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Current fatigue design rules for offshore concrete structures were adopted from the oil and gas industry. When
better models or more information are available, partial safety factors can be re-calibrated according to target
reliability levels for offshore wind turbines. This paper describes a framework for reliability-based calibration of
fatigue partial safety factors for offshore wind turbine concrete structures. Offshore wind turbine loads ac-
counting for the statistical distribution of turbulence intensity are estimated using a fully-integrated aeroelastic
model. Based on available experimental fatigue tests, a fatigue reliability model for concrete is formulated and

applied in two numerical examples. Results indicate that the recommended material partial safety factor in the
DNV standard for Offshore Concrete Structures can be lowered without compromising structural safety. The
proposed modification can potentially contribute to structural design optimization and further cost reduction in

offshore wind energy.

1. Introduction

The offshore wind energy industry has significantly matured during
the last two decades in terms of rated capacities of offshore wind tur-
bines (OWTs), relative scale of support structures and depth of in-
stallations. Today, OWTs with rated capacities of 10 MW to 14 MW are
typically supported by up to 9 m diameter monopiles and installed at
wind farm sites with up to 40 m water depth. Alternative to monopiles,
concrete gravity-based foundations (GBF) are attractive solutions par-
ticularly at shallow to moderate water depths or at site conditions
where piling of monopiles exhibit geotechnical challenges. Currently,
applications of the GBF were demonstrated for up to 5 MW capacity
installed at shallow to moderate water depths in Denmark, Sweden and
Belgium [1,2]. As wind turbine size increases and installations reach
further offshore, concrete GBFs can potentially become more cost-ef-
fective solutions compared to traditional steel monopiles.

Continuous developments in the industry introduce uncertainties
and changes in the loading environment, which make fatigue a more
important issue in designing state-of-the-art support structures.
Probabilistic methods can be applied to assess the structural reliability
of OWT support structures. Most applications of reliability methods
have been demonstrated in wind turbine blades [3-7] and wind turbine
components [4,8]. Fatigue reliability analyses of support structures
have also been demonstrated in several papers [9-13], mostly for
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assessment of wind turbine steel towers, monopiles and jacket foun-
dations. Since current fatigue design rules for offshore concrete struc-
tures were adopted from the oil and gas industry, a re-assessment of
these design rules for offshore wind turbines becomes important for
structural design optimization.

This paper presents a re-assessment of fatigue safety factors for OWT
concrete foundations by accounting for relevant load and resistance
model uncertainties. Based on available experimental fatigue tests, a
fatigue reliability model for concrete is formulated and applied in two
numerical examples. The material partial safety factors are re-
commended based on target reliability levels for offshore wind turbines.
Lastly, the sensitivity of concrete fatigue reliability to stochastic para-
meters are also presented.

2. Fatigue design factor calibration

In addition to selecting characteristic values, structural design codes
and standards recommend partial safety factors to account for load and
resistance model uncertainties. The consequence of failure is also ac-
counted by these partial safety factors, which were traditionally se-
lected based on sound judgement, accummulated experience or a
combination of both. But during the last few decades, reliability-based
methods have been applied to optimize structural design codes, which
generally result to more rational and consistent reliability levels [14].
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The procedure outlined in this section is based on the Joint Committee on
Structural Safety (JCSS) [15] approach for calibration of safety factors.

2.1. Code calibration

Code calibration refers to the selection of code parameters to
achieve a desired level of reliability. It is an optimization procedure,
which requires both deterministic and probabilistic design approaches.
A practical code calibration procedure can be summarized by the fol-
lowing steps [14,16]:

. Define the scope of the code

. Define the code objectives

. Define the code format

. Identify the typical failure modes and related stochastic models

. Define a measure of closeness between code realization and its ob-
jective

6. Determine the optimal partial safety factors for the chosen code

format
7. Verify the code and the partial safety factors

U~ wN =

The (1) scope of the code refers to the class of the structure and
critical failure modes to be considered, while the (2) objectives can be
defined by the target reliability indices or target probabilities of failure
(refer to Section 2.2). The (3) code format deals with the number of
partial safety factors and load combination factors, if any. In some in-
stances, re-writing of the code format is performed to reflect a more
correct design philosophy, to align with other international standards,
or to simplify code formulation [14]. Step (4) deals with the identifi-
cation of the relevant failure modes and the corresponding design and
limit state equations. The stochastic models representing the loads and
resistance parameters are also defined, including statistical correla-
tions. Recommendations related to stochastic modeling of load, re-
sistance and model uncertainties can be found in the JCSS Probabilistic
Model Code [15].

The partial safety factors y = [y, »,, ...¥,] are calibrated considering
j=1,2,.,L number of relevant failure modes. The measure of close-
ness defined in step (5), normally expressed as the square of the dif-
ference between the target reliability index (8,) and the actual relia-
bility index () for failure mode j, is included in a general optimization
problem defined by Eq. (1).

L
minW () = Y, wB@) - )
4 =1 1)

where w; is the weighting factor indicating the relative importance of
design situation j. Based on Eq. (1), the optimal set partial safety factors
(y) can be obtained. It is noted that an alternative optimization problem
can be formulated using probabilities of failure instead of reliability
indices. The target reliability level could also be different for different
failure modes, depending on the consequences of failure.

In step (6), the reliability index (8) is normally estimated by FORM/
SORM [14] based on the limit state equations and stochastic parameters
defined in Step (4). Note that the target reliability level is given with a
reference period (typically 1 year). Lastly, the verification (step 7) in-
volves taking into account engineering judgement, practical con-
siderations and accummulated experience.

