8X

=5

= wind velocity

aﬂ =

N
S

S > =R

4.4.3 Short-term statistical analysis

It is clear that the magnitude of the wave induced response will reach a critical value
within a few hours of exposure in a severe storm rather than as a normal induced load
effect over a long period of time.

Many measurements of wave heights and peak to peak wave induced responses have

been found to follow a Rayleigh distribution with a probability density function given
by:

Y exp(—x?/ R) (Eq.4.35)

2
f(x)—?

where R is the mean square value of peak to peak random variable (= 2m,,).
The probability of exceeding the response amplitude value X is expressed by:
Prfx> X]= j: f(x)dx (Eq.4.36)

In case of the Rayleigh distribution the expression is formulated by:

Duo Ok — PhD Thesis 4-17
School of Marine Science and Technology
University of Newcastle upon Tyne



Chapter 4: Fatigue Assessment of Corroded Ship Structures

Prx>x] = Jj %exp(— x’ /R)dx = Jj {—diexp(— x? /R)}dx (Eq.4.37)
X

‘—exp(—x2 /R)‘:

exp[— X’ /2m0]

The most probable extreme value x“ of response amplitude for a specific sea

severity is given by the following formula [34]:

Extr 2 1 8
x5 = [2m, In| == (Eq.4.38)
\/ (1+\/1 e J

where ¢ = bandwidth parameter = _[1— m;
mym,
N = the number of responses in a given storm = 3600 n“'T
n“  =the average number of responses per unit time as given by:
1 (1+1=¢7 ) [m,
) E[ 201-¢ J m,

When the risk of probability P,, is considered, the design extreme value Q)" of

response amplitude is expressed by:

Q5" = \/2m0 ( Vi-¢” 2N } (Eq.4.39)

1 + 1 8 Prlvk

4.4.4 Long-term statistical analysis

A long-term analysis is one in which is considered all of the many weather conditions
encountered by the structure and integrates all short-term statistical responses on the
basis of the long-term joint probabilities of wave parameters and environment
directional probabilities such as speed, heading, wave spectrum and sea states.

The probability density function of peak values of responses over the ship’s lifetime
is a weighted sum of the various short-term probability density functions. The long-

term probability of exceeding the value X of dynamic wave induced response in the
time of the ship structure can be formulated by:

ZZZZ" Py PP Dy Pl X 12m, |
ZZZZ” PyPiPiPy

Plx>X]= (Eq.4.40)
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where p, = weighting factor for the joint probabilities of significant wave height

and zero crossing period given in the wave scatter diagrams for a
specific trade routes

Dy = weighting factor for wave spectrum
D, = weighting factor for heading to waves in a given sea state
p,, = weighting factor for ship speed in a given sea state and heading

Usually the long-term response probability distribution follows a Weibull probability
distribution and which is given as:

B [x>X]=exp| (X /a) | (Eq.4.41)
where ag = scale parameter
b = shape parameter

The total number of dynamic wave induced responses expected in the life time of the
ship structure can be expressed as:

n, = (Z 222" p;pep, pm] x 3600 T (Eq.4.42)
g k I m

where T = the total exposure time of the structure to seas in hours
The probability of exceeding the extreme amplitude value Q)" of dynamic wave
induced response can be obtained from following formula:

Ple> k)= Lt (Eq.4.43)

n
4.5 Time variant fatigue assessment of AFRAMAX shuttle tanker

Most of fatigue induced fracture damages in ship structures can be found on the ship
side, ship’s bottom and tank boundaries where high stresses and cyclic loads are
expected. Fig. 4.3 illustrates typical fatigue crack locations in tanker structures, Fig.
4.4 illustrates typical midship section of an existing double hull tanker and Fig. 4.5
shows local geometry details of typical sideshell longitudinal stiffener (No. 38).

The principal dimensions and load conditions for example double hull tanker are as
follows:

Length of ship (L.B.P) L =219.08 m
Breadth of ship B = 42.0m
Depth (Moulded) Dy = 21.3m
Scantling Draft(Moulded) T,,. = 145m
Duo Ok — PhD Thesis 4-19

School of Marine Science and Technology
University of Newcastle upon Tyne



Chapter 4: Fatigue Assessment of Corroded Ship Structures

Ballast Draft Ty, = 7.52m
Block coefficient Cy = 0.8063
Design speed \% = 14.7 knot
Neutral axis above keel Hy o =9.142m
Vertical sectional modulus at deck line Z, =28.86m’
Horizontal sectional modulus at ship side Z, =48.93m’
Metacentric height in loaded condition GM ,,.. =5.04m
Metacentric height in ballast condition GM ,, =13.86 m
Roll radius of gyration in loaded condition Ky 1w =16.38 m
Roll radius of gyration in ballast condition Ky s =16.38m
Fraction of time in load condition P, . =0.45
Fraction of time in ballast condition P s =0.40

A : Longitudinal Cracked
B : Flat Bar Cracked
C: Shell Plate to Web Weld Crack

C, : Type C Crack Extending int o Shell Plate
/ D: Web Frame (Cutout ) Cracked
E : Bracket Cracked
/ F:Lug Cracked

Flat Bar
I Stiffener

Side or Bulkhead
Longitudinal o

I+ Bracket

Side Shell or |1~
L. Bulkhead ——_11 Web Frame or

T. Bulkhead Plating

Fig. 4.3. Typical Fatigue Crack Locations in Tanker Structures [8]
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Fig. 4.5. Details of longitudinal stiffener on ship sideshell (stiffener No. 38)
The detail dimensions and geometries of typical sideshell longitudinal stiffener in

ballast tanks (No. 38) are as follows and the full geometries of ship sideshell stiffeners
are given in Appendix A:

Stiffener sectional modulus at top of flange Z =0.001268 m’
Distance above keel Z =133 m
Length of bracket side b, =450 mm
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Web frame spacing [ = 3920 mm
Stiffener spacing s, = 800mm
Thickness of ship sideshell plate ‘, =16.0 mm
Height of stiffener h =380 mm
Thickness of web t, =12 mm
Width of flange b, =120 mm
Thickness of flange t; =20 mm
Thickness of bracket t, =13 mm
Thickness of transverse frame plating ly =15 mm
Distance from neutral axis to top flange z,, =294 mm

The above geometries of the stiffener are based on the designed values, however DNV
[21] requires that the stress calculation should be based on the reduced scantling and
thus the corrosion allowance should be subtracted from the original as-built values.
All stress calculations are thus considered with the deduction of corrosion allowance
which is required by DNV Rules Pt.3, Ch.1, Sec.2, D200 [35].

An existing AFRAMAX double hull shuttle tanker, based on a design target fatigue life
of 20 years, has been investigated to evaluate the actual fatigue life of the various ship
sideshell longitudinal stiffeners in accordance with the DNV method [21] as described
earlier in section 4.3.1. The detailed procedures of fatigue assessment have been
introduced in recent publication by Ok and Pu [36].

The following geometry properties are defined for the sideshell longitudinal stiffeners.
The full geometries of ship sideshell stiffeners in the ballast tank are given in
Appendix A.

Stiffener number 45 ~ 46 1250 x 90 x 11/16 mm (L-type angle)
Stiffener number 43 ~ 44 2300 x 90 x 11/16 mm (L-type angle)
Stiffener number 30 ~ 42 : 380 x 120 x 12/20 mm (T-type angle)
Stiffener number 25 ~ 28 : 380 x 120 x 12/24 mm (T-type angle)

No.25 to No.46 ship side shell longitudinal stiffeners have been investigated to assess
their individual fatigue life based on both as a North Sea operating shuttle tanker and
as a World Wide operating crude oil tanker. Total 57 sets of fatigue assessment have
been performed as in Table 4-1.

Fig. 4.6 (DSD) illustrates the predicted cumulative fatigue life based on a shuttle
tanker operating in the North Sea in accordance with the DNV method. The dynamic
pressure amplitude is taken as the largest of the combined pressure dominated by
pitch motion in head/quartering seas, or the combined pressure dominated by roll
motion in beam/quartering seas. Longitudinal stiffeners no. 43 to 47 show the
relatively high cumulative fatigue damage ratio due to the higher vertical global stress
range than others and the difference of geometric properties (L-type angle) from
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longitudinal stiffeners no.30 to 42 (T-type angle). Fig. 4.7 (DSP) also indicates the
predicted cumulative fatigue life based on the vessel operating as a North Sea shuttle
tanker. But in this case it is assumed that the dynamic pressure amplitude is
dominated by pitch motion in head/quartering seas without considering roll motion in
beam/quartering seas. Fig. 4-8 (DWD) shows the predicted fatigue life based on the
vessel operating as a World Wide operating crude oil tanker in accordance with the
DNV method. The dynamic pressure amplitude is taken as the largest of the combined
pressure dominated by pitch motion in head/quartering seas, or the combined pressure
dominated by roll motion in beam/quartering seas.

The results show that the fatigue life of longitudinal stiffeners near the upper deck
(stiffener no.43 ~ 46) is considerably shorter than for other locations. This is caused
by a relatively higher vertical global stress range and small geometry property of
stiffeners than at other locations. And also longitudinal stiffener no.32, which is
located between the design load water line and the ballast load water line, shows the
relatively short fatigue life than other locations.

The details of calculated values of lives are shown in Table 4-1 and Fig. 4-9.

Table 4-1
Fatigue lives of ship side shell longitudinal stiffeners
Stiffener no. DSD DSP DWD

46 28.02 years 28.65 years 45.52 years
45 29.53 years 31.59 years 48.23 years
44 33.52 years 37.25 years 54.56 years
43 33.81 years 39.96 years 54.95 years
42 59.40 years 66.31 years 96.76 years
40 66.89 years 83.51 years 109.11 years
39 69.93 years 94.38 years 113.96 years
38 63.57 years 107.58 years 103.25 years
37 55.74 years 107.58 years 91.05 years
36 49 .47 years 100.55 years 80.13 years
34 38.85 years 87.91 years 63.05 years
33 34.57 years 79.71 years 56.35 years
32 31.79 years 73.96 years 51.80 years
31 31.59 years 73.61 years 51.28 years
30 31.53 years 71.56 years 51.45 years
28 41.47 years 81.83 years 67.48 years
27 44.08 years 75.41 years 71.89 years
26 46.76 years 68.38 years 76.16 years
25 48.69 years 61.05 years 79.30 years
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4.6  Fatigue assessment based on corrosion degradation model

Both the DNV Model [21] as specified in section 4.5 and other Classification Societies
fatigue assessment procedures are based on reduced scantling and accordingly the
corrosion allowance which is required by each Classification Society should be
subtracted from the as-built scantlings before the calculation of the fatigue life.

Recently IACS [37] published unified new rule, so called “Common Structural Rules
of Double Hull Oil Tanker” for double hull oil tanker of 150m length and upward
classed with the society and contracted for construction on or after 1* April 2006.
IACS specifies that the scantlings and stresses used for the fatigue assessment are to
be taken as the representative mean value over the design life. The mean corrosion
over the design life is given as half the corrosion assumed for scantling strength
assessment. Local stresses are thus calculated based on half the full local corrosion
addition and hull girder stresses are calculated based on half the overall global
corrosion. Half the global overall corrosion is found by deduction of one quarter of
the full local corrosion addition of all structural elements simultaneously.

Another consideration of fatigue damage to account for corrosion protection and
degradation of structure exposed to a corrosive environment is proposed by DNV [21].
However, for more accuracys, it is necessary to evaluate the consequences of an actual
corrosion degradation model on fatigue life assessment. The WANG’s model and the
average model (PW model), which is introduced in Chapter 3, are used to investigate
the differences between DNV guidance on fatigue assessment and more meaningful
corrosion degradation models using calculations based on ship sideshell longitudinal
stiffener number 32.

The time-variant vertical hull girder section modulus degradation model uses the new
equation which is proposed in section 3.5.1 and the time-variant horizontal section
modulus degradation model uses the new equation in section 3.5.2. All corrosion
degradation data in this chapter is based on WANG’s model and PW’s model as
proposed in Chapter 3.

The overall fatigue assessment procedures are followed DNV method [21] as
described in section 4.3.1. Table 4-2 and Table 4-3 show the time-variant design value
for fatigue assessment based on the North Sea operating shuttle tanker. And Table 4-4,
Table 4-5 and Table 4-6 show accumulated fatigue life based on DNV model,
WANG'’s et al. model and PW model.

Table 4-2
Time variant design values based on WANG'’s et al. model
Description Original DNV value WANG WANG WANG
design value 20 years 25 years 30 years
Z, 28.86 m’ 28.86 m’ 26.74m’ 26.21 m’ 25.67m’
Z, 48.93 m’ 48.93 m’ 45.18m’ 44.40m’ 43.63m’
Z, 0.00140m> | 0.00127m’> | 0.00135m> | 0.00134m’> | 0.00132m’
, 16.0 mm 14.5 mm 15.36 mm 15.14 mm 14.93 mm
f, 12.0 mm 10.5 mm 11.37 mm 11.16 mm 10.95 mm
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t, 20.0 mm 18.5 mm 19.52 mm 19.36 mm 19.20 mm
t, 13.0 mm 11.5 mm 12.36 mm 12.14 mm 11.93 mm
t, 15.0 mm 13.5 mm 14.36 mm 14.14 mm 13.93 mm
Zo; 293.97 mm 293.54 mm 293.46 mm 293.32 mm 293.00 mm
Table 4-3
Time variant design values based on average (PW) model
Description Original DNV value PW PW PW
design value 20 years 25 years 30 years
Z, 28.86 m’ 28.86 m’ 26.56 m’ 25.97m’ 25.38m’
Zy 48.93 m’ 48.93 m’ 44.46 m’ 43.43m’ 42.40m’
Z, 0.00140m> | 0.00127m> | 0.00131m> | 0.00129m> | 0.00126m°
, 16.0 mm 14.5 mm 15.26 mm 15.02 mm 14.77 mm
‘, 12.0 mm 10.5 mm 10.77 mm 10.36 mm 9.95 mm
t, 20.0 mm 18.5 mm 19.19 mm 18.92 mm 18.65 mm
t, 13.0 mm 11.5 mm 12.26 mm 12.02 mm 11.77 mm
t, 15.0 mm 13.5 mm 14.26 mm 14.02 mm 13.77 mm
Zo; 293.97 mm 293.54 mm 294.93 mm 295.32 mm 295.68 mm

Table 4-2 and 4-3 indicate that the DNV guideline uses fixed section modulus in their
hull girder bending stress calculation whereas applied corrosion models use different
section modulus values in each design life. However corrosion rates of local plate and
stiffener in DNV guideline shows more conservative values than that of applied
corrosion models (Wang’s et al. and PW models) which is based on 30 years design
life. This reveals that current corrosion margins in DNV guideline have adopted much
higher values of corrosion degradation rates than actual statistics based existing
corrosion models and data.

Table 4-4
The accumulated fatigue life based on DNV model assuming 5 years effective
corrosion protection period

Description 20 years 25 years 30 years
DLr)uded 0.704 0.924 1.109
0.252 0.332 0.397
Ballast
D,,. 0.956 1.256 1.506
TLife 20.92 years 19.90 years 19.92 years
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Table 4-5
The accumulated fatigue life based on WANG’s et al. model
Description 20 years 25 years 30 years
DLr)uded 0.344 0.442 0.540
allast 0.125 0.160 0.195
D,,. 0.469 0.602 0.735
TLife 42.64 years 41.53 years 40.82 years
Table 4-6
The accumulated fatigue life based on average (PW) model
Description 20 years 25 years 30 years
D,, .1 0.364 0.476 0.599
Dots 0.131 0.170 0.212
Dy 0.495 0.646 0.811
T, 40.40 years 38.70 years 36.99 years

The results of Table 4-4, Table 4-5 and Table 4-6 show that the accumulated fatigue
life based on DNV model assuming 5 years effective corrosion protection period is
noticeably shorter than that of existing corrosion models. This is because that DNV

recommendation has very conservative level of corrosion environment factor,D

which is to be considered in final calculation of design life.
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Fig. 4.10. Comparison of fatigue life

Fig. 4.10 illustrates overall comparison of fatigue life for each model. The results
indicates that the fatigue life based on DNV Notes no.30.7 is noticeably shorter than
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that of existing corrosion models such as WANG’s model and PW model. If the
fatigue life is less than design target life, this means that the fatigue failure is to be
expected in calculated structural details. Accordingly the design target life of 25 years
and 30 years can be considered structurally unsafe condition for ship sideshell
longitudinal stiffener number 32 in accordance with DNV guidelines.

4.7  Concluding remarks

Fatigue is the progressive failure under cyclic loading and it is a mode of degradation
in which the steel resists until it fails. Fatigue commences as soon as a vessel enters
into service and begins to experience wave induced cyclic stresses. Considering the
effectiveness of any protective paints or coatings for the first few years of service, the
cyclic stresses are a function of the as-manufactured scantlings. As corrosion
commences and spreads, resulting in reductions in structural members, then the stress
levels in both overall and local levels increase accordingly. As Eq.4.2 shows, if the
negative inverse slop of S-N curve, m, is considered 3 and the applied stress range, S,
increases by 5%, then the corresponding number of cycles to failures, N, decreases by
13% illustrating that fatigue life decreases at a higher rate as corrosion rates increase.
Additionally corrosion may accelerate fatigue damage by creating additional highly
localized stress concentration on structural details.

The deduction rate of corrosion allowance from as-built scantling is important factor
which affects total fatigue life of ship structures. Currently the Classification Societies
fatigue assessment procedures are based on reduced scantling and accordingly the
corrosion allowance which is required by each Classification Society should be
subtracted from the as-built scantlings before the calculation of the fatigue life.
Recently TACS [37] specifies that local stresses should be calculated based on half of
local corrosion allowance and hull girder stresses should be calculated by deduction
of one quarter of the full local corrosion addition of all structural elements
simultaneously. However current general recommendations by IACS [37] and each
Classification Society show very high level of corrosion margins than actual data
from existing corrosion models [38, 39] which were based on hundreds of existing
single hull tankers. Some recent studies also found that the corrosion rate of double
hull tanker is much less than that of single hull tankers [40, 41]. This means that
current IACS [37] and each Classification Society recommendation can be considered
somewhat conservative to adopt as an actual corrosion degradation model and actual
fatigue assessment model for ageing double hull tankers. It is true that fatigue life is
more affected by structural details, location and connection details etc. than the effect
of uniform corrosion on the structure. However it would be valuable to calculate
fatigue life based on expected corrosion rates from existing corrosion models and
compare with IACS [37] and each Classification Society requirements in order to
decide maintenance programme and period in ageing ships.

This Chapter has reviewed the general historical background and development of
fatigue damage assessment methodologies and the guidance of the Classification
Societies (IACS, DNV, ABS).
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An existing AFRAMAX double hull shuttle tanker, based on a design target fatigue life
of 20 years, has been investigated to evaluate the actual fatigue life of the various ship
sideshell longitudinal stiffeners in accordance with the DNV method [21]. The
detailed procedures of fatigue assessment have been introduced in recent publication
by Ok and Pu [36]. No.25 to No.46 ship side shell longitudinal stiffeners have been
investigated to assess their individual fatigue life based on both as a North Sea
operating shuttle tanker and as a World Wide operating crude oil tanker. Total 57 sets
of fatigue assessment have been performed as in Table 4-1. The results show that the
fatigue life of longitudinal stiffeners near the upper deck (stiffener no.43 ~ 46) is
considerably shorter than for other locations. This is caused by a relatively higher
vertical global stress range and small geometry property of stiffeners than at other
locations. And also longitudinal stiffener no.32, which is located between the design
load water line and the ballast load water line, shows the relatively short fatigue life
than other locations.

Another consideration of fatigue damage to account for corrosion protection and
degradation of structure exposed to a corrosive environment is proposed by DNV [21].
However, for more accuracy, it is necessary to evaluate the consequences of an actual
corrosion degradation model on fatigue life assessment. The WANG’s model and the
average model (PW model) are used to investigate the differences between DNV
guidance on fatigue assessment and more meaningful corrosion degradation models
using calculations based on ship sideshell longitudinal stiffener number 32. The time-
variant vertical/horizontal hull girder section modulus degradation model uses the
new equation which is proposed in section 3.5.1 and in section 3.5.2.

The DNV guideline uses fixed section modulus in their hull girder bending stress
calculation whereas the applied corrosion models use different section modulus values
in each design life. However corrosion rates of local plate and stiffener in DNV
guideline shows more conservative values than that of applied corrosion models
(Wang’s et al. and PW models) which is based on 30 years design life. This reveals
that current corrosion margins in DNV guideline have adopted much higher values of
corrosion degradation rates than actual statistics based existing corrosion models and
data. The results show that the accumulated fatigue life based on DNV model
assuming 5 years effective corrosion protection period is noticeably shorter than that
of existing corrosion models. This is because that DNV recommendation has very
conservative level of corrosion environment factor, D, which is to be considered in

final calculation of design life.

It is recommended that further research works are necessary to develop the first
principle based spectral fatigue assessment methodology which considers annual
degradation of corrosion on each structural member, time-variant vertical and
horizontal section modulus degradation and time-variant stress change.
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Chapter 5

The Effects of Localized Corrosion on Strength
Degradation of Unstiffened Plates

5.1 Introduction

The failure of a ship structure is often caused by overall or local buckling and
subsequent plastic collapse of highly stressed structural components such as deck or
bottom structures.

Steel plates under predominantly axial tensile loads would fail by gross yielding,
whereas the behaviour of steel plates under predominantly compressive loads can be
classified into five regimes, namely pre-buckling, buckling, post-buckling, collapse
(ultimate strength) and post-collapse [1]. The pattern of collapse in plates is different
from columns, typically plate bucked in the elastic regime is still supporting the
applied load until it reaches ultimate strength. As the load further increases the
maximum stress at the sides of plates increases and the plates finally reach the
collapse due to expansion of the yield region. The peak value of applied load is
referred to as the ultimate strength of the plate. The principal parameters which can
influence plate collapse are: geometric and material properties, type of loading,
boundary conditions, initial deflection, residual stresses and local defects caused by
corrosion and fatigue cracks etc.

Over the past decades many research activities have been performed to estimate
buckling and ultimate strength of unstiffened plates. The structural behaviour of
unstiffened plates is well understood. However the knowledge on the strength of
plates with defects, such as cracks and corrosion, is quite limited.

Paik et al. [13-16] performed series of mechanical crack propagation tests and FE
analyses based on steel plates with pre-existing cracks under monotonically increasing
tensile loads and also plates with pitting corrosion under axial compressive loads and
edge shear. They suggested that the ultimate strength of a steel plate with pit
corrosion under edge shear is governed by the degree of pit corrosion intensity.
Whereas the ultimate strength of a pitted plate element under axial compressive loads
is governed by the smallest cross section area. They also proposed some empirical
simplified formula to estimate the ultimate strength of plate under defects. Hu et al.
[3, 17] investigated the influence of crack damage on the residual strength of both
plates and stiffened panels and the time-variant ultimate strength and reliability of
ship hull girder under the degradation of corrosion and fatigue. They used the FE
method to find out the effects of fatigue cracks on the tensile and compressive
residual ultimate strength of stiffened panels and unstiffened plates and proposed
some empirical formulae for effective calculation of the compressive or tensile
ultimate strength of cracked or intact unstiffened plates or stiffened panels. They
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introduced empirical formula for the ultimate strength of cracked plates based on FE
modelling.

British Standard [18] recommends the reference stress concept for failure assessment
of the flawed structures or components.

Generally in the case of uniform corrosion, the buckling or ultimate strength of
stiffened and unstiffened plates can be easily estimated by simply reducing the plate
element thicknesses from their original values. Several empirical formulae are
available to obtain the ultimate strength of plates under general corrosion [1, 19-23].
However the calculation of strength degradation due to localized defects, such as
pitting corrosion, are more difficult and complicated than general area-wide corrosion
and there have been relatively few research activities and guidelines that have been
published until now [24-26].

Diadora et al. [27] proposed that an initial determination of the acceptability of a
plate panel with pitting can be made on the basis of the pit depths. They proposed that
individual pits with a depth less than 50% of the residual thickness can be repaired by
filling with epoxy and individual pits with a depth greater than 50% of the residual
thickness may be welded if at least 6.5 mm of material remains at bottom of pit, the
distance between adjacent pits is at least 76 mm, the maximum diameter of any
welded pit does not exceed 305 mm and the total cross sectional area lost in any
section through the pitted plate should not be more than 15% of the original cross
sectional area. JACS S31 [28] specifies that if pitting intensity is higher than 15% in
surface area, thickness measurement is to be taken to check pitting corrosion and the
minimum acceptable remaining thickness in pits or grooves is equal to; 75% of the as-
built thickness for pitting or grooving in the frames, brackets, webs and flanges or 70
% of the as built thickness for pitting or grooving in the side shell, hopper tank and
topside tank plating attached to the side frame, over a width up to 30 mm from each
side of it. IACS Z10.1 [29] also requires that any bottom plate with a pitting intensity
of 20% or more, with wastage in the substantial corrosion range or having an average
depth of pitting of 1/3 or more of actual plate thickness is to be noted. Recently IJACS
[30] introduced the assessment of local wastage in “Common Structural Rules for
Double Hull Oil Tankers”. The details of new rule requirements are introduced in
Chapter 3, Section 3.3.5.

Paik el al. [14, 15, 31] performed a series of experimental and numerical studies on
steel plated structure, with pits, under axial compressive loads and under edge shear.
A simplified strength knockdown factor for plates with various pitting corrosion was
introduced using the formulation of Eq.3.26 and Eq.3.27 in Chapter 3. However in
their study, the effects of different pitting locations and pitting lengths, which may
contribute significantly to the strength reduction, were not considered.

Dunbar, Pegg et al. [32] investigated the effect of localized corrosion in stiffened
plates by finite element analyses. A stiffened plate was divided into four main
sections, each of which was further divided into four sub-sections in the longitudinal
direction and three sub-sections in the transverse direction. Reductions of 10%, 50%
and 75% by volume of the initial plate thickness over individual local sub-sections
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were applied and it was found that 10% of corrosion has little effect on the ultimate
strength of stiffened plate. Corrosion at higher levels (50% and 75% volume) caused
local buckling at the corroded region, which then affected the global collapse mode of
the stiffened panel and the ultimate load was further decreased as the corrosion
location was closer to the centre of the panel span. However some of the above
conclusions contradict with existing knowledge. When a slender plate is under
compression, the material near the edges would normally take most of the loading
while the material in the central area is less effective than those near the edges. So it
would be expected that the damage/corrosion around the central area would have less
weakening effects on the strength of a panel. A study of the effects of perforations on
the ultimate strength showed that the ultimate compressive strength of plates with
edge holes is considerably smaller than that with a central hole [33].

Based on the above discussions it is obvious that there is a need for further research to
systematically investigate the effects of plate slenderness, pitting location, length,
breadth and depth on the ultimate strength of plate under inplane loading and to
develop empirical formulae which include all the important parameters.

5.2 The Parameters which influence the strength

As mentioned earlier, the principal parameters which can influence plate strength are:
geometric and material properties, type of loading, boundary conditions, welding
induced initial deflection, residual stresses and local defects caused by corrosion and
fatigue cracks etc. Among others, the assumed typical value of welding induced initial
deflection and residual stresses can be variable in accordance with individual designer
or engineer’s opinion, experience and the purpose of the each project. In this section,
the background and relationship of welding induced initial deflections, residual stress
and local defects are reviewed in order to accurately assess corresponding plate
strength.

5.2.1 Deflections due to Welding

(a) Distortion at a butt weld (b) Distortion at a fillet weld

Fig. 5.1. Classification of welding deformation

Generally the shape of welding-induced initial deflections of steel plates between
adjacent parallel stiffeners can be expressed as follows [1];
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= ZZBO'J sm—sm% (Eq.5.1)
where a = plate length
b = plate breadth
W, = initial deflection function = J, sin %
o, = initial deflection amplitude

which is often taken as 0.0015L for practical strength calculation
L = member length between supports

B,; = welding-induced initial deflection amplitude
Wy, = value of maximum initial deflection
i, = half wave numbers in the x and y directions

For a long plate with a multi-wave shape in the x (longitudinal) direction and one half
wave in the y direction, Eq.5.1 becomes;

= ZBOl s1n—xs1n% (Eq.5.2)

Wopl i=1

Paik and Pedersen [34] proposed initial deflection amplitudes for various initial
deflection shapes [1].

Through a large number of measurements on frigates, Faulkner [19] suggested the
mean value of plate central deflection by:

Wopr _ {kﬂz(tw/t) fort, <t (Eq.5.3)

t kB’ fort, >t

where [ is a plate slenderness parameter and & is a coefficient which is 0.12 (for
B <3)and0.15 (for B >3).

Antoniou [35] proposed an empirical formula based on a modified Carlsen &
Czujko’s [36] formula, and given by:

W 0.014é - 032 fort=14mm
opl _ tb (Eq.5.4)
t 0.0018=-~0.55  for 1 <14mm
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Based on experimental measurements, Smith and Davidson et al. [37] classified the
initial imperfection in welded plates as slight, average and severe, given by:

0.0258%  for slight level
w,
(;pl =40.18° for average level (Eq.5.5)

0.34? for severe level

For external shell plates, particularly in thin-walled naval vessels, some permanent
deformation may develop in service due to repeated wave impacts.

5.2.2 Welding induced residual stresses

Residual stresses are generally caused by non-uniform plastic deformation in
neighbouring regions. These regions can be small, as occurs within weldments, or
large, as may occur in curving or straightening a beam or a shell plate during
fabrication. The residual stresses are always balanced so that the overall stress field is
in static equilibrium. Consequently, wherever tensile residual stress occurs, balancing
compressive residual stress exists in neighbouring regions [38].

Residual stress can be induced by thermal, mechanical, or metallurgical processes.
Thermal residual stresses are caused by non-uniform permanent deformations that
may develop when the plate is locally heated, then cooled under mechanical restraint.
Mechanically induced residual stresses are caused by non-uniform permanent
deformation when a metal is mechanically stretched under restraint. Therefore, the
occurrence of mechanically induced residual stresses requires the presence of both
permanent mechanical deformation and restraint that prevents the deformed metal
from contracting or expanding to its new unrestrained equilibrium dimension.
Fabrication by welding usually results in stresses that are locked into the fabricated
assembly. The magnitude of these stresses depends on several factors, including size
of the deposited welding beads, weld sequence, total volume of the deposited weld
metal, weld geometry, and strength of the deposited weld metal and of the adjoining
base metal, as well as other factors.

Actually the compressive residual stresses reduce the compressive strength of plates
and increase the tendency to buckle. This is why welded thin plate structures (e.g.
superstructures, naval vessels, etc.) tend to have a permanently buckled appearance,
even in the absence of any applied forces. Whereas the compressive residual stress
may have a beneficial effect on fatigue life and stress corrosion because it delays
crack initiation and retards the crack growth, however the tensile residual stress can
accelerate the crack growth..

Paik et al. [1] reviewed and introduced welding-induced residual stresses. Fig. 5.2
illustrates the typical idealized welding-induced residual stress distribution inside a
rectangular steel plate. Along the welding line, tensile residual stresses are expressed
0, in the x direction and o, in the y direction. Considering the equilibrium of

rix
stresses in the plate as a whole, the breadth or length of the related tensile residual
stress blocks in the x and y directions can be expressed by:

Duo Ok — PhD Thesis 5-5
School of Marine Science and Technology
University of Newcastle upon Tyne



Chapter 5: The Effects of Localized Corrosions on Strength Degradation of Unstiffened Plates

c o,
2b, =—=—b>, 2a, =——a (Eq.5.6)
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Fig. 5.2. A typical idealized welding-induced residual stress distribution inside
a rectangular steel plate element [1]

When the magnitudes of the tensile and compressive residual stresses are measured or
defined in some way, the corresponding idealised breadths of the tensile residual
stress blocks can be calculated from Eq.5.6. Consequently the residual stress
distributions in the x and y directions, given by:

o for 0< y<b,

rix

O, =10 forb, < y<b-b, (Eq.5.7)

rx rex

o, forb—b <y<b

rtx

o, for0sx<aq,
0.,=40, fora <x<a-a, (Eq.5.8)
(g

ry

fora—a, <x<a

Usually the transverse residual stresses of plates are quite small compared to
longitudinal direction, thus can be neglected.

Smith et al. [37] suggested the following representative values of welding-induced
compressive residual stress of steel plates in the longitudinal direction based on the
measurement of steel plates of naval ship structures, expressed by:
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—0.05 for slight level
N 0.15 for average level (Eq.5.9)

Oy

—0.3  for severe level

A redistribution of the initial as-manufactured residual stress field is often found in
cyclic loaded structure such as ships and offshore platforms. Residual stresses may
gradually diminish or even disappear as a consequence of the long term cyclic stresses;
a phenomenon called “shakedown” [39]. There are many factors which affect the
residual stress distribution such as the number of load cycles, the amplitude of the
cyclic loading, the mechanical properties of the material, the direction, the level and
gradient of the residual stresses and the temperature etc.

5.3  Ultimate strength of plates under uni-axial compression

The “effective width” concept is often used to model the strength effectiveness of
plate elements that have buckled under predominantly axial compression or have
inherently initial deflections subsequent to occurrence of the non-uniform stress
distribution in the post-buckling regime or large deflection. The modern era in the
effective width concept was started by von Karman [41] who developed a general
method to solve the problem theoretically, and introduced for the first time the term
“effective width”. He idealized the state of stress within the buckled plate by
assuming that, due to buckling, the centre portion has no load-carrying capacity, while
the edge regions of the plate remain fully effective and carry a uniform stress as
illustrated in Fig. 5.3 [42].

ayv

:
1
:
1
1
! Ouw b
|
1

b
Oy = ?eo-e

Fig. 5.3. Effective width and stress distribution in plate under uniaxial compression
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The effective width is defined as the ratio between the edge stress o and the average

stress 0, , given by:
J-b/ 2 d
c.,dy o
b=t =p (Eq.5.10)
' Gé’ O-(f

where b, = effective width

o, = non-uniform membrane stress

o, = average stress

o, = maximum membrane stress at plate/web junction

The original von Karman effective width expression for plates is suitable for
relatively thin plates, but it is not accurate for relatively thick plates with initial
imperfections. Winter [43] proposed the following equation for steel plates stiffened
along both longitudinal edges:

o, b 19 09

o _ % _ 27 Y7 Eq.5.11
o b B P Fa>th
where o0, is ultimate strength or compressive strength of plate.

Some researchers such as Faulkner [19], Murray [44] and Soares [20] have proposed
other effective width ratio formulae, among them Faulkner’s expression is one of the
well known expressions. Some graphical comparisons of each theory for effective
width ratio, b, /b, as a function of S were performed by Hansen [45].

In the following section, various existing empirical formulae to estimate the ultimate
strength of unstiffened plates are investigated:

5.3.1 Faulkner’s formula

Ultimate strength of welded plate under compressive load was introduced by Faulkner
given by [19]:

=%uw _1 _ar, (Eq.5.12)
O,

Y

r

FK

I',. is the strength of an unwelded plate and which is given by:

c C
o, b |—=—— forf>1
FF=G—”=—6= B B (Eq.5.13)
! 1.0 for p<1

where C,is 2.0 and C,is 1.0 for simply supported condition at all edges, C, is 2.25
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and C, is 1.25 for plates clamped at all edges and where AL, is the reduction of
strength due to the weld induced residual stress and which can be expressed by:

o EF
Al =—L—L Eq.5.14
"o E (Eq )

where o, is the residual stress and E, is material tangent modulus in compression.
The stress components o, /o, and E,/ E can be expressed by:

o, 2n

== Eq.5.15
. (b/1)-2 (Bq:5.15)
a,f’ ’
E, — for 0<B<1.34
—t=1a,+0.2548° (Eq.5.16)

E for pB>1.34

1.0

where a,=3.62 and a,=13.1 for simply supported at all edges
a,=6.31 and a,=39.8 for plates clamped at all edges
n = function of welding

5.3.2 Guedes Soares’s method

Guedes Soares [20] proposed an effective width ratio concept derived from
Faulkner’s expression. He included factors for both initial deflection and residual
stresses as follows:

(o AT 0,
I, =—Y%=[1.08T 1- - 1+0.0078 1-(0.626-0.1218) =~
=% —frosr, ] 1= 30 o0omsn) 1 5]

Y F

{0.665+0.00677+0.36%+0.14ﬁ} for B>1 (Eq.5.17)

where 9, is the initial out of plane deflection

The terms in the first bracket express the strength of unwelded perfect plates, the first
and second bracket represent the strength of welded plates with residual stress, the
first and third bracket propose the strength of unwelded plate with initial deflections.
The combined expression which considered initial deflection and residual stress can
be found in the fourth term.

Pu [46] evaluated various existing formulae proposed by Faulkner [19], Carlsen [47],
Guedes Soares [20], Vilnay [48] and Imperical College’s method and calibrated these
against the existing experimental and numerical results. He found that the Guades
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Soares’ method, which had a mean value of /.03 and a coefficient of variation of
10.1%, was the best among the evaluated methods to predict the ultimate strength of
plates.

5.3.3 Fujikubo’s formula

Fujikubo et al. [21] proposed an ultimate strength formulation for plates under
compressive load in shorter side direction based on FEM results and past experience.
The ultimate strength estimation formula for a continuous plate under shorter side
compression is expressed as :

%:{2.25_1.225%2}0‘8 006 06 (l_gj (Eq.5.18)
oo (B B Na B-02 (5-0.2) a

where § is plate slenderness parameter, a is longer length of plate and b is shorter
breadth of plate

5.3.4 NK’s formula

Class NK [22] proposed that the ultimate strength under one single stress component
is given by :

o, 225 1.25
Do _ 222 for £>1.0 (Eq.5.19)
o, B B

5.3.5 DNV’s formula

Class DNV [23] suggested an estimated ultimate stress value based upon a single
reference stress and given by:

G, =2 for A<1.0 (Eq.5.20)

ult m

o, =2 for 1.0<A<5.0 (Eq.5.21)

W2
where A =reduced slenderness = /o, / 0,

For states of stress which cannot be defined by one single reference stress, the
ultimate capacity of the plate can be determined as the critical value of the equivalent
stress according to von Mises, which is given by:

Oy
0, =—X—  for A<L0 (Eq.5.22)
RN YR
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O-Y
O, =—7— for 1.0<4,<50 (Eq.5.23)
Ul ﬂe \/5 2
where A, = equivalent reduced slenderness
) c c 1/¢
22 = & O-X =+ i + i
‘ O-e O-Ex O-Ey TE
o, = equivalent stress according to von Mises

= \/of +0,-0,0,+37
Oy, O, T, = elastic buckling resistance
b

c =2-——
a

5.3.6 Paik’s methods

Paik et al. [1] classified the behaviour of the response of flat rectangular steel plates
under predominantly compressive loads into five regimes, namely pre-buckling,
buckling, post-buckling, collapse(ultimate strength) and post-collapse.

, I, S
1N A1
(" e W E
Tt B fiodhodidfodiod 1 T
! [
I [
P f :
xmin -, I
L~ I | b
l | L
I 1
O_I"—H
xa 4
' O Io-ymax

Fig. 5.4. Membrane stress distribution under longitudinal loads

They assumed that the plate edges are simply supported, with zero initial deflection
and zero rotational restraints along four edges, and with all edges kept straight.

Based on membrane stress method by solving the non-linear governing differential
equations of large-deflection plate theory, the membrane stress distribution at mid
thickness of the plate under longitudinal compressive loads can be obtained.
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The maximum and minimum membrane stresses in the x and y directions are given by:

m*n’EA (A, +24, ) 27b

o =0 - cos ! Eq.5.24
X max xav px 8612 b ( q )
1°EA (A +2A
O-xmin = O-xav + px nr ’”8( 2m 0’") (Eq525)
a

TEA, (A, +24,,) 2mza,

O =P, cos Eq.5.26
y p 8 b2 a ( q )
2
T EA (A, +2A
O = P " (8;2 o) (Eq.5.27)
where p, = correction factor
A, = amplitude of the response buckling mode initial deflection for axial

compressive loading
A, = amplitude of the added deflection function

By using the Mises-Hencky yield criterion, the ultimate longitudinal axial strength,
o, » 1s obtained as the solution of the following equation with regard to o, given

xult °

by:

xav ?

2 2
o, . o, .
[O-xmax j _ [O-xmax j( ymin j+( ymin j =1 (Eq528)
O-Y O-Y O-Y O-Y

They developed a computer program, called ULSAP, to predict the ultimate strength
of plate based on their formulation and which is presented in Paik et al. [1].

5.4 Ultimate strength of plates with cracks

Considering the required long term service life of vessels, there is a possibility of
fatigue cracks developing due to the cyclic loading on ship structures by waves,
currents and sloshing of cargo liquid and ballast water etc. In consideration of the
ultimate strength of plates obviously cracks will reduce the strength significantly
dependent upon their location and relative size. It is very important to evaluate the
residual strength of pre-cracked plating accurately in order to determine the
maintenance and repair schedule for the damaged ship structures

Recently some numerical buckling analyses have been carried out for cracked plates
under tension, compression and in-plane shear loads, such as by Kumar et al.[49] and
Brighenti [50]. Some other studies have been made to propose the ultimate strength of
plates with cracks have been published. Among others Paik and Thayamballi [13]
performed a series of mechanical crack propagation tests based on steel plates with
pre-existing cracks and under monotonically increasing tensile loads. They proposed
the ultimate strength of the plate and stiffened panel with crack expressed by:
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—-+o0 for a plate with a crack (Eq.5.29)

for a stiffened panel with a crack:

(B—a )/0' +(h —-a )t o]

P Yp w s/ wYs
o, = Eq.5.30
v Bt+ht, Eq )

where B is the plate width, a,,a, are crack length for the plating and the stiffener,

respectively and o,

o

denotes ultimate strength of perfect plate, and o,,, 0, are yield

strength of the plating and the stiffener, respectively.

Similar research activities and equations have also been proposed by Paik et al. [14,
16].

—> <+ -2 —> <+ b
—> <« —> “l | -«
—> -« —> <«
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(a) Centre crack (b) Single edge crack
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(c) Both edges crack

Fig. 5.5. Various types of typical cracks in plates

Hu el al. [3, 17] also investigated the influence of crack damage on the residual
strength of both plates and stiffened panels. They used the FE method to find out the
effects of fatigue cracks on the tensile and compressive residual ultimate strength of
stiffened panels and unstiffened plates and proposed some empirical formula for
effective calculation of the compressive or tensile ultimate strength of cracked or
intact unstiffened plates or stiffened panels.

For the residual ultimate tensile strength of the cracked unstiffened plate, the
empirical formula can be expressed by:
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b (t)=0,0t)/ 0,
=1.279-3.50[ a(t)/ B]+8.974[a(1)/ B] ~11.975[ a(1)/ B]
+5.231[al(r)/ Bf (Eq.5.31)

8..(t)=0,0)/0,
= 1.281—4.045[a(t)/ B]+6.616 [a(t)/ B]’ = 5.194 [a(t)/ B]
+1.355[a(r)/ B]' (Eq.5.32)

where a(r) is the crack length at given time 7, ¢_ () and @, (r) are nominal ultimate

cux eux

strength of plate under tensile load at given time t with centre crack and edge crack,
respectively.

When the unstiffened plate is subjected to uniaxial compressive stress, the empirical
formula can be given by:

@, (t)=0.104287 + 9, (¢) ¢, (¢) (Eq.5.33)

where
o, . (t) = o, (t)/ o, is the nominal ultimate strength of the cracked plate under
compressive load
¢ 5(t)=1.31071-0.35075 B(t)+0.03006 f3(t)* —0.0000277779 f3(¢)’

b, (t)=0.830528 —0.23082 [a(t)/ B]-0.67362 [a(t)/ B]' —0.0829 [al(r)/ BJ'

,B(t) = B oy , T(¢) is the thickness of the plate at given time ¢
T(0)\ E
-«— —
._\ \_.
«— » t, —>
B\ +— a1 | ==
-«— apkﬂ—\ —
-— t, —
-«— —>
«— —

Fig. 5.6. A stiffened plate with a crack

When a stiffened panel is subjected to tensile stress as illustrated in Fig. 5.6, the web
has an edge crack damage and the plating has a centre crack damage, the equivalent
tensile residual ultimate strength, can be expressed by:
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o,,(t)=0,(t)o,1t,(t)h,+0,(t)0,1,(t)B (Eq.5.34)

where o0, (¢) is the ultimate strength of the stiffened panel under tensile load, o,, is
the stiffener’s yield stress, ¢, (t) can be obtained through Eq.5.31, o, (t) can be
obtained through Eq.5.32.

Another attempt has been performed by Wang et al. [51] to assess the effect of the
crack eccentricity ratio on the ultimate tensile strength of cracked ductile rectangle
plates.

5.5 Computation of ultimate strength of plates with localized corrosion

The finite element method based process has now become the most common,
powerful and flexible tool in structural analysis and makes it possible to predict the
response to applied forces and the strength of complex structure much more
accurately than existing classical theoretical formulae based calculations. However
the results from the same structural details which are individually performed by each
different engineer or institute might have significantly different results due to
different assumption in boundary conditions, in geometrical parameters and in
modelling procedures, etc.

