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Preface 

 

The goal of the OSRC conferences is to serve as a place for knowledge exchange relating to 

the life cycle structural integrity management of offshore structures. Inspired by the 

workshop organized by Richard Snell in BP in 1995, the 1st OSRC conference was organized 

under the auspices of IOGP at BP in London in 2012 and chaired by Phil Smedley. The 2nd 

conference was organised by API in Houston in 2014 and chaired by Dave Wisch, Chevron. 

It has been decided to hold the conference biennially - independent of the oil price. 

The 3rd conference was held in Stavanger on September 14-16 2016. All speakers were 

invited with the intention to cover various topics such as airgap, freeboard  and wave loads 

in deck, accidental events and risk assessment, stability and station-keeping requirements to 

floating structures, aging structures – reassessment, inspection, monitoring, maintenance and  

repair, robustness, uncertainty assessment and use of reliability and risk assessment 

methodologies. A particular focus was on principles and procedures relevant for the 

development of standards, such as ISO 19900, for the integrity management of oil and gas 

platforms.  

The PowerPoint presentations and accompanying papers for 14 presentations were made 

available to the attendees before the conference. The report of the discussion sessions were 

presented to the participants, after an iterative quality assurance and control, in early 

January 2017. 

By allowing contributors to consider submitting their papers to Journal of Marine Structures, 

the journal conducted a review process of submitted papers until the fall of 2017. Five papers 

will be published in the journal. The preprints of these papers are included in these 

proceedings. So all together these proceedings include 

- the conference program 

- 38 PowerPoint presentations, including 3 keynotes 

- 10 Papers and preprints of 5 papers to the Journal of Marine Structures 

- a report of the discussion at the conference 

organized according to sessions. 

The 3rd OSRC was organized in close cooperation with the ISO and IOGP committees on 

structures, chaired by Phil Smedley (BP) and Simen Moxnes (Statoil), respectively. We 

appreciate the financial support from DNVGL, IOGP, NTNU and Statoil, and the 

cooperation of Alf Reidar Johansen (IOGP), Suzanne Lacasse (NGI), Henrik O. Madsen 

(DNVGL) and Simen Moxnes (Statoil) as well as the international advisory committee in 

organizing this conference. 

 

Trondheim, 20 March 2018 

 

Torgeir Moan 

Amir R. Nejad
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Welcome to the 3rd OSRC

The 3rd Offshore Structural Reliability Conference
OSRC2016
14–16 September, Stavanger, Norway

  PROGRAM

Oseberg Field Centre - Photo: Statoil
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The 3rd Offshore Structural Reliability Conference (OSRC) takes place in Stavanger 
on September 14-16 2016. The venue is Statoil Business Centre, Stavanger, 
Norway. This event is organized under the auspices of International Association for 
Oil and Gas Producers (IOGP); with a strong link to the International Organization 
for Standardization (ISO) in connection with the development of standards for 
offshore structures. The event will hence gather major stakeholders from the 
offshore oil and gas industry to discuss safety issues of importance to the industry 
and society for a safe and sustainable exploitation of hydrocarbons. Three keynote 
lectures and about 30 other invited lectures will be delivered as a basis for 
exchange of opinions on important issues such as service experiences, target 
safety level, extension of service life of existing platforms, floating platforms,  
the need for safe yet cost efficient technological solutions and standards.

We would like to welcome you to three interesting and rewarding days  
in Stavanger.

Organising Committee
Alf Reidar Johansen, IOGP 
Suzanne Lacasse, NGI
Henrik O. Madsen, DNVGL
Torgeir Moan, NTNU (chair)
Simen Moxnes, Statoil

  OSRC2016

Time and place
When:
14–16 September 2016

Where:
Statoil Business Centre, Stavanger, Norway
Address: Forusbeen 50, 4035 Stavanger
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Conference program – overview
DAY TIME SESSION TOPIC CO-CHAIRS

Wednesday
14.09.2016

0900-1000 Opening & 
Keynote No. 1

Opening  
What Characterizes a Reliable Structure? 

T. Moan; 
A. R. Johansen

1000-1110 S1 Metocean Conditions P. Tromans;  
O. T. Gudmestad

1110-1130 Break
1130-1220 S2 Wave Environment and Loads C. Swan; S. Haver
1220-1310 S3 Reliability of Jackets in Severe Wave 

Conditions
M. Birades; 
J. Waegter

1310-1400 Lunch
1400-1450 S4 Reliability based Calibration of ULS  

Code Criteria
H. O. Madsen;
A. Mangiavacchi

1450-1600 S5 Accidental Collapse Limit States Y. S. Choo
T. Sildnes

1600-1620 Break
1620-1730 S6 Reliability of Concrete Platforms J. Moksnes  

C. O’Brien  
1800 Reception

DAY TIME SESSION TOPIC CO-CHAIRS

Thursday 
15.09.2016

0900-0940 Keynote No. 2 Should Global Standards Specify 
Reliability Values for Design and 
Assessment?

S. Moxnes; 
T. Moan

0940-1030 S7 Reassessment of Jacket  
Platforms in Operation

F. Nadim; 
J-L. Colliat-Dangus  

1030-1050 Break
1050-1200 S8 Inspection Planning with  

respect to Crack Control
H. O. Madsen; 
P. Frieze

1200-1250 S9 Reliability of Mobile Units O. Dalane; 
C. Wang;   

1250-1340 Lunch
1340-1430 S10 Stability of Floating Platforms  

in a Reliability Perspective
J. Stear; 
T. Moan

1430-1520 S11 Reliability of Floating Platforms A. van der Stap;  
T. Vestbøstad

1520-1540 Break
1540-1630 S12 Reliability of Ship type  

Production Units
T. Sildnes; 
C. Wang

1630-1720 S13 Reliability of Station-keeping Systems P. Smedley;
E. Hovland

1900 Dinner 

DAY TIME SESSION TOPIC CO-CHAIRS

Friday 
16.09.2016

0900-0940 Keynote No. 3 API 2GEN – Overarching Document for 
Developers of the API Series 2 Standards

S. Lacasse; 
T. Moan 

0940-1030 S14 Floating Arctic Structures  P. Liferov; M. Maes
1030-1045 Break   
1045-1255 S15 ISO 19900 – Presentations  

& Discussions
M. Maes; 
H.O. Madsen

1255-1300 Closing Closing Remarks T. Moan
1300-1345 Lunch
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Keynote Lectures
 Keynote No. 1: 
What Characterizes a Reliable Structure?
Simen Moxnes, Statoil, Norway

 Keynote No. 2:
Should Global Standards Specify Reliability Values for Design and Assessment?
Philip Smedley, BP, UK 

 Keynote No. 3: 
API 2GEN – Overarching Document for Developers of the API Series 2 Standards
Dave Wisch, Chevron, USA 

  OSRC2016

Arctic Princess left port at Melkøya - Photo: Allan Klo - StatoilSleipner A platform storm - Photo: Øyvind Hagen - Statoil

Visund - Photo: Kjetil Alsvik - Statoil
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Sessions

 Session 1: Metocean Conditions
Co-chairs: P. Tromans and O.T. Gudmestad 

Waves and Associated Current – Experiences from a Five Year Measurement Campaign  
in the northern North Sea
Kjersti Bruserud, Statoil and Sverre Haver, UIS/NTNU, Norway

Airgap and Safety: Metocean Induced Uncertainties Affecting Airgap Assessments
Sverre Haver, UiS/NTNU, Norway

Wave Kinematics and Hydrodynamic Loads on the Tyra Jacket Inferred from  
Systematic Model Testing and Field Measurements 
Jesper Tychsen, Maersk Oil, Denmark

 

 Session 2: Wave Environment and Loads
Co-chairs: C. Swan; S. Haver

Demonstrating Draugen ALS/ULS Compliance despite Significant Wave/Ringing Load  
Increases since Original Design
Guido Kuiper, Norske Shell, Norway

Slamming Loads from Steep and Breaking Waves 
Gunnar Lian and Tone Vestbøstad, Statoil, Norway

 

 Session 3: Reliability of Jackets in Severe Wave Conditions
Co-chairs: M. Birades; J. Waegter

Summary of the Impact on Reliability by the Tyra Field Extreme Wave Study 2013-15
Jesper Tychsen, Maersk Oil et al., Denmark

The Loads JIP: The Loading and Reliability of Fixed Steel Structures in Extreme Seas
Chris Swan, Imperial College

 

 Session 4: Reliability Based Calibration of ULS Code Criteria
Co-chairs: H.O. Madsen; A. Mangiavacchi

Risk-Based Codification of Structural Design and Assessment: Benefits and Challenges
Marc Maes, University of Calgary, Canada

Uncertainty Assessment of Geotechnical Design and Calibration of Resistance Factors  
for Offshore Piles
Farrokh Nadim, NGI, Norway
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 Session 5: Accidental Collapse Limit State
Co-chairs: Y.S. Choo; T. Sildnes

Standards – Targets and not Risk Management
Dave Wisch et al., Chevron, USA

Assessment of Ship Collision Risk in the North Sea: Recent Guidelines
Gerhard Ersdal, PSA, Norway, et al.
 
Non linear, Dynamic Analysis of Long term Blast Loading on a Topsides Compression Skid  
Himanshu Singh, Shell Global Solutions, the Netherlands
 
 

 Session 6: Reliability of Concrete Platforms
Co-chairs: J. Moksnes; C. O’Brien  

Reliability of a Concrete Floating Barge – the NKP Case
Pascal Collet, Total, France

Experiences with the Safety and Durability of Concrete Offshore Platforms
Kolbjørn Høyland, Olav Olsen AS, Norway

ALARP in Decommissioning Brent D
Frank Lange, Shell Global Solutions

 Session 7: Reassessment of Jacket Platforms in Operation
Co-chairs: F. Nadim; J-L. Colliat-Dangus  

Risk-based Structural Integrity Management for Jacket Structures
Francis Guede, Bureau Véritas, France

Reassessment of Offshore Structures: the Geotechnical Issues
Thomas Langford, NGI, Norway, et al.

 

 Session 8: Inspection Planning with Respect to Crack Control
Co-chairs: H.O. Madsen; P. Frieze

Lessons Learned from Predicted Versus Observed Fatigue of Offshore Steel Structures  
(Jackets, Semis) in the North Sea
Ole Tom Vårdal, Axess AS and T. Moan, NTNU, Norway

Guidelines for Probabilistic Inspection Planning of Offshore Steel Structures
Gudfinnur Sigurdsson, DNVGL, Norway

Fatigue Analysis, Lifetime Extension and Inspection Plans
Michel Birades, Total and Laurent Verney, Bureau Véritas, France

 

 Session 9: Reliability of Mobile Units
Co-chairs: O. Dalane, C. Wang 

Operational Experiences and Design Codes for MODU
Tore Sildnes, DNVGL, Norway

Reliability of Jack-up Platforms
Mike Hoyle, DNVGL 

  OSRC2016
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 Session 10: Stability of Floating Platforms in a Reliability Perspective
Co-chairs: J. Stear; T. Moan

Assessment of Intact and Damage Stability Regulations for Offshore Floating Structures  
– in a Reliability and Risk Perspective 
Christina Wang, ABS

Reliability of Floating Platforms with respect to Stability
Dag Erling Engberg, DNV GL, Norway

 

 Session 11: Reliability of Floating Platforms
Co-chairs: A. van der Stap; T. Vestbøstad  

Industry Standards for Integrity Management of Floating Systems
Jim Stear, Chevron, USA

ALS Design in Practice – Floating Platform Application 
Rolf Løken, Aker Solutions, Norway

 

 Session 12: Reliability of Ship type Production Units
Co-chairs: T. Sildnes; C. Wang

FPSOs in Harsh Environment. Status and Main Learnings after 30 years’ Experience  
with One of Our Most Robust, Reliable and Flexible Concepts
Erlend Hovland, Statoil, Norway

Design Basis of World’s First FLNG to Achieve Good Reliability
Andre van der Stap, Shell Global Solutions, the Netherlands 

 

 Session 13: Reliability of Station-keeping Systems
Co-chairs: P. Smedley; E. Hovland

NorMoor JIP – Mooring Design Code Calibration
Siril Okkenhaug,  DNVGL, Norway

Reliability of DP Systems
Haibo Chen, Lloyds Register, China 

 

 Session 14: Floating Arctic Structures
Co-chairs: P. Liferov;  M. Maes

Sea Ice Management and Reliability of Floating Structures
Richard McKenna, McKenna & Associates, and Brian Wright, Canada

Applying the Limit State Definition in Ice Class Rules for Ships to Offshore Structures
Kaj Riska and R. Bridges, Total, France  
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www.ntnu.edu/osrc2016-iogp

 Session 15 - on ISO 19900 WG1 ongoing work
Co-chairs: M. Maes and H.O. Madsen

Background: Developing a third edition of ISO 19900 by WG1 (M. Maes, M. Abraham, S. Balasubramanian,  
M. Birades, P. Frieze, M. Hoyle, K. Høyland, A. Mangiavacci , T. Moan, S. Moxnes, P. Smedley, J. Waegter,  
D. Wisch)

The session consists of presentations and discussion of the preliminary results of the work of technical 
panels on:

• Limit States & System Effects
 (T. Moan -lead), (ALS/ULS Clarification, Accidental vs. Abnormal Actions, Damaged Members,  

Robustness and System Effects, Non-structural Robustness, Representative vs. Characteristic Actions 
and Resistances)

• Risk, Consequence, and Reliability Classes/Targets
 (P. Smedley -lead)(Exposure Levels, Consequence Classes, Quality Control, Reliability Targets)
• Uncertainty Assessment
 (P. Frieze-lead) (Actions, Action Effects, Resistances – also Geotechnical – and Impact on ULS  

and FLS Requirements
• Lifetime Extension
 (S. Moxnes –lead)

Sword in rock Hafrsfjord – Photo: Richard Larssen/visitnorway.com

Sponsors:

9



10 Conference program



Chapter 2

Keynotes & opening session

2.1 Opening by Torgeir Moan

11



N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

W
EL

C
O

M
E 

to
 

O
SR

C
 2

01
6 

Th
e 

3r
d  O

ffs
ho

re
 S

tr
uc

tu
ra

l R
el

ia
bi

lit
y 

C
on

fe
re

nc
e 

O
SR

C
20

16
 

14
-1

6 
Se

pt
em

be
r, 

St
av

an
ge

r, 
N

or
w

ay
 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

2 

O
pe

ni
ng

 A
dd

re
ss

 
by

 
To

rg
ei

r M
oa

n 
 G

oo
d 

m
or

ni
ng

 e
ve

ry
on

e 
an

d 
w

el
co

m
e 

to
 S

ta
va

ng
er

 a
nd

 th
e 

th
ird

 O
S

R
C

.  
 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

3 

Th
e 

Su
bj

ec
t a

re
a 

   
   

R
el

ia
bi

lit
y 

in
 a

 b
ro

ad
 s

en
se

 ; 
de

fin
ed

 a
s 

fo
llo

w
s 

by
 IS

O
 2

39
4;

 
   

  -
 T

he
 a

bi
lit

y 
of

 a
 s

tru
ct

ur
e 

or
 s

tru
ct

ur
al

 m
em

be
r t

o 
fu

lfi
l t

he
 

   
   

 s
pe

ci
fie

d 
re

qu
ire

m
en

ts
, i

nc
lu

di
ng

 th
e 

w
or

ki
ng

 li
fe

,  
   

   
 fo

r  
w

hi
ch

 it
 h

as
 b

ee
n 

de
si

gn
ed

.  
   

  -
 R

el
ia

bi
lit

y 
is

 o
fte

n 
ex

pr
es

se
d 

in
 te

rm
s 

of
 p

ro
ba

bi
lit

y.
 

   
  -

 N
O

TE
:  

   
   

 R
el

ia
bi

lit
y 

co
ve

rs
 s

af
et

y,
 s

er
vi

ce
ab

ili
ty

 a
nd

 d
ur

ab
ili

ty
 o

f a
 s

tru
ct

ur
e.

 
 B

ac
kg

ro
un

d 
   

  -
  1

st
 c

on
fe

re
nc

e 
un

de
r t

he
 a

us
pi

ce
s 

of
 IO

G
P 

at
 B

P 
 in

 L
on

do
n 

in
 2

01
2 

   
   

   
C

ha
ir:

 P
hi

lip
 S

m
ed

le
y 

   
   

   
   

(in
sp

ire
d 

by
 th

e 
19

95
 B

P 
w

or
ks

ho
p;

 o
rg

an
iz

ed
 b

y 
R

ic
ha

rd
 S

ne
ll)

;  
  

   
   

-  
2n

d  c
on

fe
re

nc
e 

w
as

 o
rg

an
is

ed
 b

y 
A

P
I i

n 
H

ou
st

on
 in

 2
01

4.
 

   
   

   
C

ha
ir:

 D
av

e 
W

is
ch

  
 

   
   

-  
Th

e 
co

nf
er

en
ce

 is
 to

 b
e 

he
ld

 b
ie

nn
al

ly
 - 

in
de

pe
nd

en
t o

f o
il 

pr
ic

e 
 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

4 

Th
e 

re
lia

bi
lit

y 
pe

rs
pe

ct
iv

e 
   

•
O

ve
ra

ll 
ex

pe
rie

nc
es

: t
he

 re
lia

bi
lit

y 
 d

ep
en

ds
  t

he
 h

um
an

 
   

  f
ac

to
rs

 in
 th

e 
lif

e 
cy

cl
e 

of
 s

tru
ct

ur
es

  
•

P
as

t e
xp

er
ie

nc
es

 in
 d

iff
er

en
t i

nd
us

try
 s

ec
to

rs
 is

 
   

  t
ha

t s
af

et
y 

is
 a

t s
ta

ke
 d

ur
in

g 
pe

rio
ds

 w
ith

  
   

  -
 e

co
no

m
ic

 p
re

ss
ur

e 
(r

ec
es

si
on

, d
ow

ns
iz

in
g,

 …
) 

   
  -

 ti
m

e 
pr

es
su

re
 a

nd
  

   
  -

 in
tro

du
ct

io
n 

of
 n

ew
 te

ch
no

lo
gi

es
  

   
   

 (a
dv

an
ce

d 
co

m
pu

ta
tio

na
l t

oo
ls

, w
ith

ou
t d

ee
p 

in
si

gh
t..

) 
•

Th
e 

m
ai

n 
m

ea
su

re
 to

 e
ns

ur
e 

sa
fe

 o
pe

ra
tio

ns
 is

 th
at

 e
ve

ry
bo

dy
 in

vo
lv

ed
  

   
  h

av
e 

a 
 

   
  -

 s
af

et
y 

at
tit

ud
e 

an
d 

ad
eq

ua
te

 c
om

pe
te

nc
e 

   
  -

 a
nd

 th
at

 k
no

w
le

dg
e 

– 
i.e

. b
es

t p
ra

ct
ic

e 
an

d 
le

ss
on

s 
le

ar
nt

 - 
is

 p
ro

pe
rly

  
   

   
 tr

an
sf

er
re

d 
to

 e
na

bl
e 

ad
dr

es
si

ng
 fu

tu
re

 c
ha

lle
ng

es
 –

 e
sp

ec
ia

lly
 in

 ti
m

es
 

   
   

 w
ith

 e
co

no
m

ic
 a

nd
 ti

m
e 

pr
es

su
re

,  
   

   
   

W
e 

ho
pe

 th
at

 th
is

 c
on

fe
re

nc
e 

ca
n 

se
rv

e 
as

 a
 p

la
ce

 fo
r k

no
w

le
dg

e 
ex

ch
an

ge
 re

la
tin

g 
to

 s
af

e 
of

fs
ho

re
 o

pe
ra

tio
ns

 in
 th

e 
fu

tu
re

 - 
to

w
ar

ds
 b

es
t 

pr
ac

tic
e.

  

12 Keynotes & opening session



N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

5 

C
on

fe
re

nc
e 

sc
op

e 
 

W
e 

ha
ve

 in
vi

te
d 

sp
ea

ke
rs

 to
 h

ig
hl

ig
ht

 p
ar

tic
ul

ar
 is

su
es

 re
la

tin
g 

to
 

 
 a

irg
ap

, f
re

eb
oa

rd
  a

nd
 w

av
e 

lo
ad

s 
in

 d
ec

k 
 a

cc
id

en
ta

l e
ve

nt
s 

an
d 

ris
k 

as
se

ss
m

en
t 

 s
ta

bi
lit

y 
an

d 
st

at
io

n-
ke

ep
in

g 
re

qu
ire

m
en

ts
 to

 fl
oa

tin
g 

st
ru

ct
ur

es
 

 a
gi

ng
 s

tru
ct

ur
es

 –
 re

as
se

ss
m

en
t, 

in
sp

ec
tio

n,
 m

on
ito

rin
g,

  
   

  m
ai

nt
en

an
ce

, r
ep

ai
r –

 s
te

el
 a

nd
 re

in
fo

rc
ed

 c
on

cr
et

e 
st

ru
ct

. 
 m

at
te

rs
 o

f i
nt

er
es

t f
or

 th
e 

re
vi

si
on

 o
f I

S
O

 1
99

00
 (l

im
it 

st
at

es
, 

   
  r

ob
us

tn
es

s,
 u

nc
er

ta
in

ty
, s

er
vi

ce
 li

fe
 e

xt
en

si
on

,  
ta

rg
et

 re
lia

bi
lit

y 
   

   
- h

ow
 s

af
e 

is
 s

af
e 

en
ou

gh
 –

 in
 a

 s
oc

ie
ta

l a
nd

 A
LA

R
P 

 
   

   
  p

er
sp

ec
tiv

e 
:  

pr
in

ci
pl

es
  a

nd
  

   
   

  -
 p

ra
ct

ic
es

 in
 d

iff
er

en
t r

eg
io

ns
 

   
   

  -
 fo

r n
ew

 v
er

su
s 

ex
is

tin
g 

st
ru

ct
ur

es
 

   
   

  -
 c

on
tin

en
ta

l s
he

lf 
ve

rs
us

 m
ar

iti
m

e 
re

gu
la

to
ry

 re
gi

m
es

 –
  

   
   

   
i.e

. I
S

O
 v

er
su

s 
IM

O
 

P
re

se
nt

at
io

n 
3 

in
 S

es
si

on
 6

 is
 u

nf
or

tu
na

te
ly

 w
ith

dr
aw

n 
  

 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

6 

D
is

cu
ss

io
n 

•
D

is
cu

ss
io

n 
af

te
r t

he
 p

re
se

nt
at

io
n 

in
 e

ac
h 

se
ss

io
n 

 
•

D
is

cu
ss

io
ns

 a
re

 im
po

rta
nt

 fo
r t

he
 fu

tu
re

 w
or

k 
w

ith
 th

e 
IS

O
 a

nd
 o

th
er

  
st

an
da

rd
s 

– 
an

d 
ar

e 
en

co
ur

ag
ed

.  
 

•
D

is
cu

ss
io

ns
 w

ill
 b

e 
re

po
rte

d 
to

 IO
G

P 
an

d 
an

yo
ne

 in
te

re
st

ed
.  

   
 - 

A
m

ir,
  A

sl
e 

an
d 

C
he

ny
u 

w
ill

 m
ak

e 
no

te
s 

 
   

 - 
w

e 
w

ou
ld

 a
pp

re
ci

at
e 

th
at

 d
is

cu
ss

er
s 

an
d 

sp
ea

ke
rs

 p
ro

vi
de

 
   

   
th

ei
r  

co
m

m
en

ts
/q

ue
st

io
ns

 a
nd

 re
sp

on
se

, r
es

pe
ct

iv
el

y,
 in

  
   

   
w

rit
in

g 
- t

o 
A

m
ir,

  A
sl

e 
 o

r C
he

ny
u 

(d
ea

dl
in

e 
fo

r d
is

cu
ss

er
s:

  
   

   
by

 e
m

ai
l S

ep
t. 

30
. 2

01
6)

 
   

 - 
co

-c
ha

irs
 k

ee
p 

tra
ck

 o
f d

is
cu

ss
er

s 

 
 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

7 

Pr
ac

tic
al

 in
fo

rm
at

io
n 

•
C

o-
ch

ai
rs

 s
ho

ul
d 

ke
ep

 th
e 

tim
e 

– 
to

 a
llo

w
 fo

r Q
A

 
 

•
A

ll 
of

 y
ou

 
   

 - 
ca

n 
do

w
nl

oa
d 

 p
re

se
nt

at
io

ns
 (u

nt
il 

m
id

 - 
O

ct
.) 

   
 - 

sh
ou

ld
 p

ro
vi

de
 d

is
cu

ss
io

ns
 (a

ls
o)

  i
n 

w
rit

in
g 

by
 m

id
 - 

O
ct

. 
 •

In
te

rn
et

 : 
re

gi
st

er
 o

n 
a 

pa
rti

cu
la

r f
or

m
 (b

y 
he

lp
 o

f a
 S

ta
to

il 
em

pl
oy

ee
) 

•
In

te
rn

et
 c

af
é 

: o
n 

th
is

 fl
oo

r 
•

Tr
an

sp
or

t 
 

•
Lu

nc
he

s 
ev

er
y 

da
y:

 o
n 

th
e 

fir
st

 fl
oo

r 
•

R
ec

ep
tio

n 
to

da
y:

 o
n 

th
e 

fir
st

 fl
oo

r 
•

D
in

ne
r t

om
or

ro
w

 in
 th

e 
S

ta
va

ng
er

 C
on

ce
rt 

H
al

l 
   

  (
w

ith
 b

us
 tr

an
sp

or
t t

o 
do

w
nt

ow
n)

  
   

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

8 

2.1. Opening by Torgeir Moan 13



N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

9 

A
ck

no
w

le
dg

em
en

t 

•
Th

e 
cl

os
e 

co
op

er
at

io
n 

w
ith

 IS
O

   
an

d 
 IO

G
P 

co
m

m
itt

ee
s 

on
 s

tru
ct

ur
es

,  
ch

ai
re

d 
by

 P
hi

lip
 S

m
ed

le
y 

an
d 

S
im

en
 

M
ox

ne
s,

 re
sp

ec
tiv

el
y 

 
  •

D
N

V
G

L,
 IO

G
P,

 N
TN

U
 a

nd
 S

ta
to

il 
fo

r  
sp

on
so

rin
g 

th
e 

co
nf

er
en

ce
  

 
•

A
lf 

R
ei

da
r J

oh
an

se
n,

 S
uz

an
ne

 L
ac

as
se

, H
en

rik
 O

. 
M

ad
se

n 
an

d 
S

im
en

 M
ox

ne
s 

– 
an

d 
A

m
ir 

N
ej

ad
 fo

r t
he

ir 
co

op
er

at
io

n 
in

 o
rg

an
iz

in
g 

th
is

 c
on

fe
re

nc
e.

 
 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

10
 

Fi
na

lly
 

 
•

A
ga

in
 v

er
y 

w
el

co
m

e.
  

•
M

ay
 w

e 
al

l g
ai

n 
by

 it
.  

•
M

ay
 w

e 
al

l h
av

e 
a 

go
od

 ti
m

e.
  

•
Th

an
k 

yo
u 

fo
r c

om
in

g.
   

 
 

14 Keynotes & opening session



2.2. Keynote 1 by Simen Moxnes 15

2.2 Keynote 1 by Simen Moxnes



N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

W
ha

t c
ha

ra
ct

er
iz

es
 a

 re
lia

bl
e 

st
ru

ct
ur

e?
 

S
im

en
 M

ox
ne

s 
C

hi
ef

 E
ng

in
ee

r P
la

tfo
rm

 T
ec

hn
ol

og
y 

S
ta

to
il 

A
S

A
 

Th
e 

3r
d  O

ffs
ho

re
 S

tr
uc

tu
ra

l R
el

ia
bi

lit
y 

C
on

fe
re

nc
e 

O
SR

C
20

16
 

14
-1

6 
Se

pt
em

be
r, 

St
av

an
ge

r, 
N

or
w

ay
 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

O
ffs

ho
re

 S
tr

uc
tu

re
s 

Fi
xe

d 
pl

at
tfo

rm
s 

    
 J

ac
ke

t 
     

 J
ac

k-
up

 
     

G
ra

vi
ty

 b
as

e 
    C

om
pl

ia
nt

 to
w

er
 

 

Fl
oa

tin
g 

pr
od

uc
tio

n 
un

its
 

    
S

em
i  

     
 S

pa
r 

       
   

TL
P

 
 

Fl
oa

tin
g 

pr
od

uc
tio

n 
an

d 
st

or
ag

e 
 

   
 S

hi
p 

sh
ap

e 
      

 B
ar

ge
 ty

pe
 

      
 C

irc
ul

ar
 b

uo
y 

20
14

-0
5-

05
 

11
 

C
la

ss
ifi

ca
tio

n:
 In

te
rn

al
 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

12
 

Th
e 

19
95

 S
tr

uc
tu

ra
l R

el
ia

bi
lit

y 
W

or
ks

ho
p 

 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

16 Keynotes & opening session



N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

14
 

St
ru

ct
ur

al
 re

lia
bi

lit
y 

– 
 

IS
O

23
94

 G
en

er
al

 p
rin

ci
pl

es
 o

n 
re

lia
bi

lit
y 

fo
r s

tr
uc

tu
re

s 

2.
1.

8 
re

lia
bi

lit
y 

ab
ili

ty
 o

f a
 s

tru
ct

ur
e 

or
 s

tru
ct

ur
al

 
m

em
be

r t
o 

fu
lfi

l t
he

 s
pe

ci
fie

d 
re

qu
ire

m
en

ts
, d

ur
in

g 
th

e 
w

or
ki

ng
 li

fe
, 

fo
r w

hi
ch

 it
 h

as
 b

ee
n 

de
si

gn
ed

.  
  

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

15
 

St
ru

ct
ur

al
 re

lia
bi

lit
y 

– 
 

IS
O

23
94

 G
en

er
al

 p
rin

ci
pl

es
 o

n 
re

lia
bi

lit
y 

fo
r s

tr
uc

tu
re

s 
2.

1.
8 

re
lia

bi
lit

y 
ab

ili
ty

 o
f a

 s
tru

ct
ur

e 
or

 s
tru

ct
ur

al
 m

em
be

r t
o 

fu
lfi

l t
he

 s
pe

ci
fie

d 
re

qu
ire

m
en

ts
, d

ur
in

g 
th

e 
w

or
ki

ng
 li

fe
, f

or
 w

hi
ch

 it
 h

as
 b

ee
n 

de
si

gn
ed

.  
N

ot
e 

1 
to

 e
nt

ry
: R

el
ia

bi
lit

y 
is

 o
fte

n 
ex

pr
es

se
d 

in
 te

rm
s 

of
 p

ro
ba

bi
lit

y.
 

N
ot

e 
2 

to
 e

nt
ry

: R
el

ia
bi

lit
y 

co
ve

rs
 s

af
et

y,
 s

er
vi

ce
ab

ili
ty

, a
nd

 d
ur

ab
ili

ty
 o

f a
 s

tru
ct

ur
e.

 
 2.

1.
20

 
m

em
be

r r
el

ia
bi

lit
y 

re
lia

bi
lit

y 
of

 a
 s

in
gl

e 
st

ru
ct

ur
al

 m
em

be
r w

hi
ch

 h
as

 o
ne

 s
in

gl
e 

do
m

in
at

in
g 

fa
ilu

re
 

m
od

e 
 2.

1.
21

 
sy

st
em

 re
lia

bi
lit

y 
re

lia
bi

lit
y 

of
 a

 s
ys

te
m

 o
f m

or
e 

th
an

 o
ne

 re
le

va
nt

 s
tru

ct
ur

al
 m

em
be

r o
r a

 s
tru

ct
ur

al
 

m
em

be
r w

hi
ch

 h
as

 m
or

e 
th

an
 o

ne
 re

le
va

nt
 fa

ilu
re

 m
od

e 
 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

16
 

St
ru

ct
ur

al
 re

lia
bi

lit
y 

– 
IS

O
 1

99
00

  

3.
48

 
st

ru
ct

ur
al

 re
lia

bi
lit

y 
an

al
ys

is
 

pr
oc

ed
ur

e 
fo

r t
he

 d
et

er
m

in
at

io
n 

of
 th

e 
le

ve
l o

f s
af

et
y 

ag
ai

ns
t f

ai
lu

re
 o

f a
 s

tru
ct

ur
e 

or
 s

tru
ct

ur
al

 c
om

po
ne

nt
 

 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

17
 

St
ru

ct
ur

al
 re

lia
bi

lit
y 

– 
IS

O
 1

99
00

  

3.
48

 
st

ru
ct

ur
al

 re
lia

bi
lit

y 
an

al
ys

is
 

pr
oc

ed
ur

e 
fo

r t
he

 d
et

er
m

in
at

io
n 

of
 th

e 
le

ve
l o

f s
af

et
y 

ag
ai

ns
t f

ai
lu

re
 o

f a
 s

tru
ct

ur
e 

or
 s

tru
ct

ur
al

 c
om

po
ne

nt
 

 

2.2. Keynote 1 by Simen Moxnes 17



N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

18
 

R
el

ia
bi

lit
y 

= 
Sa

fe
ty

 F
ac

to
r?

 

Lo
ad

, L
 

R
es

is
ta

nc
e,

 R
 

U
LS

 c
he

ck
 s

tr
uc

tu
re

s 
 

M
oo

rin
g:

 
 

 

10
0

L
yi

el
d

R
br

ea
k

R
CL

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

19
 

R
el

ia
bi

lit
y 

= 
R

el
ia

bi
lty

 in
de

x 
? 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

20
 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

21
 

St
ab

ili
ty

 o
f f

lo
at

in
g 

st
ru

ct
ur

es
 

18 Keynotes & opening session



N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

22
 

M
S 

H
er

al
d 

of
 F

re
e 

En
te

rp
ris

e 
- 1

98
7 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

23
 

A
le

xa
nd

er
 K

ie
lla

nd
 a

cc
id

en
t 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

24
 

R
ob

us
tn

es
s 

– 
IS

O
 1

99
00

  

3.
42

 
ro

bu
st

ne
ss

 
ab

ilit
y 

of
 a

 s
tru

ct
ur

e 
to

 w
ith

st
an

d 
ac

ci
de

nt
al

 a
nd

 a
bn

or
m

al
 

ev
en

ts
 w

ith
ou

t b
ei

ng
 d

am
ag

ed
 to

 a
n 

ex
te

nt
 

di
sp

ro
po

rti
on

at
e 

to
 th

e 
ca

us
e 

 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

25
 

R
ob

us
tn

es
s 

– 
so

m
e 

im
po

rt
an

t a
sp

ec
ts

 

•
U

til
is

at
io

n 
•

D
uc

til
e 

fa
ilu

re
 m

od
es

 
•

R
ed

un
da

nc
y 

•
A

bi
lit

y 
to

 re
di

st
rib

ut
e 

lo
ad

s 
  

2.2. Keynote 1 by Simen Moxnes 19



N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

26
 

D
uc

til
e 

vs
 b

rit
tle

 b
eh

av
io

ur
 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

Pu
sh

 o
ve

r a
na

ly
si

s 
– 

8 
le

gg
ed

 ja
ck

et
 

C
27

 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

28
 

R
ob

us
tn

es
s 

– 
R

es
er

ve
 b

uo
ya

nc
y 

 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

29
 

Si
gn

ifi
ca

nt
 s

tr
uc

tu
ra

l f
ai

lu
re

s 
in

 G
oM

 
H

ur
ric

an
es

 (P
us

ka
r/G

ilb
er

t O
SR

C
 2

01
2)

 

 

20 Keynotes & opening session



N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

30
 

Sa
fe

ty
 in

 d
es

ig
n 

– 
N

on
-s

tr
uc

tu
ra

l i
ss

ue
s 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

31
 

 

31
 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

32
 

R
ob

us
tn

es
s 

– 
IS

O
 1

99
00

  
5.

3 
R

ob
us

tn
es

s 
A 

st
ru

ct
ur

e 
de

si
gn

 s
ha

ll 
in

co
rp

or
at

e 
su

ffi
ci

en
t r

ob
us

tn
es

s 
to

 e
ns

ur
e 

th
at

 c
on

se
qu

en
t d

am
ag

e 
is

 
no

t d
is

pr
op

or
tio

na
te

 to
 th

e 
ca

us
e.

 F
or

 a
 ro

bu
st

 s
tru

ct
ur

e,
 lo

ca
l d

am
ag

e 
do

es
 n

ot
 le

ad
 to

 
co

m
pl

et
e 

lo
ss

 o
f i

nt
eg

rit
y 

of
 th

e 
st

ru
ct

ur
e.

 R
ob

us
tn

es
s 

ca
n 

al
so

 e
ns

ur
e 

th
at

 s
tru

ct
ur

al
 in

te
gr

ity
 

in
 a

 d
am

ag
ed

 s
ta

te
 is

 s
uf

fic
ie

nt
 to

 a
llo

w
 a

 p
ro

ce
ss

 s
ys

te
m

 s
hu

td
ow

n,
 is

ol
at

io
n 

of
 th

e 
re

se
rv

oi
r 

an
d 

a 
sa

fe
 e

va
cu

at
io

n 
w

he
re

 a
pp

lic
ab

le
 

 R
ob

us
tn

es
s 

ca
n 

be
 a

ch
ie

ve
d 

a)
by

 e
ns

ur
in

g 
(b

y 
de

si
gn

 o
r b

y 
pr

ot
ec

tiv
e 

m
ea

su
re

s)
 th

at
 n

o 
cr

iti
ca

l c
om

po
ne

nt
 e

xp
os

ed
 to

 
ha

za
rd

 c
an

 b
e 

m
ad

e 
in

ef
fe

ct
iv

e;
 o

r 
b)

by
 p

ro
vi

di
ng

 a
lte

rn
at

e 
lo

ad
-c

ar
ry

in
g 

pa
th

s 
(s

tru
ct

ur
al

 re
du

nd
an

cy
) i

n 
su

ch
 a

 w
ay

 th
at

 a
ny

 
si

ng
le

 lo
ad

-b
ea

rin
g 

co
m

po
ne

nt
 e

xp
os

ed
 to

 a
 h

az
ar

d 
ca

n 
be

 m
ad

e 
in

ef
fe

ct
iv

e 
w

ith
ou

t 
ca

us
in

g 
co

lla
ps

e,
 s

in
ki

ng
, o

r c
ap

si
ze

 o
f t

he
 s

tru
ct

ur
e 

or
 a

ny
 s

ig
ni

fic
an

t p
ar

t o
f i

t; 
or

 
c)

by
 a

 c
om

bi
na

tio
n 

of
 a

) a
nd

 b
). 

 A 
flo

at
in

g 
st

ru
ct

ur
e 

sh
al

l i
nc

or
po

ra
te

 s
uf

fic
ie

nt
 d

am
ag

ed
 s

ta
bi

lit
y 

an
d 

re
se

rv
e 

of
 b

uo
ya

nc
y 

to
 

en
su

re
 th

at
 c

re
di

bl
e 

sc
en

ar
io

s 
of

 u
ni

nt
en

de
d 

flo
od

in
g 

do
 n

ot
 re

su
lt 

in
 lo

ss
 o

f t
he

 s
tru

ct
ur

e.
 

 Th
e 

st
at

io
nk

ee
pi

ng
 s

ys
te

m
s 

of
 fl

oa
tin

g 
st

ru
ct

ur
es

 s
ha

ll 
in

co
rp

or
at

e 
su

ffi
ci

en
t r

ed
un

da
nc

y 
to

 
en

su
re

 th
at

 th
e 

st
ru

ct
ur

e 
ca

n 
w

ith
st

an
d 

lo
ss

 o
f a

 s
ta

tio
nk

ee
pi

ng
 c

om
po

ne
nt

 (e
.g

. m
oo

rin
g 

lin
e(

s)
) i

n 
ac

co
rd

an
ce

 w
ith

 th
e 

pr
ov

is
io

ns
 o

f I
S

O
 1

99
01

 7
. 

 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

33
 

Is
 th

is
 a

 re
lia

bl
e 

st
ru

ct
ur

e?
 

2.2. Keynote 1 by Simen Moxnes 21



N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

34
 

…
…

.. 
or

 m
ay

be
 th

is
? 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

35
 

35
 

   •
C

le
ar

 lo
ad

 p
at

h 
– 

N
o 

ec
ce

nt
ric

iti
es

 
•

C
ha

ng
e 

of
 c

ap
ac

ity
 m

ay
 b

e 
ob

ta
in

ed
 w

ith
ou

t c
ha

ng
in

g 
ge

om
et

ry
 

•
E

ss
en

tia
l j

oi
nt

s 
de

si
gn

ed
 in

 F
E

E
D

 (l
ift

in
g-

no
de

s,
 s

up
po

rt-
no

de
s 

et
c)

.  
•

D
es

ig
n 

w
as

 p
er

fo
rm

ed
 b

y 
us

e 
of

 p
en

ci
l, 

H
P

-c
al

cu
la

to
r a

nd
 e

xp
er

ie
nc

e.
 

•
U

nc
ha

ng
ed

 a
ll 

th
ro

ug
h 

de
ta

ile
d 

en
gi

ne
er

in
g 

an
d 

co
ns

tru
ct

io
n 

 
 Si

m
pl

ic
ity

 is
 a

 q
ua

lit
y!

 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

36
 

N
jo

rd
 A

 to
 s

ho
re

 •
In

 o
pe

ra
tio

n 
si

nc
e 

19
97

 

•
«1

6 
– 

25
» 

ye
ar

 d
es

ig
n 

lif
et

im
en

 

•
O

pt
im

iz
ed

 d
es

ig
n 

 

  

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

37
 

D
ef

or
m

at
io

ns
 in

 d
ec

k 
st

ru
ct

ur
e 

37
 

22 Keynotes & opening session



N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

38
 

St
ru

ct
ur

al
 re

-a
na

ly
si

s 

De
sig

n 
m

od
el

 (1
99

7)
  

SR
S 

m
od

el
 (2

01
3)

 

38
 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

39
 

U
LS

-a
na

ly
si

s 
   

   
   

   
R

ed
un

da
nc

y 
ch

ec
ks

  

20
15

-1
0-

39
 

Cl
as

sif
ic

at
io

n:
 O

pe
n 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

40
 

FL
S 

– 
lo

ca
l a

na
ly

se
s 

 
  

40
 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

41
 

N
jo

rd
 A

 –
 P

ro
po

se
d 

up
gr

ad
e 

41
 

2.2. Keynote 1 by Simen Moxnes 23



N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

42
 

G
ud

ru
n 

H
el

id
ec

k 

42
 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

43
 

20
15

-
43

 
C

la
ss

ifi
ca

tio
n:

 

T-
st

ub
 fr

ac
tu

re
 d

ue
 to

 V
IV

 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

44
 

20
15

-
44

 
C

la
ss

ifi
ca

tio
n:

 

Po
or

 d
et

ai
le

d 
de

si
gn

 –
 «

Im
pr

ov
is

at
io

n»
 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

45
 

45
 

•
Th

e 
ex

te
ns

iv
e 

us
e 

of
 b

ol
te

d 
co

nn
ec

tio
ns

 c
om

bi
ne

d 
w

ith
 p

oo
r d

et
ai

l d
es

ig
n 

an
d 

di
s-

co
nt

in
ui

tie
s 

is
 d

em
an

di
ng

 to
 a

na
ly

se
.  

•
Th

e 
fo

rc
e 

tra
ns

fe
r i

n 
th

e 
st

ru
ct

ur
e 

is
 n

ot
 m

od
el

le
d 

co
rre

ct
ly

 in
 w

ay
 o

f b
ol

te
d 

jo
in

ts
.  

 
•

Th
e 

in
tro

du
ct

io
n 

of
 h

in
ge

s 
at

 th
e 

jo
in

ts
 w

ill 
re

qu
ire

 a
 g

ap
 b

et
w

ee
n 

cr
os

si
ng

 fl
an

ge
s.

 

 Re
as

on
 fo

r «
lo

ss
 o

f p
er

fo
rm

an
ce

»:
  

N
ot

 n
ec

es
sa

ril
y 

la
ck

 o
f c

ap
ac

ity
 b

ut
 la

ck
 o

f a
bi

lit
y 

to
 d

oc
um

en
t 

C
ha

lle
ng

in
g 

to
 d

oc
um

en
t i

nt
eg

rit
y 

24 Keynotes & opening session



N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

46
 

R
e-

op
en

in
g 

- A
pr

il 
20

16
  

20
16

-
46

 
C

la
ss

ifi
ca

tio
n:

 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

47
 

20
16

-
47

 
C

la
ss

ifi
ca

tio
n:

 

•
De

ck
 fi

xe
d 

to
 L

Q
 st

ru
ct

ur
e 

by
 a

lu
m

in
um

 w
el

d 
 

−
N

o 
ov

er
m

at
ch

: W
el

d 
w

ea
ke

st
 li

nk
  

−
Br

itt
le

 fa
ilu

re
 m

od
e 

•
Re

du
nd

an
cy

 in
tr

od
uc

ed
 b

y 
bo

lte
d 

fis
h 

pl
at

e 

 In
cr

ea
si

ng
 ro

bu
st

ne
ss

 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

W
ha

t c
ha

ra
ct

er
iz

es
 a

 re
lia

bl
e 

st
ru

ct
ur

e?
 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

49
 

W
ha

t c
ha

ra
ct

er
iz

es
 a

 re
lia

bl
e 

st
ru

ct
ur

e?
 

•
R

ob
us

tn
es

s 
•

S
af

et
y 

in
 d

es
ig

n 
•

S
im

pl
ic

ity
 

•
D

oc
um

en
ta

bi
lit

y 

2.2. Keynote 1 by Simen Moxnes 25



26 Keynotes & opening session

2.3 Keynote 2 by Philip Smedley



N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

Sh
ou

ld
 G

lo
ba

l S
ta

nd
ar

ds
 S

pe
ci

fy
 

R
el

ia
bi

lit
y 

Va
lu

es
 fo

r D
es

ig
n 

an
d 

A
ss

es
sm

en
t?

 
  

P
hi

lip
 S

m
ed

le
y,

 A
dv

is
or

 S
tru

ct
ur

es
, B

P 
 

H
er

e 
re

pr
es

en
tin

g 
IS

O
 O

ffs
ho

re
 S

tru
ct

ur
es

 C
om

m
itt

ee
 

 
em

ai
l: 

ph
ilip

.s
m

ed
le

y@
uk

.b
p.

co
m

 

Th
e 

3r
d  O

ffs
ho

re
 S

tr
uc

tu
ra

l R
el

ia
bi

lit
y 

C
on

fe
re

nc
e 

O
SR

C
20

16
 

14
-1

6 
Se

pt
em

be
r, 

St
av

an
ge

r, 
N

or
w

ay
 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

2 

In
tr

od
uc

tio
n 

•
Ve

ry
 s

im
pl

e 
qu

es
tio

n:
 

–
S

ho
ul

d 
G

lo
ba

l S
ta

nd
ar

ds
 S

pe
ci

fy
 R

el
ia

bi
lit

y 
Va

lu
es

 fo
r D

es
ig

n 
an

d 
A

ss
es

sm
en

t?
 

