u

University of
Stavanger

Faculty of Science and Technology

MASTER’S THESIS

Study program/ Specialization:
Spring semester, 2013
Department of Mechanical and Structural Engineering
And Materials Science

Open / Restricted-aceess

Specialization in Offshore Structural Engineering

Writer:
Redion Kajolli

(Writer’s signature)

Faculty supervisor:

Title of thesis:

A new approach for estimating fatigue life in offshore steel structures

Credits (ECTS):
30

Key words:
Pages: ...l
Damage indicator based model
Sequential law + Enclosure: ............
Full range S-N curve

FEM-employed dynamic time history analysis
Stress-history evaluation Stavanger,

Fatigue life estimation Date/year







ABSTRACT

Miner’s rule is generally accepted as the fatigue criteria for life estimation of existing offshore
steel structures. Similarly, it has always been acknowledged as a simplification that is easy to
use in design where detailed loading history is unknown. But in the case of existing structures
where the detailed loading history is known, Miner’s rule might provide incorrect results
because of its omission of load sequence effect. Recently, a new damage indicator-based
sequential law has been proposed to capture the load sequence effect more precisely.
However, application of this sequential law to estimate the remaining fatigue life of existing
steel structures has not been properly studied. The objective of this study is to estimate the
remaining fatigue life of an offshore structure using the sequential law, and introduces a new
approach to estimate remaining fatigue life. This approach is specially based on combination
of real stress histories, sequential law and fully known Woéhler curves. The obtained fatigue
life is compared and conclusions are drawn.
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]_ Introduction

1.1 Background

The demand for exploration and production of oil and gas has grown ever since the early
offshore activities began in the North Sea in the 1960’s. The first steel structures to operate in
the North Sea were transferred from the Gulf of Mexico, where exploration and production
activities had been on-going since the 1930’s. Shortly after, it became clear that these
structures were not adequate when operating in more severe weather conditions such as in the
North Sea [1][2].

One of the phenomena that are very likely to occur in any type of offshore structures is
fatigue. This phenomenon occurs in all type of structures and structural details subjected to
fluctuating loads, causing time-varying stresses in the structure. The nature of this
phenomenon was first discovered prior to 1850, where railway axels were failing without any
obvious cause. The understanding of fatigue was brought a big step forward by Woéhler’s
studies in the 1850’s and has ever since been “rediscovered” for various types of structures

[1].

Offshore structures of all types are subjected to environmental loads, occurring in the form of
wind, waves, currents and earthquakes, all acting simultaneously. These loads are referred to
as cyclic (or repetitive) loads, which during a long period of time can cause significant
amount of fatigue damage. Fatigue cracks are therefore likely to evolve as a result of
structures being subjected to environmental loads. Among these, waves and earthquakes are
considered to be the most important sources of structural excitations. In spite of this,
earthquake loads are only taken into consideration when assessing offshore structures close to
or in tectonic fields. Wind loads represent a contribution of ~ 5% of the environmental
loading, while currents are often of unimportance due to the nature of their frequency - which
is not sufficient to excite the considerable bigger structures [12]. However, currents remain an
important factor when assessing stability of subsea equipment [18].

It is said that we are able to learn more from failures than success; just over 33 years ago a
fatal accident took place on the Alexander L. Kielland platform located in the North Sea.
Literature studies prove that the predominant reason for the accident was failure of a brace
due to fatigue cracking followed by unstable fracture. The failure of this brace led to a chain
effect, causing the other supporting braces in the same column to fail as well. Loss of the
column led to flooding and Alexander L. Kielland along with the 212 men on board capsized
in the North Sea [1], leading to the loss of 123 human lives.

The term fatigue is not something that one comes across on the daily basis, but remains of
major importance in terms of structural health monitoring.
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1.2 Objective

The objective of this study is to introduce the application of the damage indicator-based
sequential law to fatigue assessment of offshore structures and assess the validity of the
proposed theorem, and to some extent present a new approach for fatigue life estimation. This
new approach consists mainly of a new damage-indicator based sequential law that is in
previous studies and research proven to capture the loading sequence in variable amplitude
loading. Previous research is performed on railway bridges, which have been subjected to
railway traffic from the first ever steam-powered locomotives to the modern day electricity-
powered: representing a somewhat decreasing loading amplitude. However, the fatigue
assessment in this study is based on a deterministic approach, where only the wave actions are
taken account for.

1.3 Content

The starting point of this study is the introduction and theoretical appraisal of hydrodynamic
load assessment presented in chapter 2. This chapter briefly introduces the main principles in
hydrostatics, hydrodynamics and linear wave theory. Hydrodynamic loads are calculated in
reference with design codes mainly provided by Det Norske Veritas. The final section of this
chapter introduces a case definition. This case definition is based on a deterministic approach.

Chapter 3 briefly presents the basics and the procedure for design and analysis of the structure
under consideration. A FEM-employed dynamic time history analysis is conducted. Critical
members are identified. The main objective in this chapter is to obtain time-history outputs for
the critical members.

The following chapter covers basic the fatigue mechanisms, characteristics and fatigue life
estimation of critical structural components of a steel jacket. Fatigue life estimation is based
on code given S-N curves and the acknowledged Palmgren-Miner hypothesis. Another
important point at issue is stress-history evaluation.

Chapter 5 proposes a new approach for fatigue life estimation of offshore steel structures. A
new damage indicator-based sequential law is presented. Verification of this theory is proved
by applying and comparing the proposed theory against experimental data. Fatigue life
estimations of fatigue governing members are carried out.

Results and advantages of this new approach are discussed in chapter 6. The following
chapter provides a conclusion, while chapter 7 presents some thoughts on further work.

C A new approach for estimating fatigue life in offshore steel structures




1

e

Symbols

M e OIS T T N~

Oy

Ao

log a

Wave length

Wave period

Wave height

Significant wave height

External force per unit volume element
Unit force in the x-direction

Unit force in the y-direction

Unit force in the z-direction

Density of sea water

Potential function

Free surface

Wave amplitude

Yield strength

Ultimate tensile strength

Stress range

Number of cycles until failure for stress range Ao
The negative inverse slope of S-N curve
The intercept of log N-axis
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2 Hydrodynamic loads

2.1 Introduction

This chapter covers hydrostatics, hydrodynamics and linear wave theory, which is the core
theory of ocean surface waves used in ocean and coastal engineering. This theory takes
advantages of the linearized boundary conditions, where waves are considered as regular
waves with sinusoidal shape. In reality there is no such thing as a regular sea state because
waves come in all shapes with different heights and periods.

Hydromechanics of slender cylinders is also implemented. All types of offshore structures
other than large floating bodies consist of slender cylinders. A slender cylinder is defined as a
cylinder of such geometry, which allows the diameter to be small in comparison with the
wavelength. Examples of such cylinders are legs and braces of an offshore structure. It could
also be some type of subsea pipeline and umbilical cable. Derivation of the fundamental
theory in hydrostatics and hydromechanics is done in reference with Marine Technology and
Design [8].

DNV provides recommended practice for assessing the sea state and converting of the ocean
characteristics to hydrodynamic loads affecting offshore structures.

2.2 Linear wave theory

If we were to divide the wave conditions in a sea state, we would divide them in two classes:
e Wind sea
e Swell sea

Wind sea is described as waves generated from local fetching winds, while swell sea is long
period waves generated by distant storms.

We have previously mentioned that the simplest wave theory is obtained by considering the
wave height to be much smaller than both the wavelength and the water depth. This wave
theory is approved when assessing swell sea, and is referred to as linear wave theory,
sinusoidal wave theory or Airy theory [4]. Based on this theory, the sea state is considered to
be consisting of regular waves propagating with a permanent form. Each wave has a distinct
wavelength A, wave period T, and wave height H.
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2.3 Hydrostatics

Hydrostatics is described as the theory of fluid, which is not in motion. This theory describes
the properties of fluid and the activities inside the fluid. External force per unit volume
element is derived by considering equilibrium of a water volume element, and expressed by
Figure 2-1 gives a visualization of the water volume element.

N

dz

/

Figure 2-1: Water volume element

F=(fefyf) Fa- 21

2.3.1 Cross-sectional x-direction

Based on Newton’s third law of motion, for a static condition, the sum of all forces equals to
zero. Hence, the sum of all forces on the element in the x-direction should be equal to zero.

Z

aP
dz E, P+ —dx
dx

ly
WV

dx

Figure 2-2: Forces in x-direction
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The unit force acting on the element in the x-direction is thus derived and obtained from Eq.

2-2.
Eq. 2-2

opP
P*dz*dy+fxdz*dy*dz—(P+adx)dy*dz=0

opP
&dz*dy*dz—(adx)dy*dz=0

0P _ o, _ 0P
fomom=0=>fi=—

2.3.2 Cross-sectional y-direction

By applying the same theory and the same principles, the unit force in y-direction is derived
to be the same as in x-direction. The unit force acting on the element in y-direction is

expressed by Eq. 2-3.

/N Z
/N Fz
d
P dz E P+ —dx
—> > — 0
A\"AN
L
Figure 2-3: Forces in y-direction
opP apP
fy - — =0 fy - Eq. 2-3
dy dy
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2.3.3 C(Cross-sectional z-direction

N Z
P+ op d
dz d
N
oz JON
—F,
Y
dx

Figure 2-4: Forces in z-direction

The unit force acting on the element in the z-direction is derived by Eq. 2-4

opP opP Eq. 2-4
—_—_—= 0 = = —
f2 0z > Je 0z

Applying Newton’s second law of motion, we derive the following:
F:m*a:-m*gz_p*v*gz_p*g Eq. 2-5

Using the fact that pressure change is only depending on the altitude in z-direction, the
fundamental hydrostatic equations are summarized by Eq. 2-6.

(0P B _ 0
ox fx =
AP =F={—=f,=0 ¢
4 % fy
oP
i fz =—pg

In order to get a better understanding of these equations and their relation to the space they act
in, they are expressed by vector notation.

> Eq. 2-7

By integrating and assuming constant density (in water or oil fluids), the pressure at a given
point in z-direction is as derived in Eq. 2-8.

dP Eq. 2-8
— = C q-
57 pgz +

Where C = p, is the atmospheric pressure at the sea surface z,.
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2.4 Hydrodynamics
The objective of studying the sea state is describing the forces acting on an offshore structure.
It is of the essence that acceleration and velocity of a water particle is closely studied as these

properties determine the force acting on the structure [8]. This section covers mass movement
through a volume element of water, and the derivation of elementary, but important principles

in hydrodynamics.

2.4.1 Continuity of mass

One of the most important physical principles when assessing hydrodynamics is continuity of
mass, which requires that the net mass flow into an element (dV = dxdydz) equals to the
mass increase of the element.

Mass flow = density = velocity of flow Eq.2-9

Where velocity of flow is expressed in vector notation
U=ul+vj+wk

/\Z

0
T ow + 3% (pw)dz

d
d
pu ZE %L—F a (pu]dx

A X
w U \
< I
17 dx T
pw

Figure 2-5: Mass flow into the element

Net mass flow into the volume element during a period of time d¢, is found by summing up
the mass flow in each plane (x, y, z).

0
1(pu) — (pu + I (pu)dx)} dy * dz * dt

( 0
+1(pv) — (pv + 9y (pv)dy)} dx * dz = dt

( 0
+1(pw) — (pw + EP (pw)dz)} dx * dy = dt
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Continuity of flow is derived and expressed by Eq. 2-10.

0 0 4 ap Eq. 2-10
- {a (pu) + @ (pv) + E (,DW)} dvdt = E avdt
Where mass increase during a time dt, is given by:
d dp Eq.2-11
— (padV)dt —dvdt
a¢ (PAVIdL = 5,

This gives us the continuity equation:

P+ 9 o)+ (o) + L (ow) = 0
ot T ax P Ty WY T W =

Eq.2-12

Furthermore, the continuity equation is simplified and the continuity equation for mass is
finally obtained and expressed by Eq. 2-13.

6p+6p +6p +6p N (6u+6v+aw> _0
ot Tax" "oyt Tz T Pox Tay T az) T

<6+8 +6 +6 ) N <6u+6v+OW)_0
ot " ox " oy Taz" )P TP\ax T oy T az) T

Dp (au N dv N OW) _ 0

bt P\oax Ty T oz -
Dp - Eq.2-13
— VU =0
Dt P

Where % is the total differential operator, representing the change in time for a particle in rest
— while the second term represents the particle’s movement [8].

Based on the constant density of the fluid, it is ideal that the fluid is labelled incompressible,
thus leading to the following:

dp dp dp 0dp
ot odx dy 0z

D
e _,

Dt
Furthermore, the equation for mass flow follows, and proves the fluid to be incompressible.
This is one of the three fundamental assumptions made when taking advantage of linearized
boundary conditions where waves are considered regular of sinusoidal shape.

- Ou OJdv OJw
V-U= ™ + @ + i 0 (Incompressible) Eq.2-14
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2.4.2 Non-rotational flow

Another physical principle when assessing hydrodynamics is considering the water to be an
ideal fluid where no shear forces occur between the particles, or in other terms consider the
fluid to have a frictionless flow [8].

NZ du

ﬁ

X

Figure 2-6: Element deformation

Based on the assumption of non-rotational flow, the rotation of a water particle around its
COG should be equal to zero. Figure 2-6 shows that the water particle elements deform, but
they do not rotate. Using this assumption, we set up the following mathematical relations:

tana = —tanf = tana +tanff =0 Eg.2-15
¢ _ dW_ awdt
ana = T = 7
) _du_audt
an'g_dz_az
(]
ou 6W_
Jdz Ox

Similarly, the following relations go for the y-z and x-y plane, respectively.

Jdv Jdw B
dz dy
v Jdu

— — =0
dx Ody
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Considering the cross product of V and U we hence prove the water to be an ideal fluid with
no shear forces between the water particles.

T ]k

vxU=[9 9 9|=70(Non - rotational) £q. 2-16
dx dy 0z
U vow

2.4.3 Velocity of water particles

Given that the right conditions are present, where the fluid flow is incompressible and non-
rotational, a potential function ¢ exists, such that the partial derivatives of this function with
respect to the directions (X, y, z), give the velocities in each of these directions. If such a
function exists, it is referred to as the velocity potential [8].

p=oxyzt) Eq.2-17

= %0 = 9% = 09 Eq. 2-18
u=—, v=— WwW=—-—
0x ay 0z
d 0 Ao~

V‘P:_go?‘}‘ _¢?+—¢k: U Eq. 2-19

0x dy 0z

Further, using the fact that the fluid is incompressible, the equation for the potential flow is
obtained and expressed by the partial differential Eq. 2-20.

V-U=0
U
6u+6v+aw _0
dx Jdy 0z B

a (0 d (0 a (0
2(20), 2 (%), 2 (%) _,
Jdx \0x dy\ody/ 0z\oz

da (0 d (0 d (0
220y, 2 (29), 2 (%)
Jdx \0x dy\ody/ 0z\oz
%@ 3¢ 0@

a2 dy?2 Tz =0

V2o = 0 Eq.2-20

Notice that for a real sea state the equation obtained covers a 3-dimentional plane. For a
design case where the sea state is considered regular, with waves of sinusoidal shapes, the
equation covers a 2-dimentional plane.

29 % £q. 221
0x2  0z2
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2.4.4 Boundary conditions

Partial differential equations may have different solutions. We search for a solution of a
simple type, expressed by a sinusoidal shape. In order to solve the Laplace equation V2 = 0
we need to set some boundary conditions. These boundary conditions are set from physical
principles.

2.4.4.1 Bottom condition

Considering a flat bottom, where the z-direction is expressed by the water depth d, we come
to the conclusion that no water can flow through the bottom [8]. Hence, the vertical velocity
at the bottom is equal to zero.

_ a_‘P —0 Eq.2-22

w =
0z z=—d

2.4.4.2 Wall condition

- No water can flow through a wall. This principle leads to the fact that the horizontal velocity
at a given distance x = g, is equal to zero.

_ a_‘ﬂ —0 Eq.2-23

u =
0xly=q

2.4.4.3 Kinematic surface condition

Let £ = &(x,t) denote the free surface of a wave. When assessing waves at the surface we
assume that no water can flow through the surface. Water particles at the free surface will
remain at the surface [8]. Based on this condition the vertical velocity at the surface is as
follows:

_ Oy _ 08 a¢ Eq.2-24

w=—-— = — u—

0z z=E(x,t) at ox
The equation obtained contains a non-linear term, and in order to find the velocity in vertical
direction we need to know the velocity in horizontal direction. This non-linear term is
linearized and the velocity w, at the surface is set to be equal to the velocity at the still water
level (where z = 0). This approximation is approved when assuming linearized surface
condition [8].