The scope of the calibration exercise demonstrated in this study
considers a concrete GBF for offshore wind turbines. Failure of the
concrete foundation due to fatigue damage accummulation is con-
sidered, following the DNV code [17] for Offshore Concrete Structures.
Other relevant design codes for fatigue design of concrete structures,
such as the fib Model Code [18] and Eurocode (EN 1990) [19] are based
on a different design format that does not employ FDF. This study
employs the DNV [17] format. The resistance model for concrete fa-
tigue is further discussed in Section 5.
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Table 1
Tentative target reliability levels related to one year reference period [15].

Relative cost Consequences of failure

of safety
measure Minor Moderate Large
Large B=31Pr~1073) f=33Pr~5107% B =3.7(Pr ~ 107%)
Medium B=37Pr~107% B=42Pr~ 1075 B =44(Pr~ 51075
Small B=42Pr~107%) B=44{Pr~5107° p=47(PF~ 1075

2.2. Target reliability level

The target reliability level has a direct influence on the re-
commended partial safety factors. For unmanned offshore wind tur-
bines, the risk of fatality due to failure of a structural element is not
significant. OWTs are therefore classified as having minor consequences
of failure with large relative costs of safety measures. Based on Table 1
[15,20], a target reliability level corresponding to an annual prob-
abilities of failure, Py = 1073 to 5-10~* (8 = 3.1 — 3.3), are normally used
in developing design rules for OWTs [21-23]. This value can vary de-
pending on the possibility of inspection and repair, and on the con-
sequence of fatigue failure (e.g. due to structural redundancy).

2.3. Calibration approach

For fatigue design of offshore steel structures, partial safety factors
related load (yf) and resistance (y,) models are traditionally expressed
in terms of fatigue design factor, which is the product of both partial
safety factors (FDF = y;y,). This is also commonly referred to as design
fatigue factor (DFF). The required FDF depends on the possibility of
inspection, on the level of exposure and on whether the structural detail
is a critical component. A range of FDF values from 1.5 to 3 for steel
welded details are recommended by DNVGL [24].

For offshore concrete structures, fatigue design based on FDF has
also been adapted, particularly in the DNVGL standard for offshore
concrete structures [17]. In addition to safety margin provided by FDF,
additional partial safety factor (y,,) on the concrete material strength is
recommended by the code. Proper calibration of these safety factors is
essential for cost-effective foundations. A case study [25] on a concrete
bridge showed that resistance partial safety factor for fatigue can be
lowered without compromising fatigue reliability.

As shown in a previous study [26], the uncertainty related to the
concrete fatigue damage model governs the fatigue reliability of OWT
concrete structures. This suggests that calibration of material partial
safety factor (y,,) is more rational, and can lead to more profound effects
than calibration of FDF. Fig. 1 illustrates the calibration approach
performed in this study. Deterministic calculations are performed for a
chosen design parameter z. Based on the wind turbine design fatigue
load and design resistance models, a set of design parameters (z*) cor-
responding to selected partial safety factors (y,,, FDF) can be derived
such that the design equation is satisfied (G (x4, z;) = 0). Probabilistic
analysis is then carried out using these design parameters to evaluate
the reliability level. Finally, a set of material partial safety factors
conditional to FDF (y,, |FDF) are recommended based on how the code
realizations (8(z*)) compare with the target reliability (,). The de-
terministic and probabilistic load and resistance models are discussed in
the succeeding sections.

3. Uncertainties in fatigue design

Uncertainties can generally be classified into (1) aleatory or (2)
epistemic uncertainties. Aleatory uncertainties refer to the physical or
inherent randomness, which are found in environmental conditions and
material properties. Epistemic uncertainties refer to having limited in-
formation or knowledge about a system, and covers statistical,
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Fig. 1. Reliability-based approach for calibration of materal partial safety factor, y,,.

measurement and model uncertainties. Unlike aleatory uncertainties,
epistemic uncertainties can be further reduced by increasing the
amount of data, improving the quality of data, or developing better
mathematical models to describe a physical phenomena. Both aleatory
and epistemic uncertainties need to be accounted for when calibrating
partial safety factors [16,6].

Uncertainties are normally modelled by using stochastic parameters
defined by a distribution function and distribution parameters. The
JCSS Probabilistic Model Code [15] recommends probabilistic load and
resistance models, which covers a wide range of practical engineering
applications. For fatigue assessment of offshore wind turbines, general
sources of uncertainty related to the loads include assessment of me-
tocean conditions, aerodynamic models, hydrodynamic models, struc-
tural modelling and wind turbine control. On the fatigue resistance
side, the primary sources of uncertainties include material fatigue
strength and fatigue model—e.g., cumulative linear damage model or
fracture mechanics model [4,15,27].

4. Wind turbine load effects

Current industry practice for estimation of offshore wind turbine
responses is based on running an extensive set of time-domain simu-
lations. A fully integrated OWT model is normally used, where aero-
dynamic loads, hydrodynamic loads, wind turbine control and soil-
structure interaction are considered in each time step (Af). A case of a
concrete GBF is investigated in this study, where the fatigue reliability
of the foundations is evaluated for both 5 MW and 10 MW reference
wind turbine cases.

4.1. Case study: Thornton Bank GBF concept

The GBF concept based on the Thornton Bank offshore wind farm
(Phase 1) considered in this study is shown in Fig. 2. The foundation is
approximately 44 m high and has a 23.5 m base diameter, which tapers
to 6.5 m diameter at the shaft. The post-tensioned reinforced concrete
GBF is originally designed to support a 5 MW OWT at a mean water
depth of 25 m in the North Sea. More information about the Thornton
bank GBF concept can be found in [28,29].