 
•

O
f a

ll 
to

pi
cs

 d
is

cu
ss

ed
 b

y 
of

fs
ho

re
 s

tru
ct

ur
al

 e
ng

in
ee

rs
, 

in
 m

y 
op

in
io

n 
it 

is
 th

e 
m

os
t d

iv
is

iv
e 

an
d 

ha
s 

br
oa

de
st

 
ra

ng
e 

of
 v

ie
w

s.
 

 
•

In
 th

is
 le

ct
ur

e 
I w

ill 
pr

es
en

t t
he

 c
ur

re
nt

 c
on

se
ns

us
 v

ie
w

 
w

ith
in

 IS
O

, a
nd

 lo
ok

 a
t s

om
e 

of
 th

e 
ch

al
le

ng
es

 a
ro

un
d 

th
is

 to
pi

c.
 

 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

3 

St
ar

t w
ith

 a
 Q

ue
st

io
n…

.. 
•

I w
ill 

of
fe

r y
ou

 1
 o

f 3
 id

en
tic

al
 fi

el
ds

 fo
r $

1b
, A

, B
 &

 C
 

–
Yo

u 
ca

n 
on

ly
 h

av
e 

on
e 

bu
t y

ou
 c

an
 c

ha
ng

e 
yo

ur
 m

in
d 

la
te

r…
 

–
O

nl
y 

1 
ha

s 
oi

l a
nd

 lo
ts

 o
f i

t! 
–

W
ha

t’s
 th

e 
ch

an
ce

 o
f y

ou
 s

el
ec

tin
g 

th
e 

w
in

ne
r?

  
 

•
Te

ll 
m

e 
yo

ur
 a

ns
w

er
 a

nd
 fr

om
 th

e 
ot

he
r 2

 o
pt

io
ns

 I 
w

ill
 

el
im

in
at

e 
on

e 
lo

si
ng

 o
pt

io
n 

an
d 

of
fe

r y
ou

 th
e 

sa
m

e 
ch

oi
ce

 
be

tw
ee

n 
2 

re
m

ai
ni

ng
 (o

ne
 y

ou
rs

 : 
on

e 
m

in
e)

. 
–

W
ha

t i
s 

th
e 

ch
an

ce
 o

f g
et

tin
g 

th
e 

w
in

ne
r i

f y
ou

 s
tic

k 
w

ith
 y

ou
r 

ch
oi

ce
? 

–
D

o 
yo

u 
w

an
t t

o 
ch

an
ge

 y
ou

r m
in

d?
 

  

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

4 

IS
O

 O
ffs

ho
re

 S
tr

uc
tu

re
s 

St
an

da
rd

s 

•
IS

O
 S

ta
nd

ar
ds

 c
om

m
itt

ee
 fo

r a
ll 

ty
pe

s 
of

 o
ffs

ho
re

 
st

ru
ct

ur
es

 u
se

d 
in

 o
il 

an
d 

ga
s 

in
du

st
ry

 a
re

 c
ov

er
ed

 w
ith

in
 

IS
O

 T
C

 6
7 

/ S
C

 7
 “O

ffs
ho

re
 S

tru
ct

ur
es

”. 
•

S
tra

te
gy

 le
ve

l c
om

m
itt

ee
 c

om
pr

is
es

 re
pr

es
en

ta
tiv

es
 fr

om
 

22
  M

em
be

r C
ou

nt
rie

s.
 

•
O

ve
rs

ee
s 

10
 a

ct
iv

e 
W

or
k 

G
ro

up
s 

pe
rfo

rm
in

g 
te

ch
ni

ca
l 

w
or

k 
fo

r 2
0 

S
ta

nd
ar

ds
 

•
IS

O
 1

99
00

 s
er

ie
s 

co
m

pr
is

e 
17

 o
f t

he
se

 S
ta

nd
ar

ds
 

(e
xc

lu
di

ng
 O

ffs
ho

re
 C

on
ta

in
er

s)
 

 

2.3. Keynote 2 by Philip Smedley 27



N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

5 

IS
O

 T
C

 6
7 

/ S
C

 7
 “

O
ffs

ho
re

 S
tr

uc
tu

re
s”

 
IS

O
 1

99
00

 S
ui

te
 o

f S
ta

nd
ar

ds
 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

6 

IS
O

 T
C

 6
7/

SC
 7

 C
ur

re
nt

 P
os

iti
on

 

•
Fo

rm
al

 R
es

ol
ut

io
n 

cr
ea

te
d 

in
 2

00
8 

an
d 

re
af

fir
m

ed
 in

 
20

13
: “

S
C

7 
.. 

co
nf

irm
s 

th
at

 th
e 

st
ru

ct
ur

e-
sp

ec
ifi

c 
IS

O
s 

pr
od

uc
ed

 b
y 

S
C

7 
ca

nn
ot

 re
qu

ire
 o

r r
ec

om
m

en
d 

sp
ec

ifi
c 

ta
rg

et
 re

lia
bi

lit
y 

le
ve

ls
. G

en
er

al
 d

is
cu

ss
io

n 
ar

ou
nd

 
pr

ob
ab

ili
ty

 o
f c

om
po

ne
nt

 a
nd

 s
ys

te
m

 fa
ilu

re
 c

an
 b

e 
in

cl
ud

ed
 in

 in
fo

rm
at

iv
e 

an
ne

xe
s 

w
ith

 a
pp

ro
pr

ia
te

 c
av

ea
ts

 
ar

ou
nd

 th
e 

as
su

m
pt

io
ns

 a
nd

 li
m

ita
tio

ns
 o

f s
uc

h 
in

fo
rm

at
io

n.
” 

 
•

N
ot

e 
th

at
 c

al
ib

ra
tio

n 
of

 s
af

et
y 

fa
ct

or
s 

in
 IS

O
 1

99
00

-s
er

ie
s 

us
in

g 
re

lia
bi

lit
y 

m
et

ho
ds

 is
 v

er
y 

m
uc

h 
al

lo
w

ed
 a

nd
 

en
do

rs
ed

. 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

7 

U
se

 o
f r

el
ia

bi
lit

y 
to

ol
s 

in
 1

99
00

 s
er

ie
s 

19
90

0 
Ge

ne
ra

l R
eq

s 
IS

O
 2

39
4 

Ge
ne

ra
l P

rin
ci

pl
es

 o
n 

Re
lia

bi
lit

y 
of

 S
tr

uc
tu

re
s 

Th
re

e 
le

ve
ls 

of
 c

on
se

qu
en

ce
 (e

xp
os

ur
e 

le
ve

ls)
  L

1 
– 

L3
 

Al
lo

w
s f

or
 d

iff
er

en
t l

ev
el

 o
f Q

M
S 

N
o 

re
du

ct
io

n 
in

 sa
fe

ty
 fa

ct
or

s i
n 

se
rv

ic
e 

fo
r L

1 
st

ru
ct

ur
es

 

19
90

2 
St

ee
l s

tr
uc

tu
re

s 
Ca

lib
ra

tio
n 

of
 c

om
po

ne
nt

 d
es

ig
n 

fa
ct

or
s t

o 
AP

I 2
A 

W
SD

 
pl

us
 N

or
th

 S
ea

 e
nv

iro
nm

en
t a

ct
io

n 
fa

ct
or

. 

19
90

3 
Co

nc
re

te
 st

ru
ct

ur
es

 
De

sig
n 

bu
ild

s o
n 

na
tio

na
l s

ta
nd

ar
ds

, e
sp

 N
S 

34
73

 

19
90

4 
Fl

oa
tin

g 
st

ru
ct

ur
es

 
De

sig
n 

bu
ild

s o
n 

Cl
as

s S
oc

ie
ty

 R
ul

es
 

19
90

5 
M

O
U

 st
ru

ct
ur

es
 

Ca
lib

ra
tio

n 
of

 c
om

po
ne

nt
 d

es
ig

n 
fa

ct
or

s t
o 

SN
AM

E 
5-

5A
 

w
ith

 b
en

ch
m

ar
ki

ng
 to

 g
oo

d 
pr

ac
tic

e.
 

19
90

6 
Ar

ct
ic

 st
ru

ct
ur

es
 

Ca
lib

ra
tio

n 
ba

se
d 

on
 IS

O
 1

99
02

, 1
99

03
, 1

99
04

 
co

m
po

ne
nt

s p
lu

s a
dd

iti
on

al
 a

ct
io

n 
fa

ct
or

s t
o 

gi
ve

 o
ve

ra
ll 

sy
st

em
 re

lia
bi

lit
y 

ba
se

d 
on

 e
xp

er
t s

pe
ci

fie
d 

bo
un

ds
 a

nd
 

ta
rg

et
s.

 

19
90

1-
2 

Se
ism

ic
 

Sp
ec

ifi
c 

pr
ob

ab
ili

ty
 o

f ‘
st

ru
ct

ur
al

 fa
ilu

re
’ s

ta
te

d 
fr

om
 

w
hi

ch
 re

tu
rn

 p
er

io
d 

se
ism

ic
 e

ve
nt

s d
er

iv
ed

. 

19
90

1-
7 

St
at

io
nk

ee
pi

ng
 

Ch
ec

ke
d 

to
 p

ro
vi

de
 su

ffi
ci

en
t n

om
in

al
 sa

fe
ty

 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

8 

C
or

po
ra

te
 R

is
k 

A
ss

es
sm

en
t 

Fr
om

 W
ar

d 
Tu

rn
er

 O
SR

C 
#1

 K
ey

no
te

, 2
01

2 

Th
us

, h
el

p 
in

cr
ea

si
ng

ly
 s

ou
gh

t t
o 

de
te

rm
in

in
g 

pr
ob

ab
ili

ty
 o

f f
ai

lu
re

 
(s

ee
 O

S
R

C
#1

 re
po

rt 
an

d 
do

 y
ou

r o
w

n 
ca

se
-s

pe
ci

fic
 a

ss
es

sm
en

t) 

n.
b.

 S
om

e 
co

m
pa

ni
es

 a
nd

 in
du

st
ry

 se
ct

or
s 

tr
un

ca
te

 lo
w

 p
ro

ba
bi

lit
ie

s 

28 Keynotes & opening session



N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

9 

D
o 

w
e 

un
de

rs
ta

nd
 th

e 
ch

al
le

ng
es

? 
 

•
A

nd
re

w
 P

al
m

er
1  w

he
n 

di
sc

us
si

ng
 p

ro
ba

bi
lit

ie
s 

w
el

l i
nt

o 
th

e 
ta

il 
of

 
di

st
rib

ut
io

ns
, c

om
m

en
ts

: 
–

“O
nl

y 
th

e 
m

os
t c

on
sc

ie
nt

io
us

 a
nd

 u
nu

su
al

 u
se

r w
ou

ld
 e

m
ba

rk
 o

n 
th

e 
S

R
A 

ap
pr

oa
ch

, a
nd

 if
 h

e 
w

er
e 

to
 d

o 
so

 h
e 

w
ou

ld
 s

oo
n 

en
co

un
te

r d
iff

ic
ul

tie
s 

th
at

 
co

ul
d 

no
t b

e 
su

rm
ou

nt
ed

 in
 a

ny
 h

on
es

t w
ay

.” 
 

•
19

90
1-

7 
S

ta
tio

nk
ee

pi
ng

 
–

Th
e 

ac
tio

ns
 o

n 
th

e 
flo

at
in

g 
st

ru
ct

ur
e 

…
 m

ay
 b

e 
ig

no
re

d 
.. 

pr
ov

id
ed

 th
at

  …
 th

e 
jo

in
t p

ro
ba

bi
lit

y 
of

 o
cc

ur
re

nc
e 

of
 th

e 
ad

ve
rs

e 
[U

LS
] e

nv
iro

nm
en

ta
l e

ve
nt

 
co

m
bi

ne
d 

w
ith

 th
e 

fa
ilu

re
 to

 d
is

co
nn

ec
t i

s 
le

ss
 th

an
 1

0-
4  p

.a
. 

–
O

K
 : 

G
iv

en
 U

LS
 R

P 
= 

10
0 

ye
ar

s 
al

l I
 n

ee
d 

do
 is

 tr
ia

l 1
00

 d
is

co
nn

ec
tio

ns
 in

 
so

m
e 

w
ay

 a
nd

 if
 a

ll 
ar

e 
O

K
 th

at
’s

 g
oo

d 
en

ou
gh

 to
 m

ee
t S

ta
nd

ar
d.

 
–

W
ro

ng
 o

n 
m

an
y 

le
ve

ls
 –

 p
ar

tic
ul

ar
ly

 in
de

pe
nd

en
t v

s 
co

nd
iti

on
al

 p
ro

ba
bi

lit
y.

 
 

1  “
W

ha
t d

o 
fa

ilu
re

 p
ro

ba
bi

lit
ie

s 
m

ea
n?

, A
 P

al
m

er
, K

ep
pe

l P
ro

fe
ss

or
, N

U
S

, P
ip

el
in

es
 In

t.,
 M

ar
ch

 2
01

3.
 

 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

10
 

Sp
ec

ifi
ca

tio
n 

of
 R

el
ia

bi
lit

y 
Le

ve
l(s

) 
•

A
pp

ro
x 

10
,0

00
 o

ffs
ho

re
 p

la
tfo

rm
s 

of
 a

ll 
ty

pe
s.

 
•

A
pp

ro
x 

1,
50

0 
co

ul
d 

be
 c

on
si

de
re

d 
m

an
ne

d.
 

•
B

as
ed

 o
n 

ve
ry

 li
m

ite
d 

fu
nd

in
g 

w
he

re
 to

 d
ra

w
 th

e 
lin

e?
 

–
D

iff
er

en
tia

te
 b

y 
co

ns
eq

ue
nc

e?
 

–
D

ef
in

iti
on

 o
f f

ai
lu

re
? 

–
Ta

rg
et

 o
r L

im
it?

 
–

B
as

e 
on

 a
ll 

ha
za

rd
s 

or
 a

 s
ub

se
t?

 
–

B
en

ch
m

ar
k 

to
 h

is
to

ric
 p

la
tfo

rm
s?

 
–

S
am

e 
al

l R
eg

io
ns

? 
–

B
as

ed
 o

n 
w

ha
t m

od
el

? 
 

1,
E-

08
1,

E-
07

1,
E-

06
1,

E-
05

1,
E-

04
1,

E-
03

1,
E-

02
1,

E-
01

1,
E+

00

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

11
 

Sp
ec

ifi
ca

tio
n 

of
 R

el
ia

bi
lit

y 
Le

ve
l(s

) 
•

A
pp

ro
x 

10
,0

00
 o

ffs
ho

re
 p

la
tfo

rm
s 

of
 a

ll 
ty

pe
s.

 
•

A
pp

ro
x 

1,
50

0 
co

ul
d 

be
 c

on
si

de
re

d 
m

an
ne

d.
 

•
B

as
ed

 o
n 

ve
ry

 li
m

ite
d 

fu
nd

in
g 

w
he

re
 to

 d
ra

w
 th

e 
lin

e?
 

–
D

iff
er

en
tia

te
 b

y 
co

ns
eq

ue
nc

e?
 

•
Li

ve
s 

at
 ri

sk
 –

 fa
ct

or
 in

 p
er

 li
fe

, o
r b

an
ds

 o
f f

at
al

iti
es

, o
r a

ny
 li

fe
? 

–
Ty

pi
ca

lly
 5

 to
 2

00
 li

ve
s 

at
 ri

sk
 (h

ig
he

r i
f m

ul
ti-

as
se

t h
az

ar
d)

 
•

P
ot

en
tia

l f
or

 e
nv

iro
nm

en
ta

l d
am

ag
e:

 o
il 

vs
 g

as
 

–
R

el
ia

nc
e 

on
 s

hu
t d

ow
n 

va
lv

e,
 n

on
-fr

ee
 fl

ow
 o

f h
yd

ro
ca

rb
on

, e
tc

 
•

P
ur

e 
fin

an
ci

al
 lo

ss
 –

 s
ho

ul
d 

S
ta

nd
ar

ds
 s

pe
ci

fy
 li

m
its

? 
–

C
os

ts
 c

ou
ld

 b
e 

be
yo

nd
 s

in
gl

e 
or

ga
ni

sa
tio

n.
 

–
R

ep
ut

at
io

n 
co

st
 c

an
 b

e 
un

pr
ed

ic
ta

bl
e.

 

–
IS

O
 c

ur
re

nt
ly

 d
iff

er
en

tia
te

s 
L1

, L
2,

 L
3 

(s
om

ew
ha

t p
ie

ce
m

ea
l) 

 
1,

E-
08

1,
E-

07
1,

E-
06

1,
E-

05
1,

E-
04

1,
E-

03
1,

E-
02

1,
E-

01
1,

E+
00

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

12
 

Sp
ec

ifi
ca

tio
n 

of
 R

el
ia

bi
lit

y 
Le

ve
l(s

) 
•

A
pp

ro
x 

10
,0

00
 o

ffs
ho

re
 p

la
tfo

rm
s 

of
 a

ll 
ty

pe
s.

 
•

A
pp

ro
x 

1,
50

0 
co

ul
d 

be
 c

on
si

de
re

d 
m

an
ne

d.
 

•
B

as
ed

 o
n 

ve
ry

 li
m

ite
d 

fu
nd

in
g 

w
he

re
 to

 d
ra

w
 th

e 
lin

e?
 

–
D

ef
in

iti
on

 o
f f

ai
lu

re
 (s

tru
ct

ur
al

, l
iv

es
, i

nj
ur

y,
 s

pi
ll 

bb
ls

, c
os

t$
)?

 
•

Te
nd

 to
 d

is
cu

ss
 in

 te
rm

s 
of

 P
ro

ba
bi

lit
y 

of
 S

tru
ct

ur
al

 F
ai

lu
re

 
•

Is
 it

 m
or

e 
ap

pr
op

ria
te

 to
 c

on
si

de
r p

er
 a

nn
um

 o
r o

pe
ra

tio
na

l l
ife

? 
•

Fa
ilu

re
 w

he
n 

ex
ce

ed
in

g 
a 

lim
it 

st
at

e?
 

•
B

ot
to

m
 fo

un
de

d 
st

ru
ct

ur
es

: f
irs

t c
om

po
ne

nt
 fa

ilu
re

 (e
xc

ee
d 

al
lo

w
ab

le
, 

yi
el

d,
 b

re
ak

) a
nd

 s
ys

te
m

 c
ol

la
ps

e 
(w

rit
e-

of
f, 

pa
rti

al
 o

r c
om

pl
et

e 
lo

ss
?)

 
•

Fl
oa

te
rs

: p
er

m
an

en
t l

is
t; 

hu
ll 

pe
ne

tra
tio

n,
 2

 o
r m

or
e 

co
m

pa
rtm

en
ts

; 
pe

ne
tra

tio
n 

of
 ta

nk
; l

os
s 

of
 1

, 2
, a

ll 
m

oo
rin

gs
, d

am
ag

e/
br

ea
k 

to
 ri

se
r?

 
•

E
as

ie
r f

or
 g

ro
ss

 fa
ilu

re
 : 

C
as

e 
sp

ec
ifi

c 
fo

r p
ar

tia
l f

ai
lu

re
 m

od
es

. 

1,
E-

08
1,

E-
07

1,
E-

06
1,

E-
05

1,
E-

04
1,

E-
03

1,
E-

02
1,

E-
01

1,
E+

00

2.3. Keynote 2 by Philip Smedley 29



N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

13
 

Sp
ec

ifi
ca

tio
n 

of
 R

el
ia

bi
lit

y 
Le

ve
l(s

) 
•

A
pp

ro
x 

10
,0

00
 o

ffs
ho

re
 p

la
tfo

rm
s 

of
 a

ll 
ty

pe
s.

 
•

A
pp

ro
x 

1,
50

0 
co

ul
d 

be
 c

on
si

de
re

d 
m

an
ne

d.
 

•
B

as
ed

 o
n 

ve
ry

 li
m

ite
d 

fu
nd

in
g 

w
he

re
 to

 d
ra

w
 th

e 
lin

e?
 

–
Ta

rg
et

 o
r L

im
it?

 
•

Ta
rg

et
s 

ar
e 

by
 d

ef
in

iti
on

 v
ag

ue
 (I

S
O

 2
39

4)
 

•
Li

m
its

 –
 n

ot
 to

 e
xc

ee
d,

 a
re

 v
er

y 
re

st
ric

tiv
e 

•
IS

O
 1

99
06

 c
al

ib
ra

tio
n 

ex
am

pl
e 

–
ta

rg
et

 s
pe

ci
fie

d 
fo

r o
bj

ec
tiv

e 
fu

nc
tio

n 
–

lim
it 

se
t f

or
 ra

ng
e 

of
 c

as
es

 c
on

si
de

re
d 

(m
or

e 
ca

se
s 

= 
m

or
e 

lik
el

ih
oo

d 
on

e 
w

ill 
ex

ce
ed

 n
ot

io
na

l l
im

it,
 i.

e.
 L

im
it 

ha
s 

so
m

e 
P

ro
b 

of
 e

xc
ee

da
nc

e!
) 

–
O

ne
 o

rd
er

 o
f m

ag
ni

tu
de

 b
et

w
ee

n 
ta

rg
et

 a
nd

 li
m

it.
 

–
B

ot
h:

 li
m

it 
al

l p
la

tfo
rm

s,
 ta

rg
et

 th
at

 re
fle

ct
s 

cu
rr

en
t g

oo
d 

pr
ac

tic
e 

1,
E-

08
1,

E-
07

1,
E-

06
1,

E-
05

1,
E-

04
1,

E-
03

1,
E-

02
1,

E-
01

1,
E+

00

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

14
 

Sp
ec

ifi
ca

tio
n 

of
 R

el
ia

bi
lit

y 
Le

ve
l(s

) 
•

A
pp

ro
x 

10
,0

00
 o

ffs
ho

re
 p

la
tfo

rm
s 

of
 a

ll 
ty

pe
s.

 
•

A
pp

ro
x 

1,
50

0 
co

ul
d 

be
 c

on
si

de
re

d 
m

an
ne

d.
 

•
B

as
ed

 o
n 

ve
ry

 li
m

ite
d 

fu
nd

in
g 

w
he

re
 to

 d
ra

w
 th

e 
lin

e?
 

–
B

as
e 

on
 a

ll 
ha

za
rd

s 
or

 a
 s

ub
se

t (
na

tu
ra

l, 
de

lib
er

at
e,

 e
rr

or
s)

? 
–

IS
O

 2
39

4:
 

•
C

la
ss

 1
 in

cl
ud

es
 s

to
rm

, s
ei

sm
ic

, c
ol

lis
io

n,
 fi

re
/b

la
st

, t
su

na
m

i, 
…

 
•

C
la

ss
 2

 in
cl

ud
es

 v
an

da
lis

m
, p

ub
lic

 o
rd

er
, (

te
rr

or
is

m
?)

 
•

C
la

ss
 3

 in
cl

ud
es

 d
es

ig
n/

as
se

ss
m

en
t e

rr
or

, m
at

er
ia

l e
rr

or
, 

co
ns

tru
ct

io
n 

er
ro

r, 
us

er
 e

rr
or

, l
ac

k 
of

 m
ai

nt
en

an
ce

 e
rr

or
, e

rr
or

s 
in

 
co

m
m

un
ic

at
io

n.
 

 

1,
E-

08
1,

E-
07

1,
E-

06
1,

E-
05

1,
E-

04
1,

E-
03

1,
E-

02
1,

E-
01

1,
E+

00

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

15
 

Sp
ec

ifi
ca

tio
n 

of
 R

el
ia

bi
lit

y 
Le

ve
l(s

) 
•

A
pp

ro
x 

10
,0

00
 o

ffs
ho

re
 p

la
tfo

rm
s 

of
 a

ll 
ty

pe
s.

 
•

A
pp

ro
x 

1,
50

0 
co

ul
d 

be
 c

on
si

de
re

d 
m

an
ne

d.
 

•
B

as
ed

 o
n 

ve
ry

 li
m

ite
d 

fu
nd

in
g 

w
he

re
 to

 d
ra

w
 th

e 
lin

e?
 

–
S

am
e 

al
l R

eg
io

ns
? 

(u
se

 c
os

t-b
en

ef
it 

ap
pr

oa
ch

?)
 

•
IS

O
 2

39
4 

re
co

m
m

en
ds

 u
si

ng
 a

 li
fe

 q
ua

lit
y 

in
de

x 
(L

Q
I) 

ap
pr

oa
ch

 to
 

he
lp

 s
pe

ci
fy

 li
fe

-s
af

et
y 

op
tim

al
 p

oi
nt

s 
ba

se
d 

on
 s

oc
ie

ty
’s

 a
bi

lit
y 

to
 p

ay
 

fo
r f

ur
th

er
 s

af
et

y 
m

ea
su

re
s.

 
–

R
ic

h 
co

un
try

 s
et

s 
hi

gh
 re

lia
bi

lit
y 

fo
r a

 h
os

pi
ta

l w
hi

ch
 p

oo
r c

ou
nt

ry
 c

an
no

t 
af

fo
rd

 to
 m

ee
t s

o 
ho

sp
ita

l g
oe

s 
un

bu
ilt

 a
nd

 s
oc

ie
ty

 lo
se

s 
ou

t. 
–

Is
 a

n 
of

fs
ho

re
 p

la
tfo

rm
 re

al
ly

 d
iff

er
en

t –
 w

he
re

 d
oe

s 
th

e 
m

on
ey

 c
om

e 
fro

m
 to

 b
ui

ld
 th

e 
ho

sp
ita

l?
 

•
C

ou
ld

 h
el

p 
N

at
io

na
l/R

eg
io

na
l R

eg
ul

at
or

s 
in

 th
ei

r d
el

ib
er

at
io

ns
? 

1,
E-

08
1,

E-
07

1,
E-

06
1,

E-
05

1,
E-

04
1,

E-
03

1,
E-

02
1,

E-
01

1,
E+

00

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

16
 

B
en

ch
m

ar
k 

to
 P

la
tfo

rm
 F

ai
lu

re
 R

at
es

 
Ye

ar
 

W
he

re
 

N
am

e 
Ty

pe
 

Li
ve

s 
Lo

ss
 

Ca
us

e 

19
80

 
N

or
w

ay
 

Al
ex

an
de

r K
ie

lla
nd

 
Se

m
i (

flo
at

el
) 

12
3 

Ca
ps

ize
 

Fa
tig

ue
 

19
89

 
Th

ai
la

nd
 

Se
ac

re
st

 
Dr

ill
sh

ip
 

91
 

Ca
ps

ize
 

Ty
ph

oo
n 

19
82

 
Ca

na
da

 
O

ce
an

 R
an

ge
r 

Se
m

i (
dr

ill
in

g)
 

84
 

Ca
ps

ize
 

St
or

m
 

19
83

 
Ch

in
a 

Gl
om

ar
 Ja

va
 S

ea
 

Dr
ill

sh
ip

 
81

 
Ca

ps
ize

 
St

or
m

 

19
79

 
Ch

in
a 

Bo
ha

i 2
 

Ja
ck

-u
p 

(T
ow

) 
72

 
Ca

ps
ize

 
St

or
m

 

20
11

 
Ru

ss
ia

 
Ko

lsh
ay

a 
Ja

ck
-u

p 
(T

ow
) 

53
 

Ca
ps

ize
 

St
or

m
 

20
05

 
In

di
a 

M
um

ba
i H

ig
h 

N
or

th
 

Ja
ck

et
 

22
 

Co
lli

si
on

 
PS

V 
Bl

as
t f

ro
m

 
Ri

se
r 

20
07

 
Go

M
 

U
su

m
ac

in
ta

 
Ja

ck
-u

p 
22

 
Co

lli
si

on
 

Ja
ck

et
 

St
or

m
 

Fi
re

 

1,
E-

08
1,

E-
07

1,
E-

06
1,

E-
05

1,
E-

04
1,

E-
03

1,
E-

02
1,

E-
01

1,
E+

00
05

1
E

04

ve
ry

 v
ag

ue
 v

s l
at

es
t p

ra
ct

ic
e 

Da
ta

 o
nl

y 
fo

r >
20

 fa
ta

lit
ie

s 

30 Keynotes & opening session



N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

17
 

Sp
ec

ifi
ca

tio
n 

of
 R

el
ia

bi
lit

y 
Le

ve
l(s

) 
•

C
on

cl
us

io
n:

 
–

It 
is

 fe
as

ib
le

 to
 s

pe
ci

fy
 o

ne
/m

ul
tip

le
 re

lia
bi

lit
y 

‘ta
rg

et
(s

)’,
 b

ut
 

 
–

B
ro

ad
 ra

ng
e 

of
 a

ss
um

pt
io

ns
 c

an
 fo

rm
 th

is
 ‘t

ar
ge

t’ 
–

To
o 

of
te

n 
th

er
e 

is
 a

 la
ck

 o
f d

et
ai

l o
ve

r t
he

 b
as

is
 fo

r m
ee

tin
g 

su
ch

 a
 

‘ta
rg

et
’ 

–
H

av
e 

w
e 

(a
ss

es
so

rs
/a

ss
ur

er
s)

 s
uf

fic
ie

nt
ly

 c
om

pe
te

nt
 in

 c
om

pl
ex

 
pr

ob
ab

ilit
y 

en
gi

ne
er

in
g?

 
–

D
o 

w
e 

su
ffi

ci
en

tly
 re

co
gn

is
e 

w
id

e 
de

gr
ee

 o
f u

nc
er

ta
in

ty
 in

 d
er

iv
ed

 
re

lia
bi

lit
y 

va
lu

es
? 

1,
E-

08
1,

E-
07

1,
E-

06
1,

E-
05

1,
E-

04
1,

E-
03

1,
E-

02
1,

E-
01

1,
E+

00

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

18
 

Lo
w

 P
ro

ba
bi

lit
y 

Ev
en

ts
 - 

Se
is

m
ic

 
•

C
on

ce
rn

s 
ov

er
 IS

O
 q

uo
te

d 
P

f =
 2

50
0 

ye
ar

s 
(4

 x
 1

0-
4  p

.a
.) 

•
R

et
ur

n 
pe

rio
d 

A
LE

 3
00

0 
– 

50
00

 y
rs

 - 
fu

lly
 u

til
is

ed
 p

la
tfo

rm
 

•
U

np
re

di
ct

ab
le

 b
ut

 n
ot

 in
de

pe
nd

en
t o

r i
nf

in
ite

 m
ag

ni
tu

de
 

–
P

hy
si

ca
l b

ui
ld

-u
p 

of
 p

la
te

 m
ov

em
en

t t
ha

t b
re

ak
s 

ou
t w

he
n 

fri
ct

io
na

l r
es

is
ta

nc
e 

ov
er

co
m

e;
 

–
A 

m
ax

im
um

 s
ei

sm
ic

 e
ve

nt
 c

an
 e

xi
st

; 
–

If 
a 

bi
g 

ev
en

t h
ap

pe
ne

d 
‘re

ce
nt

ly
’ t

he
 h

ig
h 

m
ag

ni
tu

de
 e

ve
nt

 le
ss

 
lik

el
y 

to
 o

cc
ur

; 
–

25
00

 y
rs

 c
ho

se
n 

as
 re

fle
ct

s 
w

rit
te

n 
re

co
rd

s 
or

 m
aj

or
 e

ve
nt

s;
 

–
B

ut
, m

ul
tip

le
 fa

ci
lit

ie
s 

ca
n 

be
 a

ffe
ct

ed
 –

 e
ve

n 
hi

gh
er

 c
on

se
qu

en
ce

 
–

B
ut

 a
ls

o,
 b

ut
 p

ro
ba

bl
y 

no
t a

 d
is

as
te

r l
im

ite
d 

to
 o

ffs
ho

re
. W

ill 
th

er
e 

be
 a

 e
m

er
ge

nc
y 

re
sp

on
se

 to
 o

ffs
ho

re
?;

 a
va

ila
bi

lit
y 

of
 h

os
pi

ta
ls

?;
 

av
ai

la
bi

lit
y 

of
 o

ffi
ce

 s
up

po
rt?

; e
ffe

ct
 o

n 
of

fs
ho

re
 p

la
tfo

rm
s 

m
ay

 n
ot

 
ev

en
 m

ak
e 

th
at

 d
ay

’s
 n

ew
s.

 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

19
 

Lo
w

 P
ro

ba
bi

lit
y 

Ev
en

ts
 - 

Se
is

m
ic

 
•

U
np

re
di

ct
ab

le
 b

ut
 n

ot
 in

fin
ite

 m
ag

ni
tu

de
 n

or
 in

de
pe

nd
en

t 
 

0,
0

0,
1

0,
2

0,
3

0,
4

0,
5

0,
6

0,
7

0,
8

5,
0

5,
5

6,
0

6,
5

7,
0

7,
5

8,
0

8,
5

9,
0

Pr
ob

 o
f 

M
ag

 >
5 

M
ag

ni
tu

de
 

>5
 

Ti
m

e 
(y

ea
rs

) 

M
ax

 fe
as

ib
le

 e
ar

th
qu

ak
e 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

20
 

Lo
w

 P
ro

ba
bi

lit
y 

Ev
en

ts
 - 

M
et

oc
ea

n 
•

M
aj

or
 d

eb
at

e 
w

he
n 

de
si

gn
 R

P 
ex

te
nd

ed
 fr

om
 5

0 
to

 1
00

 y
rs

 
•

A
pp

ly
in

g 
10

00
 y

r t
o 

10
00

0 
yr

 e
xt

ra
po

la
te

d 
va

lu
es

 n
ow

 
be

co
m

in
g 

th
e 

no
rm

! 
 

 

1,
E+

00
1,

E+
01

1,
E+

02
1,

E+
03

1,
E+

04
1,

E+
05

W
av

e 
He

ig
ht

 

Re
tu

rn
 P

er
io

d 
(y

ea
rs

) 

As
su

m
pt

io
n 

th
at

 sa
m

e 
un

ce
rt

ai
nt

y 
in

 R
P 

= 
10

 y
r  

as
 R

P 
= 

10
00

0 
ye

ar
 

ap
pe

ar
s u

nr
ea

lis
tic

 

2.3. Keynote 2 by Philip Smedley 31



N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

21
 

Lo
w

 P
ro

ba
bi

lit
y 

Ev
en

ts
 - 

M
et

oc
ea

n 
•

M
aj

or
 d

eb
at

e 
w

he
n 

de
si

gn
 R

P 
ex

te
nd

ed
 fr

om
 5

0 
to

 1
00

 y
rs

 
•

A
pp

ly
in

g 
10

00
 y

r t
o 

10
00

0 
yr

 e
xt

ra
po

la
te

d 
va

lu
es

 n
ow

 
be

co
m

in
g 

th
e 

no
rm

! 
 

 

0,
E+

00
1,

E+
03

2,
E+

03
3,

E+
03

4,
E+

03
5,

E+
03

6,
E+

03
7,

E+
03

8,
E+

03
9,

E+
03

1,
E+

04

W
av

e 
He

ig
ht

 

Re
tu

rn
 P

er
io

d 
(y

ea
rs

) 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

22
 

Lo
w

 P
ro

ba
bi

lit
y 

Ev
en

ts
 - 

M
et

oc
ea

n 
•

W
ha

t w
ou

ld
 a

 R
P 

= 
10

00
0 

ye
ar

s 
(1

0-
4  p

.a
.) 

st
or

m
 lo

ok
 li

ke
? 

•
H

ow
 w

ou
ld

 in
du

st
ry

 re
ac

t t
o 

su
ch

 a
 d

ev
el

op
in

g 
ha

za
rd

? 
 

Fr
om

 
O

liv
er

 Jo
ne

s a
nd

 
Ra

m
sa

y 
Fr

as
er

, B
P 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

23
 

Lo
w

 P
ro

ba
bi

lit
y 

Ev
en

ts
 - 

C
ol

lis
io

n 
•

M
y 

pe
rs

on
al

 b
ig

ge
st

 fe
ar

 =
 L

ar
ge

 v
es

se
l g

oi
ng

 fu
ll 

sp
ee

d 
in

to
 m

an
ne

d 
pl

at
fo

rm
 –

 p
ro

ba
bi

lit
y?

 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

24
 

C
lo

su
re

 
•

R
el

ia
bi

lit
y 

as
se

ss
m

en
t i

s 
a 

va
lu

ab
le

 to
ol

 to
 h

el
p 

ca
lib

ra
te

 
to

 e
xi

st
in

g 
sp

ec
ifi

ca
tio

ns
. 

•
R

el
ia

bi
lit

y 
as

se
ss

m
en

t i
s 

a 
us

ef
ul

 to
ol

 fo
r o

rg
an

is
at

io
ns

 to
 

es
tim

at
e 

m
ag

ni
tu

de
 o

f r
is

k 
an

d 
ra

nk
 m

iti
ga

tio
n 

m
ea

su
re

s.
 

•
S

ig
ni

fic
an

t c
on

ce
rn

s 
re

m
ai

n 
ar

ou
nd

 s
pe

ci
fic

at
io

n 
of

 
‘ta

rg
et

s’
 a

nd
 a

ss
ur

an
ce

 a
ga

in
st

 ‘t
ar

ge
t’ 

va
lu

es
: 

–
S

ta
nd

ar
ds

 c
an

 p
ro

vi
de

 m
or

e 
gu

id
an

ce
 

–
C

om
m

on
 (d

ef
au

lt)
 b

as
is

 fo
r a

ss
es

sm
en

t m
ay

 b
e 

de
si

ra
bl

e 

•
Fo

r v
er

y 
lo

w
 li

ke
lih

oo
d 

ev
en

ts
, e

m
ph

as
is

 m
us

t r
em

ai
n 

on
 

ab
ilit

y 
to

 w
ith

st
an

d 
ha

za
rd

s:
 ro

bu
st

ne
ss

, e
ffe

ct
iv

e 
Q

A
/Q

C
, 

pr
oa

ct
iv

e 
in

sp
ec

tio
n 

&
 m

ai
nt

en
an

ce
 (S

IM
 s

ys
te

m
), 

do
w

nm
an

ni
ng

, s
ha

rin
g 

le
ss

on
s,

 p
la

ns
 fo

r ‘
w

ha
t-i

f’ 
ca

se
s.

. 

32 Keynotes & opening session



2.4. Keynote 3 by Dave Wisch 33

2.4 Keynote 3 by Dave Wisch



N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

A
PI

 2
G

EN
 –

 O
ve

ra
rc

hi
ng

 D
oc

um
en

t f
or

 
D

ev
el

op
er

s 
of

 th
e 

A
PI

 S
er

ie
s 

2 
St

an
da

rd
s 

 
D

av
id

 W
is

ch
 

C
he

vr
on

 E
ne

rg
y 

Te
ch

no
lo

gy
 C

om
pa

ny
 

(P
re

se
nt

ed
 b

y 
A

nd
re

a 
M

an
gi

av
ac

ch
i, 

E
X

P
E

R
IA

 L
LC

) 

Th
e 

3r
d  O

ffs
ho

re
 S

tr
uc

tu
ra

l R
el

ia
bi

lit
y 

C
on

fe
re

nc
e 

O
SR

C
20

16
 

14
-1

6 
Se

pt
em

be
r, 

St
av

an
ge

r, 
N

or
w

ay
 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

2 

A
PI

 R
P 

2G
EN

 (G
EN

er
al

 P
rin

ci
pl

es
) 

•
P

ub
lic

at
io

n 
of

 IS
O

 1
99

00
 

•
H

is
to

ric
al

 re
vi

ew
 - 

70
 y

ea
rs

 o
f o

ffs
ho

re
 s

tru
ct

ur
es

 
•

A
P

I S
C

2 
de

si
gn

 p
ra

ct
ic

es
 d

ev
el

op
ed

 “a
s 

ne
ed

ed
” 

•
20

+ 
ye

ar
s 

of
 o

ng
oi

ng
 d

is
cu

ss
io

ns
 w

ith
in

 U
S

 c
om

m
un

ity
 

(w
ith

 in
te

rn
at

io
na

l p
ar

tic
ip

at
io

n)
: 

–
W

hy
 d

o 
w

e 
do

 th
in

gs
 th

e 
w

ay
 w

e 
do

? 
 

–
W

ha
t a

re
 th

e 
ke

y 
pr

in
ci

pl
es

? 
–

W
he

re
 d

o 
th

e 
“d

es
ig

n 
re

ci
pe

s”
 c

om
e 

fro
m

? 
–

A
re

 th
er

e 
“h

id
de

n 
as

su
m

pt
io

ns
”?

 C
an

 w
e 

do
cu

m
en

t?
 

•
=>

 R
EV

ER
SE

 E
N

G
IN

EE
R

IN
G

 E
XI

ST
IN

G
 S

TA
N

D
A

R
D

S 
•

Pr
ov

id
e 

ba
si

s 
fo

r n
ew

 s
ta

nd
ar

ds
 

  

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

3 

2G
EN

 O
bj

ec
tiv

es
 

•
Fo

cu
s 

on
 A

PI
 S

C
2 

D
oc

um
en

t P
or

tfo
lio

 
•

C
re

at
e 

a 
hi

gh
-le

ve
l f

ra
m

ew
or

k 
fo

r “
lo

w
er

” 
do

cu
m

en
ts

 
–

C
re

at
e 

co
ns

is
te

nc
y 

am
on

g 
al

l d
oc

um
en

ts
 re

si
di

ng
 b

el
ow

 2
G

E
N

 
–

C
la

rif
y 

C
at

eg
or

iz
at

io
n 

an
d 

D
es

ig
n 

C
rit

er
ia

 o
f F

ac
ili

tie
s 

 
•

R
ep

re
se

nt
ed

 a
s 

“D
es

ig
n 

S
ce

na
rio

s”
, “

D
es

ig
n 

C
on

di
tio

ns
”, 

et
c.

 
–

M
an

ne
d 

/ U
nm

an
ne

d 
–

O
pe

ra
tio

na
l /

 S
hu

t I
n 

–
R

es
tri

ct
ed

 / 
U

nr
es

tri
ct

ed
 

–
E

co
no

m
ic

 

–
E

ns
ur

e 
co

ns
is

te
nc

y 
be

tw
ee

n 
flo

at
in

g 
an

d 
fix

ed
 s

tru
ct

ur
es

 
•

P
oi

nt
 to

 s
am

e 
ty

pe
 o

f c
he

ck
s 

(i.
e.

 li
fe

 s
af

et
y,

 ro
bu

st
ne

ss
, e

tc
.) 

•
Lo

gi
c 

ne
ed

s 
to

 w
or

k 
on

 b
ot

h 
•

P
er

fo
rm

an
ce

 L
ev

el
s 

/ L
im

it 
S

ta
te

s 

•
A

dd
re

ss
 L

ife
 C

yc
le

 
–

N
ew

 D
es

ig
n,

 P
re

-S
er

vi
ce

, A
ss

es
sm

en
t, 

B
ey

on
d 

“D
es

ig
n 

Li
fe

” 
 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

4 

Pr
oc

es
s 

•
Fo

rm
 D

ed
ic

at
ed

 S
m

al
l T

ea
m

 (c
a 

20
08

-9
) 

•
R

ev
ie

w
/A

ud
it 

E
xi

st
in

g 
A

P
I S

C
2 

D
oc

um
en

ts
 a

nd
 T

G
/R

G
 

–
R

ev
ie

w
 d

es
ig

n 
re

ci
pe

s 
–

Id
en

tif
y 

D
ef

in
ed

 L
oa

di
ng

 C
on

di
tio

ns
 a

nd
 A

cc
ep

ta
nc

e 
C

rit
er

ia
 

–
A

ss
oc

ia
te

 “R
es

tri
ct

io
ns

”/”
C

on
di

tio
ns

” f
or

 E
ac

h 
S

et
 

–
R

ec
or

d 
S

ta
te

d/
W

rit
te

n/
E

xp
lic

it 
D

es
ig

n 
C

as
es

 
–

N
ot

e 
“G

en
er

al
ly

 A
cc

ep
te

d 
In

du
st

ry
 P

ra
ct

ic
e”

 n
ot

 in
 D

oc
um

en
ts

 
•

P
at

te
rn

 F
in

di
ng

s 
•

E
st

ab
lis

h 
Fr

am
ew

or
k 

(G
en

er
al

iz
e 

IS
O

 1
99

00
?)

 
•

Te
st

  
•

W
id

e 
R

ev
ie

w
 a

nd
 C

om
m

en
t 

•
P

ub
lis

h 
N

ew
 R

P
 

34 Keynotes & opening session



N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

5 

Pe
rc

ei
ve

d 
C

ur
re

nt
 C

ha
lle

ng
es

 - 
1 

•
C

at
eg

or
iz

at
io

n 
of

 fa
ci

lit
ie

s 
–

Li
fe

 s
af

et
y 

–
H

yd
ro

ca
rb

on
 O

pe
ra

tio
ns

/C
on

ta
in

m
en

t 
–

E
co

no
m

ic
 C

on
se

qu
en

ce
s 

•
D

et
er

m
in

at
io

n 
of

 E
xp

os
ur

e 
Le

ve
ls

 
•

S
tru

ct
ur

al
 P

er
fo

rm
an

ce
 L

ev
el

s 
•

A
cc

ep
ta

nc
e 

C
rit

er
ia

 
•

R
ev

ie
w

 o
f p

re
se

nt
 d

es
ig

n 
cr

ite
ria

 a
nd

 lo
ad

in
g 

co
nd

iti
on

s 
–

R
et

ur
n 

pe
rio

ds
 v

s.
 p

er
fo

rm
an

ce
 

–
A

cc
ep

ta
nc

e/
pe

rfo
rm

an
ce

 v
s.

 D
es

ig
n 

S
ce

na
rio

 
(r

es
tri

ct
io

ns
) 

–
E

tc
. 

•
D

iff
er

en
ce

 b
et

w
ee

n 
as

se
ss

m
en

t a
nd

 n
ew

 b
ui

ld
 

 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

6 

Pe
rc

ei
ve

d 
C

ur
re

nt
 C

ha
lle

ng
es

 - 
2 

 

•
Ec

on
om

ic
 C

on
se

qu
en

ce
s 

hi
gh

ly
 v

ar
ia

bl
e 

–
Ex

tr
em

el
y 

H
ig

h 
(h

ub
 p

la
tfo

rm
 fo

r d
ee

p 
w

at
er

s 
or

 L
N

G
) 

–
H

ig
h 

–
M

ed
iu

m
 

–
Lo

w
 (s

in
gl

e 
w

el
l b

ra
ce

d 
m

on
op

od
)  

 
•

M
an

ag
in

g 
C

on
se

qu
en

ce
s 

(n
ot

 w
el

l a
dd

re
ss

ed
) 

–
C

om
pl

ia
nc

e 
w

ith
 S

ta
nd

ar
ds

 
–

M
an

ni
ng

/E
va

cu
at

io
n 

–
O

pe
ra

tio
na

l R
es

tr
ic

tio
ns

 (e
.g

. n
o 

dr
ill

in
g 

in
 s

om
e 

co
nd

.) 
–

C
ha

ng
es

 o
f c

on
fig

ur
at

io
n 

(D
is

co
nn

ec
ta

bl
e 

FP
SO

s)
 

–
Pr

e-
se

rv
ic

e 
C

on
di

tio
ns

 
 

•
Fi

xe
d 

st
ee

l s
tr

uc
tu

re
s 

in
 G

oM
 –

 e
as

y 
(…

?)
 

