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Short agenda 

D E P A R T M E N T  O F  C I V I L  E N G I N E E R I N G  

A A L B O R G  U N I V E R S I T E T  



• Graphica l  representa t ion  of  the  too l .  AAU con t r i bu t ion .  

• Sta te -o f - the -a r t  in  assess ing  whe ther  a  wea ther  sens i t i ve  o f fshore  

opera t i on  i s  sa fe  to  commence  i s  on ly  based  on  s ign i f i can t  wave  

he igh t  Hs  and  w ind  speed  a t  the  l oca t ion  i n  ques t i on .  

 

• The ac tua l  l im i ta t ions  o f  i ns ta l la t ion  a re  mos t l y  phys i ca l :  

• s t reng th  o f  the  ins ta l la t ion  equ ipment  used  -  c rane  cab le  

l oads ,  tug  w i re  tens ions ,  e tc .s  

• L imi ts  on  the  equ ipment  be ing  ins ta l led  –  max imum 

acce le ra t ion  l im i t s  on  w ind  tu rb ine  nace l le / ro to r  componen ts .  

• sa fe  work ing  env i ronment  cond i t ions  –  mo t ions  and  

acce le ra t i ons  a t  the  he igh t / l oca t ion  o f  the  i ns ta l la t i on   

l im i t ing  o r  p roh ib i t ing  the  i ns ta l la t ion  c rews  work .  

 

 

 

 

 

 

 

Motivation 

D E P A R T M E N T  O F  C I V I L  E N G I N E E R I N G  

A A L B O R G  U N I V E R S I T E T  



Forecasted weather 

conditions 

SImulation of complex 

Marine Operations 

Operation phase input 

(cranes, vessels, WT 

components). 

Time series of relevant responses (equipment loads, motions) 

STATISTICAL MODEL: 

Estimation of statistical  

parameters of  

extreme responses 

Uncertain operation 

limit parameters 

(maximum crane loads, 

allowable motions). 

Estimation of modelling 

uncertainties, when 

model tests are 

available. 

Estimates of probability of operation failure 

Decision making based on 

combination of  

Costs and Probabilities of 

failed operations 

Development of framework for statistical interpretation of hydro-elastic simulator 

output in terms of: 

• Estimation of statistical parameters for extreme response distributions; 

• Estimation of Probabilities of failed Operations using data on critical response 

parameter levels and distributions of extreme responses. 



 

D E P A R T A M E N T  O F  C I V I L  E N G I N E E R I N G  

A A L B O R G  U N I V E R S I T E T  

Simulation input - weather 

Locat ion:  7  ⁰  W 55.25 ⁰  N 

FINO 3 si te  

Forecast :  ECMWF 2013 

2013-08-06 

51 ensemble members 
conta in ing up to  250 hours 
lead t ime forecast .  

• Wind speed and 
d i rect ion.  

• Sig wave height  and 
peak per iod (JONSWAP 
1D) and d i rect ion.  

• Swel l  s ig  wave height  
and mean per iod 
(P ierson-Moscowi tz   
spect rum) and d i rect ion.  

 

 

 
 



D E P A R T M E N T  O F  C I V I L  E N G I N E E R I N G  

A A L B O R G  U N I V E R S I T E T  

Simulation input - weather 



DECOFF – Example test case 

Test  case:  

• Phases 3-6 –  barge is  at  the insta l la t ion  pos i t ion,  rotor  is  l i f ted 

up and bol ted to  the nacel le .  

