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Abstract - In this paper, a reliability analysis of a Mono-tower platform is presented. The failure
modes, considered, are yielding in the tube cross-sections, and fatigue failure in the butt welds. The
fatigue failure mode is investigated with a fatigue model, where the fatigue strength is expressed through
SN relations. In determining the cumulative fatigue damage, Palmgren-Miner’s rule is applied. Element
reliability as well as systems reliability is estimated using first-order reliability methods (FORM). The
sensitivity of the systems reliability to various parameters is investigated. It is shown that the fatigue
limit state is a significant failure mode for the Mono-tower platform. Further, it is shown for the fatigue
failure mode that the largest contributions to the overall uncertainty are due to the damping ratio, the
inertia coefficient, the stress concentration factor, the model uncertainties and the parameters describing

the fatigue strength.

Key words: Reliability analysis, first-order reliability methods (FORM), sensitivity analysis, yielding

failure, fatigue failure, offshore, Mono-tower platform.

1 INTRODUCTION

For a Mono-tower platform and other flexible and dynamically sensitive offshore
structures, fatigue failure is often found to govern the overall configuration of the
structures. However, calculation of fatigue life is subjected to large uncertainty due
to uncertainties in the computation of loads, the dynamic response of the structure,
fatigue strength and damage accumulation. In order to analyse these uncertainties a
reliability analysis, which provide the tools for efficient uncertainty analysis, can be
used. Reliability methods have been extensively applied in the last decade, where
considerable progress has been made in the area of structural reliability theory.
Especially, the development of the so-called first- order reliability methods (FORM)
and the second-order reliability methods (SORM) have been very important, see e.g.
Madsen, Krenk & Lind [1] and Thoft-Christensen & Murotsu [2]. These methods
are especially developed to estimate the reliability level of structural elements and
systems. The reliability methods are also an excellent tool to determine important
sources of uncertainty.

In this paper, a reliability analysis of a Mono-tower platform is performed. The
Mono-tower structure, considered, has been described in Petersen, Lyngberg, Es-
kesen & Larsen (3], where data for the environmental conditions also have been
stated.
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Originally, the structure had been designed as an attractive solution for a marginal
oil and gas field (Rolf field) in the Danish Sector of the North Sea, but the plans for
this field were changed to a traditional 4 - legs jacket structure. A short description
of the Mono-tower platform is given in section 2. Then, in section 3, first-order
reliability methods (FORM) are briefly summarized. Next, in section 4, modelling
of two failure modes is performed. The failure modes, considered, are yielding in the
tube cross-sections, and fatigue failure in the butt welds. The fatigue failure mode
is investigated through a model, where the fatigue strength is expressed through SN
relations. In determining the fatigue damage, Palmgren-Miner’s rule is applied. In
the fatigue model, the structural response is calculated on the basis of a modal spec-
tral analysis, where the structure is modelled as a one-dimensional, lightly damped,
linear, continuous single degree of freedom system. Finally, in section 5, results of
the reliability analysis are presented. Reliability calculations are performed by first-
order reliability methods. The sensitivity of the reliability to various parameters is
calculated, and important sources of uncertainties are determined.

The reliability calculations in this paper are performed with the computer program
PRADSS (Program for Reliability Analysis and Design of Structural Systems), see
Sgrensen [4].

2 DESCRIPTION OF MONO-TOWER PLATFORM

The single pile platform, Mono-tower, investigated, throughout this paper, is a
remotely operated platform, with provision for four wells, designed for 33.7 m. of
water in the Danish part of the North Sea. The platform is a single steel cylinder
driven into the seabed, supporting a topside facility deck.

The structure consists of three different sections

e A cylindrical section driven 28 m. into the seabed and ranging up to 7 m above
mudline. This section has an external diameter of 4.5 m.

e A tapered section from 7 m above mudline to 3 m above still water level (SWL),
elevation (el.) 0.

e A cylindrical section from 3 m above SWL up to main deck located at el. +19
m. This section has an external diameter of 2 m.

The wall thickness of the Mono-tower platform is 80 mm; except for a 7 m long, 100
" mm thick, section from el. -4 to el.+3.