–
U

nm
an

ne
d 

fo
r U

LS
 

–
Lo

w
 s

lo
pe

 o
f h

az
ar

d 
cu

rv
e 

fo
r w

in
te

r s
to

rm
s/

su
dd

en
 

hu
rr

ic
an

es
 

 
•

Fl
oa

tin
g 

st
ru

ct
ur

es
 –

 a
dd

iti
on

al
, m

or
e 

di
ve

rs
e 

fa
ilu

re
 m

od
es

 
–

Ex
ce

ss
iv

e 
of

fs
et

 
–

Lo
ss

 o
f S

ta
bi

lit
y,

 c
ap

si
zi

ng
 

–
Et

c.
 

   
•

A
cc

ep
ta

nc
e 

C
rit

er
ia

 
•

R
ev

ie
w

 o
f p

re
se

nt
 d

es
ig

n 
cr

ite
ria

 a
nd

 lo
ad

in
g 

co
nd

iti
on

s 
–

re
tu

rn
 p

er
io

ds
 v

s.
 p

er
fo

rm
an

ce
 

–
A

cc
ep

ta
nc

e/
pe

rfo
rm

an
ce

 v
s.

 D
es

ig
n 

Sc
en

ar
io

 (r
es

tri
ct

io
ns

))
 

–
Et

c.
 

•
D

iff
er

en
ce

 b
et

w
ee

n 
as

se
ss

m
en

t a
nd

 n
ew

 b
ui

ld
 

 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

7 

Pe
rc

ei
ve

d 
C

ur
re

nt
 C

ha
lle

ng
es

 - 
3 

•
N

ee
d 

fo
r E

vo
lu

tio
n 

– 
C

ha
ng

e 
w

ay
 o

f t
hi

nk
in

g 
•

In
er

tia
 –

 R
es

is
ta

nc
e 

to
 c

ha
ng

e 
•

Li
m

ite
d 

E
xp

er
ie

nc
e/

P
er

sp
ec

tiv
e 

•
C

om
po

ne
nt

 M
et

ho
do

lo
gy

 
–

S
ys

te
m

 E
ffe

ct
 –

 U
LS

 to
 A

LS
 

–
Ill

 D
ef

in
ed

 A
LS

 
•

Ty
pi

ca
l L

im
it 

S
ta

te
s 

–
S

LS
, U

LS
, A

LS
, F

LS
 ?

  
•

R
is

k 
C

on
si

st
en

cy
 

–
A

cr
os

s 
do

cu
m

en
ts

 
–

D
iff

ic
ul

t a
lig

nm
en

t -
 C

om
pa

ny
 In

te
rn

al
 R

is
k 

M
at

ric
es

 
•

A
ss

es
sm

en
t, 

E
xt

en
di

ng
 S

er
vi

ce
, N

ew
 D

es
ig

n 
•

O
th

er
 N

or
w

eg
ia

n 
U

ni
ve

rs
ity

 o
f S

ci
en

ce
 a

nd
 T

ec
hn

ol
og

y 
8 

Pe
rc

ei
ve

d 
C

ur
re

nt
 C

ha
lle

ng
es

 - 
4 

•
A

lp
ha

be
t S

ou
p 

&
 D

ef
in

iti
on

s 
C

om
pl

ex
 a

nd
 C

on
fu

si
ng

 
–

L1
 fo

r j
ac

ke
t n

ot
 s

im
ila

r c
on

se
qu

en
ce

 a
s 

fo
r T

LP
 o

r S
em

i 
–

L1
 a

pp
lie

d 
to

 S
ta

tio
n 

K
ee

pi
ng

 –
 P

er
m

an
en

t v
s.

 M
ob

ile
 (M

O
D

U
) 

–
L1

 a
s 

cu
rre

nt
ly

 d
ef

in
ed

  
•

m
ay

 o
r m

ay
 n

ot
 in

cl
ud

e 
co

ns
id

er
at

io
n 

of
 L

ife
 S

af
et

y 
•

N
ot

 m
an

ne
d 

fo
r o

ne
 h

az
ar

d 
cu

rv
e 

•
M

an
ne

d 
fo

r s
ec

on
d 

cu
rv

e 
•

W
id

el
y 

di
ffe

re
nt

 e
co

no
m

ic
s 

•
R

is
k 

va
lu

at
io

n 
no

t c
on

si
st

en
t w

ith
 IS

O
 2

39
4:

20
15

 
–

23
94

 h
as

 o
nl

y 
tw

o 
of

fs
ho

re
 re

fe
re

nc
es

 
–

D
oe

s 
no

t a
dd

re
ss

 b
re

ad
th

 o
f i

nd
us

try
 n

ee
ds

 

2.4. Keynote 3 by Dave Wisch 35



N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

9 

A
ud

it 
O

bs
er

va
tio

ns
 1

 
•

U
LS

 c
on

di
tio

ns
 e

xi
st

 in
 a

ll 
fo

rm
 d

oc
um

en
ts

 (R
P 

2A
, R

P 
2F

P
S

, R
P 

2S
K

 a
nd

 R
P 

2T
) 

–
 c

on
si

st
en

t i
n 

pe
rfo

rm
an

ce
 e

xp
ec

ta
tio

ns
 a

t d
ef

in
ed

 lo
ad

 re
cu

rr
en

ce
 w

ith
 

re
si

st
an

ce
 a

t t
he

 “B
” l

ev
el

 (s
ee

 la
te

r s
lid

e)
 

•
O

pe
ra

tio
na

l c
on

di
tio

ns
, S

LS
, c

le
ar

 p
er

fo
rm

an
ce

 c
rit

er
ia

, l
oa

d 
re

cu
rr

en
ce

 is
 v

ar
ia

bl
e 

•
Th

e 
U

LS
 c

on
di

tio
n 

fo
r S

ta
tio

n 
K

ee
pi

ng
 h

as
 in

he
re

nt
 v

ar
ia

bi
lit

y 
(a

ll 
lin

es
 in

ta
ct

 a
nd

 a
 o

ne
 li

ne
 d

am
ag

ed
/o

ut
 o

f s
er

vi
ce

 c
on

di
tio

n)
   

•
A

cL
S

 s
itu

at
io

ns
 h

av
e 

lit
tle

 e
xp

lic
it 

lo
ad

 o
r p

er
fo

rm
an

ce
 c

rit
er

ia
.  

   
   

   
•

A
bL

S
 c

on
di

tio
ns

 - 
in

cr
ea

si
ng

 n
um

be
r a

nd
 re

tu
rn

 p
er

io
ds

 w
ith

 
lim

ite
d 

ge
ne

ra
l c

rit
er

ia
 fo

r a
cc

ep
ta

bi
lit

y:
 

–
2A

 a
nd

 2
T 

de
ck

 c
le

ar
an

ce
 re

qu
ire

m
en

ts
 

–
2T

 h
as

 A
bL

S
 c

on
di

tio
n 

fo
r l

os
s 

of
 te

nd
on

 te
ns

io
n 

bu
t n

o 
ot

he
r c

he
ck

s.
 

•
R

el
ia

bi
lit

y 
ha

s 
be

en
 a

ch
ie

ve
d 

vi
a 

th
e 

el
as

tic
 c

om
po

ne
nt

 
de

si
gn

 a
pp

ro
ac

h 
ca

lib
ra

te
d 

to
 p

er
fo

rm
an

ce
 e

xp
ec

ta
tio

ns
 

 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

10
 

A
ud

it 
O

bs
er

va
tio

ns
 2

  
•

M
ul

tip
le

 D
es

ig
n 

O
bj

ec
tiv

es
 –

 m
an

y 
“h

id
de

n”
 in

 d
es

ig
n 

pr
ac

tic
e 

•
C

on
se

qu
en

ce
 B

as
ed

 C
rit

er
ia

 (C
B

C
) –

 “s
im

pl
e”

 in
 1

99
2,

 b
ro

ad
 

m
ov

in
g 

fo
rw

ar
d 

•
N

ee
d 

to
 P

ar
tit

io
n 

D
es

ig
n 

C
on

di
tio

ns
 

–
Li

fe
 S

af
et

y,
 E

nv
iro

nm
en

ta
l, 

E
co

no
m

ic
s/

H
ea

dl
in

e 
–

N
ot

 L
um

pi
ng

 In
to

 S
in

gl
e 

H
, M

, L
 

•
E

xp
lic

it 
co

ns
id

er
at

io
n 

 
–

Lo
ad

 R
ec

ur
re

nc
e 

–
A

cc
ep

ta
nc

e 
co

nd
iti

on
s 

•
E

xp
re

ss
 a

s 
R

et
ur

n 
P

er
io

d 
an

d 
A

cc
ep

ta
nc

e 
•

H
ig

h 
Le

ve
l C

on
si

st
en

cy
 

•
Im

pl
em

en
ta

tio
n 

in
 S

pe
ci

fic
 D

oc
um

en
ts

 
•

A
dd

re
ss

 D
es

ig
n 

an
d 

A
ss

es
sm

en
t 

•
S

im
pl

er
 A

ss
es

sm
en

t I
n 

th
e 

Fu
tu

re
 

 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

11
 

2G
EN

 S
tr

uc
tu

ra
l P

er
fo

rm
an

ce
 L

ev
el

 

Fu
/B

re
ak

in
g 

St
re

ng
th

 

SL
S 

= 
O

pe
ra

tio
na

l –
 li

m
it 

de
fle

ct
io

ns
 a

nd
 v

ib
ra

tio
ns

, 
de

fin
ed

 e
la

st
ic

 m
ar

gi
ns

 

U
LS

 =
 “

Ex
tr

em
e 

St
or

m
” 

– 
N

o 
Pr

im
ar

y 
da

m
ag

e,
 d

ef
in

ed
 e

la
st

ic
 m

ar
gi

ns
 

U
LS

/A
bL

S/
Ac

LS
 ~

 im
pe

nd
in

g 
 c

ol
la

ps
e,

 ru
pt

ur
e 

U
LS

/A
cL

S 
– 

m
in

or
 re

pa
ira

bl
e 

da
m

ag
e,

 d
ef

in
ed

 to
 y

ie
ld

 

A B C D 
Fy

/F
ac

to
re

d 
St

re
ss

 

AC
CE

PT
AN

CE
 P

O
IN

TS
 –

 so
m

e 
im

pl
ic

it,
 so

m
e 

hi
dd

en
 in

 e
qu

at
io

ns
 

an
d 

pa
rt

ia
l f

ac
to

rs
, s

om
e 

by
 e

xp
lic

it 
va

lu
e,

 so
m

e 
w

ith
 d

iff
er

en
t 

na
m

es
 

Th
is

 is
 w

ha
t i

s c
ur

re
nt

ly
 d

on
e 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

12
 

St
ru

ct
ur

al
 P

er
fo

rm
an

ce
 L

ev
el

’s
 b

y 
R

P 

Fu
/B

re
ak

in
g 

St
re

ng
th

 

SL
S 

= 
“O

pe
ra

tio
na

l”
 –

 A
ll 

RP
’s 

2A
, 2

FP
S,

 2
N

, 2
SM

, 2
T…

. -
 li

m
it 

de
fle

ct
io

ns
 a

nd
 v

ib
ra

tio
ns

, 
de

fin
ed

 e
la

st
ic

 m
ar

gi
ns

 

U
LS

 =
 “

Ex
tr

em
e 

St
or

m
” 

– 
Al

l R
P’

s E
xc

ep
t 2

EQ
 - 

N
o 

Pr
im

ar
y 

da
m

ag
e,

 d
ef

in
ed

 
el

as
tic

 m
ar

gi
ns

 

U
LS

/A
bL

S/
Ac

LS
 –

 2
A,

 2
EQ

, 2
SI

M
, 2

T 
~ 

im
pe

nd
in

g 
 co

lla
ps

e,
 ru

pt
ur

e 

U
LS

/A
cL

S 
– 

2A
, 2

EQ
, 2

FB
, 2

T 
- m

in
or

 re
pa

ira
bl

e 
da

m
ag

e,
 d

ef
in

ed
 to

 y
ie

ld
 

A B C D 
Fy

/F
ac

to
re

d 
St

re
ss

 

AC
CE

PT
AN

CE
 P

O
IN

TS
 b

y 
AP

I S
C2

 D
oc

um
en

ts
 

36 Keynotes & opening session



N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

Lo
ss

 o
f s

er
vi

ce
ab

ilit
y 

– 
Le

an
in

g,
 n

o 
w

el
l r

e-
en

try
, e

tc
. 

To
ta

l L
os

s 
– 

O
n 

bo
tto

m
, 

Q
ua

rte
rs

/S
af

e 
R

ef
ug

e 
O

ve
rb

oa
rd

 

c

Re
fe

re
nc

e 

Co
st

 D
iff

er
en

tia
ls 

N
o 

W
el

l S
ys

te
m

s 
W

el
l S

ys
te

m
s 

R
P 

2A
 –

 1
00

 Y
ea

r L
oa

d 
C

al
ib

ra
tio

n?
 

Ja
ck

et
s 

A
re

 S
im

pl
e 

- R
el

at
iv

el
y 

W
el

l b
eh

av
ed

 “
Du

ct
ile

” 
ja

ck
et

 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

14
 

Ja
ck

et
 R

el
ia

bi
lit

y 
Po

in
ts

 

Lo
ss

 o
f s

er
vi

ce
ab

ilit
y 

– 
Le

an
in

g,
 n

o 
w

el
l r

e-
en

try
, e

tc
. 

To
ta

l L
os

s 
– 

O
n 

bo
tto

m
, 

Q
ua

rte
rs

/S
af

e 
R

ef
ug

e 
O

ve
rb

oa
rd

 

R
P 

2A
 –

 1
00

 
Ye

ar
 L

oa
d 

- U
LS

 

Re
fe

re
nc

e 

Co
st

 D
iff

er
en

tia
ls 

N
o 

W
el

l S
ys

te
m

s 
W

el
l S

ys
te

m
s 

Hi
gh

ly
 D

uc
til

e 

Br
itt

le
 –

 K
 o

r 
Di

ag
on

al
 B

ra
ce

 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

15
 

Fl
oa

tin
g 

Sy
st

em
 R

el
ia

bi
lit

y 
Po

in
ts

 

W
hi

ch
 “

Pe
rf

or
m

an
ce

” 
Co

nd
iti

on
 D

ef
in

es
 th

e 
Li

m
it 

St
at

e?
 

D
ef

in
ed

 O
ffs

et
 V

al
ue

? 

Fr
ee

 F
lo

at
in

g 

Fi
rs

t L
in

e 
P

ar
tin

g?
 

R
is

er
 F

ai
lu

re
? 

D
ra

gg
in

g 
S

ub
se

a 
C

om
po

ne
nt

s?
 

W
ha

t i
s F

ai
lu

re
? 

 “A
LS

?”
 

N
om

in
al

 U
LS

 
N

om
in

al
 U

LS

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

16
 

Pr
es

en
t G

ul
f o

f M
ex

ic
o 

Pr
ac

tic
e 

N
ot

e:
 R

P2
A 

22
nd

 u
se

s 5
 D

es
ig

n 
Co

nd
iti

on
s 

•L
C1

 ~
 A

 
•L

C2
 ~

 A
 

•L
C3

 ~
 B

 
•L

C4
 ~

 B
 

•D
ec

k 
El

ev
at

io
n 

~ 
C 

St
ru

ct
ur

al
 

Pe
rf

or
m

an
ce

 L
ev

el
Li

m
it 

St
at

e
Re

co
m

m
en

de
d 

Pr
ac

tic
e

Re
tu

rn
 

Pe
rio

d
Re

st
ric

te
d/

 
U

nr
es

tr
ic

te
d

A
SL

S
Al

l R
P'

s:
2A

, 2
FP

S,
 2

N
, 2

SM
, 2

T…
. 

1-
10

 y
rs

U
R

B
U

LS
Al

l E
xc

ep
t 2

EQ
 

10
0 

yr
s

U
R 

or
 R

C
U

LS
/A

LS
2A

, 2
EQ

, 2
FB

, 2
T

20
0-

10
00

 
yr

s
U

R 
or

 R
D

AL
S

2A
,  

2E
Q

, 2
SI

M
, 2

T
>1

00
0 

yr
s

U
R 

or
 R

A
B

C
D

2.4. Keynote 3 by Dave Wisch 37



N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

U
LS

 –
 F

itn
es

s 
an

d 
P

er
fo

rm
an

ce
 –

 S
LS

 &
 U

LS
 

D
es

ig
n 

fo
r P

ur
po

se
 

–
R

et
ur

n 
Lo

ad
 P

er
io

d 
–

P
er

fo
rm

an
ce

 fo
r L

oa
d 

C
on

di
tio

n 
D

es
ig

n 
fo

r C
on

di
tio

n 
A

ss
es

sm
en

t 
–

C
an

 b
e 

fa
ct

or
ed

 fr
om

 d
es

ig
n 

–
C

an
 b

e 
“c

he
ck

ed
” 

R
el

ia
bi

lit
y 

–
P

er
fo

rm
an

ce
 m

us
t b

e 
ex

pl
ic

it 
–

S
en

si
tiv

e 
to

 a
ss

um
pt

io
ns

 
•

E
xt

ra
po

la
tio

n,
 c

on
di

tio
n,

 h
az

ar
d 

cu
rv

e,
 li

ne
ar

ity
, e

tc
. 

R
el

ia
nc

e 
U

po
n 

Ja
ck

et
 K

no
w

le
dg

e 
–

Fa
ls

e 
se

cu
rit

y 
–

Ap
pl

ic
ab

le
 

 
 

  

A
 

B
 

C
 

D
 

So
m

e 
Th

ou
gh

ts
 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

18
 

Pr
ac

tic
e 

– 
Lo

ad
in

g/
A

ct
io

ns
 &

 A
cc

ep
ta

nc
e 

Ex
am

pl
e 

Sc
en

ar
io

/C
on

di
tio

n 
Ex

po
su

re
 

Re
tu

rn
 P

er
io

d 
Pe

rfo
rm

an
ce

 le
ve

l 
O

pe
ra

tin
g 

/ S
LS

 - 
St

or
m

 
M

et
oc

ea
n 

Co
nd

iti
on

s 
 

1 
- 1

0 
yr

 
A 

Ex
tr

em
e 

/ U
LS

 - 
St

or
m

 
10

0 
yr

 
B 

Ab
LS

 - 
Ab

no
rm

al
 - 

St
or

m
 

1,
00

0-
10

,0
00

 y
r 

D 

Ac
ci

de
nt

al
 

Bl
as

t 
1,

00
0-

10
,0

00
 y

r 
C 

&
 D

 
Fi

re
 

1,
00

0-
10

,0
00

 y
r 

C&
D 

Dr
op

pe
d 

O
bj

ec
t 

As
 S

pe
ci

fie
d 

(1
) 

A,
 B

, C
 &

 D
 

  
Co

lli
sio

n 
As

 S
pe

ci
fie

d 
(1

) 
C 

&
 D

 
Ex

tr
em

e 
/ U

LS
 E

ar
th

qu
ak

e 
(E

LE
) 

Ea
rt

hq
ua

ke
  

As
 S

pe
ci

fie
d 

(2
) 

C 
Ab

LS
 - 

Ab
no

rm
al

 - 
Ea

rt
hq

ua
ke

 
As

 S
pe

ci
fie

d 
(2

) 
D 

Pr
e-

Se
rv

ic
e 

Fa
br

ic
at

io
n 

1 
- 1

0 
yr

 
A 

&
 B

 
Lo

ad
ou

t 
1 

- 1
0 

yr
 

A 
&

 B
 

Tr
an

sp
or

ta
tio

n 
1 

- 1
00

 y
r (

3)
 

B 
&

 C
 

  
In

st
al

la
tio

n 
<1

 - 
10

0 
yr

 (4
) 

B 
&

 C
 

Fa
tig

ue
 

As
 S

pe
ci

fie
d 

(5
) 

C 
(7

) 
Fa

tig
ue

 - 
FL

S 
M

ea
n 

M
et

O
ce

an
 S

ca
tt

er
 

Fa
ci

lit
y 

Li
fe

 (6
) 

C 
(7

) 
"D

am
ag

e"
  

M
et

oc
ea

n 
Co

nd
iti

on
s 

 
1 

- 1
00

 y
r (

7)
 

A,
 B

 &
 C

 
De

ad
 a

nd
 L

iv
e 

Lo
ad

s/
Ac

tio
ns

 
As

 d
ef

in
ed

 
M

ea
n 

St
at

ic
 L

oa
ds

/A
ct

io
ns

 (8
) 

A,
 B

, C
 &

 D
 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

19
 

Pr
ac

tic
e 

– 
Lo

ad
in

g/
A

ct
io

ns
 &

 A
cc

ep
ta

nc
e 

N
ot

e 
(1

) -
 C

or
re

la
te

 to
 th

e 
fr

eq
ue

nc
y 

of
 th

e 
in

ci
de

nt
 a

nd
 th

e 
de

ire
d 

pe
rfo

rm
an

ce
 le

ve
l 

N
ot

e 
(2

) -
 C

or
re

la
te

 th
e 

se
ve

rit
y 

an
d 

th
e 

ev
en

t a
nd

 th
e 

de
sir

ed
 p

er
fo

rm
an

ce
 le

ve
l (

Se
e 

AP
I 

2E
Q

 &
 IS

O
 1

99
01

-2
) 

N
ot

e 
(3

) -
 C

or
re

la
te

 to
 th

e 
du

ra
tio

n 
of

 th
e 

to
w

 &
 d

es
ire

d 
pe

rfo
rm

an
ce

 le
ve

l p
re

sc
rib

ed
 (s

ee
 

AP
I 2

M
O

P 
an

d 
IS

O
 1

99
01

-6
) 

N
ot

e 
(4

) -
  C

or
re

la
te

 to
 th

e 
se

ns
iti

vi
ty

 o
f t

he
 o

pe
ra

tio
n 

&
 d

es
ire

d 
pe

rfo
rm

an
ce

 le
ve

l 
pr

es
cr

ib
ed

 (s
ee

 A
PI

 2
M

O
P 

an
d 

IS
O

 1
99

01
-6

) 

N
ot

e 
(5

) -
 C

or
re

la
te

 to
 th

e 
se

ns
iti

vi
ty

 o
f t

he
 o

pe
ra

tio
n,

 e
xp

os
ur

e 
du

ra
tio

n,
 d

es
ire

d 
pe

rfo
rm

an
ce

 le
ve

l a
nd

 se
ns

iti
vi

ty
 to

 si
ng

le
 d

es
ig

n 
ev

en
t 

N
ot

e 
(6

) -
 E

xp
ec

te
d 

m
et

oc
ea

n 
co

nd
iti

on
s d

ur
in

g 
lif

e 
w

ith
 a

pp
ro

pr
ia

te
 fa

ct
or

s w
ith

 "C
ra

ck
" 

re
fe

re
nc

ed
 a

t C
 le

ve
l w

ith
 st

at
ed

 m
ar

gi
ns

 fo
r a

cc
ep

ta
nc

e 

N
ot

e 
(7

) -
 C

or
re

la
te

 th
e 

re
tu

rn
 p

er
io

d 
of

 th
e 

ev
en

t a
nd

 th
e 

de
sir

ed
 p

er
fo

rm
an

ce
 le

ve
l (

C)
 to

 
ac

hi
ev

e 
“f

it 
fo

r p
ur

po
se

” 
re

pa
irs

 

N
ot

e 
(8

) -
 F

ac
to

re
d 

as
 a

pp
ro

pr
ia

te
 a

s v
al

ue
s a

re
 n

ot
 re

tu
rn

 p
er

io
d 

or
 re

cu
rr

en
ce

 b
as

ed
  

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

20
 

Fr
om

 

•
A

lp
ha

be
t S

ou
p 

–
L1

, L
2,

 L
3,

 A
1,

 A
2,

 A
3,

 S
1,

 S
2,

 S
3,

 e
tc

. 

•
Va

ria
nc

e 
of

 d
es

ig
n 

co
nd

iti
on

s 
•

S
ub

sy
st

em
 a

pp
ro

ac
h 

–
FP

S
 

–
R

D
 

–
S

K
, S

M
, e

tc
 

•
In

de
pe

nd
en

t d
oc

um
en

ts
  v

s.
 d

oc
um

en
t s

ui
te

 
–

M
E

T,
 G

E
O

, E
Q

, T
O

P,
 M

O
P,

 e
tc

. 

•
Im

pl
ic

it 
C

on
di

tio
ns

 

38 Keynotes & opening session



N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

21
 

To
 

•
S

ys
te

m
s 

Li
nk

ag
e 

•
E

xp
lic

it 
P

er
fo

rm
an

ce
 E

xp
ec

ta
tio

ns
 

•
R

ec
ur

re
nc

e 
Li

nk
ed

 to
 P

er
fo

rm
an

ce
 

•
E

xp
lic

it 
D

es
ig

n 
C

on
di

tio
ns

/S
ce

na
rio

s 
•

E
xp

lic
it 

D
ec

is
io

ns
 

•
C

on
sc

io
us

 R
is

k 
M

an
ag

em
en

t 
•

D
es

ig
n 

an
d 

A
ss

es
sm

en
t C

or
re

la
tio

n 
•

A
ss

oc
ia

te
 A

cc
ep

ta
nc

e/
R

ec
ur

re
nc

e 
w

ith
 

P
er

fo
rm

an
ce

 
•

E
st

ab
lis

h 
“D

es
ig

n 
C

on
di

tio
ns

/S
ce

na
rio

s”
 

–
U

se
 “R

es
tri

ct
io

ns
” t

o 
al

ig
n 

 
  

A
 

B
 

C
 

D
 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

22
 

N
ex

t S
te

ps
 

•
R

ec
ei

ve
 a

nd
 A

dd
re

ss
 C

om
m

en
ts

 
•

M
ov

e 
to

 1
99

00
:2

01
5 

 
•

R
ea

rr
an

ge
/M

od
ify

/E
lim

in
at

e 
–

R
es

tri
ct

ed
/U

nr
es

tri
ct

ed
  

–
E

ve
nt

 C
at

eg
or

iz
at

io
n 

•
W

ha
t “

Li
m

it 
S

ta
te

” i
s 

a 
m

oo
rin

g 
“o

ne
 li

ne
 o

ut
 o

f s
er

vi
ce

” c
on

di
tio

n?
 

–
D

am
ag

e 
C

as
e?

 
–

A
cc

id
en

ta
l C

as
e?

 
–

W
ha

t P
er

fo
rm

an
ce

 C
rit

er
ia

? 
 A

? 
 B

? 
 C

? 
 D

? 

–
Im

pr
ov

e 
D

 P
er

fo
rm

an
ce

 L
ev

el
 E

xp
la

na
tio

n 
–

E
tc

. 

•
P

ub
lis

h 
20

17
 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

23
 

Su
m

m
ar

y 
– 

Va
lu

e 
of

 N
ew

 F
ra

m
ew

or
k 

•
M

ov
e 

aw
ay

 fr
om

  A
lp

ha
be

t C
at

eg
or

iz
at

io
n,

 w
hi

ch
 A

dd
re

ss
es

 
O

nl
y 

“F
ai

lu
re

” 
•

R
ea

di
ly

 A
da

pt
s 

to
 F

ac
ili

tie
s 

w
ith

 M
ul

tip
le

 H
az

ar
d 

C
ur

ve
s 

•
M

ov
e 

to
 F

un
ct

io
na

l A
pp

ro
ac

h 
–

D
ef

in
e 

P
er

fo
rm

an
ce

 a
nd

 L
ik

el
ih

oo
d 

of
 E

xc
ee

da
nc

e 
–

E
xp

lic
itl

y 
A

dd
re

ss
 R

an
ge

 o
f D

es
ig

n 
C

on
di

tio
ns

 
–

Lo
w

er
 D

oc
um

en
ts

 D
ef

in
e 

D
et

ai
ls

 
•

P
er

m
its

 Im
pr

ov
ed

 B
al

an
ce

 A
cr

os
s 

B
re

ad
th

 
•

D
ev

ia
te

s 
fro

m
 J

ac
ke

t C
en

tri
c 

C
at

eg
or

iz
at

io
n 

•
B

le
nd

s 
w

ith
 C

om
pa

ny
 R

is
k 

M
an

ag
em

en
t A

pp
ro

ac
he

s 
•

Im
pr

ov
es

 T
ra

ns
pa

re
nc

y 
•

E
xp

lic
it 

D
ec

is
io

ns
 

  

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

24
 

•
A

dj
us

tm
en

t i
n 

Th
in

ki
ng

 
•

Ex
po

rt
in

g/
Ex

tr
ap

ol
at

in
g 

co
nc

ep
ts

 to
 

in
te

rn
at

io
na

l a
re

na
 

•
In

te
rn

at
io

na
l S

an
ct

io
ns

 a
nd

 A
PI

-IS
O

 
di

ve
rg

en
ce

 N
O

T 
H

EL
PF

U
L!

 
 K

ey
 C

ha
lle

ng
es

 

2.4. Keynote 3 by Dave Wisch 39



N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

EN
D

 

Th
an

k 
yo

u 
fo

r y
ou

r a
tte

nt
io

n!
 

40 Keynotes & opening session



Chapter 3

Session 1: Metocean Conditions

3.1 Presentation & article by Kjersti Bruserud & Sverre Haver

41



N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

W
av

es
 a

nd
 A

ss
oc

ia
te

d 
C

ur
re

nt
 

Ex
pe

rie
nc

es
 fr

om
 a

 F
iv

e 
Ye

ar
 M

ea
su

re
m

en
t 

C
am

pa
ig

n 
in

 th
e 

no
rt

he
rn

 N
or

th
 S

ea
 

  
K

je
rs

ti 
B

ru
se

ru
d,

 S
ta

to
il/

N
TN

U
 

S
ve

rr
e 

H
av

er
, N

TN
U

/U
IS

 

Th
e 

3r
d  O

ffs
ho

re
 S

tr
uc

tu
ra

l R
el

ia
bi

lit
y 

C
on

fe
re

nc
e 

O
SR

C
20

16
 

14
-1

6 
Se

pt
em

be
r, 

St
av

an
ge

r, 
N

or
w

ay
 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

O
ut

lin
e 

•
M

ot
iv

at
io

n 
•

M
ea

su
re

m
en

ts
 

•
D

at
a 

qu
al

ity
 

•
C

ur
re

nt
 c

on
di

tio
ns

 
•

C
as

e 
st

ud
y 

•
C

lo
si

ng
 re

m
ar

ks
 

2 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

3 

M
ot

iv
at

io
n 

N
O

R
S

O
K

 S
TA

N
D

A
R

D
 N

-0
03

 (E
d.

2,
 2

00
7)

  
6.

7 
C

om
bi

na
tio

n 
of

 e
nv

iro
nm

en
ta

l a
ct

io
ns

 (T
ab

le
 4

) 

       

•
C

on
se

rv
at

iv
e?

  

•
If 

ye
s,

 d
eg

re
e 

of
 c

on
se

rv
at

is
m

? 

 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

M
ot

iv
at

io
n 

N
O

R
S

O
K

 S
TA

N
D

A
R

D
 N

-0
03

 (E
d.

3,
 2

01
6)

 
 

 
6.

2.
3 

M
od

el
lin

g 
si

m
ul

ta
ne

ou
s 

oc
cu

re
nc

e 
of

 m
et

oc
ea

n 
da

ta
 

 ‘’S
im

ul
ta

ne
ou

s 
w

in
d,

 w
av

es
 a

nd
 c

ur
re

nt
s 

sh
ou

ld
 

no
rm

al
ly

 b
e 

ta
ke

n 
in

 a
cc

or
da

nc
e 

w
ith

 T
ab

le
 9

...
’’ 

 ‘’I
f c

ur
re

nt
 s

ha
ll 

be
 in

cl
ud

ed
 in

 jo
in

t m
od

el
lin

g,
 

si
m

ul
ta

ne
ou

s 
da

ta
 m

us
t b

e 
us

ed
. T

he
 d

at
a 

m
us

t b
e 

si
te

 s
pe

ci
fic

 o
r d

oc
um

en
te

d 
to

 b
e 

re
pr

es
en

ta
tiv

e 
fo

r 
th

e 
ar

ea
 in

 q
ue

st
io

n.
 F

ur
th

er
m

or
e,

 th
e 

da
ta

se
t m

us
t 

ha
ve

 s
uf

fic
ie

nt
 d

ur
at

io
n 

in
 o

rd
er

 to
 e

ns
ur

e 
th

at
 th

e 
lo

ng
-te

rm
 v

ar
ia

bi
lit

y 
in

 s
to

rm
in

es
s,

 s
ea

so
na

lit
y 

an
d 

in
te

r-
an

nu
al

 v
ar

ia
bi

lit
y 

ar
e 

en
co

un
te

re
d 

fo
r. 

A
t l

ea
st

 
5 

ye
ar

s 
of

 s
im

ul
ta

ne
ou

s 
da

ta
 a

re
 re

co
m

m
en

de
d 

to
 e

va
lu

at
e 

an
y 

re
du

ct
io

n 
...

. r
el

at
iv

e 
to

 T
ab

le
 9

’’ 
 

4 

42 Session 1: Metocean Conditions



N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

5 

M
ea

su
re

m
en

ts
 

      
 O

bj
ec

tiv
e 

 
S

uf
fic

ie
nt

 s
im

ul
ta

ne
ou

s 
w

av
e 

an
d 

cu
rr

en
t d

at
a,

 in
cl

ud
in

g 
LA

R
G

E
  

 
 

st
or

m
s,

 to
 e

st
ab

lis
h 

jo
in

t d
is

tri
bu

tio
ns

 o
f e

xt
re

m
e 

w
av

es
 a

nd
 c

ur
re

nt
s 

 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

M
ea

su
re

m
en

ts
 

 
 P

er
io

d 
 

•
05

.2
01

1 
– 

10
.2

01
5,

  
 

   
  i

.e
. 4

.5
 y

ea
rs

 
 

D
at

a 
co

ve
ra

ge
 

•
80

 –
 9

0 
%

 
 

M
ea

su
re

m
en

t i
nt

er
va

l 
•

10
 m

in
ut

es
, c

ur
re

nt
s 

 
•

30
 m

in
ut

es
, w

av
es

 

6 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

7 

M
ea

su
re

m
en

ts
 

Aa
nd

er
aa

 S
ea

gu
ar

d 
(S

G)
,

7 
m

 a
bo

ve
 se

ab
ed

Pi
lo

t p
ha

se
M

ai
n 

ph
as

e

RD
I 1

50
 k

Hz
 Q

ua
rt

er
m

as
te

r (
Q

M
) A

DC
P,

  
12

 m
 a

bo
ve

 se
ab

ed

RD
I 1

20
0 

kH
z W

or
kh

or
se

 (W
H)

 A
DC

P,
  

10
.5

 m
 a

bo
ve

 se
ab

ed

ea a

W
av

es
ca

n 
bu

oy

RD
I 7

5 
kH

z L
on

g 
Ra

ng
er

 (L
R)

 A
DC

P,
7 

m
 b

el
ow

 m
ea

n 
se

a 
le

ve
l

M
et

eo
ro

lo
gi

ca
l i

ns
tr

um
en

ts
,

3 
m

 a
bo

ve
 m

ea
n 

se
a 

le
ve

l

W
av

es
ca

n 
bu

oy

N
or

te
k 

60
0 

kH
z A

qu
ad

op
p 

(A
q)

,
0.

5 
m

 b
el

ow
 m

ea
n 

se
a 

le
ve

l

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

8 

D
at

a 
qu

al
ity

 

3.1. Presentation & article by Kjersti Bruserud & Sverre Haver 43



N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

9 

D
at

a 
qu

al
ity

 

C
ur

re
nt

 V
er

ifi
ca

tio
n 

S
tu

dy
 (C

ur
Ve

S
), 

ph
as

e 
I, 

II 
&

 II
I 

 
‘‘.

.. 
di

ffe
re

nc
es

 in
 o

bs
er

ve
d 

C
s 

ar
e 

us
ua

lly
 m

uc
h 

la
rg

er
 th

an
 th

e 
sp

ec
ifi

ed
 

ac
cu

ra
ci

es
 o

f t
he

 in
st

ru
m

en
ts

, s
ug

ge
st

in
g 

th
at

 th
e 

ac
cu

ra
cy

 a
ch

ie
ve

d 
in

 th
e 

fie
ld

 a
re

 o
fte

n 
m

uc
h 

le
ss

 th
an

 th
e 

us
er

 m
ig

ht
 e

xp
ec

t.’
’ 

  

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

10
 

S
ea

so
na

l v
ar

ia
tio

ns
 

•
W

in
te

r 
     

•
S

um
m

er
 

 C
ur

re
nt

 c
on

di
tio

ns
 

Lo
ca

tio
n 

1 

Lo
ca

tio
n 

1 

Lo
ca

tio
n 

4 

Lo
ca

tio
n 

2 

Lo
ca

tio
n 

2 

Lo
ca

tio
n 

4 

Lo
ca

tio
n 

5 

Lo
ca

tio
n 

5 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

C
ur

re
nt

 c
on

di
tio

ns
 

S
ea

so
na

l v
ar

ia
tio

ns
 

Lo
ca

tio
n 

4 
an

d 
5 

 
 

 

 

11
 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

12
 

C
ur

re
nt

 c
on

di
tio

ns
 

In
te

ra
nn

ua
l v

ar
ia

tio
ns

 
  

44 Session 1: Metocean Conditions



N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

13
 

C
as

e 
st

ud
y 

I  

P
ur

po
se

 
 To

 in
ve

st
ig

at
e 

di
ffe

re
nt

 c
om

bi
na

tio
ns

 o
f w

av
e 

an
d 

cu
rr

en
ts

 to
 e

st
im

at
e 

U
LS

 
lo

ad
 o

n 
a 

ja
ck

et
 

1.
A

cc
or

di
ng

 to
 N

-0
03

 
•

A
ll-

se
a 

st
at

es
 

•
P

ea
k-

ov
er

-th
re

sh
ol

d 
2.

D
ire

ct
ly

 fr
om

 lo
ad

 ti
m

e 
se

rie
s 

•
M

os
t p

ro
ba

bl
e 

w
av

e 
he

ig
ht

 
•

M
on

te
 C

ar
lo

 s
im

ul
at

ed
 w

av
e 

he
ig

ht
 

 
 

   
   

D
iff

er
en

t a
ve

ra
gi

ng
 o

f c
ur

re
nt

 s
pe

ed
 

   
   

A
ss

es
sm

en
t o

f p
os

si
bl

e 
co

ns
er

va
tis

m
 

 
 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

C
as

e 
st

ud
y 

I  
 

1.
A

cc
or

di
ng

 to
 N

O
R

S
O

K
 N

-0
03

 
 

      
2.

  
D

ire
ct

ly
 fr

om
 lo

ad
 ti

m
e 

se
rie

s 

 O
bs

er
va

tio
ns

 
 •

A
ll-

se
a 

st
at

es
 m

or
e 

co
ns

er
va

tiv
e 

th
an

 p
ea

k-
ov

er
-th

re
sh

ol
d 

•
M

on
te

 C
ar

lo
 H

 m
or

e 
co

ns
er

va
tiv

e 
th

an
 m

os
t p

ro
ba

bl
e 

H
 

•
3-

hr
s 

m
ax

 C
s 

m
os

t c
on

se
rv

at
iv

e 
•

N
O

R
S

O
K

 N
-0

03
 m

or
e 

co
ns

er
va

tiv
e 

th
an

 d
ire

ct
ly

 fr
om

 
tim

e 
se

rie
s 

 P
le

as
e 

no
te

: I
llu

st
ra

tiv
e 

pu
rp

os
e 

O
N

LY
, N

O
T 

su
ita

bl
e 

fo
r s

pe
ci

fic
 

de
si

gn
. 

 

14
 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

C
as

e 
st

ud
y 

II 

  
O

bs
er

va
tio

n 
 •

N
O

R
S

O
K

 N
-0

03
 m

or
e 

co
ns

er
va

tiv
e 

th
an

 d
ire

ct
ly

 fr
om

 
tim

e 
se

rie
s 

at
 a

ll 
lo

ca
tio

ns
 

 

 

15
 

N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

16
 

C
lo

si
ng

 re
m

ar
ks

 

Q
ua

lit
y 

of
 c

ur
re

nt
 m

ea
su

re
m

en
ts

 
•

Le
ss

 a
cc

ur
ac

y 
th

an
 e

xp
ec

te
d 

 

G
ov

er
ni

ng
 c

ur
re

nt
 c

on
di

tio
ns

 
•

W
in

d-
ge

ne
ra

te
d 

in
er

tia
l o

sc
ill

at
io

ns
 

 E
xt

re
m

e 
cu

rre
nt

s 
fo

r d
es

ig
n 

 
•

La
rg

e 
in

te
ra

nn
ua

l v
ar

ia
tio

ns
 

 P
ot

en
tia

l i
n 

si
m

ul
ta

ne
ou

s 
w

av
e 

an
d 

cu
rre

nt
 d

at
a 

•
N

O
R

S
O

K
 N

-0
03

 s
ee

m
s 

to
 b

e 
co

ns
er

va
tiv

e 
  

3.1. Presentation & article by Kjersti Bruserud & Sverre Haver 45



N
or

w
eg

ia
n 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

17
 

A
ck

no
w

le
dg

em
en

ts
 

•
Th

is
 w

or
k 

w
as

 m
ad

e 
po

ss
ib

le
 b

y 
fu

nd
in

g 
fro

m
 th

e 
N

or
w

eg
ia

n 
R

es
ea

rc
h 

C
ou

nc
il’s

 In
du

st
ria

l P
hD

-p
ro

gr
am

 
(2

31
83

2)
 a

nd
 fr

om
 S

ta
to

il.
  

•
C

hi
ef

 e
ng

in
ee

r S
im

en
 M

ox
ne

s 
se

cu
re

d 
S

ta
to

il’s
 fu

nd
in

g 
an

d 
th

is
 is

 g
ra

te
fu

lly
 a

ck
no

w
le

dg
ed

.  
•

S
ta

to
il 

is
 a

ck
no

w
le

dg
ed

 fo
r t

he
 p

er
m

is
si

on
 to

 u
se

 th
e 

da
ta

 a
nd

 p
ub

lis
h 

th
es

e 
re

su
lts

. 
 

46 Session 1: Metocean Conditions



 

 

Waves and associated currents–experiences from 5 years 

metocean measurements in the northern North Sea 

Kjersti Bruserudab, Sverre Haverbc 

a Statoil ASA, Rotvoll, Arkitekt Ebbels vei 10, 7053 Ranheim, Norway 

b Department of Marine Technology, Norwegian University of Science and 

Technology (NTNU), Otto Nielsens vei 10, 7491 Trondheim, Norway 

c Department of Mechanical and Structural Engineering and Materials Science, 

University of Stavanger, Kjell Arholms Gate 41, 4036 Stavanger, Norway 

 

Preprint 

 

This article was published in “Marine Structures” and can be accessed from: 

https://doi.org/10.1016/j.marstruc.2017.05.009  

 

 

47



The 3rd Offshore Structural Reliability Conference  
OSRC2016 

14-16 September, Stavanger, Norway 
 

ABSTRACT: In order to acquire sufficient simultaneous data to establish joint distributions of waves and currents for design, an 
extensive metocean measurement programme has been performed over a period of approximately five years at several locations 
in the northern North Sea. A brief description of the measurement programme is given. The measured current data have been 
found to be more inaccurate than the specified accuracy of the instruments. However, the measured current data still give a good 
over-all description of the current conditions. At the southernmost locations, wind-driven currents, i.e. inertial oscillations, are 
the governing current conditions and contribute to larger current speed during summer than in the spring and fall, both 
operational and extreme. At all locations, year-to-year variation in estimated extreme current speeds based on different 
individual years are larger than expected, indicating that current measurements for considerably more than one year is required 
for reliable estimates of extreme current conditions for design of offshore structures. Sensitivity studies of the ULS load on a 
jacket suggest the possible gain of accounting for the simultaneous occurrence of metocean parameters. The Norwegian design 
regulations seem to be conservative, at least regarding ULS. These results highlight the need for a better understanding of the 
current conditions in order to account for the uncertainties associated with these in design of offshore structures. 

KEY WORDS: Current measurements; Wave measurements; Northern North Sea; Jackets. 

1 INTRODUCTION 
Characteristic meteorological and oceanic (metocean) loads 
and load effects are defined in terms of their annual 
probability of exceedance, q. The requirements for ultimate 
limit state (ULS) and accidental limit state (ALS) for 
characteristic metocean actions are q ≤ 10-2 and q ≤ 10-4, 
respectively. This requirement refers to the resulting metocean 
load, i.e. the characteristic metocean load obtained by 
accounting for the simultaneous occurrence of environmental 
parameters such as wind, waves and current. These 
parameters are not fully correlated and to utilize this for 
design, simultaneous data of both good quality and sufficient 
length are required. 

In lack of sufficient simultaneous data, the Norwegian 
design regulations [1], recommend a combination of metocean 
parameters assumed to be conservative, but the degree of 
conservatism is not very well known. To utilize that the 
occurrence of extreme wind, waves and currents are not fully 
correlated in design of offshore structures, the latest edition of 
NORSOK STANDARD N-003 Edition 3 (N-003) [1] 
recommends at least three years of simultaneous wind, wave 
and current data. 

In order to perform a more accurate analysis of marine 
structures, joint probability distributions of different 
environmental parameters have received an increasing interest 
during the last decade, facilitated by improved availability of 
reliable joint environmental data. Many recent studies have 
explored different bi- and multivariate statistical models for 
environmental parameters. For simplicity, bivariate statistical 
models are often presented rather than the multivariate 

generalizations, but these are easily extended beyond two 
dimensions to multivariate models.  

Joint distributions of different environmental parameters 
based on a marginal distribution of the primary parameter and 
a conditional distribution for the associated parameters are 
frequently used and also adopted in design codes. Joint 
distributions of significant wave height and wave period, both 
zero up-crossing and peak period, are extensively studied and 
numerous approaches for Norwegian waters are available in 
the literature [2-7]. However, the joint environmental model 
proposed by Haver [8, 9] based on a marginal hybrid 
lognormal-Weibull distribution of significant wave height and 
a conditional lognormal distribution of spectral peak period is 
widely accepted and used. Later, this joint description of 
significant wave height and spectral peak period was extended 
to include wind speed, storm surge and current speed, all these 
parameters conditional on significant wave height and 
modelled with a normal distribution [10].  

