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1.3.1 Finding the hot spot using the ordinary rainflow counting

Using the ordinary rainflow counting, the numbers-of-cycle for each 10-minute stress-

The given maximum value of stress-range is at the wind direction angle.
In order to find the hot spot of the circumference, the expected fatigue damage will
be calculated for every point on the circumference. Since the coordinate system of a
wind rose is fixed, it can be used as a global coordinate system for the cross-section of
the tube (see Figure ). For each wind direction, the location of the maximum stress-

of wind direction. Given that the membrance
strain is excluded from the measured strain, the maximum stress-range is calculated
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Wind Energy – the fastest growing energy source

• Less environmental impact

• Fast installation

• Fast development!
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Levelized Cost of Electricity

High LCoE

(lifetime costs per unit of electricity – MWh)
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Levelized Cost of Electricity

High LCoE O&M Cost
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Levelized Cost of Electricity

High LCoE O&M Cost Risk-based Inspection
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Levelized Cost of Electricity

High LCoE O&M Cost Risk-based Inspection

High Decommissioning Cost

- 270 000 to 540 000 €/MW (=1/2 investment cost)

- Yttre Stengrund (Sweden, Nov 2015)
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Levelized Cost of Electricity

High LCoE O&M Cost Risk-based Inspection

High Decommissioning Cost Life Extension

7



Levelized Cost of Electricity

High LCoE O&M Cost Risk-based Inspection

High Decommissioning Cost Life Extension

Majority of reported offshore failures are fatigue failures!

⇒ Update Failure Probability in Fatigue Failure Mode!

8



Message Objective

Using Failure Assessment Diagram and Occurence of
Weather Conditions in the Limit State Function improves the
accuracy of the Updated Failure Probability.
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Fatigue Assessment



Fatigue Assessment

Miner’s Rule Paris’ Law Failure Assessment Diagram

Necking Cavity 
formation

Cavity 
coalescence

Crack
propagation

Fracture
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Fatigue Assessment: Miner’s Rule

Fatigue Damage:

D =
k∑

i=1

ni
Ni

Safety condition: D ≤ ∆, or
Limit State Function:

g = ∆− D ≥ 0
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Fatigue Assessment: Miner’s Rule

Sequence effects, Dowling (1971)

Limit State Function:

g = ∆− D
S
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Fatigue Assessment: Paris’ Law

where Y depends on the specific specimen geo-
metry. Thus, the Paris law becomes:

da
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=C(YDs

ffiffiffiffiffiffi
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p
)m (Eq 14.15)

One of the goals of fatigue analysis is to be
able to predict the fatigue life of structures. The
fatigue life, n, can be solved for by rearranging
Eq 14.13:

dn=
da

C(DK)m
(Eq 14.16)

which may then be integrated to give:
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ðnf
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(Eq 14.17)

Substitution of the expression forDK (Eq 14.14)
gives:
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pa

p
)m
=

1

Cp m=2(Ds)m
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(Eq 14.18)

It is assumed that Ds (or smax!smin) is
constant and that Y depends on the crack length
and therefore cannot be removed from within
the integral. For cases where Y depends on crack
length, these integrations will generally be
performed using numerical techniques. During
stage II crack growth, some metals are sensitive
to the load ratio, R, as shown in Fig. 14.19 for

7075-T651 aluminum plate. Since the Paris
equation does not account for the load ratio,
there are other expressions that do account for
the sensitivity of crack growth rate to the load
ratio. One of the most utilized is the one devel-
oped by Foreman and his associates:

da

dn
=

C(DK)m

(17R)Kc7DK
(Eq 14.19)

In these expressions, it is necessary to deter-
mine the initial crack length, ao, and the final
or critical crack length, ac. Crack lengths can
be detected using a number of nondestructive
testing techniques. If no cracks are detected, it
must be assumed that a crack exists below the
resolution of the detection system being used. A
subcritical crackwill eventually grow to a length
at which the metal immediately fails, that is:

Kmax?Kc (Eq 14.20)

or

Ysmax
ffiffiffiffiffiffiffiffi
paf

p
! Kc (Eq 14.21)

Solving for ac gives:

ac=
K2
c

pY2s2max

(Eq 14.22)
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∆K = Y∆σ
√
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Fatigue Assessment: Paris’ Law
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Limit State Functions:

g1 = ac − a

g2 = Kmat − K
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Fatigue Assessment: Failure Assessment Diagram