The topside structure consists of an emergency deck at el. +15.6, a main deck at el.
+19.0, a mezzanine deck at el. +21.7 and a helideck at el. +26.0. The total weight
of the topside is 200 tonnes including the deck structure and all the equipment
necessary for four wells. The total weight of the tower is approximately 700 tonnes.
The well conductors have been placed inside the pile, while an oil export riser, a
ladder, a boat-landing and anodes have been placed outside the pile.
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3 RELIABILITY ANALYSIS METHODS.

A reliability analysis is based on a reliability model of the structural system. The
elements in the reliability model are failure elements, modelling potential failure
modes of the structural system, e.g. yielding of a cross-section or fatigue failure of
a weld. Each failure element is described by a failure function

9(z,p) =0 (1)

in terms of a realization T of a random vector X = (X, X3, .., X,), and determinis-
tic parameters p, i.e. deterministic design parameters and parameters describing the
stochastic variables, (e.g. expected value and standard deviation). X is assumed
to contain n stochastic variables, e.g. variables describing the loads, strength, ge-
ometry, model uncertainty etc. In general, the basic variables X are correlated and
non-normally distributed. Realizations of X where ¢(%,p) < 0 correspond to failure
states in the n-dimensional basic variable space, while g(Z,p) > 0 correspond to safe
states. '

The failure probability Py is generally calculated from

Pr= [ tx@yi ®)

where f+() is the joint probability density function of the basic variables.

Numerical methods for calculation of P; have been developed during the last decade
and first-order reliability methods (FORM) have been recognized as being both
efficient and sufficiently accurate, if the failure functions are not too non-linear.

First-order reliability methods

In first-order reliability methods (FORM) a transformation T of the generally cor-
related and non-normally distributed variables X into standardized, normally dis-
tributed variables U = (Uy, Uy, .., Uy) is defined. Let U = T_I(Y, P). In the u-space
the reliability index £ is defined as

B= _min (z'u)? (3)
o(T(x),p)=0

The solution point u* of the optimization problem (3) is the point on the failure
surface, defined by (1), closest to the origin in the u-space, and is called the design
point. Linearization of the safety margin M in the design point gives

VugT——

M = ¢(T(U),p) = i —a'U +8 (4)

where V¢ is the gradient of g with respect to u in the design point u*.
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If the failure function is not strictly non-linear, the probability of failure Py of the
failure mode can with good accuracy be determined from Py ~ ®(—f), where ®(-)
is the standard normal distribution function.

If the whole structural system is modelled, as a series system, by m failure elements,
and failure of the system is defined as failure of one failure element, then a gener-
alized systems reliability index #° of this series system can be estimated from, see

e.g Thoft-Christensen & Murotsu [2]

B*=—-3""(1-2m(B;p)) (5)

where @,,(-) is the m-dimensional normal distribution function. B = (B1,82,,Bm)
are the reliability indices of the failure elements determined by the FORM analy-

sis. The elements in the correlation coefficient matrix f are determined by p;; =
3
To estimate the series systems reliability in (5) a number of methods can be used ,
see e.g. Thoft-Christensen & Murotsu [2]

ooy 1,3=1,2,..,m.

e Hohenbichler approximation

e Average correlation coefficient approximation
e Simple bounds

e Ditlevsen bounds

e Simulation

Sensitivity analysis

Besides the absolute values of the element reliability indices f; and the systems
reliability index B° , it is often of interest to know the sensitivity of the element
reliability indices-and the systems reliability index to variations of parameters p.

The derivatives of 8; and #° with respect to p become, see Sgrensen [4]

o8 1 Z": LT (=, p)} (6)

Opj T B = i Op;
aﬂs 1 > -t —=a 8131
=Y 8, (B e (B) o

where it is assumed that the s significant failure modes are numbered 1,2, ..., s. E?
and ﬁ:l are the conditional reliability indices and correlation coefficients, respectively,
see Sgrensen [5]. ¢(-) is the normal density function.
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4. RELIABILITY MODELLING OF MONO-TOWER

Two different failure modes are investigated

e Yielding failure of the tube cross-sections due to an extremely high wave.
e Fatigue failure in the circumferential butt welds along the Mono-tower struc-
ture.

It is assumed that fatigue will occur at the welded joints. Further, it is assumed
that buckling failure modes are not significant.

For the two failure modes one yielding failure element and one fatigue failure ele-
ments are formulated.