(

i :

&rrﬂ--. H
?

. A

Fig. 2. Thornton bank gravity-based foundation concept © C-Power.

4.2. Long-term metocean conditions

The assumed metocean conditions are based on the site character-
istics of Vesterhav Nord offshore wind farm, which is located at the
Danish North Sea. The long-term metocean condtions were generated
from the Danish Meteorological Insitute’s (DMI) hindcast models,
which were validated against 11 years of available measurements. The
representative mean wind speeds at hub height (Uy,;) and turbulence
intensities at different fractiles are summarized in Table 2. The Uy is
assumed to follow a Weibull distribution, with scale parameter,
A = 10.67 m/s and shape parameter, k = 2.23.

Fatigue design loads are calculated using the characteristic value of
the turbulence intensity Tly, which is given by the 90% quantile of the
turbulence standard deviation (o7) as shown in Eq. (2) and Eq. (3), re-
spectively [21]. Design fatigue factors are calibrated based on the safety
margin resulting from this design principle.

Tlyo = 01/ Upup 2
o= ref(0~75Uhub + b); b =5.6m/s 3)

For probabilic fatigue analysis, it is important to account for the
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Table 2
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Representative Uy, and turbulence intensities at different fractiles from wind farm data [30].

Sea Wind Unub Ocec. [-] Turbulence Intensity [-]
state direction: [m/s]
0 — 360deg Char. Other fractiles
0.90 0.05 0.20 0.35 0.50 0.65 0.80 0.95
1 4-6 5 0.053 0.262 0.067 0.114 0.145 0.173 0.201 0.235 0.294
2 6-8 7 0.104 0.217 0.069 0.108 0.132 0.153 0.174 0.198 0.239
3 8-10 9 0.152 0.192 0.072 0.106 0.126 0.142 0.158 0.177 0.208
4 10-12 11 0.179 0.176 0.075 0.104 0.121 0.135 0.149 0.164 0.189
5 12-14 13 0.171 0.165 0.077 0.104 0.118 0.130 0.142 0.155 0.176
6 14-16 15 0.130 0.157 0.079 0.103 0.116 0.127 0.137 0.148 0.166
7 16-18 17 0.092 0.151 0.081 0.103 0.115 0.124 0.133 0.143 0.159
8 18-20 19 0.055 0.146 0.082 0.103 0.114 0.122 0.130 0.139 0.153
9 20-22 21 0.030 0.142 0.083 0.103 0.113 0.121 0.128 0.136 0.148
10 22-24 23 0.016 0.139 0.085 0.103 0.112 0.119 0.126 0.133 0.145
11 24-26 25 0.007 0.136 0.086 0.103 0.111 0.118 0.124 0.131 0.141
Total occ. [%] 98.9 - 12.5 15.0 15.0 15.0 15.0 15.0 12.5
turbulence intensity distribution to avoid hidden safety. A Weibull [M]% + [D]x + [K]x = Faero + Fiyaro )

distribution (Eq. (4)) can be assumed for other turbulence standard
deviation quantiles (o), with scale (C) and shape (k) parameters de-
fined by Eq. (5) and Eq. (6), respectively [21].

F(0olUp) = 1 — exp[—(@)k]

c “@
C = L (0.75Up + 3.3 m/s) (5)
k=027Upp + 14 (6)

The lumped representative sea states for fatigue analysis are sum-
marized in Table 3, with the mean significant wave height (H;) and
mean wave period (7)) derived from wind and wave correlation. Based
on the global sensitivity analysis [31] performed on the same case
study, it can be assumed that the variation in the predicted fatigue loads
is governed by the uncertainty related to the turbulence intensity. For
simplicity, the effects of wind and wave directionality are ignored.

4.3. Wind turbine load model

The aeroelastic simulation tool, HAWC2 [32], is used to develop the
OWT integrated models where both wind and wave loads are included.
HAWC?2 is based on a multibody formulation, where each structural
component is modelled by Timoshenko beam elements with six degrees
of freedom (6 DOF), x. For a given mass matrix [M], damping matrix [D]
and stiffness matrix [K] representing the OWT, the general equation of
motion can be written as shown in Eq. (7).

Table 3

Representative sea states for fatigue analysis based on wind farm data [30].
Sea state Uhub Unub[m/s] Occ. [-] Mean Mean
range Hg[m] Tpls]

1 4-6 5 0.053 0.82 6.8

2 6-8 7 0.104 1.01 7.0

3 8-10 9 0.152 1.24 7.1

4 10-12 11 0.179 1.55 7.4

5 12-14 13 0.171 2.01 7.8

6 14-16 15 0.130 2.53 8.2

7 16-18 17 0.092 3.07 8.9

8 18-20 19 0.055 3.65 9.9

9 20-22 21 0.030 4.08 10.4

10 22-24 23 0.016 4.76 11.4

11 24-26 25 0.007 5.40 12.9

Sum 0.989

where F., and Fyyg, are the aerodynamic and hydrodynamic forces,
respectively.

The HAWC2 model of the Thornton bank GBF supporting a 5 MW
reference wind turbine is illustrated in Fig. 3. A combined soil and
structural damping ratio, §;, ;. = 1%, is assumed for the first fore-aft
and side-side modes. In addition, the aerodynamic and hydrodynamic
damping contributions are also considered in the simulations based on
the wind and wave input parameters, respectively. Table 4 summarizes
the key elevations and reference wind turbine properties used in the
simulations.