_O¢ _ % Eq. 2-25
Sw=— =—
0zl,-o Ot
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2.4.4.4 Dynamical boundary condition

A form of the Bernoulli equation which is valid for incompressible fluid, states that the
pressure at the free surface is constant and equal to the atmospheric pressure [8]. The pressure
variation in such a fluid is described by Eq. 2-26.

P+ +a¢+1(2+ D =C(t

Eq. 2-26

Where right hand side of the equation is equal to an arbitrary constant and is considered to be
of less importance. This constant is set to be C(t) = %’

Further, based on the theory stated above, we set the pressure at the free surface to be equal to
the atmospheric pressure (z = é(x,t); P = P,).

d 1
g-§+—(p +§-(u2+w2)
Z=

— 0 Eq. 2-27
z=¢&

Furthermore, the free surface is set to be equal to the still water level (z = 0), and by
linearizing the non-linear term we are left with the following equation:

1 dop
=0 = f=———
z=0 9 ot

g
g f+§

Eq. 2-28

z=0

This is an approved approximation because of the fact that the wave deviation from z = 0 to
z = £ is considered to be relative small in comparison to the wavelength. This is considered
to be the best first order approximation available when assessing a “linear” sea state
consisting of sinusoidal shape [8].
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2.4.5 Solution of the two-dimensional Laplace equation

By implementing the boundary conditions stated in section 2.4.4, the following equation is

obtained:
o9 =§=i(_l.3_‘ﬁ ) Eq. 2-29
otl,., 0t at\ g atl,_,
U
0*p dg Eq. 2-30
a2 9 5,70

Given the derived boundary conditions, we can now solve the two dimensional Laplace
equation.
02 02
Vip = L
0x?  0z?
—00 <x<0;-d<z<¢

A solution ¢ = ¢(x,z,t), is found by separating variables and introducing the following
functions

X(x) = A-sinkx + B - sinkx
Z(z) = C-ek? + D-e7 ¥z
T(t) =E-sinwt+F-coswt # 0
U
2 d*Z
WZ(Z) -T(t) +ﬁX(x) -T(t)
x4z
axz _ _ dz?
X(x) Z(z)

The variables are now separated and must be equal to a constant (—k)2. The constant has a

negative value because we want to define the wave direction as positive and moving along the
x-axis [8].

—de +k%-X(x) =0
. x =
dx?
2
—— +k*-Z(2) =0
177 (2)
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We can now set up an expression for the potential function.

¢=¢kzt)=Xx)Z(2) T

@ =[A-sinkx + B -coskx] +[C-e** + D-e %] - T(t)

Finally, after taking use of the boundary conditions, the velocity potential is obtained and
expressed by Eq. 2-31. We are now able to obtain the particle velocities and accelerations and
can further obtain the hydrodynamic loads acting on an offshore structure.

¢0'g coshk(z+d)
W cosh(kd)

Eq.2-31

¢ =(xzt)= - cos(wt — kx)

2.4.6 Water depth definition

We divide the water depth into shallow and deep water and the expression for the velocity
potential will vary depending on the “water-depth” situation. Each of these situations are
depending on the relation between the depth d, and the wavelength A, and are defined in
Table 1.

Table 1: Water depth definition

Shallow water d> %
d 1

Deep water _> —
P 1”20

When considering a deep-water situation, we take use of the mathematical relation formulated
in Eq. 2-32. Thereafter, the velocity potential for a deep-water situation is expressed by Eq.
2-33.

coshk(z+d) ek*d) okz Eq.2-32
cosh(kd) ~ ekd
Pdeep = (x,z,t) = E()Tg ekz . cos(wt — kx) Eq. 2-33

Further, the velocity potential for a shallow water situation is given by Eq. 2-34.

$0° g Eq.2-34

Osnatiow = (X,2,t) = - cos(wt — kx)
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2.4.7 Water particle velocities and acceleration
2.4.7.1 Horizontal direction

The horizontal flow velocity is obtained by taking the derivative of the velocity potential with
respect to the direction. The horizontal flow acceleration is obtained by taking the derivative
of the velocity with respect to time.

0p &gk coshk(z+d) B 235
u 0x W cosh(kd) sin(e *)
0 gk -
Udeep = (pad;e” _ % j k2 - sin(wt — kx) Fa-2-36
Eq. 2-37

d gk
_ Pshallow — 50 (f . sin(wt _ kx)

Ushallow = Ox

Notice that the horizontal velocity has the same function as the surface profile
& = &y sin(wt — kx), and has its maximum at the wave crests when sin(wt — kx) = 1.

The horizontal flow acceleration is obtained by taking the derivative of the velocity with
respect to time
ou coshk(z+ d)

. Eq. 2-38
= =& gk — 7
u ot $0°9 cosh(kd)

- cos(wt — kx)

2.4.7.2 Vertical direction
The velocities and acceleration in vertical direction are given by the following set of
equations (Eq. 2-39 - Eq. 2-42).

_ 09 _$o-g k sinhk(z+d) Eq. 2-39

w = - cos(wt — kx
0z ) cosh(kd) ( )
d gk Eq. 240
Waeep = (padeep = o j)] - e*% - cos(wt — kx) q
Z
OPshatiow  $0° 9" k? Eq. 2-41
Wshallow =~ 5~ = - (z + d) cos(wt — kx)
ow sinhk(z + d) Eq. 2-42
W=—=— g k-—— - sin(wt — kx 4
ot $0°9 cosh(kd) ( )
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2.5 Wave loads on slender members

The hydrodynamic forces acting on a slender structure in general fluid is estimated by
summing up all the sectional forces acting on each section of the structure. The force acting
on a section is decomposed in a normal force fy, a tangential force f;-, and in some cases a lift
force f;, as shown in Figure 2-7 [3].

Figure 2-7: Forces acting on a slender member, ref. [3].

A submerged cylinder is subjected to a combination of velocities and accelerations caused by
the water particles. For a situation where the structural member cross-section is significantly
smaller than the wavelength, the wave loads may be calculated using Morison’s formula [4].
Morison’s load formula is applicable when the following conditions are satisfied:

e When we have a situation of a non-breaking wave (% < 0.14).

e When the acceleration over the diameter of the structure is constant;
The diameter is small compared to the wavelength (1 > 5D).

e When the displacement of the cylinder is restricted (% < 0.2).

If these conditions are satisfied, Morison’s load formula states that the wave loads are a sum
of the inertia force, which is proportional to the acceleration, and a drag force, which is
proportional to the square of the velocity [4].
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2.5.1 Normal force on a fixed structure in waves

Given that the Morison’s load formula is applicable, the normal force on a fixed slender
member in a two-dimensional flow normal to the member is in reference with DNV-RP-C205
given by:

fu@®=p-A+C)-A-u+(/2-p-Cp-D-u-lul) £a-2-43

Where the first term takes account for the inertia force, while the second term is an expression
for the drag force. The total force acting on the entire cylinder is expressed by Eq. 2-44.

surface 3

¢
F(t) = f f(z,t)dz = ffM(z, t)ydz + ffD (z,t)dz
~d “d “d

Eq. 2-44

The horizontal flow velocity is largest under the wave crest; hence we integrate from the wave
amplitude ¢, all the way down to the sea bottom —d.

Given the fact that the acceleration under the crest top is equal to zero (. = 0), causes the
inertia force under the crest top to be zero, and the total force is hence:

o
Hﬂ=]b&ﬁﬂ
Zd

Eq. 2-45

Further, when the wave crosses the mean water level (z = 0), the horizontal flow velocity is
then equal to zero (u = 0), which results the drag force to be equal to zero (fp(z,t) = 0). The
total force acting on the cylinder is hence:

Eq. 2-46

mw=fm&ﬁw
Zd
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2.5.2 Hydrodynamic coefficients for normal flow

When calculating the hydrodynamic loads on a structure based on Morison’s load formula,
one should take account for the variation of the drag- and mass coefficient. These coefficients
are depending on the Reynolds number, the Keulegan-Carpenter number and the surface
roughness of the structure [4]. The hydrodynamic coefficients are based on experimental data
and the relation between these coefficients and the governing parameters are as follows:

CD = CD (Rel KC'A)
Cs = C4(Re, K, D)

2.5.2.1 Reynolds number

The Reynolds number is a dimensionless parameter depending on the flow velocity, the cross-
sectional diameter of the structure, and on the viscosity of the water.

~uD  u(D +2ty)
ey v

As guidance for determining the surface roughness of the structure, DNV recommends that
the values in Table 2 be used.

Material k (meters)
Steel, new uncoated 5-107°
Steel, painted 5-10°°
Steel, highly corroded 3-1073
Concrete 3-1073
Marine growth 5-1073 — 5-1072

Table 2: Surface roughness, ref. [4].

If no specific site information is present for the case under consideration, one shall assume
that marine growth might occur. Further, the marine thickness is in reference with NORSOK-
NO0O03 estimated from the values in Table 3. The effect of marine growth must be considered
when determining the effective diameter for the member under consideration.

Table 3: Marine thickness estimation, ref. [6].

56 — 69°N 59 — 72°N Marine growth
density (kg/m?®)
Water depth (m) Thickness (mm) Thickness (mm)
+2 —40 100 60 1325
Below 40 50 30
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In reference with DNV-RP-C205, for high Reynolds numbers - the dependence of the drag
coefficient on roughness parameter is to be taken as:

0,65 : A<107*
Cps(8) = (29 + 4log14(2))/20 : 107* <A< 1072
1.05 : A> 1072

Where A= k
D

Further, the drag coefficient is expressed by Eq. 2-47.

Cp = Cps(D) - Y(K¢) Eq. 2-47
Where (K ) takes account for the wake amplification factor.

Furthermore, the wake amplification factor for different K.-numbers is to be taken as [4]:

C,+0,1- (Ko —12) 2 <K, <12
W(K) ={ Cp—1 0,75 < K, <2
C—1—-2(K;—0,75) Otherwise

Where Cj; is:

C; =150 —0,024-( —10)

Cps(d)

2.5.2.2 Keulegan-Carpenter number

The Keulegan-Carpenter number is a non-dimensional parameter depending on the wave
height (H), and the cross-sectional diameter of the structure (D). For sinusoidal flow, the K-
number is obtained by the following equation:

2T -
k= 2%
D + 2t,,

The magnitude of the Keulegan-Carpenter number says something about the relation between
the drag and inertia term, when determining the hydrodynamic loads based on the Morison’s
load formula. Based on this we compute whether the drag or inertia term is dominating, or if
both terms should be taken into account. All these three different load cases are defined in
Table 4.

Table 4: Drag vs. inertia dominance

Inertia dominance K. < 3
Drag term is linearized 3<K. <15
The full Morison shall be used 15 < K. <45
Drag dominance K. > 45
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The drag term included in the Morison Load Formula is 90° out of phase with inertia term.
This is because the drag term is depending on the velocity while the inertia term is depending
on the acceleration of the flow. One tries to avoid using the complete Morison equation unless
it is absolutely necessary. A simple way of doing this is by studying the K.-number for the
case under consideration and if possible, neglecting either the drag or inertia term.

As previously mentioned, the Keulegan Carpenter number and the roughness of the material
will have an impact on the mass coefficient for the case under consideration.

The added mass coefficients for smooth and rough structures for large values of K. -number
are in reference with DNV-RP-205 given as:

_ 0,6 Smooth cylinders

Ca= 0,2  Rough cylinders

Further, for small values of K. (K. < 3), the added mass coefficient can be taken as C, = 1
for both rough and smooth cylinders.

Furthermore, for K. >3, the added mass coefficient is found from the following formula:

1—0,044(K, — 3)

C4 = max {0,6 — (Cps(A) — 0,65)

The mass coefficient is then defined as

Cy=1+C, Eq. 2-48

Figure 2-8 shows the relation between the added mass and the Keulegan-Carpenter number
for both rough and smooth cylinders.

1.0
08 \
0.8

0.4 T

Ca

0z T S e Uy S

0.0 T T T T T T T + T +
o & 10 15 20 25 30 35 40 45 50 55 GO
Ke

Figure 2-8: Added mass coefficient vs. KC-number, ref. [4].
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2.0 Case definition

This section covers the transformation of the hydrodynamic loads derived in section 2.5 into
time history functions, which are to be assigned to the jacket platform legs. Emphasis is put
on hydrodynamics and structural dynamics. It is of the essence that one is able to distinguish
the presented approach, from the design of offshore steel structures. The design of offshore
steel structures is based on wave statistics and a probabilistic methodology where one has to
take account for the random nature of the environmental loads [10].

2.6.1 Wave simulation

The idea is to simulate different waves and assign these waves to the jacket platform modelled
in Chapter 3. Three waves of different wave heights are chosen in reference with a scatter
diagram valid for locations in the Northern North Sea. Further, the chosen waves are
simulated and assumed to be consecutively generated during the course of one day. Figure 2-9
shows the selected waves, their corresponding heights and peak periods. Notice how the wave
height is labelled as significant wave height while the period is labelled as peak period. The
significant wave height H; is defined as the average height of the highest one third waves in a
short term record length. The peak period T, is the wave period at which the wave energy
spectrum has its maximum value. In a short-term storm duration, or short term wave
conditions, the sea state is assumed to be stationary for an interval of 20 minutes up to 3- or 6-
hours [4][10]. Furthermore, for a storm duration of 3 hours, the wave loads acting on the
jacket platform leg are to be calculated from the maximum wave height H,,, .

Experimental data show that for a 3-hour storm duration, the maximum wave height is to be
taken from Eq. 2-49 [9].

Hopar = 1.86 % H, £q.2-49

h, (m) 1 ) -

\ 3 la s |6 |7 |8 | w [ |12 (13 e [15s [ |17 1819 20 |20
rns._ _|8 _I'i _123 __5'113__ 1o | 390 ____'ul i |42 |32 3| 191309 ji Iﬁ ? 7
o 16 |49 [675 [433 | w9 | 1442 959 273 |344 [125 | 3 [ea [ 20 Tia [0 7 |1 | 6
15 5 |32 (417 893 | 1107 | 1486 1786 1636 731 (200 [121 [ 92 [ 43 [18 |10 [5 [2 | 13
(20 oo [t Jioo Tuavo Jos7s froas [7s0 [ses [a92 [200 [wio | st 31 [ 8 [4 [a [ 8
|25 0| o | o256 | v |i303 1892|803 941 [as4 181 [157 | 58 |23 [19 |5 |0 | 8
[ 3.0 0| 1| a5 | a3 [1020 [1702 [1898 | 705 [9s57 |se0 218 {196 | 92 (40 |11 |4 |2 5
E.’-,S ' o 1| 4 Iji—*' 650 | 1169 [1701 |647 |865 |456 |237 |162 | 100 !36 12 |6 |1 5
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Figure 2-9: Scatter diagram for the Northern North Sea, 1973 — 2001, ref.[10].
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2.6.2 Linearization of the drag forces in dynamic
analysis

Morrison’s formula is applied when evaluating the hydrodynamic forces acting on slender
tubular members. The waves are assumed to be unidirectional and linear wave theory is used
to obtain the water particle motions at any given elevation. When linearizing the drag force,
one must assess whether one should take account for the vibration amplitude of the structural
component or not. If the vibration amplitude of the structural component is small in relation to
the wave induced water particle motions, it is sufficient that the drag force is calculated
without taking account for the velocity of the structural member [6]. Figure 2-10 shows the
wave-structure interaction for a simple vertical pile. The drag force for the hatched cross-
section is given by Eq. 2-50.

P BN
— N

F(t)
— |
T

u(t)

Figure 2-10: Wave-structure interaction, ref. [11].

1 -
Fa=75p"Cp DAl u(®) - [u(®)| Fa- 20

Given the linear wave theory extrapolation and its corresponding assumptions, it is further
assumed that the wave induced motions are harmonic as well. The water velocity function is
hence expressed by a sinusoidal function [11]:

u(t) = ugp - sinwt

The dynamic equilibrium equation for a fixed structural member is now written as:

1 -
mit 4 ci +kr = F@© +5p- Cp D Al uf -sinot- [sinwt] 7

Where F(t) represents loads other than the drag load.
Eq. 2-51 gives a drag force proportional to the velocity squared, which means that the drag

force is neither proportional to the wave amplitude, nor harmonic. Linearization is thus
required. Research and mathematical derivations show that linearization is possible and that it
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is given by a constant % times an unknown parameter A [11]. The unknown parameter A is

given by Eq. 2-52.