 

 

 

 

Hywind Rotor-Lift Operation 

 

    Phase 1         Phase 2        Phase 3         Phase 4          Phase 5          Phase 6 

 

 

 

Total duration 12.1 hours  

  

Transition to 
field 

8 hours 

Preparation for 
lift 

3 hours 

Rotor lift up 

0.2 hours 

Rotate rotor 

0.2 hours 

Lift-up close to 
nacelle 

0.4 hours 

Connecting 
rotor to nacelle 

0.3 hours 



Limiting operational parameters 

Hywind Rotor-Lift Operation 
 

    Phase 1         Phase 2        Phase 3         Phase 4          Phase 5          Phase 6 

6-7 

 

 

 

  

Transition to 
field 

8 hours 

Preparation for 
lift 

3 hours 

Rotor lift up 

0.2 hours 

Rotate rotor 

0.2 hours 

Lift-up close to 
nacelle 

0.4 hours 

Connecting 
rotor to nacelle 

0.3 hours 

• Crane Load 

• Lift Wire Tension 

• Tug Wire Tension 

• Airgap between blades and waves 

• Rotor acceleration 

• Rotor rotational acceleration 

• Rotor Sway motion 

• Rotor Surge motion 

Phase 3 Operation Limits 

• Relative yaw angle between rotor and special tool 

• Relative tiltangle between rotor and special tool 

• Relative axial velocity 

• Relative radial velocity 

• Airgal between blade 3 and tower 

Phase 6 Operation Limits 



Types of limit states 

Non-exceedance  l imi t  s ta te .  The  

response  has  to  be  above  the  

accep tance  l im i t  (no  s lack  i n  

l i f t i ng  cab les ,  tug  wi res ,  tower  

c lea rance  e tc . )  

 

 

 

 

 

 

 

 

 

 

 

Eva lua t i on  o f  non-exceedance  

func t i on  a t  acce tpance  l im i t  R max .  

 

 

 

 

 

 

Exceedance  l imi t  s ta te .  The  

response  has  to  be  be low a  

ce r ta in  accep tance  l im i t  

(max imum mot ions ,  loads  on  

l i f t i ng  equ ipment  e tc . )  

 

 

 

 

 

 

 

 

 

 

 

Eva lua t i on  o f  exceedance  

f unc t i on  a t  acce tpance  l im i t  R max .  

 
𝑃𝐹,𝑒𝑛𝑠 = 𝑃𝑒𝑥c,𝑒𝑛𝑠(𝑅𝑚𝑎𝑥  𝑃𝐹,𝑒𝑛𝑠 = 𝐹𝑛𝑜𝑛−𝑒𝑥𝑐,𝑒𝑛𝑠(𝑅𝑚𝑎𝑥  



Types of limit states continued 

Determin is t ic  l imi t  s ta te .  

De f ined  by  a  s ing le  va lue  o f  

accep tance /  fa i l u re  l im i t .  

 

 

 

 

 

 

 

 

 

 

 

Eva lua t ion  o f  CDF a t  the  

accep tance  l im i t  R max.  

 

 

 

 

 

 

D E P A R T M E N T  O F  C I V I L  E N G I N E E R I N G  

A A L B O R G  U N I V E R S I T E T  

Non-determin is t ic  l imi t  s ta te .  

Def ined  by  a  d is t r ibu t i on  o f  the  

accep tance  l im i t .  

 

 

 

 

 

 

 

 

 

 

 

I negra l  o f  response  CDF 

mu l t ip l ied  w i th  „ s t reg th “  PDF 

wi th in  accep tance  l im i t  range .  

 
𝑃𝐹,𝑒𝑛𝑠 =  𝑃𝑒𝑥𝑐,𝑒𝑛𝑠 𝑅 ∙ 𝑓 𝑅|𝜇𝑙𝑛, 𝜎𝑙𝑛 𝑑𝑅 𝑃𝐹,𝑒𝑛𝑠 = 𝑃𝐹,𝑒𝑥𝑐,𝑒𝑛𝑠(𝑅𝑚𝑎𝑥  



Limit state - Phase - Operation Failure Probability 

Hywind Rotor-Lift Operation 
 

 Phase 1         Phase 2    Phase 3         Phase 4          Phase 5        Phase 6 

 

 

 

  