Planning FEA Approach
4

Preprocessing
- Define element types and real constraints
- Define material properties
- Creating the model geometry
- Create nodes and elements by meshing
- Apply boundary conditions

- Apply loads

Solve (Numerical analysis)

aus

Postprocessing
- FEA solution and quantities
- Graphical display

Il
Check the Results

Fig. 5.7. Typical procedure of finite element analysis (FEA)
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It is not a straight forward procedure to control non-linear behaviour of structure
properly and to obtain a correct determination of the ultimate strength value by finite
element analysis. Generally the FEA modelling method and procedure is based
appreciably on a user’s experience and preference. In this section, the finite element
analyses are carried out by using the popular ANSYS program [52]. The general
procedure of FEA is shown in Fig.5.7.

Many researchers find that designing and building a finite element model requires
more time than any other part of the analysis process. The easiest way to
communicate with the FEA program is by using the menu system, called the
Graphical User Interface (GUI). However GUI based modelling is a time consuming
and expensive method when we create repeated and similar FEA models. In this study,
some useful macro programs have been developed within ANSYS program
environment. With these programs one can record a frequently used sequence of
ANSYS commands in a macro program. Creating a macro and using ANSYS
Parametric Design Language (APDL) enables us to create our own custom ANSYS
command, automate common tasks or even build our model in terms of parameters
(variables) and more importantly reduce the time for building a model dramatically.
Generally the input parameters are material yield stress, plate length, plate breadth,
plate thickness, plate initial deflection and applied load. The following Fig. 5.8
illustrates the sequence of the macro program. A sample of a ANSYS macro file which
was created by the author has been introduced in Appendix B.

Planning FEA Approach

Macro Programme

| Input Parameters |

4

| Preprocessing |

4

| Solve (Numerical analysis) |

Postprocessing

Il
Check the Results

Fig. 5.8. Typical procedure of macro programs for FEA

In this section, the ultimate strength of simple unstiffened rectangular plates with
initial geometric imperfection, welding induced residual stress and pitting corrosion is
investigated based on both a mild steel and a higher tensile steel which are commonly
used in ship’s structure.
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5.5.1 Modelling details for finite element analysis
5.5.1.1 Material properties

Currently the most frequently used grades of steel for ship structures are mild steel
with a yield stress, o, , of 235 N/mm® and higher strength steels

with o, =315N/mm’> (LRS AH32, ABS HT32, DNV NV-32) and
0, =355N / mm’ (LRS AH36, ABS HT36, DNV NV-36). In this research, both mild
steel and a higher strength steel with yield stress o, =355N/mm’, a Young’s

modulus, E, of 209000 N / mm” and Poisson’s ratio of 0.3, were used in the finite
element analyses, which were undertaken by using ANSYS software [52].

There are many proposals available for assessing the typical value of welding induced
o

initial deflection [19, 35-37]. An average value(=0.1 p’t), where /[ :E ?Y, B
t

and ¢ are width and thickness of the plate respectively, of welding induced initial
deflection as suggested by Smith et al. [37] is adopted in this study.

5.5.1.2 Boundary conditions

MARY 2 2005
11:46:23
PLOT NO. i

T
1T111111

L..

Ship structures are generally composed of plates supported by various types of
framing / stiffening members along the edges and the effective boundary conditions to
such plate elements can be defined by the torsional rigidity of support members such
as stiffened or transverse frame. For design purposes, the boundary condition can be
classified into either simply supported if the edge condition of rotational restraints are
zero or clamped when the rotational restraint are infinite. Generally the simply
supported boundary condition shows more critical and pessimistic values of buckling
and ultimate strength than clamped boundary conditions, thus all finite element
analyses in this section are based on simply supported boundary condition. There are

Fig. 5.9. Meshes and constraint details
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slightly different opinions to define simply supported boundary condition on each
boundary edge. In this research following boundary conditions, as shown on Table 5-
1, are applied where “F” denotes free and “C” denotes constraint.

Table 5-1

Boundary conditions for unstiffened plate
Description Ux Uy Uz Rot-x Rot-y Rot-z
Left F C C C F C
Right C C C C F C
Top F C C F C C
Bottom F C C F C C

5.5.1.3 Element type

KL

J
Triangular Option
[nat recommended)

Fig.5.10. Shell181 Geometry [52]

The ANSYS SHELLI8I element model is used to assess the ultimate strength of
unstiffened and stiffened plates. SHELL181 is suitable for analyzing thin to
moderately-thick shell structures. It is a 4-node element with six degrees of freedom
at each node: translations in the x, y, and z directions, and rotations about the X, y, and
z-axes. SHELL181 is well-suited for linear, large rotation, and/or large strain
nonlinear applications. Change in shell thickness is accounted for in nonlinear
analyses. In the element domain, both full and reduced integration schemes are
supported. In this study, the element matrices and load vectors are derived using an
updated Lagrangian formulation. SHELL181 can be used for layered applications for
modelling laminated composite shells or sandwich construction.

The geometry, node locations, and the coordinate system for this element are shown
in Fig. 5.10 "SHELL181 Geometry". The element is defined by four nodes: I, J, K,
and L. The element formulation is based on logarithmic strain and true stress
measures. The thickness of the shell may be defined at each of its nodes. The
thickness is assumed to vary smoothly over the area of the element. If the element has
a constant thickness, only TK(I) needs to be input. If the thickness is not constant, all
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four thicknesses must be input. Alternatively the shell thickness and more general
properties may be specified using section commands. SHELL 181 may be associated
with a shell section. Shell section is a more general method to define shell
construction than the real constants option. Shell section commands allow for layered
composite shell definition, and provide the input options for specifying the thickness,
material, orientation and number of integration points through the thickness of the
layers. The number of integration points (1, 3, 5, 7, or 9) can be designated through
the thickness of each layer when using section input. When only 1, the point is always
located midway between the top and bottom surfaces. If 3 or more points, 2 points are
located on the top and bottom surfaces respectively and the remaining points are
distributed equal distance between the 2 points. In this research SHELLI8I layer
element model based on 4 layers through the thickness of plate is used and three
integration points are adopted at each layer in order to evaluate ultimate strength of
plates with pitting corrosion. The general overview of SHELL181 element model is
referred to ANSYS Manual [52].

5.5.1.4 Material plasticity model

In this study, material plasticity model adopts bilinear isotropic hardening model.
This option uses the von Mises yield criteria coupled with an isotropic work
hardening assumption. The material behavior is described by a bilinear stress-strain
curve starting at the origin with positive stress and strain values. The initial slope of
the curve is taken as the elastic modulus of the material. At the specified yield stress,
the curve continues along the second slope defined by the tangent modulus (having
the same units as the elastic modulus). The tangent modulus cannot be less than zero
nor greater than the elastic modulus.

5.5.1.5 Non-linear control

ﬂLII-I
1
A
L At
1ot
, ‘u{nﬂj converged solution
A
™ spherical arc at
substep n
b — 1+ —
ﬂ.un——i
| |

upiconverged solution at substepn)

Fig.5.11. Arc-length Approach with Full Newton-Rapson Method [52]
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The Arc-length approach with full Newton-Raphson method is adopted for non-linear
control. The Arc-length method is suitable for nonlinear static equilibrium solutions of
unstable problems. Applications of the arc-length method involves the tracing of a
complex path in the load-displacement response into the buckling/post-buckling
regimes. The arc-length method uses explicit spherical iterations to maintain the
orthogonality between the arc-length radius and orthogonal directions. It is assumed
that all load magnitudes are controlled by a single scalar parameter (i.e., the total load
factor). Unsmooth or discontinuous load-displacement response in the cases often
seen in contact analyses and elastic-perfectly plastic analyses cannot be traced
effectively by the arc-length solution method. Mathematically, the Arc-length method
can be viewed as the trace of a single equilibrium curve in a space spanned by the
nodal displacement variables and the total load factor. Therefore, all options of the
Newton-Raphson method are the basic method for the arc-length solution. As the
displacement vectors and the scalar load factor are treated as unknowns, the arc-
length method itself is an automatic load step method. For problems with sharp turns
in the load-displacement curve or path dependent materials, it is necessary to limit the
arc-length radius (arc-length load step size) using the initial arc-length radius. During
the solution, the arc-length method will vary the arc-length radius at each arc-length
substep according to the degree of nonlinearities that is involved. The range of
variation of the arc-length radius is limited by the maximum and minimum
multipliers.

For most nonlinear analyses, the Newton-Raphson method is used to converge the
solution at each time step along the force deflection curve. The Newton-Raphson
method works by iterating the equation, given by:

[ K [{Au}y={F}-{F"] (Eq.5.35)

where i is subscript representing the current equilibrium iteration, [K T] is the tangent
stiffness matrix, {Au}is the incremental displacement, {F,}is the applied load vector
and {E.”’} 1s the internal load vector calculated from element stress, until the residual,

{F,} —{E.”’} , falls within a certain convergence criterion.

The Newton-Raphson method increments the load a finite amount at each substep and
keeps that load fixed throughout the equilibrium iterations. Because of this, it cannot
converge if the tangent stiffness (the slope of the force-deflection curve at any point)
is zero. To avoid this problem, one should use the arc-length method for solving
nonlinear post-buckling. To handle zero and negative tangent stiffnesses, the arc-
length multiplies the incremental load by a load factor, A, where A is between -1 and 1.
This addition introduces an extra unknown, altering the equilibrium equation to:

(K] [{aw}=2{F,}-{F"} (Eq.5.36)

The incremental displacement {Auw, } can be expressed by:
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{Au}=ar{Au}+{Au} (Eq.5.37)

where {Au} = displacement due to a unit load factor = {Kf}_l {F.}

{Aul.” } = displacement increment from the Newton-Raphson method

= {KiT}_l {Ri}

{R} =residual vector

In each arc-length iteration, the incremental load factor {AA}in Eq.5.37 is determined
by the arc-length equation which can be written as, at iteration i :

=22+ p{Au,)Y {Au)} (Eq.5.38)

where £ is scaling factor used to ensure the correct scale in the equation and Au, is
the sum of all the displacement increments Au, of this iteration. Fig. 5.11 illustrates

this process. The general overview of Arc-length method is referred to ANSYS
Manual [52].

5.5.2 Evaluation of results from F.E. analysis

It is very important to evaluate the results from an FEA and compare such with
existing formulae or programs because the non-linear control of structure behaviour is
not easy and may have some mistakes by user during the analysis. Without evaluation
of FEA results we cannot rely on and believe the result which is produced by an FEA
program. In order to confirm the correctness of FEA control and the results, some
existing empirical formulae and programs are compared with some ANSYS output as
shown in Table 5-2. The details of these existing formulae are introduced in Section
5.3. Basically the comparison has been carried out based on 1000mm(L) x

1000mm(B) x 20mm(t), o, =235 N/ mm’ with initial deflection = 0.1 8*t of
unstiffened plate.

Table 5-2
Comparison of existing methods versus ANSYS FEA results
Model Ultimate strength
Faulkner 196.73 N /mm’
Fujikobo 210.87 N /mm’
NK 210.87 N/ mm’
Johnson-Ostenfeld 189.40 N/ mm’
Paik(ULSAP) 189.79 N/ mm’
LUSAS (FEA) 191.58 N /mm’
ANSYS (FEA) Shell 181 188.30 N/ mm’
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Fig. 5.12. The Von Mises stress distribution at the ultimate limit state

As shown in Table 5-2, It can be concluded that FEA based programs such as LUSAS
[53], ANSYS [52] and Paik’s programs [1] predict ultimate strength more or less same
but somewhat more pessimistic than some of the other existing empirical formulae.
Fig. 5.12 illustrates the Von Mises stress distribution of the unstiffened square plate at
the ultimate limit state.

5.5.3 F.E. analysis of plates under uniaxial compression

Based on the commonly used three yield grades of steel as specified in 5.5.1.1, finite
element analyses have been performed in order to get the ultimate strength of plates.
Two different groups of analyses have been done, one without welding induced
residual stress (Table 5-3) and the other with welding induced residual stress (Table
5-4) as follows:

5.5.3.1 Unstiffened plates without residual stresses

Total 25 non-linear modelling analyses have been carried out to determine the
ultimate strength of unstiffened flat square plate without considering the possible
effects of welding induced residual stress and based on each having different yield
stress, thickness and initial deflection values as shown in Table 5-3. Fig. 5.13
indicates typical average stress-strain curve of a simply supported steel plate (mild
steel) of various thickness under uni-axial compressive load. Fig. 5.14 shows the
effect of plate slenderness parameter on strength reduction under uni-axial
compressive loads without consideration of residual stresses.

Table 5-3
Ultimate strength of unstiffened plates without residual stresses
Dimension | Thick. Initial o, o, o,
(LxB) (mm) B/t B deflection ) )

mm (=0.1 th) N/mm N/mm Oy
1000x1000 | 25.00 40 1.34 4.50 235 214.58 0.913
1000x1000 | 22.22 45 1.51 5.06 235 200.35 0.853
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1000x1000 | 20.00 50 1.68 5.62 235 188.30 0.801
1000x1000 | 18.18 55 1.84 6.18 235 178.48 0.759
1000x1000 | 16.67 60 2.01 6.73 235 170.59 0.726
1000x1000 | 15.38 65 2.18 7.31 235 164.05 0.698
1000x1000 | 14.29 70 2.34 7.86 235 157.73 0.671
1000x1000 | 25.00 40 1.55 6.03 315 264.13 0.839
1000x1000 | 22.22 45 1.75 6.78 315 246.71 0.783
1000x1000 | 20.00 50 1.94 7.54 315 233.01 0.740
1000x1000 | 18.18 55 2.14 8.29 315 222.23 0.706
1000x1000 | 16.67 60 2.33 9.04 315 213.85 0.679
1000x1000 | 15.38 65 2.52 9.80 315 207.11 0.658
1000x1000 | 14.29 70 2.72 10.55 315 201.92 0.641
1000x1000 | 25.00 40 1.65 6.79 355 287.48 0.810
1000x1000 | 24.00 41.7 1.72 7.08 355 280.76 0.791
1000x1000 | 22.22 45 1.85 7.64 355 269.02 0.758
1000x1000 | 22.00 45.5 1.87 7.72 355 267.57 0.754
1000x1000 | 20.00 50 2.06 8.49 355 254.82 0.718
1000x1000 | 18.18 55 2.27 9.34 355 243.81 0.687
1000x1000 | 18.00 55.6 2.29 9.44 355 242.77 0.684
1000x1000 | 16.67 60 2.47 10.19 355 235.33 0.663
1000x1000 | 16.00 62.5 2.58 10.62 355 231.67 0.653
1000x1000 | 15.38 65 2.68 11.04 355 228.62 0.644
1000x1000 | 14.29 70 2.88 11.89 355 223.26 0.629
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Fig. 5.13. The average stress-strain curves under uni-axial compressive load
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Fig. 5.14. The effect of plate slenderness parameter on strength reduction under uni-
axial compressive loads without consideration of residual stresses

5.5.3.2 Unstiffened plates with residual stresses

As described in Section 5.2.2, welding induced residual stresses will reduce the
buckling and ultimate strength of plates. In order to verify the effect of residual
stresses on the ultimate strength of plates, finite element analyses have been
performed based on a total of 21 models.

The transverse residual stresses of plates are quite small compared with those in the
longitudinal direction, thus only longitudinal residual stresses are considered and are
based on following assumptions:

b=—Tm =0.065b (Eq.5.39)
2(0- _O-rtx)

where o, is o0,, 0, is-0.150, as defined in Section 5.2.2.

Fig. 5.15 illustrates the initial residual stress distribution that was imposed on the FEA
model and which indicates o, =355N/mm’ in tension block and

0, =53.32N/mm’ in compression block. Table 5-4 gives the resulting ultimate

strength of the plates analysed with welding induced residual stress. o, and o,

represent ultimate strength of plate with and without welding induced residual stress,
respectively.

The results show that the ultimate strength reduction due to the effect of residual
stress in these FEA is smaller by between 1.2 % to 2.5 % compare to the ultimate
strength of plates without residual stress which are indicated in Table 5-3. Fig.5.16
shows the longitudinal stress distribution (o, ) of a selected unstiffened plate with
residual stresses when it reaches at the ultimate limit state. Fig. 5.17 shows the effect

of plate slenderness parameter on streng reduction under uni-axial compressive loads
considering residual stresses.
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Fig. 5.15. The welding induced residual stress distribution

Table 5-4

Ultimate strength of unstiffened plates with residual stresses
Dimension | Thick Initial o, o, o o,

(LxB) . B/t B deflection 2 2 P _
mm (mm) (=0.1 th) N/mm N/mm Oy Ouy

1000x1000 | 25.00 | 40 | 1.34 4.50 235 211.27 0.899 0.985
1000x1000 | 22.22 | 45 | 1.51 5.06 235 196.70 0.837 0.982
1000x1000 | 20.00 | 50 | 1.68 5.62 235 184.48 0.785 0.980
1000x1000 | 18.18 | 55 | 1.84 6.18 235 174.61 0.743 0.978
1000x1000 | 16.67 | 60 | 2.01 6.73 235 166.62 0.709 0.977
1000x1000 | 15.38 | 65 | 2.18 7.31 235 160.04 0.681 0.976
1000x1000 | 14.29 | 70 | 2.34 7.86 235 155.10 0.660 0.983
1000x1000 | 25.00 | 40 | 1.55 6.03 315 258.93 0.822 0.980
1000x1000 | 22.22 | 45 | 1.75 6.78 315 241.29 0.680 0.978
1000x1000 | 20.00 | 50 | 1.94 7.54 315 227.43 0.722 0.976
1000x1000 | 18.18 | 55 | 2.14 8.29 315 216.72 0.688 0.975
1000x1000 | 16.67 | 60 | 2.33 9.04 315 208.53 0.662 0.975
1000x1000 | 15.38 | 65 | 2.52 9.80 315 201.92 0.641 0.975
1000x1000 | 14.29 | 70 | 2.72 10.55 315 196.88 0.625 0.975
1000x1000 | 25.00 | 40 | 1.65 6.79 355 281.52 0.793 0.979
1000x1000 | 22.22 | 45 | 1.85 7.64 355 263.06 0.741 0.978
1000x1000 | 20.00 | 50 | 2.06 8.49 355 248.86 0.701 0.977
1000x1000 | 18.18 | 55 | 2.27 9.34 355 237.85 0.670 0.976
1000x1000 | 16.67 | 60 | 2.47 10.19 355 229.33 0.646 0.975
1000x1000 | 1538 | 65 | 2.68 11.04 355 222.94 0.628 0.975
1000x1000 | 14.29 | 70 | 2.88 11.89 355 217.62 0.613 0.975
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Fig. 5.16. The stress distribution (o, ) of an unstiffened plate with residual stresses

at the ultimate limit state
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Fig. 5.17. The effect of plate slenderness parameter on strength reduction under
uni-axial compressive loads considering residual stresses

5.5.4 Modelling strategy for rectangular plate with pitting corrosion

Localized corrosion often starts from the areas where the highest stresses occur,
which can lead to coating break-down and stress corrosion cracking, or in areas where
water flows and drains, places of water and sediment accumulation, such as along
longitudinal stiffeners and transverse bulkhead. Fig. 5.18 shows a typical localized
corrosion pattern in a ballast tank. The localized pitting corrosion can be concentrated
at one or several possibly large areas as shown in Fig. 5.18. Another type of localized
corrosion is of a regularly pitted form and caused by microbiologically influenced
corrosion (MIC), such as sulphate-reducing bacteria (SRB).
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Fig. 5.19. Patterns of pitting corrosion (S: Single edge, C: Centre, B: Both edges).

Generally the most common shape of individual pitting corrosion is a semi-spherical
shape. However due to the complexity of finite element modelling in a three
dimensional manner of the semi-spherical shape, and as it is usually impractical
because of the huge amount of computational costs involved, a local region of pitting
corrosion is considered to be acceptably simplified as a rectangular shape [14, 15, 32].
The patterns of pitting corrosion can be thus simplified by making nearest individual
pits into one group and classified into pits on a single edge, pits on centre and pits on
both edges as illustrated in Fig. 5.19.

There are several finite element techniques available to model pitting corrosion. The
easiest way is to reduce the thickness of the plate in a pitted area, carry out buckling
analysis to get the buckled shape of plate with pitting corrosion and finally to perform
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non-linear finite element control to determine the ultimate strength of the plate by
using stress versus strain relationship. Paik et al. [1] have assumed in their approach
that the plate thickness is subdivided into several layers and the material properties of
the pitting corrosion region are taken to be zero. The former method cannot represent
proper modelling of pitting corrosion because if the thickness of plate in the pitted
area is simply reduced then the node on pitted area will be located on midplane as
illustrated in Fig. 5.20. The latter method also cannot represent the real situation and
easily tends to fail to converge during non-linear control based on the author’s

experience.

\\‘\ o -
"“\_\__':5 ;
Nodes located at midplane
Fig. 5.20. Shell layers with nodes at midplane

In order to represent the real structure with a pitted area, the ANSYS Shell Layer
model was adopted and the midplane nodes in the pitted areas were artificially moved
to the bottom surfaces and aligned with intact area as illustrated in Fig. 5.21 and Fig.
5.22. This approach thus creates an eccentricity of the inplane load path through the
pitted region.

5.5.5 Finite element analyses of typical square plates with pitting corrosion

The patterns and locations of localized corrosion observed in service are various so it
is impossible to predict exactly when and where the corrosion will start, how it will
progress and at what general rate. Localized corrosion can also start at the places
where with high fatigue stresses, welds of seams and crack initiation areas.
Sometimes bacteria induced corrosion can be the cause of pitting corrosion. It is
clearly very important to assess the remaining structural integrity under localized
corrosion correctly not only to determine the schedule for repair but also to decide
proper future inspection and maintenance periods for structures with defects.

In this study, over 256 nonlinear finite element analyses model have been carried out
to investigate the effects of different material and geometry parameters such as plate
slenderness, pit location, size and depth of pits on the ultimate strength of square

plates. Higher strength steel of 1m x 1m plate with a yield stress of 355 N/mm® was
used for this study. Five different B/t ratios (41.7, 45.5, 50.0, 55.6, 62.5) have been
chosen by changing plate thickness. The location of pitting corrosion was assumed to
start at aft bay (aft end) and the sizes of pitting corrosion have four different length
values (0.25L, 0.5L, 0.75L, 1.0L), in which L is the total length of the plate.
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Fig. 5.21. Finite element analysis modelling detail for pitting corrosion

The depths of pits are classified into two cases (0.25t and 0.5t). For the purpose of
simplifying the finite element analyses, the area of pitting corrosion is assumed to
have rectangular shape with single edge or both edges corroded pattern as illustrated
in Fig. 5.21 in order to reduce the modelling complexity and cost. The initial

deflection is assumed being equal to 0.1 8° t. However the effect of welding-induced
residual stresses was not considered in this specific study.

Fig. 5.22 illustrates the mesh details of the square plate with pitting corrosion at the
centre and Table 5-5 summarizes some of the results of finite element analyses. o,

and o, represent the ultimate strength of plate with localized corrosion and
uncorroded condition respectively, x, is plate slenderness parameter (ﬁ ) , X, denotes
the ratio of pit breadth to plate width, x; indicates the ratio of pit length to plate

length and x, is the ratio of pit depth to plate thickness. Fig. 5.23 compares the

average stress-strain curves for a rectangular plate with various pitting corrosion sizes
and locations. It is shown that the simultaneous pitting corrosion at both edges causes
the most strength reduction while corrosion at the centre results in the least strength
reduction. The strength of pitting corrosion at both edges is only 90.4 % of that of
pitting corrosion at centre location.
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X

Fig. 5.22. Mesh details of the plate with typical pitting corrosion at central region

Table 5-5
Effects of transverse location of pitting corrosion on ultimate strength
No Pit location ?/iM purariapies —AO 4 Oc Oc
! ! X Xy X3 Xy A, Nmm? o,
1 Centre 50.0 1.68 0.0 0.0 0.00 1.000 188.30 1.000
2 Centre 50.0 1.68 0.3 0.3 0.50 0.888 165.41 0.878
3 Single edge 50.0 1.68 0.3 0.3 0.50 0.888 155.59 0.826
4 Both edges 50.0 1.68 0.3 0.3 0.50 0.888 149.53 0.794
200 —
160 —
120 —
Oxav N
(1) Uncorroded plate
80 — (2) 0.3Bx0.3L Pitting corrosion at plate centre
(3) 0.3Bx0.3L Pitting corrosion at single edge
i (4) 0.3Bx0.3L Pitting corrosion at both edges
40 — LxBxt=1000x1000x20mm
| oy =235N /mm?
—0.152
Wt =018t
0 | T | |
0 0.001 0.002 0.003 0.004 0.005
Exav
Fig. 5.23. A comparison of the average stress-strain curves
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In addition, the effects of corrosion length along plate edges in the longitudinal
direction on the ultimate strength of mild steel plate have been investigated based on a

pitting width of 20% of plate breadth and a pitting depth of 0.5t.

Table 5-6
Effects of pitting corrosion length on ultimate strength
o S Ig]/:;M Input Variables A —A, o, &
1t focation X Xy X3 Xy A N/mm?® o,
1 Both sides 50.0 1.68 0.0 0.0 0.00 1.00 188.30 1.000
2 Both sides 50.0 1.68 0.2 0.25 0.50 0.90 168.85 0.897
3 Both sides 50.0 1.68 0.2 0.50 0.50 0.90 157.01 0.834
4 Both sides 50.0 1.68 0.2 0.75 0.50 0.90 150.76 0.800
5 Both sides 50.0 1.68 0.2 1.00 0.50 0.90 147.49 0.783

The results are presented in Table 5-6 and Fig. 5.24. It is shown that the both sides
pitting corrosion up to 50% of length (see cases 2 and 3) can reduce the strength of
the plate significantly, whereas the differences between 50% and 75% or between
75% and 100% of pitting length (cases 4 and 5) are relatively smaller than the former.
Fig.5.24 shows the effects of corrosion length on the strength. With the increase of
corrosion length, the strength reduction is increased. However their individual post-
buckling strengths are fairly close to each other.

200 —

160 —|

120 —

Oxav |
LxBxt=1000x1000x20mm

oy = 235N/ mm?

80 —

i W =018%
] @ ) 4) o

(1) Perfect plate
40 — (2) 0.2B x 0.25L Pitting corrosion at plate edge
(3) 0.2B x 0.50L Pitting corrosion at plate edge
(4) 0.2B x 0.75L Pitting corrosion at plate edge
(5) 0.2B x 1.00L Pitting corrosion at plate edges

0
\ \ \ \ \

0 0.001 0.002 0.003 0.005

xay

0.004

Fig. 5.24. Effects of pitting corrosion length
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The above results clearly show that the strength reduction due to pitting corrosion
depends on the width, length, depth and location of the corrosion. To further
demonstrate this, a comparison between the results of these finite element analyses
based on both sides pitting corrosion and using the formulation of Eq.3.26 in Chapter
3, which is proposed by Paik et al. [14, 15, 31], is shown in Fig. 5.25. It indicates that
increasing pitting length leads to decreasing the ultimate strength of the plate based on
the present finite element analyses results. However the formulation of Eq.3.26 cannot
reflect this effect. In addition, the current results are more conservative than those of
Eq.3.26. This large difference might be attributed to the fact that both sides pitting
corrosion, where the plate element is actually being supported, has the most
weakening effect on strength.
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0.88 — \
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| A FEM results TA
0.76 ‘ ‘ ‘ ‘
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Pit Length / Plate Length (%)
Fig. 5.25. A comparison of the FEA results with those of Eq.3.26

Fig. 5.26 further illustrates the effects of pit corrosion length, breadth and depth on
the ultimate strength. It further demonstrates the importance of these three parameters.

Appendix C summarizes the results of 256 nonlinear finite element analyses based on

higher tensile steel of 1m x 1m plate with a yield stress of 355 N /mm* with different
geometry parameters such as plate slenderness, location, size and depth of pits on the
ultimate strength of square plates.

Table 5-7 shows the effects of plate slenderness parameter (£3), x,, on the ultimate

strength based on pitting corrosion at both edges which has a pitting width of 20% of
plate breadth, a pitting length of 100% of plate length and a pitting depth of 0.25t. The
results indicate that the length, breadth and depth of pit corrosion have weakening
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effects on the ultimate strength of the plates while plate slenderness has only marginal
effect on strength reduction.
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Fig. 5.26. Effects of pit length, breadth and depth on the ultimate strength

Table 5-7
Effects of plate slenderness parameter on ultimate strength
o - g]/:;M Input Variables A —A, o, [
1t location X X, X3 Xy A, N/mnt® o,
1 Both edges 41.7 1.72 0.2 1.0 0.25 0.95 251.87 0.897
Both edges 50.0 2.06 0.2 1.0 0.25 0.95 226.03 0.887
3 Both edges 62.5 2.58 0.2 1.0 0.25 0.95 203.66 0.879

Table 5-8 indicates the comparison of ultimate strength of plate (Im x Im x 20t)
with/without pitting corrosion based on existing formulae which are introduced in
Section 5.3. Both edges pitting corrosion case is selected for this evaluation. where

plate slenderness parameter (), x,, is 2.06 which means that B/t ratio is 50 and
0, =355 N/mm*, x, is 0.3, x, is as indicated in Table 5-8 and x, is 0.5. Case No.l

indicates an uncorroded plate and No.2 to No.5 show corroded plates under different
pit lengths. 7, denotes equivalent average plate thickness which considers pitting

corrosion, FEM,,...,, means the results of finite element analyses based on equivalent
average plate thickness (7, ) values and FEMg: is the results of finite element

analyses based on both edges type pitting corrosion.
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Table 5-8
Comparison of ultimate strength of plates based on different pit length
X t Faulkner | Fujikobo | NK DNV FEM,ye.cor | FEMgE
No } (;jm) N/mm?) | (N/mm?) | (NW/mm®) | (N/mm®) | (N/mm?) | (N/mm?)
1 0 20.00 260.95 283.11 283.11 231.50 254.82 254.82
2 0.25 | 19.25 254.18 276.27 276.27 222.82 250.20 227.61
3 0.50 | 18.50 247.17 269.13 269.13 214.14 245.67 189.39
4 0.75 | 17.75 239.94 261.70 261.70 205.46 240.83 155.82
5 1.00 | 17.00 232.46 253.97 253.97 196.77 237.13 149.37

The results show that the ultimate strengths from current finite element analyses
based on both edges pitting corrosion concept indicate the most critical and
conservative values than any other existing formulae in Section 5.3.

5.6  Proposed formulae for predicting ultimate strength reduction

As part of this overall study, new formulae for predicting the strength reduction due
to pitting corrosion are derived by using a multi-variable regression model. The
general form of a multi-variable regression is given by:

Y=06,+Bx+pBx,+..0x, +& (Eq.5.40)

m-"m

The dependent variable Y can be calculated as a function of m independent variables
X5 X,s.... X, . A random error term (&) can be added to allow for deviation between

the right hand sides of equation, B, + fBx + fB,x,+....0,x,, and the value of the
dependent variable Y. The value of the coefficient 5 determines the contribution of

the independent variable x, and £, is the Y-intercept. The primary difference

between fitting the single variable model and fitting the multiple-variable regression
model is in computation difficulty. Recently a number of different statistical program
packages have been developed to fit a multiple regression model and based on using
the method of least squares. Some of the more popular are BMD, Minitab, SAS and
SPSS. In this study, the Minitab program was used to develop a multiple regression
model.

The multiple coefficient of determination R> can represent how well a multiple
regression model fits a given set of data. R* =0 means a complete lack of fit of the
model to the data, and R’ =1 implies a perfect fit and which can be expressed by:

RP=1-+=— (Eq.5.41)

where y, is arbitrary data point, ; denotes the mean of the data points and 311.
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represents the predicted value of ¥; for the model. R’ represents the fraction of the

sample variation of the y values and which is explained by the least-squares
prediction equation.

In this study, using data obtained from finite element analyses in Appendix C, two
formulae were derived for predicting the ultimate strengths of square plates with
pitting corrosion under uniaxial compression. One of them is for the plates with
pitting corrosion on one side (edge) of the plates, the other is for the plates with
symmetrical pitting corrosion on two sides (edges). Four variables, x,, x,, x, and x,,

have been chosen as independent variables, where the valid ranges of x, is 1.719 to

2.576, which corresponds to B/t = 40 to 65, x, is 0 to 0.4, x; is O to 1.0 and x, is O or
0.5. 128 sets of finite element analyses results for single edge type pitting corrosion
on the plate and another 128 sets with both edges type pitting corrosion are used to
derive the formulae. Appendix D indicates all data which include the independent
four(4) variables x,, x,, x;, x, based on finite element modelling results in Appendix

C.

The ultimate strength reduction of plates with single edge (SS) corrosion can be
formulated by:

o 1 X, x-x,=0
Oc | _ (Eq.5.42)
0 ) 1.25-0.0144x, —0.336x, —0.166x, —0.434x, x,-x;-x,#0

The ultimate strength reduction of plates with both edges (BS) corrosion can be
expressed by:

o 1 X, X%, =0
<1 = (Eq.5.43)
Oy ) g 1.43-0.0414x, —0.603x, —0.220x, —=0.576x, x,-x;-x, #0

Fig. 5.27 and 5.28 illustrate the correlation between the finite element results and the
derived formulae. The formula for plates with single edge type pitting corrosion has a
coefficient of variation (C.0.V) of 0.030 and a mean of 1.001, and the multiple
coefficient of determination ( R*) is 0.907. In the case of plates with both edges type
pitting corrosion, the coefficient of variation (C.0.V) is 0.0595, the mean is 0.998, and
the multiple coefficient of determination (R*) is 0.863. So the proposed formulae are
quite accurate.

It should be pointed out that the ultimate strength reduction predicted by Eq.5.42 and
Eq.5.43 should be always less or equal to 1. However when x,, X3, and x4 are very
small, Eq.5.42 and 5.43 could possibly produce a value, which is slightly greater than
1. In this case, the ultimate strength reduction should be set as one.
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Fig. 5.27. Correlation of FEM results and Multi-Variable Regression based

outputs for single edge pitting corrosion
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Fig. 5.28. Correlation of FEM results and Multi-Variable Regression based
outputs for both edges pitting corrosion
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From Eq.5.42 and Eq.5.43 it is observed that corrosion depth has the most weakening
effects on strength reduction among the four parameters when the corrosion is on one
side of the edge of the plates. Corrosion width is the second most important
parameter, while plate slenderness has only marginal effect on the strength reduction.
However when corrosion is on both sides of the edges the corrosion width is the most
important parameter, which is followed by corrosion depth, and then corrosion length.

Again plate slenderness has very little effect on the strength reduction. This is because
currently proposed equations are not based on ultimate strength value itself but based
on strength reduction ratio and the valid slenderness ratios are restricted from 1,719 to
2.576, which is corresponds to B/t = 40 to 65. However if the range of plate
slenderness parameter is increased then the effect on ultimate strength of plate might
be becoming noticeable.

5.7  Application of Artificial Neural Networks (ANN) to ultimate strength of
plates with pitting corrosion

Utilising the results of a considerable number of finite element analyses as described
in previous sections, the Artificial Neural Networks (ANN) method can be applied to
develop a method to predict the ultimate strength of unstiffened plate with localized
corrosion more accurately than by any other existing simplified empirical formulae
including the ones developed and proposed in Section 5.6.

The first step toward the development of artificial neural networks was introduced by
Warren McCulloch and Pitts [55]. They modelled a simple neural network with
electrical circuits. In 1959, Bernard Widrow and Marcian Hoff [56, 57] developed
models which were called “Adaline” and “Madaline”. These models were named for
their use of so-called Multiple Adaptive Linear Elements. “Madaline” was the first
neural network to be applied to a real world problem [58].

Since the late 1980’s the technology and the application of ANN have been developed
considerably and employed remarkably in many fields of science and engineering.

Recently Artificial Neural Networks (ANN) methods have been introduced to
structural engineering problems. Hajela et al. [59] used a back-propagation neural
network to represent the force-displacement relationship in static structural analysis.
Such models provide computationally efficient capability for rapid reanalysis and
appear to be well suited for application in numerical optimum design. Shao et al. [60]
have applied ANN to predict the reliability of structures. In their paper, a ANN
model was used to approximate the limit state function. Then the reliability of the
structure was evaluated by a First Order Second Moment Method (FORM). This
methodology was applied to a couple of simple examples and to a portal frame. The
results obtained from ANN models are considered to be reasonably accurate [61].
Jenkins [62] considered a method of structural re-analysis based on use of a neural
network on a cable-stayed structure and on a truss structure. Wei [63] investigated a
two-layered back-propagation neural network to predict the local and distortional
buckling behaviour of cold formed steel compression members.
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Some recent developments in the application of ANN methodology in marine and
offshore structural field have been carried out and which include structural reliability
analysis by Papadrakakis et al. [64, 65], Shao et al. [60], Hurtado et al. [66], Gomes
et al. [67] and Deng, Gu et al. [68]. El-hewy et al. [69] and Pu et al. [61] found out
that an ANN-based response surface method (RSM) is much more accurate and
efficient than conventional polynomial-based RSM in structural reliability analysis.
The ANN method also has been used to estimate the ultimate strength of stiffened and
unstiffened plates by Wei et al. [70] and Pu et al. [61]. They found that ANN-based
predictions generally produce better results than those from empirical formulae
obtained from conventional regression analysis. Other attempts to use ANN in naval
architecture and marine engineering are introduced by Ray et al. [71], Mesbahi and
Bertram [72), Zubaydi et al. [73] and Alkan et al. [74], and in wave and motion
analysis by Xu and Haddara [75], Londhe and Deo [76], Agrawal and Deo [77] and
Mazaheri and Downie [78].

5.7.1 Biological neurons
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Fig. 5.29. The basic features of a biological neuron and chemical signal at synapse

The human brain contains approximately ten thousand million basic units of a form
called neurons. The neuron is the basic unit of the brain, and consists of dendrites,
synapses, cell body and axon. A conceptual representation of the basic feature of a
neuron is shown in Fig. 5.29. Each of these neurons is connected to about ten
thousand others, thus constituting a very complex network.

The soma is the body of the neuron. Dendrites are extension of the soma which act as
the connections through which all the inputs to the neuron arrive. Another type of
nerve process attached to the soma is called an axon which serves as the output
channel of the neuron. The axon terminates in a specialised contact called a synapse
that couples the axon with the dendrite of another cell. The synapse releases
chemicals called neurotransmitters when its potential is raised sufficiently by the
action potential. Generally the process can be described as one that the input channels
receive their input through the synapses of other neurons. The soma then turns that
further processed value into an output which is sent out to other neurons through the
axon and synapses. Thus input to the overall networks is subject to progressive
“processing” as it flows further through the network until it reaches some conclusive
form deemed to be an acceptable output from the overall network.
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Learning in biological systems is thought to occur when modification is made to the
effective coupling between one cell and another, at the synaptic junction. The
mechanism for achieving this seems to be to facilitate the release of more
neurotransmitters. This has the effect of opening more gates on the dendrite on the
post-synaptic side of the junction, and so increasing the coupling effect of the two
cells. The adjustment of coupling so as to reinforce good connections is an important
feature of artificial neural network models, as is the effective coupling, or weighting,
that occurs on each of the connections into a neuronal cell.

General overviews of biological neurons are provided in Robert [79], Beale and
Jackson [80] and Anderson and McNeill [58], etc.

5.7.2 Artificial neural network

The characteristics and ability of the human brain can be described, such as the ability
to adopt or learn, to process information on the basis of knowledge and to modify and
accumulate the knowledge in an information processing manner, massive parallelism,
a significant amount of redundancy, high processing speed and sophisticated order,
the ability to self repair and recognition etc.

An artificial neural network (ANN), also called a simulated neural network (SNN)
or just a neural network (NN), is an interconnected group of artificial neurons that
uses a mathematical or computational model for information processing based on a
connectionist approach to computation [81]. The motivation for the development of a
simulated neural network technology stemmed from the desire to develop an artificial
system that could perform "intelligent" tasks similar to those performed by the human
brain. Artificial neural networks resemble the human brain in the following two ways:
a neural network acquires knowledge through learning and a neural network's
knowledge is then stored within inter-neuron connection strengths known as synaptic
weights.

The true power and advantage of neural networks lies in their ability to represent both
linear and non-linear relationships and in their ability to learn these relationships
directly from the data being modelled. Traditional linear models are simply
inadequate when it comes to modelling data that contains non-linear characteristics.

Artificial neural networks (ANN) have several advantages, because they resemble
the principles of the real human neural system structure [81].

e Learning : ANN have the ability to learn based on data provided in the so
called learning stage. ANN creates its own representation of the data given in
the learning process.

e Tolerance to faults : because ANN store redundant information, partial
destruction of the neural network do not result in damaging completely the
network response.

e Flexibility : ANN can handle input data without important changes like noisy
signals or other changes in the given input data
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e Real Time : ANN are parallel structures; if they are implemented in this way
using computers or special hardware then results response in almost real time
can be achieved.

5.7.2.1 ANN fundamentals

The typical artificial neuron is a processing element as depicted in Fig. 5.30 with n
inputs, where x,, x,, x, and x are input parameters. Those inputs are each multiplied
by individual weight vectors, these weights are represented by w , and after summing

the results, are fed through an activation transfer function, f, to generate a result, and
then the output (Y).

JFO L ——vy (output)

Fig. 5.30. Outline of the basic model of artificial neuron

This can be written as:
Y= f[ikak +bk} (Eq.5.44)

where b is a scalar bias or is named as a threshold. This bias is much like a weight
except that it has a constant input of 1.

As described above, the result of the summation function is then transformed to a
working output through the associated relevant transfer function. There are several

types of activation function available as follows:

e A linear activation function
f(x)=x
e Non-linear activation functions

1

The Logistic function  : f(x)=———
1+exp(—px)
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The Tanh function : f (X ) = _ex — e—x
e +e

where [ is the slope parameter of the logistic function

. 1 if x>0
e Threshold function : f ( x) =

-1 if x<0

The most commonly used types are the logistic function and the hyperbolic tangent
function because they introduce non-linearity into the network’s calculations by
“squashing” the neuron’s activation level into the range [0,1] for the logistic function
and [-1,1] for the hyperbolic tangent function.

Typically the weights in a neural network are initially set to small random values.
This represents the network knowing nothing; its resulting output is essentially a
random function of its input. As the training process proceeds, the connection weights
are gradually modified according to computation rules specific to the particular
learning algorithm being used. Ideally the weights eventually converge to values
allowing them to perform a useful computation where the overall output meets the
required value.

5.7.3 Types of artificial neural networks

There are various kinds of network architectures available, among others the ones
following are considered the most common and popular types: The definitions of
neural network the reader are referred to existing publications by Beale and Jackson,
Wikipedia and Principe et al. [58, 80-82].

5.7.3.1 Single layer feed-forward network

The earliest type of neural network is a single-layer perception network, which
consists of a single layer of output nodes; and in which the inputs are fed directly to
the corresponding output via a series of weights. In this way it can be considered the
simplest kind of feed-forward network. The sum of the products of the weights and
the inputs is calculated in each node, and if the value is above some threshold
(typically 0) the neuron fires and takes the activated value (typically 1); otherwise it
takes the deactivated value (typically -1). Neurons with this kind of activation
function are also called McCulloch-Pitts neurons or threshold neurons.

5.7.3.2 Multi-layer feed-forward network

When the neural networks have one or more hidden layers these are called multi-layer
neural networks or multi-layer perceptions (MLP) and this is the most commonly
employed neural network model. This type of neural network is also known as a
supervised network because it requires a desired output together with associated input
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in order to learn. The goal of this type of network is to create a model that correctly
maps the input to the output using historical data so that the model can then be used to
produce output from new input when the desired output is unknown. A graphical
representation of an MLP is illustrated in Fig. 5.31.

Multi-layer networks are trained by using a variety of learning techniques, the most
popular being back-propagation. Here the output values are compared with the correct
answer corresponding to a given set of input data in order to compute the value of
some predefined error-function. By various techniques the error is then fed back
through the network. Using this information, the algorithm adjusts the weights of each
connection in order to reduce the value of the error function by some small amount.

Input Hidden
Layer Layer

w1 w
\\' / w2 Layer
%:(i; @‘ () v, (outpur)
\V\/

Fig. 5.31. Multi-layer feed-forward neural network

After repeating this process for a sufficiently large number of training cycles the
network will usually converge to some state where the error of the calculations is
acceptably small. In this case one says that the network has learned to achieve a
certain target function. To adjust weights properly one applies a general method for
non-linear optimization task that is called gradient descent. For this, the derivation of
the error function with respect to the network weights is calculated and the weights
are then changed such that the error decreases, thus going downhill on the surface of
the error function.