For all wind conditions summarized in Table 2, turbulent wind
fields were generated based on the Mann turbulence model [35]. The
Normal Turbulence Model (NTM) [22] is assumed for fatigue analysis.
Based on metocean data, metocean data, a power law wind profile is
assumed with a shear exponent, o = 0.08 (0.14 for characteristic fatigue
load). The aerodynamic loads (F,,,) were calculated based on the Blade
Element Momentum (BEM) theory [36,37].

For all sea states summarized in Table 3, linear irregular waves were
generated based on the JONSWAP spectrum. The hydrodynamic loads
(Fhydro) were calculated based on Morsion’s equation [38], where the
total force per unit length is defined as the sum of the drag and inertia
components. Both load components can be expressed as a function of
water density (p), sectional area (A), and wave particle velocity (U) and

|
|
}
Hub —P/‘IK

height /“/ \

Interface
level >

Lower ring —
beam —

(a) (b)

Fig. 3. HAWC2 model of a GBF supporting a 5 MW reference wind turbine: (a)
surface model; (b) beam elements.
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Table 4

Key elevations and reference wind turbine properties [33,34].
Parameter NREL 5 MW DTU 10 MW
Rating [MW] 5 10
Rotor diameter [m] 126 178.3
Number of blades [-] 3 3
Cut-in, rated, cut-out Uy, [m/s] 3.0, 11.4, 25.0 4.0, 11.4, 25.0
Dynamic rotor speed range [rpm] 6.9, 12.1 6.0, 9.6
Hub height [m] 91.7 114
Interface elevation [m] 14.7 14.7
Mean water depth [m] 25 25

x 100
2 -

20
15

2 4 10
Uump [MPdJ g [MPHJ
mean
Fig. 4. Markov matrix showing annual number of cycles for probabilistic ana-
lysis (5 MW OWT) accounting for wind speed and turbulence intensity dis-

tribution.

Stress (o)

o
\4

Time (t)

Fig. 5. Defintion of a stress cycle mean, amplitude and range.

acceleration (U) as defined by Eq. (8). The drag (Cp) and inertia (Cy)
coefficients were calibrated to account for diffraction and secondary
steel.

Fiyaro = pCpDUIUI + pCy AU (8)

Based on modified IEC [22] design load cases (DLC), time-domain
fatigue simulations covering power production (DLC 1.2) and idling
situations (DLC 6.4) were performed. Each simulation corresponding to
the sea states defined in Table 2 and Table 3 has a 10- minutes duration
and six independent realizations. The loads are scaled assuming a 95%
wind turbine availability and 25 years of design lifetime. For simplicity,
wind and wave misalignment is considered not important for this study,

Engineering Structures 222 (2020) 111090
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Fig. 6. Concrete S-N curve based on available fatigue tests (S, = 0.12) and
DNV code [17]. All curves are plotted against Syqx = Gax/f,.-

and thus unidirectional loading is assumed for both 5 MW and 10 MW
cases.

The resulting load time histories are used to estimate the stresses at
a critical concrete section. The lower ring beam, located at 14.5 m above
the mudline (see Fig. 3), is assumed to be most critical. Using a standard
rainflow count algorithm, the number of load cycles for predefined
stress bins are derived. Fig. 4 shows the distribution of load cycles
(Meyeles) according to the mean stress (0jeqn) and stress amplitude (Ggmp),
which is also referred to as the Markov matrix. The Markov matrices are
evaluated together with the design and probabilistic fatigue resistance
models, which are presented in the next section.

5. Concrete fatigue reliability model

During code optimization, it is important to account for the hidden
safety margins included in the code format. The following fatigue re-
sistance model formulations are based on recommendations in the DNV
standard for Offshore Concrete Structures [17].

5.1. Deterministic design

A cumulative linear damage theory [39,40] is assumed for fatigue
assessment. Given the number of stress cycles (n;;;) and the corre-
sponding number of cycles to failure (Nj) in each sea state bin i, mean
stress bin j and stress amplitude bin k, the damage can be quantified by
integrating over the total number of representative sea states (Ny,),
mean stress bins (N,,,,) and stress amplitude bins (Ny,,,) . The design
equation can be written as shown in Eq. (9). A Markov matrix is ob-
tained for each sea state, which is defined according to the mean wind
speed (U,,) distribution.

Nuy Nomean Neamp d o FDFET
Clm=1-3 PughPi =00

d
i=1  j=1 k=1 Njk ©)]

where:

ni‘f}-,k is the design number of stress cycles per year at bin i, j, k.
ka is the number of stress cycles to failure at stress bin j, k cal-
culated from the design resistance as a function of the material
partial safety factor (y,,).

p; is the occurrence probability of design sea state i(); p, = 1).

T; is the design lifetime (25 years)
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Table 5
Stochastic model parameters for the concrete fatigue; LN: LogNormal; N: Normal; Values inside () applies for the 10 MW case.
Parameter Distribution Mean Std. Remark Reference
A LN 1.00 0.30 Linear damage accummulation model uncertainty [45,46]
X1 LN 1.00 0.10 Load amplitude uncertainty [46]
Xs2 LN 1.00 0.10 Mean load uncertainty [46]
Xdyn LN 1.00 0.05 (0.10) Dynamic response uncertainty [6]
Kstress LN 1.00 0.05 Stress calculation uncertainty [6]
Xie LN 1.00 0.14 Concrete compressive strength uncertainty [15]
Xm N 1.52 0.75 Resistance model uncertainty estimated from data [26]

4.5 T T T
4+
Q.
<
351 1
o} e 2y
B oRn ZZ
3 L L L
1.1 1.2 1.3 1.4 1.5
’ym
(a)

45 : : : :
4+ 1
Q.
<
357 1
e Zl
B oy ZZ
3 I I I I
0 2 4 6 8 10
FDF
(b)

Fig. 7. Calculated annual reliability index (Ag) for the 5 MW case as a function of (a) material partial safety factor, y,, (FDF = 3) and (b) FDF (y,, = 1.5) given design

parameters z; and z,.