Kr(max) = 1.0

Lr(max) = ‡Y + ‡U

2‡Y

1.0

Brittle Fracture

Lr = ‡ref

‡Y

Kr = KI

Kmat

Assessment Point

Fracture + Plastic
Deformation

Plastic
Collapse

3

SAFE

Assessing acceptability of cracks
Limit State Function:
g1 = KrFAD − Kr

or:
g2 = R − r
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Failure Probability



Failure Probability

Safety margin (Limit State Function):

M = R − S

Failure Probability

Safety margin (Limit State Function): 1
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Failure Probability
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Updating Principle



Updating Principle

Bayes Theorem: P (A|B) =
P (A,B)

P (B)
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Updating Principle

Bayes Theorem: P (A|B) =
P (A,B)

P (B)

Event updating Variable updating
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Updating Principle

M = R − S

Event updating Variable updating
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Updating Principle

M = R − S

Crack inspection:

P
(
M < 0|I

)
=

P (M < 0 ∩ I )

P (I )

Load Monitoring data:

fS |I (s|I ) = C · P (I |s) fS (s)
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Motivation

LSF 1: g = ac − a

ac : critical crack size
a: crack size

⇒ ambiguous, for ships & pipelines!

LSF 2:

{
g1 = ac − a

g2 = Kmat − Kmax

Kmat : fracture toughness
Kmax : maximum stress intensity factor

The region II of Paris’ law

Stage I Stage II Stage III

�K0 �Ktr log �K

lo
g

d
a

d
N

region I
(C1, m1)

region II
(C2, m2)

1

⇒ fracture+plastic deformation?

Kr(max) = 1.0

Lr(max) = ‡Y + ‡U

2‡Y

1.0

Brittle Fracture

Lr = ‡ref

‡Y

Kr = KI

Kmat

Assessment Point

Fracture + Plastic
Deformation

Plastic
Collapse

3
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Literature Review

Evolution of updating considering crack inspection data:
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Literature Review

Gap:
Advantages and disadvantages of using Failure Assessment
Diagram in updating failure probability considering crack
inspection data for existing OWT support structures?
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FAD in Updating Considering
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FAD Gives Higher Failure Probability
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Limit State Functions to Compare

LSF 1:
g = ac − a

LSF 2:{
g1 = ac − a

g2 = Kmat − Kmax

LSF 3:
g = KrFAD − Kr

or:
g = R − r

Considered Uncertainties: C , a0, a0/c0, and FAD
FAD uncertainty: from Offshore Technology Report (HSE, 2000)

The region II of Paris’ law
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Method to Calculate Failure Probabilities

• Monte Carlo Simulation: 105 samples of crack propagations

• Crack depth and crack length are coupled

• Constant amplitude stress history

• Failure Probability:

Pf =
1
N

N∑

j=1

I [g ]

I [g ] =




0 if g > 0

1 if g ≤ 0
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Results & Discussions: LSF-2 vs. LSF-1

LSF 1:
g = ac − a

LSF 2:{
g1 = ac − a

g2 = Kmat − Kmax
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Results & Discussions: LSF-2 vs. LSF-1

LSF-1:
g = ac − a

⇒ Under-estimate Pf LSF-2:{
g1 = ac − a

g2 = Kmat − Kmax
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Results & Discussions: LSF-3 vs. LSF-2

LSF-3:
g = KrFAD − Kr

LSF-2:{
g1 = ac − a

g2 = Kmat − Kmax
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Results & Discussions: LSF-3 vs. LSF-2
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Results & Discussions: LSF-3 vs. LSF-2
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Results & Discussions: FAD Uncertainty

Years
0 2 4 6 8 10 12 14 16 18 20

R
el

ia
bi

lit
y 

in
de

x

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

Reference (Ref.)
Ref. + FAD unc.
Ref. + K

mat
 unc.

Ref. + S
u
 and S

y
 unc.

LSF-3:
g = R − r

Reference:
C , a0, a0/c0

30



Results & Discussions: FAD Uncertainty
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The Updating Problems

Safety Margin using FAD: g = KrFAD − Kr

Crack Detection Event: Id = c − cd

Probability of Detection: P (cd) = 1− 1

1 +

(
cd
x0

)b

Update PF when No crack is detected:

P [g ≤ 0|Id < 0] =?

Update PF when Crack is detected and repaired imperfectly:

P
[
g ≤ 0|Id ≥ 0

⋂
Rim

]
=?