Eq. 2-52
A= \/(uo — wry)? + w?r? e 25
Where r;and 1, are the cosine and sine response component amplitudes.
The dynamic equilibrium equation can now be written as:
r+ +1 Cp-D-Al 8A'+k
mr <C 2 P E) T Eq. 253

—F(t)+1 Cp-D-Al 84 t
= 2p D 3 Uy * COS W

For a fixed structural member where the response amplitudes are small relative to the wave
induced water particle motions, the damping term from drag forces can be neglected, thus
leading to ryand r, being equal to zero. The final equilibrium equation becomes:

1 8 -
mi"+c7"+kr=F(t)+E-p-CD-D-Al-§-u5-coswt Fq. 2-54

Should the structural response amplitude become significant, one should take account for the
relative velocity between the structural member and the water. For closer details regarding
this matter, reference is made to Fatigue Handbook - Offshore Steel Structures [1], Dynamic

Analysis of Marine Structures [11] and [18].
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2.6.3 Time-history functions

After obtaining the hydrodynamic loads and linearizing the drag load, we are now able to
extrapolate and plot the time-history functions. Three time-history functions are extrapolated
for waves of Hg = 1.5,2.0,and 2.5m. The time-history functions are extrapolated for a 24-
hour period, making these functions valid for 1 single day. Further, it is assumed that the
structure will have this loading history throughout its service life. The time-history functions
are then prepared as input files and imported when modelling in SAP2000. Figures 2-11

to 2-13 show sample graphs for the time-history functions. Observations show that there is a
good correspondence between the true drag load and the linearized drag load. The drag load
becomes significantly higher with the increment of the wave height, while the inertia load has
a somewhat less increment. It is previously mentioned that if possible, engineers try to avoid
using the full Morrison equation when assessing hydrodynamic loads. Figure 2-11 shows that
even when assessing a somewhat small wave, we cannot neglect the drag effect. If we were to
base our hydrodynamic load calculation on Hg only, observations show that the drag load can
be neglected for situations where H; is 1.5 and 2.0m, but would be present for the situation
where H; is 2.5m. However, calculations are based on the maximum wave height defined in
section 2.6.1. This shows the importance of the maximum wave height factor (Eq. 2-49),
which proves to give a more realistic picture of the situation, and significantly higher loads.

Hydrodynamic Loads, Hs=1.5m

35
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§ True Drag
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Figure 2-11: Drag load vs. Inertia load, Hs=1.5m
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Figure 2-12: Drag load vs. Inertia load, Hs=2.0m
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Figure 2-13: Drag load vs. Inertia load, Hs=2.5m
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3 Structural analysis

3.1 Introduction

This chapter briefly touches the basics and the procedure for design and analysis of the
structure under consideration. The structural data needed for this model are obtained from a
report on “Stochastic fatigue analysis of jacket type offshore structures”, published from the
University of Aalborg, Denmark.

3.2 Finite element modelling

SAP2000 is a comprehensive, state-of-the art FEM software for the design and analysis of
civil structures. It offers many tools to aid in model construction and analytical techniques.
This software has a very user-friendly interface and offers a wide range of parametric based
templates to help create your models. A designed model is consisting of frames, nodes and in
some cases plates. The nodes represent the joints, and each of these nodes consists of 6
degrees of freedom: 3 rotational, and 3 translational degrees of freedom. Each joint is guiding
the motion between two different components within a structural system.

The model is in this case built on grid lines, which comes very handy when designing three
dimensional frames different than the ones already existing in the templates. Figure 3-1 shows
the modelled structure sitting on a 50m deep seabed. Notice that the origin of the global axis
is set at the still water level where z=0. This is done in order to maintain consistency with the
hydrodynamic load calculations, and because this is more convenient when assessing the
wave-structure interaction.

Figure 3-1: Conventional steel jacket
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3.2.1 Axis system

The global axis system is not identical to the local axis system for all frame elements. This is
because of the complexity of the frame structure. The local axis for the jacket legs are rotated
-45° around the local axis 1 in order to match the global axis and the local axis for the other
frame elements. Table 5 shows the relation between the local axis and the global axis. For
further details regarding user defined axis system, reference is made to the SAP2000 user’s
manual.

Table 5: Axis system for the jacket legs

Global axis Local axis
x-direction X 1
y-direction y 2
z-direction z 3

3.2.2 Units

The fundamental units used in modelling and analyses are the following SI-Units:

= Length: Meter [m]

= Time: Seconds [s]

= Force: Newton [N]

=  Pressure: MegaPascal [MPa]

3.2.3 Material properties

All structural elements are tubular beam elements made of steel grade S355. This steel grade
is frequently used in conventional steel structures both onshore and offshore. However,
special requirements should be met when using this steel grade in marine structures. Emphasis
is put on special requirements for weld ability and impact resistance [11]. The material
properties for steel grade S355 are predetermined in SAP2000 and defined in Table 7.

Table 6: Material properties

Minimum yield stress o, 355 | N/mm?
Minimum tensile stress o, 510 | N/mm?
Modulus of elasticity E 210000 | N/mm?
Shear modulus G 80769,23 | N/mm?
Density Psteel 7850 | kg/m?3
Poisson’s ratio v 0,3
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3.2.4 Structural details and section properties

The design model consists of a frame structure with braces in both vertical and horizontal
plane. The main dimensions of the steel jacket are 27m x 27m x 62,5m in the global x-, y- and
z-direction, respectively. The cross-sectional diameters and thickness are defined in Table 7.
The total mass of the deck is assumed to be 4.8 - 10%kg [12], and is distributed to the deck
plane joints as point loads. This is done because there is no sufficient information regarding
the deck area. Therefore, distributing the deck mass as point loads was the most practical
method.

Table 7: Cross-sectional data of the frame elements

Members Diameter [m] Thickness [mm]

Deck legs 2.0 50.0

Jacket legs 1.2 16.0

Braces in the vertical plane 1.2 16.0
Braces in the horizontal plane

Level +5m 0.8 8.0

-10m 1.2 14.0

-30m 1.2 14.0

-30m (diagonal) 1.2 16.0

-50m 1.2 14.0

3.2.5 Member end releases

By releasing the moments in the major direction (Ms3), the diagonals and vertical braces
would behave as pinned elements. However, this is a big structure consisting of welded joints;
hence no member end releases are applied. This is because we are considering the member
ends to be fully fixed.

3.2.6 Foundation plane

Figure 3-2 shows the steel jacket foundation consisting of four joints (numbering counter
clockwise from the bottom left joint 17). The four joints are modelled as flexible springs of
the linear elastic nature. Spring properties are summed up in Table 8 [12].

_.gﬂll gﬁ_{

T |_

Table 8: Spring stiffness

Horizontal stiffness 1.2-10% kN/m
| Vertical stiffness 1.0 - 10° kN /m
| ;‘ A NCE Rotational stiffness | 1.2-10° kNm/rad
Vol ¥

Figure 3-2: Foundation plane view — Joint springs
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3.2.7 Meshing

Meshing is done in order to ensure connectivity between the frame elements. The default
meshing step is set to automatic meshing at intermediate joints. This method is sufficient
since the frame elements are modelled spanning from one node to another. If we were to
model beam elements and then for some practical reason divide the beam into several
elements, meshing at intersection with other frames, area edges and solid edges should be
considered in addition to meshing at intermediate joints.

3.2.8 Design code
SAP2000 cannot perform design check for cross-section of class 4 in reference with Eurocode

3, hence the principles of the design of the steel jacket are in reference with NORSOK-N004.
Criteria for limiting deflection are in reference with NORSOK-NOO1.

3.2.9 Partial action factors

Action factors are in reference with NORSOK-NOO1. When checking for the different limit
states, the action factors shall be used according to Table 9.

Table 9: Partial action factors for the limit states, ref. [5]

Limit state Load Permanent Variable Environmental | Deformation

combination | loads loads loads loads
A 1.3 1.3 0.7 1.0

ULS B 1.0 1.0 1.3 1.0

SLS 1.0 1.0 1.0 1.0

ALS Damaged 1.0 1.0 1.0 1.0
condition

FLS 1.0 1.0 1.0 1.0
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3.3 Modal time-history analysis

3.3.1 Mass source

Emphasis is put on the mass source definition, because the mass source affects the inertia in
dynamic analysis and for calculating the acceleration loads. By defining the mass source as
shown in Figure 3-3 we take account for the mass density specified for the material and mass

assigned directly to the joints in the form of joint loading.

-

Define Mass Source

Masz Definition
" From Element and Additional b asses
" From Loads
f# From Element and Additional b aszes and Loads

Define bazz Multiplier for Loadz
Load Fultiplier

DEAD ]

Deck Mz 1.

&dd

b ddify
Delete

Cancel

Figure 3-3: Mass source definition

3.3.2 Time-history function definition

The time-history functions derived in section 2.6.3 are extrapolated in Excel and saved as
text-files (.txt) before being imported into SAP2000 as time and function values. The time-
history functions for the drag and inertia forces are applied separately, making two different
functions and load patterns. These functions are shown in Figure 3-4 and Figure 3-5,
respectively. Figure 3-6 shows the drag- and inertia load function combined.
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Linearized drag function
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Figure 3-6: Inertia and drag load functions combined
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3.3.3 Load cases
The following four load cases are defined:
= Dead — Linear static

=  Deck mass — Linear static
= Modal - Modal

= Total wave load — Linear modal history

The dead and deck mass load cases take account for the dead load and the defined joint

loading, respectively.

3.3.3.1 Modal case

The modal case is modified to use Ritz vectors, which captures more response than the other
available alternative, Eigen vectors. With Ritz vectors, it is important to specify and apply a
load that is appropriate as a starting vector. In this case, acceleration in the global x-direction
is suitable for the time history load case. Since we are considering the waves as unidirectional
and are later applying the time history functions in the global x-direction, we set the
maximum number of modes to two. Figure 3-7 shows the modal case definition. Notice that
the value for the dynamic participation ratio is 99% in the global x-direction, is very precise.

Load Case Data - Modal

Load Case Mame

MODAL Set Def Name |

Motes
Modiy/Show... |

Stiffess to Use

¢ Zero Initial Conditions - Unstressed State

e

N

Important Mate:  Loads from the Monlinear Caze are NOT included

in the current case

Load Case Type

[Modal

j Design...

Type of Modes
" EigenVectors

+ Ritz Vectors

Murnber of Modes

M aximum Mumber of Modes
Minimurn Number of Modes

Loads Applied

—
——

Target Dynamic
Participation

Laad Type Load Mame  Mawximum Cycles  Ratios (%

[occel  <Jlux  <Jo |m |
pocel  Jux o e

\

add | Modiy |

\

Dielete |

Cancel

Figure 3-7: Modal load case
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3.3.3.2 Total wave load case

When defining the load case for the time-history loading, one has the ability to choose
between periodic and transient time-history motion type. Choosing the transient time-history
motion type is the usual method, where the structure starts at rest and is subjected to the
specified loads only during the time period specified for the analysis. Further, the two
different load patterns defined in section 3.3.2 are applied to one load case, thus defining the
total wave load case.

Modal time-history analysis is run based on the method of mode superpositioning. This
method is more efficient than the direct integration method when using Eigen- or Ritz vectors.
The difference between the Eigen vector method from the Ritz vector method is that the first
method determines the undamped free-vibration and frequencies of the system, while the
latter method captures modes that are excited by a particular loading history [13]. The Ritz
vector method is hence applied because it captures more response when compared to the
Eigen vectors.

Figure 3-8 shows the total wave load case definition. It also shows the time step data, which
consist of the number of output time steps and the time step size. The number of output time
steps is set to 86400s, which is the time period specified for the analysis (corresponding to the
time period duration of the imported functions). The time step size is set to 1s, which is the
increment in time. Finally, the analysis is run with both the modal and time history load cases.

Load Case Data - Linear Modal History

Load Caze Mame Motes Load Caze Tupe
Total wWave Load Set Def Mame | M odify/Show,.. | |Time Hiztory j Dresign...
Initial Conditions Analyzis Type Time History Type
v Zern Initial Conditions - Start from Unstressed State {+ Linear (+ Modal
'S " Monlinear " Direct Integration
Important Mote;  Loads from this previous caze are included in the . . .
cument case Time History Motion Type
+ Transient
Modal Load Case L
" Periodic
Use Modes from Case tODAL -
Loads Applied
Load Type Load Mame Function Scale Factor

| Load F'atterrll‘lDrag L” Drag TH L]h .

Load Pattern rm- Fm- H | F_ -
Load Pattern Inertia Inertia TH 1. ﬂ

‘ ’ ‘ ‘ E Modity
L Delete
[~ Show Advanced Load Parameters
Time Step Data
Mumber of Output Time Steps ’W
Output Time Step Size '17

Other Parameters

todal D amping Constant at 0,05 Madify/Shaw...

Cancel

Figure 3-8: Total wave load case
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3.4 Load assigns

3.4.1 Deck Toading

The deck mass is transformed into point loading and applied at the deck nodes as shown in
figure Figure 3-9. This approach is considered due to the lack of sufficient details for the deck
area. Another approach would be to model a shell or a plate at the platform deck, and assign
the right properties in order to obtain a total mass of 4.8 - 10%kg [12].

Figure 3-9: Deck mass loading 3D-view Figure 3-10: Deck mass loading xz-plane view
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3.4.2 Wave loading

The inertia and drag load patterns are assigned as frame loads to the jacket legs as shown in
Figure 3-11. Figure 3-12 shows the wave loading from the xz-plane. Notice how the load
patterns are not applied onto the whole jacket leg. This is because hydrodynamic load
calculations show that the inertia and drag forces are of very small values when approaching
the seabed. Further, the load patterns represent three different waves with different wave
amplitudes. The load patterns are therefore assigned in the global -x-direction from the mean
wave amplitude to a depth of -40m.

We
=Yy

Figure 3-11: Wave loading 3D-view Figure 3-12: Wave loading xz-plane view

3.5 Analysis
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The steel frame analysis is run based on the NORSOK N-004 design code, where the default
preferences corresponding to this code are provided by the software. Therefore, it is not
necessary to define or modify any preferences, unless the design is to be based on special
criteria. The preferences are however reviewed to make sure they are acceptable. Figure 3-13
shows the load cases set to run in this analysis.

Case Mame Type Status Action
DEAD Linear Static: MHat Run Run
RO DAL b odal Hat Run R
Deck MAzs Linear Static: MHat Run Run
Total wave Load | Linear Modal Histary Hat Run Run

Figure 3-13: Load cases set to run

After running the analysis we check to verify the results obtained. The following verification
steps are taken:

I. A design-check of the structure is performed in order to ensure that no member
exceeds the capacity given by the design code.
II.  Verification that the analysis and design section match for all steel frames
III.  Verification that the all steel frames pass the stress-capacity ratio

Verification step I is assessed in section 3.6.
Figure 3-14 and Figure 3-15 confirm verification step II and III.

SAP2000 ==

l . Analysis and design sections match for all steel frames.

OK

Figure 3-14: Analysis vs. design section verification

SAP2000 ==

! . All steel frames passed the stress/capacity check.

OK

Figure 3-15: Member verification
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3.6 Results

3.6.1 Static design-check

Results show that design-check of the structure is sufficient and that no section is
overstressed. Figure 3-16 shows the design-check of the structure and the capacity range on
the right hand side. Figure 3-17 and Figure 3-18 show more detailed information about the
utilization rate of the most utilized elements; element 31 and element 32, respectively.
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Figure 3-16: Design-check of thé structure and capacity range
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Frame (D |31

Design Code IND[SDk M-004

COMBO STATION /—-——MOMENT INTERACTION CHECK-———- / f-MAJ-5HR———MIN-SHE-/
ID Lo BATIO = R¥T. + B-MAJ + B-MIN RATIO EATIO
D5TL1 0,00 0,987(C) = 0,885 + 0,087 + 0,087 a,007 0,000
D5STL1 10,10 0,864(C) = 0,881 + 0,002 + 0,002 0,009 0,000

0,995(C) = 0,857 + 0,098 + 0,098 0,010

Figure 3-17: Element 31 — stress check information

Frame D I32
Dresign Code |NDrSDk N-004
COMBO STRATION /-———-MOMENT INTERACTTON CHECK-———- J//-MAJ-SHR—-MIN-SHR-/
ID LOoC BATTO = R¥T. + B-MAJ + B-MIN BATIO EATTO
0,797 + 0,080 + 0,080
DSTL1 10,10 0,804(C) = 0,793 + 0,008 + 0,008 0,007 0,000
DSTL1 20,20 0,901(C) = 0,789 + 0,079 + 0,079 0,009 0,000

Figure 3-18: Element 32 — stress check information

3.6.2 Static design overwrites

Further observations show that the FEM-based software is calculating the effective length
factor for buckling, k, to be of values bigger than 1. NORSOK N-004 on the other hand
suggests that the effective length factor, k, for jacket legs and piles is to be taken as 1 [7]. This
deviation was observed when manually verifying the results. Further, SAP2000 offers the
opportunity to overwrite the preferences for steel frame design. The modified preferences for
effective length factor, k, are shown in Figure 3-19. Multiplying the frame element length
with this factor gives the effective length of the frame element.