Transition to 
field 

8 hours 

Preparation for 
lift 

3 hours 

Rotor lift up 

0.2 hours 

Rotate rotor 

0.2 hours 

Lift-up close to 
nacelle 

0.4 hours 

Connecting 
rotor to nacelle 

0.3 hours 

• Crane Load 

• Lift Wire Tension 

• Tug Wire Tension 

• Airgap between blades and waves 

• Rotor acceleration 

• Rotor rotational acceleration 

• Rotor Sway motion 

• Rotor Surge motion 

 

PF, CraneLoad 

PF,Tug Wire Tension 

PF, Lift Wire Tension 

PF, Airgap Blades 

PF, Rotor Acceleration 

PF, Rotor Rotational Accel 

PF, Rotor Sway 

PF, Rotor Surge 

Phase 3 Operation Limits 

  (1-PF, Phase 4)  x (1-PF, Phase 3 ) x (1-PF, Phase 2 ) x  1-((1-PF, Phase 1 )x (1-PF, Phase 6)) = (1-PF, Phase 5)   x PF, Operation 



Limit state - Phase - Operation Failure Probability 

Hywind Rotor-Lift Operation 
 

 Phase 1         Phase 2    Phase 3         Phase 4          Phase 5        Phase 6 

 

 

 

  

Transition to 
field 

8 hours 

Preparation for 
lift 

3 hours 

Rotor lift up 

0.2 hours 

Rotate rotor 

0.2 hours 

Lift-up close to 
nacelle 

0.4 hours 

Connecting 
rotor to nacelle 

0.3 hours 

 1-((1-PF, CraneLoad, Ph 3)x(1-PF, CraneLoad,Ph 4)  x(1- PF, CraneLoad, Ph5))= 

 1-(1-PF,  Air Gap Blade Water,Ph 2 )x(1- PF,  Air Gap Blade Water,Ph 2) ) = 

 1-((1-PF, Rotor Sway , Ph 3 ) x (1- PF, Rotor Sway, Ph 4 ) x (1-PF, Rotor Sway, Ph 5 )) = 

1-PF, Crane Load 

1-PF, Air Gap Blade Water 

1-PF, Rotor Sway 

1-((1- PF, Acceleration, Ph 3 )x(1- PF, Acceleration, Ph 4 )x(1- PF, Acceleration, Ph 5 )) = 1-PF, Acceleration 

x 

x 

x 

x .... = 

PF, Operation 
  𝑃𝐹,𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛= 1 − (1 − 𝑃𝐹,Lim 𝑆𝑡𝑎𝑡𝑒,𝑖

𝑁𝐿𝑖𝑚 𝑆𝑡𝑎𝑡𝑒𝑠
𝑖=1 ) 



Weather  forecasts   are passed through hydroelast ic  

s imulator  and response t ime ser ies are analysed stat ist ical ly  

in order to obtain Probabi l i t ies  of  Fai led operat ions: 

1. Peak Over Threshold method is appl ied to extract  extreme 

values of  re levant responses (R) (wi th 𝐸 𝑅 + 1.4 ∙ 𝑉𝐴𝑅 𝑅  

threshold and 5 response cycles t ime separat ion) .   

 

 

 

 

Procedure of Failure Probability estimation 



Procedure of Failure Probability estimation 
2. Weibull or Normal distribution (adjusted 

for number of peaks after POT) is fitted to 

the extremes using Maximum Likelihood 

parameter estimation. 

3. Steps 1-2 are repeated for 51 forecast 

ensembles.  

4. The Probability of Failure for one limit 

state is an average over 51 ensembles. 

Combining up all the limits states in one 

phase gives Probability of failure within an 

operation phase.  