Update PF when Crack is detected and repaired perfectly:

P
[
g ≤ 0|Id ≥ 0

⋂
Rp

]
=?
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Method to Solve: Procedure

Kmat ∆K0 FM

σY σU ∆σ

   a    0 SIF
Limit State Function

POD

Decisions
Crack Growth Simulation Updated

Pf

2

 0   a  /c 0
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Method to Solve: Procedure

Kmat ∆K0 FM

σY σU ∆σ

   a    0 SIF
Limit State Function

POD

Decisions
Crack Growth Simulation Updated

Pf

2
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constant amplitude
during 1 month!
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Method to Solve: Updating
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Figure: Crack growth in combination with inspections

Q. Mai | FAD in Updating Failure Probability
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Results & Discussions
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Results & Discussions
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Conclusion on FAD

Gap:
Advantages and disadvantages of using Failure Assessment
Diagram in updating failure probability considering crack
inspection data for existing OWT support structures?
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Conclusion on FAD

Disadvantages

• Time consuming.

• Fails to find very small
failure probability such as
‘detected & not repaired’

Advantages

• Releases the assumption
about ac

• more conservative PF

results ⇒ better for
inspection planning!
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Motivation

Miner’s Rule Paris’ Law

What to do with
Load monitoring data?
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Motivation

Miner’s Rule Paris’ Law

Stress-range

Pr
ob

ab
ili

ty

Updated curve

Stress-Range 
Distribution

Measure strain:
not everywhere!
long-term!

Calculate stress:
time consuming!
too much uncertainties!

41



Motivation: Uncertainties in FEM

Sources of Uncertainties:
Type 1: load calculation
Type 2: calibrated FEM

42



Motivation: The Idea

Use measured data: ⇒ No load calculation
Use FEM to extrapolate stress: ⇒ No need to measure everywhere
Use Occurence of Weather Conditions in LSF:

⇒ Wind & Wave instead of strain
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Literature Review
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Literature Review

Gap:
How to perform reliability assessment of existing offshore wind
turbine support structures using directly the Occurence of
Weather Conditions (wind and wave)?
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Methodology

g = ∆−∑n
e=1 Pbine · Dmod ,bine
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Methodology

g = ∆−∑n
e=1 Pbine︸︷︷︸ ·Dmod ,bine

P (U10,Hs ,Tp) =
∫ ∫ ∫

f (U10,Hs ,Tp) du dh dt
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Methodology
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Methodology: Limit State Function

g = ∆−
T∑

i=1

nU10∑

j=1

nHs∑

k=1

nTp∑

l=1

(αf XmXSCF )m

K
kms,jklΓ

(
m

λs,jkl
+ 1
)
× · · ·

P (U10,j ,Hs,k ,Tp,l |kw ,i )
nc,jkl
nm,jkl

n∗m

47



Update Wind Speed Distribution

Given three years (or more) of measured wind speed, how to update
the design wind speed distribution?

fKw (kw |µ, σ) = fN (kw |µ, σ)

=
1

σ
√
2π

exp

(
−1
2

(
kw − µ
σ

)2
)

The predictive density function of kw given measured data becomes
a Student’s t-distribution.
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Methodology: Update Wind Speed Distribution

Keep the ‘design’ shape parameter:
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Methodology: Update Wind Speed Distribution
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Application

• 3 MW offshore wind turbine

• Monopile, diameter of 5.2 m

• Optical strain sensors

• Before construction: 15
years of wind data

• After construction: 3 years
of wind and wave data + 1
year strain data
(concurrently measured with
the wind)

• The design wind speed
distribution

Chapter 1 Contents

1.3.1 Finding the hot spot using the ordinary rainflow counting

Using the ordinary rainflow counting, the numbers-of-cycle for each 10-minute stress-
time history is stored in one row with 500 stress-range bins.
The given maximum value of stress-range is at the wind direction angle.
In order to find the hot spot of the circumference, the expected fatigue damage will
be calculated for every point on the circumference. Since the coordinate system of a
wind rose is fixed, it can be used as a global coordinate system for the cross-section of
the tube (see Figure ). For each wind direction, the location of the maximum stress-
range (�‡max) is at the angle (—w) of wind direction. Given that the membrance
strain is excluded from the measured strain, the maximum stress-range is calculated
as in Equation (1.1). In this equation:
M is the bending moment;
I is the inertia moment;
R is the tubular radius of the middle point of the wall-thickness.

�‡max = M

I
y = M

I
[R cos (—i ≠ —w)] = M

I
[R cos (0)] = M

I
R (1.1)

East

North

O

Mtl

Wind

Mtn

G090

G210

G330

L

ML

—w

–

Figure 1.1: sdfdf

The stress-range at a point Li located at an angle —i can be calculated as in Equation
(1.2).