5.7.3.3 Recurrent network

As specified above, the feed-forward network propagates data linearly from input to
output. However in a recurrent or feedback neural network, the processing units are
allowed bi-directional data flow and also propagate data from later processing stages
to earlier stages. The typical examples of this type of networks are a simple recurrent
network, so called “Elman network”, and a fully recurrent network.
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5.7.4 Learning Algorithm

The general learning rule for multilayer perceptions is called the “backpropagation
rule” which was proposed by Rumelhard et al. [83] is the most popular rule due to its
well-studied theory. The backpropagation algorithm is an optimization technique
designed to minimize the value of an objective function. The most commonly used
objective function is a squared error given by:

2
e =[t,-f,] (Eq.5.45)
Input Layer (i) Hidden Layer (j)
Indexh Index p

Fig. 5.32. Multi-layer back-propagation neural network

This is the approach that is adopted for this study. The formulation for ultimate
strength estimation for plates with pitting corrosion is developed by using the artificial
neural network approach trained with the results of detailed numeric analyses. The
target output of ANN is strength reduction ratio which represents the ultimate strength

of plate with pitting corrosion (0, ) over the ultimate strength of uncorroded plate

(0,) as shown in Appendix E. The overall network of back-propagation algorithm is
illustrated in Fig. 5.32.

The layers are labeled i, j, k, which represents input, hidden and output respectively
and the neurons in each input, hidden and output layers are indexed as %, p, g
respectively. x denotes input value, ¢ is target output value, W is weight value, [ is

internal activation, f is neuron output and € represents the error term.

The outputs using a logistic activation function can be expressed by:
[ =logistic{W2x| logistic(W1xx+b1) |+ b2} (Eq.5.46)

where WI denotes first layer weight matrix, W2 represents second layer weight
matrix , b/ is first layer bias vector and b2 is second layer bias vector.
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The input vector can be augmented with a dummy node representing the bias input.
This dummy input of 1 is multiplied by a weight corresponding to the bias value.
Thus we can get a more compact matrix representation as follows:

f=log istic(WZX[ (Eq.5.47)

log istic (W1x X)D

T
where X =[1 x;y x5y X5 X541
bh1 2 W W Wip Wip
Wl — bh1~P2 whl~P2 thﬁz thﬁz W”4~P2
bhl -P3 Whl -P3 whz -P3 th -P3 wh4 -P3
_bhl~p4 Wioo Whoy Yoo Whop ]
w2 = [bz Wou Wou W wp“'q]

5.7.4.1 Output layer weight update

The output layer weights are changed in proportion to the negative gradient of the
squared error with respect to the weights. These changes can be calculated using the
chain rule expressed by:

Aw,  =-1, - e’ =7 9" S
pq.k rq aqu.k P4 afq.k an.k awpq~k

=,y (2t~ F | £ [1=Fii ) £ (Eq.5.48)

=Ty 5pq~k ' fm’

where 7 is the step size of the minimization, which is known as learning rate and

20t~ fyu J fa 1=k ]= 8,0
Accordingly, the weight update equation for the output neuron can be expressed by:
Wose (N A1) =W, (N) =71, -8, f (Eq.5.49)
5.7.4.2 Hidden layer weight update

The hidden layer outputs have no target values. Therefore, a procedure is used to
back-propagate the output layer errors to the hidden layer neurons in order to modify
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their weights to minimize the error. The equation of hidden layer weight updates can
be given by:

B de? L og?
AM}hp.j - _7711.,; aW - _77114;;2
hp.j q=1

(Eq.5.50)

2 g2 I, ol

=-n, z gk afp-j alp-j
" Lof,, ol

afm alnj awhnj

gk
where aa;i =(—2)[tq—fq‘k], gj;—zz=0(f,,,k [l—fq,k] gj{_:l;zwpq‘k,
% =af,; [l—fm], ;v{,:pjj =%
o€

: = 3 (_2)|:tq_qu(:l'aquI:l_quk}‘quAk'aprjI:I_fp‘jil'xh
/ (Eq.5.51)

o, .
where o, w, , 81# =90,,;
p-J

Accordingly, the weight update equation for the hidden neuron can be expressed by:

Whl’~j (N+1) = Whij (N) _nhp ’ xh ’ 5 (Eq.5.52)

hp.j
Momentum learning is an improvement to the straight gradient-decent search in the
sense that the past increment to the weight is used to speed up and stabilize

convergence. In momentum learning the equation to update the weights can be
expressed by:

w,, (N+1)=w,_ (N)-1-6(N) x,(N)+a(w,(N)-w, (N-1)) (Eq.5.53)

ij

where ¢« is the momentum constant.

5.7.5 Design of ANN model

There are no well defined rules for building up a ANN structure for a particular
purposed data. Generally we can find and recommend the most suitable ANN
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structure by trial and error and by comparing the results with existing available data.
The general procedure to establish an ANN model is illustrated in Fig. 5.33.

| Determine structure of ANN |

<
| Train the model |

4

| Cross-validate the model |

4

| Test the selected ANN model |

J:L No

| Check the results | = | Modity structure of ANN
Yes 1

| End ANN program |

Fig. 5.33. Procedure to establish ANN models
5.7.5.1 Determine structure of ANN

The processing elements in the input layer and output layer are generally selected by
the nature of the data and structural models. In this research, four(4) independent
input parameters(x;, x2, x3 and x4 ) are selected as input vectors. x, is plate slenderness

parameter (/3), x, denotes the ratio of pit breadth to plate width, x, indicates the

ratio of pit length to plate length and x, is the ratio of pit depth to plate thickness. The
target output vector of the ANN is the ratio of the ultimate strength of plate with
pitting corrosion (O'C) over the ultimate strength of uncorroded plate (0'0) as

illustrated in Fig. 5.32. The overall input and output vectors for ANN networks based
on previous 265 cases of finite element analyses of higher strength steel plate with
pitting corrosion are listed in Appendix E.

There are no rules available to determine the optimum number of hidden layers and
the number of processing elements (PE) in each hidden layer. In this study, all
network models have one hidden layer because this kind of model has been found to
have sufficient accuracy and less demand on the amount of training data. Some
evaluation procedures have been performed within this study to determine the most
suitable number of PEs in a hidden layer. Both the hidden layer and the output layer
used a logistic (sigmoid) activation function. Among the 265 sets of finite element
analysis results, nine models are based on perfect plate (no pitting corrosion) with
different B/t ratios (40.0, 41.7, 45.0, 45.5, 50.0, 55.0, 55.6, 60.0, 62.5) and with
corresponding plate slenderness parameters. 127 sets are finite element analyses for
pitting corrosion on single edge location (SE). 96 sets were selected for training data
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and 20 sets were taken for cross validation data. One of the popular commercial
artificial neural network program, so called NeuroSolutions [84] has been used for
this study.

The effects of the number of PEs in the hidden layer have been evaluated by changing
it from 2 to 9. The number of epochs (the complete mapping out procedure of input
data onto output neurons through the Artificial Neural Network Model) used for this
testing has been initially set to 5000 and cross validation termination criteria is to
terminate after 100 epochs without further improvement. As the network is trained,
the weights of the system are continuously adjusted to incrementally reduce the
difference between the output of the system and the desired response. This difference
can be measured by the mean squared error (MSE). The MSE is the average of the
differences between each output PE and the desired output. The formula for the
average MSE is given by:

P N

Z Z(du )
MSE = =% =0 (Eq.5.54)
NP
where P = number of output processing elements

N = number of exemplars in the data set

d; = desired output for exemplar i at processing element j

Vi = network output for exemplars i at processing element j

0.07

0.06 +

0.05 + —— Hidden 1 PEs =2
= ——Hidden 1 PEs =3
= 0.04 4 Hidden 1 PEs =4
g, Hidden 1 PEs =5
[+] - —
5 0.03 Hidden 1 PEs =6
:: ——Hidden 1 PEs =7

000 | ——Hidden 1 PEs =8

——Hidden 1 PEs =9
0.01 |
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ; ;
1 500 999 1498 1997 2496 2995 3494 3993 4492 4991
Epoch

Fig. 5.34. Average MSE versus epoch for trained data based on various numbers of
hidden layer processing elements

The results indicate that the number of PEs in hidden layer will not effect on the
accuracy of ANN based estimation as long as there is an adequate number of epochs.
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This means that after a certain number (3000) of epochs, the average MSE is almost
same at all different PE numbers (2 to 9) as shown in Fig. 5.34. In this study, the same
number of processing elements (4 PEs) in hidden layer has been selected as illustrated
in Fig. 5.32.

5.7.5.2 Training and cross validation

Most of artificial neural network solutions have been trained with so-called
supervised training. In this study, data from Appendix E are used for input and
corresponding output values. In supervised training, the actual output of a neural
network is compared to the desired output. The initial weights are chosen randomly,
then adjusted by the network so that the next iteration, or cycle, will produce a closer
match between the desired and the actual output. The learning method tries to
minimize the current errors of all processing elements. Errors are then propagated
back through the system, causing the system to modify the input weights until an
acceptable network accuracy is reached.

As far as applicable, training data need to be fairly large to contain all the needed
information if the network is to learn the features and relationships that are important.
Generally the training data should have both the large value range of data and also
include all the characteristics of the problem class of data. After training data, if the
network accuracy is not considered to be good enough, then the inputs and outputs,
the number of layers, the number of elements per layer and transfer functions should
be reviewed.

During the training procedure, the input and desired data will be repeatedly presented
to the network. As the network learns more and more, the error tends to drop toward
zero. However a lower error does not always mean a better network. It is possible to
over-train a network. Cross validation is a highly recommended criteria for stopping
the training of a network. In this research, a total 116 training data sets (include cross
validation) have been used for pitting corrosion at a single edge location (SE) from
Appendix E. The number of epoch used for this testing has been set to 5000 and cross
validation termination criteria is to automatically terminate after 100 epochs without
improvement.

5.7.5.3 Testing ANN models

Once the trained ANN model has been validated, a comparison between the desired
output and actual network output have been evaluated based on randomly selected 20
sets of new data for pitting corrosion on a single edge location (SE). Table 5-9 shows
two sets of results of ANN tests, one based on the logistic (sigmoid) activation
function and another based on the hyperbolic tangent (Tanh) activation function. It
indicates that the ANN results based on the hyperbolic tangent (Tanh) activation
function shows more accurate than the logistic based ANN results.
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Table 5-9

Comparison of ANN outputs and desired output for single edge pitting corrosion
ANN Input Variables o, ANN ANN
No Type x1 x2 x3 x4 o Output Output
0 (Sigmoid) (Tanh)
1 SE 1.719 0.1 0.50 0.25 0.972 0.973 0.969
2 SE 1.875 0.4 0.50 0.50 0.782 0.778 0.783
3 SE 2.576 0.4 1.00 0.50 0.704 0.718 0.693
4 SE 2.576 0.3 1.00 0.50 0.726 0.730 0.713
5 SE 1.719 0.4 0.50 0.25 0.913 0.917 0.923
6 SE 1.719 0.1 0.25 0.50 0.969 0.955 0.984
7 SE 2.291 0.1 0.50 0.25 0.967 0.969 0.960
8 SE 2.060 0.0 0.00 0.00 1.000 1.000 1.000
9 SE 2.576 0.3 0.25 0.25 0.980 0.959 0.964
10 SE 1.719 0.2 0.25 0.50 0.930 0.928 0.946
11 SE 2.061 0.1 0.75 0.25 0.948 0.949 0.946
12 SE 2.291 0.1 0.50 0.50 0.901 0.901 0.907
13 SE 2.291 0.2 0.50 0.50 0.831 0.856 0.834
14 SE 1.875 0.4 1.00 0.25 0.846 0.818 0.846
15 SE 2.061 0.3 0.75 0.50 0.740 0.766 0.735
16 SE 1.875 0.3 0.50 0.25 0.922 0.940 0.920
17 SE 2.291 0.3 0.50 0.50 0.793 0.807 0.789
18 SE 2.576 0.1 0.75 0.50 0.843 0.836 0.851
19 SE 2.576 0.4 0.25 0.50 0.863 0.809 0.841
20 SE 2.291 0.4 1.00 0.25 0.845 0.807 0.843

Fig. 5.35 and Fig. 5.36 indicate that the hyperbolic tangent (Tanh) activation function
is more accurate and can converge at less number of testing procedure (epoch) than
logistic activation function for this ANN model for pitting corrosion.

MSE versus Epoch
0.045
0.04 |
0.035 |
0.03 |
= 0.025 1 Training MSE
= o002} Cross Validation MSE
0.015 +
0.01 }
0.005 |
0 ‘ ‘ ‘ ! : ; ‘ ‘ ‘
1 500 999 1498 1997 2496 2995 3494 3993 4492 4991
Epoch

Fig. 5.35. Mean square error versus epoch for pitting corrosion on single edge
location by using a logistic activation function
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MSE versus Epoch
0.25
0.2 +
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= 015 Cross Validation MSE
w
=
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Fig. 5.36. Mean square error versus epoch for pitting corrosion on single edge
location by using a hyperbolic tangent (Tanh) activation function

Fig. 5.37 and 5.38 illustrate a comparison of desired output obtained from finite
element modelling and the corresponding ANN based output. Generally the size of
the mean square error (MSE) can be used to determine how well the network output
conforms to the desired output, but it doesn’t necessarily reflect whether the two sets
of data move in the same direction. The correlation coefficient (r) solves this problem.
The correlation coefficient between a network output y and a desire output d can be

expressed by:
(5 -3)(4 -
r= ZN - (Eq.5.55)
2(d-d) [X(-v)

i i

N N

The correlation coefficient is confined to the range [-1,1]. When r=1 there is a perfect
positive correlation between y and d which mean that they vary by the same amount.
When r=-1, there is a perfectly linear negative correlation between y and d which
means they vary in opposite ways.

Table 5-10 summarizes comparison results of the selected 20 sets of examples for a
logistic (sigmoid) and a hyperbolic tangent (Tanh) activation functions.

Table 5-10
Comparison of the performance of sigmoid and hyperbolic tangent activation function
ANN Network Sigmoid Tanh
MSE (mean square error) 0.0003932 0.0000882
r (correlation coefficient) 0.9751 0.9954
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Desired Output and Actual Network Output
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Fig. 5.37. Comparison of desired output and ANN output for pitting corrosion on
single edge location as obtained using logistic (sigmoid) activation function
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Fig. 5.38. Comparison of desired output and ANN output for pitting corrosion on
single edge location as obtained using hyperbolic tangent (Tanh) activation function

5.7.6 ANN based formulae for ultimate strength of plate with pitting corrosion

Once an ANN model has been trained and validated, it must be tested with new data
as investigated above. Finally we can conclude that the hyperbolic tangent (Tanh)
activation function based network is more suitable and accurate than the logistic
activation function to predict the ultimate strength of plate with pitting corrosion
either at one edge or at both edges for new problems that were not studied within the
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previous finite element analyses. As far as applicable, the number of training data
needs to be fairly large to contain all the needed information if the network is to learn
the features and relationships that are important. Generally the training data should
cover large range of data and also include all the characteristics of the problem class
of data. In this study, the results of 265 nonlinear finite element analyses have been
used to develop ANN models. In these analyses, Im x 1m plates with a yield stress of

355 N/mm’* were used. 9 models are based on plates without pitting corrosion with
different B/t ratios (40.0, 41.7, 45.0, 45.5, 50.0, 55.0, 55.6, 60.0, 62.5). For each
corrosion scenario including single edge corrosion and both edges corrosion, x, has
four values ranging from 1.650 to 2.576; x, has four values (0.1, 0.2, 0.3 and 0.4);
The longitudinal location of pitting corrosion was assumed to start at aft bay (aft end)
and x; has four different values (0.25, 0.5, 0.75, 1.0); x, has two cases (0.25 and 0.5).

So the dataset has quite good coverage of the input and output space.

5.7.6.1 ANN (Tanh) based output for single end pitting corrosion

Overall comparisons between finite element results and ANN based outputs (o, /0,,)

for the ultimate strength of plate with single edge type pitting corrosion have been
carried out to evaluate the accuracy of ANN based outputs. Appendix E indicates all
trained and cross validated data with the ANN output values based on hyperbolic
tangent (Tanh) activation functions. As illustrated in Fig. 5.39 which shows
correlation of both FEM results and ANN based outputs, the results is very accurate
with MSE is 0.000068, r is 0.995643, mean value is 0.999926 and coefficient of
variation (C.0.V) is 0.009572.

17
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Fig. 5.39. Correlation of FEM results and ANN (Tanh) based outputs for single edge
pitting corrosion
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Based on this current study it is considered to be advantageous to derive empirical
formula to estimate the ultimate strength of rectangular plate with pitting corrosion.
Generally many of conventional empirical formulae are polynomial equations based
on regression analysis. In this research matrix based equations, so called ANN based
empirical formula, have been developed as Eq.5.56. This equation is based on the
assumption that the boundary condition of rectangular plate is a simply supported
condition, the initial plate deformation follows half wave numbers which are same as
plate aspect ratio or to the nearest whole number and only the most severely corroded
square area in total plate length should be considered to determine input
parameters x, , X, , X;, X, .

Y +4.8860
O.=

——— X O, Eq.5.56
¢~ 75.7860 ° (54530
where o = ultimate strength of plate with pitting corrosion (N / mmz)
0, = ultimate strength of uncorroded plate (N / mmz)
Y = value of matrix based equation
1
= | Tanh| W2x
a ( {Tanh(Wb( X)D‘

x, = plate slenderness parameter (/)
x, = the ratio of pit breadth over plate width
x, = the ratio of pit length over plate length
x, = the ratio of pit depth over plate thickness
X =1 Xp Xpy X3 xf4]T
X, = (1.9441% x,)-4.1078
X, = (4.5000% x,)-0.8999
Xy = (1.7999% x,) - 0.8999
X, = (3.5999% x,)-0.8999

-0.2751 0.0282 0.0496 0.3851 0.7093
Wi - 1.8543 -0.0115 -0.6978 -0.1098 -1.6504

|-0.4064 -0.0183 -2.0535 -0.3542 -0.3978

-1.0153 -0.2708 0.5036 -2.1643 0.6909

W2 =[0.1681 -0.1755 1.0057 0.3621 0.6168]
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5.7.6.2 ANN (Tanh) based output for both ends pitting corrosion

Another comparison between finite element results and ANN based outputs (o /0,)

for the ultimate strength of plate with both end type pitting corrosion have been
investigated. Appendix E indicates all trained and cross validated data with the ANN
output values based on hyperbolic tangent (Tanh) activation functions. Fig. 5.40
illustrates correlation of both FEM results and ANN based outputs, the results is very
accurate with the results is very accurate with MSE is 0.000199, r is 0.994084, mean
value is 0.998067 and coefficient of variation (C.0.V) is 0.020693.

0.8 —
FEM -
MSE =0.000199
06 ro =0.994084
. Mean =0.998067
C.0.V =0.020693
Sample =136 data
04 | | |
0.4 0.6 0.8 1

ANN
Fig. 5.40 Correlation of FEM results and ANN (Tanh) based outputs for both edges

pitting corrosion

The matrix based formula for the ultimate strength of plate with both end type pitting
corrosion can be expressed by:

Y +3.0658
o.=—— X O, Eq. 5.57
= 739658 ° (Fa.57
where o = ultimate strength of plate with pitting corrosion (N / mmz)
0, = ultimate strength of uncorroded plate (N / mmz)
Y = value of matrix based equation
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1
Tanh(wzx{Tanh(W1x X)D ‘

x, = plate slenderness parameter (/)

x, = the ratio of pit breadth over plate width
x, = the ratio of pit length over plate length
x, = the ratio of pit depth over plate thickness
X =[1 x;y Xy X5 xf4]T

X, = (2.0896 % x,)-4.4912

X, = (4.5000%* x,) -0.8999

Xy = (1.7999%* x,) - 0.8999

X = (3.5999* x,)-0.8999

1.5899 -0.3056 -0.7707 -1.0947 -0.6146
1.1090 -0.1769 0.5681 -1.9262 0.5216

Wl =
-0.0856 -0.1755 -0.9780 -1.0876 -0.0798
-0.4588 0.2109 1.1998 -0.4158 -0.8671
w2 = [0.7260 09123 -0.6682 0.8597 0.5669]

The hand calculation of above equations are somewhat complicated, thus a useful
MATLAB program has been developed as shown in Appendix F in order to calculate
the ultimate strength of plate with localized corrosion. Total five(5) input parameters
are required that is the ultimate strength of uncorroded plate and x,,x,,x;,x,.

Readers can also create their own program by using a simple spread sheet program
(MS excel, etc.) based on above formulae and concept. Table 5-11 indicates six
randomly selected data to evaluate the accuracy of the MATLAB based program. The
results demonstrate that the developed MATLAB based program can predict the
ultimate strength of plate with single edge and both edges pitting corrosion quite
accurately.

Table 5-11
Comparison of ANN outputs and desired output for single edge pitting corrosion
ANN Input Variables o,.(FEM) ANN MATLAB
No Type x1 x2 x3 x4 (N/mm>) Outpug Outpug
(N/mm”) (N/mm”)
1 SE 1.719 0.3 0.25 0.50 250.30 255.24 255.23
2 SE 2.060 0.2 1.00 0.25 226.23 226.61 226.63
3 SE 2.576 0.1 1.00 0.25 216.42 216.50 216.51
4 BE 1.719 0.2 0.25 0.25 274.90 275.29 275.30
5 BE 2.060 0.2 0.50 0.25 237.77 236.68 236.69
6 BE 2.576 0.3 0.50 0.50 157.28 159.31 159.33
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5.8 Concluding remarks

In this Chapter, general review of existing formulae and recommendation to estimate
elastic buckling strength and ultimate strength of unstiffened and stiffened plate have
been carried out. Some recent research activities and guideline for the strength
degradation due to localized corrosion have also been reviewed.

Obviously localized corrosion on a plate could reduce the strength of the plate. In this
research, the ultimate strength of square plates with pitting corrosion has been
investigated by using nonlinear finite element analyses. The effects of pitting
corrosion width, depth, length and its transverse location on ultimate strength have
been systematically studied. Over 256 nonlinear finite element analyses have been
carried out which is the full combination of two cases of transverse pitting locations,
four cases of plate slenderness, four cases of pitting breadths, four cases of pitting
lengths and two cases of pitting depths. The results can be summarized as follows:

e The length, breadth and depth of pit corrosion have weakening effects on the
ultimate strength of the plates while plate slenderness has only marginal effect
on strength reduction.

e The depth and width of the corrosion are the two dominant parameters. So this
finding, to some extent, justifies the formula proposed by Paik, et al. [13-15],
in which the corroded cross sectional area was chosen as the only parameter
related to corrosion.

e Transverse location of pit corrosion is also an important factor determining the
amount of strength reduction. When corrosion spreads transversely on both
edges, it has the most deteriorating effect on strength.

The Multi-Variable Regression Method has been applied to derive empirical formulae
to predict strength reduction due to pitting corrosion. The derived formulae are quite
accurate. The formula for single side type pitting corrosion is slightly more accurate
than that for both sides type pitting corrosion.

In addition, the Artificial Neural Network (ANN) Method is applied and some matrix
based new formulae are derived to predict ultimate strength reduction of locally
corroded plates. It is found out that the proposed formulae can accurately predict the
ultimate strength reduction of locally corroded plates under uni-axial compression.
The results can be summarized as follows:

e The number of processing elements (PE) in the hidden layer will not effect on
the accuracy of ANN based output as long as there is an adequate number of
epochs (more than 3000 epochs).

e The hyperbolic tangent (Tanh) activation function produces more accurate
results than the logistic activation function.

e The ANN based empirical formulae show excellent accuracy to predict the
ultimate strength reduction of unstiffened plates with localized corrosion
under uniaxial compression. The formula for single side type pitting corrosion
is slightly more accurate than that for both sides type pitting corrosion.
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The formulae, which are derived by the Multi-Variable Regression Method and the
Artificial Neural Network (ANN) Method, could be useful to determine structural
integrity and residual strength of plates with localized corrosion during the initial
design and on-site inspection and maintenance programme and could save
considerable amount of time and efforts comparing with finite element analyses.

In Chapter 5, finite element analyses have been carried out to investigate the effects of
different material and geometry parameters such as plate slenderness, location, size
and depth of pits on the ultimate strength of square plates under uni-axial compression.
It is recommended further investigation of the effect of localized corrosion on plate
with consideration of residual stresses and the effects of different locations, sizes and
depths of pits on the ultimate strength of plate under lateral load, multi-loads and
under shear have to be investigated.
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Chapter 6

The Effects of Localized Corrosion on Strength
Degradation of Stiffened Plates

6.1 Introduction

Stiffened plates are assemblage of plating and stiffeners and main structural members
in ships and offshore structures. The characteristic of stiffened panels are that even if
there is initial plate buckling phenomena in the elastic and inelastic regime the overall
stiffened panels are usually sufficiently strong enough to sustain further applied
loading until they reach ultimate strength due to excessive plasticity or actual stiffener
failure.

The potential failure modes of a stiffened panel are generally classified into four main
categories [1]:
e plate failure
e stiffener-plate column failure which can be divided into two modes
- plate induced failure
- stiffener induced failure
e torsional failure of the stiffener
e overall grillage buckling

There can be modes of actual failure that are a combination of two or more of these
basic modes.

Due to the rapid development of computers with high memory capacity and fast
computational speed, numerical calculations have become an increasingly important
tool in calculating both linear and non-linear strength calculation of structures, thus
now-a-days the behaviour of a stiffened panel can be closely estimated by numerical
computational methods.

The design parameters which influence the strength of stiffened panels are generally
classified into two main categories, such as geometrical and imperfection parameters.
The geometrical parameters are stiffener slenderness, plate slenderness, ratio of top
flange to web area and cross-sectional slenderness of the stiffener. The imperfection
parameters are initial stiffener deflection, relative stiffener deflection, initial plate
deflection, compressive plate welding stresses, axial welding stresses in the stiffeners
and plates and material properties, such as yield stress.

In the analyses reported in Chapter 5, the effects of localized corrosion on the ultimate
strength of unstiffened square plates have been investigated. The results show that the
pitting locations at both edges near the four corners are generally found to be the most
critical location.

Duo Ok — PhD Thesis 6-1
School of Marine Science and Technology
University of Newcastle upon Tyne



Chapter 6: The Effects of Localized Corrosion on Strength Degradation of Stiffened Plate

Localized corrosion often starts from the areas where the highest stresses occurs
which leads to coating break-down and stress corrosion cracking or where water flows
and drains and places of water and sediment accumulation, such as along longitudinal
stiffeners and transverse bulkhead. The localized pitting corrosion can be
concentrated at one or at several large areas as shown on Fig. 5.18 in Chapter 5.
Another type of localized corrosion is of a regularly pitted form and caused by
microbiologically influenced corrosion (MIC), such as sulphate-reducing bacteria
(SRB) as illustrated in Fig. 6.1.

Fig. 6.1. Bacteria influenced corrosion in ballast tank [2]

In this Chapter, the ultimate strength of longitudinally stiffened plates with general
corrosion and pitting corrosion have been investigated. The effects of corrosion
location and size on ultimate strength are studied.

6.2  Ultimate strength of stiffened panels

Many researchers have investigated the ultimate strength of stiffened panels and have
proposed some empirical formulae for design purposes; among others the following
methods have been reviewed to assess the ultimate strength of stiffened panels.

6.2.1 LRS methods

Lloyd’s Register developed a program, so-called LRPASS 20202, to assess the
ultimate strength of stiffened panels by using a simple beam-column approach in
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which the panel behaviour is typified by that of a single stiffener together with an
effective width of plating. Full details of the theories are given in Rutherford [3] and
Rutherford and Caldwell [4].

The failure modes of stiffened panels are classified into the plate induced failure
mode and the stiffener induced failure mode.

The following expression can be used to determine the ultimate strength of a stiffened
panel simply supported on all four sides with initial deflection under plate failure
mode, expressed by:

FFA +M
kp ~'[(R-R) Ea.6.1)
U = A I q.6.
where K = the secant stiffness of the plate panel

P = maximum compressive force
P, =Eulerload (=7El, /L)
A, = effective sectional area
Y, = the distance between its centroid and the middle plane of the plate
I, = effective second moment of area of section
A = the eccentric of load at mid-span
M,  =The moment resulting from lateral pressure at mid span

A similar expression can be used to calculate the maximum compressive force which
can be carried by the stiffened panel before the stiffener fails in compression at mid-
span. In this case, the section properties / and A together with the Euler load P, are
calculated using the full width of plate since this was found to improve correlation
with both test and numerical results, given by:

= F.A +M
P (F-R) E162)
o, =—+ - .0.
o =y ] q
where A = total sectional area
v, = the distance between the centroid of the cross-section and the

extreme stiffener fibre
1 = total second moment of area of section

6.2.2 Pu and Das’s method

Pu and Das [1, 5] evaluated various existing formulae proposed by Faulkner [6],
Carlsen [7], and Imperial College’s method and calibrated these against the existing
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experimental and numerical results. They proposed a modified Faulkner’s formulae,
so-called the Pu and Das Method, to predict the ultimate strength of stiffened plates
which is given by:

A +(b, xt
r=Cu % | (b.x1) (Eq.6.3)
o, o,| A +(bxt)
where o _j_Llov if o,>050,
oy 40,
9 - % if 0,<0.50,
O-Y O-Y
2 2 !
where o, = T XEX e Xlzxr“ and 1l = _ L
a A, +(b,xt)

EI, is the buckling flexural rigidity of the stiffener. The tangent effective width of the
plate (be) is given by:

1
" | =XR XR;XR B =1
A R (Eq.6.4)
R XR;xR 0< B <1

The effective width of the plate is related to the slenderness as follows:

1.O8XI'. XR XR.,XR 21
b _ P 7 by 208 X B % (Eq.6.5)
b LO8XR, XR;X R, ; 0<p <1
where ,Bgzé O-e, Fin—Lz
tVE B B
R =|1-—ALr (1+0.00787)
" 1.08xT,
)
Razl—(0.626—0.121,[38)7

R, = 0.665+0.00677+0.36%+0.14ﬂg

n = welding residual stress factor
0, = initial plate deflection

6.2.3 Paik & Thayamballi’s methods

If the stiffened panel is subjected to axial tension, it will fail by gross yielding.
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However if the stiffened panel is under predominantly uni-axial compressive loads,
there will be several potential failure modes until it reaches to the ultimate strength.

Paik & Thayamballi [8] categorized the primary modes of overall failure for the
stiffened panel subject to compressive loads into the following six types:

® Model : overall collapse of plating and stiffeners as a unit
e Mode II : biaxial compressive collapse

e Mode III : beam-column type collapse

e Mode IV : local buckling of stiffener web

e ModeV : tripping of stiffener

e Mode VI : gross yielding

They proposed that the Mode I strength of a panel might be reasonably modelled as an
orthotropic plate for buckling and ultimate strength estimation based on the large-
deflection orthotropic plate theory and additionally considered for the effects of
welding-induced initial deflections. However the influence of residual stresses and the
effect of in-plane bending moment on the ultimate strength of the orthotropic plate are
ignored.

In the biaxial compressive collapse case (Mode II), they proposed the large-deflection
isotropic plate theory by solving the nonlinear governing differential equations to
obtain the maximum and minimum membrane stress components.

With increasing panel deflection under loading, the upper and/or lower fibers in the
mid-region of the panel will initially yield by the action of out-of-plane bending. By
applying the Mises-Hencky yield criterion, the first yield condition of the outer
surface of the orthotropic plate can be given by:

2 2
( O j _( O ]( Oy j+( O j =1 (Eq.6.6)
O-qu O-qu O-qu O-qu

B lo—Yp + nsxAsx

o,
= equivalent yield stress = | = ¥s
Bt+n_A.

SXTUSx

where oy,

Asx = hthwx +bfxtfx 4

0, Oy = the material yield stress for plate and stiffener, respectively

= the number of x stiffeners

S

h,. t = the height and thickness of web, respectively

b, t, = the breadth and thickness of flange, respectively
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where
m*7*E A (A +2 t : :
0_sz O_X“V_px X m(zm Aﬂm)_Exﬁi m_jz. +V Z
8L 21-vy (UL "B
7°E A (A +2 t : :
O-)'b = _px — ( r; Aom ) - E}' - Am Vx m_ﬂ. + £
8B 21-vy, L B

1,,= equivalent plate thickness

The criterion based on the initial plastic yield at the panel longitudinal edges is given

by:
2 2
o, . o, .
O-xmax _ O-xmax ymn + ymn — 1 (Eq67)
O-qu O-qu O-qu O-qu
m’m’E A, (A, +2
where 0 — O_ _p X m( m A()m)

X max xav X 8 L2

m27[2E A (Am + 2A0"‘l)

X m

8I*

0 = O-XIIV + px

xmin

ﬂ.ZEyAIn (Am + 2A0"‘l )

Q
Il

y max X 8B2
T’E,A, (A, +24,
O-ymin = px - 5(332 )

The ultimate longitudinal axial strength, O';u in Mode I, is obtained as the solution of
Eq.6.6 and Eq.6.7 with regard to o . The details of the ultimate strength equations

for stiffened panels which includes other failure modes are described in Paik and
Thaymballi [8] and can be calculated by ULSAP (Ultimate Strength Analysis of
Panels) program.

6.3 F.E. model of stiffened plates without pitting corrosion

In order to evaluate the reliability of the selected finite element analysis program
(ANSYS) and its nonlinear control, as well as to provide some baseline response data,
some verification procedures are conducted based on the following material properties,
geometries, mesh sizes and boundary conditions.

6.3.1 Material properties

To evaluate the ultimate strength of stiffened plates, the material properties that are
used are as follows:
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- Yield strength (O'Y)
- Young’s modulus (E)

= Higher strength steel (315 N /mm®)
=209000 N /mm*
- Poisson’s ratio (v) =03

6.3.2 Dimension and details of F.E models

lt . Longitudinal — stiffeners

Fig. 6.2. Typical three(3) bay panel model with L-type stiffeners

A representative ship’s structure is selected from an existing AFRAMAX shuttle tanker
design as a basis for the F.E models. The dimensions and sizes of stiffened plates on
the deck and ship’s bottom structures vary as follows:

- Distance between each longitudinal stiffener 1 740 ~ 820 mm

- Distance between each transverse frame space 13920 mm

- Plate thickness at deck 1 15.0 ~ 15.5 mm (high tensile steel)
- Plate thickness at bottom 1 17.0 ~ 19.5 mm (mild steel)

- Web height 1250 ~ 400 mm

- Web thickness :11.0 ~ 13.0 mm
- Flange width 1 90 or 100 mm

- Flange thickness :16.0 or 18.0 mm

Based on these existing structural details, the standard dimensions of a representative
stiffened plate for finite element modelling is selected as follows:

- Plate breadth (b) 1 800 mm

- Plate length (a) 1 4000 mm

- Plate thickness :15.0 or 16.0 mm
- Web height : 300 mm

- Web thickness :11.0 or 12.0 mm
- Flange width :90.0 mm
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- Flange thickness :16.0 mm

Fig. 6.2 illustrates a typical three(3) bay panel model with L-type longitudinal
stiffeners.

6.3.3 Mesh size

Fig. 6.3. Typical of one stiffened plate component with mesh details

The number of elements (mesh size) for one stiffened plate component is selected as
follows:

- No. of elements in plate : 20 x 100 elements
- No. of elements in web : 5 x 100 elements
- No. of elements in flange : 3 x 100 elements

Fig. 6.3 illustrates the selected stiffened plate model with developed mesh details.
6.3.4 Boundary condition

Generally simply supported boundary condition with symmetric boundary condition
on upper and bottom line to represent the original full three (3) longitudinally
stiffened plate. The details of boundary restrictions are adopted as shown in Table 6-1
for finite element modelling of stiffened plate component, where F means free, C
denotes constraint and Sym indicates symmetric.
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Table 6-1
Boundary conditions for stiffened plate component
Ux Uy Uz Rot-x Rot-y Rot-z

Plate Left F C (8 C F (8
Plate Right (8 C C C F (8
Plate Top Sym Sym Sym Sym Sym Sym
Plate Bottom Sym Sym Sym Sym Sym Sym
Web Left F C C C C F
Web Right C C C C C F
Flange Left F C C C F C
Flange Right (8 C C C F (8
Stiffener & Plate F C F F C (&
boundary

6.4 Results of finite element analysis for stiffened plates

The geometry input which considers a welding induced initial imperfection is an
important parameter influencing the ultimate strength of stiffened plate. In this

Chapter, Smith et al.’s average value (w0 »=0.1 B’ t) as specified in Chapter 5.2.1 is

used for the initial imperfection of plate and stiffener flange. However the initial
imperfection of the web doesn’t need to be considered in this research. Two
approaches have been used to define initial imperfection of the plate and flange. One
approach, which is called 0,,;_,.,,, uses the eigen buckling analysis to create the
initial buckling shape and the desired buckling shape is obtained by multiplying the
initial buckling shape with a scaling factor so that the maximum central deflection
matches the required central deflection. The other approach, which is called
Ouir—rema» 18 tO create a program which reads the existing coordinate of each node
and update the coordinate of nodes to represent perfect half wave shape based on
equation Eq.5.2 in Chapter 5.2.1.

AN
MAY 23 2005
19:48:34
EIOT WO, 1

INODAL SCLUTICIT

DM =
SMY —.837857
SMK =1
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AN AN
NCOAL SOUTTTON
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My 23 2005 | | NCDAL SCLUTION MBY 23 2005
19:42:08 STEP=1 19:43:33
FLOTIO. 1 || SUB =3 FLOTIO. 1
FACT=395228
i ()

BSYS=0
DM = =1
SMT —. 999998 SMY —. 959107
S =1 S =1

— — — — —
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~.771776 333337 111112 555556 741428 306071 129286 564643 1

WCDAL SOLITTION
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—. 777514 -.333135 .111243 555622 1 103.268 156.201 209,124 262,067 315

(e) m=5 (f) Ultimate limit state

Fig. 6.4. Various buckling modes and Von-Mises stress distribution

Fig. 6.4 illustrates different buckling modes based on different half wave numbers (a

~e) and Von-Mises stress distribution (f) of the stiffened plate at the ultimate limit
state.

Series of comparison of the ultimate strength of the stiffened plates have been carried
out based on geometry dimensions of stiffener plate as follows:

- Plate length : 4000mm
- Plate breadth : 800mm
- Plate thickness : 16mm
- Web height : 300mm
- Web thickness : 12mm

- Stiffener flange width ~ : 90mm (L-type)
- Stiffener flange thickness : 16mm

Table 6-2
Comparison of ultimate strength of stiffened plates
Number of LRPASS ULSAP Cyrrrem Cur_rema N/mm’
half wave (m) N/mm” N/mm” N/mm?

1 248.60 258.05 279.89 296.10
2 248.60 258.05 287.37 290.92
4 248.60 258.05 270.00 269.19
5 248.60 258.05 258.05 254.71
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Table 6-2 shows the comparison of the ultimate strength of stiffened plates based on
LRPASS [9] , ULSAP [8] programs and finite element analyses; where 0, o

indicates that the geometry update is based on eigen buckling results and 6, ;15

means that the geometry update is based on FORTRAN program by using equation
Eq.5.2 in Chapter 5.2.1. The results can be summarized as follows:

e LRPASS and ULSAP programs produce the same ultimate strength regardless
of the number of half wave. These programs could not consider the effect of
the number of half wave. Of course they intend to produce the smallest value
(the most critical one).

e Of these methods, LRPASS program proposes the most conservative ultimate
strength.

e If the plate aspect ratio is same as the half wave number, the ultimate strength
predicted by ULSAP is very close to those predicted by the finite element

analyses (O, _peyy & Oypr_pgura )-

¢ In higher half wave numbers (4 and 5), which is closer to the plate aspect ratio,
FORTRAN program controlled initial imperfection shape (perfect half sine
wave) leads to a smaller ultimate strength than eigen buckling based initial
imperfection shape.

6.5  Ultimate strength of stiffened plates with general overall corrosion

As investigated in Chapter 3, there are many corrosion degradation models for cargo
oil tank and ballast tank structures available, such as TSCF [10, 11], Paik et al. [12]
and Wang et al. [13] models. It is necessary to evaluate the effect of general corrosion
on the ultimate strength of stiffened plates in order to determine strength degradation
at certain ship’s ages in order to decide proper maintenance schedules of ship
structures.

In this section, structural details of the upper deck in a cargo oil tank are selected to
investigate the strength degradation at each design life which is based on Paik et al.’s
[12] general corrosion model as described in Chapter 3.4.

Table 6-3 indicates the time variant corrosion degradation rates of upper deck
structure in cargo oil tanks. Paik 10 years (20 years, 30 years) model means that the
ship’s age is 10 years (20 years, 30 years) old after delivery and which is based on the
mean value of observed corrosion rates allowing for five(5) years of effective coating
life. Whereas Paik Max.10 years (20 years, 30 years) model indicates that the ship’s
age is 10 years (20 years, 30 years) old after delivery which is based on mean value of
95% and above band corrosion rates considering five(5) years of effective coating life.
Thus the latter considers higher rates of corrosion than the observed average trends.

A series of finite element analysis have been carried using the ANSYS program [14].
As illustrated in Table 6-3 and Fig. 6.5, Paik Max. 30 years model indicates 10%
strength reduction compared with uncorroded condition, this means that the ultimate
strength of stiffened plates under uniform corrosion on plate, web and flange is not
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remarkably reduced. This is because that the existing design is strong enough to
withstand against long period of general corrosion. However if the initial design and
thickness of stiffened plate is thinner or the assumption of initial plate imperfection is
larger, then the structure degradation pattern might be noticeably larger then present
results. If there is comprehensive overall corrosion then the combined results should
also be considered that overall bending induced stresses are increased and local
stiffened panel capacity is decreased, hence the overall margin of safety should
consider both of global corrosion effect and local corrosion effect.

Table 6-3
Time variant corrosion degradation rates
Plate Web Flange Gy /0,
No Description thickness thickness thickness
(mm) (mm) (mm)
1 Paik O year (design value) 15.000 11.00 16.000 1.000
2 Paik 10 years of service 14.511 10.38 15.491 0.987
3 Paik 20 years of service 14.022 9.76 14.982 0.971
4 Paik 30 years of service 13.533 9.14 14.473 0.956
5 Paik Max. 10 years of service 13.566 9.918 15.084 0.962
6 Paik Max. 20 years of service 12.132 8.836 14.168 0.930
7 Paik Max. 30 years of service 10.698 7.754 13.252 0.905
800 — g Plate =4000( L )x800( B )x15(1 Jmm
Web =300x11mm
Flange =90x16mm
| i oy = 315N /mm?
N 2
ABN W =015%1
AT NN
200 — 4 > §\~ 3

{ N } . - 5

/ =

/ It

Oxav /
| 4 /i
/

(1) Stiffened plate without corrosion
(2) Stiffened plate with Paik 10 year corrosion
100 —| 4 (3) Stiffened plate with Paik 20 year corrosion
(4) Stiffened plate with Paik 30 year corrosion
(5) Stiffened plate with Paik Max 10 year corrosion
(based on 95% & above band)
(6) Stiffened plate with Paik Max 20 year corrosion
1 (based on 95% & above band)
(7) Stiffened plate with Paik Max 30 year corrosion
(based on 95% & above band)

0.004

0.003

0.002

0 0.001 Exav

Fig. 6.5. A comparison of the average stress-strain curves for stiffened plates
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6.6  Ultimate strength of stiffened plates with pitting corrosion

As shown on Fig. 5.18 in Chapter 5, concentrated patterns of localized corrosion can
be frequently found in ageing ship structures. To evaluate proper inspection and
maintenance periods and develop rational repair decisions it is important to estimate
the ultimate strength of corroded stiffened plate allowing for different location and
size of pitting corrosion on plate and stiffener web elements. The material properties
are the same as previous modelling as defined by Section 6.3 and modelling geometry
details have been selected as follows:

6.6.1 Dimension and details of F.E models

Based on existing structural details, the design dimensions of a one bay length
stiffened plate with two longitudinal stiffeners are selected as follows:

- Plate breadth : 1600 mm (800mm between stiffeners)
- Plate length : 4000 mm

- Plate thickness : 16.0 mm

- Web height : 300 mm

- Web thickness 1 12.0 mm

- Flange width :90.0 mm

- Flange thickness :16.0 mm

6.6.2 Mesh size

AN

OCT 4 2005
15:36:45
PLOT NO. 1

ELEMENTS

Fig. 6.6. Mesh details for stiffened plate with pitting corrosion model

The number of element (mesh size) for the basic FE stiffened plate model are selected
as follows and the resulting mesh arrangement is as illustrated in Fig.6.6.
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- No. of elements in plate : 40 x 80 elements
- No. of elements in each web : 10 x 80 elements
- No. of elements in each flange ;3 x 80 elements

6.6.3 Locations of pits and FEA results

In order to evaluate the relationship between the location of pits and strength
reduction, seven different locations, each of which are to be analysed with the same
size and pit depth pattern, were selected as shown in Fig. 6.7. From number 1 to
number 4, the modelled pits are located on both sides of the plate along the
longitudinal stiffeners, whereas for number 5 to number 7, the modelled pits are
located at the centre of the plate, and, the modelled pits of number 4 and number 7 are
located longitudinally at the central position. The total pit breadth of the cases 1, 2, 3,
4 at both sides is the same as the pit breadth of the cases 5, 6, 7, which is 20% of plate
breadth, thus the total area of corrosion is the same in each patterns.