In addition to the stress cycle amplitude, the mean stress is an im-
portant parameter in defining the concrete resistance against fatigue.
The S-N curves for concrete are normally expressed in terms of the
maximum (Gye,) and minimum (o,,;,,) compressive stress within each
stress block, which are calculated from the mean (6,e.,) and amplitude
(0amp) of each stress cycle as illustrated in Fig. 5. Both g4, and oy, are
obtained from the Markov matrix.

The design number of cycles to failure (Nj‘fk), with superscript ”d”
indicating design value, is calculated based on Eq. (10). The factor
C; = 10 for structures in water having stress variation in the compres-
sion-compression range is used, while the fatigue strength parameter
Cs = 1 for concrete [17]. If the calculated design life (log,,N9) is greater
than X4, this value can be increased by a factor C{. The parameters X4
and C{ are expressed as shown in Eq. (11) and Eq. (12), respectively.

Imax

" Csha
Cl—ont,
Csfrd
1 9max
d__ Ciha d d
GGy T i > log,,N¢ > X¢.

Csfra 10)

log,,N? < X¢<.

log,,N¢ =

G
1 Imin

T Cifg +0101 an

Xt =

C, = (1 + 0.2(log,,N¢ — X)) > 1.0 12)

The design fatigue compressive strength (f,; [MPa]) is related to the
characteristic compressive cylinder strength(f,, [MPa]) by Eq. (13),
where a = 1 for concrete in compression. Eq. (13) is valid for concrete
grades C25 to C90 [17]. Assuming a C45 concrete grade with
feex = 45MPa and using a recommended material partial safety factor
of y,, = 1.50 for concrete fatigue, f,; ~ 27.75 MPa.

f;ck (1 — f;ck /600)

= Yin 13)

Concrete design S-N curves are normally expressed as a function of
sd .. and s2,., which are equivalent to the G, and g, normalized to
the design compressive strength f,; as shown in Eq. (14). The design S-N
curve is illustrated in Fig. 6, which also shows the design code safety
margin relative to the mean and characteristic curves. The mean curve
is derived based the Maximum Likelohood Method (MLM), applied on a
database of experimental fatigue tests [41-44]. In particular, test re-
sults with Sy,qc > 0.6 covering f,, = 20 to 60MPa are considered in the
MLM fit.

d _ Omax Sd _ Omin
min —

" Gy Cshha (14)

Creep, shrinkage and size effects are not considered in design load
calculation, since these effects are not covered by the fatigue test re-
sults. The probabilistic analysis covers the uncertainty related to the
linear damage accummulation model. In addition, fatigue tests used to
evaluate the uncertainty were performed under in-air conditions. For
simplicity, the same level of uncertainty is assumed for both air and
seawater exposures. The factor C; in Eq. (10) adapts the curve for either
in-air (C; = 12) or seawater (C; = 10) conditions.

5.2. Probabilistic design

The limit state equation for fatigue failure of concrete is written as
shown in Eq. (15). The resistance is represented by the stochastic
parameter A, which represents the Miner’s rule (linear damage ac-
cummulation) model uncertainty. In addition to the wind speed (U,,)
distribution, the load model also accounts for the statistical distribution
of turbulence intensity (71), which is the governing source of load
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Fig. 8. Relationship between material partial safety factor (y,) and design
parameters (a) z; (with z; = 1.0) and (b) z, (with z; = 1.0) for a 5 MW offshore
wind turbine.
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Fig. 9. Reliability indices (AB, j) for z; (with z, = 1.0) and z, (with z; = 1.0) for
the 5 MW case as a function of service life (y,, = 1.5).
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Table 6

Annual reliability index (AB) for different combinations of material partial
safety factor (y,,) and design parameters (z;, z2) conditional to FDF = 3 for a
5 MW OWT.

Y [—1 Prestressing force Shaft thickness AB
2 Fpr [MN] 22 t[mm]
1.1 - - - - -
1.2 2.12 197 1.00 500 3.65
13 1.84 171 1.00 500 3.93
14 1.60 149 1.00 500 4.02
15 1.38 129 1.00 500 4.07
11 1.00 93 0.57 286 3.24
1.2 1.00 93 0.64 321 3.56
13 1.00 93 0.71 353 3.83
1.4 1.00 93 0.77 386 3.93
1.5 1.00 93 0.84 419 4.01
1.6
1.5+ e 1
L4+ .. 1
£ 1.3+ o 1
I
1.2+ e 1
1.1¢ ®.. -
1
0.5 1 1.5 2 2.5
Prestressing force ratio, z, [-]
(@)
1.6
1.5¢ ® -
1.4+ . 1
- .
= 137 o 1
-
12+ o ]
1.1¢ ® 1
1
0.8 1 1.2 1.4 1.6
Shaft thickness ratio, z, [-]
(b)

Fig. 10. Relationship between material partial safety factor (y,,) and design
parameters (a) z; (with z, = 1.5) and (b) z, (with z; = 1.0) for a 10 MW re-
ference case.

uncertainty during power production [31]. It is assumed that the un-
certainty in the calculated number of cycles (n;;x) is relatively small.