4.1 Yielding failure element

Failure function

The failure function for the yielding failure element is assumed to be

o5.5) =2~ ()~ b ®)

where the variable Z; is a model uncertainty variable. The yield capacity in pure
bending is Mp = o,(d® — (d — 2t)*)/6 and in pure axial loading N = oyn(d® —
(d — 2t)?)/4. oy,d and t are the yielding stress, the tube diameter and tube wall
thickness, respectively. The load effects in the cross-section are axial force N and
bending moment M.

Calculation of loading

The weight of the topside, tube, appurtenances and marine growth are assumed to
contribute to the axial force.

Wave, wind, current from one direction and deflection are taken into account in the
calculation of the bending moment, by a quasi-static analysis. Dynamic exciting
of the Mono-tower by higher order components of the wave loading is neglected.
Wave plus current loads are computed by Morison’s equation, as the current and
wave particles velocities are added together. Hydrodynamic coefficients used for the
combined tube and riser have been estimated in Jacobsen, Hansen & Petersen [6].
The wave kinematics of the 50 year extreme wave is calculated from linear Airy wave
theory. In order to extend the linear Airy wave theory up to the free surface, the
wave particle velocity in the wave crest is set equal to the value at the mean water
level (MWL). The wave particle acceleration is assumed to decrease constantly from
MWL to the free surface, where the acceleration is assumed to be zero.

Vortex shedding is not taken into account, see Jacobsen, Hansen & Petersen [6].
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The current velocity and the wind velocity profiles are calculated as stated in the
Danish offshore Code, DS-449 [7].

It is assumed that the water depth at storm is increased with 1m.

The maximum overturning moment for the Mono-tower structure is assumed to be
located below mudline and is 12.5 % higher than the mudline moment, see Petersen,
Lyngberg, Eskesen & Larsen [3].

Stochastic variables

In table 1, the statistical characteristics of the basic stochastic variables are fully
enumerated. Further, there is shown the deterministic design parameters, which are
investigated in a sensitivity analysis. In this paper, statistical characteristics of the
basic variables for both the failure elements are mainly from published information.
In Enevoldsen & Kirkegaard [8], the stipulation of the statistical characteristics has
been discussed in details. The SI units system is used.

Variable Designation Distribution|Expected value| Coeff. of var.
H Extreme wave height EX1 17.1 0.08
Cp Drag coeflicient N 1.85 0.10
Cum Inertia coefficient N 2.92 0.10
™ Mass of topside N 275000 0.10
t Wall thickness N 1.0* 0.05
'y Yield stress LN 316000000 0.10
Viide Current velocity N 0.85 0.10
Vwind Current velocity EX1 0.73 0.12
0 Angle of deflection N 3.0 0.10
Wind Wind velocity EX1 L.0* 0.10
Ecc Eceentricity of topside N 1.0 0.10
A Model uncertainty N 1.0 0.10
Zs Model uncertainty N 1.0 0.05
d Tube diameter D 1.0*

d, Marine growth D 1.0*
G Acceleration of gravity D 9.82
Pw Density of sea water D 1025
h Water depth D 34.7

Table 1: Statistical characteristics (EX1 : Extreme type 1, N : Normal,
LN : Lognormal, D : Deterministic).

Expected values represented by 1.0* indicate that the expected value varies along the
structure. In the reliability calculations, the expected value 1.0* is multiplied with
the real expected value of the stochastic variable at the given level.

The expected value of TM includes permanent loads and live loads. The basic
variables Vi ina and V;;4. are the current velocities at the SWL, due to wind and tide,
respectively.
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The statistical characteristics of H, Wind, Vy;ne and V;;4. have been estimated for
extreme environmental conditions with a 50 year recurrence interval. The model
uncertainty variable Z; models the model uncertainty connected with the use of the
failure function (8). Z, takes into account uncertainties by the models, used to esti-
mate the loads, i.e wave-model, current-model, hydrodynamic force-model etc. The
wave height H is assumed to be fully correlated with Viyinq4 and Wind, respectively.
Cp and C) are calculated mutually correlated with the correlation coefficient p =
-0.9. All the others stochastic variables are assumed to be independent.

4.2 Fatigue failure element

In this section, it is assumed that Palmgren-Miner’s rule in combination with SN-
curves provides a fairly good fatigue model to establish a fatigue failure function.

Of the dynamic loads, which produce stress fluctuations and with that fatigue dam-
ages in the Mono-tower, only the load due to wave action is taken into account.
Contribution of large long period storm waves to fatigue is excluded.