For the finite element analysis the dimensions of idealised groups of pits are selected
as follows:

- Pit width : 20% of plate breadth (160 mm)

- Pitlength  : 500 mm

- Pit depth : 50% of plate thickness (8 mm)

Fig. 6.7. The alternative location of pits on stiffened plate

As described in Chapter 5.5, ANSYS Shell layer element model has been used to
represent the corroded stiffened plates and the mid-plane nodes in the pitted areas are
artificially moved to the bottom surfaces and are aligned with intact areas as shown in
Fig.6.8.

Table 6-4 and Fig. 6.10 show the results of the finite element analyses which indicate
the ultimate strength of the stiffened plates with different patterns of pitting corrosion.
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OCT 8 2005

Mesh Detail

Fig. 6.8. Mesh detail of a stiffened plate with pitted area

Fig. 6.9 illustrates the various finite element results of stiffened plates with pitting

NCDAL SOLUTICH NCDAL SOLUTICH
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DMK =1 RSYS=0
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Fig. 6.9. Various finite element results of stiffened plates with pitting corrosion: (a)
eigen buckling shape, (b) geometry deformation at ultimate limit state, (c) Von Mises
stress distribution just before ultimate limit state, (d) Von Mises stress distribution at

ultimate limit state
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The results show that the pitting corrosion on both edges at the longitudinally central
location (number 4) has reduced the ultimate strength the most. This is probably due
to the fact that stiffeners are served as support to the plate between them. The pitting
corrosion along the stiffeners would effectively weaken the support of the stiffeners,
so the strength is reduced much. On the other hand, the central area of a plate under
uni-axial compression is usually less effective than those close to edges (stiffeners),
S0 pitting corrosion in the central area would weaken the strength less than those close
to edges. The strength reduction is only about 5% in the most critical case. Of course,
the degree of corrosion in this example is fairly modest and is limited to only one
plate. If the degree of corrosion is increased, the strength reduction would be expected

to increase as well.

Table 6-4
The results of finite element analysis for stiffened plate with pitting corrosion
Pitting Oy (NImm*) | 6,,,/0,(N/mm") oy ! 0,
Location
0 (No pit) 259.03 0.822 1.000
1 248.85 0.790 0.960
2 254.21 0.807 0.981
3 247.28 0.785 0.954
4 245.70 0.780 0.948
5 253.89 0.806 0.980
6 252.32 0.801 0.974
7 251.06 0.797 0.969
1 JE—
0.8 —
| NN \
06 — ST
(4) — 3)
o
ULT 0
Oy
0.4 —|
Plate=4000( L )x1600( B )x16(t Jmm
N Web =300x12mm
Flange =90x16mm
0.2 —| oy =315N/2mm2
W, =015
0 | | | | |
0 0.001 0.004

Fig. 6.10. Average stress-strain curves for stiffened plates under various pitting

locations
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6.7  Ultimate strength of stiffened plate with simultaneous pitting corrosion on
both plate and stiffener web

In the previous finite element analyses, the localized pitting corrosion is limited on the
plate only. However in the reality the localized corrosion could occur on both the
plate and the web of the stiffeners simultaneously as shown in Fig. 5.18 in Chapter 5.
The effects of localized defects or pitting corrosion could be changing the overall
structural failure mode from plate or stiffened induced failure to other types of failure
modes. If the localized corrosion is found on both plate and the web of the
longitudinal stiffeners it could be the cause of local buckling of the stiffeners’ web or
of flexural-torsional buckling (tripping) of the stiffeners. Only a few research
activities have been carried out to investigate the effects of the pitting corrosion on
both plate and stiffeners simultaneously, which includes a recent publication by
Dunbar et al. [15]. Thus, it is necessary to investigate the effects of combined pitting
corrosion on both plate and web on the ultimate strength of stiffened plates.

In this section, the ultimate strength of stiffened plates with combined pitting
corrosion on plate and web has been investigated. The longitudinally central location
was selected as the pitted area and pitting corrosion on both edges are adopted. The
pitting corrosion is assumed to be around each longitudinal stiffener as illustrated in
Fig. 6.11.

BRFAS
QCT 13 2005
TYPE NUM 22:36:37
PLOT NO. 1

Spit 1033

Fig. 6.11. Detail location of pitting corrosion on plate and web

Table 6-5 and Fig. 6.12 provide the results of the finite element analyses, which show
the ultimate strength of stiffened plates with combined pitting corrosion on the web
and plate. Fig. 6.13 illustrates Von Mises stress distribution at both the ultimate limit
state and the post ultimate state conditions. The results show that the additional pitting
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corrosion on web will reduce ultimate strength further by 4 ~ 6 % compared to
without pitting corrosion on the web. This is relatively small amount of reduction in
ultimate strength of stiffened plates. However if a relatively weaker stiffened plate
was chosen in the analysis, the impact of the corrosion on the ultimate strength might
be more significant than what is shown by the current results.

Table 6-5
The results of finite element analysis for stiffened plate with combined pitting

corrosion on the web and plate
Case Pit breadth Pit height Cuir Cur ! Oy Cur ! O,
number on plate on web N/mm? N/mm?
0 0% 0% 259.03 0.822 1.000
1 10 % 0 % 253.84 0.806 0.979
2 20 % 0% 245.70 0.780 0.948
3 30 % 0 % 237.64 0.754 0917
4 10 % 30 % 242.06 0.769 0.934
5 20 % 30% 233.62 0.742 0.901
6 30 % 30 % 223.61 0.710 0.863
1 -
0.8 — 7z
A
- N N
— 4 \\ \\ N <
N ; \\ -
NS =~
- * > ~ 1
0.6 — < NS ‘~é2))
TS lT O
. () (9
04 —
Plate=4000( L )x1600( B )x16(t )mm
| Web =300x12mm
Flange =90x16mm
02 — 0'Y=315N/2mm
Wopl:O.J,B t
0 | | |
0 0.001 0.002 0.003

Fig. 6.12. Average stress-strain curves for stiffened plates with combined pitting
corrosion on both stiffener the web and plate
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Fig. 6.13. Von Mises stress distribution : (a) at ultimate limit state (b) at post ultimate
state

6.8  Concluding remarks

In this Chapter, the effects of pitting corrosion on the ultimate strength of stiffened
plates have been investigated by using nonlinear finite element analyses. The effects
of different buckling modes based on half wave number, pitting corrosion width,
transverse location and combined pitting corrosion on plate and web on ultimate
strength have been studied. The results can be summarized as follows:

e The ultimate strength of stiffened plates shows remarkable decrease as the
number of half sine waves of initial deflection increases.

e [RPASS and ULSAP programs produce the same ultimate strength regardless
of the number of half wave. These programs could not consider the effect of
the number of half wave. Of course they intend to produce the smallest value
(the most critical one).

e Of these methods, LRPASS program proposes the most conservative ultimate
strength.

e If the plate aspect ratio is same as the half wave number, the ultimate strength
predicted by ULSAP is very close to those predicted by the finite element

analyses (Oy;; s & Opyrr_ppya )-

¢ In higher half wave numbers (3 and 4), which is closer to the plate aspect ratio,
FORTRAN program controlled initial imperfection shape (perfect half sine
wave) leads to a smaller ultimate strength than eigen buckling based initial
imperfection shape.

e The ultimate strength of stiffened plates under the existing uniform corrosion
models and IACS [9] corrosion allowance on the plate, web and flange is not
remarkably reduced.

e The results show that the pitting corrosion on both edges at the longitudinally
central location (number 4) has reduced the ultimate strength the most. This is
probably due to the fact that stiffeners are served as support to the plate
between them. The pitting corrosion along the stiffeners would effectively
weaken the support of the stiffeners, so the strength is reduced much. On the
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other hand, the central area of a plate under uni-axial compression is usually
less effective than those close to edges (stiffeners), so pitting corrosion in the
central area would weaken the strength less than those close to edges. The
strength reduction is only about 5% in the most critical case. Of course, the
degree of corrosion in this example is fairly modest and is limited to only one
plate. If the degree of corrosion is increased, the strength reduction would be
expected to increase as well.

® In case of combined pitting corrosion on web and plate, the results show that
the additional pitting corrosion on web will reduce ultimate strength further by
4 ~ 6 % compared to without pitting corrosion on the web. This is relatively
small amount of reduction in ultimate strength of stiffened plates.

Duo Ok — PhD Thesis 6-20
School of Marine Science and Technology
University of Newcastle upon Tyne



Chapter 6: The Effects of Localized Corrosion on Strength Degradation of Stiffened Plate

References (Chapter 6)

1.

Pu, Y., Reliability analysis and reliability-based optimisation design of swash
ships, in Department of Naval Architecture and Ocean Engineering. 1995,
University of Glasgow: PhD thesis, Glasgow, U.K.

2. DNV, Bacterial corrosion, brochure,
http://www.dnv.com/binaries/Bacterial%20corrosion%20brochure_tcm4-
10613.pdf. 2005.

3. Rutherford, S.E., Stiffened compression panels: The Analytical Approach.
1982, Lloyds Register International Report No.82/26/R2.

4, Rutherford, S.E. and J.B. Caldwell, Ultimate longitudinal strength of ships: A
Case Study. SNAME Transactions, 1990. vo0.98: p. 441 —471.

5. Pu, Y. and P.K. Das, Ultimate strength and reliability analysis of stiffened
plate. 1994, Department of Naval Architecture and Ocean Engineering Report
NAOE-94-37, University of Glasgow.

6. Faulkner, D., Compression strength of welded grillages, in Ship Structural
Concept, J.M. Evans, Editor. 1975, Cornell Maritime Press. Chapter 21.

7. Carlsen, C.A., A parametric study of collapse of stiffened plates in
compression. The Structural Engineer, 1980. vol. 58B, No.2.

8. Paik, J.K. and A.K. Thayamballi, Ultimate Limit State Design of Steel Plated
Design. 2003: John Wiley & Sons Ltd.

9. LRS, User's Manual "LR.PASS Personal Computer Programs”. 1997.

10. TSCF, Condition Evaluation and Maintenance of Tanker Structures. Tanker
Structure Cooperative Forum, May, 1992.

11. TSCF, Corrosion Protection of Cargo Tanks. Tanker Structure Co-Operative
Forum, 2000. TSCF Working Group #2, Chevron, Shipping Company.

12. Paik, J.K., et al., A Time-Dependent Corrosion Wastage Model for the
Structures of Single and Double-Hull Tankers and FSOs and FPSOs. Marine
Technology, 2003. Vol.40, No.3: p. 201-217.

13. Wang, G., J. Spencer, and T. Elsayed, Estimation of Corrosion Rates of
Structural Members in Oil Tankers. International Conference on Offshore
Mechanics and Arctic Engineering, CANCUN, MEXICO, 2003. 22nd.

14. ANSYS, User's Manual (version 7.0). ANSYS Inc., 2003.

15. Dunbar, T.E., et al., A computational investigation of the effects of localized
corrosion on plates and stiffened panels. Marine Structures, 2004. In Press,
Corrected Proof.

16. IACS, Common Structural Rules for Double Hull Oil Tankers. 2006.

Duo Ok — PhD Thesis 6-21

School of Marine Science and Technology
University of Newcastle upon Tyne



Chapter 7: Crack and Crack Propagation on Marine Structures

Chapter 7

Crack and Crack Propagation on Marine Structures

7.1 Introduction

General fatigue assessment methods and actual fatigue assessments of both a North
Sea operating shuttle tanker and a world wide operating tanker were investigated in
Chapter 4 and by Ok et al. [1, 2]. Eventually fatigue failure probably leads to the
majority of structural failures in marine structures. It is a very rare case that a fracture
occurs due to a singular excessive environmental load on undamaged and unflawed
marine structures. Normally it is caused by repeated applications of relatively normal
service loads, such as external wave loads and internal sloshing effects, which often
develops cracks and progressively increases the size of cracks during the continued
operation.

It is certain that undetected defects and developing cracks may lead to leakage and
possibly to catastrophic fracture failure. Fracture control is necessary to ensure that
the ship’s structure safety will not to fall down to below a certain safety limit. It is
very important to calculate how the local structural strength is affected by cracks and
to calculate the time in which a crack growth to the unacceptable limits. Fatigue
analysis can estimate the elapsed time and locations where cracks could develop,
whereas fracture mechanic approach can estimate crack growth times and response of
structural strength as a function of crack size. It is essential that periodical inspections
should be carried out in order to detect any developing and undesirable crack sizes
and the inspection intervals should be determined to ensure the operational safety and
reliability based on the crack growth time calculation by a damage tolerance analysis
which should consider the possibility that a crack may not have been detected at an
inspection period. Garbatov and Ok et al. [3, 4] have investigated various inspection
procedures and techniques for crack and damage detection for ship structures.

Fig. 7.1 illustrates critical fatigue crack length of 24 meters across an upper deck in a
tanker. Normally cracks may propagate in the transverse direction in the
longitudinally stiffened panels. Although most of fatigue cracks in ships are not
detected during the periodical survey, ship hull generally can tolerate relatively large
transverse cracks without unstable fracture as long as a unduly severe wave loads are
not experienced because of the good material properties, ductility and redundancy of
ship structure etc.

Corrosion is also an important factor which affects crack initiation and the
propagation of short cracks. In the initiation stage the localized corrosion can produce
defects of the required size to trigger crack initiation. Whereas in the propagation
stage, localized corrosion tends to weaken the resistance of micro-structural barrier
such as grain boundaries and enables the crack to reinitiate in adjacent grains, thus
potentially increasing the rate of growth.
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Fig. 7.1. Cracked deck in tanker ‘Castor’ [5]

The first attempt to analysis fracture behaviour of brittle materials was done by
Griffith in 1920 [6]. The analysis was based on the assumption that incipient fracture
in ideally brittle materials takes place when the magnitude of the elastic energy
supplied at the crack tip during an incremental increase in crack length is equal to or
greater than the energy required to create a new crack tip surface.

Irwin [7] and Orowan [8] subsequently suggested that the Griffith fracture criterion
for ideally brittle materials could be modified and applied to brittle materials and to
metals that exhibit plastic deformation. Irwin [9] developed the energy release rate
concept of Griffith’s theory using the theory of Westergaard [10]. He also introduced
the concept that the stress and displacements near the crack tip could be described by
a single parameter, so called stress intensity factor (K), which was related to the
energy release rate [11].

Since last decades there have been many attempts and investigations in fracture
toughness of ship structures. Poe [12] developed a solution for crack propagating in a
stiffened plate where the stiffeners were attached to the plate by means of rivets, and
noticed that the K solution decreases as the crack approaches a stiffener, indicating
that the stiffener aided in restraining the crack or slowing down the propagation. He
also realized that the riveted stiffeners continue to limit crack growth after the crack
propagates past the stiffener since a crack cannot propagate directly up into the
stiffener. However for a welded stiffener, he assumed that once a crack reaches a
stiffener, the stiffener is completely and suddenly severed and the load previously
carried by the stiffener is shed to the remaining net section. Thayamballi [13] studied
the effect of residual stresses on crack propagation in welded stiffened panels, and
outlined an analytical approach to calculate the fatigue crack growth. The contribution
of the residual stresses to K was based on Green’s function, integrating the solution
for a pair of forces acting on the crack faces. Petershagen and Fricke [14] conducted
several fatigue crack growth experiments on welded stiffened panels with cutouts.
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They reported that the influence of welded stiffeners on propagation of the crack was
rather small, and that at least for the test condition in their experiments, residual
stresses did not seem to effect the propagation of crack. For an elaborate summary of
early researches undertaken by Poe, Thayamballi and Petershagen et al. are referred
to Dexter et al. [5].

Anderson [15] reviewed the history and state of the art in elastic-plastic fracture
mechanics. He also carried out experimental and analytical studies of fracture
toughness tests for two ship steels ASTM A131 EH36 and HSLA 80 over a various
range of temperatures. Sumpter and Bird et al. [16] and Sumpter and Caudrey et al.

[17] suggested the minimum toughness of 125 MPa m'? at a temperature of 0°C and

a loading rate of 10°MPa m'"? /s based on dynamic fracture mechanics testing.

Consequently they considered Grade A plate as being unsuitable for use in the outer
hulls of ships. Clarke [18] investigated various fatigue crack problems in warships.
He found that many cracks are associated with unsuitable and/or poor structural
details.

Boukerrou and Cottis et al. [19] tested the growth of short cracks immersed in salt
water 3.5% NaCl using smooth bending structural steel specimen. They found that the
corrosion effect on the initial stage is to produce defects of the required size to trigger
crack initiation through pitting from the electrochemically active sulphide containing
inclusions, whereas in the growth stage, corrosion tends to weaken the resistance of
microstructural barriers such as grain boundaries and enables the crack to reinitiate in
adjacent grains. Tomita et al.[20] tested a welded I beam joint simulating the side
longitudinal of ship structural member in order to examine fatigue crack growth
behaviour under various storm loading models and proposed material constants as

C =3.07x10""% and m =3.42 in MPa to calculate fatigue crack growth behaviour.

a, unstiffend a vs N stiffend a vs N
|

stiffener

.
~—

»
»

N

Fig. 7.2. Typical crack growth for stiffened and unstiffened panel [21]
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Xu and Bea [21] investigated the load shedding behaviour in the stiffener panels of
typical ship structure based on multiple load path effects, boundary effects and
redistribution of residual stress. The stiffener may retard the crack growth rate and
reduce the stress intensity factor as well as arresting the crack growth rate when the
crack tip approaches a stiffener. Fig. 7.2 illustrates the typical pattern of the crack
growth rate for both stiffened and unstiffened plate, where a is half the crack length
and N indicates number of cycles.

Rokhlin and Kim et al. [22] presented a literature review on the pitting corrosion
effect on fatigue crack growth. They also studied fatigue crack initiation and growth
from artificial pits of different depths based on Al 2024-T3 aluminium alloy
specimen. Wistance and Pumpherey et al. [23] carried out charpy impact and dynamic
fracture toughness tests on Grade A and AH36 ship plates. A total of 39 Grade A
plates of 12 mm to 16 mm thickness and 22 Grade AH36 plates of 15mm to 22mm
thickness were tested and compared with LRS requirements of an impact energy of
27J at +20°C for Grade A and 34J at 0°C for Grade AH36 ship plates. They found
that the toughness of modern Grade A and higher strength grade AH36 steel ship
plates from various steel makers were sufficient to exceed the LRS requirements and
thus to ensure the structural integrity of ship structure. Akpan and Koko et al. [24]
developed time-dependent random function models for corrosion growth, fatigue
cracks and corrosion enhanced fatigue cracks that potentially weaken the capacity of
ship hulls. They also recommended threshold values of stress intensity factor

AK, =5~6 ksi/~lin , C=2.54x10" and m=2.53 for carbon steel in accordance
with Dobson and Brodrick et al. [25].

Dexter and Pilarski et al. [26, 27] carried out experimental tests of the large scale
redundant box girder to show the effects of welding residual stress, the presence of
transverse butt welds and stiffener details such as drain holes on the growth rate of
these cracks. They found the results as follows:

e Welded stiffeners substantially reduce the crack propagation rate relative to a
plate with no stiffeners.

e The number of cycles to propagate between a pair of stiffeners is
approximately double the number of cycles to propagate this same distance in
the unstiffened plate.

e The crack growth rate up the stiffener web is about the same as the crack
growth rate past the stiffener in the shell plate.

e Stiffeners with cutouts such as drain holes perform about the same solid
stiffeners.

e Specimens fabricated with tee stiffeners and ship steel did not perform
significantly different than specimens fabricated with angle stiffeners and
ordinary structural steel.

Dexter, Pilarski et al. [27] presented an analytical model to predict the growth rate of
long fatigue cracks in stiffened panels and estimated the stress intensity factor based
on superposition of linear elastic fracture mechanics solutions. They recommended a
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threshold value of stress intensity factor AK, =2 MPam'?, C =1.65x10™"" and
m=3.0 in accordance with BS 7910 [28].

Garbatov and Guedes Soares [29] investigated the differences in crack propagation
rate based on four different steels consists of low carbon steel and high tensile steels.
They found that the high tensile steels develop higher rates of crack propagation and
required less time for achieving certain crack size due to reduction of thickness which
will lead to high costs and more frequent repair work.

Among others, Ship Structure Committee has carried out many researches in fracture,
fatigue behaviour and damage tolerance criteria of ship structures [5, 25, 30-46].

General historical overviews of brittle failure in ships are provided in Barsom et al.
[47] and Stambaugh et al. [44]. Elaborate summaries of fracture mechanics methods
and researches are given in Broek [48], Anderson [15], Barsom and Rolfe [47], Fricke
and Berge et al. [47, 49], Dexter and Pilarski [50] and Brennan, and Cui et al. [51]
etc.

The Objectives of this chapter are to review classical theory of the linear elastic
fracture mechanics (LEFM) approach and the elastic plastic fracture mechanics
(EPFM) approaches, which is based on crack tip displacement method and J-integral
method. In addition, the general concept of crack propagation, prediction of crack
propagation and fracture control and inspection have also been investigated. Finally
the effects of crack size, loads and material properties on stress intensity factors, J—
Integral and crack tip opening displacement (CTOD) values have been investigated
through 100 cases of finite element analyses for LEFM approach and another 300
cases of finite element analyses for EPFM approach.

7.2 Concept of fracture mechanics design
7.2.1 General

Frequently fracture is initiated by structural flaws or cracks subject to appropriately
high local stress levels. These flaws and cracks sizes are typically increased slowly
with repeated service loads. Fracture control is intended to prevent fracture due to
previously undetected manufacturing defects and cracks at the loads anticipated to be
experienced during operational service. To determine the permissible crack size and
the safe operation life, it is necessary to know the effect of crack on the structural
strength and to calculate the operational time in which a crack grows to a permissible
size. Based on damage tolerance analysis, periodic inspections should be scheduled so
that cracks can be repaired or components replaced when critical cracks are detected.
Fracture control is a combination of measurements and analyses. It may include
damage tolerance analysis, material selection, design improvement, determination of
maintenance and inspection schedule etc. The mathematical tool for damage tolerance
analysis is called fracture mechanics. It provides the concepts and equations to
determine how cracks grow and how cracks affect the local strength of a structure.

Fig. 7.3 shows typical internal load or stress path lines, the load from the cracked side
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will be transferred to the uncracked side which will carry the total load. Eventually
higher stresses occur close to the crack. For uniform load the flow lines are straight
lines and equally spaced. But if there is a crack the flow lines go around crack tip
within a short distance. This means that more loads are flowing and concentrated
through a small area. In the vicinity of the crack the stress has a vertical as well as
horizontal component. Generally a blunt crack tip produces lower local stress than a
sharp crack tip. The presence of cracks also affects the strength of structure.
Apparently the buckling or ultimate strength of cracked structure is much smaller than
those of uncracked structures.

The fundamental design approach to prevent fracture in structural materials is to keep
the calculated stress intensity factor (K ,) below the critical stress intensity factor (K c ).

Fig. 7.3. Typical load path lines with crack

Generally the following procedure should be followed in order to prevent fracture in
structural members [52]:

e (Calculate the maximum nominal stress o .

e Estimate the most likely flaw geometry and initial crack size a,. Estimate
the maximum probable crack size during the expected lifetime.

e C(Calculate K, for the stress, o, and flaw size, a, using the appropriate K,
relation.

e Determine or estimate the critical stress-intensity factor K. by testing the
material from which the member is to be built.

e Compare K, with K. To insure that K, will be less than the critical stress-

intensity factor K., throughout the entire life of the structure.

7.2.2 Modes of crack extension

“Linear-elastic fracture mechanics” approach is based on an analytical procedure that
relates the stress-field magnitude and distribution in the vicinity of a crack-tip to the
normal stress applied to the structure, to the size, to the shape and the orientation of
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crack or crack-like discontinuity and to the basic material properties. The surfaces of a
crack are the dominating influence on the distribution of stresses near and around the
crack-tip. Other remote boundaries and loading forces affect only the intensity of the
local stress field at the crack tip. There are basically three different types of crack
extension as illustrated in Fig. 7.4. These displacement modes represent the local
deformation in an infinitesimal element containing a crack front.

Mode 1 Mode 11 Mode II1

Ve

B e

Fig. 7.4. The three basic modes of crack surface extensions

Mode I (The opening crack propagation mode)

This mode is characterized by local displacements that are symmetric with respect to
the x-y and x-z planes. The two opposing fracture surfaces are displaced perpendicular
away from each other in opposite directions.

Mode Il (Local displacements in the sliding or shear mode)

This mode is symmetric with respect to the x-y plane and skew symmetric with
respect to the x-z plane. The two fracture surfaces slide over each other in a direction
perpendicular to the line of the crack tip.

Mode Il (tearing mode)

This mode is associated with local displacements that are skew symmetric with
respect to both x-y and x-z planes. The two fracture surfaces slide laterally over each
other in a direction that is parallel to the line of the crack front.

In practice, most cracks occur and propagate at Mode I loading. Whereas the other
modes may often occur in combination with Mode I crack.
7.3  Linear elastic fracture mechanics design

Materials which have the characteristic of relatively low fracture resistance and
generally fail below their collapse strength can be analysed on the basis of elastic
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concepts through the use of the Linear Elastic Fracture Mechanics (LEFM) approach.

[

edge of the crack

e

Z
Fig. 7.5. Local coordinate system and stress components ahead of a crack

Westergaard [10] performed an elastic analysis of a continuum with a sharp crack.
Irwin [53] determined the stress and displacement fields in the vicinity of crack tips
subjected to the three modes of deformation, as noted earlier, on the basis of
Westergaard’s theory. For a cracked body of arbitrary shape and size with a linear
elastic material as illustrated in Fig. 7.5, the stress components near the crack tip in
the xy plane can be described by:

Mode I:
K, 0 . 68 . 36
o, = cos—|l—sin—sin—
27r 2 2 2
K, 9[ .0 . 39}
o, = cos—| 1+ sin—sin—
’ A2 2 2 2
K, .6 o 36
T, = sin —cos—cos—
’ \27Tr 2 2
o = V(O'x-l—O'y), T, =T, = 0 (Eq.7.1)
u = &,/Lcosg[l—2v+sin2g}
U \N2r 2 2
v =&‘/Lsing{2—2v—coszg}
U \N2r 2 2
w =0
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where r,6 = the stress components and the coordinates as illustrated in Fig. 7.5
u,v,w = the displacements in the x,y and z directions, respectively
1% = Poisson’s ratio
Y7, = the shear modulus of elasticity = ———
2(1+v)

Similarly the equation for stress components near the crack tip for Model II and Mode
IIT can be found in many text books [47, 48].

For combined modes, the stress or displacement components may be given as a direct
sum of those for each mode as follows [54, 55]:

L

\27TF

1 r
u(r.0)=——-—[K, g/ +K,8/ +4K,g"
2uN2r

f fj” = stress functions of @ for Mode I, II and I11.

K, £ + Ky £+ K £ (Eq.7.2)

y

o, (r,0)=

1 11
where fl.j, fl.j ,

g/, g, g =displacement functions of @ for Mode I, Il and III.
K;, K, Ky = stress intensity factors for Mode I, Il and I11.

It is apparent that the applied stress, the crack shape and size, and the structural
configuration associated with structural components subjected to a given mode of
deformation affect the value of the stress-intensity factor (K). Dimension analyses of
Eq.7.1 indicates that the stress-intensity factor must be linearly related to stress and
must be directly related to the square root of a distance from crack tip.

7.4  Stress intensity factor (K)

The stress intensity factor K characterizes the intensity of the stress immediately
surrounding a sharp crack tip in a linear elastic and isotropic material. From the
Eq.7.1, the stress intensity factor, K, at crack tip can be written as [5]:

K=F.F,F, F,0\ma (Eq.7.3)

where o is applied load (tensile stress), a represents a half the crack length, F, is a
crack shape factor, F denotes a crack surface factor, F,, implies a finite width factor

and F; is a non-uniform stress factor.

Extensive stress-intensity factor equations for various geometries and loading
conditions are described in Paris and Sih [56], Tada et al. [57], Murakami [58] and
Broek [48].
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Fracture will occur when the K factor reaches the critical value at which rapid
unstable growth could commence:

K=K or K, (Eq.7.4)

where K. and K,. denote a fracture toughness under plane stress and plane strain
condition respectively.

Broek [48] strongly proposed to use the plane strain model, regardless of the state of
stress.

The fracture toughness for Mode I, K,

thickness, temperature, strain-rate and microstructure. Fig.7.6 shows the relationship
between fracture toughness and thickness, whereas Fig. 7.7 illustrates the relationship
between fracture toughness and temperature. As the plate thickness increases the
fracture toughness decreases and as the temperature increases the fracture toughness
also tends to increase.

is a function of many factors such as

As the load increases in a structural member the critical crack size is decreased
significantly and the different fracture toughness values lead to different values of
critical flaw sizes as illustrated in Fig. 7.8.

Fracture
toughness

(K or KIC)

Ic

Plane stress | Plane strain

Thickness

Fig. 7.6. The effect of plate thickness on fracture toughness
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Fracture
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Fig. 7.7. Effect of temperature on fracture toughness
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Fig. 7.8. Residual strength curves for two steel [59]

Typical idealised crack locations in a plate under tensile stress are shown in Fig.7.9
and various formulas for stress intensity factor based on each crack locations and size
are introduced as follows:
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Fig. 7.9. Typical crack geometries under tensile load (a) centre crack; (b) single edge
crack; (c) double edge crack

The stress intensity factor for an infinite plate with through thickness centre crack of
length 2a is defined by following equation:

K[ — O'\/E (Eq.7.5)

A tangent-correction factor as given in Eq.7.6 is used to approximate the stress
intensity factor for a plate of finite width, 2b.

F= —tanz— (Eq.7.6)

Consequently, the stress-intensity factor for a plate of finite width 2b with a through
thickness centre crack subjected to uniform tensile stress ( ¢ ) is given by [56]:

K, = 1.12-0+ 7a -F(alb) (Eq.7.7)

The tangent correction factors which were proposed by Paris et al. [56] could not
represent all correction values of a/b ratio between O and 1, thus alternative
correlation factor by using curve fitting method can be proposed as follows:

For centre crack:
3

2
Fla/b)=0.9925- 0.1061(%) - 0.090(%) + 0.8448(%) (Eq.7.82)
For single edge crack:

2 3
F(alb) :0.9350—0.4728(%)—1.5338(%) +2.0338(%J (Eq.7.8b)

Similar approaches have been done and introduced by Tada and Paris et al. [60, 61]
and Broek [48].
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Isida [62] proposed stress intensity factor based on each different boundary correction
factors, F, (@, B) , which is introduced in Murakami [58).

Similar approaches as through thickness centre crack have been investigated and
introduced for both single edge crack and double edge crack in Paris and Sih [56],
Tada and Paris [60, 61] and Broek [48], for single edge crack in Brown and Srawley
[63], for double edge crack in Irwin [53] and Nisitani [64].

Kitagawa and Yuuki [65] introduced correlation factors for centre slant crack under
uniform uni-axial tensile stress.

The stress intensity factor for a part through (surface) crack in a plate subjected to
uniform tensile stress also introduced by Barsom and Rolfe [47] which is expressed

by:

K,=1.120 /ﬂ'% M, (Eq.7.9)
where M, = free-surface correction factor

=1.0+12 (ﬁ—o.sJ for values of a/t>0.5
t

t = thickness of plate

a = depth of surface crack

0 = flaw-shape parameter

Tada and Paris et al. [61] and Isida et al. [66] proposed another empirical formula for
correlation factor for semi-elliptical surface crack in a finite thickness plate. And
stress-intensity factors for cracks emanating from circular holes in infinite plates were
also introduced by Paris and Sih [56] and Newman [67].

7.5  Elastic plastic fracture mechanics design

When the fracture is accompanied by considerable plastic deformation at the crack tip
due to the ductile behaviour of structure, a simple correction to the LEFM method
may not be valid and fracture parameters which allow for nonlinear material
behaviour, so called Elastic-Plastic Fracture Mechanics (EPFM) method, should be
applied.

7.5.1 Crack tip opening displacement (CTOD)

The crack propagation will take place when the plastic strain at the crack tip exceeds a
critical value. Irwin [68] proposed a simple plastic correction to the stress intensity
factor. An alternative plastic zone correction was developed by Dugdale [69], Wells
[70, 71] and Barenblatt [72]. The first attempt to find out the elastic-plastic fracture
parameters, the crack tip opening displacement (CTOD) was proposed by Wells [70].
He found that the fracture would initiate when the strains in the crack-tip region reach
a critical value, which can be characterized by a critical crack-tip opening
displacement.
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Rolfe and Henn et al. [73] undertook studies on the prediction of critical crack sizes
and fracture control based on actual crack tip opening displacement (CTOD) fracture
tests. Bottom shell plates of AH36 steels were used and they proposed a fracture
toughness (K, ) as 100 ksi[in for this grade of steel as a reasonable lower bound
value to use for subsequent critical crack size calculations.

AY
14
COD\ Y CTOD
- - F--_
A X
‘ I: - ‘ ‘
I« 2a-2a+2r" >|

Fig. 7.10. Crack opening displacement and CTOD

In LEFM, the crack opening displacement (COD) as illustrated in Fig.7.10 is
expressed by [54]:

COD =2v = %\/az —x? (Eq.7.10)

The maximum crack tip opening displacement occurs at the centre of the crack (at
x=0) as follows:

cop, =204 (Eq.7.11)
If a plastic zone correction is considered, the COD is given by:
4o < \2 )
cop= > (a+r) —x (Eq.7.12)
The CTOD is then found for x = a as follows:
K2
ctop = 6 =29 fa+r V-t = 2 fa =2 Ki (Eq.7.13)
E E 7 Eo,
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7.5.2 Irwin’s plastic zone correction

If the yield stress is applied normal to the crack plane (6 =0) in Mode I loading,
Eq.7.1 can be reduced to:

(Eq.7.14)

Fig. 7.11 is a schematic presentation of the change in the distribution of the y
component of the stress caused by the localized plastic deformation in the vicinity of
the crack tip.

Fig. 7.11. Irwin plastic zone correction for plane stress condition [15]

Irwin [9, 11] modelled the effective stress intensity factor increases, K, , by treating
the crack as if it were slightly longer than its true physical length, given by:

K, =0 f(m(a+r,) (Eq.7.15)

The size of the plastic zone, r, = r", at the crack tip for plane stress condition is
defined by:

2
ro= [ K (Eq.7.16)
Y2zl o,

and for plane strain condition:

2
o= [ K (Eq.7.17)
Yoer\o,
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7.5.3 The Dugdale approach

Dugdale [69] assumed that all of the plastic deformation concentrates in a strip in
front of the crack, the so-called strip yield model. The assumption of this model
includes plane stress deformation and a non strain hardening material. The strip yield
model consists of a through-thickness crack in an infinite plate that is subjected to a
uniform tensile stress normal to the plane of the crack as illustrated in Fig.7.12. The
crack is considered to have an effective length equal to 2a + 2p. At each end of the
crack there is a length p that is subjected to yield-point stresses that tend to close the
crack, or, in reality, to prevent it from opening. Thus the length of the real crack
would be 2a.

a) Strip yield plastic zones

s 2a+2p -

b) Assumed closure stresses in the strip yield zone
Fig.7.12. The strip yield model for a through crack [15]

Another way of looking at the behaviour of this model is to assume that yield zones of
length p spread out from the tip of the real crack, a, as the loading is increased. Thus
the displacement at the original crack tip, o , which is the COD, increases as the real
crack length increases or as the applied loading increases.

Burdenkin and Stone [74] used the strip yield model to estimate CTOD in an infinite
plate with a through thickness crack, namely:

5 =82 | sed FC- (Eq.7.18)
7E 20,

where o, denotes yield strength of the material (ksi), a is half crack length (in), o

represents nominal applied stress (ksi) and E is modulus of elasticity of the material
(ksi).
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Using a series expansion for In {sec(zﬂ—o_ﬂ , this expression yields:

Y

2 4 6
5=80-_Ya lfzo | 1|70 | 1|70, (Eq.7.19)
7E | 2\ 20, 12\ 20, 45\ 20,

For nominal stress values less than o, , representing small scale yielding, Eq.7.19 can
be simplified to:

2 2
s=Fao _ K _G _J (Eq.7.20)
Eo, o,E o, o0,

where G denotes strain energy release rate (= 7ac”/ E) and J represents J integral
value as discussed in the following section.

7.5.4 J-Integral approach

For elastic stress-strain fields, a surface-integral representation of a property related to
the presence of a defect was derived by Eshelby [75], based on his earlier work [76].
He found that the integral vanished for a closed surface, embracing a homogeneous
elastic material, even with allowance for anisotropy and finite deformation.

Giinther [77] introduced similar approach of surface and line integrals with
conservation properties, i.e. vanishing for closed surfaces of paths. Cherepanov [78],
Rice [79] and Hutchinson [80] introduced a path-independent integral, so called J-
integral, for plane elastostatic fields. It is a method of characterizing the stress-strain
field around the tip of a crack by an integration path taken sufficiently far from the
crack tip to be substituted for a path close to the crack-tip region. It has been
extensively applied in fracture mechanics, especially in formulations of crack growth
criteria. Path-independent integrals were also discussed by Knowles and Sternberg
[81]. They studies two integrals for plane elastostatic fields, so called L and M-
Integral. Interpretation of these integrals in terms of energy flux was subsequently
made by Budiansky and Rice [82].

Shi, Sun et al. [83] studied the relationship between the J-integral and the crack tip
opening displacement (CTOD). The J-integral values are increased with the CTOD
values when the load is increased. Boothman et al. [84] investigated J-integrals for
semi-elliptical cracks in wide steel plates under tension.

The J-integral is a line or surface integral that enclosed crack front from one crack
surface to the another along the arbitrary path around the tip of a crack as illustrated in
Fig. 7.13.
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Fig. 7.13. Arbitrary contour around a crack tip

The path-independent integral of J, as illustrated by Fig.7.13 is given by [79]:

0 ou,
J=[wdy-[a, “orr T ds (Eq.7.21)
- Lt ox 7 oy
where I’ = arbitrary path surrounding crack tip
w = the strain energy density = I o,;de;
t, = traction vector along x-axis (=o,n, +7,n )
, = traction vector along y-axis (=o,n, +7,n,)
n = unit outward normal vector to path I~
ds = arc length along the path I~

The crack tip with the path attached may be advanced by an increment, da, and the
corresponding change in value of the J-integral is the amount of energy pouring
through the path per unit increase in crack area, as characterized by da. For linear
elastic conditions, the J-integral is identical to G, the energy release rate per unit
increase in crack area. It can be said that the J-failure criteria for the linear elastic
case is equivalent to the stress intensity factor, K, , failure criterion. In case of the

crack opening mode, it can be expressed by:

K]
J,. =G, = L;L = 00, for plain stress condition (Eq.7.22)
] - V2 2 . . .,
J,. =G, = Z K; =do, for plain straincondition (Eq.7.23)
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7.6 Crack propagation threshold and crack closure

McClintock [85] and Frost [86] noted a significant deceleration in fatigue-crack
growth rates at low stresses. It shows the existence of a threshold for fatigue crack
propagation, below which fatigue cracks should not propagate. The crack closure can
be defined by direct physical contact between the two crack surfaces. Ember [87]
found that fatigue-crack surface interfere with each other through closure mechanism.
Schmidt et al. [88] found that crack closure may have a significant effect on the
threshold behaviour. There are four crack closure mechanisms which may lead to
crack closure as follows [47].

e Plastically induced closure caused by the presence of residual plastic
deformation left in the wake of a propagating crack.

e Surface roughness-induced closure caused by deviations of the crack
trajectory associated with micro-structural characteristics of the material (e.g.
grain size and interlamellar spacing).

® Mode II induced closure caused by the displacement of the fatigue crack tip
along shear planes

¢ Environmentally induced closure resulting from the build-up of corrosion
products within the crack that wedge the crack surfaces

However, there are many factors which have an influence on the fatigue crack
propagation threshold including such as stress history, mean stress, residual stress,
yield strength, grain size, mode of crack tip opening, other material properties and
temperature etc.

Barsom [89] proposed a threshold stress-intensity factors, 4K, , based on mild steel,

low alloy steel, austenitic steel and other various steels, which are introduced in
Section 7.9.

7.7 General concept of crack propagation

The subsequent life of structural components with cracks is governed by the rate of
crack propagation. The presence of a fatigue crack can lead to loss of effectiveness of
a structural element when the crack reaches a critical size. Normally the life of these
structural components is determined by the fatigue-crack growth behaviour of the
basic material and the imposed overall stress fields.

The fatigue-crack propagation behaviour for steel structures can be classified into
three regions as illustrated in Fig. 7.14.

Stage I can be called crack initiation which is a vertical region in which the crack has
initiated and grows very rapidly then decreases in crack growth rate. However if the
stress intensity factor fluctuation value is below the threshold value 4K, , the fatigue

th *
crack should not propagate under cyclic-stress fluctuation. The initiation of cracks can
only take place in the region of plastic deformation. As long as the strains are elastic,
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even in the regions face of geometrical discontinuities and residual stresses, fatigue
cracks do not start.

Stage II can be said steady-state crack propagation where a steady rate of crack
growth is present. The crack is progressively increasing in length and does so over a
reasonable range of stress intensity before entering region //I. In this linear region of
the log-log plot in Fig. 7.14 the growth can be represented by the well known Paris-
Erdogan [90] formula. The Paris-Erdogan formula is fit to the linear portion of the
da/dN versus stress intensity factor fluctuation AK . At relatively high 4K levels
the crack growth rate accelerates in each cycle. The formula is expressed by:

da m

—=C4K Eq.7.24

v = ClK) (Eq.7.24)

AK = Ao Y(aWm (Eq.7.25)
where a = half the crack length

N = number of cycles

AK = stress-intensity-factor fluctuation

Ao =stress range

Y(a) = geometric factor
C, m = material constants

da/dN
(Log Scale)

AK,, AK(Log Scale) AK,

Fig. 7.14. A schematic of the fatigue crack growth rate curve
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In Stage III, the fatigue crack growth per cycle is significantly higher than that
predicted for Stage II, In this stage the fracture toughness of the material is reached
and the crack is now unstable as its crack growth rate increases very rapidly with
increasing stress concentration to failure which is accompanied by either ductile
tearing or increment of brittle fracture in each cycle.

Forman et al. [91] proposed relevant equation for Stage 111, given by:

da _ C(AK)"
AN~ (1-R)K.-AK

(Eq.7.26)

where K. is fracture toughness of the material and R is the K ratio defined by
(=K, /K

min max ) N

7.8 Stress cycle and amplitude

v

Fig. 7.15. Constant-amplitude loading

The prediction of fatigue crack propagation rates and propagation time of a cracked
structure requires the input values of relevant crack propagation data, geometry
factors and stress history etc. Actually most structural components are subjected to a
variety of load histories either constant amplitude loading as shown in Fig. 7.15 or
variable amplitude loading as illustrated in Fig. 7.16. Most ship and offshore
structures suffer from variable amplitude random wave induced loading rather than
constant amplitude loading. The load sequence on a ship is different in each loading
and ballast voyage. The fluctuating loads on a ship occur from hogging and sagging
response across various waves. In wave conditions, the buoyancy forces of ship are
unevenly distributed, causing bending of ship, and shows the compression in the deck
and tension in the keel during the sagging condition and vice-verse in a hogging
condition. The loads on offshore structure depend on winds, currents and waves.
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0'/

min

v

Fig. 7.16. Random stress loading

Barsom [92] proposed a single stress-intensity parameter that can be used to define
the crack growth rate under both constant and variable-amplitude loading. The
average fatigue crack growth rates per cycle, under variable-amplitude random
sequence stress spectra can be expressed by:

da

—=C(AK,, )" Eq.7.27

dN ( rms) ( q )
where the root mean-square value of the stress intensity factor, AK  is given by:

4K, = (Eq.7.28)

7.9  Parameters to calculate crack propagation

Due to an ability to tolerate large cracks for example by redundancy of a structure,
good notch stress and ductility of modern ship steel and weld metal, ships can tolerate
relatively large cracks without unstable fracture. Usually the fatigue cracking is not an
immediate threat to the structural integrity of ship. If we can estimate crack propagate
rates for ageing ships, we can develop a strategy for more efficient maintenance and
inspection schedules.

There are several undefined parameters to calculate crack propagation which are the
threshold stress-intensity factor 4K, and the material constants C, m.
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7.9.1 Threshold stress-intensity factor, 4K,

Barsom [89] proposed a threshold stress-intensity factor, 4K, , based on mild steel,
low alloy steel, austenitic steel and other various steels, and formulated by:

AK, =6.4(1-0.85 R) ksilin for R>0.1 (Eq.7.29)
AK, =5.5 ksivin for R<0.1 (Eq.7.30)

where R is stress ratio (6,, /0, )

min

Dexter et al. [5] proposed the typical AK, value as 3 MPa/m for general ship
structural steel.