 

 

 

 

𝑃𝐹,𝐿𝑖𝑚 𝑆𝑡𝑎𝑡𝑒 =
 𝑃𝐹,𝐸𝑛𝑠𝑒𝑚𝑏𝑙𝑒
𝑁
𝑖=1

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑛𝑠
 

  𝑃𝐹,𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛= 1 − (1 − 𝑃𝐹,Lim 𝑆𝑡𝑎𝑡𝑒,𝑖
𝑁𝐿𝑖𝑚 𝑆𝑡𝑎𝑡𝑒𝑠
𝑖=1 ) 

  𝑃𝐹,𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛= 1 − (1 − 𝑃𝐹,𝑃ℎ𝑎𝑠𝑒,𝑖
𝑁𝑃ℎ𝑎𝑠𝑒𝑠
𝑖=1 ) 



 

D E P A R T A M E N T  O F  C I V I L  E N G I N E E R I N G  

A A L B O R G  U N I V E R S I T E T  

DEMO. Phases 3 to 5. Maximum Crane Load Limit State 



 

D E P A R T A M E N T  O F  C I V I L  E N G I N E E R I N G  

A A L B O R G  U N I V E R S I T E T  

DEMO. Phases 3 to 5. Slack Lift Wire Limit State 



Operation Failure Probabilites 

Hywind Rotor-Lift Operation 
 

 Phase 1         Phase 2    Phase 3         Phase 4          Phase 5        Phase 6-7 

 

 

 

  

Transition to 
field 

8 hours 

Preparation for 
lift 

3 hours 

Rotor lift up 

0.2 hours 

Rotate rotor 

0.2 hours 

Lift-up close to 
nacelle 

0.4 hours 

Connecting 
rotor to nacelle 

0.3 hours 

 PF, CraneLoad, Ph 3   +  PF, CraneLoad,Ph 4  +  PF, CraneLoad, Ph5  = 

  PF,  Air Gap Blade Water,Ph 2 + PF,  Air Gap Blade Water,Ph 2 = 

 PF, Rotor Sway , Ph 3   + PF, Rotor Sway, Ph 4  + PF, Rotor Sway, Ph 5 = 

PF, Crane Load 

PF, Air Gap Blade Water 

PF, Rotor Sway 

 PF, Acceleration, Ph 3 + PF, Acceleration, Ph 4 + PF, Acceleration, Ph 5 = PF, Acceleration 

+ 

+ 

+ 

+ .... = 

PF, Operation   𝑃𝐹,𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛= 1 − (1 − 𝑃𝐹,Lim 𝑆𝑡𝑎𝑡𝑒,𝑖
𝑁𝐿𝑖𝑚 𝑆𝑡𝑎𝑡𝑒𝑠
𝑖=1 ) 



Limit state probabilities of failure 

D E C O F F  M E E T I N G  –  P A G E  1 8  -  D A T E  

D E P A R T M E N T  O F  C I V I L  E N G I N E E R I N G  

A A L B O R G  U N I V E R S I T E T  



Operation Failure Rate 

5. A sum over all the phases gives the total Operation failure rate. Based on PF,Op 

weather windows, suitable for installation, could be found. 

  𝑃𝐹,𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛= 1 − (1 − 𝑃𝐹,Lim 𝑆𝑡𝑎𝑡𝑒,𝑖
𝑁𝐿𝑖𝑚 𝑆𝑡𝑎𝑡𝑒𝑠
𝑖=1 ) 



Risk based decision making 

Hav ing  Probab i l i t i es  o f  Fa i l u re  re la ted  to  a  pa r t i cu la r  l im i t  s ta te  and  

combin ing  those  w i th  mone ta ry  consequences  o f  fa i lu re  w i th  

par t i cu la r  l im i t  s ta te  R isk  Based  dec i s ion  mak ing  i s  poss ib le .  

 

What  i s  needed :  

• Cos t  in  NOK re la ted  to  Opera t i on  Fa i lu re  w i th  a  pa r t i cu la r  l im i t  

s ta te .  

• Cos t  in  NOK o f  comple te  Opera t i on  Fa i lu re  fo r  l ess  de ta i led  

ana lys i s  (one  fa i lu re  resu l t s  in  l oss  o f  a l l  equ ipment  and  comple te  

Opera t i on  Fa i l u re ) .  