�‡i = M

I
R cos (—i ≠ —w) (1.2)

2
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Application: Estimating Remaining Fatigue Life
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Application: Results & Discussion
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Application: Results & Discussion
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Application: Results & Discussion
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Application: Results & Discussion
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Application: Results & Discussion

Year
5 10 15 20

Im
po

rt
an

ce
 f

ac
to

rs

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8
X

SCF

K

k
w

X
m

"

Un
c.
in
SC
F

56



Application: Results & Discussion

Year
5 10 15 20

Im
po

rt
an

ce
 f

ac
to

rs

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8
X

SCF

K

k
w

X
m

"

Un
c.
in
SC
F

Un
c.
in
SC
F

Un
c.
in
M
ea
su
rem

en
t

Un
c.
in
wi
nd

sp
ee
d
dis
t.

Un
c.
in
M
ine
r’s

ru
le

Un
c.
in
S-
N
cu
rve

56



Application: Results & Discussion

Year
5 10 15 20

Im
po

rt
an

ce
 f

ac
to

rs

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8
X

SCF

K

k
w

X
m

"

Un
c.
in
SC
F

Not important to consider

Un
c.
in
SC
F

Un
c.
in
M
ea
su
rem

en
t

Un
c.
in
wi
nd

sp
ee
d
dis
t.

Un
c.
in
M
ine
r’s

ru
le

Un
c.
in
S-
N
cu
rve

56



Road Map

Occurence of Weather Conditions in Updating Considering
Monitoring

Motivation & Literature Review

Methodology

Application



Conclusion on Using Occurence of Weather Conditions in LSF

Gap:
How to perform reliability assessment of existing offshore wind
turbine support structures using directly the Occurence of
Weather Conditions (wind and wave)?
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Conclusion on Using Occurence of Weather Conditions in LSF

Disadvantages

• Assumed that fatigue
damage caused by each
Weather Condition is
constant.

• Depends on the stress
extrapolation method to
derive stress for locations
that is not measured.

Advantages

• Fast

• Less uncertainty than a
time domain analysis.
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FAD Gives Higher Failure Probability Values
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Conclusion: Future Works

• Combining two types of new information in RBI,

• Corrosion and crack inspection in updating failure probability,

• Load extrapolation for other types of OWT support structures,

• Quantifying uncertainty of load extrapolation methods,

• Considering the random process of the peak tensile stress in
calculating failure probability
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Message Objective

Using Failure Assessment Diagram and Occurence of
Weather Conditions in the Limit State Function improves the
accuracy of the Updated Failure Probability.
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Practical Implications

Pf results are higher when Kmat is included in the LSF of ac ⇒ it
needs to consider to be conservative.
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Practical Implications

The peak tensile stress affects the safety state of any crack size ⇒
the time when a high peak tensile stress occurs is important. This
is a first passage time problem where the random process of the
peak tensile stress first encounters a threshold.
This is a challenge of considering the fracture toughness criterion.
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Practical Implications

FAD approach predicts higher Pf values when the applied peak tensile
stress is larger than 65% the yield strength, in comparison to the LSF
using (ac ,Kmat) ⇒ the use of FAD should be recommmended for
reliability assessment of existing offshore structures with high stress
(designed to the limit, corroded, damage tolerant design)
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Practical Implications

When FAD approach is utilized, the uncertainties in yield and ulti-
mate strengths are important because they define the region of plastic
collapse ⇒ they should be investigated to improve the reliability of
the structure.
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Practical Implications

The information about cracks and intervention actions helps to im-
prove our belief in the structural safety (reducing the probabilty of
failure). It is the basic to optimizing inspection plans to reduce the
O&M costs of offshore wind turbines.
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Practical Implications

An imperfect repair leads to a higher failure probability than a perfect
repair. ⇒ an imperfect repair should be considered in the decision
tree for a conservative inspection plan.