Wind loads are ignored, because for fixed offshore structures, these represent only
a contribution of about 5 % to the total environmental loading, Watt [9].

Current loads are also ignored, because the frequencies of current loads are not
sufficient to excite the structure.

According to Jacobsen, Hansen & Petersen [6] vortex shedding is not taken into
account.

In Petersen, Lyngberg, Eskesen & Larsen [3], it is stated that the Mono-tower
will only sustain minor damage in a collision with a supply boat, wherefore this
contribution to the damage is neglected.

Failure function

The failure function for the fatigue element is written

g(f$ 1_3) = DFaiI - (DDriving + Dwave) (9)

where D, is the value of Palmgren-Miner’s sum at failure. Dpyrjying is the damage
from the driving of the Mono-tower into the seabed and Dy 44 is the damage from
wave action.
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Calculation of damage

The cumulative fatigue damage Dyqve due to wave action is assumed to be given
by the Palmgren-Miner rule

1 n(S;
P=3 5] (10)

=1

where n(S;) is the number of stress cycles of stress range S; in the stress history and
N(S;) is the number of stress cycles of stress range S; necessary to cause failure.
The summation is over all stress ranges q. Experimentally determined SN-curves
are used to calculate the fatigue strength N(S;) as a function of the hot-spot stress
range S;. The SN-curve is written, see e.g. Moan [10]

N(S:) = (S)""K (11)

where k and K are the fatigue parameters to be determined from experimental data.

The mean fatigue damage D; per cycle for each sea state is given by

Di = / " Di(3)fi(4)ds (12)

where D;(3) is the damage from one stress cycle. f; is the probability density
function of the nominal stress maxima § (stress amplitude) as a function of the
significant wave height H,.

It is assumed that the stress range at a time is double of the stress amplitude.
Further, it is assumed that the stress variation is a zero-mean narrow-band Gaussian
process, see next section. For a narrow-band process it can be shown that the
probability distribution of the stress amplitudes is a Rayleigh distribution, see e.g
Sarpkaya [11]

Under these assumptions the total wave induced fatigue damage D4y is calculated
by summing up the mean fatigue damage D; over the service lifetime T}, which is
assumed to be 25 years, of the structure, and weighting the mean fatigue damage
for each sea state according to the long-term sea state probability

_ ) k
Dwa,,e=TL(zf 2)FT(1 + = / /_ ,_;,0(&))) fr,(hs)fs,(ps)dhsdps  (13)

where I'(-) is the gamma function. o,4(hs) is the standard deviation of the stress
response and Tp(h,) is the zero-upcrossing period of the stress cycles. fg,(hs) is
the long-term probability density function for the significant wave height, assumed
to be well represented by a Weibull density function
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Fiu(he) = S (50 exp(—(22)°) (14

The coefficients in the Weibull distribution are estimated from a Wave-scatter dia-
gram for the Danish part of the North Sea fs, (¢,) is the probability density function
for the predominant wave direction.

In order to reduce the degree of the non-linearity of (13), the failure function (9) is
written, bearing in mind that the hot-spot stress range is obtained by multiplying
the nominal stress range by a stress concentration factor SC'F

9(%,P) = In(Drait — Dpriving) + In(X) = In(T1) — kln(SCF2v2) — In(T(1 + g))

o k
“n([ [ R bt e o) - {lalg) (19

Since the fatigue strength of welded joints decreases with increasing plate thickness,
see Berge [12], equation (15) has been corrected (the last term in (15)) for thicknesses
larger than 22 mm. Here, two different SN-curves are chosen by using criteria stated
in Lotsberg & Andersson [13]. A so-called C-curve is used in the cone/cylinder tran-
sitions and below level -25.7. Otherwise, there is used a F2-curve. The SN-curves,
used, have been intended for joints exposed to sea water and cathodic protected.

The stress concentration factor SC'F' is assumed to be 1; expect at the cone/cylinder
transitions, where SCF is calculated by a formula stated in API RP 2A [14].