7.9.2 Material constant, C and m

The form of Eq.7.24 can only be obtained from experimental test data. This means
that the material parameters C and m are not the values which can be calculated from
a mathematical or a theoretical model. Generally the equation can be derived by curve
fitting through test data. The data can be plotted a straight line in a logarithmic plot. If
we assume a straight line equation is y = mx+ b, the test data can be represented by:

da
— |= Eq.7.31
log(de mlog(AK)+1log(C) (Eq.7.31)

Taking the anti-log of Eq.7.31 becomes the Paris-Erdogan equation given by Eq.7.24.

Dexter et al. [S] proposed the value of m as 3.0 as a typical value for steel. They also
introduced different values of the constant C from various sources as follows:

e Fisher et al. [93] : 9.0x10™2  MPa\m
e BS7910[94] : 16.5x10™2  MPam
e BS 6493 [95] : 9.5%x10™2 MPa\m

Barsom et al. [47] introduced each different material parameter values for C and m
under Mode I crack given by:

e Martensite steels :C=0.66x10""° ksix/% , m=2.25
e Ferrite-Pearlite steels C=36x107" ksi\/i_n , m=3.0
e Austenitic stainless steel : C=3.0x107" ksi\/; , m=23.25
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Dobson et al. [25] suggested fatigue crack growth parameters for two different steel
materials, HY-80 and carbon steel. They proposed that C =1.77x10~° ksilin

m=2.54 for HY-80 and C = 2.54x10™° ksixlin , m = 2.53 for carbon steel material.

Garbatov and Soares [29] proposed the material parameters C and m based on
different yield stress levels of typical ship structures as follows:

e 0,=268N/mm’ : C=885x10""MPaJm, m=35
e o,=312N/mm’ : C=3.80x10""MPam, m=3.0

7.10 Prediction of crack propagation and fatigue life

The cracks on structural components grow their size as a function of time. To predict
crack propagation for quasi-elastic condition at Stage II (LEFM), the most empirical
relationship between the crack growth increment per cycle (da/dN) and parameters of
stress range (Ao ) and the instantaneous crack length (a) can be the Paris-Erdogan
equation as specified in Eq.7.24 and the stress intensity factor is described as Eq.7.25.

If we substitute the Eq.7.25 into Eq.7.24 and integrate equation we can obtain:
a(N)=[ay ™" +(1-(m/2)) CAG"’Y"’#’"’”N}WI/Z), m#2  (Eq.7.32)
a(N)=a, exp |C A0°Y>2N] , m=2  (Bq.7.33)

The number of cycles (N) is defined as:

N=v,t (Eq.7.34)
where v, is the mean zero up-crossing rate, ¢ is time.

After substitution of Eq.7.34 in Eq.7.32, it becomes:

1
a(t) = {aéz + (1 —%)CAO"”Y’”JZ(’”’Z)VOI]2 . m#2 (Eq.7.35)

a(t) = a, exp(CY> Ac> v t) , m=2 (Eq.7.36)

Considering that the load can be described by the Weibull distribution, the stress range
Ao™ can be written as [29]:

Ac" =y T {1+ﬂ} (Eq.7.37)
aAo‘
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where [ [ ] is the incomplete Gamma function, the scale parameter of the Weibull
distribution of the stress range, 7, , is obtained from the shape parameter ¢, and a
reference stress response A0, , exceeded once in the corresponding reference number
of the stress cycles N, which is determined as the N, probability level:

Ao,
Yoo =———1 (Eq.7.38)

(Ln(N,))o

The definition of the fatigue limit state is given in terms of critical crack size a, .
Replacing a(r) = a,, in Eq.7.35, one obtains the time T, to crack propagation from

the initial crack size a, to the critical size [29, 96]:

1—(m/2 1-(m/2
a (m )_ao (m/2)

T — Ccr
p
(1 - ’"j CAG"Y" 7"V,
2

(Eq.7.39)

Consequently the total fatigue life for cracked structural components can be expressed
the sum of the time 7, to crack initiation and the subsequent time 7, to crack

propagation until critical size is reached, given by:

T, =T +T, (Eq.7.40)

7.11 Fracture control and inspection

Structural strength tends to decrease in a time dependant manner through the effects
of corrosion and cracks. The total useful life of a structural component affected by
variable loading amplitude is determined by the time required to initiate a crack and
then to propagate the crack from subcritical size to a critical size. There are many
factors which affect crack propagation and permissible residual strength, such as the
magnitude and fluctuation of the applied stresses, fracture toughness of the material at
a particular service temperature, plate thickness, crack size and shape, discontinuity at
possible locations of fracture initiation, the magnitude of stress intensity factor, stress-
corrosion susceptibility and the fatigue characteristics, etc.

It is very important to evaluate the critical crack size at design loads and to estimate
the time or cycles to reach the critical crack size from existing crack size. Once
critical crack size and amplitude of load can be decided, the inspection intervals on
the basis of analysis results can be determined based on the most economic interval
and reliability, probability of detection and safety of structure, etc.

Fig. 7.17 illustrates the time dependent crack growth curve from crack initiation size
a, through detected crack size a, to the maximum permissible crack sizea,. It is

apparent that cracks should be repaired and eliminated before they affect the strength
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more than tolerable value. This means that any cracks must be discovered by means
of periodical inspection before they reach the maximum permissible size.

crack size
A

L (Total)

_ L (Inspection)

t L, time
Fig. 7.17. Time dependant crack growth curve

However there is always the possibility to miss certain cracks during the inspection. If
the inspection is carried out at time ¢, , undetected crack could grow to the maximum
permissible size before the next inspection time ¢,. Therefore the proper inspection
interval should be established and should be shorter than the period of crack growth
from initial size to the maximum permissible size, L(Inspection) as shown in Fig.7.17.
Normally a sufficient number of inspections during the time L(Inspection) can

increase safety and reliability of structural components, however, on the contrary, it
increases maintenance cost.

The actual detection of cracks, which are larger than the physically/realistically
detectable size, is not a certainty. It will depend on many factors such as location of
structural components, the skill of inspector, possible corrosion product inside cracks,
view angles and inspection methods etc. The probability of detection should be less
than 1 even for large cracks and can be expressed by [48]:

p=1-e /i (Eq.7.41)

where a, is the crack size for which detection is absolutely impossible, & and A are
parameters determining the shape of the curve.

There is obviously the possibility that some certain cracks may not be detected during
the inspection period and missed for several subsequent inspection periods. In this
case, the cumulative probability of detection can be given by:
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P=1-[]U-p,) (Eq.7.42)

Garbatov and Soares [29] proposed the probability of crack detection based on
previous work by Packman et al. [97], given by:

Za(t)—adva

1 —exp[— } if 2a(t)> Ay

P,(t)= (Eq.7.43)

d

0, if 2a(t)<a,,

where 4, =a,,/ In(1-k), k=0.95, and a,, is limit size of detection under which a
crack will not be detected.

7.12  Prediction of stress intensity factors using finite element analysis

In previous sections, classical theories and recent research activities of the linear
elastic fracture mechanics (LEFM) and the elastic plastic fracture mechanics (EPFM)
approaches have been reviewed. Over past few decades the stress intensity factor (K)
has been used for linear elastic fracture mechanics methods and which are strictly
valid only for isotropic materials that behave in a perfectly linear elastic manner.
When there is only a small amount of plastic deformation at the tip of the crack, linear
elastic fracture mechanics (LEFM) gives a relatively good approximation of actual
material behaviour. However if fracture is accompanied by considerable plastic
deformation, then the elastic-plastic fracture mechanics method is used. Generally the
J-integral and CTOD methods have been used as a tool and fracture criterion for
nonlinear materials under elastic-plastic deformation. It is important to estimate the
postulated cracks under given loading conditions.

Generally the LEFM based stress intensity factor (K) can be calculated by many
existing formulae [58, 61] which are based on actual tensile specimen tests and
numerical calculations. However the application of these formulae is restricted to
standard shapes of problems and cannot cover all of crack patterns on ship’s and
marine structures. Actual tensile specimen tests also require a lot of cost and efforts to
have a reliable stress intensity factor (K), J-Integral value or CTOD value. The finite
element approach has now become more and more common and alternative solutions
in linear elastic fracture mechanics and elastic fracture mechanic methods due to its
relatively cheaper cost than actual test for complicated crack patterns. In this study,
the finite element approach will be employed to investigate the effects of cracks on
stress intensity factors, J-integral and CTOD values.

As indicated in Fig.4.3 in Chapter 4 and as illustrated in “Guidance Manual for
Tanker Structure” by TSCF [98], the typical patterns of cracks on ship structures are
single edge crack and centre crack on stiffened plate as illustrated in Fig. 5.6. Both
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edge type cracks as illustrated in Fig.5.5 is a very unusual pattern of crack on marine
structures, thus only single edge and centre cracks are considered in this studies.

As previously reviewed in Chapter 5, currently the most frequently used grades of
steel for ship structures are mild steel with a yield stress, o, =235N/mm’

and higher strength steels with o, =315N /mm* (LRS AH32, ABS HT32, DNV NV-

32) and o, =355N/mm’ (LRS AH36, ABS HT36, DNV NV-36). If the material

properties, such as yield stress, are different then the size of plastic deformation at the
tip of the crack will be different under same loading conditions. However the LEFM
based fracture mechanic method as indicated in Eq.7.7 does not have a parameter to
represent material properties. This means that the calculation for LEFM based stress
intensity factor (K) can be done by input parameters which are related to the size of
the uniform tensile stress, crack size and plate width and LEFM based stress intensity
factor (K) can only be used where the applied load is small and the amount of plastic
deformation at the tip of the crack is small.

There have been some efforts to investigate the effects of different material properties
on fracture toughness [15, 17, 23, 29]. However the effects of different crack sizes on
stress intensity factors for commonly used steel for ship structures with a yield stress,
0, =235N /mm’*, 6, =315N /mm’, o, =355N /mm® have not been studied well,

thus it is also valuable to find out the effects of different yield stresses on stress
intensity factors by using FEM based elastic-plastic fracture mechanics approach.

In this study, numerical analyses have been carried out by the ANSYS [99] finite
element computer software in order to model two-dimensional linear elastic and
elastic-plastic analysis mode condition.

The work has been performed on a square (Im x 1m) unstiffened plate which has a
single edge crack and centre crack under uniform tensile load. The effects of different
crack sizes (a/W, from 0.05 to 0.4, where a is half crack size and W is plate breadth),
loads (10 N/mm* to 100 N/mm?* ), and different yield stresses on the stress
intensity factor (K) and J-integral and crack tip opening displacement (CTOD) values
have been investigated. The calculated values are to be useful for the assessment of
cracks and estimation of crack propagation for marine and offshore structures.

7.12.1 Finite element modelling details and methods for plate with a crack
7.12.1.1 Size and material properties
The full size of plate with crack is based on /m x Im plate and a quarter of plate (0.5m

x 0.5m) is used for modelling and computational efficiency. Generally following
material properties are assumed for this study:

Young’s modulus (E) =209000 N / mm*
Poisson’s ratio () =03
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In order to consider the effect of different material yield stresses on the elastic plastic
behaviour near the crack tip, three most commonly employed yield stresses (O'Y) of

235 N/mm*, 315 N/mm?>and 355 N/mm’ are used for this investigation.
7.12.1.2 Element type and K calculation

The recommended element type for a 2-D fracture model is the PLANE2 (6-node
triangular solid) or the PLANES2 (8-noded quadrilateral elements) and in 3D is the
SOLIDY95 (20-noded brick) as illustrated in Fig. 7.18 with near tip mid-side nodes
shifted to the quarter-point positions.

M
J
PLANE? /\‘

50LID%s

o

KLS

(a) 2D models (b) 3D models

Fig. 7.18. Element type for 2D and 3D models

In ANSYS program, these elements around a crack tip are automatically generated by
using KSCON command for 2-D model which allows to control the radius of the first
row of elements and number of elements in the circumferential direction. For
reasonable results, the first row of elements around the crack tip should have a radius
of approximately a/8 or smaller. In the circumferential direction, roughly one element
every 30 degree or 40 degree is recommended as illustrated in Fig. 7.19. However in a
3-D model the KSCON command can not be used and thus with 3D problems normal
ANSYS mesh generation is required by defining number of elements around crack tip,
number of elements around crack front, outer radius of crack-tip element, crack front
radius and crack-front angle as shown in Fig. 7.20.

Generally the stress intensity factor (K) can be calculated by following procedure in
ANSYS program:

B Define a local crack-tip or crack front coordinate system.

B Define a path along the crack face. The first node on the path should be the
crack-tip node.

B Calculate K;, K;; and Kyj; .
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Fig. 7.19. Nodes and stress details around 2D crack tip
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Fig. 7.20. Mesh details and stress details around 3D crack tip

The finite element modelling and calculation of stress intensity factor (K) are not an
easy task for researchers and engineers who have not enough experience. As
discussed in Section 5.5 in Chapter 5, creating a macro and using ANSYS Parametric
Design Language (APDL) enables us to create our own custom ANSYS command,
automate common tasks or even build our model in terms of parameters (variables)
and more importantly reduce the time for building a model dramatically. In this
studies, two(2) useful ANSYS macro programs have been created to reduce
computational time and finite element modelling efforts and to calculate stress
intensity factor (K) for 2 dimensional centre cracked plate modelling. The one is for
automatic creation of geometry, mesh details, symmetric boundary condition and
applying loads by simply input eight parameters which are material yield stress (argl),
half of crack length (arg2), half of plate breadth (arg3), half of plate length (arg4),
number of mesh on cracked line (arg5) and uncracked line (arg6), the radius of the
first row of elements around the crack tip (arg7) and maximum applied load (arg8).
The other is for automatic calculation of stress intensity factor (K) for centre cracked
plate by simply input six parameters which are crack tip node number (argl), second
node number for crack path (arg2), third node number for crack path (arg3), fourth
(arg4), fifth (arg5) and sixth (argb6) node number to define crack tip coordinate system.
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The developed macro program for automatic calculation of stress intensity factor (K)
can be applied and extended to any other structural crack problems. The typical
examples of ANSYS macro programs to create finite element model and to calculate
stress intensity factor (K) are introduced in Appendix G and Fig. 7.21.

: Macro Program to Create ! | Macro Program to Calculate |
1 11 . 1
! FEA Model o Stress Intensity Factor (K) I
. L :
! Input [ Input 1
: parameters Create model : : parameters :
1 and apply load ' K calculation |
1 11 1
: arg 1 : : arg 1 :
1 arg 2 Element type 11 arg 2 Define crack face 1
: arg 3 Material properties : : arg 3 path :
1 arg 4 : 1 : arg 4 Define local crack tip 1
! g :> Create area g :> coordinate system 1
1 arg 5 Mesh ' arg 5 1
! arg 6 [ arg 6 Calculate K factor 1
! Boundary condition [ 1
: arg 7 1 : 1
' arg 8 Apply load : ' :
1 11 1
1 11 1
1 (. 1
S Uy G S S S g ] S Uy G S S S g ]

Fig. 7.21. Typical procedure of macro program for K calculation

7.12.1.3 Computation of J integral theory
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Fig. 7.22. J integral path based on 4 nodes

As defined in previous sections, the J-integral is a path independent line integral that
measures the strength of the singular stresses and strains near the crack tip. In ANSYS,
the computation of J value is much more complicated than the calculation of stress
intensity factor (K) and J cannot compute directly by post processor commands. Thus
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it is necessary to develop a macro by using the ANSYS Parametric Design Language
(APDL), a scripting language that user can use to automate common tasks or even
build model in terms of parameters (variables). But the procedure and the creation of
macro program to calculate J-integral value is not an easy task for most of users. In
this study, the source code for the J computation macro, which is based on 4 nodes
path as illustrated in Fig.7.22, is developed. By using this program, the J
computational value can be obtained in just two steps. The first step is to read in the
desired set of results and define a path for the line integral (4 node path). The second
step is to input a macro file name into input (command) menu.

The developed macro program for J computation can be applied and extended to any
other structural crack problems. The typical procedure, which is combined with
macro program to create finite element model, is illustrated in Fig. 7.23.

Macro Program to Create Macro Program to Calculate

o
[ |
[
FEA Model ;o J-integral value
[
[ |
Input [
parameters Create model : : Read in the desired set of results.
and apply load o Define a path for the line integral (4 node
' path)
arg 1 [ | '
arg 2 Element type : 1 Store the volume and strain energy per
. . ;! element.
arg 3 Material properties . :

Map the strain energy density onto the path

4
arg :> Create area ::|I:> and integrate it with respect to global Y.

arg 5 Mesh . " .
es Assign the final value of the integral to a

g 3 Boundary condition parameter. This gives the first terms of
arg
arg 8 Apply load

Map the component stresses onto the map.

Define the path unit normal vector
Calculate traction vectors using Eq.7.21.

1
1

1

1

1

1

1

1

1

1

I Shift the path a small distance in the positive
: and negative x directions to calculate the

1 derivatives of the displacement vectors.

: Calculate the integrand in the second term of
1 J and integrate it with respect to the path

1 distance. This gives the second term of

1 Eq.7.21.

1

1

1

1

1

1

1

Calculate J-Integral value

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
]
1
1
1
Eq.7.21. :
1
]
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
]

Fig. 7.23. Typical procedure of macro program for J computation

7.12.1.4 Computation of crack tip opening displacement (CTOD)

An alternative method to calculate strain energy rate G or J is to measure crack tip
opening displacement (CTOD) as discussed in Section 7.5.1. The fracture would
initiate when the strains in the crack-tip region reach a critical value, which can be
characterized by a critical crack-tip opening displacement. In this study this
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alternative method was also employed and the CTOD value is measured at 0.75mm
from crack tip front.

7.12.2 Modelling results by LEFM

The procedure of evaluation and comparison of the results of finite element analyses
with existing formulae, which are based on experimentation, is a very important step
to validate the FEA results. In order to verify the correctness of FEA control and the
results, some existing handbook formulae, which were proposed by Broek [48], Tada
et al. [60] and Isida [62], are compared with K calculation results by ANSYS finite
element analyses as shown in Table 7-1 and Fig. 7.24 for centre crack. A total of 250
cases of stress intensity factors are shown in Table 7-1, in which the centre crack size
varies from 50mm to 400mm. Of these cases, 100 of them (50 cases are plain strain
basis and another 50 cases are plain stress basis) have been performed to validate the
accuracy of stress intensity factor from finite element analyses. Fig. 7.25 illustrates
the von Mises stress distribution with 200mm centre crack length under 30 N / mm’®
tensile load. The results indicate that the Broek et al.’s formula produces the highest K
values, and the K calculation by ANSYS program (plane strain) can predict stress
intensity factor quite well and can be assumed as an average value of existing
handbook solutions.

Table 7-1
Comparison of K calculation for plate with centre crack

Stress Intensity Factor (K = MPa m'"?)
(o 2a/W Broek Tada Isida ANSYS ANSYS
(MPa) (P. strain) (P. stress)
10 0.05 2.83 2.81 2.82 2.82 2.56
20 0.05 5.67 5.61 5.64 5.64 5.13
30 0.05 8.50 8.42 8.47 8.48 7.70
40 0.05 11.34 11.23 11.29 11.28 10.27
50 0.05 14.17 14.03 14.11 14.10 12.83
60 0.05 17.01 16.84 16.93 16.92 15.40
70 0.05 19.84 19.65 19.75 19.74 17.97
80 0.05 22.68 22.45 22.58 22.56 20.53
90 0.05 25.51 25.26 25.40 25.38 23.09
100 0.05 28.35 28.07 28.22 28.20 25.67
10 0.10 4.07 3.99 3.99 4.03 3.67
20 0.10 8.13 7.97 7.98 8.06 7.33
30 0.10 12.20 11.96 11.97 12.08 11.00
40 0.10 16.27 15.95 15.96 16.11 14.66
50 0.10 20.34 19.93 19.96 20.14 18.33
60 0.10 24.40 23.92 23.95 24.17 21.99
70 0.10 28.47 27.91 27.94 28.20 25.66
80 0.10 32.54 31.90 31.93 32.22 29.32
90 0.10 36.61 35.88 35.92 36.25 32.99
100 0.10 40.67 39.87 39.91 40.28 36.65
10 0.20 6.18 5.74 5.64 5.93 5.39
20 0.20 12.36 11.48 11.29 11.86 10.79
30 0.20 18.54 17.23 16.93 17.78 16.18
40 0.20 24.72 22.97 22.58 23.71 21.58
50 0.20 30.90 28.71 28.22 29.64 28.97
60 0.20 37.08 34.45 33.86 35.56 32.38
70 0.20 43.26 40.19 39.51 41.49 37.76
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80 0.20 49.45 45.94 45.15 4742 43.15
90 0.20 55.63 51.68 50.80 53.34 48.54
100 0.20 61.81 5742 56.44 59.27 53.93
10 0.30 8.94 7.26 6.91 7.73 7.03
20 0.30 17.88 14.52 13.83 15.45 14.06
30 0.30 26.82 21.78 20.74 23.18 21.09
40 0.30 35.77 29.04 27.65 30.90 28.12
50 0.30 44.71 36.30 34.56 38.63 35.15
60 0.30 53.65 43.56 41.48 46.35 42.18
70 0.30 62.59 50.82 48.39 54.07 49.21
80 0.30 71.53 58.08 55.30 61.80 56.23
90 0.30 80.47 65.34 62.21 69.52 63.26
100 0.30 89.41 72.59 69.13 71.24 70.29
10 0.40 13.47 8.79 7.98 9.66 8.79
20 0.40 26.93 17.58 15.96 19.32 17.58
30 0.40 40.40 26.37 23.95 28.97 26.37
40 0.40 53.86 35.16 31.93 38.63 35.15
50 0.40 67.33 43.95 39.91 48.28 43.94
60 0.40 80.80 52.75 47.89 57.94 52.72
70 0.40 94.26 61.54 55.87 67.59 61.51
80 0.40 107.73 70.33 63.86 71.24 70.29
90 0.40 121.20 79.12 71.84 86.90 79.07
100 0.40 134.66 87.91 79.82 96.55 87.86
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Fig. 7.24. K (Plain strain) values against different loads (2a/W=0.2)
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Fig. 7.25. The von Mises stress distribution near the crack tip
(2a=200mm, =30 N/mm* )

Table 7-2 indicates the comparison of K calculation for plate with a singe edge crack
based on formula from Broek [48], Tada et al. [60] and Brown and Srawley [63]. The
results indicate that the stress intensity factors (K) from all the formulae are more or
less the same, thus all of these formulae can be considered reliable to calculate stress
intensity factors for plate with a single edge crack

Table 7-2

Comparison of K calculation for plate with singe edge crack
(o2 Stress Intensity Factor (K = MPa m'™?)

(MPa) 2a/W Broek Tada Brown

10 0.05 3.14 3.15 3.14
20 0.05 6.28 6.29 6.28
30 0.05 9.42 9.44 9.42
40 0.05 12.56 12.58 12.56
50 0.05 15.70 15.73 15.70
60 0.05 18.84 18.87 18.84
70 0.05 21.98 22.02 21.96
80 0.05 25.12 25.17 25.12
90 0.05 28.26 28.31 28.26
100 0.05 31.40 31.46 31.40
10 0.10 4.49 4.50 4.49
20 0.10 8.98 8.99 8.98
30 0.10 13.46 13.49 13.46
40 0.10 17.95 17.98 17.95
50 0.10 22.44 22.48 22.44
60 0.10 26.93 26.97 26.93
70 0.10 31.42 31.47 31.41
80 0.10 35.90 35.96 35.90
90 0.10 40.39 40.46 40.39
100 0.10 44.88 44.96 44.88
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10 0.20 6.64 6.65 6.63

20 0.20 13.27 13.29 13.27
30 0.20 19.91 19.94 19.90
40 0.20 26.54 26.58 26.54
50 0.20 33.18 33.23 33.17
60 0.20 39.81 39.88 39.81
70 0.20 46.45 46.52 46.44
80 0.20 53.09 53.17 53.08
90 0.20 59.72 59.81 59.71
100 0.20 66.36 66.46 66.35
10 0.30 8.68 8.70 8.68

20 0.30 17.37 17.39 17.36
30 0.30 26.05 26.09 26.05
40 0.30 34.74 34.79 34.73
50 0.30 43.42 43.48 43.41
60 0.30 52.11 52.18 52.09
70 0.30 60.79 60.87 60.78
80 0.30 69.48 69.57 69.46
90 0.30 78.16 78.27 78.14
100 0.30 86.85 86.96 86.82
10 0.40 10.87 10.88 10.86
20 0.40 21.74 21.76 21.73
30 0.40 32.61 32.64 32.59
40 0.40 43.47 43.52 43.46
50 0.40 54.34 54.41 54.32
60 0.40 65.21 65.29 65.19
70 0.40 76.08 76.17 76.05
80 0.40 86.95 87.05 86.92
90 0.40 97.82 97.93 97.78
100 0.40 108.68 108.81 108.65

7.12.3 Modelling results by EPFM

As previously specified, if fracture is accompanied by considerable plastic
deformation near the crack tip, elastic-plastic fracture mechanics (EPFM) is used.

In this section, J-integral and crack tip opening displacement (CTOD) are
investigated based on each of three different material properties which has a yield
stress of 235 N /mm?*, 315 N/mm?* and 355 N/ mm*.

Table 7-3 summarized the J-integral and crack tip opening displacement (CTOD)
values based on ANSYS fracture modelling for a centre cracked plate under uniform
tensile loads. Large scales of finite element modelling have been carried out in order
to find out the effects of different material yield stresses, crack sizes and applied loads
on J and CTOD values. J] and CTOD values of a total of 300 cases have been
calculated based on finite element modelling results, and are shown in Table 7-3, in
which the centre crack size varies from 50mm to 400mm and the applied tensile stress

(o) ranges from 10 N /mm®* to 100 N/mm’ .
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The comparisons between Irwin’s plastic zone correction based on Mode I loading,
which is introduced in Section 7.5.2 and current finite element fracture modelling
results have been summarized in Appendix H. In Appendix H, the J-integral and
CTOD value are converted to relevant K values in plane strain in accordance with
Eq.7.20 and Eq.7.23.

Table 7-3
J-integral and crack tip opening displacement (CTOD) values
(o SY235 SY235 SY315 SY315 SY355 SY355
(MPa) | 2a/W J) (CTOD) J) (CTOD) @) (CTOD)

KJ/m? m KJ/m? m KJ/m? m

10 0.05 0.03433 | 0.00000106 | 0.03430 | 0.00000106 | 0.03431 0.00000106

20 0.05 0.13732 | 0.00000213 | 0.13722 | 0.00000212 | 0.13722 | 0.00000212

30 0.05 0.30897 | 0.00000319 | 0.30874 | 0.00000319 | 0.30875 | 0.00000319

40 0.05 0.54942 | 0.00000428 | 0.54887 | 0.00000425 | 0.54887 | 0.00000425

50 0.05 0.86007 | 0.00000558 | 0.85760 | 0.00000532 | 0.85760 | 0.00000532

60 0.05 1.24082 | 0.00000699 1.23640 | 0.00000656 1.23522 | 0.00000642

70 0.05 1.69141 0.00000842 1.68531 | 0.00000791 1.68337 | 0.00000771

80 0.05 2.21467 | 0.00001003 | 2.20410 | 0.00000932 | 2.20151 0.00000907

90 0.05 2.81665 | 0.00001202 | 2.79269 | 0.00001074 | 2.78945 | 0.00001048

100 0.05 3.49648 | 0.00001419 | 3.45141 0.00001221 3.44723 | 0.00001190

10 0.10 0.07073 | 0.00000152 | 0.07073 | 0.00000152 | 0.07073 | 0.00000152

20 0.10 0.28292 | 0.00000305 | 0.28292 | 0.00000305 | 0.28293 | 0.00000305

30 0.10 0.63675 | 0.00000463 | 0.63656 | 0.00000457 | 0.63657 | 0.00000457

40 0.10 1.13359 | 0.00000654 1.13194 | 0.00000617 1.13164 | 0.00000610

50 0.10 1.77328 | 0.00000857 1.77053 | 0.00000806 1.76943 | 0.00000786

60 0.10 2.55748 | 0.00001083 | 2.55200 | 0.00001006 | 2.55041 0.00000981

70 0.10 3.49228 | 0.00001367 | 3.47637 | 0.00001213 | 3.47410 | 0.00001182

80 0.10 4.57841 0.00001685 | 4.54624 | 0.00001442 | 4.54081 0.00001390

90 0.10 5.82376 | 0.00002057 | 5.76702 | 0.00001718 | 5.75351 0.00001621

100 0.10 7.23351 0.00002479 | 7.13786 | 0.00002020 | 7.11746 | 0.00001896

10 0.20 0.15340 | 0.00000225 | 0.15340 | 0.00000225 | 0.15341 0.00000225

20 0.20 0.61366 | 0.00000452 | 0.61361 | 0.00000450 | 0.61361 0.00000450

30 0.20 1.38230 | 0.00000736 1.38106 | 0.00000691 1.38068 | 0.00000678

40 0.20 2.45966 | 0.00001043 | 2.45731 | 0.00000980 | 2.45643 | 0.00000956

50 0.20 3.85222 | 0.00001441 3.84215 | 0.00001284 | 3.84061 0.00001249

60 0.20 5.56422 | 0.00001916 | 5.53952 | 0.00001638 | 5.53375 | 0.00001562

70 0.20 7.60414 | 0.00002479 | 7.55440 | 0.00002062 | 7.54272 | 0.00001943

80 0.20 9.98690 | 0.00003150 | 9.89016 | 0.00002544 | 9.86864 | 0.00002374

90 0.20 12.7298 | 0.00003935 12.5539 | 0.00003094 12.5163 | 0.00002858

100 0.20 15.8600 | 0.00004848 15.5460 | 0.00003716 15.4920 | 0.00003403

10 0.30 0.26056 | 0.00000293 | 0.26056 | 0.00000293 | 0.26057 | 0.00000293

20 0.30 1.04286 | 0.00000618 1.04226 | 0.00000587 1.04224 | 0.00000586

30 0.30 2.34877 | 0.00001013 | 2.34706 | 0.00000952 | 2.34638 | 0.00000928

40 0.30 4.18470 | 0.00001521 4.17538 | 0.00001348 4.17411 0.00001314

50 0.30 6.55995 | 0.00002163 | 6.53358 | 0.00001835 | 6.52691 0.00001738

60 0.30 9.48887 | 0.00002953 | 9.42838 | 0.00002424 | 9.41420 | 0.00002272

70 0.30 12.9962 | 0.00003914 12.8678 | 0.00003113 12.8390 | 0.00002884

80 0.30 17.11948 | 0.00005070 16.8651 | 0.00003918 16.8114 | 0.00003590

90 0.30 21.91526 | 0.00006457 | 21.4408 | 0.00004853 | 21.3430 | 0.00004401

100 0.30 27.46664 | 0.00008115 | 26.6169 | 0.00005921 26.4520 | 0.00005325

10 0.40 0.408090 | 0.00000367 | 0.40809 | 0.00000367 | 0.40809 | 0.00000367

20 0.40 1.633947 | 0.00000810 1.63289 | 0.00000760 1.63254 | 0.00000744

30 0.40 3.682490 | 0.00001374 | 3.67724 | 0.00001246 | 3.67622 | 0.00001213
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40 0.40 6.568337 | 0.00002145 | 6.54616 | 0.00001826 | 6.54042 | 0.00001732
50 0.40 10.31335 | 0.00003141 10.2521 | 0.00002568 10.2377 | 0.00002403
60 0.40 14.95615 | 0.00004390 14.8084 | 0.00003466 14.7759 | 0.00003199
70 0.40 20.56088 | 0.00005935 | 20.2413 | 0.00004550 | 20.1707 | 0.00004143
80 0.40 27.22966 | 0.00007840 | 26.5792 | 0.00005817 | 26.4487 | 0.00005256
90 0.40 35.13470 | 0.00010179 | 33.8775 | 0.00007310 | 33.6350 | 0.00006532
100 0.40 44.56900 | 0.00013098 | 42.2010 | 0.00009057 | 41.7802 | 0.00008007

Figs. 7.26 to 7.28 and Figs. 7.29 to 7.31 illustrate the J-Integral and crack tip opening
displacement (CTOD) values based on different material yield stresses, crack sizes,

and applied loads.
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Fig. 7.26. J- Integral values with different crack sizes and loads (o, =235 N/mm*)
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Fig. 7.27. J- Integral values with different crack size and loads (o, =315 N/mm?*)
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Fig. 7.28. J- Integral values with different crack size and loads (o, =355 N/mm?*)
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Fig. 7.29. CTOD values with different crack size and loads (o, =235 N/mm*)
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Fig. 7.30. CTOD values with different crack size and loads (o, =315 N/mm*)
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Fig. 7.31. CTOD values with different crack size and loads (o, =355 N/mm*)

The results of elastic-plastic fracture mechanics methods are summarized in Section
7.13.

7.13 Concluding remarks

In this chapter historical background of fracture mechanic methods and current
research activities in marine and offshore fields have been reviewed. Classical theory
of the linear elastic fracture mechanics (LEFM) approach and the elastic plastic
fracture mechanics (EPFM) approaches, which is based on crack tip displacement
method and J-integral method, have been discussed. In addition, the general concept
of crack propagation, prediction of crack propagation and fracture control and
inspection have also been investigated.

Among others, the concept of the linear elastic fracture mechanics (LEFM) approach
based on stress intensity factor (K) and the elastic plastic fracture mechanics (EPFM)
approaches which are based on crack tip displacement method and J-integral method
are applied to numerical computation for two-dimensional fracture problems in
Section 7.12. The effects of crack size, loads and material properties on stress
intensity factors, J-Integral and crack tip opening displacement (CTOD) values have
been investigated through 100 cases of finite element analyses for LEFM approach
and another 300 cases of finite element analyses for EPFM approach. The results can
be summarized as follows:

e In this study, two(2) useful ANSYS macro programs have been created to
reduce computational time and finite element modelling efforts and to
calculate stress intensity factor (K) for 2 dimensional centre cracked plate
modelling. One of them is for automatic creation of geometry, mesh details,
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symmetric boundary conditions and applying loads by simply input eight
parameters. The other is for automatic calculation of stress intensity factor (K)
for centre cracked plate by simply input six parameters. The developed macro
program for automatic calculation of stress intensity factor (K) can be applied
and extended to any other structural crack problems.

e The computation of J value is much more complicated than the calculation of
stress intensity factor (K). It cannot be computed directly by post processor
commands of most of finite element programs. Thus it is necessary to develop
a macro by using the ANSYS Parametric Design Language (APDL), a
scripting language that can be used to automate common tasks or even to build
models in terms of parameters (variables). But the procedure and the creation
of a macro program to calculate J-integral value is not an easy task for most of
user. In this study, the source code for the J computation macro, which is
based on 4 nodes path as illustrated in Fig.7.22, is developed. By using this
program, J value can be obtained in just two steps. The first step is to read in
the desired set of results and define a path for the line integral (4 node path).
The second step is to input a macro file name into input (command) menu.
The developed macro program for J computation can be applied and extended
to any other structural crack problems.

e Comparisons between the existing analytical formulae for stress intensity
factor (K) of a centre cracked plate and ANSYS fracture finite element
modelling results indicate that finite element modelling can predict stress
intensity factor accurately. This means that finite element modelling can
replace expensive actual test to find fracture toughness of various materials, so
leads to save time, efforts and cost of actual test.

e Among the investigated analytical formulae, Broek’s formulae gives the
highest stress intensity factor (K). Whereas ANSYS finite element modelling
results based on plane strain are about the average value of the existing
formulae.

e If fracture is accompanied by considerable plastic deformation near the crack
tip, then the elastic-plastic fracture mechanics method is recommended. In this
Chapter, J-Integral and CTOD of three different material properties, namely a
yield stress of 235 N/mm*, 315 N/mm*,355 N/mm*, have been evaluated. The
Higher yield strength of material shows smaller J-Integral value and crack tip
opening displacement (CTOD) value than lower yield strength material. This
is because the crack tip of lower yield strength material, such as mild steel,
tends to yield earlier and have more plastic deformation around the crack tip
than higher yield strength of material under same crack size and applied stress.

e The differences of J-integral values between mild steel and higher yield
strength material are quite small, thus if the cracked structure has a mixed
material properties then it is recommended to use lower yield stress material
for finite element modelling in order to get more conservative J or CTOD
values.

e [f the crack size (2a/W) is as small as 0.05 and 0.1, the changing of J or CTOD
values versus applied stress shows linear pattern and J and CTOD values are
expected quite small. However if the crack size (2a/W) is larger than 0.2, the
changing of J or CTOD values versus applied loads shows nonlinear pattern

Duo Ok — PhD Thesis 7-42
School of Marine Science and Technology
University of Newcastle upon Tyne



Chapter 7: Crack and Crack Propagation on Marine Structures

and J and CTOD values are to be steeply increased as increasing crack size,
which is illustrated in Figs. 7.26 to 7.31.

e As indicated in Appendix H, the calculated J-integral values based on finite
element modelling show slightly higher stress intensity factors than the Irwin’s
plastic zone correction based calculations.

e The calculated CTOD values which is converted to stress intensity factors as
indicated in Appendix H show large differences from J-integral based
computation or the Irwin’s plastic zone correction based calculations.
Generally CTOD obtained by finite element analyses shows higher stress
intensity factor than handbook solutions at small crack size with small applied
stresses ranges. But it shows less stress intensity factor at relatively large crack
size and large applied stress ranges.

Pits and flaws near the crack tip will accelerate the crack propagation and tend to
increase stress intensity factor. It is worth to investigate the effects of localized
corrosion with different sizes and depths near the crack tip on stress intensity factor
by using 3D finite element modelling.

There are two types of residual stresses exist in ship structures. The one is mechanical
residual stress which is introduced through fabrication procedure, the other is welding
induced residual stress. Welding residual stress in caused by the heat induced welding
processes. The heat input through the welding processes to the plate gives a great
influence of residual stresses in the plate and crack propagation. It is recommended to
study the effects of heat induced welding process on the stress intensity factor, J-
integral value and CTOD value based on different material properties and on various
structural details.

The optimum fracture control and maintenance plan depend on the consequence of a
fracture and the time of crack initiation. In connection with the fatigue life assessment
and methodologies which are described in Chapter 4, further research activities are
recommended which consider both the first principle based spectral fatigue
assessment methodology and elastic plastic fracture mechanics methodology based on
different ship types and various structural details in order to establish the optimum
fracture control plan, maintenance plan and reliability level of ageing ships.

In connection to Chapter 3, 4 and 5, it is also recommended to develop the
methodology for the time-variant reliability assessment considering the effect
of corrosion degradation and fatigue crack propagation on ultimate strength reduction
in time dependent manner in order to justify the residual strength, to establish
reliability and to develop the proper maintenance programme for ageing ship
structures.
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Chapter 8

Conclusions and Recommendations for Further Works

8.1 Conclusions

The principal objective of designing a ship is to reduce the risks of structural failure in
order to ensure the safety of life, environment and property and to provide adequate
durability of the hull structure for the design life [1]. There have been many records of
casualties, which could lead to total losses or damage of various parts of the structure.

Structural strength of ageing ships tends to decrease with time through the effects of
corrosion and fatigue induced cracks. Obviously severe general corrosion or localized
corrosion over a large area will cause noticeable strength degradation and should be
properly maintained and repaired based on a standard renewal or maintenance criteria.
Fatigue induced cracks should also be properly monitored and repaired. Once crack is
initiated, it might be propagated until it reaches a critical size. Finally fracture might
occur when undesired and undetected cracks propagate to a critical size during ship’s
sailing through rough seas and heavy weather.

Structural designers and operators should always have a good understanding and
knowledge of the causes of corrosion and fatigue cracks, the proper corrosion
prevention methods, the corrosion rate estimate models, the fatigue and fatigue
induced cracks and the location and extent of structural damage formed during
operation of the structure and how it can affect the structural capacity in order to
facilitate repair decisions for vessel’s inspection and maintenance programme and to
support a structural life extension decision later in life.

The overall researches presented in this thesis have been focused on the effects of
corrosion and flaws on structural degradation in ageing ships. Finally some useful
mathematical formulae and programs have been developed to evaluate strength
degradation of ageing ships and to decide for immediate repair or future maintenance
decision.

In Chapter 1, a general overview, background, objectives and structure of this thesis
are presented.

In Chapter 2, factors which accelerate corrosion in marine structures such as the
effects of high pressure tank cleaning washing, temperature changing due to cargo oil
tank heating and the effects of clean inert gas system on structure degradation and
corrosion rates have been investigated.

Especially, the effects of a clean inert gas system on corrosion prevention have not
been studied well. In this research it is proposed that the clean inert gas system, either
a high quality inert gas generator system or a N2 generator system, can be used to

Duo Ok — PhD Thesis 8-1
School of Marine Science and Technology
University of Newcastle upon Tyne



Chapter 8: Conclusions and Recommendations for Further Works

reduce corrosion degradation in marine structures in the areas such as ballast tanks
and permanent void spaces and it has been found that high quality inert gas can be an
effective economic solution considering appreciably reduced corrosion, maintenance,
time out of service/trade, repair/steel replacement costs and improved re-sale value for
the vessel, etc.

An approximate cost evaluation between a conventional boiler flue gas uptake inert
gas system without inert gas supply to the double hull space and an inert gas generator
with inert gas supply to the double hull space was investigated based on a typical
AFRAMAX tanker. It is found that using clean inert gas to a marine structure will
reduce overall maintenance cost considerably for replacement of steel structures, and
possibly will reduce tank coating thickness for both new building ships and ageing
ships.

In Chapter 3, various existing general corrosion models have been investigated and an
average corrosion model based on Melchers’s [2, 3], Soares and Garvatov’s [4, 5],
Paik et al’s [6] and Wang et al.’’s models [7] have been proposed. Some
investigations on various pitting corrosion models and recommendations have also
been carried out.

Time variant neutral axis position, section modulus at deck and section modulus at
keel based on various existing general corrosion models for tanker structures have
been investigated and compared. Finally some simplified formulas to estimate time
variant vertical/horizontal section modulus degradation and associated stress changes
at upper deck and keel are developed based on the selected double hull tanker. In
addition, time-variant hull section modulus degradation is estimated when clean inert
gas is applied for the double tanker. The results indicate the effectiveness of clean
inert gas on control corrosion of marine and offshore structures, improvement of
structural integrity and longitudinal strength in ageing double hull tankers. This means
that a well designed clean inert gas system can minimize corrosion rates of structures
and accordingly can minimize section modulus degradation over typical service life.
Eventually the maintenance costs for ageing ships might remarkably be reduced
compared to the structures which haven’t clean inert gas provision.

In Chapter 4, the historical background and development of fatigue damage
assessment methodologies and guidance of Classification Societies (IACS, DNV,
ABS) have been reviewed.

Actual fatigue assessments of ship side shell longitudinal stiffeners in accordance
with DNV guidance have been performed based on existing North Operating
AFRAMAX shuttle tanker. In this assessment the effects of corrosion on fatigue life
are considered, and several corrosion degradation models were used to assess the
differences among them.

The results show that the accumulated fatigue life based on DNV model assuming 5
years effective corrosion protection period is noticeably shorter than that of the other
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existing corrosion models. This is because that DNV recommendation has very
conservative level of corrosion environment factor, D, which is to be considered in

final calculation of design life. In addition, the DNV guideline [8] uses fixed section
modulus in their hull girder bending stress calculation whereas applied corrosion
models use different section modulus values in each design life. Furthermore
corrosion rates of local plate and stiffener in DNV guideline are more conservative
than those of applied corrosion models (Wang’s et al. and PW models) which is based
on 30 years design life. This reveals that current corrosion margins in DNV guideline
have adopted much higher values of corrosion degradation rates than actual statistics
based existing corrosion models and data.

The results also show that the fatigue life of longitudinal stiffeners near the upper
deck (stiffener no.43 ~ 46) is considerably shorter than for other locations. This is
caused by a relatively higher vertical global stress range and small geometry property
of stiffeners than at other locations. And also longitudinal stiffener no.32, which is
located between the design load water line and the ballast load water line, shows the
relatively short fatigue life than other locations.

In Chapter 5, a general review of existing formulae and recommendation to estimate
elastic buckling strength and ultimate strength of unstiffened and stiffened plate have
been investigated. Some recent research activities and guideline for the strength
degradation due to localized corrosion have also been reviewed.