21 | Effective Lenath Factor Braced [K1 Majo Program Determined 1.
22 | Effective Lenath Factor Braced (K1 Mino Program Determined 1.
23 | Effective Lenath Factor Sway [K.2 b ajor) Program Determined 1,
24 | Effective Lenath Factor Sway [K.2 Minor) Program Determined 1.
28 | Effective Length Factor [K. LTE] Program Determined 1.

Figure 3-19: K-factor overwrites

New design-check of the structure is shown in Figure 3-20. Results show that after modifying
the k-factor values, each member has a lower utilization rate. The utilization rate for the lower
part of the jacket legs are in the range of 0.7 — 0.9. Detailed information about the most
utilized frame members is shown in Figure 3-21 and Figure 3-22. The results obtained are in
correspondence with the manual verification performed for axial compression design-check.
Based on the static design checks, we identify the axial stress components to be decisive when
assessing the utilization rate.
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Figure 3-20: Modified design-check of the structure and capacity range

Frame (D |31

Design Code IND[SDk M-004

COMBO STATION /———MOMENT INTERARCTION CHECE-———- f f-MAJ-5HR—-MIN-5HR-/
ID LOC BATTO = AT + B-MaJ + B-MIN RATIO BRATTO
DSTL1 0,00 0,831(C) = 0,748 + 0,058 + 0,058 a,0a7 0,000
D5STL1 140,140 0,747(C) = 0,745 + 0,001 + 0,001 0,009 0,000

0,741 + 0,066 + 0,066
Figure 3-21: Element 31 — modified stress check information

Frame IO |32
D'esign Code IND[SDk M-004
COMBO STATION /-————MOMENT INTERACTTION CHECK-———- S F-MAJ-SHR——-MIN-SHE-/
ID LoC BATTIO = A¥T. + B-MAJ + B-MIN RATIO BATIO
0,660 + 0,052 + 0,052 0,006
D3TL1 10,10 0,6864(C) = 0,657 + 0,005 + 0,005 0,007 0,000
DSTL1 20,20 0,726(C) = 0,653 + 0,051 + 0,051 0,009 0,000

Figure 3-22: Element 32 — modified stress check information
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3.6.3 Time-history analysis

A FEM dynamic time-history analysis is conducted. Figure 3-23 presents the envelope-stress
diagram for the steel jacket, where the most critical joints are singled out (Figure 3-24 and
Figure 3-25). Nominal stresses due to axial load, in-plane and out-of-plane bending moment
for each frame element are plotted as time-history functions. These functions are the basis for
stress history evaluation and fatigue life estimation conducted in Chapter 4 and Chapter 4.6.3.
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Figure 3-23: Envelope-stress diagram
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Zl Conventional fatigue life
estimation

4.1 Introduction

This chapter covers basic fatigue mechanisms, characteristics and fatigue life estimation of a
conventional steel jacket until crack initiation. Fatigue assessment of the steel jacket modelled
in section 3.2 is based on the conventional S-N approach and damage accumulation rule
(Palmgren-Miner Rule). Fatigue assessment is performed in accordance to DNV-RP-C203
and is valid for steel in air with yield strength less than 960 MPa, as well as steel materials in
seawater with cathodic protection and yield strength up to 550 MPa [3]. The case under
consideration consists of conventional steel material (steel grade S355) in seawater with
cathodic protection.

4.7 Basic concepts of fatigue

One of the main characteristics of fatigue is that the load is not large enough to cause
immediate failure [1]. Failure occurs after a number of load fluctuations, where the crack
propagation has reached a critical phase, leading to failure at an arbitrary loading on a reduced
cross section. It is therefore important to fully understand the factors affecting crack
propagation, as well as quantify this propagation from parameters such as stress range and
number of load cycles [11]. The most important load effect parameter in fatigue assessment is
the stress or strain range, which is defined as the difference between a load peak and the
following valley (Eq. 4-1).

_ Eq. 4-1
Ao = Omax — Omin

A fatigue process is mainly considered to go through the following three stages:

1. Initiation of crack
II.  Crack growth
III.  Final failure

4.2.1 Initiation of crack

Fatigue initiation is a process of cumulative plastic strain and is linked to the microscopic
behaviour of the material. On the macroscopic level, the plastic deformation in each cycle is
very likely to cancel out. However, defects will in the microscopic level accumulate by each
cycle and lead to a progressive fatigue damage of the material. The crack growth will in this
stage take place in a shear mode, implying that cracks are of subgrain size and oriented 45° to
the maximum principal stress direction. The initiation phase will in general take place at the
free surface of the material i.e. a weld toe. Only in rare cases is initiation observed taking
place in the interior of the material and the material is in such cases considered to be hardened
steel [1].
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4.2.2 Crack growth

Assuming a material defect on the microscopic level as the starting point, further loading of
the material will lead to initiation and crack growth on the macroscopic level. The crack
growth is now characterized as a kinematic irreversible motion, where the crack is folded to a
new position for each forthcoming load cycle. Further, fatigue cracking follows different laws
depending on the level of the stress range. We distinguish between high-cycle fatigue (HCF),
low-cycle fatigue (LCF) and ultra-low-cycle fatigue (ULCF). Fatigue that occurs after
10* — 10° cycles is defined as low-cycle fatigue. Ultra-low-cycle fatigue occurs in a cycle
range that is less than the LCF’s. High-cycle fatigue on the other hand occurs after several
millions cycles. Furthermore, the nature of crack growth on the macroscopic level is better
described by fracture mechanics [11].

4.2.3 Final failure

If a fatigue crack is allowed to grow in load-carrying members, final failure is bound to take
place. This failure represents the end of fatigue life and is usually defined as the maximum
tolerable defect/crack size. Final fatigue failure is observed in three different mechanisms:
brittle fracture, ductile fracture or plastic collapse, all depending on the material properties
and size, environmental conditions, loading conditions and constraints [1].

4.2.4 Different approaches in fatigue assessment

Fatigue assessment is defined as the process where the fatigue demand on a structural element
is established and compared to the predicted fatigue strength of that same element [14].The
three main methods of fatigue assessment are listed in the following bullet points.

I.  Simplified method
II.  Spectral method
III.  Deterministic method

There is a fourth option that is based on time domain analysis, which is preferred when
assessing fatigue in structural systems subjected to non-linear loading.

Fatigue assessment in this chapter is however based on the deterministic method, which is
often considered to be a simplification of the spectral method. The deterministic method is
applicable when there is a linear relationship between wave loads and the structural response
due to these loads. The different wave heights and the corresponding periods are obtained
from scatter-diagrams. A scatter diagram gives a description of the sea state, the probability of
occurrence (usually expressed in the number of observations during a period of time), and the
expected energy corresponding to each sea state for a specific site [14]. Having determined
these parameters, the next step in fatigue life estimation is stress history evaluation and to
establish the fatigue strength of the structural detail.
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4.3 Fatigue strength based on S-N curves

4.3.1 S-N curves

Nominal S-N curves are derived from fatigue tests of specimens mainly subjected to axial and
bending loads [3]. The fatigue strength of a specimen is then presented either in the form of a
table, equation or a curve. The output from the experimental data represents the number of
cycles and a constant stress range that will cause fatigue failure. The basic design S-N curve is
in reference with DNV-RP-C203 given as:
logN =loga —mlogAo Eq.4-2

Where
Ao 1s the stress range in MPa

N is the predicted number of cycles until failure for stress range Ao

m is the negative inverse slope of S-N curve

log a is the intercept of log N-axis

It is previously mentioned that fatigue is governed by the local geometry of the structure.
Given a slight change in the geometry due to material- or welding defects, high concentration
of stress flow is very likely to occur. The plate thickness will have an effect on the fatigue
strength of welded joints. To take account for this thickness effect, a modification is made on
the “stress range” term. The modified design S-N is given by [3]:

k
t
logN =loga —mlog| Ao - ( ) Eg.4-3
tref
Where

t is the thickness through which a crack is most likely to grow
trer = 32mm is the reference thickness for tubular joints
t = tyrey for structural details where the thickness t is less than the reference thickness
k is the thickness exponent for corresponding S-N curve, and is depending on the SCF

Eq. 4-3 does however not take account for the thickness effect when assessing tubular joints
shown in Figure 3-24Figure 3-23. This is because the cross-sectional thickness of each
element (Table 7) is smaller than the reference thickness.

4.3.2 Nominal stress approach

Fatigue analysis based on S-N data is typically related to a nominal- or hot spot stress
approach. Nominal stress range is defined as the stresses in a component that can be derived
by simple beam theory [3]. When assessing other types of structural details (i.e. welding
details), the nominal stress range should be modified in order to take account for the local
conditions affecting the stresses at a specific location. The local stress at this location is
expressed by a stress concentration factor multiplied with the nominal stress (Eq. 4-4). It is
most common that the stress concentration factor results into an amplification of the nominal
stress. However, there are cases where a stress concentration factor less than 1 can validly
exist [14].

— Eq. 4-4
Orocat = SCF * Gpominal

C A new approach for estimating fatigue life in offshore steel structures




Stress range (MPa)

4.3.3 Hot spot in tubular joints

Hot spot is in reference with DNV-RP-C203 defined as the maximum principal stress
distributed instantly outside of the region affected by the geometry [3]. Stress concentration
factors for tubular joints shall be applied in reference with the recommended practice, where a
huge variety of equations are presented - defining stress concentration factors for different
types of joints and loadings. Fatigue assessment of tubular joints is based on the hot spot
approach, where corresponding S-N curves are applied. S-N curves representing tubular joints
are assumed to be of class T. Fatigue life estimations which are to be covered during the
course of the present chapter are based on T-curves with cathodic protection (Figure 4-1).

_ Eq. 4-5
Ohot spot = SCF Onominal
[1oon
. 1] In air
-1 —
e H""m_\_\_\_
/ﬂ T 1]
100 1 ) — u
F Seawater with - —
[ cathodic protection I P
—
|
—1
10
1
1,00E +04 1,00E+05 1,00E+06 1,00E+07 1,00E+08 1,00E+08

Number of cycles

Figure 4-1: S-N curve for tubular joints in air and seawater [3]
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4.4 Palmgren-Miner rule

The failure criteria when estimating fatigue life is based on the assumption of a linear
cumulative damage commonly expressed by the Palmgren-Miner hypothesis and a fatigue
design factor [3]:

Eq. 4-6

Where
k, —number of stress blocks
FDF — fatigue design factor

4.4.1 Fatigue design factors

The number of load cycles is in reference with NORSOK N-004 [7] to be multiplied with a
fatigue design factor before the fatigue analysis is concluded. Classification of fatigue design
factors are depending on the significance of the structural component, with emphasis being
put on structural integrity and availability for inspections/repair. The various fatigue design
factors are presented in Table 10. First and foremost, one has to determine whether failure of
the structural component will lead to danger of loss of human life, environmental pollution
and financial consequences. Having identified the consequences and the accessibility, one is
able to determine the fatigue design factor to be implemented into the fatigue analysis.

Failure of the structural components that are to be assessed in this study are based on a
conservative decision, identified to have substantial consequences and located below the
splash zone. Based on this, we determine the fatigue design factor to be 3.

Table 10: Fatigue design factors [7]

Classification of Not accessible or in Accessible

structural component the splash zone Below splash zone Above splash zone
Substantial 10 3 )
consequences

Without substantial 3 ) 1
consequences
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4.5 SCF and superposition of stresses

Stress concentration factors for the different frame elements and the different loading
conditions are calculated in reference with DNV-RP-C203 [3]. The stress concentration
factors for the chord are calculated at three different locations in order to identify the location
where the concentration is at its highest (blue gradient adjacent to each brace in Figure 4-2).
Further, the stress history output from section 3.6.3 is used for calculating and identifying the
hot spot stress at the crown and saddle points. Furthermore, the hot spot stress is in reference
with DNV to be evaluated at 8 spots around the circumference of the intersection, as shown in
Figure 4-3. The highest value obtained identifies the hot spot stress for the element under
consideration. Fatigue life estimation of the particular element is based on this hot spot.

E

AB

=, /-l
J1 T [Zj,,»: LN
N

Mp Mop

L
__l_.__l_

C
C

Figure 4-3: Hot spot around the circumference of the intersection, ref.[3]
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4.6 Stress-history evaluation of joint 9

This section covers stress history evaluation of frame members in joint 9. Section 4.6.1
describes the approach for stress-history evaluation and hot-spot stress identification for the
chord in joint 9. The same approach is used for joint 13 as well (section range 4.6.2 - 4.7.4).

4.6.1 Chord

Stress concentration factors for three different locations of the chord are presented in Table
11. The stresses are calculated at 8 spots in each location (i.e. location A, B, C). A summary
of the hot spot stress evaluation is presented in Table 12. The table shows the maximum stress
values observed in eight different spots for each location. The spot which gives the highest
stress values is identified as the hot spot stress, which in this case is os.

Note that each stress spot represents its unique stress history function. Samples of the stress-
history functions for each wave height are presented in Figure 4-4-Figure 4-6.

Table 11: SCFs for the chord in joint 9

Location A B C
SCFac 3,878 10,918 12,909
SCFas 3,878 10,918 12,909
SCFs
SCFmip 1,854 3,715 4,302
SCFmop 14,084 18,922 21,414

Table 12: Hot spot stress evaluation of the chord in joint 9

(2] O3 O3 Oy Os O¢ (o] Og

6,0 2,6 1,2

Maximum Stress Observed [loc. A]| 2,95 1,96 1,44 5,17
Maximum Stress Observed [loc. B] | 4,48 2,23 4,94 12,29 Byl
Maximum Stress Observed [loc. C] | 5,06 2,50 5,89 14,39 [mE#Ly 1568 7,71 1,83

134 66 1,6| MPa
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Stress-history evaluation of joint 9

Stresses atthe chord crown and saddle points [0-3hr, Chord - LocB]
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Figure 4-4: Stress-history sample for Hs 1.5m — Chord in joint 9
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Figure 4-5: Stress-history sample for Hs 2.0m — Chord in joint 9
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Stresses atthe chord crown and saddle points [6-9hr, Chord - Loc B]
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Figure 4-6: Stress-history sample for Hs 2.5m — Chord in joint 9

4.6.2 Brace A
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The stresses are calculated at eight different spots along the circumference of the intersection.

o5 represents the hot spot stress for brace A at the intersection adjacent to the chord.

Table 13: Stress concentration factors for brace A in joint 9

Brace A
SCFac 4,500
SCFps 4,500
SCFs
SCFmip 1,449
SCFrmop 7,050

Table 14: Hot spot stress evaluation of brace A in joint 9

01 [e)] O3 Oy Os O Oy

Os

Maximum Stress Observed [Brace A] | 3,056 3,092 3,144 3,182 |efikEf] 3,147 3,095 3,

MPa
057
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Conventional fatigue life estimation
Stress-history evaluation of joint 9

Stresses at crown and saddle points [0-3hr, Brace A]
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Figure 4-7: Stress-history sample for Hs 1.5m — Brace A in joint 9

Stresses at the cord crown and saddle points [3-6hr, Brace A]
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Figure 4-8: Stress-history sample for Hs 2.0m — Brace A in joint 9
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Stresses at the chord crown and saddle points [6-%hr, Brace A]

I\
0V T T O T I e
MR ANANENE
S
(VAR VA VAR VA

e Time [s]

4.6.3 Brace B

The stresses are calculated at eight different spots along the circumference of the intersection.
o, represents the hot spot stress for brace B at the intersection adjacent to the chord.