The semi-parametric conditional extremes model introduced 
by Heffernan and Tawn [11] has been strongly recommended 
for estimation of joint distributions of metocean parameters 
through a series of studies where this model has been adopted 
and applied in different ocean basins, including the northern 
North Sea [12-16]. Bivariate modelling of different 
combinations of environmental parameters have been 
performed based on a wide range of bivariate parametric 
probability distributions, see for instance [17-22]. The use of 
copula techniques has become increasingly popular and a 
number of studies has proposed bivariate models for different 
pairs of metocean parameters based on different copula 
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techniques in different worldwide ocean basins [23-27], 
including the North Atlantic [28]. 

There are few available studies of the joint probability of 
waves and currents in the surface of the water column, 
probably due to the lack of simultaneous measured wave and 
current data and the complicated, far from fully understood, 
wave-current interaction mechanisms. However, based on 
simultaneous wave and current measurements at 
Tromsøflaket, both Gordon, Dahl [29] and Heideman, Hagen 
[30] investigated the relationship of extreme waves and 
currents and established very simplified joint distributions to 
be used in design and load calculations for offshore structures. 
Wen and Banon [31] developed a probabilistic methodology 
that lead to joint probability distributions of hurricane induced 
winds, waves and currents at a generic site in the Gulf of 
Mexico. Prior-Jones and Beiboer [32] estimated joint design 
criteria for current speed and waves in the southern North Sea 
and highlighted the need to develop sound design practices for 
application of the joint environmental probability factors. 
Based on simultaneous metocean measurements in the 
Northern North Sea, joint probabilistic models has been 
proposed for waves and current [33] and wind and waves [34]. 

However, there still seems to be no general consensus with 
regard to the approach of estimating the joint probability 
distributions of environmental parameters and several 
different approaches are put forward. Jonathan and Ewans 
[35] gave a good theoretical overview of multivariate 
modelling of extreme ocean environments and guidelines for 
validity, but pointed out that “unfortunately there is as yet no 
unifying approach, and the literature is rather confusing”. 
Ewans and Jonathan [15] concluded that specification of joint 
design criteria has often been somewhat ad hoc, based on 
experience and intuition and thus fairly arbitrary combinations 
of independently estimated extreme values. Vanem [28] 
demonstrated that there were large variabilities and thus large 
uncertainties in the estimated joint models due to different 
modelling choices, even for one the same data set, and 
concluded that multivariate modelling of metocean conditions 
remains a challenge, even in the bivariate case. 

For the Norwegian waters, wind and waves data covering 
several decades are available, but currents are rarely measured 
for a period longer than one year. Following this, the limiting 
factor for a robust joint consideration of wind, waves and 
currents is the short duration of available current data. To 
secure simultaneous wave and current data for estimation of 
joint distributions for design of offshore structures, a 
metocean measurement programme at five locations in the 
northern North Sea was initiated early 2011 and completed 
late 2015. 

This paper provides a brief description of the metocean 
measurement programme and highlights the challenges related 
to the quality of measured current data. Next, the variations in 
current conditions in this part of the northern North Sea are 
described. The possible conservatism in the Norwegian design 
regulations and thus the potential in utilizing simultaneous 
waves and currents is illustrated for a selected platform case 
based on the measured wave and current data from the 
northern North Sea. At last, a summary is made. 

2 MEASUREMENTS 
A metocean measurement programme of simultaneous waves 
and current profiles at five locations in the northern North Sea 
was initiated early 2011, see Figure 1.   

First, a pilot phase was performed at Location 1 from 
January to May 2011, before the main phase with 
measurements at all five locations started in May 2011.  At 
Location 3, the measurements were ended late 2013 and will 
not be considered in this paper, but at the other locations the 
measurement were completed in October 2015, i.e. a total 
duration of about 4.5 years. An overview of the water depths 
and data returns are given in Table 1. 

The measurements at each location have been performed 
with the same generic mooring design, which consisted of one 
surface mooring and one seabed mooring. Based on 
experiences from the pilot phase at Location 1, the mooring 
design was changed before the main phase of measurements 
commenced. The surface mooring consisted of a surface buoy 
measuring surface waves and near-surface current speed (Cs) 
and direction (CsDir). The seabed mooring consisted of Cs 
and CsDir measurements throughout the entire water column 
and near seabed. Sea temperature and salinity were also 
measured. A schematic outline of the mooring configurations 
and instrument types are given in Figure 2. 

The waves were measured every 30 minutes and the 
currents were measured every 10 minutes. All measured data 
were transferred in real-time by satellite. 

 
 

 
Figure 1. Measurement locations in the northern North Sea. 
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3 DATA QUALITY OF MEASURED CURRENT DATA 
During post processing of the measured current data basic 
routine quality checks were applied. Nevertheless, the upper 
levels of the current data measured by the upward looking 
current profiler placed in the seabed mooring (Teledyne RD 
Instruments 150kHz Quartermaster ADCP, QM ADCP) 
contained fluctuations in subsequent measured 10-minutes Cs. 
This resulted in large spikes in the data, as illustrated in the 
upper panel of Figure 3. These fluctuations were too large to 
be real variations in Cs from one 10-minutes interval to the 
next and were thus considered to be noise in the measured 
current data. The spikes were most apparent down to between 
40 m and 50 m water depth. Traces of this noise were also 
seen in measured data at larger water depths, but clearly 
decreasing with increasing water depths.  This may be taken 
as an indication that the noise in measured near-surface 
current data was related to waves. However, filtering of the 
data by applying a 70-minutes running mean improved the 
quality in terms of reduced noise/spikes in the data and was 
implemented as part of the quality control. An example of 
time histories of Cs without and with a 70-minutes running 
mean applied is shown in Figure 3.   
 Discrepancies were observed between overlapping current 
data, i.e. Cs measured at the same water depth by the 
downward-looking current profiler placed in the hull of the 
surface buoy (Nortek 600 kHz Aquadopp, AQD) and the QM 
ADCPs placed in the seabed moorings. This is illustrated in 
the lower panel of Figure 3, where a time history extract from 
12th to 19th of August 2014 of Cs measured by the two 
instruments at 30 m water depth at Location 4 is shown. 
Measured significant wave height (Hs) is also given. 
This short time history extract captures some important 
features of the dominating current conditions at Location 4 
and also the observed discrepancy between the current 
measurements. During the first three days, i.e. 12th to 15th of 
August, the measured Cs by the two different current meters 
corresponded quite well. Regular oscillations in Cs and large 
values of Cs up to nearly 60 cm/s are observed, believed to be 
so-called inertial oscillations. In the same period, Hs 
decreased from 4 m to around 2 m. During the next days, i.e. 
15th to 18th of August, the inertial oscillations were disturbed 
and although measured Cs was less than 30 cm/s, deviations 
in the measured Cs were seen clearly. Hs was also low and 
varied around 2 m. The last day, i.e. 18th of August, the 
measured Hs increased from 2 m towards 6 m. Large 
deviations were seen in measured Cs, with the Cs measured 
by the upward-looking QM ADCP significantly lower than 
the Cs measured by the downward-looking AQD. However, 
the wave conditions alone cannot explain all the differences 
seen in this time history extract of measured current data by 
the AQD and the QM ADCP, as the discrepancies were also 
evident when Hs was low. 
 As a preliminary, preventive measure until more insight is 
acquired, the Cs and CsDir data measured by the AQD and by 
the QM ADCP from 10 m to 40 m water depth are not 
considered to have a sufficient quality to be included in any 
further analyses.  Thus, only current data measured by the QM 
ADCP from 40 m and below and the current data measured 

near seabed (Teledyne RD Instruments 1200 kHz Workhorse 
ADCP, WH ADCP) from all available water depths have been 
considered for analysis. A 70-minutes running mean was 
applied to these measured data. This approach to the measured 
current data might change as new insight is gained through 
further investigations. Additional considerations of the quality 
of the measured current data can be found in Bruserud and 
Haver [36]. 
 Motivated by the amount of noise seen in the QM ADCP 
data and the discrepancies found between the current 
measured by the AQD and QM ADCP, another current 
measurement project, called Current Verification Study 
(CurVeS), was initiated. To date, CurVeS consists of three 
different phases. For a more thorough description of all phases 
of and the obtained results in CurVeS and consideration of the 
current measurement data quality, see Bruserud and Haver 
[36].  
 The first phase of CurVeS was carried out during 2014, 
where the over-all aim was to compare Cs and CsDir data 
from multiple instruments to provide recommendations for 
optimal current measurements. Another important aspect was 
to assess the quality of the measured data of the on-going 
metocean measurement programme and to quantify the 
uncertainties prior to further analyses of these data. The new 
measurements were undertaken in conjunction with the on-
going measurements at Location 4. Close to the existing 
seabed mooring another mooring was deployed for around 2 
months. This mooring contained an upward-looking current 
profiler near seabed (Teledyne RD Instruments 75 kHz Long 
Ranger ADCP, LR ADCP) and three single-point current 
meters placed at 20 m, 30 m and 100 m water depths 
(Aanderaa Recording Current Meters 7, RCM7). In addition 
to the AQD already deployed in the hull of the surface buoy, 
the existing surface mooring was equipped with another 
downward-looking AQD deployed in a modem cage (Nortek 
400 kHz Aquadopp, suspended AQD). The deviations 
between different current meters measuring the Cs at the same 
location and water depth were found to be much larger than 
expected, especially at 30 m. Thus, no clear recommendation 
on how current measurements best could be performed was 
possible to make. 
 To continue to assess the performance of different current 
instruments, a natural supplement to the first phase of CurVeS 
was a second phase where existing current data collected by 
different acoustic and mechanical instruments at the same 
time and location were investigated and compared. This desk 
study was carried out by the Norwegian Deepwater 
Programme (NDP) and is confidential to NDP’s members, but 
the executive summary has been released for reference. These 
data have been collected at different worldwide locations, 
water depths and environmental conditions, but common for 
all the measured current data sets is that one of the current 
meters compared is the RPS Metocean CM04 (CM04). The 
main finding of the study was that “differences in observed Cs 
are usually much larger than the specified accuracies of the 
instruments, suggesting that the accuracy achieved in the field 
are often much less than the user might expect”. Measured 
current data from two CM04s at the same location and water 

50



The 3rd Offshore Structural Reliability Conference  
OSRC2016 

14-16 September, Stavanger, Norway 
 

depth were also compared and “showed very good 
agreement”. 
 Motivated by the very good agreement found between the 
two CM04s at the same location and water depth in the second 
phase of CurVeS, a third phase of CurVeS was started in 
October 2015.  A new mooring was deployed at Location 4, 
with the same design and instruments (AQD, QM ADCP and 
WH ADCP) as during the main measurement programme. In 
addition, the mooring was equipped with two CM04 deployed 
at 50 m and 90 m water depths. These measurements were 
completed in March 2016, i.e. a total duration of 6 months. 
The CM04 deployed at 50 m water depth did not work at all 
during the measurement period and no comparison between 
the Aquadopp and the CM04 could be made. The QM ADCP 
only worked for 6 days during this 6 months’ period and 
sufficient data for a proper comparison of the measured 
current data by the CM04 and QM ADCP were not available. 
Thus, no additional knowledge can be gained through this 
phase of CurVeS either.   

During the last decade, there has been an increasing focus 
on current conditions for design of offshore structures at the 
Norwegian Continental Shelf (NCS). Correspondingly, the 

way of performing current measurements has improved. In the 
early 1980ties, current measurements were typically 
performed during a couple of months at a few different water 
depths. Today, the state-of-the-art current measurements to be 
utilized in design is at least one year of current measurements 
through the entire water column. As current measurements are 
expensive to perform and thus in most cases proprietary, 
comparative studies focused current measurements are rarely 
published and relatively few, i.e. very little information about 
the quality and uncertainties of measured current data is 
available. Prior to this metocean measurement programme and 
all three phases of CurVeS, the possibility of such large 
discrepancies between different current meters and/or 
profilers, supposed to measure the same Cs at the same water 
depth and location, were not anticipated.  In contrast to these 
findings, the few previous, comparable studies of overlapping 
current measurements performed with different current meters 
and/or profilers, reviewed in Bruserud and Haver [36], all 
reach the same conclusion; different current meters and/or 
profilers measuring Cs at the same location and water depth 
compare well.  

Table 1. Data overview of current measurements made by the QM ADCP at each location. 

Location 
 

Water depth 
[m] 

Data coverage 

2011 2012 2013 2014 2015 Total, [%] 
1 190               79 
2 100                  88 
4 118                  92 
5 125                  89 

 

Aanderaa Seaguard (SG),
7 m above seabed

Pilot phase Main phase

RDI 150 kHz Quartermaster (QM) ADCP,  
12 m above seabed

RDI 1200 kHz Workhorse (WH) ADCP,  
10.5 m above seabed

Wavescan buoy

RDI 75 kHz Long Ranger (LR) ADCP,
7 m below mean sea level

Meteorological instruments,
3 m above mean sea level

Wavescan buoy

Nortek 600 kHz Aquadopp (AQD),
0.5 m below mean sea level

 
Figure 2. Schematic outline of mooring configurations and instrument types for the pilot phase at Location 1 (left) and main 

phase at all locations (right). 
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At present, no obvious or plausible explanation for such 
an amount of noise in the QM ADCP data and the 
discrepancies between the current measured by different 
current meters can be offered. Additional efforts are 
required to gain more knowledge on (I) how current can be 
measured more accurately for design of offshore structures 
and (II) how the uncertainties of measured current data can 
be addressed.  For further investigations of the actual 
current measurements, it would be appropriate to do a more 
extensive and systematic assessment of mooring 
configurations, i.e. surface compared to sub-surface 
moorings, instrument types, i.e. acoustic compared to 
mechanical current meters, and sampling intervals, i.e. 10-
minutes compared to a longer time interval. A natural 
supplement would be to review how the data quality control 
of the measured current data is done and also to consider to 
correct the measured current data for wave orbital 
velocities. Before more detailed knowledge about the 
limitations of the available current meters and some sort of 
specific measure of the uncertainty in measured current 
data are available, it would be difficult to account for the 
uncertainties in measured current data in design of offshore 
structures. However, uncertainties like these are important 
to be aware of and consider in design of offshore structures, 
but how such uncertainties best could be implemented in 
analysis of current speed data still remains to be 
determined. 

 
Figure 3. Illustration of the data quality issues related to 
measured current data; “noise” in measured current data 
before filtering compared to filtered current data (upper 
panel) and discrepancies observed between overlapping 

current data (lower panel). 

4 VARIATIONS IN CURRENT CONDITIONS 
In addition to the anticipated investigation of joint 
distribution of waves and currents, the extensive current 
data set from the metocean measurement programme can 
also be used to describe, investigate and gain further 

knowledge about the current conditions in this part of the 
northern North Sea.  

4.1 Spatial variations 
At all the four locations, the directional distribution of 
measured Cs varies very little with water depth and the Cs 
decrease with increasing depth. At Location 1 most of the 
currents is toward a south-easterly direction, whereas the 
dominating CsDir at the other locations is towards south. 
At Location 4 and 5 currents towards north are also 
prominent. Thus, the directional distribution at Location 1 
stands out from the three other locations. As Location 1 is 
further north and thus not sheltered by the Shetland Islands 
for Atlantic inflow to the same extent as the three other 
locations further south, see Figure 1, this can explain the 
observed difference in directional distribution of currents. 
In addition, Location 1 is in an area with steeper bottom 
topography and larger water depths, i.e. the westside of the 
Norwegian Trench, and in such areas currents are known to 
follow the bottom topography.  
Regarding maximum Cs, this is found to be larger at 
Location 1 than at the three other locations. The maximum 
Cs at Locations 2 and 4 are similar, but the maximum Cs at 
Location 5 are significantly larger. The largest Cs at 
Location 5 are caused by an episode of large Cs during 24th 
and 25th of December 2012. During the same period, Cs are 
less than 20 cm/s at the other locations. This indicates a 
spatial variation in current conditions, also for locations 
near each other and with approximately the same water 
depth. 

4.2 Seasonal variations 
Seasonal variations in both Cs and CsDir have also been 
investigated. In general, the magnitudes of mean and 
maximum Cs at all water depths are largest during winter, 
decrease in the spring, are lowest during summer and 
increase again in the autumn. However, at Locations 4 and 
5 the seasonal maximum Cs in the summer is larger than in 
the spring and autumn. The estimated extreme Cs values 
follow this trend. The reason for this is two episodes with 
large Cs, in August 2011 and 2014, respectively. Time 
series of Cs at 40 m, 80 m and 3 m above the seabed at 
Locations 4 and 5 during the latter of these episodes are 
shown in Figure 4. As seen in Figure 3, regular oscillations 
in Cs with large Cs values, believed to be inertial 
oscillations, are seen. At both Locations 4 and 5, relatively 
large wind speeds in the range 15 m/s to 25 m/s and a 
change in wind direction are observed just before the 
oscillations in Cs are initiated. The magnitude of Cs of 
inertial oscillations is essentially controlled by the depth of 
the mixed layer. During summer and autumn when the 
mixed layer is relatively thin, currents associated with 
inertial oscillations can be reasonably large. Thus, it is not 
surprising that inertial oscillations generating large Cs are 
observed in August. The Cs values during these two 
episodes are larger at Location 5 than at Location 4.   

At all locations, the CsDir vary very little with season. In 
accordance with the annual directional distributions, the 
CsDir at all locations shows only marginal variation 
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between 40 m and 80 m water depth, but some variations 
are seen near seabed. 

 
Figure 4. Time series of Cs at Location 4 and 5 during 

one of the two episodes with large Cs in August 2014. 

4.3 Inter-annual variations 
To study the year-to-year variability of extreme Cs, the 
extreme Cs have been estimated for each individual year of 
current measurements. In Table 2 the estimated Cs with 
annual probability of exceedance 10-1 and 10-2 are given at 
40 m water depth at all four locations for each year. In 
Figure 5 an illustration of the variation in estimated Cs with 
annual probability of 10-2 based on each individual year of 
measurements is shown. 

The year-to-year variability of extreme Cs is large at all 
locations. In general, the largest estimated extreme Cs are 
found in 2011 and the smallest in 2013. At Location 1, the 
difference between the largest and smallest Cs with annual 
probability 10-2 is approximately 20 – 25 cm/s for the 
different water depths, i.e. the between 20 and 35% (for the 
smallest relatively to the largest Cs with annual probability 
10-2). Comparable numbers are found for Location 2.  Both 
at Locations 4 and 5, this difference is seen to be even 
larger. At Location 4, the difference is approximately 40 – 
50 cm/s, i.e. between 30 and 50 %, while even larger at 
Location 5 where the difference is approximately 65 – 80 
cm/s, i.e. over 50 %.  

Previously, very little inter-annual variability in current 
conditions has been anticipated. Based on that assumption, 
only one year of current measurements is recommended 
when extreme current conditions for design are to be 
established. Current measurements lasting for more than 
one year are rarely available. The shown year-to-year 
variations in estimated extreme current conditions suggest 
large uncertainties when based on one year of current data 
only. This uncertainty can go in both directions; the 
estimated extreme current conditions may be conservative 
or, more important, non-conservative.  To account for the 
observed year-to-year variability and reduce this 
uncertainty and thus obtain more robust estimates of 

extreme current conditions, more extensive current data 
covering several years, are necessary when extreme current 
conditions for design are to be estimated. However, 
considering the discussed uncertainties in measured current 
data, performing current measurements for several years 
might not be the ideal either.  

According to Bruserud and Haver [37], current hindcast 
of good quality have recently been developed for the 
northern North Sea. It is pointed out that the quality of this 
current hindcast is not as good as the quality of the 
available wind and wave hindcast for the NCS and must be 
used with caution. Nevertheless, this constitute a very 
promising starting point for further development of an even 
better current hindcast for the northern North Sea. Rather 
than performing current measurements for several years, 
development of high-quality current hindcast covering 
several years, validated with a shorter period of current 
measurements, could prove to be a more appropriate and 
prosperous approach to obtain more reliable estimates of 
extreme current conditions for design. In order to have any 
confidence in such an approach, the problem of how to 
perform high-quality current measurements with well-
defined uncertainty bands still remains to be solved. 

Table 2. Extreme values for year-to-year Cs at 40 m water 
depth at all four locations. 

Location Period Annual probability of exceedance, [cm/s] 
0.63 10-1 10-2 

1 

2011 104.2 115.2 128.4 
2012 88.6 97.7 108.5 
2013 87.1 96.0 106.5 
2014 90.9 100.9 113.0 
2015 107.4 117.6 129.5 

2 

2011 88.8 99.4 112.2 
2012 78.5 86.1 95.1 
2013 66.6 72.4 79.3 
2014 76.5 83.9 92.7 
2015 68.4 74.7 82.3 

4 

2011 61.6 68.2 76.0 
2012 84.3 96.0 110.5 
2013 49.3 53.6 58.6 
2014 64.7 71.5 79.8 
2015 57.2 62.7 69.1 

5 

2011 88.1 99.7 113.9 
2012 113.7 132.4 156.1 
2013 62.7 69.1 76.6 
2014 104.9 120.7 140.3 
2015 88.6 100.4 114.8 

 

 
Figure 5. Variation in 100 year extreme Cs based on 

individual years at 40 m water depth at all four locations. 
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5 CASE STUDY 
In lack of more detailed and verified joint models of 
metocean actions, N-003 Edition 3 [1] recommends a 
conservative approach to combination of metocean 
processes (see section 10.3, Table 7). However, the degree 
of conservatism is not very well known. Two case studies 
have been performed on different combinations of wave 
and currents to estimate characteristic metocean loads, i.e. 
ULS load, on a jacket. Both case studies are based on the 
same simplified load model, but the first comprised 
simplified metocean data and the other was based on the 
measured wave and current data from the northern North 
Sea.  

5.1 Methodology 
Load estimation 
For a jacket, the governing load process is the 
hydrodynamic load caused by waves and currents. A simple 
parametric model for overturning moment of a jacket, 
which neglects the effect of dynamics, was developed by 
Heideman [38]. The model can be used to estimate a 
generic, static load (overturning moment), L [MN], on a 
jacket and is given as 
 

 (1) 
 

where H is individual wave height [m], Cs is depth 
integrated current speed [m/s] and K1, K2 and K3 are 
empirical constants. For a drag dominated jacket platform 
in about 100 to 200 m water depth, the following 
parameters are expected to give reasonable quasi static 
loads; K1 set to 0.03, K2 set to 5.5 and K3 set to 2.2 [39]. It 
is obvious from the empirical constants that the waves will 
be of most importance for the loads. 
 Two main approaches were considered when the ULS 
load was to be estimated: 

 
1. ULS load estimated according to N-003 (see section 

10.3, Table 7, [1]) where H of annual probability of 
exceedance 10-2 and Cs of annual probability of 
exceedance 10-1 are combined in the load model given 
in Equation (1) to obtain the ULS load. Since waves 
are most important for the estimated loads and will 
result in the largest loads, the combination of H of 
annual probability of exceedance 10-1 combined with 
Cs of annual probability of exceedance 10-2 is not 
considered. 
 

2. ULS load estimated directly from a load time series 
where (1) time series of H and Cs were combined by 
Equation (1) into a time series of the load, (2) a 
probability distribution was fitted to the load time 
series and (3) the extreme load with annual probability 
of exceedance 10-2 was estimated. 
 

 
 
 

ULS load estimated according to N-003 
For estimation of the extreme H both the all-sea states 
(initial distribution) and peak-over-threshold approaches 
were considered. 
 For the all-sea states approach, the long-term distribution 
H during T hours is given by 

 

 
(2) 

 
where  

 
 is the short-term distribution of H 

during T hours based on Forristall’s distribution for 
individual waves [40]: 
 

 
(3) 

and   
 

 is long-term variation of wave climate 
described by the joint probability density distribution 
for Hs and Tp based on a lognormal-Weibull 
distribution for Hs and a lognormal distribution for 
Tp|Hs [8]. 
 

 For the peak-over-threshold approach, according to the 
method proposed by Tromans and Vanderschuren [41], the 
long-term distribution of storm maximum wave heights, 
HM, in a random storm can be given by 

 

 
(4) 

where  
 

 is the most probable maximum storm wave height 
given in a specific storm by given by, see for instance 
[42],  

 

 
(5) 

 
where i is the number of storm steps exceeding the 
selected threshold of storm peak Hs and   is the 
short-term distribution of H during each storm steps i, 
given by Forristall’s distribution for individual waves 
(Equation (3)).  is estimated for all the storms with 
storm peak Hs exceeding the selected threshold of Hs. 
The long-term distribution of , , is assumed to 
be well modelled by a Weibull 3-parameter 
distribution. 
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and 
 

  is the short-term distribution of HM, given 
in terms of a new variable  

 assumed to follow a Gumbel distribution  
 

 

(6) 

 
 The extreme Cs can be estimated the traditional way by 
fitting a 3-parameter Weibull distribution to all the 
measured current data. 
ULS load estimated directly from a load time series 
Before a load time series can be calculated from Equation 
(1), a time series of H must be calculated based on the 
short-term sea state, i.e. the Hs and Tp data. Two 
approaches are chosen, both based Forristall’s distribution 
for individual waves (Equation (3), please note that for 
simplicity  is shortened to  and T 
·60·60/0.77Tp to n): 
 

1. The most probable value of H 
When Equation (3) is inverted, H will be given as 

 

 

 
(7) 

 
H will have its most probable value when  is 
approximately 0.37 [42].  The short-term variability 
of H within the sea state is neglected. 

 
2. Monte Carlo simulated H 

 

 
(8) 

 
where R is a random number between 0 and 1, 
representing a possible realization of . This is 
done for every time step of the wave data and a 
possible time series of H is established. Then the 
procedure is repeated 100 times and hence 100 
different possible time series of H are established. 
This approach is a way to include short-term 
variability in H. 

 
Time series of the load, L, can be estimated based on 

Equation (1) with the different time series of H and Cs. The 
long-term distribution of L and corresponding extreme 
values are modelled in terms of a 3-parameter Weibull 
distribution. For the load time series based on Monte Carlo 
simulated H, 3-parameter Weibull distributions are fitted to 
the 100 different realizations of the time series of L and a 
mean value of the 100 Weibull parameters and 
corresponding estimated extreme loads are given. 

For further details on the methodology of the case study, 
the reader is referred to Bruserud and Haver [43]. 

5.2 Case study - example location 
Bruserud and Haver [43] indicated the possible 
conservatism in the Norwegian design regulations for 
estimation of quasi-static metocean loads on a jacket based 
on the methodology described in section 5.1. In addition, 
the effect of a longer time step for current data than the 
standard 10-mintues Cs, i.e. 3 hours as for wave, was 
studied. The following three time steps for the current data 
were defined 
 
• 10-min Cs; the standard time interval current 

measurements are performed, i.e. 10 minutes 
 

• 3-hrs mean Cs; averaging all 18 measured 10-
minutes Cs values during 3 hours 
 

• 3-hrs max Cs; selection of the largest 10-minutes Cs 
value during 3 hours 
 

Thus, the possible variations in the load estimation 
according to N-003 based on different approaches to the 
data and data analysis were assessed. 
 The wave and current data utilized in that study was from 
a deep-water location on the Norwegian Continental Shelf 
where good quality measured current data was available for 
the longest period. Assumptions were made, so the current 
data could be adjusted and made representative for current 
conditions at a typical jacket location. For waves, hindcast 
data from the Norwegian reanalysis archive (NORA10) 
[44] was used. The time step for wave data was 3 hours and 
for current data 10 minutes. 
 Table 3 summarizes the most important results from this 
sensitivity study for this example location [43] and gives 
the different estimated ULS loads, normalized to ease 
comparison. When the extreme waves and currents are 
estimated based on a peak-over-threshold approach, the 
corresponding estimated ULS load is reduced compared to 
all-sea states approach. The reduction is approximately 10 
%. When a 3-hrs averaging of Cs is utilized, the estimated 
ULS load is somewhat reduced. This is seen both for the 
all-sea states and peak-over-threshold approaches. The 
reduction is of similar size, typically a few percent. As 
expected, the 3-hrs mean Cs gives a slightly smaller ULS 
load than the 3-hrs max Cs. When the ULS load is 
estimated directly from a time series of the load, the ULS 
load is reduced significantly. Uncertainties apply to this 
result since the effective length of the joint wave and 
current data and hence the load time series, is 47 months.  
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Table 3. Normalized ULS load according to N-003 and 
directly from a load time series. 

Location Waves Current ULS load 

Example 

All-sea states H 
10-min Cs 1.00 
3-hrs  mean Cs 0.95 
3-hrs max Cs 0.97 

Peak-over-threshold H 
10-min Cs 0.89 
3-hrs  mean Cs 0.86 
3-hrs max Cs 0.88 

Most probable H 
10-min Cs 0.54 
3-hrs  mean Cs 0.52 
3-hrs max Cs 0.56 

Monte Carlo H 
10-min Cs 0.62 
3-hrs  mean Cs 0.60 
3-hrs max Cs 0.64 

1 All-sea states H 3-hrs max Cs 1.00 
Most probable H 0.66 

2 All-sea states H 3-hrs max Cs 1.00 
Most probable H 0.73 

4 All-sea states H 3-hrs max Cs 1.00 
Most probable H 0.64 

5 All-sea states H 3-hrs max Cs 1.00 
Most probable H 0.61 

5.3 Case study - northern North Sea 
Another case study was performed where the load model 
described in section 5.1 is applied to estimate the ULS 
loads based on the recent wave and current measurements 
at the four locations in the northern North Sea. The water 
depths at these locations are approximately 100 m, 120 m, 
130 m and 190 m (see Table 1), i.e. typical water depths 
where jackets would be placed.  
Based on the results from the case study at the example 
location (previous section), only one sensitivity case was 

selected for each of the two main approaches for estimation 
of ULS load  
 
• according to N-003 with an all-sea states approach 

for estimation of extreme values and 3-hrs max Cs 
 

• directly from a time series of the load based on most 
probable H for each 3-hour sea-state, i.e. neglecting 
short-term variability within the sea-state, and 3-hrs 
max Cs 

 
The parameters for the joint distribution of Hs and Tp and 
corresponding estimated extreme values for H are given in 
Table 4 and the Weibull parameters and the corresponding 
extreme values of Cs are given in Table 5. 

Estimated values of the ULS load according to N-003, 
based on the estimated extreme H and Cs, are given in 
Table 3. The Weibull parameters and corresponding 
extreme values of L estimated directly from a time series of 
the load are given Table 6. Please note that the values have 
been normalized to ease comparison. 

At all the four locations, when these two approaches for 
estimation of ULS load are compared, a significant 
reduction in estimated ULS load directly from a time series 
is seen, ranging from around 25 % to 40 %.   
Uncertainties apply to the results presented here, mainly 
due to the length of the measured current data. However, 
these results are considered to give a reliable indication of 
the ULS load when sufficient joint data are available; i.e. 
reductions in ULS load.  
 

Table 4. Parameters for the joint distribution of Hs and Tp and estimated extreme values for H [m]. 

Location Distribution Parameters Annual probability of exceedance, [m] 
0.63 10-1 10-2 

1 
lognormal-Weibull for Hs γ β α ϑ θ 

21.9 25.3 28.8 2.763 1.534 0.553 3.941 0.862 

lognormal for Tp|Hs a1 a2 a3 b2 b3 
5.193 -1.857 0.219 0.299 -0.046 

2 
lognormal-Weibull for Hs γ β α ϑ θ 

19.3 22.2 25.1 2.822 1.658 0.553 3.436 0.862 

lognormal for Tp|Hs a1 a2 a3 b2 b3 
2.377 0 8.314 0.220 -0.225 

4 
lognormal-Weibull for Hs γ β α ϑ θ 

19.6 22.7 25.8 2.800 1.603 0.553 3.646 0.862 

lognormal for Tp|Hs a1 a2 a3 b2 b3 
13.956 -11.395 -0.003 0.135 -0.003 

5 
lognormal-Weibull for Hs γ β α ϑ θ 

19.1 22.1 25.0 2.819 1.648 0.553 3.470 0.862 

lognormal for Tp|Hs a1 a2 a3 b2 b3 
4.320 -1.670 0.021 0.103 -0.050 
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Table 5. Weibull parameters and corresponding extreme 
values for Cs [cm/s]. 
Location Weibull parameters Annual probability of 

exceedance 
γ β α 0.63 10-1 10-2 

1 1.450 18.28 6.79 86 98 112 
2 1.579 15.79 6.17 67 75 85 
4 1.323 10.06 8.14 59 67 76 
5 1.065 9.52 9.24 80 94 112 

Table 6. Weibull parameters and corresponding extreme 
values for L [MN]. 

Location Weibull parameters Annual probability of 
exceedance 

γ β α 0.63 10-1 10-2 
1 0.741 1.51 0.53 27.40 35.59 46.58 
2 0.661 0.79 0.30 20.21 27.14 36.74 
4 1.507 6.32 -2.54 23.49 27.13 31.39 
5 0.668 0.74 0.23 18.26 24.46 33.02 

6 CLOSING REMARKS 
Motivated by the potential in simultaneous metocean data 
for design of offshore structures and to acquire data of 
sufficient length to establish joint distributions for waves 
and currents, a metocean measurement programme of 
waves and current profiles at five locations in the northern 
North Sea has been performed for nearly five years. 

The main experiences and most important learnings from 
the metocean measurement programme can be summarized 
as follows: 

 
• Quality of current measurements 

Despite quality control, the accuracy of the measured 
current data was found to be less than expected. 
Differences in measured current speeds were much 
larger than the specified accuracy of the instruments. 
Despite efforts to improve knowledge on different 
methods and currents meters to perform current 
measurements for design of offshore structures, 
further work is required to address and account for 
the uncertainties of the measured current data. 
 

• Governing current conditions 
At Location 2, 4 and 5 inertial oscillations have been 
observed in the measured current data and found to 
generate many of the largest observed current 
speeds. Thus, inertial oscillations seem to be the 
governing current conditions in this part of the 
northern North Sea.  
 

• Operational current conditions 
In general, the expected seasonal variation in current 
speeds with the current speeds largest during winter, 
decreasing during spring and summer before 
increasing during the autumn, is confirmed. 
However, at Locations 4 and 5, the maximum 
current speeds are larger in the summer than the 
spring and autumn, due to inertial oscillations during 
the summer. 
 

• Extreme current conditions for design 
The variation in estimated extreme current speeds 
based on different individual years of data is large 
and larger than assumed previously. This suggest 
that current measurements of longer duration than 
one year will give more reliable estimates of extreme 
current conditions for design of offshore structures. 
 

• Potential in simultaneous wave and current data 
When the ULS load for a jacket is estimated directly 
from a time series of the load, the ULS load is 
reduced significantly compared to the more 
traditional approach according to N-003. Although 
the results are intended to be illustrative and not 
suitable for design, these results are considered to 
give a reliable indication of the ULS load when 
sufficient simultaneous metocean data are available. 

 
The most important experience from this metocean 

measurements programme is considered to be the new 
insight regarding the accuracy of the measured current data. 
No additional knowledge was gained through the three 
phases of the Current Verification Study, aimed to give 
guidance on how the accuracy of current measurements 
could be improved and further work is necessary. Both 
good quality and sufficient length of simultaneous 
metocean data are required to establish joint distributions. 
If either of the wave and current data, in this case the 
measured current data, do not have adequate quality, it will 
not be appropriate to establish joint distributions of 
simultaneous data as the reliability of such will be 
deteriorated by the data quality. 
 To utilize that the occurrence of extreme wind, waves 
and currents are not fully correlated in design of offshore 
structures, Norwegian design regulations presently 
recommends at least three years of simultaneous wind, 
wave and current data. For wind and waves, both measured 
and hindcast data are of sufficient quality and length. For 
currents, measured current data has mainly been used and 
none of the available current hindcast for the Norwegian 
Continental Shelf (NCS) are considered to hold the 
required quality. Considering the quality of measured 
current data presented and discussed in this article, it might 
be more appropriate and prosperous to develop alternatives 
to measured current data for design of offshore structures 
and utilization of simultaneous occurrence of metocean 
parameters. Rather than to measure current simultaneously 
with wind and waves for a long period, development of 
high-quality current hindcasts, validated with a shorter 
period of current measurements, could prove to give more 
reliable estimates of extreme current conditions for design 
of offshore structures. However, to have any confidence in 
such an approach, the challenge of how to perform high-
quality current measurements with well-defined uncertainty 
bands still remains to be solved.    
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ABSTRACT: The safety aspect of the airgap question is discussed. Thereafter uncertainties related to airgap assessments will be 

discussed both for fixed platforms and semi-submersibles. The various sources are discussed and illustrated with examples. 

Results are discussed both for 10-2 – annual probability scenario (ULS) and an ALS scenario (10-4 annual probability). This 

because the most important difference between the two possible rule regimes for Norwegian Continental Shelf is the way ALS is 

introduced regarding airgap.  

 

KEY WORDS: Airgap; Second order Wave Theory; Wave Spectrum; Uncertainties. 

1 INTRODUCTION 

Airgap is the distance between the underside of the deck 

structure of a fixed or floating structure and wave crest 

vertically underneath the considered deck point. The aim of 

the airgap assessment is to validate that the smallest airgap 

under the deck is acceptable at the target annual exceedance 

probability. The floating structures considered here are semi-

submersibles. Column based structures will for steep seas 

typically experience run-up. Close to the columns the cellar 

deck bottom must therefore be designed for run-up induced 

impacts. The run-up phenomenon will not be dealt with in this 

paper.  

 The still water airgap (airgap in absence of waves) is the 

quantity focused on in the design. For floaters the still water 

level will for airgap consideration is always equal to the calm 

surface level, while for fixed platform it will vary with tide 

and storm surge. This must be baked into the still water level 

in connection with airgap assessments for fixed platforms.  

 In practise, the aim of the airgap assessment is to determine 

the necessary still water airgap in view of the requirements of 

the adopted governing rule regime. Irrespective of platform 

concept, the crucial quantity is the height of the extreme crest 

heights. Either in terms of the extreme height of the 

undisturbed crest or the extreme of the crest heights disturbed 

by the presence of the structure. For floating structures on 

must additionally account for the motions of the platform.  

This paper will discuss various metocean induced 

uncertainties and how they may affect the airgap assessment.  

 

2 AIRGAP AND SAFETY 

Why could airgap – or rather - lack of sufficient airgap affect 

safety? A generic drag dominated jacket is considered in Ref. 

[1]. The base shear is shown versus crest height in Figure 1 

for a case with still water airgap of 20m. It is seen that base 

shear is increasing rapidly as the still water airgap is 

exceeded. A 2m submergence over the full width of platform 

is more or less doubling base shear. The exceedance 

probabilities for various base shear levels are shown in Figure 

2. For no wave-deck impact, still water airgap is well above 

the most extreme crest heights, while for the other case the 

still water airgap is 17.5m.  

  The characteristic 10-2 -annual probability base shear is 

about 23MN, i.e. using a partial safety factor of 1.3 the ULS 

design value is 30MN. The ALS characteristic value (10-4 – 

annual probability) assuming no wave-deck impacts is about 

41MN, i.e 30% larger than the ULS design value for this drag 

dominated generic jacket. If wave-deck impact is accounted 

for with specified airgap, the ALS base shear is about 66MN, 

i.e. the ALS base shear is increased with more than 50%. With 

wave-deck impact the ALS base shear is more than two times 

the ULS design value.  

   A semi-submersible could well experience mooring line 

failure if an extreme wave-topside impact occurs when the up-

wave mooring lines is highly tensioned due to a large down-

wave offset as the impact happens. Another scenario is local 

damage to columns and topside that can develop into a more 

severe situation, this scenario is possible of most interest for 

wave - deck impacts of floaters. 

 

 
Figure 1. Generic base shear for a drag-dominated jacket with 

still water airgap of 20m. From Ref. [1]. 
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Figure 2. Annual exceedance probabilities of base shear with 

and without accounting for wave deck impacts. Reconstructed 

from Ref. [1]. 

 

3 RULE REGIMES 

Two rule regimes are available for offshore structures at the 

Norwegian Continental Shelf, see e.g. Ref. [25]: 

     RR1: The Framework Regulations  The Facilities 

Regulations  Norsok Standards. 

     RR2: The Framework Regulation  Maritime 

Regulations. (The Red Book of Norwegian Marine 

Directorate) with supplementary rules provided by a 

classification society, e.g. DNV-GL. 

  For fixed platforms, RR1 will apply. For most floating 

installations intended to be on the field through the full 

operational life, RR1 is also generally applied. On the 

Norwegian Continental Shelf, RR2 is primarily used for 

floating installations operating for a limited period at a field, 

e.g. drilling rigs. For further details, reference is made to Ref. 

[25] and references given therein. 

  At ULS level, the basic requirements regarding airgap for the 

two rule regimes are not very different. For an annual 

probability of 10-2, waves shall not hit areas where crew 

members can be in extreme weather situations. In both rule 

regimes, this is accounted for by requiring no major wave - 

deck impacts at a 10-2 - annual probability. Local impacts (e.g. 

impacts caused by run-up jets along columns which are 

difficult to avoid) can be accepted if the corresponding wave 

loads are accounted for in design. 

   Regarding airgap assessments, the major difference between 

the two rule regimes is how a safety margin on top of the 

requirement above (positive airgap at ULS level) is 

implemented. Beyond a positive airgap, there is no 

requirements for additional margins in the maritime 

regulation, see e.g. Ref. [2], but some more specific guidance 

on how to predict necessary ULS airgap have lately become 

available, Ref. [3], as a response to the accident with COSL 

Inventor in the Northern North Sea in December 2015.  For 

RR1, Ref. [4] also requires a positive airgap at ULS level (10-2 

annual probability), but, in contrast to RR2, it is additionally 

recommended to design for positive airgap at the ALS level 

(10-4 annual probability level) due to the inherent complexity 

of the airgap problem. The difficulty in estimating realistic 

loads for a considerable submergence of the deck box has also 

been a part of the background for this recommendation. This 

represents an increase in airgap requirements of about 30% of 

the ULS crest height.  

   Another important difference between the two rule regimes 

is related to verification of the airgap predictions. For the 

maritime regulation, it is required that model tests should be 

used for verification if a designer go below the minimum 

recommendations put forward in Ref. [3].  In Norsok N-003, 

[4], however, it is explicitly recommended to verify the airgap 

analysis by high quality model tests. It should also be kept in 

mind that requirements put forward in Ref. [3] points to a 

ULS level analysis, while the recommendations of Ref. [4] 

apply to both ULS – and ALS – analyses. 

   As seen from the above paragraphs, there can be huge 

differences between recommended airgaps for RR1 and RR2, 

respectively. A proper assessment of the safety consequences 

of these differences for platform and crew is not known to this 

author.  

   Uncertainties are associated with the various assumptions 

regarding modelling metocean characteristics for airgap 

assessments. Some of these will be discussed in the following. 

 

4 AIRGAP ASSESSMENT OF FIXED PLATFORMS 

4.1 Still Water Level 

For a fixed platform we will follow RR1. For airgap 

assessments, ULS still water level is mean still water level 

(MSL) + max tidal amplitude + 10-2- annual probability storm 

surge, SS0.01. In connection with ALS, still water level is MSL 

+ 10-4- annual probability storm surge, SS0.0001. One can 

question why tide is not included at ALS level. However, a 

joint statistical analysis of crest height, tidal amplitude and 

storm surge, suggests that just adding the 10-4 – annual 

probability storm surge to the 10-4 –annual probability crest 

height, c0.0001, gives a rather good approximation to the height 

of   above MSL. But this is valid for tide and storm 

surge variations experienced at the Norwegian Continental 

Shelf! It has no general validity.  

 

4.2 Extreme Incoming Crest Height 

Design Wave Approach 

A possible estimate could be obtained by fitting a Stokes 5th 

order profile to the 10-4 annual probability wave height. 

Provided a proper associated wave period is chosen, this could 

give a reasonable conservative quasi-static global loads on the 

structure (e.g. foundation loads), but it may possibly be non-

conservative for global failure mechanisms at higher levels of 

the structure which could be more sensitive to local loads 

caused by breaking waves.  

The crest height of this Stokes 5th order wave is lower than 

the 10-4 – annual probability crest height, c0.0001, for depths of 

– say - 60m or deeper. Therefore, the Stokes 5th order wave 

profile, defined in terms of wave height, is not adequate for 

determining the still-water airgap for design purposes.  
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Long Term Analysis of Crest Height 

Since ULS and ALS crest heights are defined in terms of their 

annual exceedance probabilities, 10-2 and 10-4, respectively, it 

seems reasonable to estimate these quantities using a 

stochastic long term analysis. Denoting the 3-hour maximum 

crest height by  and assuming that a sea state is fully 

characterized by significant wave height,  and spectral peak 

period, , the long term distribution of   is given by: 

 

  (1) 

 

 is the conditional distribution of 3-hour crest 

height given the sea state and  is the joint 

probability density function for  and . As  is 

known, the q-probability crest height, , is found by solving: 

 

   ,    (2) 

 

where 2920 is the no. of 3-hour windows per year. When 

using 2920 in Eq. (2), it is tacitly assumed that all 3-hour 

extreme crest heights are statistically independent. This is not 

fulfilled and Eq. (2) is assumed to result in slightly 

conservative ( ) crest heights if all involved distributions 

are perfectly known.  

   For airgap assessments one should realize that the sea 

surface elevation should be modelled as a non-Gaussian 

stochastic field. A second order random process is frequently 

adopted in practice. The distribution function for global crest 

heights (largest crest height between zero-up-crossings), C, is 

given by, [5]:  

 

    (3) 

 

 and  are modelled as functions of mean sea state 

steepness, , and the Ursell number, 

. For long crested sea (2-dimensional sea), the 

functions read: 

 

   (4) 

    (5) 

 

where h is the significant wave height,  is the mean wave 

period,  is the wave number corresponding to , g is 

acceleration of gravity and d denotes water depth. Expressions 

for  and  for short crested sea are also given in Ref. [5].  

   Assuming that global crest heights in a 3-hour stationary sea 

state are statistically independent (not perfectly fulfilled) and 

identically distributed, the distribution function for the 3-hour 

maximum crest height is given by: 

  (6) 

 

   A second order random model does not account for wave 

breaking. A consequence of this is that the predictions of crest 

height for very steep sea can be conservative. For less steep 

sea states (but still reasonably steep sea), second order 

prediction may possibly be slightly non-conservative 

regarding the most severe crest heights due to higher order 

effects. Regarding airgap assessments, second order crest 

predictions should be considered as being slightly on the low 

side (see Table 3) unless the predictions are properly verified 

for the case under consideration. This will be further 

discussed later. 

 

Example of a Long Term Analysis of Crest Height 

A joint distribution of Hs and Tp at a southern location on the 

Norwegian Continental shelf is presented in Ref. [6]. The 

estimation is based on NORA10 hindcast data, [7], from 

56o11’N and 3o41’E. The data used in this study represents 

data for every 3 hours from September 1957 through June 

2014.  