NUw.TI  Nomean Noam

gz H=A- )

i=1 j=1 k=1

P nijxp;t
Nk 15)

where:
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Fig. 11. Reliability indices (AB, ) for z; (with z, = 1.0) and z, (with z; = 1.0)
for the 10 MW case as a function of service life (y,, = 1.5).

Table 7

Annual reliability index (AB) for different combinations of material partial
safety factor (y,,) and design parameters (z, z,) conditional to FDF = 3 for a
10 MW OWT.

Y [—1 Prestressing force Shaft thickness AB
z Fpr [MN] 22 t[mm]
1.1 2.35 219 1.50 750 3.31
1.2 1.90 176 1.50 750 3.58
1.3 1.48 138 1.50 750 3.87
1.4 1.13 105 1.50 750 3.99
1.5 0.84 78 1.50 750 4.03
1.1 1.00 93 0.95 476 3.08
1.2 1.00 93 1.09 546 3.38
1.3 1.00 93 1.26 631 3.76
1.4 1.00 93 1.44 718 3.98
1.5 1.00 93 1.65 823 4.07
Table 8

Reduction in shaft thickness (%) and reliability index (AB) as a function of
material partial safety factor (y,,) for both 5 MW and 10 MW cases (considering
FLS only).

T 5 MW 10 MW

Reduction [%] AB Reduction [%] AB
1.1 31.8 3.24 42.2 3.08
1.2 23.5 3.56 33.7 3.38
1.3 15.8 3.83 23.4 3.76
1.4 8.0 3.93 12.8 3.98
1.5 0.0 4.01 0.0 4.07

n;j is the number of stress cycles per year at bin i, j, k.
p; is the occurrence probability of wind speed and turbulence in-

tensity( ), p; = 1).
t is the time in years (0 < t < Tp).

The uncertain parameters in the fatigue resistance model are re-
presented by stochastic variables. Following the same equations used in
the design, the number of stress cycles to failure (N) is calculated using
Egs. (16)—(19). In general, predictions of stress amplitudes have higher
uncertainties compared to the mean stress estimates. This is accounted
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for by separately modelling the uncertainties for both mean and am-
plitude stress components as shown in Eq. (18) and Eq. (19). It is noted
that the mean S-N curve illustrated in Fig. 6) is defined without ac-
counting for the asymptotic second slope at the lower maximum stress
ranges (Syq < 0.6) due to lack of experimental tests covering lower
stress cycle fatigue supporting this assumption.

__ Omax
C:

log,,N = C; 7;{;’5 + X

T Cshs (16)
fl"lS = }(fcf;m (1 - Xfff;‘m/600) (1 7)
Omax = XSZXstress Omean + XSIXstresdeyn Uamp (1 8)
Omin = XSZXstressGmean - XSIXstresstynaamp (1 9)
where:

X,» models the resistance model uncertainty related to concrete S-N
curve.

Xy, models the concrete strength uncertainty.

f.m models the mean static compressive strength in MPa

f,s models the stochastic in situ compressive strength in MPa

Xs1 models the load model uncertainty related to the amplitude
stress (Gump)-

Xs> models the load model uncertainty related to the mean stress
(O'mean)~

Xitress models the uncertainty related to the stress calculation.

X4y, models the uncertainty related to the dynamic response.

5.3. Reliability assessment

The limit state equation (Eq. (15)) involves the stochastic para-
meters summarized in Table 5. It is possible that a correlation exists
between the load uncertainties X5, and Xg,. Statistical indepence is
assumed in this case study since the uncertainty sources for the mean
stress (driven by prestressing) and the stress range (driven by wind and
wave loads) can be considered partly independent.

Based on Eq. (15), the accumulated probability of failure at time
t, Pr(z, t) = P(g(z, t) < 0), is estimated using First Order Reliability
Method (FORM) [14]. Hence, the corresponding reliability index can be
estimated as 8(z, t) = —®1(Px (z, t)), where ® is the standard normal
distribution function. The annual probability of failure (APr) and an-
nual reliability index (AB) is obtained by Eq. (20) and Eq. (21), re-
spectively.

PF(Z, t+ At) - PF(Z, t)
(1 = Pr(z, t))At (20)

APF (Z, t) =

AB(z, t) = =D} (APr(z, 1)) (21)

where t > At and At is the time interval taken as 1 year.

This study investigates two design parameters, namely the pre-
stressing force (Fpr) and concrete shaft thickness (). For simplicity,
these parameters are expressed in terms of the ratio of the design
parameter value to the default value of prestressing force (z;) and shaft
thickness (z,) based on the Thornton bank GBF design. Based on the
reliability-based calibration approach illustrated in Fig. 1, a relation-
ship between selected safety factors (y,, FDF), design parameters
(z1, 22) and fatigue reliabilty can be derived using the same design
equation (Eq. (9)).

6. Numerical examples

The results summarized in this section only considers fatigue failure
mode. In addition, no system effects are taken into account. A minimum
AB = 3.1(Pr ® 1073) is assumed acceptable for design of OWT support
structures.
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Table 9

Engineering Structures 222 (2020) 111090

Sensitivity factors (a?) of stochastic input parameters for the 5 MW case at different values of design parameters, zly,, and z;1y,,.