Obviously localized corrosion on a plate could reduce the strength of the plate. In this
research, the ultimate strength of square plates with pitting corrosion has been
investigated by using nonlinear finite element analyses. The effects of pitting
corrosion width, depth, length and its transverse location on ultimate strength have
been systematically studied. A total of 265 nonlinear finite element analyses have
been carried out which is the full combination of two cases of transverse pitting
locations, four cases of plate slenderness, four cases of pitting breadths, four cases of
pitting lengths and two cases of pitting depths. The results can be summarized as
follows:

e The length, breadth and depth of pit corrosion have weakening effects on the
ultimate strength of the plates while plate slenderness has only marginal effect
on strength reduction.

e The depth and width of the corrosion are the two dominant parameters. So this
finding, to some extent, justifies the formula proposed by Paik, et al. [13-15],
in which the corroded cross sectional area was chosen as the only parameter
related to corrosion.

e Transverse location of pit corrosion is also an important factor determining the
amount of strength reduction. When corrosion spreads transversely on both
edges, it has the most deteriorating effect on strength.

The Multi-Variable Regression Method has been applied to derive empirical formulae
to predict strength reduction due to pitting corrosion. The derived formulae are quite
accurate. The formula for single side type pitting corrosion is slightly more accurate
than that for both sides type pitting corrosion.
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In addition, the Artificial Neural Network (ANN) Method is applied and some matrix
based new formulae are derived to predict ultimate strength reduction of locally
corroded plates. It is found out that the proposed formulae can accurately predict the
ultimate strength reduction of locally corroded plates under uni-axial compression.
The results can be summarized as follows:

e The number of processing elements (PE) in the hidden layer will not effect on
the accuracy of ANN based output as long as there is an adequate number of
epochs (more than 3000 epochs).

e The hyperbolic tangent (Tanh) activation function produces more accurate
results than the logistic activation function.

e The ANN based empirical formulae show excellent accuracy to predict the
ultimate strength reduction of unstiffened plates with localized corrosion
under uniaxial compression. The formula for single side type pitting corrosion
is slightly more accurate than that for both sides type pitting corrosion.

The formulae, which are derived by the Multi-Variable Regression Method and the
Artificial Neural Network (ANN) Method, could be useful to determine structural
integrity and residual strength of plates with localized corrosion during the initial
design and on-site inspection and maintenance programme and could save
considerable amount of time and efforts comparing with finite element analyses.

In Chapter 6, the effects of pitting corrosion on the ultimate strength of stiffened
plates have been investigated by using nonlinear finite element analyses. The effects
of different buckling modes based on half wave number, pitting corrosion width,
transverse location and combined pitting corrosion on plate and web on ultimate
strength have been studied. The results can be summarized as follows:

e The ultimate strength of stiffened plates shows remarkable decrease as the
number of half sine waves of initial deflection increases.

e LRPASS and ULSAP programs produce the same ultimate strength regardless
of the number of half wave. These programs could not consider the effect of
the number of half wave. Of course they intend to produce the smallest value
(the most critical one).

e Of these methods, LRPASS program proposes the most conservative ultimate
strength.

e If the plate aspect ratio is same as the half wave number, the ultimate strength
predicted by ULSAP is very close to those predicted by the finite element
analyses (Oy,r_reyy & Oypr_pgura )-

¢ In higher half wave numbers (3 and 4), which is closer to the plate aspect ratio,
FORTRAN program controlled initial imperfection shape (perfect half sine
wave) leads to a smaller ultimate strength than eigen buckling based initial
imperfection shape.
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e The ultimate strength of stiffened plates under the existing uniform corrosion
models and IACS [1] corrosion allowance on the plate, web and flange is not
remarkably reduced.

® The results show that the pitting corrosion on both edges at the longitudinally
central location (number 4) has reduced the ultimate strength the most. This is
probably due to the fact that stiffeners are served as support to the plate
between them. The pitting corrosion along the stiffeners would effectively
weaken the support of the stiffeners, so the strength is reduced much. On the
other hand, the central area of a plate under uni-axial compression is usually
less effective than those close to edges (stiffeners), so pitting corrosion in the
central area would weaken the strength less than those close to edges. The
strength reduction is only about 5% in the most critical case. Of course, the
degree of corrosion in this example is fairly modest and is limited to only one
plate. If the degree of corrosion is increased, the strength reduction would be
expected to increase as well.

¢ In case of combined pitting corrosion on web and plate, the results show that
the additional pitting corrosion on web will reduce ultimate strength further by
4 ~ 6 % compared to without pitting corrosion on the web. This is relatively
small amount of reduction in ultimate strength of stiffened plates.

In Chapter 7, the historical background of fracture mechanic methods and current
research activities in marine and offshore fields has been reviewed. Classical theory
of the linear elastic fracture mechanics (LEFM) approach and the elastic plastic
fracture mechanics (EPFM) approaches which is based on crack tip displacement
method and J-integral method have been discussed. In addition, the general concept of
crack propagation, prediction of crack propagation and fracture control and inspection
are also been investigated.

Among others, the concept of the linear elastic fracture mechanics (LEFM) approach
based on stress intensity factor (K) and the elastic plastic fracture mechanics (EPFM)
approaches which are based on crack tip displacement method and J-integral method
are applied to numerical computation for two-dimensional fracture problems. The
effect of crack size, loads and material properties on stress intensity factors, J—
Integral and crack tip opening displacement (CTOD) values have been investigated
through 100 cases of finite element analyses for LEFM approach and another 300
cases of finite element analyses for EPFM approach. The results and achievements
can be summarized as follows:

e In this study, two(2) useful ANSYS macro programs have been created to
reduce computational time and finite element modelling efforts and to
calculate stress intensity factor (K) for 2 dimensional centre cracked plate
modelling. The one is for automatic creation of geometry, mesh details,
symmetric boundary condition and applying loads by simply input eight
parameters. The other is for automatic calculation of stress intensity factor (K)
for centre cracked plate by simply input six parameters. The developed macro
program for automatic calculation of stress intensity factor (K) can be applied
and extended to any other structural crack problems.
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e The computation of J value is much more complicate than the calculation of
stress intensity factor (K) and J cannot compute directly by post processor
commands of most of finite element programs. Thus it is necessary to develop
a macro by using the ANSYS Parametric Design Language (APDL), a
scripting language that user can use to automate common tasks or even build
model in terms of parameters (variables). But the procedure and the creation
of macro program to calculate J-integral value is not easy task for most of user
who is using finite element program. In this study, the source code for the J
computation macro which is based on 4 nodes path as illustrated in Fig.7.22 is
developed. By using this program, the user can get the J computational value
by just two steps. The first step is to read in the desired set of results and
define a path for the line integral (4 node path). The second step is to input a
macro file name into input (command) menu. The developed macro program
for J computation can be applied and extended to any other structural crack
problems.

e Some comparisons between existing handbook formulae for stress intensity
factor (K) of centre cracked plate and ANSYS fracture finite element
modelling results indicate that finite element modelling can predict stress
intensity accurately. This means that finite element modelling can replace
expensive actual test to find fracture toughness of various materials and leads
to save time, efforts and cost of actual test.

¢ Among the handbook formulae, stress intensity factor (K) which is introduced
in Broek [9] shows the highest values than other formulae. Whereas ANSYS
finite element modelling results based on plane strain can be assumed as an
average value of existing handbook formulae.

e If fracture is accompanied by considerable plastic deformation near the crack
tip, then the elastic-plastic fracture mechanics method is recommended. In this
Chapter, three different material properties based on yield stress of 235 N / mm?,

315 N/mm’ , 355 N/mm* have been evaluated and investigated. The Higher

yield strength of material shows lesser J-Integral value and crack tip opening
displacement (CTOD) value than lower yield strength material. This is
because the crack tip of lower yield strength material, such as mild steel, tends
to yield earlier and have more plastic deformation around the crack tip than
higher yield strength of material under same crack size and applied stress.

e The differences of J-integral values between mild steel and higher yield
strength material are quite small, thus if the cracked structure has a mixed
material properties then it is recommended to use lower yield stress material
for finite element modelling in order to get more conservative J or CTOD
values.

e If the crack size (2a/W) is as small as 0.05 and 0.1, the changing of J or CTOD
values versus applied stress shows linear pattern and J and CTOD values are
expecting quite small. However if the crack size (2a/W) is larger than 0.2, the
changing of J or CTOD values versus applied loads shows nonlinear pattern
and J and CTOD values are to be steeply increased as increasing crack size as
illustrated in Fig. 7.26 to Fig. 7.31.

® As indicated in Appendix H, the calculated J-integral values based on finite
element modelling show slightly higher stress intensity factors than the Irwin’s
plastic zone correction based calculations.
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e The calculated CTOD values which is converted to stress intensity factors as
indicated in Appendix H show large differences from J-integral based
computation or the Irwin’s plastic zone correction based calculations.
Generally CTOD based finite element analyses shows higher stress intensity
factor than handbook solutions at small crack size with small applied stresses
ranges. But it shows less stress intensity factor at relatively large crack size
and large applied stress ranges.

8.2 Recommendations for further researches

This thesis broadly discussed many subjects such as corrosion effects, corrosion
protection methods, corrosion rate estimate models, fatigue analyses of ship structures,
buckling and ultimate strength of ship structures, effects of localized corrosion on
strength degradation and its estimation, crack and crack propagation and fracture
mechanics methodologies to assess structure degradation in ageing ship structures.
However it is impossible to investigate in detail all the areas of interest during a PhD
research period.

The proposals, investigations and methodologies reviewed and examined in this thesis
will be useful to rationally evaluate suitable corrosion margins for marine structure
during the design stage, to perform fatigue assessment under a corrosive environment,
to estimate ultimate strength of corroded structures and to determine proper
maintenance periods for double hull tankers as well as for other ship types. However
there are still many areas which deserve further attention and investigation as follows:

e In Chapter 2, the effect of high pressure crude oil washing system is
investigated. Normally crude oil washing will be performed by high pressure
(5 ~ 12 bar) nozzles which are driven by cargo oil pumps or by a dedicated
tank cleaning pump. Apparently high pressure tank cleaning system can cause
deformation of corroded longitudinal stiffeners on upper deck and eventually
will potentially have an effect on the strength and stiffness of ship structure. It
is necessary to investigate the possible effect of high pressure tank cleaning
machines on corroded stiffened plate components and subsequently on
ultimate strength. Further research activities with actual tests onboard in order
to evaluate the effects of high pressure tank cleaning washing, cargo oil tank
heating and clean inert gas system on marine/offshore structures are
recommended in order to verify effectiveness against corrosion for certain
type and size of vessels.

e In Chapter 3, time variant neutral axis, section modulus at deck and section
modulus at keel on various existing general corrosion models for tanker
structures have been investigated and compared. Finally some simplified
formulas to estimate time variant vertical/horizontal section modulus
degradation and associated stress changes at upper deck and keel are
developed based on the AFRAMAX double hull tanker. It is assumed that
different size and tank structural details might have a different time variant
section modulus degradation ratios and associated stress change at upper deck

Duo Ok — PhD Thesis 8-7
School of Marine Science and Technology
University of Newcastle upon Tyne



Chapter 8: Conclusions and Recommendations for Further Works

and keel. Accordingly further research activities and investigation are required
based on different sizes of double hull tankers.

In addition, it is recommended that further research activities and actual
onboard tests are necessary to verify the effectiveness of clean inert gas
against corrosion in double hull tanker structures.

e In Chapter 4, it is recommended that further research works are necessary to
develop the first principle based spectral fatigue assessment methodology
which considers annual degradation of corrosion on each structural member,
time-variant vertical and horizontal section modulus degradation and time-
variant stress change.

e In Chapter 5 and 6, finite element analyses have been carried out to
investigate the effects of different material and geometry parameters such as
plate slenderness, location, size and depth of pits on the ultimate strength of
square plates under uni-axial compression. It is recommended further
investigation of the effect of localized corrosion on plate with consideration
of residual stresses and the effects of different locations, sizes and depths of
pits on the ultimate strength of plate under lateral load, multi-loads and under
shear have to be investigated.

e In Chapter 7, the effects of different crack sizes, loads and material properties
on stress intensity factor (K) and J-Integral and crack tip opening
displacement (CTOD) values have been discussed. Pits near the crack tip will
accelerate the crack propagation and tend to increase stress intensity factor. It
is worth to investigate the effects of different localized corrosion sizes and
depths near the crack tip on stress intensity factor by using 3D finite element
modelling.

There are two types of residual stresses exist in ship structures. The one is a
mechanical residual stress which is introduced through fabrication procedure,
the other is welding induced residual stress. Welding residual stress in caused
by the heat induced welding processes. The heat input through the welding
processes to the plate gives a great influence of residual stresses in the plate
and crack propagation. It is recommended to study the effects of heat induced
welding process on the stress intensity factor, J-integral value and CTOD
value based on different material properties and on various structural details.

In addition, the optimum fracture control and maintenance plan depend on the
consequence of a fracture and the time of crack initiation. In connection with
the fatigue life assessment and methodologies which are described in Chapter
4, further research activities are recommended which consider both the first
principle based spectral fatigue assessment methodology and elastic plastic
fracture mechanics methodology based on different ship types and various
structural details in order to establish the optimum fracture control plan,
maintenance plan and reliability level of ageing ships.

In connection to Chapter 3, 4 and 5, it is also recommended to develop the
methodology for the time-variant reliability assessment considering the effect
of corrosion degradation and fatigue crack propagation on ultimate strength
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reduction in time dependent manner in order to justify the residual strength, to
establish reliability and to develop the proper maintenance programme for
ageing ship structures.
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Appendix A

Appendix A indicates the detail dimensions and geometries of ship side shell stiffeners
in existing North Sea operating shuttle tanker. Table A-1 shows original designed
geometric properties of shipside longitudinal stiffeners in ballast tank and Table A-2
indicates geometric properties of shipside longitudinal stiffeners considering deduction

of corrosion allowance which is required by DNV 2004 Rules Pt.3, Ch.1, Sec.2, D200.

Z, = stiffener sectional modulus at top of flange
Z = distance above keel
b, = length of bracket side
‘, = thickness of ship sideshell plate
h = height of stiffener
t, = thickness of web

b, = width of flange

t, = thickness of flange
t, = thickness of bracket
t, = thickness of transverse frame plating
z,, = distance from neutral axis to top flange
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Table A-1:  Original designed geometric properties of shipside longitudinal stiffener in ballast tank
Stiffener
No. Dimension (mm) Zs ) Z (m) Bor mm) | to (mm) N (mm) twmm | Brem)y | tmm) to mm) | tir (mm) Zot (mm)

47 250 x 90 x 11/16 (L-type angle) 0.000526 20.5 450 15.5 250 11 90 16 13 15 216.3
46 250 x 90 x 11/16 (L-type angle) 0.000526 19.7 450 15.5 250 11 90 16 13 15 216.3
45 | 250 x 90 x 11/16 (L-type angle) 0.000527 18.9 450 16.0 250 11 90 16 13 15 2175
44 300 x 90 x 11/16 (L-type angle) 0.000681 18.1 450 16.0 300 11 90 16 13 15 256.1
43 300 x 90 x 11/16 (L-type angle) 0.000681 17.3 450 16.0 300 11 90 16 13 15 256.1
42 | 380 x 120 x 12/20 (T-type angle) 0.001400 16.5 450 16.0 380 12 120 20 13 15 294.0
40 | 380 x 120 x 12/20 (T-type angle) 0.001400 14.9 450 16.0 380 12 120 20 13 15 294.0
39 | 380 x 120 x 12/20 (T-type angle) 0.001400 14.1 450 16.0 380 12 120 20 13 15 294.0
38 | 380 x 120 x 12/20 (T-type angle) 0.001400 13.3 450 16.0 380 12 120 20 13 15 294.0
37 | 380 x 120 x 12/20 (T-type angle) 0.001400 12.5 450 16.0 380 12 120 20 13 15 294.0
36 | 380 x 120 x 12/20 (T-type angle) 0.001400 1.7 450 16.0 380 12 120 20 13 15 294.0
34 | 380 x 120 x 12/20 (T-type angle) 0.001400 10.1 450 16.0 380 12 120 20 13 15 294.0
33 | 380 x 120 x 12/20 (T-type angle) 0.001400 9.3 450 16.0 380 12 120 20 13 15 294.0
32 | 380 x 120 x 12/20 (T-type angle) 0.001400 8.5 450 16.0 380 12 120 20 13 15 294.0
31 | 380 x 120 x 12/20 (T-type angle) 0.001400 7.7 450 16.0 380 12 120 20 13 15 294.0
30 | 380 x 120 x 12/20 (T-type angle) 0.001400 6.9 450 16.0 380 12 120 20 13 15 294.0
28 | 380 x 120 x 12/24 (T-type angle) 0.001566 5.3 450 16.0 380 12 120 24 13 15 286.5
27 | 380 x 120 x 12/24 (T-type angle) 0.001566 4.5 450 16.0 380 12 120 24 13 15 286.5
26 | 380 x 120 x 12/24 (T-type angle) 0.001566 3.7 450 16.0 380 12 120 24 13 15 286.5
25 | 380 x 120 x 12/24 (T-type angle) 0.001566 2.9 450 16.0 380 12 120 24 13 15 286.5
24 | 400 x 100 x 13/18 (L-type angle) 0.001232 2.1 450 16.0 400 13 100 18 13 16 320.8
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Table A-2:  Geometric properties of shipside longitudinal stiffener in ballast tank considering corrosion allowance
Stiffener
No. Dimension (mm) Zs ) Z (m) Bor mm) | to (mm) N (mm) twmm | Brem)y | tmm) to mm) | tir (mm) Zot (mm)

47 250 x 90 x 11/16 (L-type angle) 0.000405 20.5 450 12.5 250 8.0 90 13.0 10 12.0 216.5
46 | 250 x 90 x 11/16 (L-type angle) 0.000465 19.7 450 14.0 250 95 90 145 115 135 216.3
45| 250 x 90 x 11/16 (L-type angle) 0.000467 18.9 450 14.5 250 9.5 90 145 115 13.5 217.6
44 300 x 90 x 11/16 (L-type angle) 0.000602 18.1 450 14.5 300 9.5 90 14.5 115 13.5 256.5
43 300 x 90 x 11/16 (L-type angle) 0.000602 17.3 450 14.5 300 9.5 90 14.5 11.5 13.5 256.5
42 | 380 x 120 x 12/20 (T-type angle) 0.001268 16.5 450 14.5 380 10.5 120 18.5 11.5 13.5 293.5
40 | 380 x 120 x 12/20 (T-type angle) 0.001268 14.9 450 145 380 10.5 120 18.5 115 13.5 2935
39 | 380 x 120 x 12/20 (T-type angle) 0.001268 14.1 450 145 380 10.5 120 18.5 11.5 13.5 2935
38 | 380 x 120 x 12/20 (T-type angle) 0.001268 13.3 450 14.5 380 10.5 120 18.5 11.5 13.5 293.5
37 | 380 x 120 x 12/20 (T-type angle) 0.001268 12.5 450 14.5 380 10.5 120 18.5 11.5 13.5 293.5
36 | 380 x 120 x 12/20 (T-type angle) 0.001268 1.7 450 145 380 10.5 120 18.5 11.5 13.5 2935
34 | 380 x 120 x 12/20 (T-type angle) 0.001268 10.1 450 14.5 380 10.5 120 18.5 11.5 13.5 293.5
33 | 380 x 120 x 12/20 (T-type angle) 0.001268 9.3 450 14.5 380 10.5 120 18.5 11.5 13.5 293.5
32 | 380 x 120 x 12/20 (T-type angle) 0.001268 8.5 450 14.5 380 10.5 120 18.5 11.5 13.5 293.5
31 | 380 x 120 x 12/20 (T-type angle) 0.001268 7.7 450 14.5 380 10.5 120 18.5 11.5 13.5 293.5
30 | 380 x 120 x 12/20 (T-type angle) 0.001268 6.9 450 14.5 380 10.5 120 18.5 11.5 13.5 293.5
28 | 380 x 120 x 12/24 (T-type angle) 0.001435 5.3 450 14.5 380 10.5 120 225 11.5 13.5 285.3
27 | 380 x 120 x 12/24 (T-type angle) 0.001435 4.5 450 14.5 380 10.5 120 225 11.5 13.5 285.3
26 | 380 x 120 x 12/24 (T-type angle) 0.001435 3.7 450 14.5 380 10.5 120 225 11.5 13.5 285.3
25 | 380 x 120 x 12/24 (T-type angle) 0.001435 2.9 450 14.5 380 10.5 120 225 11.5 13.5 285.3
24 | 400 x 100 x 13/18 (L-type angle) 0.001107 2.1 450 14.5 400 11.5 100 16.5 11.5 14.5 320.8
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Appendix B

Appendix B introduces a macro program which is created by author. In ANSYS
program user can record a frequently used sequence of ANSYS commands in a macro
program. Creating a macro by using ANSYS Parametric Design Language (APDL)
enables user to create our own custom ANSYS command, automate common tasks or
even build our model in terms of parameters (variables) and more importantly save time

for building a model dramatically.

In this example, the input parameters are material yield stress (argl), plate thickness
(arg2), plate length (arg3), plate breadth (arg4), breadth of pit (agr5). By just input these
five parameters user can automatically define element types and real constraint, define
material properties, create model geometry, create nodes and elements by meshing,
apply boundary condition (simply supported) and apply load (buckling load). Finally
user can finish buckling analysis of unstiffend square plate by one step input command.

Similarly user can extend this concept to nonlinear finite element analyses in order to

get the ultimate strength of steel structures.

The concept of macro program is very useful and powerful in order to save modelling
time and cost for both the beginners who wish to have reliable finite element results
under the assistance of an expert without much knowing the complicate finite element
program controls and the existing users who need to run many repeatable or similar

finite element modelling.

argl = yield strength (N/mm?2)
arg2 = plate thickness (mm)
arg3 = plate length (mm)

argd = plate breadth (mm)
arg5 = breadth of pit (mm)
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1! be20_100.mac Revision (1.0)

1! Revision history : 1st create (15th August 2005)
1! Last modified : 15th August 2005

I macro name: be20_100.mac

1! Author : Duo Ok

m Marine Science & Technology

m University of Newcastle upon Tyne, UK

m du-o.ok@ncl.ac.uk / okduo8173@yahoo.co.uk
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|/com KAKIKKIAKRIARR AR KA A AAR R KRR AR A I AR ARk hkhhhkhhkrkhhhkhhkkhkhkkhhkhkrkhhkhhhkhkhhkhhkhkkkhrhk

/PREP7

1%

ET,1,SHELL181

|k

ET,2,SHELL181

!*

!*

MPTEMP.,,,,,,,
MPTEMP,1,0
MPDATA,EX,1,,209000
MPDATA,PRXY,1,,0.3
TB,BISO,1,1,2,
TBTEMP,0
TBDATA,,argl,,,,,
sect,1,shell,, NOPIT
secdata, arg2/4,1,0.0,3
secdata, arg2/4,1,0.0,3
secdata, arg2/4,1,0.0,3
secdata, arg2/4,1,0.0,3
secoffset, MID
seccontrol,,,, , , ,
sect,2,shell,, PIT
secdata, arg2/4,1,0,3
secdata, arg2/4,1,0,3
secdata, arg2/4,1,0,3
secdata, arg2/4,1,0,3
secoffset, MID
seccontrol,0,0,0,0, 1, 1, 1
rectang,0,arg3,0,arg4
rectang,0,arg3,0,arg5/2
rectang,0,arg3,arg4-(arg5/2),arg4
FLST,3,2,5,0RDE,2
FITEM,3,2
FITEM,3,-3
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ASBA, 1,P51X
rectang,0,arg3,0,arg5/2
rectang,0,arg3,arg4-(arg5/2),arg4
/AUTO,1
/REP,FAST
FLST,2,3,5,0RDE,3
FITEM,2,1
FITEM,2,-2
FITEM,2 4
AGLUE,P51X
CM,_Y,AREA
ASEL, , ,, 3
CM,_Y1,AREA
CMSEL,S,_ Y

!*

CMSEL,S,_Y1
AATT, L, I, 0 1
CMSEL,S,_ Y
CMDELE,_Y
CMDELE,_Y1

[k
FLST,5,2,5,0RDE,2
FITEM,5,1
FITEM,5,-2
CM,_Y,AREA
ASEL,,, ,P51X
CM,_Y1,AREA
CMSEL,S,_ Y

!*

CMSEL,S,_Y1
AATT, L, 2, 0, 2
CMSEL,S,_ Y
CMDELE,_Y
CMDELE,_Y1

|k

AESIZE,ALL,50,
MSHKEY,0
FLST.,5,3,5,0RDE,2
FITEM,5,1
FITEM,5,-3
CM,_Y,AREA
ASEL, , , ,P51X
CM,_Y1,AREA
CHKMSH,'AREA'
CMSEL,S,_Y

!*

AMESH,_Y1

!*

CMDELE,_Y
CMDELE,_Y1
CMDELE,_Y2

[k

FINISH

/SOL
FLST,2,21,1,0RDE,8
FITEM,2,1
FITEM,2,24
FITEM,2,44
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FITEM, 2,64
FITEM,2,87
FITEM,2,107
FITEM,2,142
FITEM,2,-156

&

/GO

D,p51X%,,,,, ,UY,UZROTX,ROTZ, ,
FLST,2,21,1,0RDE,8
FITEM,2,2
FITEM,2,22
FITEM,2,-23
FITEM,2,65
FITEM,2,85
FITEM,2,-86
FITEM, 2,127
FITEM,2,-141

E

/GO

D,p51X,,,,, ,UX,UY,UZROTX,ROTZ,
FLST,2,21,1,0RDE,3
FITEM,2,85
FITEM,2,87
FITEM,2,-106

&

/GO

D,p51X%,,,,,, UY,UZROTY,ROTZ,,
FLST,2,21,1,0RDE,2
FITEM,2,1
FITEM,2,-21

E

/GO
D,p51X%,,,,,,UY,UZROTY,ROTZ,,
FINISH

/PREP7
FLST,4,21,1,0RDE,8
FITEM 4,1

FITEM 4,24
FITEM,4,44

FITEM 4,64
FITEM,4,87

FITEM 4,107
FITEM,4,142
FITEM.4,-156
CP,1,UX,P51X
FLST,4,21,1,0RDE,8
FITEM 4,2
FITEM,4,22
FITEM,4,-23
FITEM.4,65
FITEM,4,85
FITEM.4,-86
FITEM,4,127
FITEM,4,-141
CP,2,UX,P51X
FLST,4,21,1,0RDE,3
FITEM,4,85
FITEM,4,87
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FITEM.4,-106

CP,3,UY,P51X
FLST,4,21,1,0RDE,2

FITEM 4,1
FITEM4,-21

CP4,UY,P51X

FINISH
/SOL

FLST,2,3,4,0RDE,3

FITEM,2,4
FITEM,2,10
FITEM,2,12
/GO

1%

SFL,P51X,PRES,0.01,

pstress,on
/sol

solve

finish

eplot
/SOLU

! *
ANTYPE,1
bucopt,subsp, 1
/sol

solve

finish

/sol
expass,on
mxpand, 1
outress,,all
/sol

solve
FINISH
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Appendix C: Summary of FEA results for higher strength steel with pitting corrosion

Appendix C

Appendix C summarizes the results of 256 nonlinear finite element analyses based on
higher tensile steel of 1m x 1m plate with a yield stress of 355 N/mm® with different
geometry parameters such as plate slenderness, location, size and depth of pits on the

ultimate strength of square plates.

SE = single edge type pitting corrosion
BE = both edges type pitting corrosion
B = plate breadth
t = plate thickness
0. = ultimate strength of plate with localized corrosion
o, = ultimate strength of uncorroded plate
X, = plate slenderness parameter (/)
X, = the ratio of pit breadth to plate width
X, = the ratio of pit length to plate length
X, = the ratio of pit depth to plate thickness
A, = uncorroded cross sectional area of plate
A = cross sectional area of plate with corrosion.
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Appendix C: Summary of FEA results for higher strength steel with pitting corrosion

Summary of FEA results for higher strength steel with pitting corrosion

FEM Input Variables —A
No [Type | Bt | 4 . . . . Lt oc T
1 2 3 4 A N/mm o,
1 SE 41.7 | 1.719 0.1 0.25 0.25 0.975 278.27 0.991
2 SE 41.7 | 1.719 0.1 0.25 0.50 0.950 272.17 0.969
3 SE 50.0 | 2.061 0.1 0.25 0.25 0.975 252.70 0.992
4 SE 50.0 | 2.061 0.1 0.25 0.50 0.950 248.35 0.975
5 SE 62.5 | 2.576 0.1 0.25 0.25 0.975 229.63 0.991
6 SE 62.5 | 2.576 0.1 0.25 0.50 0.950 225.34 0.973
7 SE 41.7 | 1.719 0.1 0.50 0.25 0.975 272.81 0.972
8 SE 41.7 | 1.719 0.1 0.50 0.50 0.950 261.77 0.932
9 SE 50.0 | 2.061 0.1 0.50 0.25 0.975 246.62 0.968
10 SE 50.0 | 2.061 0.1 0.50 0.50 0.950 232.93 0.914
11 SE 62.5 | 2.576 0.1 0.50 0.25 0.975 222.74 0.961
12 SE 62.5 | 2.576 0.1 0.50 0.50 0.950 204.37 0.882
13 SE 41.7 | 1.719 0.1 0.75 0.25 0.975 268.48 0.956
14 SE 41.7 | 1.719 0.1 0.75 0.50 0.950 249.19 0.888
15 SE 50.0 | 2.061 0.1 0.75 0.25 0.975 241.68 0.948
16 SE 50.0 | 2.061 0.1 0.75 0.50 0.950 217.09 0.852
17 SE 62.5 | 2.576 0.1 0.75 0.25 0.975 218.34 0.942
18 SE 62.5 | 2.576 0.1 0.75 0.50 0.950 195.29 0.843
19 SE 41.7 | 1.719 0.1 1.00 0.25 0.975 254.76 0.907
20 SE 41.7 | 1.719 0.1 1.00 0.50 0.950 229.16 0.816
21 SE 50.0 | 2.061 0.1 1.00 0.25 0.975 240.27 0.943
22 SE 50.0 | 2.061 0.1 1.00 0.50 0.950 211.18 0.829
23 SE 62.5 | 2.576 0.1 1.00 0.25 0.975 216.42 0.934
24 SE 62.5 | 2.576 0.1 1.00 0.50 0.950 194.95 0.841
25 SE 41.7 | 1.719 0.2 0.25 0.25 0.950 275.83 0.982
26 SE 41.7 | 1.719 0.2 0.25 0.50 0.900 261.30 0.931
27 SE 50.0 | 2.061 0.2 0.25 0.25 0.950 251.07 0.985
28 SE 50.0 | 2.061 0.2 0.25 0.50 0.900 238.92 0.938
29 SE 62.5 | 2.576 0.2 0.25 0.25 0.950 227.96 0.984
30 SE 62.5 | 2.576 0.2 0.25 0.50 0.900 215.81 0.932
31 SE 417 | 1.719 0.2 0.50 0.25 0.950 265.15 0.944
32 SE 417 | 1.719 0.2 0.50 0.50 0.900 243.65 0.868
33 SE 50.0 | 2.061 0.2 0.50 0.25 0.950 238.10 0.934
34 SE 50.0 | 2.061 0.2 0.50 0.50 0.900 215.07 0.844
35 SE 62.5 | 2.576 0.2 0.50 0.25 0.950 213.60 0.922
36 SE 62.5 | 2.576 0.2 0.50 0.50 0.900 188.91 0.815
37 SE 41.7 | 1.719 0.2 0.75 0.25 0.950 256.00 0.912
38 SE 41.7 | 1.719 0.2 0.75 0.50 0.900 223.36 0.796
39 SE 50.0 | 2.061 0.2 0.75 0.25 0.950 229.18 0.899
40 SE 50.0 | 2.061 0.2 0.75 0.50 0.900 196.98 0.773
41 SE 62.5 | 2.576 0.2 0.75 0.25 0.950 207.29 0.895
42 SE 62.5 | 2.576 0.2 0.75 0.50 0.900 178.64 0.771
43 SE 41.7 | 1.719 0.2 1.00 0.25 0.950 252.38 0.899
44 SE 41.7 | 1.719 0.2 1.00 0.50 0.900 212.66 0.757
45 SE 50.0 | 2.061 0.2 1.00 0.25 0.950 226.23 0.888
46 SE 50.0 | 2.061 0.2 1.00 0.50 0.900 190.11 0.746
47 SE 62.5 | 2.576 0.2 1.00 0.25 0.950 205.77 0.888
48 SE 62.5 | 2.576 0.2 1.00 0.50 0.900 176.18 0.760
49 SE 41.7 | 1.719 0.3 0.25 0.25 0.925 274.11 0.976
50 SE 417 | 1.719 0.3 0.25 0.50 0.850 250.30 0.892
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51 SE 50.0 | 2.061 0.3 0.25 0.25 0.925 249.95 0.981
52 SE 50.0 | 2.061 0.3 0.25 0.50 0.850 228.33 0.896
53 SE 62.5 | 2.576 0.3 0.25 0.25 0.925 227.06 0.980
54 SE 62.5 | 2.576 0.3 0.25 0.50 0.850 206.46 0.891
55 SE 41.7 1.719 0.3 0.50 0.25 0.925 260.01 0.926
56 SE 41.7 1.719 0.3 0.50 0.50 0.850 232.09 0.827
57 SE 50.0 | 2.061 0.3 0.50 0.25 0.925 233.22 0.915
58 SE 50.0 | 2.061 0.3 0.50 0.50 0.850 204.94 0.804
59 SE 62.5 | 2.576 0.3 0.50 0.25 0.925 208.94 0.902
60 SE 62.5 | 2.576 0.3 0.50 0.50 0.850 180.10 0.777
61 SE 41.7 1.719 0.3 0.75 0.25 0.925 248.53 0.885
62 SE 41.7 1.719 0.3 0.75 0.50 0.850 212.00 0.755
63 SE 50.0 | 2.061 0.3 0.75 0.25 0.925 222.62 0.874
64 SE 50.0 | 2.061 0.3 0.75 0.50 0.850 188.54 0.740
65 SE 62.5 | 2.576 0.3 0.75 0.25 0.925 201.27 0.869
66 SE 62.5 | 2.576 0.3 0.75 0.50 0.850 170.78 0.737
67 SE 41.7 1.719 0.3 1.00 0.25 0.925 243.99 0.869
68 SE 41.7 1.719 0.3 1.00 0.50 0.850 202.40 0.721
69 SE 50.0 | 2.061 0.3 1.00 0.25 0.925 219.11 0.860
70 SE 50.0 | 2.061 0.3 1.00 0.50 0.850 182.33 0.716
71 SE 62.5 | 2.576 0.3 1.00 0.25 0.925 199.32 0.860
72 SE 62.5 | 2.576 0.3 1.00 0.50 0.850 168.10 0.726
73 SE 41.7 1.719 0.4 0.25 0.25 0.900 272.80 0.972
74 SE 41.7 1.719 0.4 0.25 0.50 0.800 241.31 0.859
75 SE 50.0 | 2.061 0.4 0.25 0.25 0.900 249.15 0.978
76 SE 50.0 | 2.061 0.4 0.25 0.50 0.800 220.20 0.864
77 SE 62.5 | 2.576 0.4 0.25 0.25 0.900 226.49 0.978
78 SE 62.5 | 2.576 0.4 0.25 0.50 0.800 199.82 0.863
79 SE 41.7 1.719 0.4 0.50 0.25 0.900 256.38 0.913
80 SE 41.7 1.719 0.4 0.50 0.50 0.800 222.35 0.792
81 SE 50.0 | 2.061 0.4 0.50 0.25 0.900 229.97 0.902
82 SE 50.0 | 2.061 0.4 0.50 0.50 0.800 196.05 0.769
83 SE 62.5 | 2.576 0.4 0.50 0.25 0.900 206.19 0.890
84 SE 62.5 | 2.576 0.4 0.50 0.50 0.800 168.09 0.726
85 SE 41.7 1.719 0.4 0.75 0.25 0.900 243.39 0.867
86 SE 41.7 1.719 0.4 0.75 0.50 0.800 201.82 0.719
87 SE 50.0 | 2.061 0.4 0.75 0.25 0.900 218.64 0.858
88 SE 50.0 | 2.061 0.4 0.75 0.50 0.800 180.74 0.709
89 SE 62.5 | 2.576 0.4 0.75 0.25 0.900 198.21 0.856
90 SE 62.5 | 2.576 0.4 0.75 0.50 0.800 164.48 0.710
91 SE 41.7 1.719 0.4 1.00 0.25 0.900 238.29 0.849
92 SE 41.7 1.719 0.4 1.00 0.50 0.800 193.73 0.690
93 SE 50.0 | 2.061 0.4 1.00 0.25 0.900 214.85 0.843
94 SE 50.0 | 2.061 0.4 1.00 0.50 0.800 175.94 0.690
95 SE 62.5 | 2.576 0.4 1.00 0.25 0.900 196.11 0.847
96 SE 62.5 | 2.576 0.4 1.00 0.50 0.800 162.98 0.704
97 BE 41.7 1.719 0.1 0.25 0.25 0.975 278.25 0.991
98 BE 41.7 1.719 0.1 0.25 0.50 0.950 273.36 0.974
99 BE 50.0 | 2.061 0.1 0.25 0.25 0.975 252.63 0.991
100 BE 50.0 | 2.061 0.1 0.25 0.50 0.950 248.70 0.976
101 BE 62.5 | 2.576 0.1 0.25 0.25 0.975 229.56 0.991
102 BE 62.5 | 2.576 0.1 0.25 0.50 0.950 225.44 0.973
103 BE 41.7 1.719 0.1 0.50 0.25 0.975 273.03 0.972
104 BE 41.7 1.719 0.1 0.50 0.50 0.950 262.43 0.935
105 BE 50.0 | 2.061 0.1 0.50 0.25 0.975 246.86 0.969
Duo Ok — PhD Thesis AP-C-3

School of Marine Science and Technology
University of Newcastle upon Tyne




Appendix C: Summary of FEA results for higher strength steel with pitting corrosion

106 BE 50.0 | 2.061 0.1 0.50 0.50 0.950 234.31 0.920
107 BE 62.5 | 2.576 0.1 0.50 0.25 0.975 222.96 0.962
108 BE 62.5 | 2.576 0.1 0.50 0.50 0.950 206.30 0.890
109 BE 41.7 1.719 0.1 0.75 0.25 0.975 268.94 0.958
110 BE 41.7 1.719 0.1 0.75 0.50 0.950 253.00 0.901
111 BE 50.0 | 2.061 0.1 0.75 0.25 0.975 242.18 0.950
112 BE 50.0 | 2.061 0.1 0.75 0.50 0.950 220.55 0.866
113 BE 62.5 | 2.576 0.1 0.75 0.25 0.975 218.37 0.943
114 BE 62.5 | 2.576 0.1 0.75 0.50 0.950 189.33 0.817
115 BE 41.7 1.719 0.1 1.00 0.25 0.975 267.54 0.953
116 BE 41.7 1.719 0.1 1.00 0.50 0.950 249.59 0.889
117 BE 50.0 | 2.061 0.1 1.00 0.25 0.975 241.05 0.946
118 BE 50.0 | 2.061 0.1 1.00 0.50 0.950 216.21 0.848
119 BE 62.5 | 2.576 0.1 1.00 0.25 0.975 217.51 0.939
120 BE 62.5 | 2.576 0.1 1.00 0.50 0.950 184.04 0.794
121 BE 41.7 1.719 0.2 0.25 0.25 0.950 274.90 0.979
122 BE 41.7 1.719 0.2 0.25 0.50 0.900 260.48 0.928
123 BE 50.0 | 2.061 0.2 0.25 0.25 0.950 250.14 0.982
124 BE 50.0 | 2.061 0.2 0.25 0.50 0.900 238.84 0.937
125 BE 62.5 | 2.576 0.2 0.25 0.25 0.950 226.92 0.979
126 BE 62.5 | 2.576 0.2 0.25 0.50 0.900 215.66 0.931
127 BE 41.7 1.719 0.2 0.50 0.25 0.950 264.21 0.941
128 BE 41.7 1.719 0.2 0.50 0.50 0.900 240.68 0.857
129 BE 50.0 | 2.061 0.2 0.50 0.25 0.950 237.77 0.933
130 BE 50.0 | 2.061 0.2 0.50 0.50 0.900 209.40 0.822
131 BE 62.5 | 2.576 0.2 0.50 0.25 0.950 212.73 0.918
132 BE 62.5 | 2.576 0.2 0.50 0.50 0.900 176.41 0.761
133 BE 41.7 1.719 0.2 0.75 0.25 0.950 255.03 0.908
134 BE 41.7 1.719 0.2 0.75 0.50 0.900 218.50 0.778
135 BE 50.0 | 2.061 0.2 0.75 0.25 0.950 228.70 0.897
136 BE 50.0 | 2.061 0.2 0.75 0.50 0.900 180.76 0.709
137 BE 62.5 | 2.576 0.2 0.75 0.25 0.950 205.14 0.885
138 BE 62.5 | 2.576 0.2 0.75 0.50 0.900 160.00 0.691
139 BE 41.7 1.719 0.2 1.00 0.25 0.950 251.87 0.897
140 BE 41.7 1.719 0.2 1.00 0.50 0.900 208.97 0.744
141 BE 50.0 | 2.061 0.2 1.00 0.25 0.950 226.03 0.887
142 BE 50.0 | 2.061 0.2 1.00 0.50 0.900 169.61 0.666
143 BE 62.5 | 2.576 0.2 1.00 0.25 0.950 203.66 0.879
144 BE 62.5 | 2.576 0.2 1.00 0.50 0.900 158.97 0.686
145 BE 41.7 1.719 0.3 0.25 0.25 0.925 271.85 0.968
146 BE 41.7 1.719 0.3 0.25 0.50 0.850 247.92 0.883
147 BE 50.0 | 2.061 0.3 0.25 0.25 0.925 247.83 0.973
148 BE 50.0 | 2.061 0.3 0.25 0.50 0.850 227.61 0.893
149 BE 62.5 | 2.576 0.3 0.25 0.25 0.925 224.42 0.969
150 BE 62.5 | 2.576 0.3 0.25 0.50 0.850 204.85 0.884
151 BE 41.7 1.719 0.3 0.50 0.25 0.925 255.58 0.910
152 BE 41.7 1.719 0.3 0.50 0.50 0.850 221.19 0.788
153 BE 50.0 | 2.061 0.3 0.50 0.25 0.925 228.12 0.895
154 BE 50.0 | 2.061 0.3 0.50 0.50 0.850 189.39 0.743
155 BE 62.5 | 2.576 0.3 0.50 0.25 0.925 202.08 0.872
156 BE 62.5 | 2.576 0.3 0.50 0.50 0.850 157.28 0.679
157 BE 41.7 1.719 0.3 0.75 0.25 0.925 242.57 0.864
158 BE 41.7 1.719 0.3 0.75 0.50 0.850 192.97 0.687
159 BE 50.0 | 2.061 0.3 0.75 0.25 0.925 215.13 0.844
160 BE 50.0 | 2.061 0.3 0.75 0.50 0.850 155.82 0.611
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161 BE 62.5 | 2.576 0.3 0.75 0.25 0.925 193.03 0.833
162 BE 62.5 | 2.576 0.3 0.75 0.50 0.850 139.72 0.603
163 BE 41.7 1.719 0.3 1.00 0.25 0.925 237.34 0.845
164 BE 41.7 1.719 0.3 1.00 0.50 0.850 178.55 0.636
165 BE 50.0 | 2.061 0.3 1.00 0.25 0.925 211.00 0.828
166 BE 50.0 | 2.061 0.3 1.00 0.50 0.850 149.37 0.586
167 BE 62.5 | 2.576 0.3 1.00 0.25 0.925 191.43 0.826
168 BE 62.5 | 2.576 0.3 1.00 0.50 0.850 145.15 0.627
169 BE 41.7 1.719 0.4 0.25 0.25 0.900 269.33 0.959
170 BE 41.7 1.719 0.4 0.25 0.50 0.800 235.35 0.838
171 BE 50.0 | 2.061 0.4 0.25 0.25 0.900 246.02 0.965
172 BE 50.0 | 2.061 0.4 0.25 0.50 0.800 215.31 0.845
173 BE 62.5 | 2.576 0.4 0.25 0.25 0.900 222.71 0.961
174 BE 62.5 | 2.576 0.4 0.25 0.50 0.800 192.31 0.830
175 BE 41.7 1.719 0.4 0.50 0.25 0.900 248.20 0.884
176 BE 41.7 1.719 0.4 0.50 0.50 0.800 206.22 0.735
177 BE 50.0 | 2.061 0.4 0.50 0.25 0.900 220.12 0.864
178 BE 50.0 | 2.061 0.4 0.50 0.50 0.800 175.59 0.689
179 BE 62.5 | 2.576 0.4 0.50 0.25 0.900 193.72 0.836
180 BE 62.5 | 2.576 0.4 0.50 0.50 0.800 145.91 0.630
181 BE 41.7 1.719 0.4 0.75 0.25 0.900 231.88 0.826
182 BE 41.7 1.719 0.4 0.75 0.50 0.800 176.39 0.628
183 BE 50.0 | 2.061 0.4 0.75 0.25 0.900 203.59 0.799
184 BE 50.0 | 2.061 0.4 0.75 0.50 0.800 142.31 0.558
185 BE 62.5 | 2.576 0.4 0.75 0.25 0.900 182.72 0.789
186 BE 62.5 | 2.576 0.4 0.75 0.50 0.800 126.52 0.546
187 BE 41.7 1.719 0.4 1.00 0.25 0.900 224.78 0.801
188 BE 41.7 1.719 0.4 1.00 0.50 0.800 158.27 0.564
189 BE 50.0 | 2.061 0.4 1.00 0.25 0.900 198.07 0.777
190 BE 50.0 | 2.061 0.4 1.00 0.50 0.800 131.72 0.517
191 BE 62.5 | 2.576 0.4 1.00 0.25 0.900 181.23 0.782
192 BE 62.5 | 2.576 0.4 1.00 0.50 0.800 129.26 0.558
193 SE 45.5 1.875 0.1 0.50 0.25 0.975 259.89 0.971
194 SE 45.5 1.875 0.1 0.50 0.50 0.950 247.77 0.926
195 SE 55.6 | 2.291 0.1 0.50 0.25 0.969 234.66 0.967
196 SE 55.6 | 2.291 0.1 0.50 0.50 0.939 218.79 0.901
197 SE 45.5 1.875 0.1 1.00 0.25 0.975 253.61 0.948
198 SE 45.5 1.875 0.1 1.00 0.50 0.950 227.02 0.848
199 SE 55.6 | 2.291 0.1 1.00 0.25 0.969 228.53 0.941
200 SE 55.6 | 2.291 0.1 1.00 0.50 0.939 201.51 0.830
201 SE 45.5 1.875 0.2 0.50 0.25 0.950 251.77 0.941
202 SE 45.5 1.875 0.2 0.50 0.50 0.900 224.88 0.840
203 SE 55.6 | 2.291 0.2 0.50 0.25 0.939 225.84 0.930
204 SE 55.6 | 2.291 0.2 0.50 0.50 0.878 201.80 0.831
205 SE 45.5 1.875 0.2 1.00 0.25 0.950 239.05 0.893
206 SE 45.5 1.875 0.2 1.00 0.50 0.900 200.38 0.749
207 SE 55.6 | 2.291 0.2 1.00 0.25 0.939 215.43 0.887
208 SE 55.6 | 2.291 0.2 1.00 0.50 0.878 182.62 0.752
209 SE 45.5 1.875 0.3 0.50 0.25 0.925 246.73 0.922
210 SE 45.5 1.875 0.3 0.50 0.50 0.850 218.55 0.817
211 SE 55.6 | 2.291 0.3 0.50 0.25 0.908 220.93 0.910
212 SE 55.6 | 2.291 0.3 0.50 0.50 0.817 192.50 0.793
213 SE 45.5 1.875 0.3 1.00 0.25 0.925 231.26 0.864
214 SE 45.5 1.875 0.3 1.00 0.50 0.850 191.74 0.717
215 SE 55.6 | 2.291 0.3 1.00 0.25 0.908 208.76 0.860
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216 SE 55.6 | 2.291 0.3 1.00 0.50 0.817 17491 0.720
217 SE 45.5 1.875 0.4 0.50 0.25 0.900 243.21 0.909
218 SE 45.5 1.875 0.4 0.50 0.50 0.800 209.12 0.782
219 SE 55.6 | 2.291 0.4 0.50 0.25 0.878 217.98 0.898
220 SE 55.6 | 2.291 0.4 0.50 0.50 0.756 184.22 0.759
221 SE 45.5 1.875 0.4 1.00 0.25 0.900 226.28 0.846
222 SE 45.5 1.875 0.4 1.00 0.50 0.800 184.33 0.689
223 SE 55.6 | 2.291 0.4 1.00 0.25 0.878 205.10 0.845
224 SE 55.6 | 2.291 0.4 1.00 0.50 0.756 169.26 0.697
225 BE 45.5 1.875 0.1 0.50 0.25 0.975 260.12 0.972
226 BE 45.5 1.875 0.1 0.50 0.50 0.950 248.69 0.929
227 BE 55.6 | 2.291 0.1 0.50 0.25 0.969 234.88 0.968
228 BE 55.6 | 2.291 0.1 0.50 0.50 0.939 220.61 0.909
229 BE 45.5 1.875 0.1 1.00 0.25 0.975 254.38 0.951
230 BE 45.5 1.875 0.1 1.00 0.50 0.950 233.28 0.872
231 BE 55.6 | 2.291 0.1 1.00 0.25 0.969 229.05 0.943
232 BE 55.6 | 2.291 0.1 1.00 0.50 0.939 200.06 0.824
233 BE 45.5 1.875 0.2 0.50 0.25 0.950 251.23 0.939
234 BE 45.5 1.875 0.2 0.50 0.50 0.900 225.54 0.843
235 BE 55.6 | 2.291 0.2 0.50 0.25 0.939 225.40 0.928
236 BE 55.6 | 2.291 0.2 0.50 0.50 0.878 193.32 0.796
237 BE 45.5 1.875 0.2 1.00 0.25 0.950 239.42 0.895
238 BE 45.5 1.875 0.2 1.00 0.50 0.900 188.91 0.706
239 BE 55.6 | 2.291 0.2 1.00 0.25 0.939 214.35 0.883
240 BE 55.6 | 2.291 0.2 1.00 0.50 0.878 167.21 0.689
241 BE 45.5 1.875 0.3 0.50 0.25 0.925 242.04 0.905
242 BE 45.5 1.875 0.3 0.50 0.50 0.850 205.58 0.768
243 BE 55.6 | 2.291 0.3 0.50 0.25 0.908 215.21 0.886
244 BE 55.6 | 2.291 0.3 0.50 0.50 0.817 173.66 0.715
245 BE 45.5 1.875 0.3 1.00 0.25 0.925 223.85 0.837
246 BE 45.5 1.875 0.3 1.00 0.50 0.850 158.10 0.591
247 BE 55.6 | 2.291 0.3 1.00 0.25 0.908 200.48 0.826
248 BE 55.6 | 2.291 0.3 1.00 0.50 0.817 146.78 0.605
249 BE 45.5 1.875 0.4 0.50 0.25 0.900 234.31 0.876
250 BE 45.5 1.875 0.4 0.50 0.50 0.800 190.99 0.714
251 BE 55.6 | 2.291 0.4 0.50 0.25 0.878 206.87 0.852
252 BE 55.6 | 2.291 0.4 0.50 0.50 0.756 160.72 0.662
253 BE 45.5 1.875 0.4 1.00 0.25 0.900 210.77 0.788
254 BE 45.5 1.875 0.4 1.00 0.50 0.800 140.78 0.526
255 BE 55.6 | 2.291 0.4 1.00 0.25 0.878 188.64 0.777
256 BE 55.6 | 2.291 0.4 1.00 0.50 0.756 130.20 0.536
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Appendix D