  The joint density function of Hs and Tp, , is written 

as a product of a marginal density function for Hs and a 

conditional density function for Tp given Hs. A LoNoWe 

distribution is used for Hs. This is a hybrid model with log-

normal distribution for values of Hs below  and a 2-

parameter Weibull distribution for , [8]: 

 

       

      (7) 

       

 

   For  it is utilized that if Hs is log-normal distributed, 

the variable  is normal distributed with parameters  

 and . The 

following parameters were estimated in Ref.  [6]:  

 

  

   Continuity is required both for distribution function and 

density function at , i.e. the LoNoWe model is actually 

a 3-parameter model. An alternative model, more frequently 

used, is a 3-parameter Weibull model, but in Ref. [6] the 

LoNoWe model is used.  

   A log-normal distribution is used for the conditional 

distribution of Tp given Hs: 

 

   (8) 

 

   For each class for Hs of width 1m the distribution 

parameters are estimated. In order to obtain estimates for the 

parameters beyond the level of observations, smooth functions 

are fitted to the point estimates. Thus the parameters actually 

used for long term analyses are given by, [6]: 

 

      

      (9) 
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   The fitted distribution for Hs is compared to the empirical 

distribution in Figure 3 and a reasonable good fit is seen for 

the interesting sea severity, i.e. stormy seas. A conditional 

90% band for Tp given Hs is shown versus Hs in Figure 4, 

where the hindcast data also is presented. Estimated ULS and 

ALS characteristics are given in Table 1.  

 

 
Figure 3. Fitted LoNoWe distribution for Hs versus empirical 

distribution. From Ref. [6]. 

 

 
Figure  4. Estimated conditional 90% range for Tp given Hs. 

From Ref. [6]. 

 

 

Table 1. 10-2 - and 10-4 – annual probability significant wave 

height and associated spectral peak period. From Ref. [6].  

Design case Hs (m)  (s) 

ULS 12.9 16.4 

ALS 16.3 19.2 

 

 

  The long term analysis for crest height uses the joint function 

described above for the weather characteristics and the 

Forristall crest height model, Eqs. (3) - (5), [6].  A separate 

long term analysis of wave height (trough to crest height) of 

global waves is also performed using Forristall wave height 

distribution, [9]. The ULS - and ALS crest heights and wave 

heights are given in Table 2. It should be noted that the 10-4 

annual probability crest height (ALS) is about 30% larger than 

the 10-2 – annual probability crest height (ULS). If we fit a 

Stokes 5th order wave profile to the ALS wave height and the 

conditional mean wave period, the crest height of the Stokes 

5th order profile will typically be around 58% of the wave 

height.  Applying this ratio to the ALS wave height in Table 

2, the “ALS crest height” is found to be 18.4m, i.e. about 

1.2m lower than the 10-4 annual probability crest height. This 

is just an indication. For other depths and steepness values, 

the underestimation may differ slightly from this value. 

 

Table 2. 10-2 - and 10-4 – annual probability crest height, C, 

and wave height, H. From Ref. [6]. 

Design case H  (m) C (m) 

ULS 24.6 15.1 

ALS 31.7 19.6 

 

 

4.3 Uncertainties Associated with Incoming Crest Height 

Long Crested or Short Crested Sea 

   Regarding prediction of crest extremes in a point, Figure 5 

and Figure 6 suggest that there is a rather small difference 

between long crested and short crested predictions within a 

second order assumption for the sea surface. However, the 

area or volume of platform topside being submerged in case 

an extreme wave crest exceeds the available airgap, the 

difference between long crested sea and short crested sea may 

be more clearly pronounced. From model tests, impact loads 

due to loss of airgap seem to be smaller in a short crested 

case. How much smaller is the crucial question? This will to a 

large extent be governed by the shape of the worst wave 

event. If the critical wave is of a pyramidal shape, difference 

will be very large, while if the crest length is 50-100m, i.e. 

comparable to deck dimensions, the effect may not be that 

significant.  

   For a further investigation of short crestedness and its effect 

of the shape, of the most extreme steep crest heights possibly 

in a development towards wave breaking, a fully non-linear 

model of the surface process or model test experiments should 

be considered, see Ref. [16] where it is indicated that crest 

length seems to increase with increasing crest height in spread 

sea. In case the extreme wave is not in a development towards 

breaking, its shape is indicated by a second order new wave 

profile i.e. the Fourier transform of the underlying wave 

spectrum modified to account for second order effects.   

 

Point Maximum Versus Area Maximum 

   In a random wave field, a particular crest will evolve in time 

and space. A consequence of this is that even if an extreme 

crest event does not reach the double bottom (bottom of deck 

steel) at the edge of the deck, it may grow to cause a major 

wave-deck impact under the deck. To avoid such an event 

with sufficient margin, target crest height should be the area 

maximum and not the maximum in a given point.  

  The difference between an area maximum and a point 

maximum is discussed in Ref. [11]. The area investigated is  
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Figure 5. 3-hour extreme value distribution, Eq. (6), for the 

peak sea state along the ULS contour. 

 

 

 
Figure 6. 3-hour extreme value distribution, Eq. (6), for the 

peak sea state along the ALS contour. 

 

 

quadratic with side length denoted L. Wave spectrum is a 

JONSWAP spectrum with peakedness parameter of 2.5. Short 

crested sea is adopted and is characterized by a simplified 

version of Ewans spreading, [19], see Ref. [11] for details. It 

is proposed that the difference between the expected areal 

maximum and a point maxim is a function of L/ , where  

is the wave length corresponding to the mean wave frequency, 

m1/m0. mj is wave spectral moment of order j. Based on a 

quadratic fit to simulated results, the difference is estimated 

by, [11]: 

 

 

      (10) 

 

 

 is the standard deviation of the sea surface process and 

equal to 25% of the significant wave height of the sea state.  

   As an example, let us look at the ALS case of Table 1. The 

wave length is here assumed to about 360m for a depth around 

100m. Assuming deck side is 60m, the increase of maximum 

crest height due to area effect is about 1.5m according to Eq. 

(10), i.e. slightly less than 10% increase. This is for a 

JONSWAP spectrum with spectral peak value, , of 2.5 and 

the approximate Ewans spreading.  

 

Adequacy of Second Order Assumption Regarding Estimation 

of Extreme Crests 

   The governing contribution to the required airgap is the 

height of the ULS wave crest and the height of the ALS wave 

crest obtained using a second order model for the surface 

process.  An important question to address is the adequacy of 

the second order model. At some steepness level, higher order 

effects will be of importance. Initially, higher order effects 

will result in a slight increase of the crest percentiles. 

However, as the local steepness reach a limiting value, wave 

breaking is introduced and the highest crest height percentiles 

will be reduced. Since wave breaking will not take place in a 

second order sea, we can, for extreme cases, see that the true 

percentile values become lower than the second order 

percentiles.  For a slightly longer spectral peak period, the 

limiting effect of wave breaking is shifted to a lower 

exceedance probability making the latter sea state to the 

critical sea state regarding airgap assessments.  

   During the last decade several authors have compared 

second order theory with model test data and full scale data, 

see e.g. [12], [13], [14] and [15]. The adequacy of the second 

order assumption for estimating extreme wave crest heights is 

investigated using full scale measurements from the Northern 

North Sea in Ref. [14]. Water depth is 190m and 20-minute 

time series of surface elevation are estimated using a SAAB 

radar with a sampling frequency of 7.68Hz. Time series are in 

principle available for all 20-minute windows with significant 

wave height higher than 5m. Of course there are gaps in the 

data, but a considerable amount of apparently good quality 

data is available.  

   Data series are pooled into classes in terms of significant 

wave height and spectral peak period. Class widths are 1m 

and 1s, respectively. Results in terms of normalized crest 

height are shown in Figures 7-9 for 3 sea state classes. The 

empirical exceedance distributions for crest heights based on 

the 20-minute time series are shown in red. For each data set, 

the crest heights from the individual 20-minute series are 

merged and the empirical distribution based on the merged 

samples is shown in green. The Forristall crest height 

distribution for short crested sea is shown in blue.  

    For the 20-minute series, quite some scatter around the 

second order curve is seen. This should be expected since the 

number of global crests (largest crest between zero-up-

crossings) during the selected 20-minute time series is in the 

range 100-140. For the merged crest height samples, the bulk 

of the empirical distribution represent a rather close fit to the 

second order crest height distribution. The latter is calculated 

from Eq. (3) using the average values of Hs and Tp for the data 

in each class.    

   For Figure 7, an accurate fit is obtained for exceedance 

probabilities well below 10-3. The cumulated duration of the 

data shown in Figure 7 is 375hours. A higher sea state is 

considered in Figure 8. Fewer observations are available and 
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the cumulative duration is 57 hours, i.e. 6-7 times less crests 

than for Figure 7. 

   Due to fewer data points, the exceedance probability of the 

largest crest height of the class in Figure 8 increases with 

almost an order of magnitude as compared to Figure 7. A 

similar increase in the probability level for good agreement 

with the second order distribution is seen. This indicates that 

as more observations become available, the empirical 

distribution seems to approach the second order model. But, 

for   the first case, the empirical upper tail suggests extreme 

crest heights slightly less than what second order suggests, 

while for the other case, which is associated with smaller sea 

state steepness, crest heights higher than second order 

predictions are suggested for low exceedance probabilities. Is 

this observation possibly indicating a steepness dependence of 

the adequacy of the second order model? 

   It would be convenient if we can conclude that the second 

order distributions suggested by Forristall, [5], is of good 

accuracy for the range of concern, and that the variation we 

see regarding the upper tail can be considered as statistical 

noise. This would be in agreement with the conclusions in 

[15]. However, the case shown in Figure 7 has a higher sea 

state steepness than the case shown in Figure 8. This could 

also suggest that the reason for upper tail below second order 

in Figure 7 are due to wave breaking. The less steep sea state 

in Figure 8 is not limited by breaking to the same extent and 

crest heights above second order are observed. 

   The argument of wave breaking as a possible explanation 

for the deviation seen in Figure 7, can, however, be 

questioned by the results shown in Figure 9. This is based on 

data from one 24-hour storm period where the significant 

wave height remained between 9.6m and 11.9m. The sea state 

steepness of the case in Figure 9 is similar to the steepness of 

the case in Figure 7, but there is no pronounced effect of wave 

breaking in Figure 9. For this case, the empirical distribution 

gives a systematic exceedance of the second order crest height 

percentiles for exceedance probabilities below 10-2 for an 

arbitrary crest height.  

   Of course it is not sea state steepness that defines breaking, 

one should rather look at the steepness of the largest wave 

groups in the sea states. The local spread of a sea state i.e. the 

short crestedness for the largest wave groups could well be an 

interesting parameter regarding development large crests. This 

is a quantity that is not well known and further investigation 

on the variation of short crestedness of extreme storms is 

recommended. An attempt to discuss this is found in [16].  

   Results for a 3-hour period with significant wave height 

around 12m and a spectral peak period of 15s, i.e. 

, are also shown in [14]. The empirical 

distribution fits very well to second order distribution, except 

for the upper 5 crests which lie slightly above the 

corresponding second order percentiles.  

   A reasonable conclusion in view of present state of 

knowledge is to consider crest height results obtained using a 

second order assumption as a lower bound for wave crest 

height. The underestimation can in realistically spread sea be 

about 5-10%. 

 

 

 

 
 

Figure 7. Crest height exceedance probabilities compared to 

second order, 375 hours of measurements with 

. From Ref. 

[14]. 

 

 
Figure 8. Crest height exceedance probabilities compared to 

second order, 57 hours of measurements with 

. From Ref. 

[14]. 

 

Uncertainty in High Frequency Decay of Wave Spectrum 

   The parameterized model for second order global crests, 

Eqs. (3) – (5), was established using the JONSWAP spectrum. 

The high frequency tail of this spectrum decays proportional 

to . In 1984 Phillips, [22], suggested that the high 

frequency tail should rather decay proportional to . Will 

this affect the distribution of global crest heights? Two models 

for the wave spectrum was compared in a small model tank at 

Marintek (Lilletanken) as a part of a master thesis, [17]. The 

input sea state was rather steep and given by, Hs = 10m & Tp  
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Figure 9. Crest height exceedance probabilities compared to 

second order, 24 hours of measurements during January 26, 

2012. . From Ref. 

[14]. 

 

 

= 10.55s. For the JONSWAP spectrum decaying according to 

, the average significant wave height in the target position 

in the tank after ten repeats (with random seed) of 1-hour (full 

scale duration) was estimated to 9.31m. Using the same 

procedure with the Donelan spectrum which is a version of 

the JONSWAP spectrum decaying according to , the 

average significant wave height was 9.17m. Estimated crest 

height exceedance probabilities for the two spectral models 

are shown in Figure 10. The figure is based on pooling global 

crest heights from ten 1-hour (full scale time) model test 

series.  

   It is clear from Figure 10 that the spectral decay is not very 

important regarding crest height for the undisturbed crest 

height distribution. However, merely one sea state is 

considered so further work should be done before a robust 

conclusion can be made. The resulting shape of the basin 

wave spectrum is also associated with uncertainties. It is 

recommended to investigate the high frequency sensitivity 

using a second order simulations of the surface process for 

two spectral models.   

 

Effects of Current 

   Usually current is not considered important for airgap 

assessments of fixed platforms. Current will affect a given 

wave field but it is presently not known whether it will 

improve or worsen the airgap scenario. Here we will neglect 

the effect of current.  

 

 

 

 

 

 

 
 

Figure 10. Comparison of exceedance probabilities for crest 

height based on ten 1-hour simulations from JONSWAP – and 

Donelan spectra, respectively. From Ref. [17]. 

 

4.4 Wave – Structure Interaction 

Jackets and Jack-ups 

   Both jackets and jack-ups are in most cases assumed to be 

sufficiently transparent to neglect diffraction/reflection from 

the platform. This should be fine for a typical jack-up, but 

should be assessed on a case by case for jackets.  

 

Gravity Based Platforms 

   For gravity based platforms one needs to account for wave – 

structure effects when determining required airgap. 

Depending on water depth and height of caisson, a 

considerable diffraction/reflection effect of the amplification 

of the incoming wave crests must be expected. The diffraction 

effect of a regular wave with 19.3m crest height and a wave 

period of 15s is indicated in Figure 11. The maximum crest 

height under platform deck varies from 18 – 26m. For an 

irregular sea state of similar severity and steepness, the 

surface field under the platform deck would be much more 

chaotic. 

   As waves are approaching a gravity based structure, the 

disturbed crest heights will typically be considerably higher 

than the undisturbed incoming crest height. This is illustrated 

in Figure 12 showing model test results for the crest 

amplification factor of regular waves with various heights and 

directions. The results for the 40m wave height should not be 

given too much attention. For this wave, the crest height hit 

the deck building of the model and the large values are a 

result of water flowing up along the front.  Furthermore, the 

40m wave height is also 15% larger than the 10-4 – annual 

probability height for the platform area.   

    It is seen from Figure 11 that amplification is varying in 

space.  It is also dependent of wave height, wave period and 

wave direction. But in spite of this, Figure 12 suggests that an 

amplification of 15 – 40% could be expected for this type of 

platform. Except for the region close to columns, a linear 
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diffraction analysis may possibly be sufficiently accurate, but 

the rather chaotic pattern of the surface between the platform 

legs does suggest a verification by a proper model test 

experiment if airgap seems to be a critical topic. Close to the 

columns non-linear diffraction and run-up must be expected 

and deck structure close to the columns must be designed to 

take impact loads from run-up events.  

   The amplification indicated by Figure 12 is expected to be 

representative for long crested seas at the same depth. For less 

depths, a much larger amplification should be expected, see 

e.g. [23] and [24].  

 

 
Figure 11. Maximum disturbed crest (upwell) under a gravity 

based structure for a harmonic wave with amplitude 19.3m 

and wave period 15s. (Figure prepared by Per Teigen, Statoil.) 

 

 

 
Figure 12 Amplification of crest height for a regular wave 

approaching a gravity based structure in a water depth of 

about 150m. 

 

4.5 Concluding Remarks for Fixed Platforms 

  As an illustration of the expected contributing quantities to 

the required airgap, Table 3 is prepared. The crest height data 

are for the position represented by the hindcast data. The other 

numbers are typical numbers from the author’s point of view 

based on discussions in previous sub-chapters. It is clearly 

seen that it is the incoming crest height and its associated 

uncertainties that is of major concern.  

   It is important to note the difference between the ULS and 

ALS airgap. The deck should at least be higher than ULS 

airgap. But it shall also withstand loads associated with the 

ALS wave event without escalation. The worsening from ULS 

to ALS indicated in Table 3 is a possible submergence of 

topside of 4-6m depending on type of structure. The 

complexity in determining impact loads for such a level of 

submergence and the associated uncertainties, suggests that 

best solution is to select an airgap close to the ALS airgap.  

 

Table 3. An illustrative calculation of required airgap for fixed 

platforms.  

 
Contribution to required airgap Jack-ups & Jackets Gravity based structures 

ULS ALS ULS ALS 

Tidal amp. (m) 1.0 - 1.0 - 

Storm surge (m) 0.9 1.1 0.9 1.1 

Second order crest height (m) 

 

15.1 19.6 15.1 19.6 

Uncertainty 2. order (m) 0.8     +/-  0.8 1.0  +/- 1 0.8   +/- 0.8 1   +/- 1 

Area maximum (m) 1.5 2.0 1.5 2.0 

Platform-Wave Interaction  

(m) 

- - 3 +/- 1.5 4 +/- 2.0 

Target airgap (m) 18.5 – 20.1 22.7–24.7 20.0 –24.5 24.7 – 30.7 

 

 

5 AIRGAP ASSESSMENT OF FLOATING 

STRUCTURES 

5.1 Still Water Level and Draft of Floater 

For a floater the varying level of still water surface is of no 

concern. What is of concern is the draft of the floater.  

   Drilling semi-submersibles will typically follow the 

Maritime Regulation, RR2 (See Chapter on Rule Regimes). 

At the drilling location, the platform will under normal 

condition stay at an operational draft, while in case of severe 

weather forecast, the rig is de-ballasted to the survival draft. 

The critical still water airgap is the still water airgap in the 

survival condition. There is a considerable difference between 

various drilling rigs concerning still water airgap in survival 

condition. For 7 drilling rigs of semi-submersible type, the 

still water airgap in survival condition varies from 13.5m to 

18.5m, [20]. This is a considerable difference – in particular 

since the required airgap is established based on the same 

regulation regime, RR2.  

   A Statoil operated semi-submersible, Veslefrikk B, was 

installed in the Northern North Sea in 1989. The platform was 

originally build as a drilling rig, but was modified to a 

production rig in agreement with 1989 version of RR1. The 

platform was operated on one draft with a still water airgap of 

14.5m. In mid-nineties, a major wave – deck impact was 

experienced. A new model test program was carried out for a 

set of 10-2 annual probability sea states. Due to the selected 

scale, ALS sea states could not be tested. The result of this 

test program was to introduce a survival draft resulting in a 

still water airgap of 17.5m. It is therefore somewhat surprising 
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that newer rigs have a survival still water airgap considerably 

less than this figure.   

   Semi-submersibles used as floating production units will be 

designed in agreement with PSA rule regime, RR1. These will 

typically operate at one draft irrespective of weather 

conditions. Still water airgap is in most cases around 20m.   

5.2 Method of Analysis – Long Term or Short Term 

Approach 

No matter of adopted regulation, the required minimum airgap 

is defined in terms of a maximum permissible annual 

exceedance probability, q. Both rule regimes require that for 

an annual exceedance probability of 10-2, a wave crest should 

not hit areas where crew could be under such weather 

conditions.  In contrast to fixed platforms, the critical crest 

height will not necessarily be the 10-2 - annual probability 

undisturbed crest height at platform site. For floaters one also 

needs to account for platform motions and, additionally, one 

must account for wave- structure interactions.  

Regarding platforms operating in agreement with RR2, 

there is no requirement regarding model test. Motion and 

airgap assessments are in most cases done by frequency 

domain methods where it is tacitly assumed that the sea 

surface elevation can be modelled as a stationary and 

homogeneous Gaussian random field. This may be of 

sufficient accuracy for motions, but regarding airgap it is too 

crude. This has been recognized for a long time and the 

incoming crest height is corrected by multiplying Rayleigh 

extremes with an asymmetry factor. The asymmetry factor 

varies under the platform. Reference [3] is discussing this 

variation and they recommend that a maximum value of 

asymmetry factor is recommended to be 1.3 at the up-wave 

deck front. In case the governing sea state is very steep, the 

amplification factor of 1.3 may possibly be conservative due 

to wave breaking. Accounting for this, the governing sea state 

regarding airgap assessments may be shifted to a less steep 

sea state along the contour and the factor 1.3 may still be 

valid. One should not utilize a lower asymmetry factor than 

the values recommended by Ref. [3] without verifying the 

selected asymmetry factor by a properly designed model test 

experiment.  

For structures following RR1 (PSA regime), it is also 

required that one shall also validate a sufficient still water 

airgap in case platform is hit by the 10-4 – annual probability 

disturbed wave crest (ALS case) accounting both for platform 

motions and sea-structure interactions. There is no 

requirement for no wave-deck impacts in the ALS case, but it 

is required that the platform is designed against possible ALS 

impacts. It is standard practice for production semi-

submersibles on the Norwegian Continental Shelf to validate 

proposed still water airgap with thorough model test 

experiments. The model test surface is assumed to represent a 

proper deviation from the Gaussian random field and there is 

no need to correct with the abovementioned asymmetry factor.  

In order to assess required airgaps for floaters at a given 

annual exceedance probability, a full long term analysis is in 

principle required. This will be more or less impossible in 

practice if we are to account for the non-Gaussian structure of 

the surface field, a simultaneous modelling of weather 

characteristics that could affect platform heave, pitch and roll 

(wind sea, swell sea, wind speed) and sea - structure 

interaction. A simplified approach is to select a set of short 

term metocean conditions based on q – annual probability 

metocean contour lines for q = 10-2 and q = 10-4 for ULS and 

ALS, respectively, and use these as design conditions. Using 

the methods outlined for metocean contour method, see e.g. 

Ref. [10], long term extremes can be estimated using short 

term analyses. In particular, this approach is convenient if 

model tests are required in order to describe the short term 

variability properly.  

5.3 Metocean Contour Application 

Method description 

   Examples of ULS and ALS metocean contour lines are 

shown in Figure 13. In principle, one could also include mean 

wind speed as a third weather characteristic. This could be 

convenient if wind induced rolling is of importance for the 

estimation of extremes for the relative wave crest height. In 

this paper, however, we will consider contours for significant 

wave height and spectral peak period and briefly review the 

steps involved in using the method.  

 

 
Figure 13.  Metocean contour lines. From Ref. [6]. 

 

  

As the contours are available, the first step is to determine 

the critical sea state for airgap assessments along the ULS - 

and ALS-contour, respectively. This is more challenging for a 

floater than for fixed platforms since airgap is very much 

effected by platform motions and wave-structure interactions. 

A possibility is to select a range on the q-probability contour 

line which is enveloping the critical sea state for airgap 

assessment. Selecting 5-6 sea states to represent the range, one 

could do a screening study to identify the worst sea state 

within the range.  

   As the worst sea state is identified, the aim is to establish the 

distribution function for the 3-hour extreme relative crest 

height – either by numerical analyses or - preferably - from 

model tests. Irrespective of method of analysis, at least 20-30 

repeats of the critical sea state should be done. The q-

probability relative crest height can finally be estimated by the 
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-fractile of the 3-hour extreme value distribution. For ULS, 

 = 0.9 is a reasonable (slightly conservative) choice, while  

= 0.95 is expected to be better for ALS. The metocean contour 

method is an approximate method. The approximation lies in 

the fact that the equivalent fractile level for obtaining a good 

estimate for the long term extremes by a short term variable is 

dependent on both the response properties and how contours 

are determined.  

   The underlying “true” percentile depends on the coefficient 

of variation (CoV) of the 3-hour maximum response. It is the 

relative importance of this source of variability compared to 

the long term variability of the slowly varying weather 

characteristics that is likely to affect the target percentile. 

Experience suggests that as far as CoV is less than 0.2- 0.25, 

the percentiles for ULS and ALS suggested above is 

reasonable or slightly conservative. For airgap assessments 

the target variable is 3-hour maximum relative crest height. 

For this variable, CoV is less than 0.2 and the percentiles 

recommended above should be reasonable approximations.  

   If, however, focus is on impact loads from breaking waves, 

the COV could well be 0.5 – 1.0. In such a case, the 

underlying true percentiles would be much larger! A 

percentile of about 0.999 is not unrealistic. The reason for the 

large percentiles is related to the fact that the projection of the 

design point (most likely combination of variables as the q-

probability is realized) into the Hs-Tp plane is far away from 

the q-probability contour of Hs and Tp. The percentile of the q-

probability impact in the design point is a very high say in the 

order of 0.9999. Our lack of understanding of the short term 

variability of 3-maximum impact pressure suggests that one 

should be very careful to put too much weight to percentile 

well beyond 0.99. For the breaking wave impact problem, one 

should be very careful by applying both long term analyses 

and metocean contour line approaches. Better understanding 

of the of the short term variability of impact loads from 

breaking waves are strongly needed! 

   In contrast to the q-probability impact load due to breaking 

waves, the q-probability crest height problem can be 

investigated both by long term assessments and metocean 

contour approaches. No matter of method, predicting the q-

probability relative crest height for a floater will be associated 

with larger uncertainties than for the q-probability disturbed 

crest height for a fixed platform. Various sources of 

uncertainties will be discussed below.    

5.4 Sources of Uncertainties 

Selection of Design Sea States 

It is more complicated to find the worst sea state along the 

q-probability contour for a floater than for fixed platform. The 

best approach is possibly to do a proper screening along a 

selected range of the target contour. A robust screening study 

would require several repeated tests for the screening sea 

states since we primarily are interested in the extremes of the 

3-hour maximum relative crest height. The critical point under 

the platform projection will vary somewhat from repeat to 

repeat of the given sea state due to short term variability of the 

maximum relative crest height under platform deck. The 

critical point will also depend on characteristic period 

(preferably spectral peak period), mean direction of 

propagation of waves, significant wave height and the degree 

of short crestedness of the sea state. Wind and current may 

also be of importance for indicating the criticality of a sea 

state.  Wind because it may affect slow drift motions of 

floater, while current can be of some importance if it affects 

the wave –structure interaction, [18]. It is also worthwhile to 

mention that presence of swell may be of importance 

depending of the sea states selected for the screening study, 

i.e. choice of wave spectrum may be of importance. Finally, if 

the floater is operating using dynamic positioning to stay close 

to target position, the resulting effect of varying wind and 

corresponding varying total thrust on platform motions, e.g. 

platform rolling, must be captured.  

In practice one has to simplify the screening process. But 

with increasing simplification, more effort is necessary to 

verify that the final recommendation is on the safe side 

regarding required still water airgap and loads from possible 

impacts. One of the most important advantage of including the 

ALS requirement in RR1 regarding airgap assessment is that it 

ensures a margin well above the 10-2 – annual probability still 

water airgap. Of course, if the ALS weather scenario is too 

simplistic, the numerical analyses or model test experiments 

will not necessarily result in a robust estimate of ALS airgap. 

But the ALS check will at least ensure a robustness well 

beyond the ULS level for events not captured by the 

prescribed ULS scenario.  

 

Long Crested or Short Crested Sea 

The real ocean surface for wind induced sea is short crested. 

A thorough discussion of previous models for wave spreading 

is presented in [19] in connection with a careful assessment of 

spreading data from Maui. It is clear from the paper that, 

based on the Maui data, the standard deviation of the 

spreading is smallest around the spectral peak and that it 

broadens for both lower frequencies and higher frequencies. 

For high frequencies, the spreading function seems to attain a 

double peaked shape. For fixed platforms, utilizing long 

crested sea will yield conservative results. This is not case for 

a semi-submersible. Short crested sea may result in platform 

rolling even in head sea.  

   Here we will focus on the spreading around the spectral 

peak, i.e. around the most energetic frequency band. From the 

Maui data, standard deviation of the spreading around the 

peak frequency vary from 15o to 30o. A commonly adopted 

spreading function is: 

 

 ,  (11) 

 

where 

    

 

Standard deviation of spreading in  using Eq. (11) is 

shown in Figure 14. Regarding spreading around the peak 

frequency, n=14 seems to be conservative for cases where 

spreading is reducing the variable of concern, while n = 2 will 

be conservative for cases where spreading does worsen the 

situation (e.g. ship rolling in head sea). In Ref. [4], n=10 is 

75



The 3
rd

 Offshore Structural Reliability Conference  

OSRC2016 

14-16 September, Stavanger, Norway 

 
recommended as a lower limit for cases where spreading 

reduces the response. The average standard deviation from the 

Maui data suggest n=6 as a proper average for the range 

around the spectral peak frequency. If spreading is important 

for the variable under consideration, it will typically be non-

conservative to use the mean. Thus n=4 may be reasonable for 

cases where spreading does worsen the situation, while n = 10 

can be reasonable for cases where spreading reduces the 

response. 

 

 
Figure 14. Standard deviation of spreading function of Eq. 

(11). 

 

The spreading is often assessed based on sea states of 

moderate severity. Is there any reason to be concerned by the 

fact that design sea sates will have significant wave height of 

15 – 20m, while data used for assessing spreading typically 

correspond to sea states less than 5m?  Spreading is, 

furthermore, estimated based on averaging over the length of 

the data series. In case there is an underlying modulation of 

the spreading within a sea state, this is smoothed out by the 

averaging process. Could such modulation be of concern? 

Nature have never claimed to be neither stationary nor 

homogeneous, it is us that has imposed these restrictions. The 

spreading of concern for design is often the spreading of the 

largest individual waves or worst wave groups, in particular 

for fixed platforms, but also for wave-deck impact problems 

for floaters. This will be the scenario causing the worst 

response for ULS and ALS assessments. Is the spreading for 

these events equal to the average spreading of the full sea 

state? According to Ref. [16] there is a tendency of reduced 

spreading with increased crest height.  

   The spreading discussed above is spreading of a pure wind 

generated system. In practice, a sea state may well be of a 

combined nature, i.e. the local wind sea is superimposed on an 

incoming swell system which typically have a different 

direction of propagation. For fixed platforms, this is not 

expected to be important, but for floaters it may be of some 

concern. A swell system with a direction of propagation 

different from that of the wind sea, may cause unfavourable 

platform motions being uncorrelated with the steep wind 

induced extreme waves. It is not common to consider 

simultaneously occurring wind sea and swell from different 

directions, but may be this should be investigated if sea states 

along the steep side of the metocean contour are important. If 

this is done, short crested sea with n as the most unfavourable 

value between 4 and 10 should be utilized for the wind sea in 

order to investigate the effect of short crested sea on the 

airgap problem. 

 

Choice of Wave Spectrum 

No matter of response analysis, the spectral density function 

for the wave field is needed. The JONSWAP spectrum is 

frequently used for growing wind sea. For steep sea states 

with a moderate significant wave height, say Hs < 12m, the 

sea state can be of a combined nature. This means that the 

wind sea is superimposed on swell sea, which generally will 

come from a different direction. A spectral model that can 

handle the combined nature of the frequency spectrum is the 

Torsethaugen wave spectrum, [21], but a deviation in 

direction between the two systems is not build into the 

Torsethaugen model. A proper directional deviation between 

wind sea and swell sea must be introduced by the analyst. For 

some few sea states along the ULS contour line shown in 

Figure 13, the corresponding JONSWAP - and Torsethaugen 

spectra are compared in Figure 15. For the two lowest sea 

states, we see a certain trace of long period swell energy. For 

a floater, the Torsethaugen spectrum may well give worse 

results for these sea states. The long period swell may under 

unfavourable conditions result in heave - and roll 

contributions that would be independent the wind sea. This 

effect is missed when adopting JONSWAP.   

   The Torsethaugen spectrum is a sum of two JONSWAP like 

spectra. The major difference is that for high frequencies, 

JONSWAP decays proportional to f -5, while Torsethaugen is 

based on the recommendation of Ref. [22] and decays 

proportional to f -4. The Donelan spectrum is a version of 

JONSWAP spectrum decaying with f -4. A comparison of 

crest height distributions from model tests using both these 

spectral models are shown in Figure 10. The model test results 

indicate that the effect on the crest height distribution is rather 

small – at least for cases investigated in Ref. [17].  

As seen from Figure 15, that for sea states with spectral 

peak period of 14s and 16s, the JONSWAP and Torsethaugen 

wave spectra are more or less coinciding. Torsethaugen 

spectrum will decay slower and will have somewhat more 

high frequency energy, but this difference is not likely to be 

important compared to other uncertainties. It is interesting to 

note the difference between the spectra for a sea state to the 

right of the mode of the contour line. For the wave period 

band from 6-12s, the Torsethaugen model have more energy 

than the JONSWAP model. This can be important for airgap 

assessments of semi-submersibles.   

For an airgap assessment of a floater, one should include sea 

states within the spectral peak period range form 10s to about 

2s higher than the spectral peak period at the mode of the 

contour in the screening assessment. 
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Figure 15 Comparison of JONSWAP – and Torsethaugen 

spectra along the ULS contour lines. 

Disturbed Crest Heights 

For most floaters, the diameter of the column is so large 

compared to interesting wave lengths that a significant 

disturbance of the incoming wave field is to be expected – in 

particular for steep sea states. Two mechanisms are involved; 

diffraction (and reflection) and waves generated by the 

platform motions. Linear diffraction analysis with correction 

for wave asymmetry is believed to be accurate if we stay away 

from a zone of d/2 around the columns, where d is column 

diameter.  Closer to the columns, non-linear diffraction should 

be considered. It will be difficult to avoid run-up induced 

impacts against cellar deck close to the columns and such 

events must be designed against. 

   In connection with model testing it is often difficult to 

obtain the amount of wave energy in the upper tail that is 

specified by the target spectrum. This problem is amplified 

when using the Torsethaugen spectrum due to the slower 

decay.   

   A Torsethaugen spectrum is used as target input spectrum 

for ALS model tests of a semi-submersible. From the 

calibration tests with no platform present, the target spectrum 

is compared with the average basin spectrum in platform 

position in Figure 16.  

 

 

 
Figure 16 Wave spectrum for a sea state with Hs = 20.7m and 

Tp = 20.1s (ALS sea state), [18]. 
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Tests are done with and without current. A reasonable 

agreement is seen except for frequencies above 0.1 Hz. Can 

this deviation effect the prediction of extremes for the relative 

crest height? 

   By numerical predictions using a linear diffraction code, 

MULDIF, the relative crest height (upwell) extremes around 

the platform are calculated both for the target Torsethaugen 

spectrum, black curve in Figure 16, and for the average 

spectra estimated from the calibration tests, red and blue 

curves in Figure 16, [18]. The linearly calculated crest height 

extremes are multiplied by an asymmetry factor 1.2 in order to 

approximate effects of non-linearity in the wave process. 

According to the results of Ref. [18], the worst relative crest 

height (upwell) extreme is typically 2-3m higher when using 

Torsethaugen than what is obtained using the average 

spectrum as input to the MULDIF analyses. The difference is 

due to the upper tail.  

   For large frequencies (short waves) the diffracted wave 

elevation transfer functions are large. For small frequencies 

(long waves) the transfer functions are small. When using a 

constant asymmetry factor for all frequencies, upwell will be 

larger for the spectra with a fat tail. However, the asymmetry 

factor is uncertain. Further work on the asymmetry factor is 

recommended. Further work is also recommended, regarding 

the high frequency (f < 0.1 Hz) shape of the wave spectrum 

for storm seas. What is the most accurate estimate, a 

theoretical wave spectrum decaying according to f-4 or the 

average model test approximation of the theoretical target 

spectrum? This is of some importance if the approach of a 

constant asymmetry factor is maintained. 

 

Effects of Platform Motion 

For an accurate assessment of airgap for a floater, the 

motions of the floater must be accounted for. The most 

important modes of motion are heave, roll and pitch. Slowly 

varying surge and sway may also be of some concern since 

they could have a similar effect as current. If current is of 

importance regarding airgap assessments, then these modes of 

motion may be important, [18]. 

The ability to move with the waves will typically reduce the 

required still water air gap compared to a jacket. If for 

example a still water airgap of 25-26m is required for a jacket 

to avoid wave deck impacts at 10-4 annual probability level 

(ALS consideration), a semi-submersible may avoid wave-

deck impacts at the same probability level by a still water 

airgap around 20m, except close to the columns. This is an 

airgap much higher than the than the survival airgap, 13.5-

18m, Ref. [20], of most drilling semi-submersibles. Of course, 

drilling semi-submersibles are not required to be checked for 

an annual exceedance probability of 10-4, but the lower range 

will from the author’s point of view also be exceeded at an 

annual exceedance probability of 10-2.  

   In long period sea, airgap problems are typically non-

existing since the platforms have time to respond to the wave. 

The challenge for floaters is steep seas where the platform has 

not enough time to raise the front.  Steep seas are also the seas 

where non - linear mechanisms are most clearly pronounced. 

It is not only the effect on the crest height that is of concern, 

the crest front steepness may be equally important for floaters 

because this will affect the platform’s ability to raise the parts 

of the platform facing the incoming waves.  

The non-linearity in the incoming crest height is 

compensated for by the asymmetry factor, see e.g. [3, 18].  

Non-linearity in crest front steepness is not that easy to 

account for in a simplified way. If one is to consider sea states 

including severe waves close to their limiting steepness, 

model test experiment is the best available tool.  

A final comment related to the effects of motions is the 

consequences of combined seas, i.e. the local stormy wind sea 

is super-imposed on an incoming swell system. Such sea 

states can be a possibility for all types of wind sea since wind 

sea and swell sea are likely to be uncorrelated phenomena. 

But combined seas of concern for airgap assessments are 

primarily sea state along the steepest side on the ULS- and 

ALS contours, see Figure 15. The swell sea and wind sea will 

in most cases correspond to different direction of 

propagations. The wind sea is of course the dangerous sea 

regarding height of incoming crest, but if swell sea cause 

significant rolling independent of the incoming wind sea it 

may affect the available airgap in the corners of the platform. 

Short crested wind sea will have a similar effect on the rolling 

motion.  

 

 Effects of Wind 

Wind should be included when assessing minimum airgap. 

It can amplify pitch and roll motions – especially if the 

corresponding natural periods are rather long. Some attention 

should also be given to cases where wind direction and wave 

direction are not the same. In extreme storms, a difference of 

more than 30o will be rare on the Norwegian Continental 

Shelf.  

For floaters kept in position by dynamic positioning, the 

dynamic positioning should be included in the assessment of 

required airgap. If platform is heading into the wind sea and 

the wind direction is 30o off the wave direction, the resulting 

effect of wind force and compensating thrust force may add 

up to a larger pitching and/or rolling moment than one would 

have for the same platform and weather in a moored 

condition. 

 

6 AIRGAP ASSESSMENT USING NORSOK 

STANDARD AND MARITIME REGULATION 

The major difference between airgap assessments for semi-

submersibles for production (following RR1) and semi-

submersibles used for drilling (following RR2) is the 

difference in focus on ALS, i.e. 10-4 – annual probability 

metocean events. In Figure 17, the relative crest height 

(upwell) contours are shown for both ULS - and ALS sea state 

for a semi-submersible. The results are based on a linear 

diffraction code, WADAM, and a correction of the linearly 

predicted crest height by an asymmetry factor of 1.2. Long 

crested sea is applied. The difference varies over the 

projection of topside, but the ALS crest height is about 2 - 4m 

higher than the ULS results. 

   The observed difference between ULS and ALS should be 

well known to the rule makers. It is somewhat surprising that 

this large difference is accepted. Both production units and 
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drilling units are manned structures, both types of platforms 

are operating without any airgap related restrictions (except 

de-ballasting to survival draft for drilling rigs) on the 

Norwegian Continental Shelf. A thorough assessment on the 

consequence of the large difference on platform safety is 

recommended.   

 

 

 

 

 
 

 

 
Fig.17 ULS (top figure) and ALS (bottom figure) relative 

crest height for a semi-submersible. From Ref. [18]   

7 SUMMARY DISCUSSION OF UNCERTAINTIES 

RELATED TO AIRGAP ASSESSMENTS 

Below is a discussion of what the author of this paper 

considers as the most important metocean sources of 

uncertainties regarding prediction of necessary airgap for 

fixed platforms and semi-submersibles. Recommendations 

regarding assumptions that have to be made during an airgap 

assessment will be given.  

   The recommendations reflect the views of the author and 

will occasionally go beyond what is recommended by “rule 

regime owners”.  The discussion is subjective and is primarily 

meant as a contribution to a discussion on how more robust 

still water airgaps can determined in the future – in particular 

for the semi-submersibles following the maritime regulation 

regime (RR2).   

 

7.1 Fixed Platforms 

Short Crested or Long Crested Sea 

For fixed platforms long crested sea is likely to be slightly 

conservative. This author does therefore suggest that long 

crested waves should be used for estimating the ULS - and 

ALS still water airgap at the design phase. The conservatism 

introduced by that, can eventually be utilized in connection 

with future modifications of top side weight or worsening 

weather conditions.  

 

Non Gaussian Sea Surface 

For jackets and jack-ups, the airgap must account properly for 

the non-Gaussian structure of the surface process. The largest 

uncertainties related to the airgap problem is the adequacy of 

the second order wave theory. Can a second order crest height 

prediction be considered sufficiently accurate? Arguments can 

be given for both yes and no. Robust engineering therefore 

suggests that one should add a margin for uncertainties in the 

accuracy of second order theory. 5-10% margins on top of the 

ULS – and ALS predictions of crest height do not look overly 

conservative.  

 

Area Effect 

Another topic that causes some discussion is the area effect. 

This effect is a real effect. Nobody should be surprised by the 

fact that the largest crest within an area in the long run is 

larger than what is observed maximum in a single point for a 

dispersive random surface field. Uncertainties are, however, 

related to its magnitude. We will not discuss this further here, 

but 5-10% margins on top of the estimated ULS – and ALS – 

still water airgap do not look overly conservative. 

   If the resulting margin accounting for uncertainties in 

second order model and in the area effect is selected less than 

15%, this should from authors point of view be verified by 

e.g. a properly designed model test. 

 

Gravity Based Structures (GBS) 

For still water airgap assessments of gravity based structures, 

what is said for jacket do apply, but in addition sea- structure 

interactions may an important contribution to the height of the 

still water airgap.  A linear diffraction code may give 
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reasonable results except for very close to the platform legs, 

i.e. the run-up zone.  But the surface field can be rather 

chaotic between the platform legs and one can question the 

validity of a linear assessment of the resulting maximum crest 

height. In particular, this should have focus for platforms with 

a rather shallow depth over the caisson. Linear analysis may 

be very conservative if wave breaking takes place as the wave 

enters the up-wave front of the caisson. The analysis may non-

conservative if non-linear mechanisms are active over the 

caisson, but full breaking is not seen over the caisson. For 

such cases model test experiment can be useful. 

   A model test experiment was conducted in mid-eighties for 

the Statoil operated GBS Sleipner A. Based on test results, the 

incoming (undisturbed) 10-2 annual probability crest height 

was increased by about 5m due to the presence of the 

platform, i.e. an increase of about 30%. For the governing 

ALS event, the increase was merely 1.5m due to wave 

breaking, i.e. an increase of the incoming ALS crest height of 

5-10%.  

7.2 Semi-Submersibles  

For semi-submersibles, it is more complicated to estimate 

proper still water airgap. For semi-submersibles operating at 

several drafts, focus should be on necessary draft in the 

survival condition. A floater is more robust against global 

failure due to wave-deck impacts than a jacket, but 

consequences can still be severe if a major impact wave-deck 

impact takes place, e.g. COSL Inventor at the Troll Field in 

December 2015. Another very severe case with a semi-

submersible is the Ocean Ranger accident at the Hibernia field 

nearly 50years ago. A violent wave-deck impact caused rather 

severe local damages to the platform (e.g. broken windows 

and water into the control room). The impact itself did not 

directly cause the tragic outcome, but wave-deck was the 

initial event of what during next few hours escalated to a huge 

disaster.  

 

Non Gaussian Sea 

For air-gap considerations, accounting for the non-Gaussian 

structure of the surface process is as important for semi-

submersibles as it is for fixed platforms. In practise this is 

often done by an asymmetry factor, see e.g. [3]. This may in 

most cases be sufficiently accurate regarding the correction of 

incoming undisturbed crest height.  

   The surface process under and near the platform will in 

severe wave conditions be rather chaotic due to diffraction 

and reflections. Linear analyses may give a good 

approximation in not too severe conditions, but will it be 

accurately enough in the most dangerous sea states regarding 

airgap assessments? This should be verified by properly 

designed model test experiments. 

 

Sea – Structure Interaction 

A challenge, in practise, can be to predict the effects of the 

platform motions on the estimation of required still water 

airgap. It is not the calculation of motion itself that represents 

the challenge. Linear theory can possibly be sufficiently 

accurate. The major difficulty is to select the governing 

combination of metocean characteristics regarding airgap 

assessments. Usually a rather simplified combination is 

utilized, e.g. pure wind sea characterized by Hs and Tp, which 

additionally is often assumed to be long crested. Various wave 

directions are checked.  Turbulent wind is often used, but it is 

commonly taken to be in-line with wave direction. There may 

be a non-negligible risk that the simplified combinations will 

lead to non-conservative results due to under-predicted 

unfavourable motions of the platform. In order to improve on 

this and reduce uncertainties, the following cases should 

account for: 

 

1. Short crested sea should be used for the wind generated sea. 

Main reason is to be sure that the effect of roll and pitch is 

properly reflected in the airgap assessment. One can use the 

spreading function shown in Eq. (11). The degree of 

spreading, n, could be taken as the value of n between 4 and 

10 that is most unfavourable regarding airgap assessments.  

 

2. If critical sea states can be of combined nature, i.e. wind sea 

superimposed on swell, one should simultaneously expose the 

platform to wind sea and swell sea. This can be done utilizing 

the Torsethaugen spectrum, but it is important to use a 

realistic directional difference between wind sea and swell (in 

view of the site of operation). The swell sea can be taken as 

long crested.  

 

3. If rolling is important for airgap assessments, a case with 

the associated wind having a directional deviation of +/- 30o 

relative to the wind sea direction should be included to 

investigate sensitivity of roll to wind exitation. The sign 

should be selected based on what is conservative regarding 

rolling.  

 

4.  If platform is kept in position by a dynamic position (DP) 

system, the airgap assessment should include dynamic 

positioning and its effect on rolling unless is demonstrated 

that a DP system will not have a significant effect on rolling 

or pitching.  

 

It is clear from above that a proper verification of sufficient 

still water airgap for a semi-submersible, in practice, cannot 

be done by numerical analysis. A properly designed model 

test experiment is called for. This does not have to be done for 

similar type of platforms, but this author recommends that at 

least one platform of each type of semi-submersibles should 

be exposed to such a model test experiment for the ULS level 

prior to receive class for winter drilling in harsh weather 

areas. This is beyond what at present is required for both rule 

regimes. For ALS level, swell is likely to be less important. 

Co-linear wind sea is also more likely to be acceptable. But 

one should assess the sensitivity of short crested modelling of 

the wind sea. Effect of DP system should also be assessed. 