Parameter Prestressing force ratio, z 1y, Shaft thickness ratio, z21y,
1.2 1.3 1.4 1.5 1.1 1.2 1.3 1.4 1.5
A 0.002 0.003 0.029 0.030 0.004 0.005 0.007 0.028 0.030
Xs1 0.013 0.017 0.008 0.004 0.030 0.032 0.035 0.013 0.006
Xs2 0.235 0.216 0.007 0.002 0.171 0.157 0.137 0.009 0.003
Xfe 0.599 0.592 0.047 0.020 0.567 0.551 0.520 0.072 0.027
Kistress 0.091 0.089 0.007 0.003 0.086 0.083 0.078 0.011 0.004
Xdyn 0.003 0.004 0.002 0.001 0.007 0.008 0.009 0.003 0.002
Xm 0.057 0.079 0.901 0.939 0.134 0.164 0.215 0.864 0.929
Ei—l o 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Table 10
Sensitivity factors («?) of stochastic input parameters for the 10 MW case at different values of design parameters, z;ly,, and z,1y,,.
Parameter Prestressing force ratio, z Iy, Shaft thickness ratio, z21y,
1.1 1.2 1.3 1.4 1.5 1.1 1.2 1.3 1.4 1.5
A 0.003 0.004 0.006 0.029 0.030 0.005 0.006 0.007 0.028 0.031
Xs1 0.025 0.032 0.040 0.012 0.006 0.041 0.046 0.049 0.013 0.004
Xs2 0.194 0.169 0.136 0.005 0.001 0.145 0.129 0.110 0.006 0.001
Xe 0.592 0.579 0.546 0.055 0.021 0.561 0.545 0.514 0.060 0.014
Kstress 0.090 0.087 0.082 0.009 0.003 0.086 0.082 0.077 0.009 0.002
Xdyn 0.006 0.008 0.010 0.003 0.001 0.010 0.011 0.012 0.003 0.001
Xm 0.089 0.121 0.180 0.887 0.937 0.152 0.181 0.230 0.880 0.947
El 1%2 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
X X
Xm dyn X Others A Others A
stress slress
XSZ
X
Xfc A S1
Tm = 1.2 Tm = Tm = Tm =

Fig. 12. Sensitivity (a?) of fatigue reliability (Ag) to stochastic input parameters for the 5 MW case at different values of design parameter, zly,, = 1.2, 1.3, 1.4, L.5.

X
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*UCS* X stress
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X
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m =14 m -

Fig. 13. Sensitivity (o?) of fatigue reliability (AB) to stochastic input parameters for the 5 MW case at different values of design parameter, z,ly,, = 1.2, 1.3, 1.4, 1.5.

6.1. Comparison between y,, and FDF

The fatigue design equation is formulated with two safety factors,
namely the material partial safety factor (y,,) and fatigue design factor
(FDF). Based on the 5 MW OWT case study, an investigation of how
variations in both y,, and FDF affects the annual reliability index (Ag) is
illustrated in Fig. 7.

For both design parameters, z; and z,, a higher sensitivity on AS is

observed for variations in y,, conditional to FDF = 3. Alternatively, it
can be concluded that the design parameters are not sensitive to
changes in FDF conditional to fixed y,, = 1.5.

The sensitivity analyses presented in the following sections verify
that the uncertainties related to the material resistance model have the
highest influence on the fatigue reliability. Hence the following in-
vestigation of fatigue reliability is performed for different values of y,
conditional to FDF = 3.
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Others A Others A
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Fig. 14. Sensitivity («) of fatigue reliability (Ag) to stochastic input parameters for the 10 MW case at different values of design parameter, aly, =12,13,14, 1.5,

X Xdyn Xslress
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XSI !
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Fig. 15. Sensitivity («?) of fatigue reliability (AB) to stochastic input parameters for the 10 MW case at different values of design parameter, z,ly,, = 1.2, 1.3, 1.4, L.5.

Table 11
Calculated sensitivity factors (a?) of stochastic input parameters assuming
Xcov = 0.50(AB = 4.01) and Xncoy = 0.25(A8 = 4.72).

Sensitivity Xmcov = 0.50 Xmcov = 0.25
ranking
Parameter of Parameter af
1 Xm 0.9294 X 0.6409
2 A 0.0300 Xs2 0.2024
3 X 0.0265 Kitress 0.0941
4 Xs1 0.0059 Xs1 0.0264
5 Xitress 0.0041 Xm 0.0261
6 Xs2 0.0026 Xdyn 0.0066
7 Xdyn 0.0015 A 0.0034
Ya? 1.00 1.00

6.2. Example 1: 5 MW offshore wind turbine
Using the design equation (Eq. (9)), relationships between material

partial safety factor (y,) and design parameters z; and z, are derived as
shown in Fig. 8a and Fig. 8b, respectively. The relation between y,, and

Others X
ers e\

@ X coy =050

7 is derived for a fixed value of z, = 1.0, and vice versa. A lower y,
allows for higher prestressing force, which is directly related to the
mean stress on the concrete section. Similarly, a lower y,, results to a
decrease in the required concrete shaft thickness. The derived re-
lationship only considers concrete fatigue safety.

The reliability indices are calculated based on the relationship be-
tween 7, and design parameters (z,2,). Fig. 9 illustrates the reliability
indices as a function of service life in years. The AS at end of a 25-year
service life are calculated and summarized in Table 6. All design
combinations resulted in acceptable AB > 3.1. The results of the relia-
bility analysis indicates that a higher prestressing force (lower y,,) can
be applied on the section if necessary for design optimization. For de-
sign parameter z,, results indicate that the shaft thickness of the ori-
ginal concept design can be reduced without compromising fatigue
safety.