61



Practical Implications

Updating using Monitoring data: the impact of the year-to-year vari-
ation of the annual mean wind speed becomes negligible after 4 years.
⇒ it can be ignored in the LSF to reduce significantly calculation
time and give a chance to consider a finer descretized Occurence of
Weather Conditions.
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Practical Implications

The value of the predicted remaining fatigue life obtained from the
present methodology can be useful for decision making to down-rate,
curtail, or extend the lifetime of the wind turbine support structures.
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Practical Implications

To apply the proposed method for locations where strain gauges
cannot be installed, a load extrapolation method is needed, which
inturn requires a good calibrated finite element model. A model
uncertainty is also needed in the LSF.
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Practical Implications

vbox Histogram of measured strain is distorted by high frequencies
of small strain cycles, by considering the corresponding accumulated
fatigue damage during fitting process, the weighting factor of each
bin can be modified to preserve total fatigue damage.
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The use of Miner’s Rule

Fatigue damage accumulated by one load cycle is calculated as:

Di =
1
Ni

=
1
Kc

Sm
i

For a large number of stress cycle, the expected fatigue damage
can be estimated as:

E [Di ] =
1
Kc

∞∑

0

Sm
i P (Si )

=
1
Kc

∫ ∞

0
Smf (s) ds

If the stress-range is Weibull distributed (k , λ), the expected
fatigue damage per cycle becomes:

E [Di ] =
1
Kc

kmΓ
(m
λ

+ 1
)



Why Link Strain with Wind and Wave?

People may ask:

• Why not to use measured strain directly?

• Why not to use wind and wave to get strain from a Finite
Element Model and then quantify the model uncertainty using
the measured strain?
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Why Link Strain with Wind and Wave?

designed scaled model tests in laboratory conditions simulating
(as far as realistically possible) the application of millions of cyclic
lateral loading by preserving the similitude relations. Derivation of
similitude relations for scaling of monopiles supporting wind
turbines can be found in Bhattacharya et al. [5] and for multipod
foundations in Bhattacharya et al. [7,9].

This aim of the paper is to present an innovative cyclic loading
device that can be used to carry out small scale testing whereby long-
term performance of offshore turbines can be studied. This device is
economic, scalable to different model scales and is able to replicate
complex loads acting on an offshore wind turbine. Furthermore, the
wind and wave misalignment can also be simulated. The paper is
structured in the following way: After a brief review of the complexity
of the loads on a typical wind turbine, an innovative devise capable to
simulating the loading complexity is presented. Finally, typical test
results obtained from this apparatus are also shown.

2. Cyclic and dynamic loads acting on an offshore wind
turbines

Offshore wind turbine installation is unique type of structure
due to their geometry (i.e. mass and stiffness distribution along the
height) and the cyclic/dynamic loads acting on it. There are 4 main
loadings on the offshore wind turbine: wind, wave, 1P and 3P, see
Fig. 1. Each of these loads has unique characteristics in terms of
magnitude, frequency and number of cycles applied to the foun-
dation. The loads imposed by the wind and the wave are random in
both space (spatial) and time (temporal) and therefore they are
better described statistically. Apart from the random nature, these
two loads may also act in two different directions. 1P loading is
caused by mass and aerodynamic imbalances of the rotor and the
forcing frequency equals the rotational frequency of the rotor. On
the other hand 2P/3P loading is caused by the blade shadowing
effect and is simple 2 or 3 times the 1P frequency. Fig. 1 shows the
typical wave forms of the 4 types of loads. On the other hand, Fig. 2
presents a schematic diagram of the main frequencies of the loads

together with the natural frequency of two Vestas V90 3 MW wind
turbines from two wind farms: Kentish Flats and Thanet (UK).

It is of interest to summarise to soil structure interaction issue for
an offshore wind turbine. There are two main aspects related to cyclic
loading conditions that have to be taken into account during design:
(a) soil behaviour due to non-dynamic cyclic loading i.e. fatigue type
problem and this is mainly attributable to wind loading which has a
very low frequency; (b) soil behaviour due to dynamic loading which
will cause dynamic amplification of the foundation response i.e. the
resonance type problem. This is due mainly due to 1P and 3P loading
but wave loading can also be dynamic for deeper waters and heavier
turbines. A breakdown of the overall problem of soil–structure
interaction into two types of soil shearing is schematically repre-
sented in Fig. 3. A model test needs to capture these behaviour.

3. Scaled model testing of offshore wind turbines and the
innovative cyclic loading system

Based on the discussion in the earlier section and the soil–
structure interaction, scaled model testing under repetitive cyclic
loading can be divided into two categories:

a) Modelling the behaviour of foundation under cyclic loading
without considering the dynamics of the system i.e. fatigue
type of problem as shown in Fig. 3(a).

b) Modelling the behaviour of foundations considering the
dynamics of the system i.e. studying both fatigue type and
resonance type of problem as seen in Fig. 3(a) and (b).