Appendix D summarizes the results of finite element analyses (FEA) and Multi-
Variable Regression output using data obtained from finite element analyses in
Appendix C. One of them is for the plates with pitting corrosion on one side (edge) of
the plates, the other is for the plates with symmetrical pitting corrosion on two sides

(edges). Four variables, x,, x,, x; and x,, have been chosen as independent variables,
where the valid ranges of x, is 1.719 to 2.576, which corresponds to B/t = 40 to 62.5,

x, 15 0 to 0.4, x; is O to 1.0 and x, is 0 or 0.5. 128 sets of finite element analyses

results for single edge type pitting corrosion on the plate and another 128 sets with both
edges type pitting corrosion are used to derive the formulae. Following tables indicate

all data which include the independent four (4) variablesx, , x,, x;, x,.

FEM g, = the results of FEA based on the single edge type pitting corrosion

FEM ,, = the results of FEA based on the both edges type pitting corrosion

MRM = Multi-Variable Regression output based on the single edge type pitting
corrosion

MRM .. = Multi-Variable Regression output based on the both edges type pitting
corrosion

O, = ultimate strength of plate with localized corrosion

o, = ultimate strength of uncorroded plate

X, = plate slenderness parameter (/)

X, = the ratio of pit breadth to plate width

X, = the ratio of pit length to plate length

X, = the ratio of pit depth to plate thickness
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FEA and Multi-Variable Regression output for plate with single edge pitting corrosion

No B/t X X, X3 Xy O¢ Oy FEMse | MRMge

1 41.7 1.719 0.1 0.25 0.25 278.27 280.76 0.991 | 1.041652

2 41.7 1.719 0.1 0.25 0.50 272.17 280.76 0.969 | 0.933152

3 50 2.061 0.1 0.25 0.25 252.70 254.82 0.992 | 1.036726

4 50 2.061 0.1 0.25 0.50 248.35 254.82 0.975 | 0.928226

5 62.5 2.576 0.1 0.25 0.25 229.63 231.67 0.991 | 1.029308

6 62.5 2.576 0.1 0.25 0.50 225.34 231.67 0.973 | 0.920808

7 41.7 1.719 0.1 0.50 0.25 272.81 280.76 0.972 | 1.000152

8 41.7 1.719 0.1 0.50 0.50 261.77 280.76 0.932 | 0.891652

9 50 2.061 0.1 0.50 0.25 246.62 254.82 0.968 | 0.995226
10 50 2.061 0.1 0.50 0.50 232.93 254.82 0914 | 0.886726
11 62.5 2.576 0.1 0.50 0.25 222.74 231.67 0.961 | 0.987808
12 62.5 2.576 0.1 0.50 0.50 204.37 231.67 0.882 | 0.879308
13 41.7 1.719 0.1 0.75 0.25 268.48 280.76 0.956 | 0.958652
14 41.7 1.719 0.1 0.75 0.50 249.19 280.76 0.888 | 0.850152
15 50 2.061 0.1 0.75 0.25 241.68 254.82 0.948 | 0.953726
16 50 2.061 0.1 0.75 0.50 217.09 254.82 0.852 | 0.845226
17 62.5 2.576 0.1 0.75 0.25 218.34 231.67 0.942 | 0.946308
18 62.5 2.576 0.1 0.75 0.50 195.29 231.67 0.843 | 0.837808
19 41.7 1.719 0.1 1.00 0.25 254.76 280.76 0.907 | 0917152
20 41.7 1.719 0.1 1.00 0.50 229.16 280.76 0.816 | 0.808652
21 50 2.061 0.1 1.00 0.25 240.27 254.82 0.943 | 0.912226
22 50 2.061 0.1 1.00 0.50 211.18 254.82 0.829 | 0.803726
23 62.5 2.576 0.1 1.00 0.25 216.42 231.67 0.934 | 0.904808
24 62.5 2.576 0.1 1.00 0.50 194.95 231.67 0.841 | 0.796308
25 41.7 1.719 0.2 0.25 0.25 275.83 280.76 0.982 | 1.008052
26 41.7 1.719 0.2 0.25 0.50 261.30 280.76 0.931 | 0.899552
27 50 2.061 0.2 0.25 0.25 251.07 254.82 0.985 | 1.003126
28 50 2.061 0.2 0.25 0.50 238.92 254.82 0.938 | 0.894626
29 62.5 2.576 0.2 0.25 0.25 227.96 231.67 0.984 | 0.995708
30 62.5 2.576 0.2 0.25 0.50 215.81 231.67 0.932 | 0.887208
31 41.7 1.719 0.2 0.50 0.25 265.15 280.76 0.944 | 0.966552
32 41.7 1.719 0.2 0.50 0.50 243.65 280.76 0.868 | 0.858052
33 50 2.061 0.2 0.50 0.25 238.10 254.82 0.934 | 0.961626
34 50 2.061 0.2 0.50 0.50 215.07 254.82 0.844 | 0.853126
35 62.5 2.576 0.2 0.50 0.25 213.60 231.67 0.922 | 0.954208
36 62.5 2.576 0.2 0.50 0.50 188.91 231.67 0.815 | 0.845708
37 41.7 1.719 0.2 0.75 0.25 256.00 280.76 0.912 | 0.925052
38 41.7 1.719 0.2 0.75 0.50 223.36 280.76 0.796 | 0.816552
39 50 2.061 0.2 0.75 0.25 229.18 254.82 0.899 | 0.920126
40 50 2.061 0.2 0.75 0.50 196.98 254.82 0.773 | 0.811626
41 62.5 2.576 0.2 0.75 0.25 207.29 231.67 0.895 | 0.912708
42 62.5 2.576 0.2 0.75 0.50 178.64 231.67 0.771 | 0.804208
43 41.7 1.719 0.2 1.00 0.25 252.38 280.76 0.899 | 0.883552
44 41.7 1.719 0.2 1.00 0.50 212.66 280.76 0.757 | 0.775052
45 50 2.061 0.2 1.00 0.25 226.23 254.82 0.888 | 0.878626
46 50 2.061 0.2 1.00 0.50 190.11 254.82 0.746 | 0.770126
47 62.5 2.576 0.2 1.00 0.25 205.77 231.67 0.888 | 0.871208
48 62.5 2.576 0.2 1.00 0.50 176.18 231.67 0.760 | 0.762708
49 41.7 1.719 0.3 0.25 0.25 274.11 280.76 0.976 | 0.974452
50 41.7 1.719 0.3 0.25 0.50 250.30 280.76 0.892 | 0.865952
51 50 2.061 0.3 0.25 0.25 249.95 254.82 0.981 | 0.969526
52 50 2.061 0.3 0.25 0.50 228.33 254.82 0.896 | 0.861026
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53 62.5 2.576 0.3 0.25 0.25 | 227.06 | 231.67 0.980 | 0.962108
54 62.5 2.576 0.3 0.25 0.50 | 206.46 | 231.67 0.891 | 0.853608
55 41.7 1.719 0.3 0.50 0.25 | 260.01 280.76 0.926 | 0.932952
56 41.7 1.719 0.3 0.50 0.50 | 232.09 | 280.76 0.827 | 0.824452
57 50 2.061 0.3 0.50 0.25 | 233.22 | 254.82 0.915 | 0.928026
58 50 2.061 0.3 0.50 0.50 | 204.94 | 254.82 0.804 | 0.819526
59 62.5 2.576 0.3 0.50 0.25 | 208.94 | 231.67 0.902 | 0.920608
60 62.5 2.576 0.3 0.50 0.50 180.10 | 231.67 0.777 | 0.812108
61 41.7 1.719 0.3 0.75 0.25 | 248.53 280.76 0.885 | 0.891452
62 41.7 1.719 0.3 0.75 0.50 | 212.00 | 280.76 0.755 | 0.782952
63 50 2.061 0.3 0.75 0.25 | 222.62 | 254.82 0.874 | 0.886526
64 50 2.061 0.3 0.75 0.50 188.54 | 254.82 0.740 | 0.778026
65 62.5 2.576 0.3 0.75 0.25 | 201.27 | 231.67 0.869 | 0.879108
66 62.5 2.576 0.3 0.75 0.50 170.78 | 231.67 0.737 | 0.770608
67 41.7 1.719 0.3 1.00 0.25 | 243.99 | 280.76 0.869 | 0.849952
68 41.7 1.719 0.3 1.00 0.50 | 202.40 | 280.76 0.721 | 0.741452
69 50 2.061 0.3 1.00 0.25 | 219.11 254.82 0.860 | 0.845026
70 50 2.061 0.3 1.00 0.50 182.33 254.82 0.716 | 0.736526
71 62.5 2.576 0.3 1.00 0.25 199.32 | 231.67 0.860 | 0.837608
72 62.5 2.576 0.3 1.00 0.50 168.10 | 231.67 0.726 | 0.729108
73 41.7 1.719 0.4 0.25 025 | 272.80 | 280.76 0.972 | 0.940852
74 41.7 1.719 0.4 0.25 0.50 | 241.31 280.76 0.859 | 0.832352
75 50 2.061 0.4 0.25 0.25 | 249.15 254.82 0.978 | 0.935926
76 50 2.061 04 0.25 0.50 | 220.20 | 254.82 0.864 | 0.827426
77 62.5 2.576 0.4 0.25 025 | 22649 | 231.67 0.978 | 0.928508
78 62.5 2.576 0.4 0.25 0.50 199.82 | 231.67 0.863 | 0.820008
79 41.7 1.719 0.4 0.50 0.25 | 256.38 | 280.76 0.913 | 0.899352
80 41.7 1.719 0.4 0.50 0.50 | 222.35 280.76 0.792 | 0.790852
81 50 2.061 04 0.50 025 | 22997 | 254.82 0.902 | 0.894426
82 50 2.061 04 0.50 0.50 196.05 254.82 0.769 | 0.785926
83 62.5 2.576 04 0.50 0.25 | 206.19 | 231.67 0.890 | 0.887008
84 62.5 2.576 04 0.50 0.50 168.09 | 231.67 0.726 | 0.778508
85 41.7 1.719 0.4 0.75 025 | 243.39 | 280.76 0.867 | 0.857852
86 41.7 1.719 0.4 0.75 0.50 | 201.82 | 280.76 0.719 | 0.749352
87 50 2.061 0.4 0.75 0.25 | 218.64 | 254.82 0.858 | 0.852926
88 50 2.061 04 0.75 0.50 180.74 | 254.82 0.709 | 0.744426
89 62.5 2.576 0.4 0.75 0.25 198.21 231.67 0.856 | 0.845508
90 62.5 2.576 04 0.75 0.50 164.48 | 231.67 0.710 | 0.737008
91 41.7 1.719 0.4 1.00 0.25 | 238.29 | 280.76 0.849 | 0.816352
92 41.7 1.719 0.4 1.00 0.50 193.73 280.76 0.690 | 0.707852
93 50 2.061 04 1.00 025 | 214.85 254.82 0.843 | 0.811426
94 50 2.061 04 1.00 0.50 175.94 | 254.82 0.690 | 0.702926
95 62.5 2.576 0.4 1.00 0.25 196.11 231.67 0.847 | 0.804008
96 62.5 2.576 04 1.00 0.50 162.98 | 231.67 0.704 | 0.695508
97 45.5 1.875 0.1 0.50 0.25 | 259.89 | 267.57 0.971 | 0.997897
98 45.5 1.875 0.1 0.50 0.50 | 247.77 | 267.57 0.926 | 0.889397
99 55.6 2.291 0.1 0.50 0.25 | 234.66 | 242.77 0.967 | 0.991903
100 55.6 2.291 0.1 0.50 0.50 | 218.79 | 242.77 0.901 | 0.883403
101 45.5 1.875 0.1 1.00 0.25 | 253.61 267.57 0.948 | 0.914897
102 45.5 1.875 0.1 1.00 0.50 | 227.02 | 267.57 0.848 | 0.806397
103 55.6 2.291 0.1 1.00 0.25 | 228.53 242.77 0.941 | 0.908903
104 55.6 2.291 0.1 1.00 0.50 | 201.51 242.77 0.830 | 0.800403
105 45.5 1.875 0.2 0.50 025 | 251.77 | 267.57 0.941 | 0.964297
106 45.5 1.875 0.2 0.50 0.50 | 224.88 | 267.57 0.840 | 0.855797
107 55.6 2.291 0.2 0.50 0.25 | 225.84 | 242.77 0.930 | 0.958303
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108 55.6 2.291 0.2 0.50 0.50 | 201.80 | 242.77 0.831 | 0.849803
109 45.5 1.875 0.2 1.00 0.25 | 239.05 267.57 0.893 | 0.881297
110 45.5 1.875 0.2 1.00 0.50 | 200.38 | 267.57 0.749 | 0.772797
111 55.6 2.291 0.2 1.00 025 | 21543 242.77 0.887 | 0.875303
112 55.6 2.291 0.2 1.00 0.50 182.62 | 242.77 0.752 | 0.766803
113 45.5 1.875 0.3 0.50 0.25 | 246.73 267.57 0.922 | 0.930697
114 45.5 1.875 0.3 0.50 0.50 | 218.55 267.57 0.817 | 0.822197
115 55.6 2.291 0.3 0.50 0.25 | 220.93 242.77 0.910 | 0.924703
116 55.6 2.291 0.3 0.50 0.50 192.50 | 242.77 0.793 | 0.816203
117 45.5 1.875 0.3 1.00 025 | 231.26 | 267.57 0.864 | 0.847697
118 45.5 1.875 0.3 1.00 0.50 191.74 | 267.57 0.717 | 0.739197
119 55.6 2.291 0.3 1.00 025 | 208.76 | 242.77 0.860 | 0.841703
120 55.6 2.291 0.3 1.00 0.50 174.91 242.77 0.720 | 0.733203
121 45.5 1.875 0.4 0.50 025 | 243.21 267.57 0.909 | 0.897097
122 45.5 1.875 0.4 0.50 0.50 | 209.12 | 267.57 0.782 | 0.788597
123 55.6 2.291 0.4 0.50 025 | 21798 | 242.77 0.898 | 0.891103
124 55.6 2.291 0.4 0.50 0.50 184.22 | 242.77 0.759 | 0.782603
125 45.5 1.875 0.4 1.00 025 | 226.28 | 267.57 0.846 | 0.814097
126 45.5 1.875 0.4 1.00 0.50 184.33 267.57 0.689 | 0.705597
127 55.6 2.291 0.4 1.00 0.25 | 205.10 | 242.77 0.845 | 0.808103
128 55.6 2.291 0.4 1.00 0.50 169.26 | 242.77 0.697 | 0.699603
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FEA and Multi-Variable Regression output for plate with both edges pitting corrosion

No B/t X X, X3 X, Oc 0, FEMge | MRMge
1 41.7 1.719 0.1 0.25 0.25 278.25 280.76 0.991 1.09955
2 41.7 1.719 0.1 0.25 0.50 273.36 280.76 0.974 | 0.95555
3 50 2.061 0.1 0.25 0.25 252.63 254.82 0.991 | 1.085388
4 50 2.061 0.1 0.25 0.50 248.7 254.82 0.976 | 0.941388
5 62.5 2.576 0.1 0.25 0.25 229.56 231.67 0.991 1.06406
6 62.5 2.576 0.1 0.25 0.50 225.44 231.67 0.973 0.92006
7 41.7 1.719 0.1 0.50 0.25 273.03 280.76 0.972 1.04455
8 41.7 1.719 0.1 0.50 0.50 262.43 280.76 0.935 0.90055
9 50 2.061 0.1 0.50 0.25 246.86 254.82 0.969 | 1.030388

10 50 2.061 0.1 0.50 0.50 234.31 254.82 0.920 | 0.886388
11 62.5 2.576 0.1 0.50 0.25 222.96 231.67 0.962 1.00906
12 62.5 2.576 0.1 0.50 0.50 206.3 231.67 0.890 | 0.86506
13 41.7 1.719 0.1 0.75 0.25 268.94 280.76 0.958 0.98955
14 41.7 1.719 0.1 0.75 0.50 253 280.76 0.901 0.84555
15 50 2.061 0.1 0.75 0.25 242.18 254.82 0.950 | 0.975388
16 50 2.061 0.1 0.75 0.50 220.55 254.82 0.866 | 0.831388
17 62.5 2.576 0.1 0.75 0.25 218.37 231.67 0.943 0.95406
18 62.5 2.576 0.1 0.75 0.50 189.33 231.67 0.817 0.81006
19 41.7 1.719 0.1 1.00 0.25 267.54 280.76 0.953 0.93455
20 41.7 1.719 0.1 1.00 0.50 249.59 280.76 0.889 0.79055
21 50 2.061 0.1 1.00 0.25 241.05 254.82 0.946 | 0.920388
22 50 2.061 0.1 1.00 0.50 216.21 254.82 0.848 | 0.776388
23 62.5 2.576 0.1 1.00 0.25 217.51 231.67 0.939 0.89906
24 62.5 2.576 0.1 1.00 0.50 184.04 231.67 0.794 0.75506
25 41.7 1.719 0.2 0.25 0.25 274.9 280.76 0.979 1.03925
26 41.7 1.719 0.2 0.25 0.50 260.48 280.76 0.928 0.89525
27 50 2.061 0.2 0.25 0.25 250.14 254.82 0.982 | 1.025088
28 50 2.061 0.2 0.25 0.50 238.84 254.82 0.937 | 0.881088
29 62.5 2.576 0.2 0.25 0.25 226.92 231.67 0.979 1.00376
30 62.5 2.576 0.2 0.25 0.50 215.66 231.67 0.931 0.85976
31 41.7 1.719 0.2 0.50 0.25 264.21 280.76 0.941 0.98425
32 41.7 1.719 0.2 0.50 0.50 240.68 280.76 0.857 0.84025
33 50 2.061 0.2 0.50 0.25 237.77 254.82 0.933 | 0.970088
34 50 2.061 0.2 0.50 0.50 209.4 254.82 0.822 | 0.826088
35 62.5 2.576 0.2 0.50 0.25 212.73 231.67 0918 0.94876
36 62.5 2.576 0.2 0.50 0.50 176.41 231.67 0.761 0.80476
37 41.7 1.719 0.2 0.75 0.25 255.03 280.76 0.908 0.92925
38 41.7 1.719 0.2 0.75 0.50 218.5 280.76 0.778 0.78525
39 50 2.061 0.2 0.75 0.25 228.7 254.82 0.897 | 0.915088
40 50 2.061 0.2 0.75 0.50 180.76 254.82 0.709 | 0.771088
41 62.5 2.576 0.2 0.75 0.25 205.14 231.67 0.885 0.89376
42 62.5 2.576 0.2 0.75 0.50 160 231.67 0.691 0.74976
43 41.7 1.719 0.2 1.00 0.25 251.87 280.76 0.897 0.87425
44 41.7 1.719 0.2 1.00 0.50 208.97 280.76 0.744 0.73025
45 50 2.061 0.2 1.00 0.25 226.03 254.82 0.887 | 0.860088
46 50 2.061 0.2 1.00 0.50 169.61 254.82 0.666 | 0.716088
47 62.5 2.576 0.2 1.00 0.25 203.66 231.67 0.879 0.83876
48 62.5 2.576 0.2 1.00 0.50 158.97 231.67 0.686 | 0.69476
49 41.7 1.719 0.3 0.25 0.25 271.85 280.76 0.968 0.97895
50 41.7 1.719 0.3 0.25 0.50 247.92 280.76 0.883 0.83495
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51 50 2.061 0.3 0.25 0.25 | 247.83 254.82 0.973 | 0.964788
52 50 2.061 0.3 0.25 0.50 | 227.61 254.82 0.893 | 0.820788
53 62.5 2.576 0.3 0.25 0.25 | 22442 | 231.67 0.969 | 0.94346
54 62.5 2.576 0.3 0.25 0.50 | 204.85 231.67 0.884 | 0.79946
55 41.7 1.719 0.3 0.50 0.25 | 255.58 | 280.76 0.910 | 0.92395
56 41.7 1.719 0.3 0.50 0.50 | 221.19 | 280.76 0.788 | 0.77995
57 50 2.061 0.3 0.50 0.25 | 228.12 | 254.82 0.895 | 0.909788
58 50 2.061 0.3 0.50 0.50 189.39 | 254.82 0.743 | 0.765788
59 62.5 2.576 0.3 0.50 0.25 | 202.08 | 231.67 0.872 | 0.88846
60 62.5 2.576 0.3 0.50 0.50 157.28 | 231.67 0.679 | 0.74446
61 41.7 1.719 0.3 0.75 0.25 | 242.57 | 280.76 0.864 | 0.86895
62 41.7 1.719 0.3 0.75 0.50 192.97 | 280.76 0.687 | 0.72495
63 50 2.061 0.3 0.75 0.25 | 215.13 254.82 0.844 | 0.854788
64 50 2.061 0.3 0.75 0.50 155.82 | 254.82 0.611 | 0.710788
65 62.5 2.576 0.3 0.75 0.25 193.03 231.67 0.833 | 0.83346
66 62.5 2.576 0.3 0.75 0.50 139.72 | 231.67 0.603 | 0.68946
67 41.7 1.719 0.3 1.00 0.25 | 237.34| 280.76 0.845 | 0.81395
68 41.7 1.719 0.3 1.00 0.50 178.55 280.76 0.636 | 0.66995
69 50 2.061 0.3 1.00 0.25 211 254.82 0.828 | 0.799788
70 50 2.061 0.3 1.00 0.50 149.37 | 254.82 0.586 | 0.655788
71 62.5 2.576 0.3 1.00 0.25 191.43 231.67 0.826 | 0.77846
72 62.5 2.576 0.3 1.00 0.50 145.15 231.67 0.627 | 0.63446
73 41.7 1.719 0.4 0.25 0.25 | 269.33 280.76 0.959 | 0.91865
74 41.7 1.719 0.4 0.25 0.50 | 235.35 280.76 0.838 | 0.77465
75 50 2.061 0.4 0.25 0.25 | 246.02 | 254.82 0.965 | 0.904488
76 50 2.061 0.4 0.25 0.50 | 215.31 254.82 0.845 | 0.760488
77 62.5 2.576 0.4 0.25 0.25 | 222.71 231.67 0.961 | 0.88316
78 62.5 2.576 0.4 0.25 0.50 192.31 231.67 0.830 | 0.73916
79 41.7 1.719 0.4 0.50 0.25 248.2 | 280.76 0.884 | 0.86365
80 41.7 1.719 0.4 0.50 0.50 | 206.22 | 280.76 0.735 | 0.71965
81 50 2.061 0.4 0.50 0.25 | 220.12 | 254.82 0.864 | 0.849488
82 50 2.061 0.4 0.50 0.50 175.59 | 254.82 0.689 | 0.705488
83 62.5 2.576 0.4 0.50 0.25 193.72 | 231.67 0.836 | 0.82816
84 62.5 2.576 0.4 0.50 0.50 145.91 231.67 0.630 | 0.68416
85 41.7 1.719 0.4 0.75 0.25 | 231.88 | 280.76 0.826 | 0.80865
86 41.7 1.719 0.4 0.75 0.50 176.39 | 280.76 0.628 | 0.66465
87 50 2.061 0.4 0.75 0.25 | 203.59 | 254.82 0.799 | 0.794488
88 50 2.061 0.4 0.75 0.50 142.31 254.82 0.558 | 0.650488
89 62.5 2.576 0.4 0.75 0.25 182.72 | 231.67 0.789 | 0.77316
90 62.5 2.576 0.4 0.75 0.50 126.52 | 231.67 0.546 | 0.62916
91 41.7 1.719 0.4 1.00 0.25 | 22478 | 280.76 0.801 | 0.75365
92 41.7 1.719 0.4 1.00 0.50 158.27 | 280.76 0.564 | 0.60965
93 50 2.061 0.4 1.00 0.25 198.07 | 254.82 0.777 | 0.739488
94 50 2.061 0.4 1.00 0.50 131.72 | 254.82 0.517 | 0.595488
95 62.5 2.576 0.4 1.00 0.25 181.23 231.67 0.782 | 0.71816
96 62.5 2.576 0.4 1.00 0.50 129.26 | 231.67 0.558 | 0.57416
97 45.5 1.875 0.1 0.50 0.25 | 260.12 | 267.57 0.972 | 1.038066
98 45.5 1.875 0.1 0.50 0.50 | 248.69 | 267.57 0.929 | 0.894066
99 55.6 2.291 0.1 0.50 0.25 | 23488 | 24277 0.968 | 1.020833
100 55.6 2.291 0.1 0.50 0.50 | 220.61 242.77 0.909 | 0.876833
101 45.5 1.875 0.1 1.00 0.25 | 25438 | 267.57 0.951 | 0.928066
102 45.5 1.875 0.1 1.00 0.50 | 233.28 | 267.57 0.872 | 0.784066
103 55.6 2.291 0.1 1.00 0.25 | 229.05 242.77 0.943 | 0.910833
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104 55.6 2.291 0.1 1.00 0.50 | 200.06 | 242.77 0.824 | 0.766833
105 45.5 1.875 0.2 0.50 0.25 | 251.23 267.57 0.939 | 0.977766
106 45.5 1.875 0.2 0.50 0.50 | 225.54 | 267.57 0.843 | 0.833766
107 55.6 2.291 0.2 0.50 0.25 2254 | 242.77 0.928 | 0.960533
108 55.6 2.291 0.2 0.50 0.50 193.32 | 242.77 0.796 | 0.816533
109 45.5 1.875 0.2 1.00 0.25 | 23942 | 267.57 0.895 | 0.867766
110 45.5 1.875 0.2 1.00 0.50 188.91 267.57 0.706 | 0.723766
111 55.6 2.291 0.2 1.00 0.25 | 214.35 242.77 0.883 | 0.850533
112 55.6 2.291 0.2 1.00 0.50 167.21 242.77 0.689 | 0.706533
113 45.5 1.875 0.3 0.50 0.25 | 242.04 | 267.57 0.905 | 0.917466
114 45.5 1.875 0.3 0.50 0.50 | 205.58 | 267.57 0.768 | 0.773466
115 55.6 2.291 0.3 0.50 0.25 | 215.21 242.77 0.886 | 0.900233
116 55.6 2.291 0.3 0.50 0.50 173.66 | 242.77 0.715 | 0.756233
117 45.5 1.875 0.3 1.00 0.25 | 223.85 267.57 0.837 | 0.807466
118 45.5 1.875 0.3 1.00 0.50 158.1 267.57 0.591 | 0.663466
119 55.6 2.291 0.3 1.00 0.25 | 200.48 | 242.77 0.826 | 0.790233
120 55.6 2.291 0.3 1.00 0.50 146.78 | 242.77 0.605 | 0.646233
121 45.5 1.875 0.4 0.50 0.25 | 234.31 267.57 0.876 | 0.857166
122 45.5 1.875 0.4 0.50 0.50 190.99 | 267.57 0.714 | 0.713166
123 55.6 2.291 0.4 0.50 0.25 | 206.87 | 242.77 0.852 | 0.839933
124 55.6 2.291 0.4 0.50 0.50 160.72 | 242.77 0.662 | 0.695933
125 45.5 1.875 0.4 1.00 0.25 | 210.77 | 267.57 0.788 | 0.747166
126 45.5 1.875 0.4 1.00 0.50 140.78 | 267.57 0.526 | 0.603166
127 55.6 2.291 0.4 1.00 0.25 188.64 | 242.77 0.777 | 0.729933
128 55.6 2.291 0.4 1.00 0.50 130.2 | 242.77 0.536 | 0.585933
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Appendix E

Appendix E summarizes the results of finite element analyses (FEA), input parameters
and output values based on Tanh activation function for Artificial Neural Networks
approach. One of them is for the plates with pitting corrosion on single edge of the
plates, the other is for the plates with symmetrical pitting corrosion on both edges. Four

variables, x,, x,, x; and x,, have been chosen as independent variables, where the
valid ranges of x, is 1.719 to 2.576, which corresponds to B/t = 40 to 62.5, x, is O to

0.4, x; is 0 to 1.0 and x, is 0 or 0.5. 136 sets of finite element analyses results for

single edge type pitting corrosion on the plate and another 137 sets with both edges type
pitting corrosion are used to derive the formulae. Following tables indicate all data
which include the independent four (4) variablesx, , x,, x;, x,.

FEM g, = the results of FEA based on the single edge type pitting corrosion

FEM ,, = the results of FEA based on the both edges type pitting corrosion

ANN Output = ANN output based on Tanh activation function

O, = ultimate strength of plate with localized corrosion

o, = ultimate strength of uncorroded plate

x, = plate slenderness parameter (/)

X, = the ratio of pit breadth to plate width

X, = the ratio of pit length to plate length

X, = the ratio of pit depth to plate thickness
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ANN inputs and outputs for plate with single edge type pitting corrosion

ANN
No B/t X1 X X3 X4 O¢ Oy FEMgg Output

1| 455 | 1.875221 0.3 0.5 0.5 | 21855 | 267.57 | 0.816796 | 0.810783

2| 41.7 | 1.718609 0.3 0.25 0.5 250.3 | 280.76 | 0.891509 | 0.909122

3 50 | 2.060682 0.4 1 0.5 | 17594 | 254.82 | 0.690448 0.69855

4| 455 | 1.875221 0.1 1 0.5 | 227.02 | 267.57 | 0.848451 | 0.833355

51 62.5| 2.575853 0.1 1 0.25 | 21642 | 231.67 | 0.934174 | 0.934576

6 50 | 2.060682 0.3 1 0.25 | 219.11 | 254.82 | 0.859862 | 0.862344

7| 41.7 | 1.718609 0.3 1 0.25 | 243.99 | 280.76 | 0.869034 | 0.863671

8 50 | 2.060682 0.3 0.25 0.5 | 228.33 | 254.82 | 0.896044 | 0.899414

9| 45.5| 1.875221 0.4 1 0.5 | 184.33 | 267.57 | 0.688904 | 0.699097
10 | 455 | 1.875221 0.3 1 0.25 | 231.26 | 267.57 | 0.864297 | 0.863046
11 50 | 2.060682 0.2 1 0.25 | 22623 | 254.82 | 0.887803 | 0.889382
12 50 | 2.060682 0.4 0.25 0.5 220.2 | 254.82 | 0.864139 | 0.853028
13 50 | 2.060682 0.1 0.25 0.5 | 24835 | 254.82 0.97461 | 0.983121
14 55 2.27 0 0 0| 243.81 | 243.81 1| 1.002078
15| 62.5 | 2.575853 0.2 0.25 0.5 | 215.81 | 231.67 | 0.931541 | 0.927029
16 | 41.7 | 1.718609 0.4 1 0.25 | 238.29 | 280.76 | 0.848732 | 0.845652
17 | 62.5| 2.575853 0.2 0.75 0.5 | 178.64 | 231.67 | 0.771097 | 0.770719
18 | 55.6 | 2.291479 0.4 1 0.5 | 169.26 | 242.77 | 0.697203 | 0.697955
19 | 41.7 | 1.718609 0.2 0.25 0.25 | 275.83 | 280.76 | 0.982441 | 0.989906
20 | 41.7 | 1.718609 0.2 1 0.5 | 212.66 | 280.76 | 0.757444 | 0.758114
21 50 | 2.060682 0.2 0.5 0.5 | 215.07 | 254.82 | 0.844008 | 0.846997
22 | 41.7 | 1.718609 0.3 0.75 0.25 | 248.53 | 280.76 | 0.885204 | 0.879516
23 | 55.6 2.29 0 0 0| 24277 | 24277 1| 1.001895
24 | 55.6 | 2.291479 0.1 1 0.25 | 228.53 | 24277 | 0.941344 | 0.935468
25| 41.7 | 1.718609 0.3 0.75 0.5 212 | 280.76 | 0.755093 | 0.740081
26 | 62.5 | 2.575853 0.1 0.5 0.5 | 204.37 | 231.67 0.88216 | 0.897532
27 | 45.5 | 1.875221 0.2 0.5 0.5 | 224.88 | 267.57 | 0.840453 | 0.857546
28 50 | 2.060682 0.4 0.5 0.25 | 22997 | 254.82 0.90248 | 0.910009
29 | 41.7 | 1.718609 0.1 0.75 0.5 | 249.19 | 280.76 | 0.887555 | 0.864867
30 | 45.5 | 1.875221 0.1 0.5 0.25 | 259.89 | 267.57 | 0.971297 | 0.966387
31| 62.5| 2.575853 0.4 1 0.25 | 196.11 | 231.67 | 0.846506 | 0.841803
32 50 | 2.060682 0.2 1 0.5 | 190.11 | 254.82 | 0.746056 | 0.756055
33| 45.5| 1.875221 0.2 0.5 0.25 | 251.77 | 267.57 0.94095 | 0.937223
34 50 | 2.060682 0.4 0.75 0.25 | 218.64 | 254.82 | 0.858017 | 0.860747
35| 62.5 | 2.575853 0.2 0.75 0.25 | 207.29 | 231.67 | 0.894764 | 0.901118
36 | 62.5 | 2.575853 0.1 0.25 0.5 | 225.34 | 231.67 | 0.972677 | 0.970747
37| 55.6 | 2.291479 0.2 0.5 0.25 | 225.84 | 242.77 | 0.930263 | 0.928798
38 | 62.5 | 2.575853 0.3 0.25 0.5 | 206.46 | 231.67 | 0.891181 | 0.879506
39 | 62.5 | 2.575853 0.2 0.25 0.25 | 22796 | 231.67 | 0.983986 | 0.971109
40 | 55.6 | 2.291479 0.2 1 0.5 | 182.62 | 242.77 | 0.752235 | 0.754801
41 50 | 2.060682 0.3 0.5 0.5 | 204.94 | 254.82 | 0.804254 | 0.800006
42| 55.6 | 2.291479 0.3 0.5 0.25 | 22093 | 242.77 | 0.910038 | 0.906339
43 | 62.5 | 2.575853 0.3 0.5 0.25 | 20894 | 231.67 | 0.901886 | 0.899302
44 | 455 1.87 0 0 0| 267.57 | 267.57 1| 1.005415
45| 41.7 | 1.718609 0.3 0.5 0.5 | 232.09 | 280.76 | 0.826649 | 0.820179
46 40 1.65 0 0 0| 28748 | 287.48 1| 1.006958
47 | 41.7 | 1.718609 0.3 0.5 0.25 | 260.01 | 280.76 | 0.926093 | 0.923987
48 | 55.6 | 2.291479 0.4 0.5 0.5 | 184.22 | 242.77 | 0.758825 0.75935
49 50 | 2.060682 0.1 0.75 0.5 | 217.09 | 254.82 | 0.851935 | 0.859174
50| 41.7 | 1.718609 0.4 0.5 0.5 | 222.35| 280.76 | 0.791958 | 0.787857
51 50 | 2.060682 0.2 0.75 0.25 | 229.18 | 254.82 0.89938 | 0.904317
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52| 62.5 | 2.575853 0.1 0.25 0.25 | 229.63 | 231.67 | 0.991194 | 0.985326
53| 55.6 | 2.291479 0.3 1 05| 17491 | 24277 | 0.720476 | 0.717207
54 | 455 | 1.875221 0.1 0.5 0.5 247.77 | 267.57 | 0.926001 | 0.923033
55 60 2.47 0 0 0| 23533 | 23533 1| 1.000208
56 | 55.6 | 2.291479 0.4 0.5 0.25 | 217.98 | 242.77 | 0.897887 | 0.901341
57 | 41.7 | 1.718609 0.2 1 0.25 | 252.38 | 280.76 | 0.898917 | 0.890729
58 | 62.5 | 2.575853 0.1 0.5 0.25 | 222.74 | 231.67 | 0.961454 0.95969
59 | 55.6 | 2.291479 0.2 1 0.25 | 21543 | 242.77 | 0.887383 | 0.888515
60 50 | 2.060682 0.3 0.5 0.25 | 23322 | 254.82 | 0.915234 | 0.912921
61 | 41.7 | 1.718609 0.1 0.75 0.25 | 268.48 | 280.76 | 0.956262 | 0.949454
62 | 62.5| 2.575853 0.3 0.75 0.25 | 201.27 | 231.67 | 0.868779 | 0.872071
63 50 | 2.060682 0.4 0.25 0.25 | 249.15 | 254.82 | 0.977749 | 0.976076
64 | 41.7 | 1.718609 0.4 1 0.5 193.73 | 280.76 0.69002 | 0.699616
65| 41.7 | 1.718609 0.3 1 0.5 202.4 | 280.76 0.7209 | 0.719528
66 | 62.5 | 2.575853 0.2 0.5 0.5 | 188.91 | 231.67 | 0.815427 | 0.821297
67 | 455 | 1.875221 0.4 0.5 0.25 | 24321 | 267.57 | 0.908958 | 0.917406
68 | 41.7 | 1.718609 0.4 0.75 0.5 201.82 | 280.76 | 0.718835 | 0.716737
69 | 62.5 | 2.575853 0.2 0.5 0.25 213.6 | 231.67 | 0.922001 | 0.924078
70 | 41.7 | 1.718609 0.2 0.5 0.5 243.65 | 280.76 | 0.867823 | 0.866768
71| 41.7 | 1.718609 0.3 0.25 0.25 | 274.11 | 280.76 | 0.976314 | 0.982942
72 50 | 2.060682 0.4 1 0.25 | 214.85 | 254.82 | 0.843144 | 0.843982
73| 62.5 | 2.575853 0.3 0.75 0.5 170.78 | 231.67 | 0.737169 | 0.727948
74 | 55.6 | 2.291479 0.3 1 0.25 | 208.76 | 242.77 | 0.859909 | 0.861518
75 50 | 2.060682 0.2 0.75 0.5 196.98 | 254.82 | 0.773016 | 0.777822
76 | 62.5 | 2.575853 0.1 0.75 0.25 | 218.34 | 231.67 | 0.942461 | 0.945914
77| 62.5| 2.575853 0.4 0.75 05| 164.48 | 231.67 | 0.709975 | 0.705938
78 | 62.5 | 2.575853 0.3 0.5 0.5 180.1 | 231.67 | 0.777399 | 0.773777
79| 62.5 | 2.575853 0.4 0.5 0.5 168.09 | 231.67 | 0.725558 | 0.746973
80 | 41.7 | 1.718609 0.1 0.5 0.5 261.77 | 280.76 | 0.932362 | 0.929373
81 | 62.5| 2.575853 0.3 1 0.25 | 199.32 | 231.67 | 0.860362 | 0.860559
82| 55.6 | 2.291479 0.1 1 0.5 | 201.51 | 24277 | 0.830045 | 0.830284
83 | 41.7 | 1.718609 0.4 0.25 0.25 272.8 | 280.76 | 0.971648 | 0.982175
84 | 62.5 | 2.575853 0.4 0.25 0.25 | 226.49 | 231.67 | 0.977641 | 0.962983
85 50 | 2.060682 0.4 0.75 0.5 180.74 | 254.82 | 0.709285 | 0.711383
86 | 41.7 | 1.718609 0.2 0.5 0.25 | 265.15 | 280.76 | 0.944401 | 0.940863
87 | 45.5 | 1.875221 0.2 1 0.5 200.38 | 267.57 | 0.748888 | 0.757138
88 | 41.7 | 1.718609 0.4 0.25 0.5 241.31 | 280.76 | 0.859489 | 0.861191
89 50 | 2.060682 0.1 0.5 0.25 | 246.62 | 254.82 0.96782 | 0.964345
90 50 | 2.060682 0.1 0.5 0.5 | 232.93 | 254.82 | 0.914096 0.91573
91 50 | 2.060682 0.2 0.25 0.25 | 251.07 | 254.82 | 0.985284 | 0.983353
92 50 | 2.060682 0.1 0.25 0.25 2527 | 254.82 0.99168 | 0.993215
93 50 | 2.060682 0.3 1 0.5 | 182.33 | 254.82 | 0.715525 | 0.718063
94 | 41.7 | 1.718609 0.1 1 0.25 | 254.76 | 280.76 | 0.907394 | 0.937304
95| 62.5 | 2.575853 0.4 0.5 0.25 | 206.19 | 231.67 | 0.890016 | 0.891738
96 | 41.7 | 1.718609 0.1 1 0.5 229.16 | 280.76 | 0.816213 | 0.834586
97 | 62.5 | 2.575853 0.1 1 0.5 19495 | 231.67 | 0.841499 | 0.828311
98 | 455 | 1.875221 0.3 1 05| 191.74 | 267.57 | 0.716598 | 0.718824
99 | 41.7 | 1.718609 0.2 0.75 0.5 22336 | 280.76 | 0.795555 | 0.784229
100 50 | 2.060682 0.1 1 0.25 | 240.27 | 254.82 | 0.942901 | 0.936199
101 | 62.5 | 2.575853 0.2 1 0.5 176.18 | 231.67 | 0.760478 | 0.753368
102 50 | 2.060682 0.2 0.25 0.5 238.92 | 254.82 | 0.937603 | 0.946005
103 50 | 2.060682 0.3 0.25 0.25 | 249.95 | 254.82 | 0.980888 | 0.975758
104 50 | 2.060682 0.2 0.5 0.25 238.1 | 254.82 | 0.934385 | 0.933242
105 | 455 | 1.875221 0.2 1 0.25 | 239.05 | 267.57 | 0.893411 | 0.890101
106 50 | 2.060682 0.1 1 0.5 211.18 | 254.82 | 0.828742 | 0.831955
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107 | 45.5 | 1.875221 0.1 1 0.25 | 253.61 | 267.57 | 0.947827 | 0.936794
108 | 62.5 | 2.575853 0.2 1 0.25 | 205.77 | 231.67 | 0.888203 | 0.887484
109 50 | 2.060682 0.4 0.5 0.5 196.05 | 254.82 | 0.769367 | 0.770462
110 | 62.5 | 2.575853 0.4 0.75 0.25 | 198.21 | 231.67 0.85557 | 0.855199
111 | 62.5 2.58 0 0 0| 231.67 | 231.67 1| 0999144
112 | 41.7 | 1.718609 0.2 0.75 0.25 256 | 280.76 | 0.911811 | 0.906947
113 50 | 2.060682 0.3 0.75 0.25 | 222.62 | 254.82 | 0.873636 0.87603
114 | 41.7 1.72 0 0 0| 280.76 | 280.76 1| 1.006491
115 | 41.7 | 1.718609 0.4 0.75 0.25 | 243.39 | 280.76 | 0.866897 0.86573
116 45 1.85 0 0 0] 269.02 | 269.02 1| 1.005565
117 | 41.7 | 1.718609 0.1 0.5 0.25 | 272.81 | 280.76 | 0.971684 | 0.968276
118 | 455 | 1.875221 0.4 0.5 0.5 209.12 | 267.57 | 0.781552 | 0.779827
119 | 62.5 | 2.575853 0.4 1 05| 16298 | 231.67 | 0.703501 | 0.697324
120 | 62.5 | 2.575853 0.3 1 0.5 168.1 | 231.67 | 0.725601 | 0.716262
121 | 41.7 | 1.718609 0.4 0.5 0.25 | 256.38 | 280.76 | 0.913164 | 0.923837
122 | 41.7 | 1.718609 0.1 0.25 0.5 272.17 | 280.76 | 0.969404 | 0.988878
123 | 55.6 | 2.291479 0.1 0.5 0.25 | 234.66 | 242.77 | 0.966594 | 0.962084
124 50 2.06 0 0 0| 254.82 | 254.82 1| 1.003908
125 | 62.5 | 2.575853 0.3 0.25 0.25 | 227.06 | 231.67 | 0.980101 | 0.961324
126 | 41.7 | 1.718609 0.2 0.25 0.5 261.3 | 280.76 | 0.930688 | 0.954996
127 50 | 2.060682 0.1 0.75 0.25 | 241.68 | 254.82 | 0.948434 | 0.947909
128 | 55.6 | 2.291479 0.1 0.5 0.5 218.79 | 24277 | 0.901223 | 0.907137
129 | 55.6 | 2.291479 0.2 0.5 0.5 201.8 | 24277 | 0.831239 | 0.834731
130 | 45.5 | 1.875221 0.4 1 0.25 | 226.28 | 267.57 | 0.845685 0.84486
131 50 | 2.060682 0.3 0.75 0.5 | 188.54 | 254.82 | 0.739895 | 0.734166
132 | 455 | 1.875221 0.3 0.5 0.25 | 246.73 | 267.57 | 0.922114 | 0.918745
133 | 55.6 | 2.291479 0.3 0.5 0.5 192.5 | 24277 | 0.792932 | 0.787464
134 | 62.5 | 2.575853 0.1 0.75 0.5 195.29 | 231.67 | 0.842966 | 0.852379
135 | 62.5 | 2.575853 0.4 0.25 0.5 199.82 | 231.67 0.86252 | 0.836662
136 | 55.6 | 2.291479 0.4 1 0.25 205.1 | 24277 | 0.844833 | 0.842965
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Appendix E: Summary of ANN Inputs and Outputs