6.3. Example 2: 10 MW offshore wind turbine

Numerical Example 2 considers the same GBF concept to support a
10 MW offshore wind turbine. Fig. 10a and Fig. 10b show the derived
relationships between y,, and design parameters z; and z,, respectively,

Others Xm XSl

stress

S2

fc

®X_

coy =025

Fig. 16. Sensitivity («?) of fatigue reliability (AB) to stochastic input parameters assuming (a) Xmucov = 0.50 and (b) (b)X,cov = 0.25 for 3, = 1.5 (z; = 1.0, 2, = 0.84).
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following the same trend as Example 1. To accommodate higher mean
and amplitude loads and to satisfy the design equation at different
values of z;, the shaft thickness is increased by 50% (z, = 1.5). The same
amount of prestressing force (z; = 1.0) can be assumed for variations in
design parameter z,.

The resulting reliability indices as a function of service life in years
are shown in Fig. 11. The AB at end of a 25-year service life are cal-
culated and summarized in Table 7. All design combinations resulted in
acceptable AB > 3.1, except for the design configuration with
%, = 1.1, 7y = 1.00 and z, = 0.95. The results indicate that the same GBF
concept initially design for a 5 MW OWT can be used to support a
10 MW OWT, with minor modifications in design parameters. Similar to
Example 1, it can also be concluded that a lower y, can be re-
commended without compromising fatigue safety, even for large wind
turbines whose support structure design can be driven by fatigue.

6.4. Proposed material safety factor (y,,)

The DNV standard for Offshore Concrete Structures [17] currently
recommends a ¥, = 1.5. Table 8 summarizes the corresponding reduc-
tion in concrete shaft thickness and AB as a function of y,,, considering
FLS only. Results from both 5 MW case and 10 MW case indicate that a
lower value of y, = 1.1 to 1.2 can be used, which potentially leads to
significant reduction in the required structural dimensions while at the
same time satisfying the required safety level (A > 3.1).

The presented results only considers the fatigue limit state. Thus,
recommendation of a lower material safety factor (y,) can specifically
benefit design situations where concrete foundation design is driven by
FLS, as in the case of large offshore wind turbines (>10 MW). This re-
duction can significantly lead to an optimal concrete foundation design.

6.5. Sensitivity to input parameters

The sensitivity of the reliability index (8) to each stochastic input
parameters (X;) can be expressed in terms of the alpha factors («;) as
defined in Eq. (22) [14]. The alpha factors, also referred to as sensitivity
factors, are determined by FORM. When evaluated at the design point
(X*), the relative importance can be obtained based on the definition
Y., & = 1. Table 9 and Table 10 summarize the calculated «; factors
for both 5 MW and 10 MW offshore wind turbine cases, respectively.

ai
8X;

(22)

The relative importance of stochastic parameters vary according to
the assumed ¥, and correspoding design parameters. In general, the
uncertainty related to concrete compressive strength (X;.) is the gov-
erning parameter at lower y, values (y, = 1.1, 1.2, 1.3). These are as-
sociated with design configurations with high prestressing force or low
shaft thickness, where the most likely fatigue failure is due to the re-
latively high mean stresses that result to lower resistance or number of
cycles. On the other hand, design configurations at higher y, values
(%, = 1.4, 1.5) have lower magnitudes of stress cycles. These designs are
governed by the fatigue resistance model uncertainty (X,,). The varia-
tions in a? factors for the 5 MW case are illustrated in Fig. 12 and
Fig. 13. Comparable results are found for the 10 MW case as illustrated
in Fig. 14 and Fig. 15.

The results above are based on a resistance model uncertainty X,
with COV X,,cov = 0.50, which is estimated from available fatigue tests.
A simple sensitivity study to investigate the importance of this COV is
performed for the 5 MW case by assuming X,,,cor = 0.25. The results are
summarized in Table 11 and Fig. 16. Note that the lower COV could
probably be obtained in a narrow subset of the fatigue test data, cov-
ering only the application for this type of substructure.
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7. Summary and conclusions

This paper demonstrates a probabilistic approach for reassessment
of fatigue design rules for offshore wind turbine concrete structures.
Offshore wind turbine loads accounting for the statistical distribution of
turbulence intensity are estimated based on a fully-integrated model.
Using available concrete fatigue tests, a fatigue reliability model is
formulated based on the DNV code [17]. Reliability-based calibration of
the material partial safety factor (y,,) is demonstrated, while accounting
for the relevant sources of uncertainties in both load and resistance
models.

Safety margins in fatigue design of offshore concrete structures can
be incorporated in terms on FDF and y,,. The study showed that fatigue
reliability is more sensitive to changes in y,. Two numerical examples
of a concrete GBF supporting a 5 MW and 10 MW OWTs also showed
that a lower y, can be used without compromising fatigue safety.
Reducing the recommended value from y, = 1.5 to 3, = 1.1 to 1.2 can
lead to significant reduction in the required structural dimensions for
both 5 MW and 10 MW cases. Lastly, the relative importance of sto-
chastic input parameters are investigated. Depending on the assumed
¥,.> reliability indices can be very sensitive to uncertainties related to
concrete compressive strength (X;.) and resistance model uncertainty
Xim)-

A major limitation of the study is the lack of experimental concrete
fatigue test data at lower stress amplitude cycles (high cycle fatigue
tests). It is currently assumed that the same amount of uncertainty
exists with concrete exposed to moderate stress levels. In addition, the
study is limited to compression-compression fatigue cycles as assured
by the prestressing, and does not take into account the effect of in-
spection which are difficult to perform and model in a probabilistic
framework. Nonetheless, the presented framework can be applied to
investigate fatigue reliability of other foundation concepts. Based on
the main results presented, this study opens opportunities for life ex-
tension or repowering of offshore wind turbine concrete foundations
approaching the end of their service lives.
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