Table 15: Stress concentration factors for brace B in joint 9

Brace B
SCFac 14,921
SCFps 14,921
SCFs
SCFmip 2,667
SCFrmop 10,180

Table 16: Hot spot stress evaluation of brace B in joint 9

[ (o)

Maximum Stress Observed [Brace B] m 039 0,11 0,54 0,65

Oy

O7

Og

0,38

0,11

MPa
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Conventional fatigue life estimation
Stress-history evaluation of joint 9

Stressesat crown and saddle points [0-3hr, Brace B]
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Figure 4-10: Stress-history sample for Hs 1.5m — Brace B in joint 9

Stresses at the cord crown and saddle points [3-6hr, Brace B]
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Figure 4-11: Stress-history sample for Hs 2.0m — Brace B in joint 9
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Stresses at the chord crown and saddle points [6-9hr, Brace B]
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Figure 4-12: Stress-history sample for Hs 2.5m — Brace B in joint 9

4.6.4 Brace C

The stresses are calculated at eight different spots along the circumference of the intersection.
o; represents the hot spot stress for brace C at the intersection adjacent to the chord.

Table 17: Stress concentration factors for brace C in joint 9

Brace C
SCFac 17,712
SCFas 17,712
SCFs
SCFmip 2,852
SCFmop 10,719

Table 18: Hot spot stress evaluation for brace C in joint 9

O (¢ )] O3 Og Os Op Oy Og

MPa

Maximum Stress Observed [Brace C] 10,09 10,03 9,98 9,96 9,98 10,04 10,10
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Stress-history evaluation of joint 9

Stresses at crown and saddle points [0-3hr, Brace C]

8,00

¥

A A /\\

¥

wl V]
AR

MPa

M

R,
wl L]

Y

WERVERY
v U UV

¥

-8,00
Time [5]
Figure 4-13: Stress-history sample for Hs 1.5m — Brace C in joint 9
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Figure 4-14: Stress-history sample for Hs 2.0m — Brace C in joint 9
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Figure 4-15: Stress-history sample for Hs 2.5m — Brace C in joint 9
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4.7 Stress-history evaluation of joint 13

4.7.1 Chord

Stress concentration factors for three different locations of the chord are presented in Table
19. The stresses are calculated at 8 spots in each location (i.e. location A, B, C). A summary
of the hot spot stress evaluation is presented in Table 20. The table shows the maximum stress
values observed in eight different spots for each location. The spot which gives the highest
stress values is identified as the hot spot stress, which in this case is os. Note that the values at
location A are the same as the values at location B because of the symmetry of the diagonal

braces (brace A and B)

Table 19: SCFs for the chord in joint 13

Location A B C
SCFac 8,999 7,611 8,999
SCFps 8,999 7,611 8,999
SCFs
SCFmip 4,302 3,715 4,302
SCFmop 22,719 24,524 22,719

Table 20: Hot spot stress evaluation of the chord in joint 13

(o] Oy O3 Oy Os Og

Maximum Stress Observed [loc. A]| 6,85 4,26 3,77 ‘16,39 13,66

Maximum Stress Observed [loc. B] | 5,99 3,89 2,97 10,38 Bil:5oyA 11,86
Maximum Stress Observed [loc. C] | 6,85 4,26 3,77 ‘16,39 13,66

o; Og
5,70 3,01
505 2,54
5,70 3,01

MPa
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Stress-history evaluation of joint 13
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Figure 4-16: Stress-history sample for Hs 1.5m — Chord in joint 13
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Figure 4-17: Stress-history sample for Hs 2.0m — Chord in joint 13
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Figure 4-18: Stress-history sample for Hs 2.5m — Chord in joint 13

Brace A

Table 21: SCFs for brace A in joint 13

Brace A
SCFac 12,348
SCFps 12,348
SCFs
SCFmip 2,852
SCFmop 11,372

Table 22: Hot spot stress evaluation of brace A in joint 13

Maximum Stress Observed [Brace A]

01 (¢}] O3 Oy Os Og o7

Og

7,15 7,09 7,02 69 7,01 707 7,13

MPa
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Stress-history evaluation of joint 13

Stresses at crown and saddle points [0-3hr, Brace A]
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Figure 4-20: Stress-history sample for Hs 2.0m — Brace A in joint 13
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Stresses at the chord crown and saddle points [6-9hr, Brace A]
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Figure 4-21: Stress-history sample for Hs 2.5m — Brace A in joint 13
4.7.3 Brace B
Table 23: SCFs for brace B in joint 13
Brace B

SCFac 10,402
SCFas 10,402

SCFs
SCFrmip 2,667
SCFmop 13,194

Table 24: Hot spot stress evaluation of brace B in joint 13

01 (¢)) O3 Og Os Og Oy Og

Maximum Stress Observed [Brace B]

MPa
0,32 0,07 042 0,552 0,31 0,07 042
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Conventional fatigue life estimation
Stress-history evaluation of joint 13

NPa

1,00

0,80

0,60

0,40

0,20

0,00

-0,20

-0,40

-0,60

-0,80

-1,00

Stresses at crown and saddle points [0-3hr, Brace B]

—uol
— a2
— o3
— a4
— o3
—ob
— a7
— o8
Time [s]
Figure 4-22: Stress-history sample for Hs 1.5m — Brace B in joint 13
Stresses at the cord crown and saddle points [3-6hr, Brace B]
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Figure 4-23: Stress-history sample for Hs 2.0m — Brace B in joint 13
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Figure 4-24: Stress-history sample for Hs 2.5m — Brace B in joint 13
4.7.4 Brace C
Table 25: SCFs for brace C in joint 13
Brace C
SCFac 12,348
SCFas 12,348
SCFs
SCFmip 2,852
SCFmop 11,372
Table 26: Hot spot stress evaluation of brace C in joint 13
01 (¢}] O3 Oy Os Og o7 Og
MPa

Maximum Stress Observed [Brace C]

9,08 9,28 9,51 |8 el 9,56 9,35 9,13 9,02
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64 | Conventional fatigue life estimation
Stress-history evaluation of joint 13
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Figure 4-25: Stress-history sample for Hs 1.5m — Brace C in joint 13
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Figure 4-26: Stress-history sample for Hs 2.0m — Brace C in joint 13
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Figure 4-27: Stress-history sample for Hs 2.5m — Brace C in joint 13
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4.8 Fatigue 1ife estimation

4.8.1 Joint 9

Table 27: Fatigue life estimation of joint 9 [in years]

Element nr.| Member Fatigue Life [FDF: 3] Fatigue Life [FDF: 1]
32 Chord 17 50
Joint 9 63 Brace A 0 0
13 Brace B %} 0
56 Brace C 315 o'}

4.8.2 Joint 13

Table 28: Fatigue life estimation of joint 13 [in years]

Element nr. Member Fatigue Life [FDF: 3] Fatigue Life [FDF: 1]
32 Chord 30 90
Joint 13 55 Brace A ©o ©o
19 Brace B 00 00
48 Brace C 369 o)

4.8.3 Summary

Results show that the fatigue life of each joint is governed by the chord. The chord in joint 9
will be governing the fatigue life of the whole jacket platform. Fatigue life estimations are
based on a fatigue design factor of 1 and 3. The “real” fatigue life of each structural
component will be somewhere between these two parameters. Note that the structural
components that are marked as infinite will not be subjected to fatigue.
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ES Proposed approach for fatigue
Iife estimation

5.1 Introduction

This chapter presents the application of the sequential law for fatigue life estimation of
offshore steel structures and fatigue life estimation of the steel jacket presented in Chapter 3.
Fatigue life estimation is based on the stress history evaluation already covered in Chapter 4.

5.2 Sequential Law

Engineers are constantly putting effort into the enhancement of structural health monitoring
techniques, where emphasis is put on the different non-destructive field examinations and
their efficiency. The modern day technology allows us to measure the loading history on most
of the existing civil structures, whether they are at sea or onshore. The sequential law provides
an algorithm for properly assessing the fatigue cumulative model — especially under variable
loading conditions [16]. It was developed for the purpose of capturing the effect of the
loading sequence more precisely [15]. This new approach consists mainly of three major
steps:

= Evaluation of the stress history

= Transformation of the partially known S-N curve to a full range curve

= Application of the sequential law
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5.2.1 Full range S-N curve

It is previously mentioned that S-N curves are derived from fatigue tests of specimen and are
often presented in the form of curves (Section 4.3.1). The curves are provided by recognized
design codes. However, these S-N curves only describe the stress ranges corresponding to
tens of thousands of failure cycles [15]. Hence, they are usually labelled as partially known S-
N curves. Extension of the partially known S-N curve to a full range curve is therefore
essential when assessing fatigue based on the sequential law. The method for this
transformation is mainly based on Kohout and Vechet Wohler curve modelling technique
[17]. A schematic overview of this technique is presented in Figure 5-1.

Stress Stress
A

range range

a, g,

o, T

Number of Cycles to fail (N)

log(o) Line 3
GU
o, 4 - --
1 [}
1 1
(0.0) B c log(N)

Figure 5-1: Step-by-step graphical representation of the fully known S-N curve modelling technique, ref. [15]

The partially known curve provided by the design code is presented in a log-log plot as shown
in Figure 5-1. The horizontal line 1 across the ultimate tensile strength is the asymptote
o = ayfor the low cycle fatigue region. The horizontal line 2 represents the stress for the high
cycle fatigue region (0 = g4). Line 3 represents the tangent for the region of finite life
described by the equation (or curve) of the partially known curve provided by the design
code. Location B and C show the intersection points of the tangent line 3 with the horizontal
lines 1 and 2. The full range curve is at any given point expressed by Eq. 5-1[17].

(N + B)b Eq. 5-1

Where b is the slope of the tangent.
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5.2.2 Full range T-curve in seawater with cathodic
protection

A technique for defining the full range S-N curve was presented in the previous section
(5.2.1). However, fatigue assessment for tubular members is to be based on T-curves. The
design code T-curve provided by DNV-RP-C203 [3] consists of two different curve slopes. A
point in question is how to obtain the full range T-curve. Two different approaches are
presented in Figure 5-2. First and foremost, the design code given T-curve stretches along the
black dotted line all the way to the purple triangle. It then stretches along the red curve all the
way to interception point o, = 1. The purple triangle represents change in the negative
inverse slope of the T-curve. The red curve represents the full range of a T-curve with tangent
slope b = 0.20. The green curve represents the full range of a T-curve with tangent slope
b = 0.33. Both full range curves are obtained from Eq. 5-1.

A proposed approach is to base the fatigue assessment on the red colour curve. This is
because stress history evaluation shows that the stress ranges for each structural component
are in the high cycle region. Further, the stress ranges for each structural component are in the
region where m = 5 (Ao < ~83 MPa). However, the fatigue testing data of the specimen
and the application of the full range technique would allow us to plot a more accurate full
range curve.

10000 |
N I — — B
. |
\\\ I
. N1 A 1 i SN-Curve (m=3)
1000 AN
SN-Curve (m=5)
‘©
% Full Range SN-Curve
5 | (b=0,20)
g 100 | Full Range SN-Curve
o« | (b=0,33)
g !
E
& I
I
10 I
|
I
I
I
1 1
1,00E+01 1,00E+03 1,00E+05 1,00E+07 1,00E+09 1,00E+11 1,00E+13 1,00E+15 1,00E+17

Cycles N

Figure 5-2: Full range T-curves
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5.2.3 Application of the sequential Tlaw

The supposition of this fatigue criterion is that if the physical state of damage is the same,
then fatigue life estimation should depend on the loading condition only [17]. Let us study
Figure 5-3 and assume that a structural component is subjected to arbitrary stress amplitude o;
for n; number of cycles at a load level i. N; would in this case denote the fatigue life
corresponding to the stress amplitude or stress range g;. The residual fatigue life at load level
i is obtained by (N; —n;). The equivalent stress amplitude corresponding to the residual
fatigue life is denoted 0y;.4, and is equal to o; at the first cycle. The new damage indicator D;
is expressed by Eq. 5-2. It also follows that D; is equal to zero at the first cycle.

p. = JWeq — Ti Eq.5-2
' Oy — 0j

Where g,,is defined by “the intercept of the S-N curve with the ordinate at one-quarter of first
fatigue cycle’’[15][17]. Furthermore, o,is also commonly known as the ultimate tensile
strength of the specimen in test-based design code S-N curves.

} | L T
g VAN —n;) N gog(W)

Figure 5-3: Schematic presentation of new damage indicator-based sequential law.

The same damage is transferred to the next load level (i + 1), thus the damage equivalent
stress at the very same level is derived from the mathematical relation in Eq. 5-3.

!
_ O(i)eq — Oi _ O(i+1)eq — Oi+1 Eq.5-3
Oy — 0; Oy — 0i+1

D;

Where 0(;,1)., is the damage equivalent stress at load level (i + 1) and the corresponding
number of cycles to failure is denoted N(;,1)p-

' _ Eq. 5-4
O(i+1)eq = Di(0y — 0i11) + 0441 4
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The corresponding residual life at load level (i + 1) is defined by equation Eq. 5-5.

Ni+nr = N(,i+1)R — N(i+1) Eq-5-5

This procedure leads to an iteration process (Figure 5-4) until the damage indicator becomes
one. We are at this point dealing with fatigue failure of the structural component.

| A new damage indicator based sequential |

[
| n;number of cycles at o; stress level |

No

O; > Oy

I
|N,~ failure number of cycles at o; stress level (from the S-N curve)|
[
| Nir=N;-n;: Residual life |
I

| O(i)eq: Damage stress for Nz number of cycles (from the S-N curve) |
|

_ Oliyeg ~Ti
D=|D,~ |
| No
If D<1 |

n;+; number of cycles at o ;4; stress level _

[
Damage transformation from previous step to next step

i
O, . — O,
. r (i+1)eq i+1 '
Di - Di - = G(i+1)ef/
O-u _Gi_a.l

-

]
O (i +1)eq associated number of cycles N, @+nr (from the S-N curve)
I
| N(i+1)R :]V/(H.]) R— Nj+j: Residual life |
[
|<5(,~+ 1eq: Damage stress for N+ )z number of cycles (from the S-N curve) |
I

O, —O:
i+l)eq i+l
l)i+l = —_ =D
OZ{ _(71'+1
]
| i=i+] I
Figure 5-4 Flow chart for the proposed damage indicator based sequential law, ref.[17]
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5.

Verification of the sequential Taw

Verification of the sequential law and the associated full range S-N curve was in previous
research done by comparing theoretical results against experimental data. Experiments done
on normalized 45C steel and 16Mn steel were the basis for this comparison [17]. The partially
known S-N curves for each of these materials were transferred to fully known curves, and
later on compared with the laboratory tests of the corresponding specimen. Results of each
comparison are in good agreement with the experimental data (Figure 5-5 and Figure 5-6).

1300 ——rrrr T
—, - -,r;ﬂ-. N =200 ..\i-h Pr

1000 —+ ‘\\\\ q\_ _ A sdondo) ol

000 4 RS 1
< g00 4 B, :
= R
= 700 4 _
_:;[| %%
= 600 1 . .
w ‘&9‘.‘&;‘——_________
2500 4 s From the PSN curve (Zhenz & 4, 1995) 1
= _ :

Predicted curve
_‘_DD .-I PERETTT ||||||||-‘| PERTIT NIRRT BRI R TTT B SR W RTTe 1 EERTIT BRI
10° 10° 10* 108 108

Number of cycles N

Figure 5-5: Predicted S-N curve for 16Mn steel vs. experimental data, ref. [17]
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5 ]
=300 4 T Pediced o i
oA
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10°¢ 107 10* 10° 10°

Number of cvcles N

Figure 5-6: Predicted S-N curve for 45 C steel vs. experimental data, ref. [17]

Another form of verification was done by comparing the fatigue damage obtained by the
sequential law against the Palmgren-Miner and the experimental data. Results show a good
agreement between the sequential law and the experimental data. Palmgren-Miner on the
other hand gives a linear-cumulative damage. Results are presented in Figure 5-7 and Figure

5-8.
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Figure 5-7: Comparison of the predicted fatigue dzimage vs. experimental data for 16Mn steel, ref.[17]
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Figure 5-8: Comparison of the predicted fatigue damage vs. experimental data for 45C steel, ref. [17]
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5.3

Fatigue 1ife estimation

Results of the fatigue life estimation are presented in the following table. Fatigue life
estimation based on the proposed damage indicator sequential law consists of big range of
numerical iteration, till the damage indicator is equal to 1. Hence, structural components that
were proven to not be subjected to fatigue (in section 4.8) are not attended for fatigue life
estimations in this section. However, results presented in table 29 show that there is strong
reason to believe that the proposed theoretical and technical approach for fatigue life
estimation is giving more precise results.