Calculation of structural response

In order to estimate the statistical measures of stress variations, variance of the stress
response o2(hs) and the zero-upcrossing period of the stress cycles Ty(hs), modal
spectral analysis method is applied. It is assumed that the long-term sea state can
be accurately modelled as a piecewise zero-mean stationary Gaussian process n(t).
Such a process is completely characterized by its spectral density function. Here,
the one-dimensional Pierson-Moskowitz sea spectrum is utilized as the spectrum
characterizing a single sea state. For a given direction, the PM-spectrum Sy, (w) is
described by the significant wave height H, and the spectral peak angular frequency
w, (rad/sec)

15 72094 2w S Wp 4
Su(w) = = S M Pexp(- 2220w >0 (16)
w, is related to H, and acceleration of gravity, see e.q. DS-449 [7].

Wave spreading is ignored, while the probability distribution of the direction of wave
propagation is taken into account.
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From the PM-spectrum for the waves per sea state, the cross-spectral density for
the wave loads is given by

Ss(21,22,0) = H(z1,20,0)H* (21, 22, 0) Sy (w) (17)

where z; and z; are positions along the structure and w is the angular frequency.
H(z1,22,w) is the transfer function from water elevation to wave loads. * denotes
the complex conjugate. The transfer function is calculated by using linear Airy wave
theory and Morison’s equation, where the non-linear drag term is linearized by the
”minimum square error method”. Hydrodynamic coefficients for the combined tube
and riser have been estimated in Jacobsen, Hansen & Petersen [6]. In order to take
diffraction into account, the basic value for the inertia coefficient C)ps is changed as
function of the wave length. The connection between the wave load process and the
stress process are established by a structural analysis, modal spectral analysis, where
the structure is modelled as a one-dimensional, lightly damped, linear, continuous
single degree of freedom system. The analysis is divided into three steps

e From wave load f to modal loading p
e From modal loading to modal coordinates ¢
e From modal coordinates to stress s

Accordingly, the cross-spectra for p, ¢ and s are respectively obtained from

Spmpn (W) = /L /L @(m)(zl)@(")(zg)sff(zl, 29,w)dz1dzo (18)
Sgman(@W) = Hm(w)H o (w)Spnpa (@) (19)

Ssxai(2ky 2,w) = Z Z T(m)(zk)T(n)(zl)Squn (w) (20)
. m=1n=1

where ®(™) is the m’th eigenmode shape and L is the length of the structure.

H,(w) is the complex frequency response function of the system for the m’th mode
shape

1
My (w2, — w? 4+ i2(pwnw)

Hp(w) = (21)

where (n, wm and M, are the modal damping ratio, the natural angular frequency
and the modal mass of the m’th mode, respectively. The modal damping ratio, the
natural frequency and the modal mass are assumed constant through the lifetime of
the structure. The mass of topside, tube, appurtenance, marine growth, hydrody-
namic mass and internal water are taken into account at the calculation of modal
mass.
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The transfer function T™(zx) is calculated by

E(zk)I(zk) d2@m(zk)_. wzn Lz—z 2™ (2)dz
W) a2 Wi /z,,( Du()EM()dz  (22)

T™(2k) =

where FE, I, W and p are the modulus of elasticity, the moment of inertia, the
section modulus and mass along the structure, respectively.

Once the spectrum of the stress process is obtained, its variance and zero-upcrossing
period are calculated, at a given level (z;)and for a given H,, by

O'.E(Zk) =/ Ssksk(zk,zk,w)dw (23)
0
27(03(Zk)
\/ﬁ)oow253k3k(zk,zk,w)dw

To(zk) = (24)

where the calculation of Ty(zx) presupposes Rayleigh distribution of the stress am-
plitudes.

The structural analysis, described above is generally a very time-consuming process,
so the total computing time required for the reliability analysis tends to be long.
To reduce the computing time, only the first mode is taken into account. This
is assumed to be reasonable, as the structure is assumed lightly damped and the
second lowest natural frequency is not coinciding with the peak of the sea- state
spectrum. Further, the two lowest natural frequencies, f; = 0.49 Hz. and f, = 2.19
Hz, have been well-separated. The frequencies have been estimated by modelling the
structure, including the soil, in a finite element program. The eigenvalue analysis,
which in principle has to be performed for each calculation of the failure function
g(Z,Dp), is not included in the reliability analysis. Here, the estimated eigenmode
shape vector is used for all the calculations of the failure function, i.e. that the
variation in the eigenmode shape to variation in the safety problems parameters is
disregarded. On the other hand, the variation in the natural frequency to variation
in the mass of the structure is taken into account by using Rayleigh’s quotient to
calculate an equivalent stiffness Fqu: for the Mono- tower.
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Stochastic variables

Deterministic design parameters, which are taken into account in a sensitivity analysis,
and stochastic variables for the fatigue failure element are shown in table 2.