ANN inputs and outputs for plate with both edges type pitting corrosion

ANN
No B/t X1 X2 X3 X4 Oc o FEMgg Output

1 45.5 | 1.875221 0.3 0.5 0.25 | 242.04 | 267.57 | 0.904586 | 0.902854

2 50 | 2.060682 0.2 0.75 0.5 | 180.76 | 254.82 | 0.709363 | 0.726759

3 50 | 2.060682 0.1 0.75 0.5 | 220.55 | 254.82 | 0.865513 | 0.869289

4 45.5 | 1.875221 0.1 0.5 0.25 | 260.12 | 267.57 | 0.972157 | 0.967677

5 50 | 2.060682 0.2 1 0.5 | 169.61 | 254.82 | 0.665607 | 0.697157

6 62.5 | 2.575853 0.2 0.75 0.5 160 | 231.67 | 0.690638 | 0.672959

7 50 | 2.060682 0.1 0.5 0.5 | 23431 | 254.82 | 0.919512 | 0.922374

8 62.5 | 2.575853 0.4 0.25 0.25 | 222.71 | 231.67 | 0.961324 | 0.934022

9 62.5 | 2.575853 0.1 0.25 0.5 | 225.44 | 231.67 | 0.973108 | 0.952507
10 62.5 | 2.575853 0.3 0.75 0.25 | 193.03 | 231.67 | 0.833211 | 0.834836
11 41.7 | 1.718609 0.2 0.25 0.25 274.9 | 280.76 | 0.979128 | 0.980557
12 50 | 2.060682 0.3 0.25 0.25 | 247.83 | 254.82 | 0.972569 | 0.971129
13 50 | 2.060682 0.1 1 0.25 | 241.05 | 254.82 | 0.945962 | 0.956658
14 62.5 | 2.575853 0.4 0.75 0.25 | 182.72 | 231.67 | 0.788708 | 0.774954
15 41.7 | 1.718609 0.3 0.75 0.5 | 192.97 | 280.76 | 0.687313 | 0.658473
16 41.7 | 1.718609 0.4 0.5 0.5 | 206.22 | 280.76 | 0.734506 | 0.717648
17 62.5 | 2.575853 0.1 1 0.5 | 184.04 | 231.67 | 0.794406 | 0.783999
18 50 | 2.060682 0.2 0.5 0.25 | 237.77 | 254.82 0.93309 | 0.928888
19 62.5 | 2.575853 0.3 1 0.25 | 191.43 | 231.67 | 0.826305 | 0.817006
20 62.5 | 2.575853 0.3 0.75 0.5 | 139.72 | 231.67 | 0.603099 | 0.597561
21 45.5 | 1.875221 0.2 1 0.25 | 239.42 | 267.57 | 0.894794 | 0.904927
22 41.7 | 1.718609 0.2 0.75 0.25 | 255.03 | 280.76 | 0.908356 | 0.898653
23 41.7 | 1.718609 0.4 1 0.25 | 224.78 | 280.76 | 0.800613 | 0.793812
24 41.7 | 1.718609 0.2 0.75 0.5 218.5 | 280.76 | 0.778245 | 0.762693
25 45.5 | 1.875221 0.2 0.5 0.25 | 251.23 | 267.57 | 0.938932 | 0.932296
26 62.5 | 2.575853 0.3 0.5 0.5 | 157.28 | 231.67 | 0.678897 | 0.687798
27 50 | 2.060682 0.1 1 0.5 | 216.21 | 254.82 | 0.848481 | 0.847311
28 41.7 | 1.718609 0.4 1 0.5 | 158.27 | 280.76 0.56372 | 0.572916
29 50 | 2.060682 0.4 0.75 0.5 | 14231 | 254.82 | 0.558473 | 0.590957
30 62.5 | 2.575853 0.4 0.75 0.5 | 126.52 | 231.67 | 0.546122 | 0.575389
31 41.7 | 1.718609 0.2 0.25 0.5 | 260.48 | 280.76 | 0.927767 | 0.946011
32 55.6 | 2.291479 0.2 0.5 0.25 2254 | 24277 | 0.928451 | 0.924868
33 50 | 2.060682 0.3 0.5 0.25 | 228.12 | 254.82 0.89522 | 0.899646
34 50 | 2.060682 0.1 0.75 0.25 | 242.18 | 254.82 | 0.950396 | 0.962336
35 41.7 | 1.718609 0.1 0.75 0.25 | 268.94 | 280.76 0.9579 | 0.965705
36 62.5 | 2.575853 0.1 1 0.25 | 217.51 | 231.67 | 0.938879 | 0.933637
37 62.5 | 2.575853 0.3 0.25 0.5 | 204.85 | 231.67 | 0.884232 | 0.852014
38 41.7 | 1.718609 0.2 0.5 0.5 | 240.68 | 280.76 | 0.857245 | 0.864936
39 41.7 | 1.718609 0.3 0.5 0.25 | 25558 | 280.76 | 0.910315 0.90541
40 50 | 2.060682 0.4 1 0.25 | 198.07 | 254.82 | 0.777294 | 0.783944
41 62.5 | 2.575853 0.1 0.5 0.25 | 22296 | 231.67 | 0.962403 | 0.960895
42 62.5 | 2.575853 0.2 0.5 0.5 | 176.41 | 231.67 | 0.761471 | 0.776526
43 50 | 2.060682 0.1 0.25 0.5 248.7 | 254.82 | 0.975983 | 0.964698
44 41.7 | 1.718609 0.4 0.25 0.25 | 269.33 | 280.76 | 0.959289 | 0.960797
45 41.7 | 1.718609 0.1 0.5 0.25 | 273.03 | 280.76 | 0.972468 | 0.969148
46 45.5 | 1.875221 0.3 0.5 0.5 | 205.58 | 267.57 | 0.768322 | 0.759095
47 41.7 | 1.718609 0.3 1 0.5 | 178.55 | 280.76 | 0.635952 | 0.619092
48 455 | 1.875221 0.3 1 0.25 | 223.85 | 267.57 | 0.836604 0.84386
49 62.5 | 2.575853 0.4 1 0.25 | 181.23 | 231.67 | 0.782277 | 0.769122
50 50 | 2.060682 0.4 0.25 0.5 | 215.31 | 254.82 | 0.844949 | 0.845806
51 55.6 | 2.291479 0.1 1 0.25 | 229.05 | 242.77 | 0.943486 0.94784
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Appendix E: Summary of ANN Inputs and Outputs

52 455 | 1.875221 0.3 1 0.5 158.1 | 267.57 | 0.590873 | 0.611059
53 55.6 | 2.291479 0.1 0.5 0.25 | 234.88 | 242.77 0.9675 | 0.963652
54 41.7 | 1.718609 0.4 0.75 0.5 176.39 | 280.76 | 0.628259 | 0.608145
55 50 | 2.060682 0.2 0.5 0.5 209.4 | 254.82 | 0.821757 | 0.833621
56 41.7 1.72 0 0 0| 280.76 | 280.76 1] 1.002552
57 41.7 | 1.718609 0.1 0.75 0.5 253 | 280.76 | 0.901126 | 0.892919
58 45.5 | 1.875221 0.4 0.5 0.5 | 190.99 | 267.57 | 0.713795 | 0.704942
59 55.6 | 2.291479 0.3 1 0.25 | 200.48 | 242.77 | 0.825802 | 0.829595
60 50 | 2.060682 0.2 0.25 0.5 | 238.84 | 254.82 | 0.937289 0.93385
61 41.7 | 1.718609 0.2 1 0.5 | 208.97 | 280.76 | 0.744301 | 0.729914
62 50 | 2.060682 0.1 0.5 025 | 246.86 | 254.82 | 0.968762 | 0.965896
63 62.5 | 2.575853 0.3 1 0.5 145.15 | 231.67 | 0.626538 | 0.590719
64 55.6 | 2.291479 0.3 0.5 0.5 | 173.66 | 24277 | 0.715327 | 0.716955
65 62.5 2.58 0 0 0| 231.67 | 231.67 1 1.00911
66 62.5 | 2.575853 0.2 1 0.25 | 203.66 | 231.67 | 0.879095 0.87126
67 55 2.27 0 0 0| 243.81 | 243.81 1 1.00681
68 62.5 | 2.575853 0.2 0.75 0.25 | 205.14 | 231.67 | 0.885484 | 0.891293
69 41.7 | 1.718609 0.4 0.25 0.5 | 235.35 | 280.76 0.83826 | 0.865316
70 62.5 | 2.575853 0.3 0.25 025 | 22442 | 231.67 | 0.968705 | 0.962568
71 50 | 2.060682 0.3 1 0.25 211 | 254.82 | 0.828035 | 0.838318
72 455 | 1.875221 0.1 0.5 0.5 | 248.69 | 267.57 | 0.929439 | 0.931408
73 50 | 2.060682 0.3 1 0.5 | 149.37 | 254.82 | 0.586178 | 0.603187
74 50 | 2.060682 0.3 0.5 0.5 | 189.39 | 254.82 | 0.743231 | 0.740578
75 62.5 | 2.575853 0.1 0.25 0.25 | 229.56 | 231.67 | 0.990892 | 0.983359
76 62.5 | 2.575853 0.4 0.5 025 | 193.72 | 231.67 | 0.836189 | 0.850066
77 50 2.06 0 0 0| 254.82 | 254.82 1] 1.005188
78 455 | 1.875221 0.2 1 0.5 | 18891 | 267.57 | 0.706021 | 0.714887
79 45 1.85 0 0 0| 269.02 | 269.02 1] 1.003554
80 50 | 2.060682 0.3 0.75 0.5 | 155.82 | 254.82 0.61149 | 0.630134
81 62.5 | 2.575853 0.1 0.5 0.5 206.3 | 231.67 | 0.890491 | 0.888858
82 55.6 2.29 0 0 0| 242.77 | 242.77 1| 1.006963
83 41.7 | 1.718609 0.3 1 0.25 | 237.34 | 280.76 | 0.845348 | 0.847386
84 50 | 2.060682 0.2 0.75 0.25 228.7 | 254.82 | 0.897496 0.8957
85 41.7 | 1.718609 0.3 0.25 025 | 271.85 | 280.76 | 0.968265 0.97469
86 455 | 1.875221 0.1 1 0.5 | 23328 | 267.57 | 0.871847 | 0.865546
87 50 | 2.060682 0.4 0.5 0.5 17559 | 254.82 | 0.689075 | 0.689443
88 41.7 | 1.718609 0.3 0.75 0.25 | 242.57 | 280.76 | 0.863976 | 0.843006
89 41.7 | 1.718609 0.1 1 0.5 | 249.59 | 280.76 0.88898 | 0.878837
90 41.7 | 1.718609 0.1 0.25 0.5 273.36 | 280.76 | 0.973643 | 0.970229
91 55.6 | 2.291479 0.4 0.5 0.25 | 206.87 | 242.77 | 0.852123 | 0.868355
92 55.6 | 2.291479 0.2 0.5 0.5 | 193.32 | 24277 | 0.796309 | 0.809426
93 62.5 | 2.575853 0.4 1 0.5 129.26 | 231.67 | 0.557949 0.57203
94 41.7 | 1.718609 0.1 0.25 0.25 | 278.25 | 280.76 0.99106 | 0.984471
95 45.5 1.87 0 0 0| 267.57 | 267.57 1 1.00371
96 55.6 | 2.291479 0.3 0.5 025 | 21521 | 24277 | 0.886477 0.89503
97 455 | 1.875221 0.2 0.5 0.5 | 225.54 | 267.57 0.84292 | 0.851276
98 62.5 | 2.575853 0.1 0.75 0.25 | 21837 | 231.67 | 0.942591 | 0.955722
99 455 | 1.875221 0.4 1 0.25 | 210.77 | 267.57 | 0.787719 | 0.789549
100 62.5 | 2.575853 0.3 0.5 0.25 | 202.08 | 231.67 | 0.872275 | 0.887615
101 50 | 2.060682 0.2 0.25 0.25 | 250.14 | 254.82 | 0.981634 | 0.979354
102 62.5 | 2.575853 0.2 0.25 025 | 22692 | 231.67 | 0.979497 | 0.976514
103 55.6 | 2.291479 0.4 1 025 | 188.64 | 24277 | 0.777032 | 0.776826
104 50 | 2.060682 0.1 0.25 0.25 | 252.63 | 254.82 | 0.991406 | 0.984061
105 55.6 | 2.291479 0.4 1 0.5 130.2 | 242.77 0.53631 | 0.569204
106 55.6 | 2.291479 0.3 1 0.5 | 146.78 | 242.77 | 0.604605 | 0.595932
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107 55.6 | 2.291479 0.1 1 0.5 | 200.06 | 242.77 | 0.824072 | 0.820917
108 60 2.47 0 0 0| 235.33 | 235.33 1] 1.008312
109 40 1.65 0 0 0| 287.48 | 287.48 1| 1.002018
110 41.7 | 1.718609 0.2 1 0.25 | 251.87 | 280.76 | 0.897101 | 0.909369
111 55.6 | 2.291479 0.4 0.5 0.5 | 160.72 | 24277 | 0.662026 | 0.669974
112 41.7 | 1.718609 0.3 0.25 0.5 247.92 | 280.76 | 0.883032 0.90488
113 50 | 2.060682 0.3 0.75 025 | 215.13 | 254.82 | 0.844243 | 0.842021
114 62.5 | 2.575853 0.2 0.25 0.5 | 215.66 | 231.67 | 0.930893 | 0.908572
115 455 | 1.875221 0.4 1 0.5 140.78 | 267.57 | 0.526143 | 0.570597
116 455 | 1.875221 0.1 1 0.25 | 254.38 | 267.57 | 0.950704 | 0.962383
117 62.5 | 2.575853 0.2 0.5 025 | 212.73 | 231.67 | 0.918246 | 0.920146
118 41.7 | 1.718609 0.1 0.5 0.5 | 262.43 | 280.76 | 0.934713 | 0.938039
119 55.6 | 2.291479 0.1 0.5 0.5 | 220.61 | 242.77 0.90872 | 0.909049
120 50 | 2.060682 0.4 0.75 0.25 | 203.59 | 254.82 | 0.798956 | 0.805058
121 62.5 | 2.575853 0.4 0.5 0.5 | 14591 | 231.67 | 0.629818 | 0.646975
122 55.6 | 2.291479 0.2 1 025 | 21435 | 24277 | 0.882934 | 0.887857
123 62.5 | 2.575853 0.1 0.75 0.5 | 189.33 | 231.67 0.81724 | 0.822709
124 41.7 | 1.718609 0.4 0.75 0.25 | 231.88 | 280.76 | 0.825901 | 0.817365
125 41.7 | 1.718609 0.1 1 025 | 267.54 | 280.76 | 0.952914 | 0.966463
126 41.7 | 1.718609 0.2 0.5 0.25 | 264.21 | 280.76 | 0.941053 | 0.935292
127 41.7 | 1.718609 0.3 0.5 0.5 221.19 | 280.76 | 0.787826 | 0.774268
128 50 | 2.060682 0.4 0.5 0.25 | 220.12 | 254.82 | 0.863825 | 0.879206
129 50 | 2.060682 0.2 1 0.25 | 226.03 | 254.82 | 0.887018 | 0.898339
130 50 | 2.060682 0.3 0.25 0.5 | 227.61 | 254.82 | 0.893219 | 0.886654
131 50 | 2.060682 0.4 0.25 025 | 246.02 | 254.82 | 0.965466 | 0.952544
132 50 | 2.060682 0.4 1 05| 131.72 | 254.82 | 0.516914 | 0.569146
133 62.5 | 2.575853 0.2 1 0.5 | 15897 | 231.67 | 0.686192 | 0.653756
134 41.7 | 1.718609 0.4 0.5 0.25 248.2 | 280.76 | 0.884029 | 0.890158
135 62.5 | 2.575853 0.4 0.25 0.5 19231 | 231.67 | 0.830103 | 0.804831
136 55.6 | 2.291479 0.2 1 0.5 | 167.21 | 24277 | 0.688759 | 0.676209
137 455 | 1.875221 0.4 0.5 0.25 | 234.31 | 267.57 | 0.875696 | 0.885794
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Appendix F: MATLAB Programs for Ultimate Strength of Plate with Pitting Corrosion

Appendix F

Appendix F introduces a useful MATLAB program in order to calculate the ultimate
strength of plate with localized corrosion. Total five(5) input parameters are required

that is the ultimate strength of uncorroded plate and x,, x,,x;, x,.

Sigma_C = ultimate strength of plate with localized corrosion
Sigma_O = ultimate strength of uncorroded plate
X, = plate slenderness parameter (/)
X, = the ratio of pit breadth to plate width
X, = the ratio of pit length to plate length
X, = the ratio of pit depth to plate thickness
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Appendix F: MATLAB Programs for Ultimate Strength of Plate with Pitting Corrosion

clc
disp(*% %% %o %% Yo% Yo% Yo Yo% Yo %o Yoo Yoo %o Yo %o Yoo Yoo Yo Yo %o Yoo Yo Yoo Yo %o Yoo Yo Yoo Yo %o Yo Yo %Yo ')
disp('%% ARTIFICIAL NEURAL NETWORK BASED ULTIMATE STRENGTH CALCULATION %%')

disp(%% (PLATE WITH PITTING CORROSION FOR SINGLE EDGE) %%))
disp(%% BY DUO OK, UNIVERSITY OF NEWCASTLE UPON TYNE %%
disp(%% 2 NOVEMBER 2005 %%

(
(
(
(
(
Alisp (%% Ve% % Yo% %o Yoo %o %Yo %Yo Yo% %o %o % Vo Yo% oo %o Yoo %% Vo %o %o Yo% %o Yoo %o %Yo %o % Vo %o %o')

disp('Ultimate strength of uncorroded plate (N/mm2)")
Sigma_0=231.67

disp('plate slenderness parameter')
x1=2.576

disp('Pit breadth ratio ( = pit breadth / plate breadth)')
x2=0.1

disp('Pit length ratio (= pit length / plate length)’)
x3=1.0

disp('Pit depth ratio (= pit depth / plate thickness)')
x4=0.25

xf1=(1.9441*x1)-4.1078
xf2=(4.5000*x2)-0.8999
xf3=(1.7999*x3)-0.8999
xf4=(3.5999*x4)-0.8999

x=[xf1;xf2;x{3;xf4]

w1=[0.0282 0.0496 0.3851 0.7093
-0.0115-0.6978 -0.1098 -1.6504
-0.0183 -2.0535 -0.3542 -0.3978
-0.2708 0.5036 -2.1643 0.6909];

w2=[-0.1755 1.0057 0.3621 0.6168];

b1=[-0.2751; 1.8543; -0.4064; -1.0153];

b2=[0.1681];

X=[1:x];

W1=[b1 wi];

W2=[b2 w2];

f=tanh(W2*[1;tanh(W1*X)])

X

W1

W2

Y=f

disp('Ultimate stength of Plate with Pitting Corrosion (N/mm2)')
Sigma_C=((Y+4.8860)/5.7860)*Sigma_O
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Appendix F: MATLAB Programs for Ultimate Strength of Plate with Pitting Corrosion

clc

disp(*% %% %o %% Yo% Yo% Yo Yo% Yo %o Yoo Yoo %o Yo %o Yoo Yoo Yo Yo %o Yoo Yo Yoo Yo %o Yoo Yo Yoo Yo %o Yo Yo %Yo ')

disp('%% ARTIFICIAL NEURAL NETWORK BASED ULTIMATE STRENGTH CALCULATION %%')
)

disp('%% (PLATE WITH PITTING CORROSION FOR BOTH EDGES) %%
disp('%% BY DUO OK, UNIVERSITY OF NEWCASTLE UPON TYNE %%")
disp('%% 2 NOVEMBER 2005 %%

(
(
(
(
( )
AliSp (%% Ve% % Yo% %o Yoo %o %Yo %Yo Yo% %o %o % Vo Yoo Yoo %o Yoo %% Vo %o %Yo %o %o Yoo %o %Yo %o %o %o %o')

disp('Ultimate strength of uncorroded plate (N/mm2)")
Sigma_0=254.82

disp('plate slenderness parameter')
x1=2.060

disp('Pit breadth ratio ( = pit breadth / plate breadth)')
x2=0.2

disp('Pit length ratio (= pit length / plate length)’)
x3=0.5

disp('Pit depth ratio (= pit depth / plate thickness)')
x4=0.25

xH=(2.0896*x1)-4.4912
xf2=(4.5000*x2)-0.8999
xf3=(1.7999*x3)-0.8999
xf4=(3.5999*x4)-0.8999

x=[xf1;xf2;x{3;xf4]

w1=[-0.3056 -0.7707 -1.0947 -0.6146
-0.1769 0.5681 -1.9262 0.5216
-0.1755 -0.9780 -1.0876 -0.0798
0.2109 1.1998 -0.4158 -0.8671];

w2=[0.9123 -0.6682 0.8597 0.5669];

b1=[1.5899; 1.1090; -0.0856; -0.4588];

b2=[0.7260];

X=[1:x];

Wi=[b1 wi];

W2=[b2 w2];

f=tanh(W2*[1;tanh(W1*X)])

X

W1

W2

Y=f

disp('Ultimate stength of Plate with Pitting Corrosion (N/mm2)')
Sigma_C=((Y+3.0658)/3.9658)*Sigma_O
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Appendix G: Macro Programs for Stress Intensity Factor (K)

Appendix G

Appendix G introduces useful ANSYS macro programs. The one is for automatic
creation of geometry, mesh details, symmetric boundary condition and applying loads

by simply input eight parameters as follows:

argl = material yield stress
arg2 = half of crack length
arg3 = half of plate breadth
argd = half of plate length

arg5 = number of mesh on cracked line

argb = number of mesh on uncracked line

arg7 = the radius of the first row of elements around the crack tip
arg8 = maximum applied load

The other is for automatic calculation of stress intensity factor (K) for centre cracked

plate by simply input six parameters as follows:

argl = crack tip node number

arg2 = second node number for crack path

arg3 = third node number for crack path

argd = fourth node number for crack path to define crack tip coordinate system
argd = fifth node number for crack path to define crack tip coordinate system
arg6b = sixth node number for crack path to define crack tip coordinate system
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Appendix G: Macro Programs for Stress Intensity Factor (K)

Il pl_ccrak.mac Revision(1.0)

Il Revision history : 1st create (4th August 2005)

Il Last modified : 4th August 2005
II'macro name : pl_ccrak.mac

11 Author : Duo Ok

m Marine Science & Technology
m University of Newcastle upon Tyne, UK
m du-o.ok@ncl.ac.uk / okduo8173@yahoo.co.uk

I/Com kkkkkkkkhkhhkhhhhkhkhhkhhhhkhhhhhhkhhhhhkhhkkhkhhhhhhhhkhhhhhkhhhkhkxkx

I/com Calculation of Stress Intensity Factor (K) for Centre Cracked Plate
I/com (Create Geometry & Apply Load - Non Linear)

I/com

I/Com kkkkkkkkhkhhkhhhkhkhkhhkhhkhhkhhhhkhhkhhhhhhhkhhkhhhhhhkhhkhhhhhkhhhkhkkkx

I/com

I/com Solid 82, Plane 82 model
I/com Boundary condition : symmetric condition for left & bottom line
l/com (1/4 Quarter model)

I/lcom ARGUMENTS
I/lcom

I/com arg1 : Yield stress (N/mm2)

l/com arg2 : half crack length = a (m)

I/com arg3 : plate half breadth = 0.5W (m)

l/com arg4 : plate half length = L/2 (m)

I/com arg5 : Number of mesh on cracked line

I/com arg6 : Number of mesh on uncracked line = (100-arg5)

I/com arg7 : The radius of the first row of elements around the crack tip (m)
I/com arg8 : Maximum applied load (MPa)

I/lcom

l/com
IllIElement type / solid 82
/PREP7

|*

ET,1,PLANES82
I*

KEYOPT,1,3,2
KEYOPT 1.5.0
KEYOPT 1.6.0

I*

Il Material property

I*

MPTEMP,,,,,,,,
MPTEMP,1,0
MPDATA,EX,1,,209000
MPDATA,PRXY,1,,0.3
TB,BISO,1,1,2,
TBTEMP,0
TBDATA,,arg1,,,,,
TBDE,BISO,1,,,
TB,BISO,1,1,2,
TBTEMP,0
TBDATA,,arg1,0,,,,

I Input keypoint
K,1,0,0,,

K,3,arg2,0,,
K,4,arg3,0,,
K.,5,arg3,arg4,,
K.,6,0,arg4,,
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Appendix G: Macro Programs for Stress Intensity Factor (K)

IllLine

L,1,3

L,4,3

L,54

L,5,6

L,6,1

IllLine numbering

I*

LPLOT

Il Line mesh

Il L5(Left)/L3(Right)
FLST,5,2,4,0RDE,2
FITEM,5,3
FITEM,5,5
CM,_Y,LINE

LSEL, ,, ,P51X
CM,_Y1,LINE
CMSEL,,_Y

I*

LESIZE, Y1,,,100,0.1,,, ,1
l*

Il L4(Top)
FLST,5,1,4,0RDE,1
FITEM,5,4

CM,_Y,LINE

LSEL,,, ,P51X
CM,_Y1,LINE

CMSEL,,_Y

I*

LESIZE, Y1,,,10,,,, 1

I*

II'L1(Bottom Cracked Line)
FLST,5,1,4,0RDE,1
FITEM,5,1

CM,_Y,LINE

LSEL,,, ,P51X
CM,_Y1,LINE

CMSEL,,_Y

I*

LESIZE,_Y1,, ,arg5,0.1,,, ,1
I*

II' L2 (Bottom Uncracked line)
FLST,5,1,4,0RDE,1
FITEM,5,2

CM,_Y,LINE

LSEL,,, ,P51X
CM,_Y1,LINE

CMSEL,,_Y

I*

LESIZE, Y1, , ,arg6,0.1,,, ,1

!*

/AUTO,1

/REP,FAST

Il Create the concentration keypoint
!*

KSCON,3,arg7,1,8,0,

Il Create area

/AUTO,1
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Appendix G: Macro Programs for Stress Intensity Factor (K)

/REP,FAST
A,1,3,4,5,6

Il Mesh
MSHKEY,0
CM,_Y,AREA
ASEL,,,, 1
CM,_Y1,AREA
CHKMSH,'AREA'
CMSEL,S, Y

I*

AMESH. Y1
I*

CMDELE,_Y
CMDELE,_Y1
CMDELE,_Y2

|*

Il Apply boundary condition
/AUTO,1
/REP,FAST

FINISH

/SOL
FLST,2,2,4,0RDE,2
FITEM,2,2
FITEM,2,5
DL,P51X, ,SYMM

I Apply Load
FLST,2,1,4,0RDE,1
FITEM,2,4

/GO

|*
SFL,P51X,PRES,arg8,
/SOL

ANTYPE,0
NLGEOM,1
NSUBST,10
OUTRES,ALL,1
AUTOTS,0

TIME,1

I Solving
/STATUS,SOLU
SOLVE
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Appendix G: Macro Programs for Stress Intensity Factor (K)

Il pl_kcal.mac Revision(1.0)

Il Revision history : 1st create (4th August 2005)

Il Last modified : 4th August 2005

II'macro name : pl_kcal.mac

N Author : Duo Ok

m Marine Science & Technology

m University of Newcastle upon Tyne, UK

m du-o.ok@ncl.ac.uk / ockduo@yahoo.co.kr

|

!/Com khkkkkkkkhkkkhkkkkkkkhkkkhkhkhhkhhkhkkkhkhkkhkkkhkkkhkkhkkhkkhkkhkkhkhkkkhkhkkhkkkkkkkkkk

I/com Calculation of Stress Intensity Factor (K) for Cracked Plate

I/com (Plane strain & Plane stress )

l/com

!/Com kkkkkkkkhkkkkhkkhkkkkhkkkhkhkhkhkhkhkkkhkhkkhkkkkkkkhkkhkkhkkhkhkhkkkhkkkkhkkkkkkkkk

l/com

I/com Solid 82, Plane 82 model

I/com Boundary condition : symmetric condition for left & bottom line

l/com (1/4 Quarter model)

l/com ARGUMENTS

l/com

I/com arg1 : Node number 1 for crack face path (crack tip node)

l/com arg2 : Node number 2 for crack face path

I/com arg3 : Node number 3 for crack face path

I/com arg4 : Node number 4 to define local crack tip coordinate system (crack tip node)
I/com arg5 : Node number 5 to define local crack tip coordinate system (crack tip right)
I/com arg6 : Node number 6 to define local crack tip coordinate system (crack tip up)

|/C0m kkkkkhkkhkhkhhhkhkhkhhkhhkhhhhhhhhkhhhhhkhhkhhkhhhhhhhhkhhhhhdhhhkhkkx

|/C0m kkkkkhkkhkhkhhhhkhkhhkhhkhhkhhhhhhkhhhhhkhhkhhkhhhhkhhkhhkhhhhhkhhhkhkkxkx

Il Post processing for K cal
Il Define crack face path
FINISH

/POSTA

FLST,2,3,1

FITEM,2,arg1 Il'arg1
FITEM,2,arg2 llarg2
FITEM,2,arg3 llarg3

I*

PATH.K1,3,30,20,
PPATH.P51X 1
PATH.STAT

|*

Il Define local crack tip coordinate system

!*

CS,11,0,arg4,arg5,arg6,1,1,

Il Activate the local crack tip coordinate system
CSYS, 11,

IIl To activate the crack tip coordinate system as results coordinate system
!*

RSYS,11

AVPRIN,0,0

AVRES,2

/EFACET,1

LAYER,O

FORCE, TOTAL

!*

Il Calculate K Factor (Plane strain)
KCALC,0,1,0,1
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Appendix H: Summary of Stress Intensity Factors (K) for Centre Cracked Plate

Appendix H

Appendix H is summarized the J-integral and crack tip opening displacement (CTOD)
values based on ANSYS fracture modelling for centre cracked plate under uniform
tensile loads (Mode I). The effects of three different material properties which has yield

stress of 235 N/mm*, 315 N/mm* and 355 N/mm® on stress intensity factors have been

investigated.

The comparisons between [rwin’s plastic zone correction and current finite element
fracture modelling results of the J-integral and CTOD values, which are converted to
relevant K values in plane strain in accordance with Eq.7.20 and Eq.7.23, are done in
order to find out the effects of different material yield stresses, crack sizes and applied

loads on J and CTOD values.

Total 300 cases of J and CTOD values based on finite element modelling results are
shown in the Appendix H, which are corresponding to material yield stresses of

235 N/mm*, 315 N/mm* and 355 N/mm*, and centre crack sizes from 50mm to 400mm

and applied tensile stress (o) ranges from 10 N/mm® to 100 N / mm” .
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Appendix H: Summary of Stress Intensity Factors (K) for Centre Cracked Plate

Stress Intensity factor (K) for Centre Cracked Plate (o, =235 N/mm’)

(o SY235 (Irwin’s plastic SY235 SY235
(MPa) 2a/W zone correction — K) (J Integral-K) (CTOD-K)
MPa~m MPa~m MPa~m
10 0.05 2.807 2.808 7.579
20 0.05 5.616 5.616 10.718
30 0.05 8.431 8.423 13.127
40 0.05 11.253 11.233 15.209
50 0.05 14.086 14.054 17.363
60 0.05 16.932 16.881 19.432
70 0.05 19.792 19.709 21.328
80 0.05 22.671 22.553 23.273
90 0.05 25.570 25.434 25.475
100 0.05 28.491 28.337 27.679
10 0.10 3.987 4.030 9.075
20 0.10 7.978 8.061 12.834
30 0.10 11.977 12.093 15.814
40 0.10 15.987 16.135 18.800
50 0.10 20.012 20.181 21.513
60 0.10 24.055 24.235 24.177
70 0.10 28.120 28.320 27.163
80 0.10 32.211 32.427 30.163
90 0.10 36.332 36.572 33.319
100 0.10 40.485 40.759 36.584
10 0.20 5.743 5.935 11.020
20 0.20 11.492 11.871 15.631
30 0.20 17.252 17.817 19.934
40 0.20 23.030 23.767 23.733
50 0.20 28.831 29.744 27.896
60 0.20 34.661 35.748 32.160
70 0.20 40.525 41.790 36.582
80 0.20 46.430 47.892 41.232
90 0.20 52.380 54.071 46.089
100 0.20 58.381 60.353 51.156
10 0.30 7.260 7.735 12.585
20 0.30 14.530 15.476 18.273
30 0.30 21.815 23.225 23.387
40 0.30 29.126 31.001 28.657
50 0.30 36.470 38.815 34.170
60 0.30 43.855 46.683 39.922
70 0.30 51.289 54.633 45.964
80 0.30 58.781 62.704 52.310
90 0.30 66.338 70.945 59.035
100 0.30 73.968 79.424 66.183
10 0.40 8.792 9.681 14.074
20 0.40 17.597 19.371 20.914
30 0.40 26.425 29.081 27.232
40 0.40 35.289 38.840 34.029
50 0.40 44.199 48.669 41.176
60 0.40 53.168 58.608 48.676
70 0.40 62.207 68.718 56.598
80 0.40 71.327 79.081 65.050
90 0.40 80.539 89.829 74.120
100 0.40 89.854 101.174 84.081
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Appendix H: Summary of Stress Intensity Factors (K) for Centre Cracked Plate

Stress Intensity factor (K) for Centre Cracked Plate (o, =315 N/mm*)

(o SY315 (Irwin’s plastic SY315 SY315
(MPa) 2a/W zone correction — K) (J Integral-K) (CTOD-K)
MPa~m MPa~m MPa~m
10 0.05 2.807 2.087 8.774
20 0.05 5.618 5.614 12.409
30 0.05 8.439 8.420 15.198
40 0.05 11.272 11.227 17.549
50 0.05 14.122 14.034 19.622
60 0.05 16.993 16.851 21.791
70 0.05 19.890 19.674 23.931
80 0.05 22.816 22.499 25.968
90 0.05 25.776 25.325 27.885
100 0.05 28.773 28.154 29.726
10 0.10 3.988 4.030 10.507
20 0.10 7.982 8.061 14.859
30 0.10 11.988 12.091 18.198
40 0.10 16.013 16.123 21.133
50 0.10 20.063 20.165 24.154
60 0.10 24.144 24.209 26.988
70 0.10 28.262 28.256 29.624
80 0.10 32.422 32.313 32.305
90 0.10 36.630 36.393 35.264
100 0.10 40.893 40.489 38.233
10 0.20 5.743 5.935 12.759
20 0.20 11.497 11.871 18.043
30 0.20 17.270 17.809 22.367
40 0.20 23.071 23.756 26.631
50 0.20 28.912 29.705 30.479
60 0.20 34.800 35.668 34.428
70 0.20 40.746 41.653 38.631
80 0.20 46.757 47.660 42.905
90 0.20 52.845 53.696 47.316
100 0.20 59.016 59.753 51.853
10 0.30 7.261 7.735 14.571
20 0.30 14.537 15.471 20.624
30 0.30 21.840 23.217 26.251
40 0.30 29.185 30.967 31.234
50 0.30 36.585 38.737 36.439
60 0.30 44.054 46.534 41.883
70 0.30 51.604 54.363 47.459
80 0.30 59.249 62.236 53.241
90 0.30 67.002 70.173 59.255
100 0.30 74.874 78.186 65.452
10 0.40 8.794 9.681 16.294
20 0.40 17.608 19.365 23.452
30 0.40 26.461 29.061 30.032
40 0.40 35.373 38.774 36.355
50 0.40 44.363 48.524 43.109
60 0.40 53.450 58.318 50.080
70 0.40 62.653 68.182 57.373
80 0.40 71.989 78.131 64.876
90 0.40 81.477 88.208 72.723
100 0.40 91.135 98.449 80.947
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Appendix H: Summary of Stress Intensity Factors (K) for Centre Cracked Plate

Stress Intensity factor (K) for Centre Cracked Plate (o, =355 N/mm*)

(o SY355 (Irwin’s plastic SY355 SY355
(MPa) 2a/W zone correction — K) (J Integral-K) (CTOD-K)
MPa~m MPa~m MPa~m
10 0.05 2.807 2.807 9.315
20 0.05 5.617 5.614 13.173
30 0.05 8.435 8.420 16.134
40 0.05 11.262 11.227 18.630
50 0.05 14.103 14.034 20.829
60 0.05 16.961 16.843 22.882
70 0.05 19.838 19.662 25.074
80 0.05 22.739 22.486 27.204
90 0.05 25.667 25.311 29.234
100 0.05 28.624 28.137 31.159
10 0.10 3.987 4.030 11.154
20 0.10 7.980 8.061 15.775
30 0.10 11.982 12.091 19.319
40 0.10 15.999 16.121 22.308
50 0.10 20.036 20.159 25.318
60 0.10 24.097 24.202 28.294
70 0.10 28.187 28.247 31.055
80 0.10 32.310 32.293 33.673
90 0.10 36.472 36.351 36.361
100 0.10 40.677 40.431 39.320
10 0.20 5.743 5.935 13.544
20 0.20 11.494 11.871 19.155
30 0.20 17.260 17.807 23.517
40 0.20 23.049 23.752 27.922
50 0.20 28.869 29.699 31.923
60 0.20 34.726 35.650 35.688
70 0.20 40.629 41.621 39.804
80 0.20 46.584 47.608 43.995
90 0.20 52.599 53.615 48.279
100 0.20 58.681 59.649 52.680
10 0.30 7.261 7.735 15.468
20 0.30 14.533 15.471 21.875
30 0.30 21.827 23.214 27.514
40 0.30 29.154 30.962 32.734
50 0.30 36.524 38.717 37.647
60 0.30 43.949 46.499 43.043
70 0.30 51.438 54.302 48.493
80 0.30 59.002 62.137 54.108
90 0.30 66.651 70.013 59.902
100 0.30 74.395 77.943 65.894
10 0.40 8.793 9.681 17.298
20 0.40 17.602 19.363 24.637
30 0.40 26.442 29.057 31.457
40 0.40 35.328 38.757 37.585
50 0.40 44.276 48.490 44.270
60 0.40 53.301 58.254 51.074
70 0.40 62.417 68.063 58.121
80 0.40 71.639 77.939 65.462
90 0.40 80.981 87.891 72.980
100 0.40 90.458 97.957 80.798
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Appendix H: Summary of Stress Intensity Factors (K) for Centre Cracked Plate
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