   A model test experiment should include several sea states in 

order to identify the worst combination sea state. In addition, 

a rather large number (>20) of repeats using different seeds 

for the sea wave processes should be tested. This for the sake 

of capturing the short term variability of the airgap variable.  

   Finally, a good alternative would be to do a full long term 

analysis by exposing the rig to the 60-year hindcast data base, 

80



The 3
rd

 Offshore Structural Reliability Conference  

OSRC2016 

14-16 September, Stavanger, Norway 

 
NORA10. This data base gives estimates for simultaneously 

occurring swell and wind sea.  This is conveniently done 

adopting a peak-over – threshold formulation of the long term 

analysis. The long term analysis must be done by numerical 

methods, but a limited test program might be necessary to 

verify transfer functions from a wave process to the airgap 

process and transfer function from wind process to airgap 

process. Maybe a linear assumption can be sufficiently 

accurate to indicate whether or not it is important to include 

swell and wind sea as separate system and to include wind 

induced rolling in the analysis. 

 

8 CONCLUDING REMARKS 

The paper is discussing the various contributions defining 

required airgap for fixed platforms and semi-submersibles. 

For jacket and jack-ups, the most important uncertainty is 

associated with incoming crest height. It is suggested that 

results of second order random theory are taken as a lower 

bound for point estimates. A margin should be introduced to 

account for a possible non-conservatisms associated with the 

second order random surface process. Area effect is important 

and should be included, and uncertainties related to this effect 

seem to be limited. For large volume fixed platforms, effects 

of diffraction need to be accounted for. If non-linear 

diffractions must be included, model tests are recommended.  

   Airgap assessments of semi-submersibles are much more 

complex. Required airgap can be estimated using numerical 

methods by accounting for non-linearity in the incoming 

waves by a wave asymmetry factor. Reasonable results can be 

obtained outside half a diameter from the platform columns. 

Airgap assessments should be validated by a properly 

designed model test experiment. Regarding a further 

discussion on what should be covered by a model test 

experiment, reference is made to the previous section of the 

paper  

   The paper demonstrates that an ALS requirement will 

require a larger still water airgap than an ULS assessment. In 

view of the difficulties in estimating accurate loads due to 

major wave-deck impacts it is recommended that a “no major 

wave deck impacts” at ALS -level should be adopted also for 

the Maritime rule regime. 
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ABSTRACT: In 2012, a photo was discovered of a plunging, breaking, extreme wave, occurring in a 10m significant 

wave-height storm at the Danish Tyra field (depth≈45m). A search for further data/evidence revealed a video showing a second, 

even larger, plunging breaker (crest height estimated at 17-17.5m) in the same storm at the same field site. These observations 

were highly concerning as they exceeded the existing 10,000 year return period abnormal event design criteria with respect to 

both crest height and crest kinematics. The estimated return period of the storm was only 20-30 years. This triggered an 

extensive study in the period 2013-15 aimed at mapping highly non-linear extreme wave events and clarifying the impact of 

these in relation to the integrity of structures in the Tyra field. This paper is primarily concerned with setting the scene for the re-

assessment studies and reporting the extensive works to map the hydrodynamics and wave load ("response") statistics of 

extreme non-linear irregular waves. Due to the lack of a fully non-linear wave theory, the work builds on wave flume and basin 

testing as the tool to investigate the short-term statistics of the Tyra extreme sea-states. The results point to important differences 

between the assumptions underlying standard industry practices and the statistical nature of highly non-linear irregular extreme 

wave events, both in terms of the crest height and its 3D shape, as well as assumptions for particle kinematics and related loads. 

An OSRC 2016 companion paper focuses on how the developed knowledge has been incorporated into a Monte Carlo 

simulation model and presents the overall results. 

KEY WORDS: Irregular waves; Breaking; Wave kinematics; Global wave loads; Hydrodynamics; SRA

1 INTRODUCTION 

The Tyra gas field is a hub for gas export and 

approximately 90% of Danish gas production passes through 

it. The first structures were installed in the field in the early 

1980s. Today, 11 bridge connected platforms are operating at 

two field locations (Tyra “East” and “West”, 3km apart). 

Owing to depletion of the reservoir rock, the Tyra field is 

prone to seabed subsidence. Presently, the seabed has settled 

approximately 5m at both field locations. In year 2000 the 

first platform exceeded the predicted 10,000-year return 

period design air gap. This triggered the Tyra Subsidence 

Phase I re-assessment project. This project was followed by a 

second phase targeting the integrity of riser systems and 

interconnecting bridges.  

Key points in this initial (re-)assessment project were: 

 Design check for Ultimate and Accidental Limit States 

(ALS). 

 The ALS employed a regular Stokes 5th order design wave 

based on the predicted independent 10,000-year return 

period crest height (16.5-16.7m including tide and surge 

with crest peak particle velocity of approx. 10m/s). In 

addition a check was included for a “worst case” 3D 

"Freak Wave": a deterministic event with 14-15m/s peak 

crest velocity was defined for this. Design waves were 

derived from site measurement records dating back to the 

early 1980s.  

 Structures were strengthened to meet these criteria: 

addition of diagonal bracing to portal frame module 

support frames; some deck reinforcements; and grouting 

of compression bracing.  This enabled in the order of 

10MN horizontal wave in deck (WID) loading to be 

resisted. 

 A large test program was performed at scale 1:26 to 

develop WID models applicable to the (typically open 

deck) Tyra structures (grating covered H beams). 

 Platform deck structures were strengthened to meet at least 

a 3.6m deck inundation in the design WID event. 

 The strengthening was supplemented by adverse weather 

production shut down and depressurization of equipment 

and prohibited access of personnel to lower decks. 

Until 2012 these re-assessment criteria were considered 

prudent and conservative relative to general industry practice 

and code requirements. However, further to the discovery in 

2012 of a plunging breaker in the Danish Tyra field (Figure 1, 

d≈45m), followed by a video of an even larger plunging 

extreme wave in the same storm that exceeded the predicted 

10,000-year return period design crest height, we were 

concerned that our assessment criteria were not adequate in 

terms of both the statistics of the extreme crest heights as well 

as extreme wave particle kinematics. This led to the initiation 

of two new projects: Tyra “As-Is”, targeting an as accurate as 

possible estimate of structural reliability considering “New 

Knowledge” and Tyra “Future”, targeting a permanent 

solution in the event that the original design basis was found 

to be inadequate. 

The present paper provides an overview of the work related 

to “New Knowledge” with respect to extreme wave loading 

performed over the period 2013-15. A companion paper [1] 

presents the overall structural reliability analysis (SRA) work 

and general findings of the Tyra “As-Is” study. 

Wave kinematics and hydrodynamic loads on intermediate water depth structures 

inferred from systematic model testing and field observations – Tyra Field Extreme 

Wave Study 2013-15 

Jesper Tychsen1, Martin Dixen2 
1Maersk Oil, Danish Business Unit, Structures & Pipelines, Britanniavej 10, DK-6700 Esbjerg, Denmark 
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Figure 1. Tyra field, Danish North Sea. Hs=10m; Tp=14.5s; 

d≈45m. Insert: Field location (grid 100km). 

2 FRAMING THE SCOPE OF THE INVESTIGATION 

  The core topics of the present paper are to present details 

of work related to kinematics, loads etc. related to highly non-

linear sea-states. However, beforehand, we need to spend 

some time framing the boundaries for this investigation. This 

is an especially important issue, as we now believe that in the 

past we have not given this sufficient attention and relied too 

much on industry practice and code guidance. 

2.1 Reliability of Offshore Structures – a Multi-discipline 

Challenge  

Assuming our ultimate need is a design methodology for 

load and resistance which covers a variety of different 

offshore structures and wave-load driven failure mechanisms, 

we need a high level of technical knowledge within a number 

of disciplines to succeed: 

 Met-ocean: Determine the long- and short-term 

environmental statistics, i.e. sea-state (significant wave 

height, Hs, peak period, Tp, sea-state spreading, sp) as well 

as individual wave and crest height statistics. 

 Hydrodynamics: Deliver the models for water particle 

kinematics throughout the water column (x,y,z) in extreme 

waves as a function of time and the models converting 

these kinematics to structural loads. 

 Structures: Determine the structural response to given 

static or dynamic loading events. Assess failure 

mechanisms and their resistance/failure load. 

 Reliability: Combine the above knowledge to ultimately 

assess the annual probability of a given major accident 

hazard. Within the SRA it is very important that 

consistency in “consequences” relative to “failure” 

probabilities is defined. Furthermore, the reliability experts 

must duly account for the relevance and accuracy of the 

other discipline models applied.  

It is generally accepted by the different discipline 

communities that large discipline challenges exist, but less 

common is an in-depth discussion of the technical challenges 

present across disciplines. An important example of the 

cross-discipline challenge is between “hydrodynamics” and 

“structural” disciplines. 

To illustrate this we will look at a standard space frame 

jacket. This structure, and any other structure, will in broad 

terms, collapse at the time the “load” exceeds the “resistance”. 

In the past, SRA models have been built around a format that 

collapse occurs when “global load” exceeds “global 

resistance”, i.e. a single failure mechanism format, equal to 

that of a simple tension rod. This assumption of a single 

failure mechanism is convenient, as it allows application of 

relatively simple SRA methods. The question is whether we 

can simplify a space frame jacket into an equivalent tension 

rod without any sacrifice? 

 

 
Figure 2. Space frame jacket failure mechanisms. Subsets 

of global loads driving different failure mechanisms. Only 

typical bracing failure modes shown. Same principle 

applies to leg failure modes. 
 

A space frame structure is built of trusses. Each truss is 

strong in tension and compression and weak in bending. 

Building in triangles, all loads in the trusses can be transferred 

by compression and tension giving a strong, light-weight, 

structure. Applying a load far lower than its capacity, a steel 

structure will respond linearly, similar to an elastic spring. It 

is straightforward to calculate the loads in the trusses. 

Knowing the capacity in tension, compression and bending of 

trusses of given dimensions and the capacity of nodal joints, 

we can determine the load level where the first truss fails. 

This is the “first member failure” capacity. If a structure is 

statically determinate, it cannot be loaded beyond the first 

member failure load. If the structure is redundant, alternative 

load paths exist and depending upon the deformation capacity 

of the failing member(s), these alternative paths provide 

additional system capacity beyond first member failure. In this 

case the structure collapses once a failure mechanism is 

developed as sketched in Figure 2. As a jacket is cantilevered 

from the seabed, force flow in the diagonal braces will be 

from the top and down. It follows that a given bracing failure 

mechanism will only be driven by the loads generated on the 

structure above the location of the failure mechanism; so, 

except for foundation failure (or leg failure if the piles go un-

grouted through the legs), only a subset of global loads will 

drive jacket failure mechanisms. 

Jacket structures are thus much more complex than a single 

tension bar. Many failure mechanisms located at different 

locations can lead to global collapse of the structure. If the 

designers have truly optimized the structure, each of these 

failure mechanisms will occur simultaneously when the 

design load is reached (assuming the loading on the structure 

and the resistance of the mechanisms is exactly known). 

If we now consider the case where the resistance is a 

stochastic variable and the structure has been optimized such 

Global Loads driving different failure mechanisms 

Tyra 

UK 

NO 

DK 
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that there are 20 potential failure mechanisms, the system 

capacity will be determined by the mechanism which has the 

lowest realization of the resistance, i.e. the lowest of 20 

realizations. The situation is similar to a multi-link chain. Of 

course in a real structure all failure mechanisms will not have 

the same deterministic capacity and the effect will be less 

dominant. Nevertheless it is non-conservative to assume a 

“single link in the chain only” (single failure mechanism 

model). But more importantly, to be able to determine the 

system collapse probability, we need to develop a method 

which can trace the load statistics in each of these failure 

mechanisms (and the correlations between mechanisms) to be 

able to obtain the system collapse probability correctly. Thus 

global loads will rarely drive global failures. It follows that if 

we want accurate estimates of collapse probability, the met-

ocean and hydrodynamics disciplines need to develop models 

which can accurately predict the statistics for particle 

kinematics (and loads derived from these) for many different 

combinations of “wetted areas driving failure” throughout the 

water column. 

Once realizing the above it becomes ever more apparent 

that regular 2D wave theory (or equivalent linear focused 

NewWave type of deterministic events) will be challenged as 

the local variations in non-linear irregular wave kinematics 

especially high in the water column cannot be matched 

correctly by such waves. 

Of course, if the irregular wave kinematics are always lower 

than the kinematics in the equivalent regular wave and linear 

NewWave throughout the water column, it would be 

conservative to apply regular design waves. But is it so? 

When plunging occurs, we know the particle velocity in the 

crest exceeds the celerity which, from measurements, is a 

relatively well-known and stable parameter. Taking the two 

Tyra breaking wave observations, the celerity of these is 

expected to be around 16-20m/s. In plunging breakers, peak 

particle crest velocities may exceed the celerity by up to 20-

30%. For Tyra this means particle velocities in the order of 

20-25m/s might have been present in the observed plunging 

breakers. Recalling the design basis extreme crest kinematics 

of 10-14 m/s, we have strong indications of potential failure 

modes high in the water column that may be significantly 

affected by highly non-linear events and, unless these events 

are extremely rare, they will play a role in the reliability of 

offshore structures. 

It can rightfully be argued that shifting from regular to fully 

non-linear irregular wave models will lead to a 

disproportionate increase in analysis complexity: not only 

requiring us to apply more complex new irregular short term 

models, but also to update the long term statistical models 

since parameters in addition to Hs will be required to define 

the storms. However, as we were concerned that irregular load 

effects may be the most important parameter for the reliability 

of many structures/-failure mechanisms, our conclusion was 

that we indeed needed to take on this more onerous task and 

try to clarify the effect.  

This leads to a key issue: how does the offshore industry 

control the reliability of structures today and what are the 

potential shortcomings? 

For the commonly applied codes for offshore structures, it 

does not seem to be a recognized general practice to support 

the code design procedures with a definitive SRA model. 

Consequently, there are many instances where there is lack of 

clarity to the code user regarding the safety level a code 

compliant structure will have. These codes are primarily 

"performance" based, meaning either calibrated to match the 

safety level in older code revisions or to match the safety level 

of structures which have shown a satisfactory performance.  

An exception is the work in the UK approximately 15 years 

ago [8, 9] to develop a North Sea Annex to the otherwise 

performance based ISO 19902 code for fixed offshore 

structures [7]. The SRA model principle applied [8, 9] is 

largely based on work led by Shell in the 1990s. The overall 

reference for this is given by Efthymiou et al. [2], re-

published in 2011 [3]. Important model background 

information can be found in references 3 & 4. As reference 9 

does not give a complete description of the SRA model, in the 

present work we focus on the original Shell work, which is 

referenced in appendix A.9.9.3 of ISO19902 [7].  

As it is relevant for setting the scene for the irregular wave 

load topic, a short summary follows of a few important issues 

relating to previous SRA studies and code development: 

 A common assumption inherently included in design 

codes is a deterministic link between wave height and 

wave load (on a given structure). The “link” is established 

by assuming 2D regular wave theory (typically Stokes 5th 

order or equivalent linear focused NewWave theory, or 

similar), can describe the wave kinematics and for these 

kinematics, design loads in the structure are calculated 

applying a code prescribed standard load model. 

 With this deterministic link between wave height and 

wave load, the wave load statistics become a function of 

the wave height statistics. I.e. the 100-year return period 

wave generates the 100-year return period wave load and 

similarly for the 10,000-year return period wave. 

 Having the 100 and 10,000-year return period wave loads, 

code developers have what they need to set standard code 

design criteria. The 10,000-year return period wave is used 

in the accidental limit state (”Abnormal Environmental 

Event” AEE) to ensure a minimum annual safety level 

around 10-4 (if a characteristic resistance is used). In the 

Ultimate Limit State (ULS) check a safety factor is applied 

to the 100-year return period load to ensure the design is 

safe. The safety factor format is dependent upon the 

structural analysis format (linear “first member failure” or 

fully nonlinear “pushover” type). For example, ISO 19902 

specifies that for pushover analyses of a normally manned 

platform, the ultimate system capacity of the structure 

(total collapse load) must exceed 1.85 times the 100-year 

load (RSR=1.85).  

 Even though the SRA work in references 2-5 is not the 

official ISO SRA model, it matches the requirements 

specified in the code: the RSR value of a “High Safety 

Class” structure of 1.85 can be found in references 2 & 3. 

This fact makes the SRA model in this reference 

important; as well as that in reference 8 where, using a 

similar model, it was concluded that the partial safety 

93



The 3
rd

 Offshore Structural Reliability Conference  

OSRC2016 

14-16 September, Stavanger, Norway 

 
factor on wave loading of 1.35 in ISO 19902 [7] was 

conservative for the UK North Sea. 

 In terms of wave loading statistics it is important to note 

that the model outlined in references 2-5 is based on: 

a. The assumption that normalized mudline load statistics 

(global loads) on a vertical “stick” (tube OD of 1m) are 

a representative measure of loads driving all global 

failure mechanisms. This is also an assumption in 

references 8 and 9. 

b. The assumption that regular wave theory (or similar 

NewWave, etc.) links wave height with global mudline 

load effects. 

c. A wave load model that is built around the long term 

statistics of the most probable short term (storm) wave 

height. The short term load variation is based on the 

theoretical coefficient of variation (COV) of a drag 

dominated load process in deep water linear sea-states: 

i.e. no higher order irregular kinematic effects seem to 

be included. It is not clear if any wetted area effect 

above MSL is included. 

d. The long term distribution of global loading is assumed 

to follow an exponential distribution (this gives linear 

hazard curves in log-scaled return periods). 

e. A first order SRA model which is applied to calculate 

the annual collapse probability. A single failure 

mechanism is considered (“global load” exceeding 

“global resistance”). For the purpose of obtaining an 

analytical expression for the reliability, the 20-year 

maximum global load is assumed to follow a 

lognormal distribution (duly fitted to the exponential 

distribution) and the resistance of a fully developed 

failure mechanism is assumed lognormal distributed 

too with a COV of 0.05. 

It is clear that to implement irregular waves consistently in 

an SRA model we cannot apply the existing industry model 

outlined above. Assumptions of global load driving global 

failure, that regular or similar wave theory is appropriate, that 

short term linear deep water sea-state load variations and 

statistical models for single failure mechanism systems are 

applicable, are all conflicting with the variable nature of 

irregular loads. 

2.2 In-situ Field Wave Records 

To complete the framing we need to discuss what we 

actually know about the extreme waves acting on our 

structures. We put a relatively large effort into in-situ 

environmental monitoring, but what do we actually measure 

and maybe more importantly, what do we not measure? I.e. 

where do we use theory to provide knowledge instead of 

direct measurements? 

The wave monitoring systems we deploy offshore (radars, 

lasers and buoys) have generally one thing in common: they 

deliver an elevation time series of a “point” at the sea surface. 

From this time signal we can directly determine the wave 

period and the wave and crest height for single waves. 

Looking at a longer time-span we can derive the significant 

wave height, peak period, tide, surge, etc. Conveniently this is 

exactly the data we need to feed into the standard industry 

design procedure: to generate a regular wave we just need 

knowledge about the wave height and the wave period, and, as 

the long-term statistics are solely based on knowledge about 

Hs, we also have what we need to support long term statistical 

models. Hence we are satisfied with our approach as we get 

the data we need to feed into our standard design procedure. 

But, on the contrary, do we get any warnings if anything is 

wrong with our assumptions? In other words, what is really 

interesting is what do we not measure: 

 A time elevation signal does not tell anything about the 

shape/geometry of the wave being measured. We know 

little about the location of the measurement relative to the 

crest 3D peak, the decay along the crest, or anything about 

the steepness of the wave. We do know the relative 

steepness difference between the front and back of the 

crest, but not the actual steepness. 

 It follows that in 3D sea-states, point surface elevation 

records will miss the true 3D crest peak. Looking at an 

area around the measurement point, crests will generally 

be higher. The larger the reference area the larger the 

chance of finding the true and larger 3D crest peak. Due to 

lack of measurements the 3D area effect is assessed 

theoretically or by basin testing. 

 A point surface elevation record will not tell the type of 

wave, i.e. no information in the signal whether the wave is 

spilling or plunging breaking. 

 We may miss the true crest peak due to having a too crude 

logging frequency. Many historic wave records are based 

on a 2Hz logging frequency. The steeper and more narrow 

the crests (highly non-linear irregular events) the higher 

the statistical sampling error due to too few measurements. 

The effect from a 2Hz logging frequency in a steep non-

linear sea-state is assessed later.  

Once we recognize that detailed knowledge about 3D non-

linear irregular sea-states is important for the integrity of our 

offshore structures, we must also be aware that our standard 

offshore wave monitoring systems do not deliver much 

information (if any) which can assist in the revision of 

assessment methodologies. [Note: to mitigate the identified 

shortcomings in the longer term and improve our future 

offshore extreme wave monitoring, a proto-type development 

of a new wave scanner has been initiated. Based on data 

fusion of lidar point clouds (570,000 points measurements per 

second), long- and short-range infrared cameras and a 

standard optical camera, the target of the new scanner is to 

provide accurate large area 3D surface time series and surface 

foam intensities (for breaking detection).] 

For the present work, we need to develop new knowledge 

from sources other than offshore records. We should not only 

look carefully at wave monitoring, but also take a look at the 

monitoring results used to support our load models. In the 

following we will take a look at some of the data utilized to 

support the choice of our load models. However, since this 

topic is not a main focus of the present paper, only principal 

issues are addressed. 

Load monitoring programs performed for two North Sea 

jackets: Tern [6] (≈20,000t jacket, d=146m, monitoring during 

a 3-4 year period in the mid 1990s) and Magnus (≈40,000t 

jacket, d=186m, monitoring approx. 3 year period in the mid 
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1980s) play an important role in the development and 

validation of the industry standard load models. Particularly 

the Tern program has been a major source of data. Both 

jackets were instrumented in the mudline area close to a leg 

corner. Hence both monitoring programs were targeting 

global loads. These two jackets are amongst the largest 

platforms in the North Sea, installed in the deepest waters. 

As the validation/development of the load model largely has 

been performed against global loads on very large space frame 

structures, the validation will be performed against “the sum 

of loads” on many members, and, as the structures are large 

and in deep water, a significant amount of this global load is 

generated deep in the water column. The sheer size of the 

structures and the large number of members are inherently a 

filter on the load process. Thus any locally more onerous load 

model representing only a subset of the loads can be 

overlooked simply as it may vanish in the total load sum. This 

is a concern as we apply the same load model for much 

smaller structures in shallower water depths and in many 

cases where failure mechanisms will be driven by a subset of 

the loads only. Consequently, are we sure the validation 

against data records from structures such as Tern and Magnus 

justifies general application? This concern is somewhat 

magnified by a comment in reference 6, which states that the 

Tern data is low pass filtered at 0.3Hz. Even though the jacket 

is large, low pass filtering at such a low frequency leaves little 

chance that any higher order deviations survive the filtering: it 

can be feared that what seems to be an aggressive filtering 

setting has removed parts of the wave loading. 

3 THE TYRA “AS-IS” SAFETY WORKSCOPE 

   Once we reached the conclusion that our original design 

basis for Tyra assessment was challenged by new knowledge, 

the Tyra “As-Is” Safety project was launched early 2013. The 

scope was to determine the collapse probability of Tyra 

Structures considering “New Knowledge” on extreme wave 

loading. 

   Realizing that we faced many and complex non-linearities 

and to avoid any conservatism, a Monte Carlo based 

simulation approach was chosen. The principal work flow in 

the simulation is: 

1. To achieve convergent results to a 10-4 to 3x10-5 annual 

collapse probability level, prepare a long-term simulation 

model which can generate the 1hour sea-states  

(Hs, Tp; sp) occurring in a “1 million year” period. 

2. Develop models which can generate all associated 

stochastic data during each 1hour period: tidal current 

(magnitude and direction); wind driven current (magnitude 

and direction); surge and tide; wind speed, turbulence and 

direction, etc. That is all parameters which influence the 

load vector. Model uncertainties, subsidence forecast etc. 

are also included properly in this approach. In principle all 

parameters can/are treated as stochastic variables. This 

approach ensures any conservatism in load contributions 

from associated load parameters is avoided as far as 

possible; it just requires we can describe the distributions 

and correlations. 

3. Develop a wave simulation model conditional on sea-state 

which is sufficiently accurate to generate the maximum 

response on each structure within each hour. Due to the 

low air gap situation the model development should target 

accurate predictions of WID load statistics. 

4. For each structure develop a new response model which 

accurately allows evaluation of load statistics for each of 

the possible failure mechanisms in each structure. The 

capacity of each failure mechanism in the response model 

is calibrated using a series of detailed pushover analyses of 

each structure. Further details are included in reference 1. 

5. Due to the low air gap situation, failure was conditioned to 

a WID event larger than 0.5m deck inundation. We could 

only allow this assumption as the Tyra structures 

previously have been heavily strengthened to meet WID 

loads typically in the order of 1000T, and it would take a 

significant WID event (>0.5m ) to collapse the structure. A 

first pass screening was performed to identify the sea-

states which had the potential to generate a WID event. 

The screening was selected as: Hs > (air gap + 0.5m – tide 

–surge)/1.7. I.e. it was assumed that events with crest 

height/Hs > 1.7 would be rare and we could thus screen at 

sea-state level. Several hundred thousand 1 hour sea-states 

passed this first screening criterion. From here the 

following steps were performed using Cloud based 

computing. 

6. The surface elevation throughout each of these 1 hour 

sea-states was generated by a fully non-linear irregular 

semi-empirical sea-state model (as developed in the 

project) and in a second screening it was checked whether 

any wave in the generated sea-state reached the actual 

deck structure within the 1hour duration. If so the actual 

seed was stored and the sea-state marked. At this time we 

have a file of all WID events with inundations larger than 

0.5m in any of the deck structures/bridges in the field. 

7. For each of these events the final step was to make full 

realisations of the kinematics field at the time of the event 

and all associated parameters, model uncertainties, 

subsidence forecast, structural resistance, dynamic 

response, etc. etc. and to step all of these through the 

detailed response model for each structure.  For each time 

step we check whether the loading on any failure 

mechanism in the structure exceeds the resistance. 

8. The end result is now a file of all 1 hour sea-states 

generating a WID event occurring in a 1 million year 

period and for each event we know if any failure 

mechanism in the structure has collapsed. 

9. The annual failure probability is now a simple count of the 

number of years containing one or more collapsed failure 

mechanisms divided by 1 million. 

Further details are included in reference 1. The above 

approach is virtually an explosion in complexity relative to 

existing SRA models [2] and code based procedures but the 

approach ensures consistency across all the “boundaries” and 

“disciplines” as discussed in the framing. To limit the number 

of uncertainties a crude Monte Carlo approach was 

deliberately applied. That is we worked our way through all 

potential critical sea states simply to avoid introducing further 

uncertainties due to a more “intelligent” simulation set-up.  

However, this did not come for free. At the time this was the 

largest cloud computing job running in Europe. 
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In the remaining part of the present paper we will look into 

the work undertaken to establish the basis for the sea-state 

model development. We will focus on general findings, i.e. 

findings related to extreme events in highly non-linear 

irregular sea-states which may be applicable far outside the 

Tyra area water depth. 

4 BASIN AND FLUME TEST PROGRAMS 

The main reasons why breaking of extreme waves is not 

part of industry procedures are probably because standard 

wave monitoring equipment cannot measure them and no 

suitable non-linear wave theory can predict them. It is for this 

latter reason that it is not possible to make a theoretical 

prediction of the statistical occurrence of breaking events or to 

determine the statistical impact of these in relation to loading. 

Following the recommendations/conclusions from the recent 

CresT and ShorTCresT JIPs [10, 11], wave basin testing 

seemed to be the only option available to obtain the required 

data on highly non-linear and irregular extreme wave events. 

Thus the methodology selected was to develop a 

semi-empirical approach: perform tests throughout all 

sea-states which could generate a wave reaching the deck and 

then calibrate a semi-empirical simulation model to match the 

test results and as part of this duly account for model 

uncertainties. 

 

 
Figure 3. Series "A" sea-state core test program (red 

dots). Small dots are 1h sea-states in a 1million year 

period. Colour indicates “dot density”. Crosses are 1h sea-

states in the 32y long offshore record available. Lines are 

env. contours. Left: (Hm0,Tp). Right: (Hm0,cos2sp). 

 

The main test program covered continuous testing through 

an 8-9 months period from summer 2013 to spring 2014 in the 

DHI shallow water basin and flume in Hørsholm, Denmark. In 

parallel an independent assurance program was performed in 

basin and flume at Imperial College (IC) in London. All tests 

were performed for a full-scale water depth of 45m. The test 

scale was generally 1:90 at DHI and 1:72 at IC. The initial 1-2 

months of testing at DHI were spent validating and mapping 

the basin performance, optimal wave generation, wave gauge 

performance, sampling, etc. After this, a number of test series 

were performed. The two most important series were the “A” 

and “C” series. The "A" series targeted a large program 

testing a grid of sea-states spanning the upper tail of the Tyra 

environmental contour. The "A" series target was to establish 

the undisturbed sea surface statistics, i.e. crest height, 3D 

shape, breaking probability, etc. in the absence of a structure. 

52 sea-states with varying combinations of Hs, Tp and sp were 

tested, see Figure 3. 

The target area in the basin measured 72x72m full-scale. 

Initially the area was covered by a grid of 5x5 standard “rod 

type” wave gauges. However, as there was concern about the 

performance of these gauges (run-up and air draw down) in 

steep and overturning waves, it was decided to replace these 

with a grid of 9x9 wire gauges inspired by the gauges applied 

by Imperial College in the CresT and ShorTCresT JIPs. A 

rerun of the most important sea-states was made to ensure full 

coverage of the relevant sea-states with the 9x9 grid. From 

Series "A" we have elevation records in a 72mx72m area with 

9m spacing. Breaking detection was performed visually based 

on video records. All events in Series "A" exceeding 13m 

crest height in the target area, but not less than the highest 50 

events (more than 7000 in total) were categorized by video 

inspection. An application, ePlot, was made to visualize all 

test statistics including crest height exceedance plots, celerity, 

normalized shape development, breaking probability, area 

distributions and crest volume above threshold. For each 

categorized event the ePlot application also includes a direct 

video link. 

In short, the Series "A" test results support the development 

of the semi-empirical wave model for all statistics which are 

related to the sea surface. Series "C" tests are basically a rerun 

of all the Series "A" tests but instead of the grid of wave 

gauges, simple “instrumented response models” are located in 

the target area. The concept of testing “instrumented response 

models” instead of scale models of “true” structures requires 

some explanation. 

Scaling (Froude) of the important parameters related to the 

sea-state (surface, kinematics, etc.) is known to work well for 

common lab conditions. That is the link from the lab to full-

scale is reasonably reliable for the sea properties (and the best 

we have as no closed-form theory applies). Scaling of lab 

recorded loads is more problematic. Load processes which are 

Reynolds number dependent, for example, are problematic, as 

well as processes which somehow involve significant sea to 

air effects. It is commonly accepted that sharp corner profiles, 

such as deck structures, can be tested in lab-scale and the 

recorded loads can be reliably scaled to full scale. This has 

been utilized in many industry WID assessments in the past, 

where the approach is built around testing a detailed model of 

a topside structure in a few selected high return period 

sea-states.  From this, using a few statistical assumptions on 

sea-state reoccurrence period and the fractile of design 

response, the 10,000y return period WID load is derived. 

With reference to the discussion in the framing of our 

problem, a main concern is that the short term variation of 

1 hour maximum loads in fully non-linear irregular sea-states 

for many structures/failure mechanisms may be significantly 

larger than generally assumed. A consequence of an increased 

short-term load variation is that less severe sea-states may 

contribute to the extreme load distribution. That is sea-states 

which are normally not considered critical may become 
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critical if the variation of short-term loads increases. It follows 

that methodologies based on testing a few 10,000-year return 

period sea-states may be challenged, as the 10,000-year return 

period loading may be generated by rare events in much more 

common sea-states. This is the reason for selecting a large test 

program, Figure 3, with testing of sea-states down to 

approximately 10-year return period.  

With 11 jackets and 7 bridges in the Tyra field not meeting 

air gap requirements, it is physically impossible to test scaled 

geometric models of these throughout all required sea-states. 

Even if we had chosen this approach, the use of complex 

structural and load models would blur conclusions as we 

would be left unsure whether the statistical effects were a 

consequence of the load model or the kinematics. 

Spending a little time rethinking the challenge and asking 

ourselves what is our real concern, we concluded that 

although challenges may exist in general for load models, for 

Tyra we were less concerned about this issue, as we had 15 

years of WID tests at scale 1:26 and a detailed semi-empirical 

WID load model based on significant deck component testing. 

Hence, our main concern related to the statistical variation of 

fully non-linear irregular wave kinematics. Hence, planning 

the work we should focus on a best possible “isolation” of 

relevant statistics for the irregular kinematics. Once we have a 

validated model for the irregular kinematics and the 

associated sea surface, we can apply this in connection with 

our existing load models. As a benefit of focusing on the 

kinematics we also avoid relying on the often somewhat 

problematic scaling of lab loads. 

However, we have a challenge that we cannot do bulk 

measurements of kinematics in a large volume of water in the 

middle of the 3D basin. Therefore, how do we generate 

relevant statistics for the kinematics in extreme irregular 

events for all sea-states tested? 

The solution was to test “instrumented response models” 

directly in the basin. These response models should be the 

simplest possible structural models which assemble loads in 

the volume of water which will drive the failure mechanisms 

of interest. Keeping the structures simple, and by establishing 

an accurate link between lab-scale kinematics and lab-scale 

loads on the model, it is possible to isolate the statistical 

variation driven by the irregular kinematics. In other words, 

we use the normalized distribution (variation) of the loading 

on the tested response models and not the absolute value. This 

largely makes us independent of load scale effects as long as 

the load process in lab-scale is a reasonable approximation of 

the full-scale process. This is equivalent to conclusions 

reached by Tromans et al. [4] where they realized that 

normalized global loads on a large variety of offshore 

structures could be surprisingly well approximated with the 

global load (response) generated on a single vertical 1m 

diameter stick. They also used the hazard curve as the 

normalized way to compare the statistics across platforms and 

regional areas. Here we just use an extension of this principle. 

Instead of doing a theoretical estimate of the load on the 

response model (“the vertical stick”) as done in reference 4, 

we take the response model into the wave lab and establish the 

load distribution by testing instead of performing theoretical 

calculations. As we are concerned that normalized statistics 

for mudline loads alone are not representative for our 

problem, we do not only test a vertical column for mudline 

loads, we test a column split at MSL. This allows us to do 

relative comparisons of the normalized load distributions on 

the lower and the upper section, respectively. In addition we 

test a vertical column with an air gap of 11m, representing a 

response model which is only affected by upper crest 

kinematics.  Most importantly for our problem, we also test a 

generic deck structure to derive normalized load statistics for 

an open deck beam structure. By dividing the generic deck 

(spanning 40x40m) into 8x8 sections with individual load 

measurements at each section, we add the opportunity to 

evaluate differences in normalized deck response as a function 

of deck area size. Thus in Series "C" we make a rerun of all 

Series "A" sea-state tests with the following response models 

within the target area: 

 “Generic Deck”: Open deck structure. Sharp corner bar 

elements, 40x40x1m deck, air gap between 12 and 14m. 

8x8 configuration with individual load monitoring on each 

5x5x1m cross section (64 elements in the deck). 

 “Drag” column: Vertical ø2m very rough column split at 

MSL. Individual load monitoring on each section. 

 “WID” column: As per the Drag column, except mounted 

with an air gap of 11m. 

   A snapshot from a super slow motion video from the "C" 

series is shown in Figure 4. 

 

 

 

 

 

 

 

 

 

 

Figure 4. Response models tested in Series "C". 

 

   For the response model test strategy to work, it is key that 

we have a very detailed knowledge about the lab-scale load 

models for each of the tested models. Very controlled flume 

(2D) tests were applied to develop these models, as the glass 

wall allows direct measurements of the kinematics. The range 

of wave events which occurs in the basin (non-breaking, 

spilling breaking and plunging) was repeated in the flume to 

establish the kinematics. Repeating the test in the flume 

including the response models, the loads on each model were 

measured, thus enabling the lab-scale load vs kinematics 

model to be established.  

Test series "K", "L", "M", "N" and "O" cover development 

and documentation of these flume tests targeting load model 

development. It covered 4 typical wave types: 

 Wave II: Regular “Stokes 5th-like” 

 Wave III: Irregular non-breaking (but slightly top-spilling, 

revealed in super slow-motion video) ) 

 Wave IV: Violently spilling breaker 

 Wave V: Plunging breaker  
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These waves were investigated in detail by Particle Image 

Velocimetry (PIV) and super slow motion video ("K" series).  

Test series "A", "C" and the flume load model series are the 

core of the lab test work performed. In addition a smaller set 

of tests were performed to study details. A few of these are: 

 Series "B": 18 selected extreme irregular wave events 

picked from the "A" series. 3 long crested plungers, 3 

short crested plungers; similar 2x3 spilling breakers and 

2x3 non-breaking waves. Short time series around each 

event tested and repeated 10 times to estimate 

repeatability. The main purpose for this test is to allow 

CFD validation, generating the events in CFD by direct 

transfer of wave paddle motion as boundary conditions to 

the CFD model. 

 Rerun Series "B" with the response models in the target 

area. 

 Series "P": A number of unidirectional sea-state tests 

performed in the flume (Hs, Tp combinations). 

 A temporary wind tunnel was built above the flume to 

allow a small study of wind/sea interaction repeating a few 

of the "P" series tests with a wind field above the surface. 

PIV was used to map the wind induced current (and 

associated wind driven wave) field. 

 Detailed flume study of wave gauge performance in very 

steep waves (applying Wave V from the Series "K"). 

   In addition to the core test work performed by DHI a 

detailed assurance program was performed at Imperial 

College (IC). The main purpose of this program was to 

provide independent assurance of the DHI work. The IC 

program included: 

 Validation of DHI "A" series tests by running a selected 

range of core sea-states in the IC lab (IC lab has been 

investigated in detail and validated as part of the CresT 

[10] and ShorTCresT [11] JIP programs). 

 A very detailed study of crest kinematics in focused 

breaking waves using LDA. 

 Performance of an independent “Standard Industry WID 

test” at scale 1:72. For this test IC built a detailed model of 

the Tyra West C wellhead platform and tested this in 

selected extreme sea-states. This test was used to validate 

the WID simulation approach applied in the Monte Carlo 

simulation, see reference 1 for further details.   

5 TEST RESULTS 

5.1 A Series, Crest Height and Breaking Probability 

A few of the result plots provided by the ePlot application 

are sketched in Figures 5-6. 

Figure 5 is taken as an example of a very steep sea-state 

dominated by highly non-linear events. Throughout the "A" 

tests we see the same trends. For the steepest events, 

amplifications relative to a Forristall distribution are typically 

seen. Recalling that the Forristall distribution is to 2nd order, 

this is concluded to be higher than 2nd order effects. 

Ultimately in the steepest sea-states extensive breaking starts 

to limit the crest height and the test data curves back and 

sometimes inside the Forristall distribution again. It is 

noticeable that even in the steepest sea-states highly 

influenced by breaking, we never really saw evidence of the 

existence of a limiting crest height introduced by breaking. As 

seen in Figure 5 there is still a significant gap between the 

point statistics and the area maximum statistics. If we were 

approaching a limiting value, these two distributions should 

converge. In relation to crest statistics it is noted that the IC 

assurance tests showed excellent agreement with the DHI "A" 

Series tests. 

  

 
Figure 5. Plot of crest height exceedance probability and 

distribution of “wave type” for crests exceeding 13m in the 

72x72m target area. Hs=12m, Tp=12.5s and sp=20. 

 

 
Figure 6. Avg. normalized shape contours of waves at peak 

crest height for crest height > 13m in target area. 

Contours at 9m spacing. Hs=12m, Tp=12.5s and sp=20. 

ePlot has a number of plot features aimed at presenting the 

massive amount of test data in a simple directly accessible 

way. One feature is to plot the average normalized shape of 

the classified events (crest>13m, at least the 50 largest events 

in each test, more than 7000 classified in total). This plot is 

established using the data record from the grid of wave 

gauges. An example is shown in Figure 6. Recalling the 

discussion on importance of logging frequency, and now 

knowing the average crest shape and that the celerity of the 

events classified in the plot is between 16 and 21 m/sec, we 

can evaluate the logging error from Figure 6. The average 

crest is “sharp edged” and it is seen that on average a 2Hz 

logging will under-predict the crest height by approximately 

5% for this test (at 2Hz a measurement is taken every 8-10m) . 

Based on video recordings of the 7000 classified events we 

can plot the breaking probability (crest height>13m, at least 

50 events/test) on the environmental contour, see Figure 7. 

Rayleigh 

Forristal 

Average gauge 

(”point stat”) 

Area max 

Event classification 

crest >13m 

Plunging 

No breaking 

Spilling 

Wave direction  
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Figure 7. Breaking probability for crest height >13m (min. 

50 largest crests/test) as function of Hs, Tp and sp plotted 

on top of the environmental contour. Yellow dot: Tyra 

storm w. breaking observed. Black dots: Sea-states tested. 

In the 10m Hs storm conditions where breaking waves were 

observed in the field, there was approximately a 30% 

probability that a large crest would belong to a wave which 

would break in or near the observation area. On average, of 

the 7000 events classified, every 3rd to 2nd event was breaking. 

A further conclusion from Figure 7 is the relatively large 

influence of directional spreading. For constant Hs and Tp the 

breaking probability is largest in the less spread sea-states. 

The reason for this is likely the less “effective” steepness of 

directional spread events caused by the vector summation of 

the directional components. 

PIV measurements were successfully completed in the 

flume for Wave II-V. The regular (II) and non-breaking 

(slightly top-spilling) (III) waves revealed crest velocities as 

expected around 10 m/sec. The velocity increased in the 

spilling breaker (IV) and in the plunging breaker (V) up to 20-

25 m/sec. was measured, see Figure 8. As part of the study 

substantial effort was put into CFD (volume of fluid) analysis, 

the main goal being to act as an assisting tool to provide a 

better understanding of the kinematics in the 3D basin. The 

CFD approach was based on directly applying the wave maker 

motion as boundary conditions to the analyses, i.e. true non-

linear boundary conditions and no approximations. 

 
 

Figure 8. Snapshot and PIV results of Wave V. 

 

The STAR CCM+ was the code found to perform best. The 

optimal setting, mesh, solver, etc. were determined for the 4 

flume waves (Wave II-V) using the PIV as reference. Very 

good performance of the CFD was found. Once having a 

validated approach in the flume, the same set-up was used to 

analyse the 18 selected 3D sea-state basin events ("B"-series). 

This data was used as inspiration for development of the semi-

empirical sea-state model. Even though these events are 

purely a spot check of selections from the "A" series, they 

give a clear indication that at the point of overturning, crest 

kinematics are very similar in 2D and 3D as the range of loads 

on the upper section is identical. 

  

 
Figure 9. Comparison of load measurements on the Drag 

column upper and lower sections. Red dots: 3D irregular 

extreme events. Blue triangles: Flume 2D tests (Wave II-

V). Note, in the flume the column was tested at different 

positions along the flume for Wave III-V. 

This is in agreement with the visual (super slow motion 

video) observation that once a 3D wave overturns, the surface 

is close to 2D, which is probably due to alignment of the 

higher frequencies taking part in the overturning process. This 

could indicate that the “kinematics reduction factor” 

commonly applied within industry to reduce the 2D regular 

wave kinematics may not be a constant as normally assumed: 
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it will likely be a more complex function of the non-linearity 

and dependent upon the elevation in the water column. 

If we take a quick look at the loads recorded at the lower 

and upper section of the Drag column in the flume 2D test 

events and the 18 3D test events, Figure 9, we see a clear 

indication that from MSL and up the 2D and 3D results are 

very similar. However, in these strongly irregular events there 

are much lower loads from MSL and down. 

6 ASSURANCE 

   Being a part of the Tyra “As-Is” Safety project, the work 

presented in the present paper has been subject to external 

assurance in addition to the “in project” assurance already 

listed (independent testing, CFD, etc.). External assurance 

covered technical expert reviews by DUC partner Shell (K. 

Ewans and T. Rhodes), two independent second party reviews 

by KBR/Energo and Dr. Graham Stewart, respectively, and a 

complete 3rd party project verification by DNV (DNV 

Denmark assisted by experts from the headquarter in Høvik).  

7 CONCLUSION 

   In a need to explain the occurrence of two extreme plunging 

breakers in the Tyra field, we have performed a large 

systematic wave basin (physical and numerical) test program. 

The main target of the wave study was to clarify and 

understand issues related to loading generated in extreme 

irregular sea-states and as part of this discuss and understand 

differences to currently adopted industry approaches/ 

assumptions. The main conclusions from this “New 

Knowledge” are: 

 The nature of extreme non-linear irregular events 

(ultimately breaking) is conflicting with many of the 

assumptions underlying current industry practice: 

a) Effects greater than 2nd order can drive higher point 

crest statistics. Compared to using the standard 

Forristall statistics, we found a 6% increase in the 

10,000-year return period crest height for Tyra. 

b) Kinematics in breaking waves are transient and very 

high crest velocities can occur. In severe plunging 

events (for d=45m) peak crest particle kinematics may 

be of the order of 20-30% higher than the celerity. 

c) We see indications that the 3D “kinematics factor” 

effect is not constant over the height of the water 

column. Close to 2D conditions occur in the crest 

while 3D effects are apparent deep in the water 

column. 

 For the assessed case, Southern/Central North Sea, 

d=45m, the non-linear extreme events dominate the 

extreme waves within the 10-10,000y environmental 

contours. Looking at tests results for sea-states between 

Hs=10m and 13m we find that approximately every 2nd or 

3rd event with crest height >13m belongs to a wave which 

is breaking in the vicinity of the measurement point. 

 In highly non-linear irregular wave events, due to the 

transient nature of the kinematics, there is not a unique 

link between wave (or crest) height and wave load (on a 

given structure). Different events (or different “timing” of 

the same event) may lead to large variations in loads down 

the water column. It follows that variations in loads acting 

on each potential failure mechanisms will result. 

 Irregular wave loading will, due to the above findings, 

challenge the often applied assumption of a deterministic 

link between global loads and global failure. Many 

different collapse mechanisms in a structure can lead to 

global collapse, and, except for the foundation, these 

mechanisms are commonly driven only by a subset of the 

global loads. To deliver wave loads as input to SRA it is 

important to ensure consistency between load statistics and 

structural failure mechanisms. 