Variable Designation Distribution |[Expected value|Coeff. of var.
Cp Drag coefficient N 1.0* 0.8
Cum Inertia coefficient N 1.0* 0.2
™ Mass of topside N 200000 0.1
t Wall thickness N 1.0* 0.05
SCF Stress concent. factor N 1.0* 0.1
B Parameters in long-term N 2.35 0.1
C distribution of H, N 1.89 0.1
Equi Equivalent stiffness N 1.0* 0.1
mq Thickness correction LN 1.0* 0.1
A Coeff. for added mass N 0.9 0.1
Dpriving Damage from ”driving” LN 1.0* ; 0.15
¢ Damping ratio LN 0.015 0.5
K Constant in SN-curve LN 1.0* 0.65
Dygait Damage at failure LN 1.0 0.3
Z Model uncertainty N 1.0 0.2
d Tube diameter D 1.0*

dy Marine growth D 1.0*

G Acceleration of gravity D 9.82

Pw Density of sea water D 1025

h Water depth D 33.7

Table 2: Statistical characteristics (EX1 : Extreme type 1, N : Normal,
LN : Lognormal, D : Deterministic.)

The expected value of TM includes permanent loads and not live loads. m; = f model

the uncertainty with the plate thickness reduction factor. In order to take into account
the uncertainty of the stiffness of the soil and structure, respectively, the equivalent stiff-
ness Equi is modelled stochastic. A direct stochastic modelling of the stiffnesses is not
possible, as the eigenvalue analysis has been excluded from the reliability calculations.
Uncertainties in the calculation of added mass, due to surrounding water, is modelled
by A. By modelling the modal damping ratio stochastic the uncertainties of the different
contributions to the damping are taking into account. It is assumed that the damping of
a Mono-tower consists of structural damping, viscous hydrodynamic damping, radiation
damping and soil damping. Further, it is seen in table 2 that only K in the SN relation
is modelled as a stochastic variable. This is proposed by Wirsching [15], where statistical
characteristics of K are stated too. Dy, is a model uncertain variable, which models
the uncertainty connected by Palmgren- Miner’s rule. The other model uncertainty vari-
able Z; models the uncertainties connected by the models, which are used to calculate
the variance and the zero-upcrossing period of the stress process. The statistical char-
acteristics of this stochastic variable have been chosen according to Wirsching [15]. Cp
and C)s are assumed to be mutually correlated with the correlation coefficient p = -0.9.
All the others stochastic variables are assumed to be independent.
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5. RESULTS

For each of the failure elements, formulated in section 4, element as well as the
systems reliabilities of the Mono- tower platform are estimated.

5.1 Reliability calculated by using the yielding failure element

The systems reliability of the Mono-tower structure against yielding failure is es-
timated by modelling the reliability model of the Mono-tower structure as a series
system with twelve yielding failure elements. Eleven failure elements are placed be-
tween level +15 and -33.7 (mudline), see figure 1. Since the maximum overturning
moment is located below mudline, the element reliability of failure element no. 12
is estimated with the overturning moment at mudline, increased with 12.5 %, see
Petersen, Lyngberg, Eksesen & Larsen [3]. It is assumed that all the stochastic
variables have been fully correlated between the failure elements.

The variation of the element reliability index §; along the structure is shown in
figure 1. '

Bi
V yielding failure
+ fatigue failure
8 -
7 -
6 -
5 -
[' -
3
2 -
1 1 | 1 | | 1 1 ] 1 1 1 >
-40 -30 -20 -10 0 10 20 level [M]
c 7 F2 s F2 SN-curves

Figure 1: The variation of the element reliability index 3; along
the Mono-tower platform. (Notice, the influence of
the stipulation of SN-curves on ;)
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The systems reliability index of the Mono-tower platform is estimated as stated in
section 3. Here, the Hohenbichler approximation is used.

Using the Hohenbichler approximation the systems reliability index becomes §° =
4.38.

It is seen, as expected for fully correlated failure elements that the systems reliability
is coinciding with the lowest estimated element reliability index f;, here 4.38.