Table 29: Sequential law vs. Miner’s fatigue life estimation

Miner's Sequential Law Deturiatinn
in %
Element S Fatigue Life Fatigue Life | Fatigue Life | Fatigue Life
nr. [FDF: 3] [FDF: 1] [FDF: 3] [FDF: 1]
32 Chord 17 a0 13 11 23,5
Joint 63 Brace A 0 s (4] MA MNA
9 13 Brace B oo oo MA MA
56 Brace C 315 o 261 MNA 17,1
32 Chord 30 90 24 74 20
Joint 55 Brace A oo oo NA MNA
13 19 Brace B oo oo NA NA
48 Brace C 369 o 306 MA 17,1
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6 Discussion

The main focus of this thesis has been to develop and introduce a new approach for fatigue
life estimation of offshore steel structures. S-N design curves and the Palmgren-Miner
hypothesis are both acknowledged methods for fatigue assessment. However, previous
research has shown that the Palmgren-Miner hypothesis is likely to provide different, possibly
unreliable results for fatigue life estimation under variable amplitude loading. This has been
the matter in question for this thesis.

Different theoretical appraisals have been developed during the course of this thesis. Fatigue
is a phenomenon that is a product of fluctuating loads, which cause time varying stresses in
the structural detail. Fatigue in offshore structures is no exception. It is previously stated that
waves and earthquakes stand for the majority of fluctuating loads acting on offshore
structures. Further, earthquakes are only taken account for at locations close to or in tectonic
fields. Hence, the starting point for fatigue assessment in this thesis was to describe the sea
state, and further assess fatigue in offshore structures based on wave loads. The methodology
for obtaining the hydrodynamic loads is presented step by step and with clarity. Calculations
of the hydrodynamic loads are based on linear wave theory and the application of the
Morrison’ equation. Definition of the sea state is based on a scatter diagram valid for the
Northern North Sea. It is mentioned that one would like to avoid taking account for the drag
force but this was not the case. However, this challenge was overcome and a step by step
presentation of the linearization of the drag force was presented.

Wave-structure interaction is modelled and a FEM-employed time history dynamic analysis is
conducted. Design-check confirms that no frame member is overstressed. This is verified by
an axial compression design-check conducted in reference with NORSOK N-004. Stress-
history evaluation is based on output data from the axial force, in- and out-of-plane bending
moments respectively. Further, fatigue assessment is based on the hot-spot stress and code
provided stress concentration factors. Code given S-N curves and the Palmgren-Miner
hypothesis is the basis for the conventional fatigue life estimation.

Application of the proposed damage indicator based sequential law is discussed in the view of
fatigue life assessment of offshore steel structures. The modelling technique for the full range
S-N curve is closely discussed. A big numerical stress-history evaluation is conducted and
wide ranges of output data are presented, considering the fact that stress-history evaluation is
essential when carrying out fatigue life estimations. Especially when emphasis is put on the
loading sequence effect.
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7 Conclusion

A new damage indicator based fatigue model for offshore steel structures is proposed. This
model is in previous research verified by comparing the theoretical approach against
experimental data of different specimen. The compared results are in good agreement.
Further, having proven this verification, the proposed model is compared to the conventional
fatigue life estimation theory, which is based on code given S-N curves and the Palmgern-
Miner hypothesis. Results presented show that the proposed model gives a more realistic
fatigue life due to its ability to capture the loading sequence more precisely. However, only
high cycle fatigue is assessed in this study. Comparisons of these two methods show
reduction and deviation in the range of 17 to 23,5%.
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8 Further studies

It is recommended that this same study is carried out by modelling the structural components
(Joint 9 and 13) in a FEM-employed software such as ABAQUS or ANSYS, to better capture
the effect of the stress concentration.

Another suggestion is that a more comprehensive, time-domain fatigue assessment is carried
out. Non-linear effects would be included in this analysis and the Rainflow counting
technique would have to be applied for estimating the number of cycles. The load case would
in such analysis be varying more frequently and be of an irregular shape, leading to a higher
deviation in the loading sequence.
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Appendix A

A.l Structural Details

In reference with [12].
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Appendix B

B.1 Hydrodynamic Loads Hs 1.bm

Ref. [4] DNV-RP-C205
Ref. [8] Marine Technology and Design

The surface profile: - Angular frequency

- Time
- Wave number (konstant)
- Position
- Wave length
.0 - Wave amplitude
0<xA

&= E(xt) = gpsin(ot + kx) Where:

Xvn>Xx x ~¢

Wave properties are evaluated by looking at the wave profile at a time t=0

A . A
&(5,0) = E,O-sm(—k- 2) =C

Eg(r,0) =0 Eqrsin(—k-1) = 0

Case Study:

Water depth: d = 50

3 Hours significant wave height: H = 150

Max wave height: Hpax = 1.86-Hg =2.79m
Wave period: T,:=09s

p

Classification of the water depth based on the dispersion relation w 2 =gk tanh(kd)
Where k is found through iteration:

| !
o =22 0698 0 = 0487 —
T S 2
p S
Hpyax
Eo = = 1.395m
2
Given
k=20

2
22| = gketanh(k-d)
Tp

k.= Find (k)

1
k =0.05—
m
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Given

Tp

Wavelength :

Waterdepth = |"Shallow"

1
"Intermediate" if — <— < —
20

"Deep"

2
[23] - g-Z%tanh(k'd)

g 2
A= —-T _ ~tanh(k-d
o P (k-d)
A =124789m

ifi<i
A 20
1

A2

otherwise

Waterdepth = "Intermediate"

t=0,1s..T

Surface Profile:

Velocity Profile:

Acceleration profile:

x:=0,5m.. A

E(x,1) = §(sin(o-t — k-x)

iﬂ(éo-sin(co-t - k~x))

a2
—dz(E_,O-sm(mt - k‘x))

z:=§,0..(=d) =
1.395|m

0
-1.395
-2.79
-4.185
-5.58
-6.975
-8.37
-9.765
-11.16
-12.555
-13.95
-15.345
-16.74
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Figure B.1: Flow velocity vs. acceleration profile

Horisontal flow velocity:

0
0 1.058
1 0.987
2 0.921
3 0.859
4| 0.802
5 0.749
. éO'k'g_cosh[k-(z+ d)] _ 3 8:22 m
) cosh(k-d) : S
8 0.61
9 0.57
10 0.533
11| 0.498
12| 0.466
13| 0437
14| 0.409
15
Eokg cosh[k~(E_,0 + d)] m
Uy = . =1.058 —
® cosh(k-d) s
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Water depth for member under consideration: dy, = —40
Diameter of platform legs: D =121 Thickness :
t= |100-mm if 40 <d <2 tyy = 01m
50-mm otherwise
Marine growth density: P = 1325§
3
m

Viscosity of seawater:

Density of water:

Outer diameter of platform legs:

Inner diameter of platform legs:

_6 m2
vi= (13510 O
S
Kk
Py = 1025—”;

m
Do = Dst +tty = 1.3m

D; = Dy — (2ty) — (2tjeg) = 1.068m

tleg

= 0016

n-D02 2
Cross-sectional area: A = =1327m
A 4
Morrison := |"Appliccable" if A > 5D Morrison = "Appliccable”
"Not Applicable"
u.. (D,
Reynolds number: R, = M =8.322x 106
Surface roughness: ky = 5.10 2n» ........................................... for marine growth
Drag coeff. for roughness: = — =0.038
2n E_,O
Keulegan Carpenter number for harmonic flow: = =6.742
DO
Drag Coefficients:
. —4
Cpg(A) = 10.65 if A <10
(29 +4log(A)) o o4 -2 Cpg(A) =105
20
1.05 otherwise
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Cp = 1.50 - 0.024.[L - 10] = 1.466
Cps(a)
v(Ke) = |Cy + 0.1:(Ke - 12) if 2 <K <12 v(Ke) =094

Cp -1 if 0.75 <Kg <2
CTC -1- 2(KC - 0.75) otherwise

Drag Coefficient: Cp = Cpg(A )'\V(KC) =0.987

Added mass coefficient:
Cp = |10 if Ko<3 Cp =0.835

ma{ 1.0 - 0.044(K¢. - 3),0.6 - (Cpg(A) - 065)] if K>3
"Drag Force Dominates" if K- >25

Mass Coefficient: Cy=1+Cy =183

Normal load on the jacket legs:

D

fo = |[Pu(1+ Ca) Aty if 05 < <10

X

(1 CryD |y | i Do <0.1
2 Pw D Po U max |Ymax| | ! -
2 Hn']ax

("Take account for both drag and inertia term" ) otherwise

f,, = "Take account for both drag and inertia term"

Maximum inertia load: . '
fmax = Py (1 + Cp ) Aty = 1.844:

. . 1 kN
Maximum drag load: b max = E'pw'CD'Do'umax' |umax| =0.735—

fD.max

Drag to inertia ratio: =0.399

fI.max
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Morison's Load Formula

The following calculations are valid for the members in a water
depth of -40 to -50m

Water depth for member under consideration: dy, 50 = =50

tns50 = 100-mm if —40 < dw.SO <2 tnso = 0.05m

50-mm otherwise

Outer diameter of platform legs: D, 50 = Dy + tyy 50 = 1.25m
Inner diameter of platform legs: D; 50 =Dy 50 — (z.thO) - (2'tleg) =1.118m
2
. Dy 50 2
Cross-sectional area: Agy = — =1227m
4
Morrison = | "Appliccable" if A > 5D0‘50 Morrison = "Appliccable”

"Not Applicable" otherwise

u.. (D
Reynolds number: R, 50 = M = 8.002 x 106
! v
Surface roughness: k50 = 5.10 er ........................................... for marine growth
k
Drag coeff. for roughness: Agy= =0.04
Do 50

2n-§

Keulegan Carpenter number for harmonic flow: Kcgo = =7.012
Dy 50

Drag Coefficients:

C Asg) = if A 104

Ds.50(A 50) = [065 if A5y <10
(29 + 410g(A 50)) Cpg(d) = 1.05

_4 -
if 10 <Ag <10
20 50

1.05 otherwise
Given

Cpsp = 150 - 0.024-[ = 1466

— 10
Cps 504 50) j
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wso(Ke.s0) = |Crso + 0.1-(Keso — 12) if 2 <Ksg < 12 wso(Kc.50) = 0.967

Crso —1- 2'(KC.50 - 0.75) otherwise

Drag Coefficient: Cpso = CDs,50(A 50)"“50(KC,50) = 1.015

Added mass coefficient:

maf 1.0 - 0.044(K: 50 - 3),0.6 — (Cpg 50(A) — 0.65)] i K59 >3
"Drag Force Dominates" if K¢ 50 > 25

Mass Coefficient: Cms0=1+Cp 50=1823

Normal load on the jacket legs:

Do 50

f050 = |[Pw (1 + Ca 50)- AUy if 05 < <10

X

Dy 50

Hipax

("Take account for both drag and inertia term" ) otherwise

1 .
(E'pw' Cp.50 Do 50 Umax |umax|j if <01

f,, 50 = "Take account for both drag and inertia term"

Maximum inertia load: flmax50 = Pw (1 + CA50)-As0Wmax = 1693 —
. . o

) kN

1 kN
Maximum drag load: D.max50 = 5 Pw D50 Po.50 M max || = 0727~ =
o fD.max 50
Drag to inertia ratio: ——— =043
. max50
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Total Load on the platform leg:

o

( Sokg coshlk-(z+ d)] ’
1 0% cos (z+

Fogn= | —0.-CD . 1] | d=7.464kN

d.40 J Pw D0 0 cosh(k-d) }

—40m

cosh[k-(z+ d)] B '
P (1+Ca) A[@O kg d) } d = 30.843 kN

Fiao = J
—40m
r—40m
2
1 80kg cosh[k-(z+ d)]
Faso= | S PwCDsoD : 1| | d=0.177-kN
d.50 5 PwD.50 o.soﬁ ° cosh(k-d)
- 50m
—40m
) cosh[k-(z+ d)]
Fiso= J Pw'(“CA.so)'Aso{%ok'g'W d = 2.641-kN
— 50m

The total drag load on the platform leg is:

The total inertia load on the platform leg is:

If we were not to take account for the different amount of the marine growth in different depth
levels, the total loads would be:

0

( 3

1 S0k8 cosh[k-(z+ d)]

Fyoe | = poCryD : 1| | d=6.685kN
d 5 PwD OH ® cosh(k-d)

—50m

0
cosh[k-(z+ d)]
Fj = J pw (1 + CA)~A[éo-k-g-W} d= 33.718.kN

—50m

We observe that these loads are slightly bigger because of the bigger diameter of the member
under consideration. This is as a result of the marine growth being of a higher value in depths up

to -40m.
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B.2

The surface profile:

€= &(xt) = gsin(ot + kx)

Hydrodynamic Loads Hs 2.0m

Ref. [4] DNV-RP-C205
Ref. [8] Marine Technology and Design

Where:

- Angular frequency
- Time
- Wave number (konstant)
- Position
- Wave length
.0 - Wave amplitude
0<xA

Xvn>X X ¢

Wave properties are evaluated by looking at the wave profile at a time t=0

A
{2o)-

§0~sin(—kv%j =C

Ey(2,0)=0 Egsin(—k-1) = €

Case Study:

Water depth: d = 50

3 Hours significant wave height: Hg = 2.0m

Max wave height: H .= 1.86:H  =3.72m
Wave period: Tp = 0s

Classification of the water depth based on the dispersion relation w 2 =gk tanh(kd)
Where k is found through iteration:

1
® = 22— = 0.698—
Tp S
Hya
gy = —— = 186m
2
Given
k=20

2
[2%} = g-k-tanh(k-d)

p

k== Find (k)

k =005
m

1
0)2 =0487—
2

s

A new approach for estimating fatigue life in offshore steel structures
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Given

2
(ZLJ = g-Z% tanh (k-d)

TP
Wavelength : A= 2T 2tanh(k-d)
2n P
A =124.789m
. d 1
Waterdepth := |"Shallow" if — <—
A 20
1 d 1
"Intermediate" if — <— < —
20 A 2
"Deep" otherwise

Waterdepth = "Intermediate"

t=20,1s..T x:=0,5m.. A z:=§),0..(-d) =
1.86|m
0
-1.86
Surface Profile: E(x,1) = Egsin(ot —k-x) -3.72
-5.58
-7.44
Velocity Profile: d—(éo-sin(mt - k.x)) 93
d -11.16
-13.02
-14.88
-16.74
-18.6
-20.46
-22.32

2
Acceleration profile: d—dz(gosin(m-t - k-x))

A new approach for estimating fatigue life in offshore steel structures




d—;(§0~sin(w~t—k-x))

>( -1-0.5
-

id(E,osin(m-t—k-x))

Figure B.4: Flow velocity vs. acceleration profile

Horisontal flow velocity:

0
0 1.443
1 1.316
2 1.2
3 1.094
4 0.998
5 0.911
. éO'k'g'cosh[k-(z+ d)] _ 3 06832 m
) cosh(k-d) : S

8 0.695
9 0.636
10| 0.582
11 0.534
12 0.49
13 0.451
14| 0.416

15

Eokg cosh[k~(E_,0 + d)]

u = . = 1.443—
max ® cosh(k-d) s
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0

0 1.007

1] 0.918

2| 0.837

3| 0.764

4| 0.697

5| 0.636
Horizontal particle accelerations: u'= gy 'g'—COSh[k'(Z+ D) = s 8?21 =

cosh(k-d) ; 2

8| 0.485|°

9| 0.444

10| 0.407

11 0.373

12| 0.342

13| 0.315

14 0.29

15

The acceleration term is at its minimum under the wave crest when cos(mt —kx) = C

The acceleration term is at its largest when the water particles cross
the still water level z=0, hence:

cos(mt —kx=1

€= gpsin(wt — kg =0

£ cosh[k-(0 + d)] 0-0 m
0. = Enkge———— 20 ) = )-—
min U cosh(k-d) SZ

Uax = Sok-g

M.Sm(“) - 10072

cosh(k-d) 2 s

A new approach for estimating fatigue life in offshore steel structures
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-28

-30.75 /

-33.5 /

-36.25 /

-39
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—
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u