   The companion paper [1] provides a further discussion of 

the results and their impact in relation to SRA.  
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Chapter 5

Session 3: Reliability of Jackets in
Severe Wave Conditions
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ABSTRACT: In 2012, a photo was discovered of a plunging, breaking, extreme wave, occurring in a 10m significant wave 

height storm at the Danish Tyra field (depth≈45m). A search for further data/evidence revealed a video showing a second even 

larger plunging breaker (crest height estimated at 17-17.5m) in the same storm at the same field site. These observations were 

highly concerning as they exceeded the existing 10,000 year return period abnormal event design criteria with respect to both 

crest height and crest kinematics. The observations triggered an extensive study in the period 2013-15 aimed at mapping the 

occurrence of highly non-linear extreme wave events and clarifying the impact of these in relation to structural integrity. The 

work focused on the 45m water depth in the low air gap Tyra field, but it also shed light on issues that are relevant over a broad 

range of water depths and failure modes not driven by wave in deck loading. The core of the underlying technical development 

is described in a companion OSRC 2016 paper. The present paper focusses on the findings based on the extensive Monte Carlo 

(MC) structural reliability assessment (SRA) model that was developed. The work allows some general conclusions to be drawn 

on the influence of highly non-linear irregular waves and the consequence for extreme load statistics. The overall finding is that 

loads from non-linear extreme waves will often not play a major role at 10-1 annual exceedance probability, but at 10-3 and 10-4 

annual probabilities (and lower) they will control the environmental load statistics and thereby also the reliability of many 

structures/failure mechanisms. In addition to irregular wave load effects it was found to be important that the SRA model can 

handle multiple failure mechanisms. 

KEY WORDS: Offshore structures; Extreme irregular wave load; Wave breaking; Structural reliability, Monte Carlo, SRA

1 INTRODUCTION 

The Tyra gas field is a hub for gas export and 

approximately 90% of Danish gas production passes through 

it. The first structures were installed in the field in the early 

1980s. Today 11 bridge connected platforms are operating at 

two field locations (Tyra “East” and “West” 3km apart). 

Owing to depletion of the reservoir rock the Tyra field is 

prone to seabed subsidence. Presently, the seabed has settled 

approximately 5m at both field locations. In year 2000 the 

first platform exceeded the predicted 10,000-year return 

period design air gap. This triggered the Tyra Subsidence 

Phase I re-assessment project. This project was followed by a 

second phase targeting the integrity of riser systems and 

interconnecting bridges. Key points in this initial 

(re-)assessment project were: 

 Design check for Ultimate and Accidental Limit States 

(ALS). 

 The ALS employed a regular Stokes 5th order design 

wave based on the predicted independent 10,000-year 

return period crest height (16.5-16.7m including tide and 

surge with crest peak particle velocity of approx. 10m/s). 

In addition a check was included for a “worst case” 3D 

"Freak Wave": a deterministic event with 14-15m/s peak 

crest velocity was defined for this. Design waves were 

derived from site measurement records dating back to the 

early 1980s.  

 Structures were strengthened to meet these criteria: 

addition of diagonal bracing to portal frame module 

support frames; some deck reinforcements; and grouting 

of compression bracing. This enabled in the order of 

10MN horizontal wave in deck (WID) loading to be 

resisted. 

 A large test program was performed at scale 1:26 to 

develop WID models applicable to the (typically open 

deck) Tyra structures (grating covered H beams). 

 Platform deck structures were strengthened to meet at 

least a 3.6m deck inundation in the design WID event. 

 The strengthening was supplemented by adverse weather 

production shut down and depressurization of equipment 

and prohibited access of personnel to lower decks. 

Until 2012 these re-assessment criteria were considered 

prudent and conservative relative to general industry practice 

and code requirements. However, further to the discovery in 

2012 of a plunging breaker in the Danish Tyra field (Figure 1, 

d≈45m), followed by a video of an even larger plunging 

extreme wave in the same storm that exceeded the 

10,000-year  return period design crest height, we were 

concerned that our assessment criteria were not adequate in 

terms of both the statistics of the extreme crest heights as well 

as extreme wave particle kinematics. This led to the initiation 

of two new projects: Tyra “As-Is” targeting an as accurate as 

possible estimate of structural reliability considering “New 

Knowledge” and Tyra “Future”, targeting a permanent 

solution in the event that the original design basis was found 

to be inadequate.  

The present paper presents the Monte Carlo (MC) based 

SRA methodology developed in the “As-Is” project, the main 

findings of the “As-Is” project and a comparison of the 
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present work with SRA models reported in the literature.  A 

companion OSRC 2016 paper [1] presents the part of the “As-

Is” study related to particle kinematics and load statistics for 

highly non-linear irregular sea-states. 

 

  
 

Figure 1. Tyra field, Danish North Sea, Hs=10m; Tp=14.5s. 

d≈45m. Insert: Field location (grid 100km). 

2 FRAMING THE PROJECT OBJECTIVES 

In reference 1 a detailed overview of the challenges related to 

consistent and accurate collapse probability estimates is given. 

For the best outcome the reader is advised (but not required) 

to read this reference before progressing. In summary, we 

have the following principle concerns related to commonly 

applied industry design approaches and SRA methods: 

 Design procedures and SRA models commonly assume 

that regular wave kinematics (or other representations such 

as NewWave) uniquely define the kinematics in extreme 

waves. This assumption conveniently gives a deterministic 

link between wave height and wave load. It follows that 

variability of the wave load (e.g. coefficient of variation, 

COV, of the 1 hour maxima) in this model is solely a 

function of the variability of the wave height. Similarly, 

due to the deterministic link, it follows that the 100-year 

return period wave height will generate the 100-year return 

period load. A key concern is that extreme irregular 

waves, ultimately breaking waves, have large variations in 

particle kinematics relative to a regular wave of the same 

height. In the crest these irregular wave velocities may far 

exceed the velocities in the regular waves. Depending on 

the “geometry” and “elevation” of the wetted area 

generating the load in a given failure mechanism, in many 

cases the variability of wave loads is expected to be larger 

than commonly assumed. Hence, different irregular waves 

of equal height may produce dissimilar loads. 

 It is common to assume that normalized statistics for 

global mudline loads, as represented by hazard curves for 

example, are representative of load statistics related to a 

range of failure mechanisms. It is a concern that extreme 

irregular waves, which will see large velocity variations 

high in the water column, will drive more “onerous” load 

statistics than seen at mudline. Actually, in a given 

structure, the mudline wave loads have the “narrowest” 

load distribution.  

 Existing SRA models are either based on first member 

failure or ultimate system strength (”pushover” analysis). 

Even though each member in an offshore structure is often 

optimized in design, it is common to apply SRA methods 

assuming only a single resistance variable (a single failure 

mechanism). It is a concern that in an optimized structure, 

where multiple failure mechanisms may be loaded close to 

the limit of system collapse, series system effects can have 

a negative impact on the structural reliability. This is 

equivalent to the reliability of a single chain link relative 

to that of the entire multi-link chain. Moreover, 

considering irregular extreme waves it is an even greater  

concern that wave loading that drives different failure 

mechanisms will not (as in the case of regular waves) be 

close to fully correlated. For irregular wave loading it 

becomes important that all relevant failure mechanisms are 

assessed and that correlation effects between failure 

mechanisms are accurately reflected in the SRA model. 

In summary, much of the concern relates to a possible lack of 

consistency between Structures, Met-ocean, Hydrodynamics 

and Reliability disciplines. For this reason overall model 

consistency is a key parameter in the development of the new 

SRA simulation model. 

3 THE MONTE CARLO (MC) SIMULATION MODEL 

AND INTERMEDIATE RESULTS 

Early in the project it was clear that none of the existing SRA 

approaches applied to offshore structures were suitable for our 

purpose. The main shortcoming relates to the link from the 

environmental statistics to loads and the consequence of 

multiple failure mechanisms. 

Considering that our goal is to deliver an accurate estimate 

of the annual collapse probability, owing to the non-linearities 

involved an improved SRA set up was required. It was 

decided to target a Monte Carlo (MC) based solution, which, 

as close as possible, can capture the nature of the problem. We 

simulate the storms occurring in “1 million life cycles” 

(approximated by 1e6 realisations of 6 calendar years in the 

service period) to allow satisfactory convergence to the 1e4 to 

3e5 range of annual return periods of interest. To link long 

and short-term statistics, sea-states are assumed to have 

stationary stochastic variation over a 1 hour duration. Hence, 

the storms are divided into 1 hour blocks of sea-states 

comprising significant wave height, peak spectral period and 

spreading (Hs, Tp; sp). Only the sea-state parameters are 

assumed constant in each hour; associated parameters 

(current, wind, etc.) may vary. 

The crux of our challenge is found in the model of the 

1 hour sea-state. Here we need a fully non-linear, irregular, 

short-term simulation model which can predict the extreme 

load (response) for all relevant failure modes in a given 

structure. We analyse all extreme storm events (extreme 

waves and associated loads occurring in the 1 million 

lifecycles) which potentially can collapse our structure. Once 

we complete this task, the annual failure probability in each 

calendar year is established by counting the years with failure 

divided by the number of years simulated (1 million). 

Tyra 

UK 

NO 

DK 
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3.1 Requirements to the MC model 

The framing called for a model which could consider accurate 

estimates of load and resistance as well as implement 

stochastic variation of all important parameters, i.e.: 

 Fully non-linear irregular crest heights and kinematics 

 Load distributions in agreement with the geometry and 

elevation of the wetted area driving failure mechanisms 

 Correlations in both loading and resistance between 

failure mechanisms 

 Pulse load dynamic response (including influence of WID 

loading) 

 Best possible estimate of the distribution of associated 

loads and correlations of these with other loads to avoid 

conservatism in load sum statistics 

 Consistent approach for including model uncertainty 

3.2 Long-term environmental statistics 

The long-term statistics of sea-states in the Tyra field have 

been derived from approximately 32 years of measurements in 

Tyra and the surrounding Danish fields, supplemented by 

numerical hindcast data to fill in gaps. As part of the present 

work a new extreme value distribution model has been 

developed and fitted to the tail of the measured sea-states. The 

new model is capable of simulating entire storm time-series of 

hourly values of significant wave heights and associated 

parameters such as wave direction, period and spreading, 

water level, wind and current speed. It is important to note 

that by using a storm model we account for the correlations 

between each 1 hour sea-state. Thus, the worst sea-states will 

be assembled in relatively few years through the storm they 

belong to. This is important as we target annual probabilities 

of failure, counting years with “one or more” failures. 

The long-term environmental model is split into two parts: 

1. A storm model that parameterizes observed storm events 

into weighted average values of single parameters 

describing the most important properties (duration; storm 

intensity, 𝐻𝑚0; peak period, 𝑇𝑝; direction; spreading; 

water level etc.) and also provides a method of expanding 

simulated storms into individual one-hour sea-states. 

2. A stochastic model that includes the long-term (extreme 

tail) distribution of 𝐻𝑚0 and conditional distributions of 

the associated parameters (𝑇𝑝, spreading, water level 

etc.). Storm direction is modelled as a covariate, i.e. the 

distribution parameters vary with direction. 

Marginal extreme value distributions of the various 

parameters are modelled with the Generalized Pareto 

distribution. 

The model incorporates statistical uncertainty and 

physically based bounds on the various parameters. The 

former is incorporated by sampling distribution parameters 

from the estimated variance and covariance of the distribution 

parameters. The latter is imposed by limiting the allowed 

support range to within physically reasonable limits. 

Specifically, for significant wave heights, the support range 

has been limited to 21m significant wave height. Hence, 

sampled distributions that violate the criterion are rescaled 

such that they fulfil this criterion. 

 Once developed the model is used to expand the site data 

record to a 1 million year synthetic record of environmental 

parameters. For data consistency, non-environmental 

stochastic parameters such as future seabed subsidence, 

structural resistance, model uncertainty, etc. are included in 

the expansion. 

 

 

 

 

 

 
 

Figure 2. Plot of the 4,132,913 one-hour sea-states in the 1 

million year record passing initial screening criteria 

“Hs>(airgap+0.5m-tide-surge)/1.7” for year 2016. X-axis: 

MWD [deg.]. Coloured dots: 1h/dot, colour = dot intensity. 

 

To cover time dependent effects, such as seabed subsidence, 

and to allow the assessment to include some life cycle 

modelling, six independent calendar years were simulated 

(1999, 2008, 2014, 2016, 2019 and 2025): that is the model is 

Storms (typ.) 
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expanded into 6x1 million years. Some of the main expanded 

environmental parameters are plotted in Figure 2.  

Without going into details, it is noticeable how the 

geometry of the North Sea, Figure 1, can be observed in the 

expanded data. The dominant wind direction is SW-W, but 

due to the fetch limitation imposed by the British Island 

(approx. 400km, ref. Figure 1) this is not the dominant wave 

direction; however, directional wave spreading is relatively 

large. The dominant extreme wave direction is NW-NNW. 

This is undoubtedly due to the long fetch towards the North 

Atlantic between Scotland and Norway for this direction. It is 

noted for these directions that directional spreading reduces 

significantly and storm surge increases as water is pushed into 

the North Sea. 

3.3 Short-term models 

The most important and also the most complex short-term 

stochastic model is the irregular sea-state model. The model is 

semi-empirical as no completely closed form fully non-linear 

model exists, as discussed in reference 1. Lack of applicable 

offshore records of non-linear irregular extreme waves [1], 

forces us to use experimental wave basin data as a basis for 

the development. Therefore a large experimental program has 

been undertaken, systematically testing different Hs, Tp and sp 

combinations throughout the upper tail of the Tyra 

environmental contour (d=45m). Please refer to [1] for details.   

Three test series in the test program formed the direct input 

for the semi-empirical model development: 

 Series "A": Undisturbed surface and breaking. A grid of 

9x9 wave gauges spanning a full-scale target area of 

72x72m and video of the same area gives the reference for 

the 3D surface in the absence of a structure. 

 Series "C": Re-testing Series "A" with a number of simple 

“response” structures present in the target area. If we 

accurately know the load models (in lab scale) for these 

simple response models, the stochastic variation of loads 

on the models will be a function of the stochastic variation 

of the underlying irregular kinematics. Hence, the simple 

response models inherently provide information of the 

stochastic variation of extreme wave kinematics driving 

the loads on the response models. By carefully selecting 

the simplest possible response model geometry which 

represents the problem being assessed (geometry and 

wetted area extent), this approach is ideal for our 

validation/development purpose. Further details will 

follow below. Three simple response models were tested, 

Figure 3, as part of the “As-Is” project work.  

 Series "D": Load model development (in lab-scale). This 

covered a detailed wave flume program for development 

of lab-scale load models for the simple response structures 

deployed in the Series "C" test program: 

a) Development of four typical wave types in the flume. 

A regular wave (II), a mildly top spilling (III), a 

violently spilling (IV) and a plunging breaker (V). 

b) Perform Particle Image Velocimetry (PIV) to directly 

measure the wave kinematics in the four reference 

waves (II-V). Different positions along the flume were 

measured in the irregular events. Support the PIV with 

CFD data directly applying the wave maker motion as 

a boundary condition. 

c) Test the response models in the now known 

kinematics. Use the data to develop a lab-scale load 

model for each response test structure. 
 

 
 

Figure 3. Simple “response models” tested. 

 

In the companion paper [1] a more thorough outline is given 

of the concept of testing simple response models in many 

sea-states instead of testing very complex structural models in 

a few sea-states. Importantly, these models are simply 

“devices” we use to measure statistics for variation of lab-

scale kinematics in a specific volume of the water column. 

These load records are NOT to be scaled to full-scale. Once 

we have used the lab-scale loads as a means of validating the 

lab-scale kinematics, we scale the kinematics to full scale, not 

the loads. In this way we make the approach independent 

upon possible Reynolds number inconsistencies in scaling 

loads.  

As the reliability of the Tyra structures is controlled by the 

low air gap situation, the generic deck response model is 

given the main focus. The typical Tyra deck is a grating 

covered approx. 5x5m grid of 1m-high H beams. The generic 

deck is built from sharp corner “crosses” of 5x5x1m full-scale 

(see insert in upper left corner in Figure 3). Each deck cross is 

instrumented to deliver an individual load measurement on the 

cross. The generic deck was created by an 8x8 array of 

crosses giving a 40x40m full-size deck. By grouping different 

cross elements, normalized response statistics dependent upon 

deck size can be obtained. The deck element fixation was very 

stiff giving a natural frequency of approx. 40Hz (full-scale), 

which gave superior performance (little dynamic response) 

even in the most extreme plunging wave scenarios. The 

generic deck was developed to be the simplest possible 

response model that would represent the WID load process in 

the open deck Tyra structures. Experience from past WID 

model testing performed since year 2000 shows that for the 

deck inundations of interest, the loads generated on the deck 

structure were typically in the order of 70-80% of the total 

WID load. Hence, by developing our semi-empirical sea-state 

model to match the generic deck response data we have a 

Generic deck, 8x8 deck “X” 

elements of 1m height 

Drag column, OD 2m rough surface. 

Split at mean sea level (MSL) 

WID column, OD 2m rough surface. 

Airgap 11m 

Generic 

deck 

Support 

system 
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model which can be used to simulate the Tyra WID statistics. 

The deck was tested with an air gap between 12 and 14m with 

a complete set of sea-state tests performed for 13m air gap.  

Even though our main attention was the generic deck 

response test model, we did manage in the tight time schedule 

to include three simpler response models representing load 

processes in different wetted area configurations in the water 

column. The Drag column was a vertical column split into two 

sections at mean sea level (MSL) allowing the normalized 

response statistics to be obtained on the vertical column from 

MSL and above as well as from MSL and down. As discussed 

later these data turned out to be important for evaluating the 

performance of existing SRA models. The last response model 

was the WID column. This was identical to the Drag column 

just mounted with an air gap of 11m representing a small 

volume response model/failure mechanism dominated by 

local crest kinematics (e.g. a riser spool).  

Based on the flume test program (incl. PIV), lab-scale load 

models were successfully developed for all tested response 

models. The load models performed well across the entire 

range of breaking and non-breaking events (Wave II-V) 

making the models suitable for the purpose of isolating 

statistics for the kinematics. 

A number of investigations were performed to evaluate the 

best possible set-up of the semi-empirical sea-state model. 

Initially a second order model with empirical corrections to 

the largest events to match the tests (higher order effects) was 

employed. However, after some work, it turned out that crest 

height and WID response statistics could be matched equally 

well applying empirical corrections to a simple 1st order FFT 

model (surface and kinematics). Between 40 and 50 empirical 

correction models were iterated against the test data before the 

sea-state model was deemed to be satisfactory for WID 

dominated failure modes. 

The iterative development approach was reasonably 

straightforward. The sea-state matching the recorded basin 

conditions was set up in the numerical model (in lab-scale). 

The numerical simulation was now run (with random wave 

generation) for 10 times longer than the sea-state test. This 

was done to improve convergence of the simulation. The lab-

scale load model was applied to the largest events in the 

simulation and the simulated response load statistics derived, 

see Figure 4. The measured (M) response data could then be 

compared with the predicted (P). For each sea-state, statistics 

of the “M/P” ratio were derived in the upper tail, see Figure 5. 

This comparison was performed for all tested Series "C" 

sea-states for each iteration. Having a complete set of M/P 

ratios for all sea-states it was possible to derive the model 

uncertainty covering WID load (response) estimates for the 

developed model. It is noted that to be consistent with the 

analysis work performed since year 2000, the lab-scale WID 

model for the generic deck was developed applying the same 

procedures as applied to develop the load model for the Tyra 

structures (in year 2000). This approach was selected to limit 

the effect of additional WID load model uncertainties, i.e. to 

ensure the response data from the generic deck were as 

representative as possible. 

With the new approach directly simulating all extreme sea-

states in a long period (1 million years), the industry standard 

short-term distributions for wave- and crest height, for 

example, are no longer required as model input as they are 

built into the short-term sea state model which directly 

simulates the wave environment. Hence, these distributions 

effectively become internal model parameters. The accuracy 

of the model does not directly depend upon the crest or wave 

height model, but solely on how well the response of interest 

is predicted. Nevertheless, the empirical corrections were 

formulated around a new closed form crest height distribution 

(“Ottesen-Hansen” with crest height being a function of  Hs, 

Tp and sp) developed against the Series "A" test results. As the 

distribution is developed based on the test data, it is only 

applicable to 45m water depth. Model uncertainty was 

included in the distribution. As assurance we can calculate 

point crest heights at different return periods by convoluting 

the 1 million “year” (lifecycles) long-term sea state 

distribution with different short term crest distributions, see 

Table 1. 

 

 
Figure 4. Example comparison of predicted and measured 

response data, generic deck in a 2x2 element configuration 

 
 

Figure 5. Measured/Predicted (M/P) ratio for the data 

plotted in Figure 4. The vertical lines indicate the interval 

applied for calculation prediction (model-) uncertainty. 

 

The original (traditional) 10,000-year return period design 

crest height was 16.5-16.7m (ref. MSL), while the new long-

term environmental model increases the return period point 

crest estimate by approximately 3m. 

  
 

Sea-state: 

Hs=13.2m 

Tp=14.8s 

sp=20 
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Table 1. Traditional environmental design statistics. 

SWL: Still Water Level, MSL: Mean Sea Level 
 

 
Two thirds of this increase in the 10,000y return period 

crest height (2m) is caused by removal of a truncation of the 

upper tail of the Hs distribution, which previously was applied 

based on limited water depth. However, the analysis of wave 

records from the Southern North Sea, performed as part of the 

present work does not support this assumption and therefore 

the truncation was removed. Of more general interest is the 

1m increase at 10,000y return period between a Forristall 

(17.5 m) and the new “Ottesen-Hansen” crest height (18.5m). 

As the Forristall distribution is to 2nd order, this 1m increase is 

a measure of the importance of “higher than 2nd order” effects. 

Table 1 also lists a “Swan” crest height. This crest height 

distribution was made as part of project assurance 

independently by prof. C. Swan at Imperial College. 

Important to note is that prof. Swan based his work on fully 

independent data (and analyses) obtained in the IC wave 

facility, i.e. independent upon the main test program at DHI 

underlying the “Ottesen-Hansen” distribution. Excellent 

agreement on the 10,000y return period crest height (within 

0.3m) is found between the two independent estimates. 

3.4 Structural response and capacity 

In the MC setup, for each of the 6 calendar years analysed 

in a life cycle, we are to evaluate all events which reach the 

Tyra deck structures within 1 million life cycles. With the 

present air gap (2016) of the lowest structure at approx. 14m 

(ref. MSL), we are to evaluate a large amount of events. It was 

soon realized that a cloud based analysis set-up was required 

and that this would set strict requirements to robustness in the 

numerical calculation tools for the approach to work. 

Traditionally offshore structural analysis is performed in a 

deterministic format. This allows for detailed and advanced 

structural resistance calculations to be performed as the 

number of load cases is limited, i.e. typically only the 100 and 

10,000-year return period waves from a few directions. 

Advanced non-linear analysis tools (“pushover” type) can be 

applied and the engineers can “nurse” these to ensure the 

results are correct with regards to convergence, correct failure 

modes, rupture/stop criteria, etc. These fully non-linear 

pushover analysis tools are generally not sufficiently stable to 

allow for bulk application in the cloud. This is a challenge, as 

our entire knowledge generated during 15 years of detailed 

assessments and reinforcement design of Tyra structures lies 

in these detailed structural analysis models. For success we 

need to develop a way to link detailed pushover resistance 

results to the MC without losing accuracy in the resistance 

estimate. 

In the 1990s Shell faced the same challenge developing 

their SRA model [2, 4, 5]. After analysis of both detailed as 

well as simple load models, they realized that after 

normalizing the global load statistics, the response 

distributions were close to identical between the models. They 

utilized this concept to develop general conclusions about the 

reliability of offshore structures by analysing the simplest 

possible response model: the global mudline response on a 1m 

diameter vertical column. The basis for the Shell work will be 

discussed later, but here it is just important to note that simple 

response models can be a very effective tool to obtain detailed 

knowledge about normalized response statistics on very 

complex structures, the only condition being that the simple 

model “replicates” the load process (response) of interest. 

That is the loading on the simple model must be generated in 

the same volume of the water column as the detailed model 

and follow the same principle load process as the model it 

represents. 

To suit our present purpose we need to re-work and further 

develop the Shell response model format such that it can: 

 Deliver normalized statistics relevant for failure 

mechanisms developing at all locations in a structure. 

 Identify the response level where a given failure 

mechanism reaches its (stochastic) capacity. 

 Execute quickly and reliably. 

We succeeded to develop this new “Bar & Membrane” 

(B&M) model and apply it to all SRA analyses of all Tyra 

structures. It comprises two parts: 

 A fast running and reliable load model based on a 

calibrated assembly of Morison point load elements. 

 A simple response model mapping the point loads to the 

main failure mechanisms. 

The B&M model is basically an interface model which 

bridges between the very high number of extreme events 

assessed in the MC analysis and the very detailed, but 

cumbersome, deterministic structural analysis of much fewer, 

but representative extreme events. It works by relative 

comparisons of subsets of actions between different analyses. 

3.4.1 The equivalent point load model 

A simple, quick and robust equivalent load model is prepared 

for each structure. The point elements are arranged to cover 

the spatial extent of the structure. In most cases jackets can be 

modelled by rows of vertical elements typically located in the 

centre of the dominating structural elements (legs, conductors, 

etc.). Less dominating elements (braces, appurtenances etc.) 

are lumped to the closest line overall balancing the loads. 

Point elements arranged along vertical lines are preferable, as 

this will ensure the most numerically efficient calculation of 

kinematics in the FFT that underlies the semi-empirical wave 

model, see Figure 6. The equivalent model is checked against 

the full model for a number of detailed load vectors. 

The equivalent load model is similar to the Shell “stick” 

models detailed in [4, 5]. A load mapping procedure is built 

into the model. Each Morison point element maps the load to 

a centre node location. Above a given horizontal plane, the 
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sectional loads are the sum of the loads in the mapping nodes. 

A similar approach is used in the topside for WID loading 

(and wind, gravity etc.). For WID the spatial load distribution 

(and 3D crest shape) effects are more important and for this 

reason the point elements are spread throughout the topside in 

a high number, i.e. not assembled in a few vertical lines. 

 

  
 

 

Figure 6. Equivalent load model, only jacket load shown. 

3.4.2 B&M response model 

The B&M format evolves along with the load mapping. A 

jacket structure is globally a cantilevered beam. On an overall 

system level the section (elevation) loads are statically 

determinate. Possible non-linear internal force flow in a jacket 

is caused by statically indeterminate (over-constrained) 

bracing systems “internally” in the jacket. For example, an X-

braced jacket has two load paths through each X-bracing 

which normally allows for a large force redistribution in the 

bracing as the X-brace failure mechanism approaches its 

ultimate capacity. At the point of collapse, when the failure 

mechanism is fully developed, the structure can no longer 

redistribute loads: alternative load paths are exhausted and/or 

a structural component suddenly loses capacity due to 

fracture, and collapse occurs. Here it is important to note that 

the response of individual structural members may be highly 

non-linear in statically indeterminate bracing systems, but at 

failure the loads on each mechanism will distribute as in a 

statically determinate structure. This allows us to use a simple 

force equilibrium concept to map the global loads uniquely to 

each main failure mechanism in the structure. 

Taking a typical 4-legged jacket with external piles as an 

example, see Figure 7, failure mechanisms can develop in 

each “bracing bay” either in one of the legs (4 off) or in one of 

the 4 diagonal systems. The legs will primarily resist the 

vertical loads (gravity and overturning moment) and the 

diagonal bracing will support horizontal shear and torsion 

(around a vertical axis). Hence, the failure mechanism of each 

bay can be considered as an assembly of 4 bar elements (the 

legs) and 4 membrane elements (X-diagonals). In each bay, 

loads distribute to the 8 elements following simple force 

equilibrium principles. This is the Bar and Membrane (B&M) 

model principle. Each bar and membrane assembly "element" 

represents a potential failure mechanism and loads are shed 

between the elements following simple equilibrium 

considerations. This is arranged very robustly in a set of 

simple influence functions mapping the (sectional) loads from 

the mapping nodes to the B&M elements. The principle is 

sketched in Figure 7. 

 
 

Figure 7. Sketch of the B&M format. 

 

It follows that for any wave, current, wind and gravity load 

vector we can calculate the load and map this to each (B&M) 

failure mechanism. 

The final step in the development is to assign a stochastic 

“capacity” to each B&M failure mechanism. This is the all-

important link giving us access to the 15 years of detailed 

structural analyses of the Tyra structures. For each structure 

we have a detailed pushover model and a calibrated Morison 

point load equivalent B&M model. We now run a matrix of 

pushover analyses on the detailed model pushing the load 

vector towards expected worst case load events. This covers 

regular long period waves, plunging breaking waves, worst 

case gravity cases, extreme wind etc. all performed with the 

aim to trigger as many failure mechanisms as possible in the 

structure without being unrealistic. From the pushover 

analyses we note the position of the failure mechanism and 

the load vector at collapse. In the next step we transfer the 

loading conditions at collapse to the B&M model, i.e. we 

apply the same wave kinematics, current, gravity, wind 

combination to the B&M model, and map the load to each 

failure mechanism. We mark the failure mechanism which 

matches the failure mechanism triggered in the pushover 

analysis. This procedure is repeated throughout the principal 

load cases in the analysis matrix.   

For the weakest failure mechanisms in the structure we will 

have many B&M load cases matching collapse in the 

pushover, for others we will have a few and for some (the 

strongest) mechanisms we have not been able to trigger 

failure. For each B&M mechanism we calculate the COV and 

mean of loads matching a pushover failure mechanism. In a 

typical jacket this COV is surprisingly low, typically less than 

5% low in the water column and less than 10% at sea level, 

giving a strong indication that the B&M format is working as 

intended. We include the stochastic variation as model 

uncertainty on the B&M resistance model and duly correct for 

the limited number of observations. For failure mechanisms 

that are only triggered once or not triggered at all we take the 

highest resistance value as a deterministic, lower bound 

capacity. If failure occurs in any of these in the SRA, we 

should return to the basic load cases applied to the pushover 

model and update/extend the analysis matrix. We now have a 

calibrated B&M model that is robust, fast and reliable. 

TWC jacket pushover Equivalent load model Load mapping 
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A final comment relates to dynamic response. The B&M 

model only maps the static loads. A stochastic pulse load DAF 

model is built into the load model. This model is an extension 

of the deterministic model applied for the previous WID 

assessments of the Tyra structures. The model accounts for 

the actual shape and duration of the WID load, the natural 

period of the jacket and the non-linear deformation capacity.  

3.5 The simulation setup 

The main components in the MC model are now available: 

 A primarily environmental record of 1 million life cycles 

(6 years throughout the service period) comprising 1 hour 

sea-states and associated environmental parameters such 

as wind, tide, current surge etc. Conveniently, other 

stochastic parameters are also included, like model 

uncertainties, subsidence forecast, sea level rise (global 

warming), failure mechanism stochastic resistance 

variation bias, WID DAF, etc. All stochastic variables are 

categorized to either have “event”, “hour”, “annual” or 

“life-cycle” stochastic variation indicating how often a 

new realization of the variable needs to be drawn in the 

MC simulation.   

 A semi-empirical sea-state model calibrated to deliver 

good WID load statistics and duly accounting for model 

uncertainties. 

 A fast running and stable response model which can assess 

individual failure mechanisms and correlations in loading 

between failure mechanisms (system collapse). 

 The MC simulations are arranged as outlined in reference 1. 

First, identify all sea-states capable of producing a WID event 

and for these make a realization of the 1 hour sea surface 

below each deck structure (deck area); identify extreme waves 

reaching at least 0.5m into the deck. For each of these events 

calculate the stochastic input to the response model, map 

loads to each failure mechanism and compare load with 

resistance and mark if failure occurs. 

The simulation is built around a simple ASCII file format. 

For each 1 hour sea-state a single row of input (sea-state 

random seed, stochastic realizations, load and resistance), i.e. 

every parameter in the model is assembled. This arrangement 

is optimal for parallelization in the cloud, as each 1 hour 

sea-state in principle can be launched on different CPUs. The 

extent of the analysis work was however massive. At the time 

of execution it was the largest cloud computing job running in 

Europe with up to 30,000 kernels assigned.  

The new format turned out to be very powerful enabling 

inclusion of almost any stochastic variation and non-linearity 

(as long as we could describe it) and not least for assessment 

of correlation effects. To maximize the value of the 

simulation, each Tyra structure was placed at the correct grid 

location and a sea-state realization was progressed over the 

entire field grid so if a given wave event would hit several 

structures, we model this correctly in the simulation. This set-

up allowed us to determine the failure probability of 

individual mechanisms, the system failure probability 

(collapse of one or more failure mechanisms in a structure) 

and also the “field” failure probability, wherein the probability 

of losing one or more structures in the field, can be assessed. 

4 SRA RESULTS 

The SRA results for the 4-legged Tyra East B (TEB) wellhead 

platform (similar to jacket sketched in Figure 7) are used as an 

example. This platform has previously been extensively 

strengthened to meet the 3.6m inundation in the year 2000 

design basis. This involved adding new bracing to the original 

portal frame below the deck, significant strengthening of the 

deck structures and grouting of legs and selected jacket braces 

to increase compression capacity. The strengthening enables 

the jacket to resist a WID event in the order of 1000t 

horizontal load. The B&M model is based on analysis of this 

strengthened structure. This must be kept in mind when 

considering the results that follow: if no strengthening had 

been performed, the results would be significantly different. 

In Figure 8 we plot the collapse probability using level 

shear and level overturning moment as our reference. Thus we 

define collapse if shear or overturning moment OTM in the 

main mapping nodes exceeds the capacities calibrated against 

the TEB pushover model. Each of the lower 5 curves in 

Figure 8 provides the failure probability at a given level of the 

platform with the lowest blue curve representing failure at the 

mudline. 

 

 
 

Figure 8. TEB SRA based on level loads (BS and OTM). 

Note original elevation ref’s, i.e. 21m is bottom of deck. 

 

The plot in Figure 8 and the following plots all have the 

annual collapse probability along the log-scaled vertical y-axis 

and the service year along the linear lower x-axis. The upper 

x-axis shows discrete values of the average seabed subsidence 

relative to year 2013. The development in failure probability 

throughout the service period is primarily driven by the 

progressing seabed subsidence resulting in a reduced air gap. 

The dotted black line gives the probability of a wave reaching 

the deck structures, i.e. the “area” WID statistics. 

A noticeable conclusion from Figure 8 is that using the 

mudline global loads as the single response parameter (lower 

blue line), the platform actually complies with the 3e-5 “L1” 

criteria outlined in references 2 & 3. However, as we increase 

the reference elevation for the shear and OTM loads, the 

collapse probability increases. At the highest elevation the 

collapse probability has increased by around two decades 

127



The 3
rd

 Offshore Structural Reliability Conference  

OSRC2016 

14-16 September, Stavanger, Norway 

 
relative to the mudline value. It is important for general 

conclusions to recall that the platform has been strengthened 

primarily in the upper sections to resist the previous design 

load: the shift in failure probability would be even more 

dominant if we had assessed the unstrengthened structure. 

If we define collapse as failure in one or more B&M 

elements, i.e. the total TEB “system” collapse probability 

estimate, we obtain the results plotted in Figure 9. In 

Figure 10 all individual system results for the Tyra East 

structures are plotted as well as the combined field result. 

 

 
 

Figure 9. Annual TEB collapse probability as function of 

developing sea bed subsidence. 
 

 
 

Figure 10. Individual platform annual collapse probability 

estimates for Tyra East. Black curve is the “field” risk. 

For TEB the system reliability curve, Figure 9, is only 

slightly higher than the failure probability of the upper bay, 

Figure 8. In other words it is failure of the upper bay which 

controls the reliability of the platform. In Figure 9 it is seen 

that the system reliability curve is close to a parallel shift of 

the dotted upper curve giving the WID probability. If we 

subjectively judge the subsidence difference between the two 

curves using the upper x-axis, we can see that the average 

deck inundation (3D area max. crest height) is around 3m 

when collapse occurs. Looking at the vertical spacing between 

the two curves in Figure 9 it is seen that approximately every 

20th WID event will cause a global collapse of the platform. 

This large resistance to WID is a result of the extensive 

strengthening performed. 

In Figure 10, the highest individual system collapse 

probability is found in the 100m long inter-platform bridges. 

Although the air gap of these is approx. 1.5m higher than the 

air gap of the supporting deck structures, even for small 

inundations of the bridge the WID loading will control the 

reliability. For these structures the probability of WID and the 

system collapse probability curves are close to each other.  

The upper black curve in Figure 10 is the “field risk” curve, 

the annual probability of collapse of “one or more” structures 

at the Tyra East field location. It is noticeable that the field 

risk curve is significantly higher than the underlying system 

curves. This is driven by a high spatial variation in the 

short-term loads. 

 

 
 

 
 

  Figure 11. Plots of sea-states giving system collapse. 

 

In Figure 11 we plot the TEB 2016 sea-states giving system 

collapse against mean wave direction (MWD) (upper plot) 

and on top of the environmental contour (lower plot). It is 

noticeable how the NNW direction is dominating. In relation 

to the environmental contour Hs seems to be the dominating 

factor. A bit more of a surprise is that the steeper sea-states, 

where breaking is more pronounced, are not contributing 
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significantly to the collapse probabilities. Subjectively, it 

seems that the sea-states with longer Tp, (i.e. those which can 

create a relatively large volume of water at high elevations), 

are a dominating factor for critical response of Tyra platforms.  

5 IMPLEMENTING SEASONAL VARIATION 

During the course of the project the long-term statistics 

were extended with seasonal variation as a second co-variant. 

This adds to the complexity of the long-term model, but it 

adds a powerful feature to the simulation. By having a “storm 

date” added to each storm in the database (and thereby a date 

tagged to each 1 hour sea-state), the seasonal variation of the 

collapse probability is known. These data have been used to 

plan mitigating activities in the field in the winter season. 

6 MODEL ASSURANCE 

As an independent assurance activity Imperial College (IC) 

(prof. C. Swan) built a detailed model of the topside of the 

TWC well head platform. This model was tested for 240h in a 

sea-state with Hs=12m; Tp=15s and sp=20, corresponding 

approximately to 1,000-year return period sea-state conditions 

in the middle of the environmental contour (the most likely 

sea-state to generate a collapse for many structures, ref. 

Figure 11). A Q-Q plot of the WID loads from the test has 

been included in Figure 12. 

 

 
 

Figure 12 Q-Q plots of blind test validation. 

A blind prediction of the IC test was prepared with the SRA 

model. The analytical WID load model was set-up following 

standard procedures as applied for Tyra structures and a B&M 

model prepared. The test was then simulated 250 times to 

determine stochastic scatter. The simulations are the blue 

curves in Figure 12. Very good agreement between test and 

simulation based on a WID response model is observed. For 

further details related to general project assurance, please refer 

to reference 1. 

7 EVALUATION OF SHELL'S 1990'S SRA MODEL  

The most commonly applied offshore structure SRA 

methodology today is based on work by Shell in the mid 

1990s [2, 3, 4, 5]. The principles of this model were also 

applied in the work performed by the Bomel-headed JIP [6, 7] 

targeting reliability of North Sea structures. A summary of 

this, relevant to the present work, can be found in the 

companion paper [1]. Below we compare our new knowledge 

of response statistics against the existing SRA model as 

outlined in reference 2. We concentrate on conclusions and 

assume that the reader is familiar with the Shell model. 

Shell based their model on the global load (response) on a 

vertical column. By normalization of the calculated load 

statistics (for historical reasons they used the distribution of 

20 year maxima), they derived SRA results to support the 

selection of RSR values as well as supporting the setting of 

partial action factors. The present work provides an 

opportunity to use wave basin test results directly to evaluate 

the theoretical assumptions underlying the Shell model. 

As outlined earlier and detailed in reference 1, the Tyra 

“As-Is” work scope included testing a vertical column (the 

“Drag column”, Figure 3) split at MSL, across a matrix of 

non-linear irregular sea-states. This work allows us to 

effectively replace Shell's theoretical load calculations [2, 3] 

with wave basin recorded response data. By repeating the 

same procedure for both the upper and lower part of the Drag 

column independently, we have the option to compare directly 

with the Shell model as well as doing relative comparisons of 

statistics between the two sections of the column. The 

approach applied is briefly as follows: 

 For each sea-state fit (least squares conditioned to same 

COV and mean as the sample) a Gumbel distribution to 

1hr response maxima. This is our short-term statistics. 

 The long-term response statistics are established by 

numerical folding with the sea-states in the “1 million 

year” (life-cycles) file. For each 1hr sea-state above 9.8m 

(Hs) we locate the closest test and make a draw of a 1hr 

maximum response from this test. We now have a 

1 million year record of 1hr maximum response on each 

column section.  

 Using maxima in 20 year bins, we follow Shell procedures 

and fit a log normal distribution to the tail of the data. We 

only fit to the upper tail between the 10-3 and 10-5 annual 

exceedance probabilities where the log-normal distribution 

provides a good estimation. We calculate COV (COVE) 

and the mean (E20mean) of the 20-year maxima loads.  

 Using our lab-scale load model and the 100-year return 

period wave height from our long-term statistics, we apply 

the Stokes 5th order theory (no kinematics factor) to 

calculate the 100-year regular design response 

(E100Stokes5th). The ratio (E20ratio) between the fitted 

E20mean and the design E100Stokes5th is the mean value of 

the 20-year maximum response brought to the same scale 

as the resistance expressed by the RSR value. We can now 

use the new response statistics in the Shell model. 

The results, Table 2, are interesting. For the Tyra location 

(Southern to Central North Sea), Shell [2] found a COV of 

0.212 of the 20-year response maxima giving a required RSR 

value (load factor on E100) of 1.73 to reach an annual failure 

probability of 3e-5. The model fit to the lower column data in 

Table 2 is spot on the Shell model. Good agreement is 

expected for the lower column section as the response is not 

affected by any wave loads above MSL, i.e. we are close to 

matching the Shell assumption of short-term load variations in 

linear sea-states. Even though our environmental response (E) 

is based solely on wave load while Shell included 
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contributions from other environmental factors such as wind 

and current, with a slightly less steep hazard curve, the 

agreement for the lower column, between two fundamentally 

different approaches, is remarkable. This adds trust in the 

results when we later do relative comparisons between the 

lower and the upper column sections. 
  

Table 2. Comparison with Shell SRA. 

Item*1 Model*2 RSR E20ratio
*4 COVE

*5 Beta20y
*6 Pfannual 

Shell [2] Na 1.73 0.84 0.212 3.25 2.8e-5 

DC_low Static 1.73
*3

 0.79 0.24 3.25 2.9e-5 

DC_up Static 1.73
*3

 0.67 0.66 1.85 1.6e-3 

DC_up Static 4.01
*3

 0.67 0.66 3.24 3.0e-5 

DC_up Modal 0.4hz 4.12
*3

 0.83 0.58 3.24 3.0e-5 

DC_up Modal 5.0hz 6.88
*3

 0.88 0.81 3.24 3.0e-5 

DC_up ‘Raw’ 3.0hz 6.10
*3

 0.67 0.90 3.24 3.0e-5 
*1: DC: Drag Column; “low/up”: Lower and upper section (split at MSL) 

*2: Static: Wavelet filtered; Modal: Newmark on top of ‘Static’ (SDOF pulse DAF); 

  ‘Raw’: As recorded low-pass filtered at 15Hz (full-scale) to remove noise 

*3: RSR=Mean resistance/E100Stokes5th 

*4: E20ratio = E20mean / E100Stokes5th. E20mean obtained from the Log-Normal fit 

*5: COV on 20y max environmental load.  

*6: Safety index (FORM) related to 20y maxima In addition all calc’s include a COV 

  of 8% on load model (marine growth etc.) and 5% on resistance [2] 
 

The close agreement with the Shell model assumptions is 

confirmed looking at the COV of 1hr maxima calculated for 

each sea-state tested, see Figure 13. The lower column section 

fits the expected COV variation between 0.095 (inertia 

dominated) and 0.19 (drag dominated) stated in reference 2. 

 

 
 

Figure 13. COV of 1hr maxima Drag column. Each dot 

represents a Series "C" sea-state test. 

For the upper column section, Table 2, the combined long- 

and short-term static response COV (0.66) is 2-3 times higher 

than for the lower column (0.24) and the assumption in 

reference 2 (0.212). This increase is driven by the influence of 

the irregular kinematics and higher order wetted area (surface) 

effects. The increased short-term COV on the upper column 

leads to significantly changed SRA results, ref. Table 2. For 

RSR=1.73 the annual collapse probability increases from 3e-5 

(Shell model) to 1.6e-3, a factor of 50. To meet the 3e-5 

annual collapse probability for static response for the upper 

section we will need to “design” for an RSR value of 4.01, i.e. 

2.3 times higher RSR than required for the lower column. 

It was found that the 20-year maximum response value for 

both sections is reasonably well predicted by a Stokes 5th 

order wave, i.e. irregular effects do not seem to play a 

significant role in the core part of the 20-year maximum load 

distribution. In other words, extreme irregular events are too 

rare and too spatially distributed to significantly influence the 

average 20-year maximum response. However, at longer 

return periods, where the tail of the load distribution is more 

important, failure may be triggered by highly nonlinear 

events, especially at locations high in the water column. 

“Narrow” structures are more at risk than “wide” structures as 

a larger fraction of the loaded area can be wetted by a non-

linear extreme wave, i.e. larger influence of the locally very 

high breaking wave kinematics. Hence, if we want to make 

structures safe for these failure mechanisms to say 10-3 or 

lower annual failure probability level, we need to design for 

larger wave loads. In terms of hazard curves, this means that 

the curves are much steeper than commonly assumed in the 

literature, see references 3 and 5 for example. In fact the 

curves are not straight (exponential load distribution), but 

curved upwards (“concave”), indicating the increasing 

influence of the irregular extreme waves in the upper tail. 

It is stressed that the above comparison relates to the direct 

static load in single failure mechanisms; pending the actual 

structural system the response to irregular wave loads might 

be even greater considering dynamics and multiple failure 

mechanisms (system effects). 

The static response was obtained by filtering the recorded 

raw response data. The natural full-scale frequencies of the 

Drag column were 3Hz (upper) and 5Hz (lower). Exposed to 

regular wave loading these structures would show a quasi-

static response. Purely static response was observed in the 

response data for the lower section. However, the upper 

section showed significant dynamic response to extreme 

events in the irregular sea-state tests, indicating that extreme 

irregular crests do contain a large amount of high frequency 

energy, which can trigger pulse load dynamics far away from 

the peak period (Tp) of the sea-state in which the event occurs. 

Several filter approaches were tested to derive the static 

response in the upper section. Low pass filtering was not an 

option as this removed significant parts of the high frequency 

load content. A wavelet filter was finally selected as a 

Newmark time integration of the wavelet filtered load pulses, 

applied to a linear oscillator tuned to the natural frequency of 

the test model, returned response very close to the ‘raw’ data 

statistics.  

We can access the statistical importance of pulse load 

dynamics in two ways: (1) directly analyse the ‘raw’ response 

data of the column having a natural frequency of 3Hz and 

compare this to the quasi-static pulse load; or (2) apply the 

static pulse load to a linear oscillator representative of 

different structural types and obtain the dynamic single degree 

of freedom response using Newmark integration. The results 

are shown in the last rows of Table 2. 