Extensive research has been carried to study cyclic behaviour of
foundation, see for example Leblanc [14], Cox et al. [8] where few
hundreds to tens of thousands of cyclic loads were applied and the
dynamics of the whole system has been ignored. However to rea-
listically study, long term performance of offshore turbines, apart
from dynamic loads, wind and wave misalignment must also be
simulated. In addition, millions of cycles of loading to mimic the life

Fig. 1. External loads acting on an offshore wind turbine, along with their typical waveforms.

G. Nikitas et al. / Soil Dynamics and Earthquake Engineering 82 (2016) 154–160 155



Why Link Strain with Wind and Wave?

Why not to use wind and wave to get strain from a Finite Element
Model and then quantify the model uncertainty using the measured
strain?

• You consider one irrelevant uncertainty more than the method
proposed in this thesis.

• You take a lot of time to perform time domain analyses.



Joint Distribution of Wind and Wave

The probability of occurence of jkl th bin which is used to link to
fatigue damage is:

P (U10,j ,Hs,k ,Tz,l) =

∫ ∫ ∫
f (U10,Hs ,Tz) dw dh dt

this integration need to be calculated numerically.

If only U10 is considered in the bin, the probability of j th bin
becomes:

P (U10,j) = FW (aj ≤ U10 < bj ; kw , λw )

= exp

(
−
(

aj
kw

)λw)
− exp

(
−
(
bj
kw

)λw)



Joint Distribution of Wind and Wave

f (U10,Hs ,Tz) = f (U10)× f (H|U10)× f (Tz |Hs U10)

where:

f (U10) marginal distribution of the 10-minute mean wind
speed, Weibull (kw , λw ),

f (Hs |U10) conditional distribution of significant wave height
given U10, Weibull (scale = func (U10), shape =
func (U10)),

f (Tz |Hs U10) conditional distribution of mean wave period given
Hs and U10, Lognormal (mean = func (Hs ,U10), std
= func (Hs ,U10)).



The use of Miner’s Rule

The assumption that stress-ranges follow a Weibull distribution is
not perfect!
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Total Fatigue Damage

D =
T∑

i=1

nU10∑

j=1

nHs∑

k=1

nTp∑

l=1

αm
f

Kc
kms,jklΓ

(
m

λs,jkl
+ 1
)
× · · ·

P (U10,j ,Hs,k ,Tp,l |kw ,i )
nc,jkl
nm,jkl

n∗m

• ncj = nU10 × nHs × nTz is total number of bins;
• nc,jkl is number of stress cycles in the bin number jkl ;
• nm,jkl is number of oceanographic records in the bin number
jkl ;
• n∗m =

∑ncl
j=1 nm,j is total of observed oceanographic data per

year;
• P (U10,j ,Hs,k ,Tp,l |kw ,i ) is the probability of the bin jkl given

the scale parameter of the wind speed distribution kw ,i in the
i th year.



Total Fatigue Damage
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Equality vs. Inequality Events

Equality: when crack is measured a certain value. Not considered
here because it is a very small failure probability problem, MCS is
not suitable.



Importance Factors

The ‘importance factor’ of a random variable is a measure of the
sensitivity of the reliability index to randomness of that random
variable at the design point.

The ‘importance factors’ offer a way to rank the importance of the
input variables with respect to the failure event of the welded joint.

The vector of ‘importance factors’ is denoted as α,

α = − Og (x)

|Og (x) | (1)

where Og (x) is the gradient vector of the limit state function at
the design point x , which is assumed to exist, as shown in Eq.(2):

Og (x) =

(
∂g

∂x1
(x) , · · · , ∂g

∂xn
(x)

)
(2)



Minimum Number of Stress Cycles

• Weibull (scale = k , shape = λ) of stress-range distributions in:

• Case 1: wind speeds in bin 1 (5-10 m/s): k = 1.922,
λ = 0.6172

• Case 2: wind speeds in bin 2 (10-15 m/s): k = 4.2385,
λ = 0.7793

• Case 3: wind speeds in bin 3 (20-30 m/s): k = 9.408,
λ = 1.0774

• SN curve: log a2 = 15.606; log a1 = 11.764; m1 = 3; m2 = 5

No. of cycles (n) Case 1 Case 2 Case 3

107 5.5% 3.4% 1.4%

5× 106 7.3% 4.5% 1.7%

106 19.5% 9.3% 4.3%

Table 1: Error in fatigue damage



Minimum wind measurement for design

15 years is not a long data set for design because, to estimate the
50-year return period wind speed, a minimum 20 years of data is
required (Coles et al. 2001)
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