Particle velocity [m/s]

Figure B.5: Particle velocity vs. water depth

1.6

2.25 r

-0.5

-3.25

-6

- 875

- 115

—14.25

-17

-19.75

-225

N

—2525

- 28 /

-30.75

-335

-36.25 /

-39 /

—41.75 /

445 |

— 47251 1

- 50
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

ul

Acceleration [m/s"2]

Figure B.6: Particle acceleration vs. water depth
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Morison's Load Formula

Water depth for member under consideration: dy, = —40
Diameter of platform legs: Dy = 1.2 Thickness : tleg :
ty = |100mm if —40 <d <2 ty=0.1m
50-mm otherwise
Marine growth density: Pm = 1325k—g3
m
2
Viscosity of seawater: v = (1.35-10) 6
S
Density of water: Py = 1025k—‘§
m

Outer diameter of platform legs:

Inner diameter of platform legs:

D0 = Dst +ty = 1.3m

D; = Dy — (2ty) — (2tjeg) = 1068 m

T['Doz 2
Cross-sectional area: A = =1.327m
AW 4
Morrison = |"Appliccable" if A > 5D, Morrison = "Appliccable"
"Not Applicable"
u.. (D
Reynolds number: R, = M =1.136 x 107
Surface roughness: ki =5 10 2n¢ ........................................... for marine gro
Drag coeff. for roughness: — =0.038
D
. 2n-§
Keulegan Carpenter number for harmonic flow: K= =8.99
DO
Drag Coefficients:
. . — 4
Cpg(A) = [0.65 if A <10
(29 +4log(A) o 1 p <102 Cpg(A) =1.05

20

1.05 otherwise

= 0.016-1x

A new approach for estimating fatigue life in offshore steel structures
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12
Cp =150 - 0.024-[—

~ 10| = 1466
Cps(d)

v(Ke) = |Cp + 0.1:(Ke - 12) if 2 <K <12 v (K¢) = 1.165

Cp —1 if 075 <K¢ <2

Cp —1-2(Kc —075) otherwise

Drag Coefficient: Cp = Cpg(A)- (K¢) = 1223

Added mass coefficient:

Cp = |10 if Ko<3 Cp =0.736

may{ 1.0 — 0.044(Kc. - 3),0.6 - (Cpg(A) — 065]] if K>3
"Drag Force Dominates" if K >25

Mass Coefficient: Cpp=1+Cy =1736

Normal load on the jacket legs:

D

£ = |:pw~(l + CA)-A-u'maX] if 0.5 < <10

X

(1 ChD | |) i 2 <01
S Pw D Po Y max [Ymax| | ! -
2 Hipax

("Take account for both drag and inertia term" ) otherwise

f,, = "Take account for both drag and inertia term"

Maximum inertia load: ) . kN
fimax = P (1 + Cp) AUy = 238
. 1
Maximum drag load: D max = p P Do Uppax |umaX = 1.697-—
fi
D.
o = 0713
Drag to inertia ratio: f,
L. max

A new approach for estimating fatigue life in offshore steel structures
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Morison's Load Formula

The following calculations are valid for the members in a water

depth of -40 to -50m

Water depth for member under consideration: dy 50 = =50

50-mm otherwise

Outer diameter of platform legs: D, 50 = Dg + t 50 = 1.25m
Inner diameter of platform legs: D; 50 = Dy 50 - (z‘thO) - (z'tleg) =1.118m
2
. _ n-Dy 50 2
Cross-sectional area: Agy=——— =1227m
4

Maison = Appliccable” if & > 5D 54 Morrison = "Appliccable”

"Not Applicable" otherwise

u.. D
Reynolds number: R, 50 = M = 1.092 x 107
: \%

Surface roughness: ki 50= 5 10 21r ........................................... for marine growth

k
Drag coeff. for roughness: Az = =0.04

50 D
0.50
2m -
Keulegan Carpenter number for harmonic flow: Kc g0 = =9.349
0.50

Drag Coefficients:

Cps.so(As0) = |065 if Asp<10"
41 Cpg(A) = 105
w it 10 <agy <100 P8

1.05 otherwise

Given

12

C_ < = 1.50 — 0.024.| ————— — 10| = 1.466
.50
[CDS.SO(A 50) j

A new approach for estimating fatigue life in offshore steel structures
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wso(Ke.s0) = | Crso + 0.1-(Keso — 12) if 2 <K < 12 wso(Kc.s0) = 1201
Crso —1- 2'(KC.50 - 0.75) otherwise

Drag Coefficient: Cpso = CDS,50(A 50)""50(KC.50) =1.261

Added mass coefficient:

ma{ 1.0 - 0.044(K: 50 — 3),0.6 — (Cpg 50(A) = 0.65)] i K50 >3
"Drag Force Dominates" if K¢ 50 > 25

Mass Coefficient: Cms0=1+Cp 50=1721

Normal load on the jacket legs:

Dy 50

f050 = |[Pw(1+ Ca 50)- AUy if 05 < <10

max

D
1 . 0.50
= Pw D50 Do 50 Y max umax) if <01

("Take account for both drag and inertia term" ) otherwise

f, 50 = "Take account for both drag and inertia term"

. . . . 1 kN
Maximum inertia load: fmax50 = Pw (1 + CA_50)-A50 W max = 218
1 kN
Maximum drag load: D.max50 = 5 Pw D50 Po.50 M max |vmay| = 1.682——
. . . fD.max 50
Drag to inertia ratio: — =0771
f.max 50
A new approach for estimating fatigue life in offshore steel structures C
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Total Load on the platform leg:

o
r B0k e coshllezs d)] |
1 0™'% cos (z+
Foian= | —.p.-Ch-D . 1| | d=17214kN
d.40 Pw D o o cosh(k-d) }

—40m

0
] cosh[k-(z+ d)]
Fi.40 = [ pw-(l + CA)~A|:é0'k-g-W:| d = 38.909-kN

—40m

(— 40m
2
1 S0k cosh[k-(z+ d)]
Foon o L Con oD . ] | d=0391.kN
d.50 J 2Pw D.50 O.SUH o cosh(k-d)
- 50m
(- hik-(z + )]
COS “(z+
{1+ Cyp <) Acq Ekog- d = 3322-kN

ﬂm;J
— 50m

The total drag load on the platform leg is:
The total inertia load on the platform leg is:

If we were not to take account for the different amount of the marine growth in different depth

levels, the total loads would be:

0
2
1 Sokg h[k-
- [ L o Cpy Dy | - coshlietz t D141y g 70748
2 o cosh(k-d)

— 50m

0
F, : pw(l—i—CA)A[éokg cosh(cd) Jd 42.535-kN

1 _J
—50m

We observe that these loads are slightly bigger because of the bigger diameter of the member
under consideration. This is as a result of the marine growth being of a higher value in depths up

to -40m.
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B.3

The surface profile:

€= &(xt) = §ysin(ot + kx)

Hydrodynamic Loads Hs Z2.bm

Ref. [4] DNV-RP-C205
Ref. [8] Marine Technology and Design

Where:

- Angular frequency
- Time
- Wave number (konstant)
- Position
- Wave length
.0 - Wave amplitude
0<xA

X > X X+ ¢

Wave properties are evaluated by looking at the wave profile at a time t=0

A
{2o)s

go(1.0) = 0

Case Study:

Water depth:

3 Hours significant wave height:

Max wave height:

Wave period:

go.sm(—k%j =0

Epsin(—k-A) = C

d = 50
Hs = 2.5

Hmax = 1.86~HS =4.65m

Tp =9s

Classification of the water depth based on the dispersion relation w 2 =gk tanh(kd)
Where k is found through iteration:

1

® = 2Tl — 0.698—
p S

H

gp= —— =2325m
2

Given
k=0

2
(zTij = g-k-tanh(k-d)

p

k.= Find (k)
1

k =0.05—
m

1
032 =0487—
S2

A new approach for estimating fatigue life in offshore steel structures

N

et



22 |

Given

2
(ZLJ = g-Z% tanh (k-d)

TP
Wavelength : A= 2T 2tanh(k-d)
2n P
A =124.789m
. d 1
Waterdepth := |"Shallow" if — <—
A 20
"Intermediate”  if 1 < d < 1
20 A 2
"Deep" otherwise

Waterdepth = "Intermediate"

t=20,1s..T x:=0,5m.. A z:=§),0..(-d) =
2.325|m
0

-2.325

Surface Profile: E(x,1) = Esin(ot — k-x) -4.65
-6.975
-9.3
Velocity Profile: d—(éo-sin(mt _ k.x)) 11.625
! -13.95
-16.275
-18.6
-20.925
-23.25
-25.575
-27.9

2
Acceleration profile: d—dz(gosin(m-t - k-x))

A new approach for estimating fatigue life in offshore steel structures




d—2(§0~sin(m~t—k-x))

id(gosin(m-t—k.x))

Figure B.7: Flow velocity vs. acceleration profile

Horisontal flow velocity:

0
0 1.846
1 1.644
2 1.465
3 1.306
4 1.165
5 1.04
. éO'k'g_cosh[k-(z+ d)] _ 3 8:;? m
® cosh(k-d) : S
8| 0.744
9| 0.668
10 0.6
11 0.541
12| 0.489
13| 0.444
14| 0.405
15
Eokg cosh[k~(E_,0 + d)] m
Uax = : =1.846—
® cosh(k-d) s
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0
0| 1.289
1 1.148
2| 1.023
3 0912
4| 0.813
5[ 0.726
Horizontal particle accelerations: u' =&y 'g'w = j 0;)6;13 =
cosh(k-d) ’ 2
8| 0519(%
9| 0.466
10| 0.419
11| 0.378
12 0.342
13 0.31
14 0.283
15

The acceleration term is at its minimum under the wave crest when cos(ot —kx) = €

The acceleration term is at its largest when the water particles cross
the still water level z=0, hence:

cos(mt —kx=1

&= gysin(ot —kx) = 0

£ cosh[k-(0 + d)] 00 m
W =fnkg———— 20 )= ()—
min U cosh(k-d) SZ

cosh|k-(§n+ d
W = §0~k-g~%-sm(n) - 1289

A new approach for estimating fatigue life in offshore steel structures
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Figure B.8: Particle velocity vs. water depth
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Figure B.9: Particle acceleration vs. water depth
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Water depth for member under consideration: d,, =—4C
Diameter of platform legs: Dy = 1.2 Thickness :
tm = 1000mm if —40 < dW <2 tn = 0.Im
50-mm otherwise
Marine growth density: Pm = 1325§
m3
6 m2
Viscosity of seawater: v = (13510  —
Density of water: Py, = 1025 ke
3
m

Outer diameter of platform legs:

Inner diameter of platform legs:

Cross-sectional area:
Morrison := | "Appliccable" if A > 5D,
"Not Applicable" otherwise
u.. (D
Reynolds number: R, = M
A%
Surface roughness: ky = 510 2H
Drag coeff. for roughness: A

Keulegan Carpenter number for harmonic flow:

Drag Coefficients:

. — 4
Cps(A) = |0.65 if A <10
2 _
(29 + 4log(A)) i 10 4
20

1.05 otherwise

<A <10

D0 = Dst +ty = 1.3m

D; = Dy — (2ty) — (2tjeg) = 1068 m

tleg :

A new approach for estimating fatigue life in offshore steel structures

= 0.016-

n~D02 2
A = =1.327m
MWy
Morrison = "Appliccable"
= 1453 % 10/
........................................... for marine growth
=0.038
2n-§
K¢ = =11.237
o]
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12
Cp = 1.50 — 0.024| ——— — 10| = 1.466
Cps(2)
v(Ke) = |Cp + 0.1:(Ke - 12) if 2 <K <12
C, -1 if 0.75 <K <2
Cp —1-2(Ke = 075) otherwise

Drag Coefficient:

v(Ke) = 1389

Cp = Cpg(A ) (K¢) = 1459
Added mass coefficient:
Cp = |10 if Ko <3

ma{ 1.0 — 0.044(K(. - 3),0.6 — (Cpg(a) —065)] if K¢ >3
"Drag Force Dominates" if K > 25

Cyp = 0638

Mass Coefficient: Cpp=1+Cy =1638

Normal load on the jacket legs:

D

fo = |[Pw(1+ Ca) Aty if 05 < <10

max

(1,3 CpD | |) if Do <0.1
3 Pw D Yo Y max |“max] :
2 Hipax

("Take account for both drag and inertia term" ) otherwise

f,, = "Take account for both drag and inertia term"

Maximum inertia load:

, kN
flmax = Py (1 + Cp ) Aty = 2871-—

Maximum drag load: kN

1
D.max = E'PW'CD'Do'umax' |umax| = 3'313';

fD.rnax

Drag to inertia ratio: =114

fI.max

A new approach for estimating fatigue life in offshore steel structures
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Morison's Load Formula

The following calculations are valid for the members in a water
depth of -40 to -50m

Water depth for member under consideration: dy, 50 = =50

50-mm otherwise

Outer diameter of platform legs: D, 50 = Dg + ty 50 = 1.25m
Inner diameter of platform legs: D; 50 = Dy 50 ~ (2.tm50) - (Z'tleg) =1.118m
2
c . _ n-Dy 50 2
ross-sectional area: Asgy = — 1.227m

Morison = | "Appliccable” if A > 5Dy 5 Morrison = "Appliccable”

"Not Applicable" otherwise

u_ (D
Reynolds number: R, 50 = M =1.397 x 107
: \%
Surface roughness: ki 50 = 5.10 2rr ........................................... for marine growth
k
Drag coeff. for roughness: Ay = =0.04
Do 50
2n E—’O

Keulegan Carpenter number for harmonic flow: Kcso = =11.687

= Dyso

Drag Coefficients:

. — 4

Cro(A) = 105
—(29+ 41205(A s0) it 1004 <ag <107’ e

1.05 otherwise

Given

12

C. <y = 1.50 — 0.024.| ———— — 10| = 1466
.50
[CDS.SO(A 50) j

A new approach for estimating fatigue life in offshore steel structures
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wso(Ke.so) = |Crso + 0.1-(Keso — 12) if 2 <Ksg < 12 wso(Kc.s0) = 1434

Crso —1- 2'(KC.50 - 0.75) otherwise
Drag Coefficient: Cp.50 = Cps.50(A 50) s0(Kc.50) = 1.506

Added mass coefficient:

maf 1.0 - 0.044(K: 50 - 3),0.6 — (Cpg 50(A) — 0.65)] i K59 >3

"Drag Force Dominates" if K¢ 50 > 25
Mass Coefficient: Cms0 =1+ Cp 50 =1618
Normal load on the jacket legs:

Do 50

f050 = |[Pw(1+ Ca 50)- AUy if 05 < <10

X

Dy 50

Hipax

("Take account for both drag and inertia term" ) otherwise

1 .
(E'pw' Cp.50Do.50 Umax |umax|j if <01

f,, 50 = "Take account for both drag and inertia term"

. . . kN
Maximum inertia load: flmax50 = Pw (1 + CA50)-As0 W max = 2623 —
. . o

1 kN
Maximum drag load: D.max50 = 5 Pw D50 Po.50 M max || = 3288~
o fD.max 50
Drag to inertia ratio: —— =125
. max50
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Total Load on the platform leg:

%0

r S0Kg coshlk-(z+ d)] ’
1 0*'2 cosh[k:(z+

Fya0= | 2 6.-CnD : 1| | d=33.592-kN

d.40 J Pw D Yo ® cosh(k-d) }

—40m

cosh[k-(z+ d)] B '
P (1+Ca) A[@O kg d) } d = 45.866-kN

Fiao = J
—40m
r—40m
2
1 Sokg coshlk-(z+ d)]
Faso= | ~PwCp.soD . 1| | d4=0.73-kN
d.50 5 PwD.50 o.SUH ° cosh(k-d)
— 50m
—40m
) cosh[k-(z+ d)]
Fiso = J pw'(1+CA.50)'ASO[§O'k'g'W d = 3.904-kN

— 50m
The total drag load on the platform leg is:
The total inertia load on the platform leg is:

If we were not to take account for the different amount of the marine growth in different depth
levels, the total loads would be:

0

( P

1 S0K8 cosh[k-(z+ d)]

F, o= | . pe-CryD : 1| | d=27451kN
d 5 PwD OH ® cosh(k-d)