Figure 2 shows the sensitivity of the systems reliability index £° to variations of
the expected values of the stochastic variables %% and standard deviations g’%.
The sensitivities are relatively compared, as each derivative is multiplied with a
hundredth parameter.The sensitivity of the systems reliability to variations in de-
terministic parameters is estimated by modelling the deterministic parameters as
fixed stochastic variables. In tabel 1, the designation of the stochastic variables has
been stated.

Variable

h
Pw

g
d

d

Z2

Z
Ecc
Wind
]
Vwind
Viide
9y

t

™
Cm
Co

ol
du;j 100
3PS oj
ac'j 100

=4

1-

H - T

]

L 1
100 80
index 100 = 0.0057

0 20 40 60

1
80 100
index 100=0.0866

Figure 2: Sensitivity of the systems reliability to variations of the

parameters of the stochastic variables, yielding failure

It is seen from figure 2, that the largest contribution to the overall uncertainty is
due to the wave height H, the yield stress o, and the thickness of the tube wall
t. Besides that, the model uncertainties turn out to be important. The systems
reliability is also seen to be very sensitive to variations of the diameter of the tube.
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5.2 Reliability calculated by using the fatigue failure element

The Mono-tower platform is modelled as a series system with eighteen fatigue failure
elements, between level -33.7 and +15, see figure 1. Each element is assumed to
model the damage at that point in the butt weld, where the greatest fatigue damage
will occur. Between the failure elements, the stochastic variable K is assumed to
be correlated with the correlation coefficient p = 0.5. The same assumption is also
made for Dyqi;. All the others stochastic variables are assumed fully correlated
between the failure elements. The variation of the element reliability index along
the structure is shown in figure 1.

Using the Hohenbichler approximation the systems reliability index becomes 3° =
1.432.

The estimated systems reliability index, which is relatively low, indicates, that the
fatigue limit state is a significant failure mode for the Mono-tower platform.

It is seen from figure 1 that the element reliability index, calculated by using fatigue
element, is very sensitive to different SN-curves, as the reliability index is signifi-
cantly changed, when the SN-curve is changed. This is also seen from the results
of the sensitivity analysis, see figure 3. In table 2, the designation of the stochastic
variables has been stated.
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s .
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Pw il dpj 100
I

5

di — 6[35 -

d ] i 8

7 T 3oj 100

Dfail

4 T 1
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A ul

my 1

Equi [ 1

c |

8 —

SCF ot )

t [ —

™ [ oo

CMm om0t

Cp

| E— 1 1 1 ! 1 1 1

]
100 80 60 40 20 0 20 40 60 80 100
index 100 =0.0132 index 100 = 0.0460

Figure 3: Sensitivity of the systems reliability to variations of the
parameters of the stochastic variables, fatigue failure
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Figure 3 shows that many of the stochastic variables contribute to the overall uncer-
tainty. Especially, K, Car, SCF, (, Dfqi1 and Z; contribute to the uncertainty. The
systems reliability is also seen to be very sensitive to variations of the deterministic
design parameters, except the marine growth. As Equi and TM do not turn out to
be very important, it is seen, that, in this example, the exclusion of the eigenvalue
analysis from the reliability calculations does not influence the results significantly.

6 CONCLUSIONS

Based on the reliability analysis of the Mono-tower platform the following conclu-
sions can be stated

1) It has been shown, how reliability methods can be used in an uncertainty analy-
sis to estimate a nominal element reliability level as well as a systems reliability
level. It has also been shown, how the reliability methods can be used to es-
timate the sensitivity of the systems reliability in order to identify the most
important uncertainties, thereby pointing at problems for closer investigations.

2) Two different failure modes, yielding and fatigue, have been considered. The
fatigue failure mode turned out to be the most significant for the structure
considered.

3) A sensitivity analysis with respect to the systems reliability index, calculated
using the yielding failure element, showed that the largest contributions to the
overall uncertainty were due to the extreme wave height, the steel yield stress
and the thickness of the tube wall. Using the formulated fatigue failure element,
the largest contributions to the overall uncertainty were due to the damping
ratio, the inertia coefficient, the stress concentration factor and the parameters
describing the fatigue strength.

4) Tt has been revealed that the amount of computational work, used for a relia-
bility analysis, can be rather large. The total computer time for the estimation
of the systems reliability and the sensitivity factors, using the fatigue element,
was 4.26 CPU-hours on a VAX 8700.
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