 

 

 

D E P A R T M E N T  O F  C I V I L  E N G I N E E R I N G  

A A L B O R G  U N I V E R S I T E T  

 
 
















phases LS
N

i

N

j

jiLSjiLSequipmentwaitingtotal CPCCC
1 1

,,,,



Crane  load  l im i t  s ta te  i nvo lves  Safe  Work ing  Load ,  wh ich  has  a  sa fe ty  

f ac to r  (SF)  o f  4 -6  to  accoun t  fo r  mate r ia l  fac to rs ,  skew loads ,  wear,  

end  te rm ina t ion  o f  s l i ngs  e tc .  

I t  i s  poss ib le  to  accoun t  fo r  mate r ia l  s t reng th  uncer ta in t ies  by  us ing  a  

d i s t r i bu t ion  o f  ma te r ia l  s t reng th  i ns tead  o f  a  pa r t i a l  sa fe ty  fac to r.  

Insight on Safety factors for Acceptance limits 

D E P A R T M E N T  O F  C I V I L  E N G I N E E R I N G  

A A L B O R G  U N I V E R S I T E T  

𝑆𝐹 =  𝛾𝑝𝑟𝑎𝑡,𝑖

𝑁𝑓𝑎𝑐𝑡𝑜𝑟𝑠

𝑖=1

 



Safety factors for Acceptance limits. Sensitivity 

analysis 

D E P A R T M E N T  O F  C I V I L  E N G I N E E R I N G  

A A L B O R G  U N I V E R S I T E T  

Sens i t i v i t y  ana lys is  was  per fo rmed  us ing  mos t  common  LogNorma l  

d is t r i bu t ion  fo r  s t reng th  va r ia t i on ,  sa fe ty  fac to rs  were  a l so  va r ied .  

 

 

 

 

 

 

 

Typ ica l l y,  a  pa r t ia l  sa fe ty  fac to r  o f  1 .2 -1 .5  i s  used  fo r  mate r ia l  

s t reng th  (w i re  rope  cab le  s t reng th )  and  s t reng th  va r ia t i on  o f  5 -7%.  

Safety 

factor, 

[-] 

Coefficient of 

Varation 

COV, [%] 

Expected 

value of 

Strength, 

[kN] 

Standard 

deviation of 

strength, 

[kN] 

LogNormal 

Parameters 
Characteristic 

strength, 5% 

quantile, [kN] 
µLN σLN 

1.2 5 5544 277,2 8.619 0.05 5100 

1.2 7 5736 401.5 8.653 0.07 5100 

1.5 5 6930 346.5 8.842 0.05 6375 

1.5 7 7170 501,9 8.875 0.07 6375 



Results of sensitivity analysis 

D E C O F F  M E E T I N G  –  P A G E  2 3  -  D A T E  

D E P A R T M E N T  O F  C I V I L  E N G I N E E R I N G  

A A L B O R G  U N I V E R S I T E T  



 

• Af te r  ex tens ive  tes t i ng  i t  can  be  conc luded  tha t  the  p rocedure  fo r  

es t ima t ion  o f  P robab i l i t y  o f   Fa i l ed  Opera t i ons  p roduces  cons is ten t  

resu l ts  and  cou ld  be  used  to  ass i s t  i n  dec is ion  mak ing  fo r  Of fshore  

Wind  Turb ine  i ns ta l la t ion .   

• Al though ,  due  to  l ack  o f  ava i lab le  in fo rmat ion  abou t  the  ac tua l  

phys ica l  opera t i ona l  l im i ts ,  i t  has  to  be  no ted  tha t  the  example  

case  on ly  ac ts  as  a  p roo f  o f  concep t .  

 

• Using  uncer ta in  s t reng th  pa ramete rs  and  remov ing  the  mater ia l  

pa r t i a l  sa fe ty  fac to rs  reduces  the  Probab i l i t i es  o f  Fa i l u re .  

 

 

 

Conclusions and discussion 

D E P A R T M E N T  O F  C I V I L  E N G I N E E R I N G  
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