—50m

0
cosh[k-(z+ d)]
F, = J’ pw'(l + CA)'A[QO'k'g'W} d = 50.141-kN

—50m

We observe that these loads are slightly bigger because of the bigger diameter of the member
under consideration. This is as a result of the marine growth being of a higher value in depths up

to -40m.
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Appendix C

C.1Stress Concentration Factors - Joint 9

In refrence with  [3] DNV-RP-C203

Definition of geometrical parametrs:

D

s 0 " Ll

AT p B~ p ¢~ p

ta t tc

TA=— Tp = — T~= —

AT T B~ 1 C b

_D f s gAB fos gBC
Y T AB D BC D

Case UNAET CONSIABTALION. .........vveeveeeeeeeeeeeeeeeseseeseeeeeeeseeseeseeeeeeeseesseseeenes Joint 9
Where:

T.=0.016m D:=12m
tp = 0.016m dA =12m=12m
tg = 0.014m dB =12m=12m
to= 0.016m dC =12m=12m
gap = 04 : SAB 0333

gBC = 0.4 AB — D -

o gBC
Op =2 Egc = — =0333
D
®B =89
O = 46
A new approach for estimating fatigue life in offshore steel structures C
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D
y::E:37.5

®m1n = I'rllIl(@A,®B,®C)
B ._d_A—l ﬁ . E_l B . E
A - D B- D C- D
B=Ba=Bg=Bc B=Pa
Bn]ax = max(BA)BB:BC) =1
Bumin = min(B 5. Bp.Bc) =1

tA B tc
Tp =— =1 T =— =0.875 Th=—
AT 1 B™r C™r

Balanced axial loading:

Chord:
0.3 0.3
sin(® B
SCF = 4201067 - g2 + Ligp) sin(© 4 )| — (Oma) ) ™ P ) _ 1.947
Sln(®min) Bmin
. 0.3 03
sin(@® B
SCF,p = g 250,67 b2 + 1.16) sin(© )| — (Oma) | ™ Prs = 5482
Sm(®min) B min
. 0.3 0.3
sin(@® B
SCF = 10045067 - 2 + 1.16p) sin(0)| — (O} ” ( Pra] ™ _ 6482
sm(®min) B min
038
SCFporda = SCF, A-(1.64 + 0298 " atan(8g AB)) = 3878
-0.38
SCF pordB = SCFCB~(1.64 +0.29B atan(sgBC)) = 10918
~0.38
SCF jordC = SCFcc-(1.64 +029B" " atan(8¢ AB)) = 12.909
Brace:
For the diagonal braces A and C:
£ = Eap+Epget Bp = 1.667
For the central brace B:
tp = max{& g, &pc) = 0.333
For gap joints: ¢ =0 Hence C.Bl's.yo's.r_ 122 _ 0
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SCFpraceA = [1 + (1.97 - 1.57-30'25)-1_ 0'14-(sin(® A))Oﬂ.s(:FC e

+ sinl'8(®A + ©p)-[0.131 - 0.084-atan[(14 + 4.2B)-rad ]]-0

SCFy acon = [1 o (197 - 157.9%) < A " (sin(o A))Oq-SCFChord A =45
SCFy 1 cep = [1 + (1.97 - 1.57-30‘25)-113_ 0'14~(sin(®B))0'7}SCFChordB = 14921
SCFy raoeC = [1 (197 - 1578922 0‘14-(sin(®c))0'7}SCFChordC —17.712

In plane bending for chord and brace at location A and B,
respectively

_ 0.85 (1-0.68B) . 07
SCEMIPchordA = 145B-TA Y sin(@,)" = 1854

_ 0.85 (1-0.688) (107
SCEMIpchordB = 145°B-tg sin(@p) " =3715

W 0.85 (1-0.68B) . 0.7
SCFMIPchordc = 145B-tc ™ 7y sin(©) " = 4302

04 (1:09-077B,) (0.06y —1.16)
SCFMIPbraces = 1 +065BaTA" 7 -sin(© 5 ) = 1499

04 (1.09-07785)

. (0.06y —1.16)
SCFMIPbraceB =1+ 065BB’L’B Y Sm(®B)

=2.667

04 (109-077B¢) (0.06y ~1.16)
SCFMIpbracec = 1 + 065Bcte Y -sin(©¢) = 23852

Out of plane bending for chord at locations A, B and C,
respectively

SCFvopA = Y'TA-BA-(IJ - 1.053A3>-sin(®A)1'6 =3.016

SCFmopB =¥ -TB-BB'(1-7 - 1~05BB3>-sin(®B)1‘6 = 16.757

3) (g |16
SCFmopc = ¥ ‘Tc‘Bc'(lﬂ - 1.05Bc )-sm(@c) =20.659

N
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Unbalanced out of plane bending for KT-Kjoints:

Where:
Eapsin(0,) g-sin(0 )
— =1.09 XAC =14 —— =1452

XAB =1+
BA BA

Chord saddle SCF adjacent to diagonal brace A:

-08- -0.8-
SCFMOPe.a = SCFMOPA'[l - 0'08'(BB'Y)0.5'6( XAB)}' 1 - 0.08'(BC'Y)0'5.e( XAC)
+SCFyopp] 1 - 0-08'(BA-“/)0'5~e(_ 08x,p) | 2.05-Bmaxo'5-e(_ 13%0)
+SChyopc| 1 - 0-08~(BA-V)0'5~e(_ 083x5¢) . 2'05'Bmax0'5'e(_ 1335
SCEMOP chordA = SCFMOPpc 4 = 14:084
Chord saddle SCF adjacent to diagonal brace C:
Where: xcg =1+ éBLm(C) 1301 xon = 1+ € sm( C) s
BC BC
-0.8 -0.8-
SCFmope = SCFMOPC’[l - 0~08‘(BB'Y)0’5'6( XCB)}' L 0-08'(BA~V)0'5~e( XCA)}
+SCFy1opp | 1 - 0'08.([3(:4{)0.5_6(— O'S'XCB) . 2.05-[3maxo'5-e(_ 1'3'XCB)
+ SCFMOPA' 1 = 0'08'(BC"Y)0'5-6(_ 0.8xcA ) 2.05-Bmaxo'5.e(_ L3-xcA

SCEMOP.chordC = SCEMOPe ¢ = 21414

Chord saddle SCF adjacent to central brace B:
Where:

EApsin(® — -

AB ( B) 1287 xgc =1+ 1.287

XABb =1+
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0s (- O'S'XAB.b)} . 0.08'(%_”0.5.6(‘ 0'8'XBC)}

)0‘5 (‘ 0.8-XARB.b [ 05 (_1'3'XAB.b):|
- . -

205B
(— 0.8~xBC)i|

o.s.e(‘ 1'3'XBC)i|

{205 B0y

SCF\MOPeb = SCFMOPB-[I - 0.08(Bgy) e

+SCFyopa| 1 — 0.08:(B oY

0.5

SCEMOP.chordB = SCEMOPe b = 18922

Notice that the stress concentration factors for the chord are identified at two different locations
(location A and location B). This is done in order to obtain the highest SCFs. Are the highest
SFCs likely to occur at the chord adjacent to brace A or at the chord adjacent to brace B?

Results are obtained in the excel sheet.

Further, the fatigue analysis for the chord are based on the location with the highest SCFs.

Out of plane bending, brace SCFs:

-0.54 -0.05
Y

4
SCFMOP.braceA = TA 0.99 — 0.47-B o + 0.08B o )-SCFMOP.Chord A =705

-0.54 -0.05
SCEMOP braceB = B ¥ (

0.99 - 047-B + O.OSBB4)-SCFMOP.Ch0rdB = 10.18

-0.54 -0.05
Y

4

The results obtained are summarised in Table C.2.

SCF (JOINT9) Axial M, M,,
- Location A 3,878 1,854 14,084
§] Location B 10,918 3,715 18,922
o

Location C 12,909 4,302 21,414

° A 45 1,499 7,05
8 B 14,921 2,667 10,18
o

C 17,712  2,852| 10,719
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C.2Stress Concentration Factors - Joint

13

In refrence with  [3] DNV-RP-C203

Definition of geometrical parametrs:

D

) - .

AT p B™ p " p

tA B tc

TA = Tp=— TH~= —

AT T B™ 1 C™p

_D _ 5aB £BC
- ABT T BC™ T

Case under CoONSIAEratioN............occuvevieeiiecieiie e JOint 1 3
Where:
T :=0.0l6m D:=12nr
tp = 0.0161r dA =12m=12m
tg = 0.0141r dB =12m=12m
to = 0.0161r dC =12m=12m
gAR = 04 : SAB 0333
gpc = 0.4 AB™ p 77
o EBC
Op =46 Egc = —— =0333
D

@B = &6
O = 4
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O ax = Max(© 5, 0,0 ()

y =— =375

®1’1’111’1 = InlIl(@A,GB,(‘Dc)
B A b B b <€ |
A7 p B~ p C™p
B=PBa=Bp=hc B=PBa
Bmax = max(BA:BBa BC) =1
Bmin = min(BA-Pp.Bc) =1

t t t

A B C
Tp=—-=1 Tp=— =0875 Tr=— =1
AT T B~ 1 C™r

Balanced axial loading:

Chord: . N,
(6 , ,
SCFeA = TAO‘Q'YO'S(Q67 57+ Liep) Sm(GA)'[zzE@)n?X))j [Emaxj e
min min
(6 0.3 0.3
SCFCB — tBO.g'Y045(0,67 — BZ + IIGB) Sm(GB)(ZZE@mX)) (gmax —387
mimn min
(o 0.3 0.3
SCF - = ICO'9-YO'5(0-67 B Liep) sin(®c)~£:22®m%x; [Emax = 4519
min min
SCFohordA = SCFcA'(1~64 + 029~ 0.38atan(8éAB)) =8.999
SCF¢hordB = SCFCB-(1.64 + 0205~ %2 8atan(8§BC)) =76l11
SCFohordC = SCFCC~(1.64 + 0298 0'38atan(8& AB)) =8.999
Brace:

For the diagonal braces A and C:

£ =Eag+ Epct+ B = 1.667
For the central brace B:

¢ = max{&, g, Epc) = 0.333

For gap joints: ¢ =0 Hence cpldy 002

AL

0
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SCFppaceA = [1 o (107 - 15769%).c” 14 (sin(0 A))Oj}scFC A -

+sin1'8(®A + ©p)-[0.131 - 0.084-atan[(14& + 4.28)-rad ]]-0

SCFpraceA = [1 + (1.97 ~ 157 60'25)-r A 0'14-(sin(® A))Oﬂ-SCFchord A = 12348
SCFpraceB = [1 + (1'97 B 1'57’60‘25)'TB_ 0.14'(Sm(®B))0.7j|'SCFchordB = 10.402

SCFpraceC = |:1 + (1'97 B 1'57'50'25)'70_ 0.14‘(Sin<®C))0.7j|‘SCFchordC =12.348

In plane bending for chord and brace at location A and B,
respectively

, 085 (1-0.688) . 0.7
SCE\pchordA = 145°B-TA v sin(@,) =4302

, 085 (1-0.688) . (107
SCP\M1PchordB = 1458t Y sin(@p) " =3.715

_ 085 (1-0.688) . 0.7 _
SCEMIPchordC = 145B-1¢ v sin(@¢) " = 4302

04 (109-0.778 5)

- : (0067 ~1.16) _
SCFMIPbracea = 1+ 065BpTA Y sin(© 4 ) =2852

04 (109-077Bp) (0.06y ~1.16)
SCEMIPbraceB = 1 + 065 B 1 7 -sin(©p) = 2.667

04 (109-0.778¢)

_ . 1006y ~116) _
SCFMIPbracec = 1 + 065 Bcte v -sin(© ) = 2852

Out of plane bending for chord at locations A, B and C,
respectively

SCFmopA =7 -TA'BA-(U - 1~OSBA3)~sin(®A)1'6 = 20.659

3) . 1.6

3) 16
SCEvopc =¥ -TCBC(IJ - 105B )-sm(@)c) = 20659
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Unbalanced out of plane bending for KT-Kjoints:

Where:
Eapsin(©4) &sin(© )
— 1301 X o= 1+ ——— =2.503

XAB =1+
BA BA

Chord saddle SCF adjacent to diagonal brace A:

- 0.8 -08
SCFMoPea = SCFMOPA'[I B 0'08'(BB'Y)0'5'6( XAB)}‘ - 0.08'(Bc-Y)0'5-e( XAC)}
+SChyopR] 1 - 0-08'(I3A~v)0'5-e(_ 0.8xp) . 2'05'Bmax0'5'e(_ 13%5p)
+SCF\1opc| 1 - 0'08'(BA'Y )O.S.e(— 0.8~XAC) . 2_05.Bmaxo'5.e(_ 1.3-XAC)
SCFMOP.chordA = SCFMOPc.a = 22719
Chord saddle SCF adjacent to diagonal brace C:
-sin(© sin(®
Where: = 1+ tesn() 1301 xcp =1+ Esin(®O¢) 5503
Be e
- 08 -08
+SCPyopg] | - 0~08'(Bc~y)0'5-e(_ o.s-xCB) ' 2.05~[3max0'5'e(_ 1'3"‘(:13)
+ SCFMOPA' 1 = 0'08'(BC"Y)0'5'C(_ O'S'XCA ) 2.05'Bmaxo_5.e(— 1.3-XCA

SCFMOP.chordC = SCEMOPC ¢ = 22719

Chord saddle SCF adjacent to central brace B:

Where:

SABSIN(Op — 14 B¢ B
XABp = |+ % = 1.287 e = 1+ 1.287
B

N
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0.5
e

(- O.S-XAB.b)}

( 11z 0~08'(BC'Y)0.5'3( O'S'XBC):|
-0.8:x
)0.5_e ‘AB.b [

SCFMOPeb = SCFMOPB-|:1 - 0.08(Bg7) ( )
05 \~ 1'3'XAB.b}
-C

+SCF\opa| 1 ~ 0-08'(BA'Y 2'05'Bmax
+SChyopc] 1 - 0~08'(BA-Y)O‘5-e(_ o.s.XBC)} 2.05-Bmxo‘5-e(_ 1,3~XBC):|

SCEMOP.chordB = SCEMOPe b = 24524

Notice that the stress concentration factors for the chord are identified at two different locations
(location A and location B). This is done in order to obtain the highest SCFs. Are the highest
SFCs likely to occur at the chord adjacent to brace A or at the chord adjacent to brace B?

Results are obtained in the excel sheet.

Further, the fatigue analysis for the chord are based on the location with the highest SCFs.

Out of plane bending, brace SCFs:

-0.54 -0.05
Y

4

-0.54 -0.05
Y

4

-0.54 -0.05
Y

4
SCFMOP.braceC = TC 0.99 — 0.47-B + 0.088 )-SCFMOP_ChordC =11.372

The results obtained are summarised in Table C.1.

SCF (JOINT 13) Axial M, Mop

- Location A 8,999 4,302 22,719

8 Location B 7,611|  3,715| 24,524

© Location C 8,999  4,302] 22,719

o A 12,348  2,852| 11,372

;:‘? B 10,402|  2,667| 13,194
C 12,348  2,852| 11,372
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Appendix D

D.1 Axial Compression Design Check for
Most Critical Member

In reference with Norsok N-004.

k=1
2 3 N
A = 59514.33mm E = 210100 — D = 1200mmx
Il']I'l’l2
Ngq = 12117.384kN .
Mygq = 495.8252kN-1r
Elastic section modulus: W= 17384533 mn
N, M
d d
Gesd = —— + ——— =232.126-MPa
) A w
t 3 f, = 355l
f o =203E— =168x 10"-MPa v 2
: D mm
f.
X —o2n
C.c
fy
fo = fy if — <.0170
c.c
ty y
1.047 —| 0.274-—— ||-f,, if 0.170 < — <1911
fc.e Y fC.C
fo o otherwise
fo] =351.131-MPa
f.
he = | = =046
fc.e
Sc.sd
hg = g = 0304
cl
: i = 418.6454mir
k-20.199-1000: 1
pom 7 R[S 628
Ti E
£, = (1 - 0.28.x2)~fy — 315.798-MPa
C 4
NC.RD = A~1—15 =1.634x 10 -kN
12117kN
UHIZALION FAHO...vvvvrrrreessessseesereessssssssssseeseesssssssseeeee N o
c.RD
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Appendix E

E.1 Attached CD

Content: SAP2000 Model
Input Data
Conventional Fatigue Life Estimation in Excel Sheets
Application of the New Damage Indicator-Based Equential Law
Stress-History Function/Evaluation
Full Range Excel Curve
Appendices
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