It is seen that over a wide range of natural frequencies (0.4 

to 5.0Hz), representative for many jackets, riser systems etc., 

there is a significant influence of pulse load dynamics in the 

response to irregular extreme waves. Using the ‘raw’ data 

directly, representing a “narrow load area”, dynamic, 3Hz 

full-scale response model, the RSR required to meet the 3e-5 

criteria is approximately 50% higher (RSR≈6) than the static 
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value. Implementing system ductility (if present in a structure) 

in the otherwise elastic amplification will of course reduce the 

difference, but the results clearly indicate dynamic response to 

single extreme non-linear waves may be significant and will 

be an important issue to consider. 

8 FINDINGS AND FUTURE WORK 

As results from the Tyra “As-Is” work started to evolve 

during 2014, it became clear that the “New Knowledge” 

would likely have a negative impact on our past understanding 

of the integrity of the Tyra structures, resulting in a situation 

that was outside the acceptance criteria for manned operation 

during adverse weather. As a consequence, jack-up rigs were 

spudded at the Tyra East and West fields during the 2014/15 

winter season, to ensure that the installations could be 

properly shut down and de-manned safely during adverse 

weather.  

However, the current situation is not sustainable. 

Consequently, Maersk Oil issued a notification to the gas 

market early April 2016 announcing plans to cease production 

from Tyra East and Tyra West by October 2018. Together 

with the DUC partners, Maersk Oil is evaluating long-term 

viable solutions for safe recovery of the remaining resources 

at Tyra. 

Based on current knowledge we see the general findings to 

reach far outside the low air gap situation in the Tyra field. In 

general we see that existing industry methods cannot correctly 

estimate the failure probability for collapse mechanisms 

developing at high elevations in the water column. A new 

project (Ab-normal Wave Assessment and Risk Evaluation - 

AWARE) has been initiated to expand the Tyra study to cover 

a water depth range of 30-65m and include the assessment of 

integrated non-linear (jacket/riser/conductor) models of the 

remaining 41 non-Tyra structures present in the DUC Danish 

concession area. The work will include a large wave basin test 

program covering a larger amount of principle response test 

models and will also extend the numerical response model 

(B&M) to include dynamic response of dominant vibration 

modes. This work will not only target a full SRA model of all 

structures, but also development of load combinations 

together with calibrated safety factors that can be applied for 

standard deterministic engineering assessments.    

9 CONCLUSIONS 

We reached the target of our study and estimated the 

probability of collapse for structures in the Tyra field 

considering the loading from fully non-linear irregular waves. 

The results point to non-conservative shortcomings in existing 

industry practice assessment and SRA methods. Relative to 

existing practice we see: 

 Many structural failure mechanisms will have more 

onerous extreme load statistics due to wave breaking and  

failure mechanisms dominated by wave loads generated at 

high elevations in the water column are expected to be 

influenced.  

 There is not a deterministic link between wave height and 

wave load as inherently assumed when applying regular 

wave theory. The large transient and spatial variability in 

non-linear irregular extreme waves gives a high stochastic 

variability of kinematics for waves of equal height. A 

result of this variability is that loads in different failure 

mechanisms are not fully correlated. This makes it very 

important that SRA methodologies used to estimate jacket 

collapse probability evaluate all failure mechanisms which 

can lead to global system collapse and duly consider the 

load correlation effects. 

 Higher than 2nd order irregular wave effects may influence 

crest height statistics, i.e. effects beyond the generally 

applied Forristall crest height distribution. 

 In terms of hazard curves many structures will see much 

steeper curves than assumed in current industry practice.   

 Irregular extreme waves can induce significant pulse load 

dynamic response. This may affect structures (jackets, 

risers, etc.) which normally will have a quasi-static 

response to regular waves. 

 Even though the study is performed for a 45m North Sea 

location we do expect that many of the results/conclu-

sions reached extend far outside the range of the study. We 

would expect that many conclusions would apply to all 

harsh weather environments. 
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ABSTRACT: This paper concerns the calculation of the fluid loads acting on a steel jacket structure, as required for a structural 

reliability assessment.  It addresses both the sub-structure loads and the wave-in-deck loads, highlighting the practical 

implications of recent advances in the description of extreme ocean waves. These advances include the nonlinear amplification 

of crest elevations beyond second-order, the occurrence of wave breaking (both spilling and over-turning), the role of 

directionality (particularly in relation to the highest and steepest individual waves), the local and rapid spatial evolution, and the 

description of the water particle kinematics high in the wave crest. Taken together, these changes ensure that the load statistics 

will be very different to those based on linear or second-order theory. Moreover, the maximum loads relating to small 

exceedence probabilities will differ from deterministic calculations based on un-physical regular wave theories; the fifth-order 

Stokes solution being commonly adopted in present practice. Calculations undertaken to date suggest that present practice is 

likely to be conservative in respect of sub-structure loads, but non-conservative in terms of wave-in-deck loads; the latter 

potentially becoming very significant when large levels of wave inundation are concerned. In addressing these issues, 

recommendations are made concerning the implementation of improved modelling approaches; the ultimate goal being to 

achieve a physically realistic solution (including the effects of wave breaking) without the need for excessive laboratory or 

numerical calculations.     

KEY WORDS: Extreme waves; nonlinear crest heights; wave breaking; wave-in-deck loads; sub-structure loads 

1 INTRODUCTION 

An accurate determination of the reliability of an offshore 

structure is a crucial aspect of both the initial design of a new 

structure and the re-assessment of an existing structure. In 

simple terms it involves assessing the total applied load 

(particularly the environmental loads) and the structural 

resistance; determining the return period at which the former 

exceeds the latter. In essence it reduces to a loads vs. 

resistance problem; the present state-of-the-art being one in 

which the vast majority of the uncertainty resides on the 

loading side. Indeed, if an improved estimate of the structural 

reliability is to be achieved, the present authors believing that 

this is both possible and critically important, then it will be 

driven by a better understanding of the environmental loads, 

particularly the extreme loads produced by the largest and/or 

steepest waves and wave-current combinations. 

In addressing the applied loads, consideration needs to be 

given to both the sub-structure loads and the occurrence of 

wave-in-deck (WID) loading. It is in respect of the latter that 

an initial design and a re-assessment begin to differ; the 

magnitude (and uncertainty) of any WID loads being such that 

a new structure is designed to avoid their occurrence, even in 

the most extreme waves. This is achieved by setting a deck 

elevation that is sufficiently high to maintain a positive air-

gap over the proposed life of the structure. Unfortunately, 

such an approach cannot easily be adopted in the case of an 

existing structure. Moreover, it has become clear from recent 

experience, both in terms of structural failure and the results 

of reliability studies, that when significant WID loading arises 

it can have a profound effect on the survivability of a 

structure. To understand the importance of WID loading, the 

following points need to be recognised:  

(1) With improved hydro-carbon recovery, there is a 

desire to extend the life of many existing structures.  

(2) The design criteria appropriate to these older 

structures has been superseded. This has occurred at 

several levels including: 

(a) A small but upward drift in the design met-ocean 

criteria, particularly Hs. 

(b) The increasing desire, by the regulatory 

authorities, to impose a 10-4 rather than a 10-2 

annual exceedance probability.  

(c) An improved understanding of extremes, 

including both the long-term sea state 

parameters and the short-term wave 

characteristics.  

(3) The desire to operate platforms with a larger topside 

load.  

(4) Reduced air gaps (for a given crest elevation) due to 

a combination of sea level rises, increased storm 

surge and, in some cases, substantial sea bed 

settlement due to reservoir depressurisation.  

When taken together these points ensure that the effective 

determination of WID loading represents an important part of 

many re-assessments. The present paper will assess how 

recent scientific advances, many developed within the recent 

CREST and SHORTCREST Joint Industry Projects (JIP’s), 

contribute to this process. In accordance with the uncertainties 

noted above, the paper will concentrate on the loading side of 
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the equation, providing inputs appropriate to both the sub-

structure and the WID loads.  

2 BACKGROUND 

When considering the total wave loads, the component acting 

on the sub-structure will be drag dominated assuming the 

Keulegan-Carpenter number is defined by KC=UT/D>20 at 

z=0; where u is the wave-induced horizontal velocity, T the 

wave period and D the diameter of the individual member 

under consideration. In contrast, the WID loading is best 

calculated on the basis of a momentum exchange; the 

momentum of the water entering the deck being progressively 

destroyed, the rate of destruction depending on the porosity of 

the deck structure. Taken as a whole, the applied wave load 

will increase with the incident crest elevation, but will be 

‘badly behaving’ in the sense that the rate of increase will be 

substantially larger once the air-gap is reduced to zero and 

water enters the deck. This emphasises the importance of the 

WID loading component, its contribution to the total load and 

its impact on the calculated reliability.  

The determination of any WID loads is critically dependent 

upon:  

(i) The incident crest elevation, since this determines the 

degree of inundation or topside submergence.  

(ii) The shape of the wave crest; determining (in part) the 

total volume of water entering the topside.  

(iii) The water particle kinematics high in the wave crest; 

defining the relevant momentum flux.  

Unfortunately, these properties of an extreme wave are 

among the most difficult to define. The reason for this is that 

the largest, most extreme waves will be steep and therefore 

highly nonlinear. The origins of this nonlinearity lie in the 

kinematic and dynamic boundary conditions applied on the 

water surface; the effects of the nonlinearity growing with 

proximity to the water surface, particularly high in the wave 

crest. Moreover, if the wave steepness is such that the wave 

begins to break, as will often be the case in the largest waves 

in the most severe sea states (see Section 3.2 below), this will 

have a profound effect on (i), (ii) and (ii) above; the change in 

(iii) primarily influencing that part of the wave crest that 

determines the WID loading.  

In calculating the WID loads, the transfer of momentum 

(from the wave to the structure) is given by the product of the 

mass flow rate of water entering the deck and its associated 

velocity. Since the mass flow rate is itself proportional to the 

water inundation and fluid velocity, the applied force is 

defined by 

 

          FWID α Δη x [U(z≈ηc)]
2  

 (1) 

 

where Δη is the deck inundation and U(z≈ηc) is the horizontal 

velocity high in the wave crest, close to the instantaneous 

water surface z≈ηc. It is clear from (1) that if the wave 

nonlinearity (or, more significantly, the occurrence of wave 

breaking) leads to a change in U(z≈ηc), the corresponding 

change in FWID will be two-fold.  

In making this argument, the loads have been assumed to be 

dependent on the momentum flux. At this stage it is important 

to note that other approaches assume a drag-type loading 

description. The present authors do not subscribe to this view, 

not least because a Morison’s loading formulation assumes 

the loads can be based upon the incident undistributed fluid 

velocity. In the case of WID loading the fluid is brought to 

rest very rapidly, particularly in the case of a densely packed 

or plated structure. As a result, the application of an 

undistributed slender body theory is difficult to justify, 

introducing large uncertainty in the appropriate loading 

coefficients. However, setting aside these concerns, a drag-

type loading calculation also assumes the WID loads are 

proportional to [U(z≈ηc)]
2. This ensures that any change in the 

water particle kinematics again leads to a two-fold change in 

FWID.  

Taking a broader view, wave nonlinearity will alter the 

water particle kinematics throughout the entire water column. 

As a result, it also has implications for the sub-structure loads. 

In particular, if the relevant failure mode is over-turning about 

the base, moment-arm effects will further emphasis the largest 

loads arising high in the water column and hence the area in 

which wave nonlinearity has its largest effect.  

It is clear from these comments that whilst the sub-structure 

loads are sensitive to nonlinear changes in the predicted wave 

kinematics, the WID loading is entirely dependent on that part 

of the wave field that is subject to the greatest uncertainty and 

least well described by the commonly adopted wave solutions.  

3 WAVE MODELLING – RECENT ADVANCES 

It has already been noted that the prediction of the wave loads, 

particularly the WID loads, is critically dependent upon the 

wave crest elevations, ηc, and the underlying water particle 

kinematics, (u,v,w) in the (x,y,z) directions; where z is 

measured vertically upwards from the mean water level and  

is aligned with the mean wave direction. Both ηc and (u,v,w) 

must accurately describe the largest, and perhaps also the 

steepest, wave events arising in a given return period. Recent 

research has shown that if these descriptions are to be accurate 

they must incorporate the underlying physics of the sea states 

within which the individual waves arise. Specifically, this 

should include the unsteadiness, the nonlinearity and the 

directional spread; the three properties being inter-dependent. 

In practice, the largest waves will exhibit marked departures 

from expected linear or second-order behaviour. This will 

include high-order nonlinear amplifications, the dissipative 

effects of wave breaking, nonlinear changes in directionality, 

rapid spatial evolution and extreme water particle kinemics. 

Since each of these characteristics can have a profound 

influence on the applied fluid loads, and hence the results of 

any reliability analysis, they will be addressed individually.  

 

3.1 Nonlinear amplification beyond second-order 

 

Assuming a sea state is linear and narrow banded, the crest 

heights will be Rayleigh distributed. In an attempt to 

incorporate some nonlinearity, the present state-of-the-art in 

terms of design practice is based upon [1]. This defines a two-
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parameter Weibull fit to the crest elevations predicted using 

the second-order random wave solution described in [2]; the 

latter including the frequency-sum and frequency-difference 

terms first identified in [3]. The convenience of the model 

outlined in [1] lies in the fact that it provides second-order 

accurate crest height statistics for a range of sea state 

steepness’s and effective water depths without having to 

undertake long time domain simulations. However, it is 

limited in the sense that it only includes terms up to second-

order. Specifically, it neglects the third-order resonant and 

near-resonant terms that have been shown to produce a rapid 

and spatially localised amplification of the steepest and largest 

wave crests [4]. Confirmation of the importance of these 

terms in realistic directionally spread JONSWAP spectra were 

provided in the CREST and SHORTCREST JIP’s and reported 

in [5]. This evidence was based on long time domain 

simulations of random waves in a laboratory wave basin; the 

results confirmed by independent tests undertaken in a second 

laboratory wave basin.  

 

 

Figure 1. Crest height distributions recorded in a laboratory 

wave basin, Tp=16.0s, σθ=15°and (a) Hs=10.0m, (b) Hs=12.5m 

and (c) Hs=15.0m. 

Examples of this data are given in Figure 1; sub-plots (a)-(c) 

providing normalised crest height distributions (ηc/Hs, where 

Hs is the significant wave height) for three sea states of 

increasing steepness. In each case comparisons are made 

between the measured data and predictions based upon the 

linear Rayleigh distribution and the second-order Forristall 

model. It is clear from these results that significant 

amplifications beyond second-order are observed and that the 

magnitude of these amplifications increases with the sea state 

steepness. Indeed, it is clear that the differences between the 

fully nonlinear laboratory observations and the second-order 

predictions are at least as large as the difference between 

linear and second-order; the absolute magnitude of the 

amplification being largest in the tail of the distribution. 

Further consideration of the nonlinear amplification of crest 

heights beyond second-order has been provided by the 

analysis of field data [6,7], also undertaken within the CREST 

JIP. This considered a very large data base, applying a 

rigorous quality control procedure. If all deep water records 

with Hs>12 m are considered, the assembled crest height 

distribution (again normalised with respect to Hs) is given in 

Figure 2. In this case, comparisons to the linear (Rayleigh) 

and second-order (Forristall) distributions again show 

significant nonlinear amplifications. Indeed, these results are 

strikingly similar to the equivalent laboratory observations 

given on Figures 1(b) and 1(c). Whilst the results presented on 

Figures 1 and 2 are new, they were not unexpected. Real seas, 

particularly those relevant to design conditions, are not 

second-order. 

 

 

Figure 2. Crest height observations in the field (Hs≥12m); data 

taken from [7]. 

 

3.2 The dissipative effects of wave breaking 

 

Whilst the sea states considered in Figures 1 and 2 are large, 

being representative of the 100-year or 1000-year design 

conditions for the North Sea, present design practice requires 

larger (10,000-year) sea states to be considered. Figure 3 

provides two further examples of laboratory generated sea 

states. Figure 3(a) relates to Hs=17.5 m and Figure 3(b) 

Hs=20.0 m; the former being representative of 10,000-year 

conditions in the North Sea and the latter tropical cyclone 

conditions. In both cases it is clear that whilst the nonlinear 

amplifications persist, the tail of the distribution falls back 

towards the second-order solution. Indeed, in the steepest sea 

state it falls well below second-order, approaching the linear 

Rayleigh distribution. This reduction arises due to the limiting 

and dissipative effects of wave breaking; the latter being 

governed by the steepness of the individual wave events.  
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Figure 3. Crest height distributions showing the dissipative 

effects of wave breaking, Tp=16.0s, σθ=15°and (a) Hs=17.5m 

and (b) Hs=20.0m. 

In addition to the long time-histories of η(t)  recorded in the 

wave basin, simultaneous video records allowed us to 

establish the occurrence of wave breaking. Figures 4(a)-(b) 

reconsiders the crest height distributions relating to the two 

steepest sea states and identifies (coloured in red) those 

individual wave events that were observed to be breaking, 

either spilling or over-turning. It is clear from these results 

that many of the largest wave events involve some degree of 

wave breaking; the correlation between that part of the 

distribution that exhibits reduced crest heights and the 

occurrence of breaking being clearly made. These results have 

two important implications. First, the reduction in the crest 

heights for the smallest exceedance probabilities may limit the 

occurrence of WID loads; the onset of wave over-turning 

providing an effective upper-bound for the crest elevation 

given a local wave period. Second, when wave breaking 

occurs, particularly wave over-turning, the fluid velocities 

high in the wave crest will be dramatically increased (see 

Section 3.5 below). 

 

3.3  Nonlinear changes in the directional spread 

 

Unless they are entirely dependent upon swell waves, all 

design sea states will be directionally spread. With individual 

wave components travelling in different directions, the wave-

induced fluid velocity in the mean wave direction will be 

reduced. Indeed, the so-called velocity reduction factor 

(expressing the ratio of the velocities in a directionally spread 

sea to the equivalent velocities in a uni-directional sea) is 

often used as a measure of directionality. Expressed in this 

form it is easy to conclude that with the introduction of a 

progressively larger directional spread, the fluid velocities and 

hence the corresponding fluid loads will reduce. In effect, the 

neglect of directionality is entirely conservative.  

 

 

 
Figure 4. Crest height distributions highlighting individual 

wave events (in red) observed to be breaking (by both spilling 

and over-turning): Tp=16.0s, σθ=15°and (a) Hs=17.5m and (b) 

Hs=20.0m. 

 

Unfortunately, the fact that directionality has a direct 

(linear) influence on the steepness of an individual wave event 

ensures that the role of directionality is more complicated. For 

example, with the onset of wave breaking critically dependent 

on the inline wave front steepness, the introduction of a 

directional spread sea will lead to the reduced (or delayed) 

occurrence of wave breaking. As such, large individual waves 

may exhibit higher crest elevations in directionally spread 

seas. Moreover, setting aside the occurrence of wave 

breaking, the directionality of both the sea state as a whole 

and of large individual waves within a given sea state will be 

dependent on the nonlinearity. Evidence of this is provided on 

Figures 5 and 6 respectively. Figures 5(a)-(c) concern three 

sea states with increasing steepness; Hs=10m, 15m and 20m, 

with Tp held constant at 16s. In all cases the target (linear) 

directional spread was normally distributed with a standard 

deviation of σθ=15°. In Figure 5(a), corresponding to Hs=10m, 

the agreement between the measured data and the target 

directional spread is extremely good. However, in Figures 

5(b) and (c), an increase in the nonlinearity of the sea state 

leads to a reduction in the directional spread. Whilst 

acknowledging that the accurate determination of a directional 

spread is difficult, the present results are based upon the 

extended maximum entropy principle [8] using coincident 

time-histories of the water surface elevation and the two 

horizontal velocity components (η,u,v). Full details of this 

approach are given in [9], together with all the necessary data 

assurance. The clear conclusion arising from these results is 

that the directionality of a sea state as a whole reduces with an 

increase in the sea state steepness. 
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Figure 5. Nonlinear changes in the directional spreading 

function; Tp=16.0s and (a) Hs=10.0m, (b) Hs=15.0m and (c) 

Hs=20.0m. 

 

In contrast, Figures 6(a)-(c) concern the directionality of the 

largest individual waves occurring in each of the three sea 

states considered previously. Since the spreading parameter σθ 

is only appropriate to the sea state as a whole, the 

directionality of individual wave events is based upon the 

velocity reduction factor. These results show that with an 

increase in the sea state steepness, the largest waves become 

more uni-directional; the velocity reduction factor tending to 

1.0. This is consistent with earlier numerical calculations of 

deterministic focused and near-focused waves [4,10] and 

anecdotal evidence involving visual observations of very 

long-crested “walls of water”.  

Having established that both the sea state as a whole and, 

particularly, large individual waves within that sea state 

become less directionally spread as the sea state steepness 

increases, it must be emphasised that these represent real 

nonlinear changes. As such, they need to be incorporated 

within our characterisation of a design sea state, but do not 

imply that model testing should be undertaken in uni-

directional seas.  

 

  

 

 

 
Figure 6. The directionality of large individual wave events 

(based on the velocity reduction factor) in sea states defined 

by Tp=16.0s and (a) Hs=10.0m, (b) Hs=15.0m and (c) 

Hs=20.0m. 

 

3.4  Rapid spatial evolution 

 

The data presented in Figures 1-6 all relate to data gathered at 

a single point. In practice, jacket structures and particularly 

the topside structures have a finite plan area. Whilst it is well 

known that area statistics will differ from point statistics, 

much of this work has been based on linear or second-order 

calculations. Figure 7 concerns data recorded over an 

equivalent full-scale plan area of 60m x 60m. Figure 7(a) 

contrasts the average of the point statistics (ηcP̅(Q)) recorded 

at 49 (7x7) equi-spaced gauges located on a 10m x 10m grid 

with the area maximum (ηcA(Q)); the latter identified using a 

variable time interval such that the maximum defines the 

larger crest elevation corresponding to the propagation of a 

single wave event over the plan area. The first point to note is 

that the area maxima are substantially larger than the point-

averaged statistics. 
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Figure 7. Spatial effects; (a) a comparison between point and 

area statistics and (b) the percentage increase in crest heights 

with comparisons between linear, second-order and fully 

nonlinear laboratory data. 

 

Using the data given on Figure 7(a), Figure 7(b) defines the 

fractional increase, ((ηcA)/(ηcP̅)-1), for a given exceedance 

probability. This contrasts the measure data with equivalent 

linear and second-order calculations based on long time 

domain simulations at the same number of spatial locations. 

These comparisons identify two important trends. First, the 

measured data exhibits a larger area effect when compared to 

both the linear and second-order calculations. Second, whilst 

all three data sets exhibit a smaller area effect with reducing 

exceedance probabilities, the measured data shows the 

greatest rate of reduction. 

The explanation for these observations lies in three parts. 

(a) The increased area effect present in the laboratory data 

is in large part due to the nonlinear wave-wave 

interactions. In intermediate and deep water the third-

order resonant terms produce a local shifting of wave 

energy into the higher harmonics. This leads to an 

effective broadening of the freely propagating wave 

spectrum and hence an increase in the area effect. It 

also has implications for the water particle kinematics 

which will be considered in Section 3.5. 

(b) In a linear sense a large wave is caused by the focusing 

of freely propagating wave components. Whilst 

nonlinear effects may lead to larger waves, and may 

also alter the details of the focusing process, in 

intermediate and deep water the combination of 

frequency and directional focusing remains the driving 

mechanism. In a linear sense it has been shown by [11, 

12, 13 and 14], that the largest waves are based on the 

summation of component amplitudes that are 

proportional to the wave spectrum rather than the 

square root of the spectrum. This implies a narrowing 

of the spectral bandwidth such that the largest waves 

are less dispersive and therefore exhibit reduced area 

effects. This explains the general reduction in the area 

ratio for smaller exceedance probabilities (or larger 

crest elevations) irrespective of the order of the 

calculations involved. 

(c) The increased gradient of the area ratio based on the 

laboratory data is believed to be due to nonlinear 

(spatial) persistence. When a large wave forms, the full 

nonlinearity of the problem leads to a more rapid 

focusing (linked to point (a) above), but a more gradual 

de-focusing. In effect, the very largest waves are more 

persistent. This is particularly evident when wave 

breaking occurs. Although this is fundamentally a 

dissipative process, it also involves a degree of phase 

locking so that the breaking process extends over a 

larger spatial area. Whilst this may not be large in 

comparison to the typical wave length, it will be 

significant in terms of the plan area of a typical jacket 

structure; effectively reducing the area effect in the 

largest most damaging waves. 

Table 1. Individual wave properties. 

wave 

case 

 

description 

crest 

elevation, 

ηc (m) 

local 

period, 

Tlocal (s) 

1 non-breaking 16.2 14.0 

2 spilling 18.6 12.8 

3 over-turning 20.9 12.9 

 

3.5  The water particle kinematics 

 

Having already demonstrated the importance of the nonlinear 

wave-wave interactions, it is to be expected that they will 

have an equally important effect on the wave kinematics. 

Specifically, the transfer of wave energy to the higher-

frequency components, responsible for the nonlinear 

amplification of the crest heights1, will cause an increase in 

the near-surface velocities appropriate to WID loading. 

However, such components will decay rapidly with depth 

leading to smaller fluid velocities and a possible reduction in 

the sub-structure loads. To investigate these effects, three 

intermediate depth wave cases serve as appropriate examples. 

These were all recorded in a 10-4 design sea state appropriate 

to North Sea conditions. The first example is non-breaking, 

the second spilling and the third over-turning; the local wave 

properties being defined in Table 1. The horizontal water 

particle kinematics arising beneath the individual wave crests 

are presented in Figures 8(a)-(c) with comparisons to the 

commonly adopted design solutions. The latter includes a 

linear random wave theory with Wheeler stretching, the 

second order predictions of [2] and a Stokes’ fifth-order 

solution [15]; the latter based upon a fit to the measured crest 

elevation. 

                                                           
1 beyond second-order 
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Figure 8. Water particle kinematics recorded beneath three 

large wave events recorded in a 10-4 design sea state; (a) non-

breaking, (b) spilling and (c) over-turning (details given in 

Table 1). 

 

These comparisons show that all the wave models under-

predict the largest fluid velocities arising high in the wave 

crest. In wave cases 1 (non-breaking) and 2 (spilling) this 

under-prediction is most apparent at the very highest 

elevations in the wave crest. However, this is the only area 

that matters for WID loading. In contrast, in wave case 3 

(over-turning) the fluid velocities are under-predicted 

throughout the full depth of the wave crest (z≥0). 

At elevations beneath the SWL, the second-order model 

works reasonably well. In contrast, the Wheeler solution 

under-estimates and the Stokes’ 5th-order solution over-

predicts. These results are to be expected since the waves 

under consideration (indeed, all waves appropriate to 

engineering design) are neither linear nor regular. In 

considering the Stokes’ solution it is important to 

acknowledge that as far as engineering practice is concerned 

(specifically the description of design waves) it represents a 

good solution to the wrong problem! This assertion is based 

on the fact that a uni-directional regular wave solution, 

however it is applied, cannot possibly incorporate the essential 

physics governing the properties of a large design wave. 

Indeed, acknowledging this fact represents the first step in 

achieving an accurate description of the applied fluids loads 

and hence the reliability of a given structure.  

4 PRACTICAL IMPLICATIONS  

This section assesses the implications of the nonlinear 

changes to the incident wave conditions noted in Section 3. To 

do this effectively, structures will be grouped into three broad 

categories depending on the relative importance of any WID 

loading. In each case suggestions will be made as to how the 

changes can be effectively introduced within an analysis 

process.  

 

4.1 Structures maintaining an effective air-gap 

 

If, having reviewed both the long term distribution of storms 

(giving relevant Hs, Tp and σθ values) and the short term 

distribution of crest heights (the maximum crest elevation 

typically occurring on the peak of the Hs-Tp environmental 

contour) the structure maintains an effective air-gap, no WID 

loading will occur. In this case the nonlinear changes in the 

incident waves are expected to produce a reduction in the 

global sub-structure loads when compared to present design 

practice. The explanation for this lies in the fact that in 

intermediate and deep water, the nonlinear changes involve a 

shifting of energy towards the higher frequencies which decay 

more rapidly with depth. This is equally true of waves that 

begin to break; the breaking process (both spilling and over-

turning), being triggered by the increased near-surface 

velocities. In these cases the local loads, acting on individual 

members, high in the water column will increase, but the 

loads experienced beneath SWL will reduce. The cumulative 

effect of these changes will depend on the structural form, but 

the total base shear and the total over-turning moment will 

typically reduce.  

Evidence of this effect is provided on Figure 9. Sub-plot (a) 

shows a generic jacket structure with a base area of 40 x 40 m 

while sub-plot (b) concerns the predicted base shear and sub-

plot (c) the total over-turning moment. In both Figures 9(b) 

and 9(c) comparisons are made between calculations based 

upon a standard 5th-order Stokes solution and a fully nonlinear 

numerical (boundary element) model; the latter providing a 

physically accurate description of the wave events. These 

example calculations suggest a 20% reduction in the base 

shear and an 18% reduction in the total over-turning moment 

for a wave steepness consistent with a 10-4 wave event.  

In discussing related results with leading industrial 

practioners [16], some surprise was expressed concerning the 

extent of the nonlinear reductions. Indeed, with the present 

industry practice (Stokes 5th) calibrated against field data 

recorded at Shell’s Tern platform, it was argued that the over-

prediction was likely to be 5-10% at most. Interestingly, this 

view is not inconsistent with comparable nonlinear 

calculations. The largest single wave recorded at the Tern 

platform had a steepness of ½Hk=0.23, with many of the 

larger waves being of reduced steepness. Taking due account 

of both the plan area and the layout of this structure, fully 

nonlinear calculations suggest a reduction of 8% and 6% in 

the base shear and the over-turning moment. The key point to 
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note is that the 10-4 wave conditions are substantially steeper 

giving larger load reductions.  

 

 
 

Figure 9. Sub-structure loads: (a) generic jacket structure, (b) 

predicted base shear and (c) predicted total over-turning 

moment, with comparisons between Stokes 5th and BEM. 

 

In considering these results, three additional points should 

be noted 

(a) Whilst the global loads reduce, the local loads high in 

the water column will increase.  

(b) The load reductions are based on conditions at the 

mud-line. For failure mechanisms at higher elevations 

the results will be quite different.  

(c) Given the re-distribution of the applied loads, the 

strengthening of a structure at high elevations may not 

have the desired effect. 

 

4.2 Structures encountering small levels of wave inundation 

 

If the deck structure is high but not sufficiently high to ensure 

that the very largest (10-4) crest elevations do not enter the 

deck, WID loading will arise and must be carefully assessed. 

In these cases the nonlinear amplifications (beyond second-

order) may be responsible for the unexpected occurrence of 

wave inundations, but the dissipative effects of wave breaking 

must not be neglected. This is important on two counts: 

(a) In the steepest sea states wave breaking will reduce the 

very largest crest elevations in the tail of the 

distributions and may therefore limit the occurrence of 

WID loading. Indeed, in such cases crest elevations 

below second-order are consistently recorded. In this 

regard it is relevant to note that the crest height model 

outlined in [1] has no imposed breaking limit.  

(b) In the highest sea states the largest waves are unlikely 

to be over-turning. This can be argued on the basis of 

insufficient wind energy input and hence limits the 

maximum fluid velocities occurring high in the wave 

crest.  

In such cases it is clear that the fluid velocities high in the 

wave crest will be under-estimated by a Stokes’ solution 

(Section 3.5). However, the WID loads are also dependent 

upon the volume of water entering the deck. Since the shape 

of Stokes’ wave is such that this is likely to be over-estimated, 

some degree of cancellation (between velocity and volume 

flux effects) is to be expected. As a result, the extent to which 

the Stokes solution is non-conservative remains unclear; 

varying from case to case and depending, in part, on the 

geometry of the structure. In such cases comparisons to a fully 

nonlinear wave model are required.  

In making these comments, we are not arguing that wave 

breaking does not occur, rather that it is a less significant issue 

for the very largest waves capable of entering the topside 

structure. In addressing this category of structures all of the 

comments noted in Section 4.1 in relation to sub-structure 

loads remain valid.  

 

4.3 Structures subject to large levels of deck inundation 

 

This represents a small but important sub-group of mostly 

older structures for which the present results can have very 

significant implications. Recent studies, relating to specific 

structures, suggest that present practice, particularly where it 

is based upon deterministic wave events modelled using a 

Stokes’ solution will be non-conservative; perhaps grossly so.  

The explanation for this lies in the fact that the WID loading 

will no longer be proportional to the depth of inundation. 

Specifically, smaller steeper waves that have the potential to 

break into the topside structure, particularly where this 

involves over-turning, may give substantially larger loads 

when compared to the highest non-breaking crests producing 

the greatest inundation. With the occurrence of wave breaking 

controlled by the local wave steepness, the spectral peak 

period becomes very important, assuming Hs exceeds some 

threshold at which WID loading events become possible. In 

the category 2 structures (Section 4.2) the range of Tp values 

will not be large, but in the present category this is no longer 

the case. 

In the absence of detailed generic models, see below, an 

experimental determination of the WID loads is preferable. 

However, given the comments noted above it is not sufficient 

to merely look along the 10-4 Hs-Tp environmental contour, 

beginning at the peak (maximum Hs) and considering reduced 

Hs and Tp values; the latter giving steeper sea states. Instead, a 

wide range of sea states need to be considered throughout the 

(Hs, Tp) region capable of producing WID loads. Given the 

importance of wave breaking, the critical loading events may 

result from a rare wave event in a relatively commonly 

occurring sea state, rather than the most probable maximum 

crest height in a rare (10-4) sea. This emphasises the need to 
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test across the Hs-Tp domain, and to undertake very long 

random simulations.  

For example, a recent analysis of field data suggests that 

very large waves crests, larger than those traditionally 

expected (ηc/Hs>2.0), are clearly possible; example data being 

given in Table 2. Indeed, the fact that they have been 

recorded, more than once at a single structure, suggests they 

may not be as rare as initially believed. The obvious 

explanation for this lies in the nonlinear amplification 

(Section 3.1) arising in the steepest sea sates.  

Table 2. Recent analysis of field data. 

 

Date 

Crest 

elevation, ηc 

(m) 

Significant 

wave height, 

Hs (m) 

 

ηc / Hs 

2014-01-20 14.76 7.75 1.91 

2014-01-20 14.49 7.20 2.01 

2011-12-08 11.80 6.83 1.73 

2014-01-16 11.41 6.78 1.68 

2011-10-24 10.56 5.93 1.78 

 

With a large increase in the magnitude of the predicted WID 

loads and a reduction in the sub-structure loads, the relative 

balance between these two loading components will differ 

from present expectations. This may have implications for the 

relevant failure modes. Certainly, it should not be assumed 

that failure occurs by over-turning at the mud-line. Moreover, 

the relative phasing of the two loading component needs to be 

addressed. Whilst it is undoubtedly conservative to assume 

that the maximum WID and the maximum sub-structure loads 

occur simultaneously, it is equally important to understand 

that the structural response will be dependent upon the relative 

phasing of the two loading components. Furthermore, with an 

appreciation of the increased occurrence of wave breaking (in 

intermediate and deep water), slam loading will also become 

more common. This has the potential to act on the topside 

structure (particularly where this is fully plated), on the 

supporting deck beams (which are assumed to be part of the 

topside), and on the upper part (z>0) of the substructure. 

Whilst the maximum instantaneous loads associated with a 

wave impact may not be relevant to a static analysis, the total 

impulse will certainly be relevant to the dynamic response and 

hence the development of any failure mode.  

 

CONCLUDING REMARKS 

 

The present paper has highlighted a number of important 

changes in the input parameters appropriate to the calculation 

of both the sub-structure and the wave-in-deck loads, with 

specific attention being given to the appropriateness of some 

presently applied models. The first and perhaps the most 

immediate conclusion concerns the failure of a deterministic 

regular wave model (commonly Stokes 5th) to accurately 

describe the relevant wave properties. As such, these models 

cannot be recommended and should not be used.  

More generally, given the breadth of data necessary to 

describe the relevant load statistics, particularly for category 3 

(Section 4.3) structures, the preferred approach is to develop a 

number of generic models appropriate to the description of the 

crest height statistics, the wave shape, the occurrence of 

breaking and the water particle kinematics. Provided these 

reflect the full nonlinearity of the problem (without having to 

undertake fully nonlinear calculations), they can be used as 

the input to appropriate models describing the sub-structure 

and the WID loads. If these calculations are undertaken within 

a Monte Carlo simulation involving all the relevant sea states, 

the load statistics can be generated. Most importantly, the 

resulting statistics will incorporate all of the underlying 

physics noted in Section 3. 

This approach is both challenging and very different to 

commonly adopted practice. Nevertheless, it has recently been 

successfully undertaken for one specific group of structures 

[17] and the results shown to be markedly different from 

earlier deterministic calculation. However, this study involved 

an enormous effort both in terms of laboratory testing (to 

determine case-specific models for both the incident wave 

conditions and the applied fluid loads) and numerical 

calculations. The challenge for the immediate future is to 

develop a generic approach, appropriate to a broad range of 

sea states, water depths and structural forms, and to achieve 

this without recourse to extensive laboratory testing and with 

reasonable computational usage. This work is presently on-

going within the LOADS JIP.  
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ABSTRACT: The regulatory requirements for the Norwegian Continental Shelf specify that ship impact actions and other 
accidental actions should be determined by risk assessment. However, when the first requirements on collision energy from 
supply vessels were introduced by DNV around 1980, the frequency of impacts by attendant vessels were high – of the order of 
10-3 per installation year. Therefore, it was assumed in the initial requirements that the impact action associated with attendant 
vessels should, as a minimum, be calculated for the maximum authorized vessel assumed to service the installation. At that time 
the resulting minimum impact energies were 11 and 14 MJ for head on and side impact, respectively; and have remained the 
same since then.  However, the supply vessel size has since increased and design of supply ship bow and platform has changed. 
Further, the use of DP controlled supply vessels has increased, which may imply larger velocities at impact. Moreover, the 
consequence of ship impacts might change e.g. due to the change in design of supply vessels by providing ice-strengthened 
bows in supply vessels and platforms with cantilevered decks. In the revision of the NORSOK N-003 standard on “Actions and 
action effects” the requirements to ship impacts are being reassessed and updated based on statistics on supply vessel sizes and 
collision energies; as well on service experiences. Besides revisiting the requirements to attendant vessels, other ship impact 
scenarios are also considered. This especially includes the collision risk associated with shuttle tanker – FPSO. This paper 
presents the background for the revised standard; in terms of ship impact actions relating especially to supply vessels and shuttle 
tankers, recognising that the main risk control relating to ship impact is to limit the probability of impacts by operational control. 
Moreover, the consequences in terms of damage for different types of platforms are addressed, by e.g. demonstrating the 
feasibility of satisfying more restrictive requirements and especially the effect of providing ice-strengthened bows in supply 
vessels and designing platforms with cantilevered decks.   

KEY WORDS: Ship impacts, risk, ALS, NORSOK standard 

1 INTRODUCTION 

According to the regulations NORSOK Z-013 and NORSOK 
S-001for the Norwegian Continental Shelf accidental actions 
on platforms should be assessed by a risk assessment - with 
due account of the factors of influence.  Such factors may be 
personnel qualifications, operational procedures, the 
arrangement of the installation, equipment, safety systems and 
control procedures. In the design phase particular attention 
should be given to layout and arrangement of the structure and 
equipment in order to minimise the adverse effects of 
accidental events; e.g. by ensuring that risers and conductors 
are not subjected to ship impact damage.. To limit the risk of 
total loss they should be applied in the ALS design check - 
and refer to events with an annual exceedance probability of 
10-4 [1].   

When the first ship collision considerations were introduced 
by DNV around 1980, the frequency of impacts by attendant 
vessels were high – of the order of 10-2 per installation year. 
In the late 90s Haugen [2] estimated the annual exceedance 
probability corresponding to the minimum impact head-on 
event to be about 10-3 for visiting vessels in the North Sea. 
Therefore, it was assumed in the initial requirements that the 
impact action associated with attendant vessels should, as a 
minimum, be calculated for the maximum authorized vessel 
assumed to service the installation. At that time the resulting 
minimum impact energies were 11 and 14 MJ, respectively, 

for head on and side impact; and remained the same since 
then. However, the supply vessel size has increased and the 
design of supply ship bow and platform has changed. 
Moreover, the use of DP controlled supply vessels has 
increased, which may imply larger velocities at impact. 
Moreover, the consequence of ship impacts might change e.g. 
due to the change in design of supply vessels by providing ice 
- strengthened bows in supply vessels and platforms with 
cantilevered decks.  

This paper deals with the assessment of impact actions and 
their effects by oil field related supply vessels and shuttle 
tankers (during off-loading). However, other potential ship 
impact scenarios exist; including merchant vessels, shuttle 
tankers and floating platforms. 

 

2 SHIP IMPACT ACTIONS 

2.1 General 
Ship impact actions are characterized by kinetic energy, 
impact geometry and the relationship between action and 
indentation. Ship collision scenarios can be categorized into 
two groups for different types of ship operations as shown in 
Table 1, namely: 
 Powered collisions (Vessel steaming towards the 

installation) 
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 Drifting collisions (Vessel drifting towards the 
installation) 

 

Table 1 Categories of colliding vessels 

 Traffic category Vessel category Remarks 
External Merchant Merchant ships 

Cargo, ferries etc. 
Commercial traffic passing the area 

Naval traffic Surface vessel Both war ships and submarines ines 

Submerged vessels Submerged submarines 
 Fishing vessels Fishing vessels Sub-categorized into vessels in transit and vessels 

operating in the area 
 Pleasure Pleasure vessels Traffic passing the area 

Field 
related 

Offshore traffic 
-in the field 

-to/from other 
fields 

Standby boats Dedicated standby boats 
Supply vessels Visiting supply vessels 

Working vessels Special service vessels , e.g. for diving 
  

Offshore tankers Shuttle tankers visiting the field 
Tow Towing of drilling rigs, flotels, etc 

 
Powered collisions involve scenarios caused by 

navigational/maneuvering errors (human/ technical failures), 
watch keeping failure, bad visibility/ineffective radar use, etc.  
A drifting vessel is a vessel which has lost its propulsion or 
has experienced a progressive failure of anchor lines or 
towline and is drifting only under the influence of 
environmental forces. 

In view of the accident causation mechanisms it is 
reasonable to deal with two types of ship impact events; 
namely external – passing vessels and field related vessel 
impacts.  

As mentioned above, the ship impact actions should in 
principle be determined by risk analysis. Risk-analysis for 
offshore facilities is outlined e.g. by Vinnem [3]. However, it 
should be noted that extensive experiences with accidental 
actions for typical platforms have led to specific actions [4]. 

The collision risk associated with route-based traffic is 
estimated based on two the following types of scenaria: 
- Powered collisions. Vessel is steaming towards the 

installation without the crew being aware of the situation. 
- Drifting collisions. Vessel is out of control and drifting 

towards the installation under the influence of 
environmental factors. 

The collision risk associated with powered passing vessels 
can be estimated by various risk analysis models [2,5,6,7,8] 
The vessels are assumed to move in shipping lanes that are 
characterized by (1) number of vessels, (2) probability 
distribution across the lane, (3) size of the installation  and (4)  
probability of failure of watch-keeping (for various reasons) 
for ships   on a collision course. The model has been validated 
by comparison with field observations [6].  
   Various efforts to reduce the risk associated with ship 
impact should be considered and taken into account in the risk 
assessment. Such effort may be directed towards reducing the 
probability or the consequence of the impact. Reduction of the 
impact probability has been achieved by radar surveillance 
systems and by the provision of a 500 m radius designated 
safety zone around the platform with restrictions on entry by 
unauthorized vessels. Normally the operational control is 

assumed to be sufficient to handle the risk associated with 
passing vessels; implying that they do not lead to design 
accidental actions. 

Due to the impact of a 550 t German submarine on the 
Oseberg B jacket in 1988, there has been some discussion 
about the potential hazards of submarine impact, e.g. on 
sensitive components like TLP tethers.  However, the effect of 
both submarines and other naval vessels are normally 
neglected. 

In this paper the focus will be on impacts by field-related 
vessels. 

2.2 Attendant vessels 
The initial ship impact requirements were based on statistics 
of the displacement of the classed supply ships in the DNV 
portfolio as shown in Figure 1. A maximum supply vessel size 
of around 3000 DWT (Dead Weight Tonnes), giving a 
maximum displacement of 5000 tons was then determined as 
representative. By accounting for  added mass and an  impact 
velocity of 2 m/s  the minimum  impact for design checks 
were established to be 11 and 14 MJ, respectively,  for head 
on and side impact in the accidental limit state (ALS). 

The present situation is rather different from that in 1980. 
Presently larger supply vessels are being used as illustrated in 
Figure 2. Whereas the majority of the supply vessel sizes in 
1980 were in the range 1000 DWT to 2000 DWT, the 
majority of the supply vessels in 2013 were from 4000 to 
5000 DWT. A maximum size of supply vessels based on 
Figure 2 is 8000 DWT in 2013 compared to ~3000 DWT in 
1980. 

This change of vessel mass fact implies an increase in the 
head-on impact energy from 11 to 29.4 MJ.   

The ratio between displacement and DWT seems to have 
increased from about 1.65 to 1.75 [10]. The maximum  ratio is 
as high as 2.4. Moreover, the assumed speed of the supply 
vessels may have changed as a result of the use of DP 
(dynamic positioning), increased engine power etc.  
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Figure 1: Supply vessels with DnV class, 1980 [9] 

 

Figure 2: Overview of the DWT for 2013 [10] 

J.P.Kenny [11] carried out the most comprehensive study of 
attendance vessel collisions, covering the period 1975-1986. 
HSE summarized collisions events in the period 1975 to 2001 
on the UKCS [12]. The majority of the 557 incidents referred 
to attendant vessels, corresponding to annual frequency of 
0.017. The frequency is high.  However, most of these 
incidents were contacts with limited consequences. The main 
focus should be on the frequency of higher energy events. 
Table 2 shows accidents in the North Sea in the period 2000-
2010.  

Assuming these to be the most severe collisions in the UK 
and Norwegian offshore petroleum industry, and further 
assuming that there are about 5200 platform years on UKCS 
and NCS in the period 2000-2015, the probability of 
exceedance of 20, 39 and 60-70 MJ  is  3/5200 ≈ 6·10-4, 4·10-4, 
2·10-4, respectively. The value corresponding to a relative 

frequency of 1·10-4 is then about 80 MJ. If these events are 
considered to be the largest events in the time of operations in 
Norway and UK, the relative frequency becomes 1/2 of the 
frequencies estimated above. The 10-4 event then corresponds 
to about 60-70 MJ.  

With a characteristic value of dead weight of vessel ships 
~8500 tonnes, a ratio between maximum displacement and 
DWT of 1.75, and added mass coefficient of 0.1 a velocity of 
3 m/s, the updated data indicate a head-on supply vessel 
collision energy of 73.6 MJ, quite similar to the 70-80 MJ 
inferred above. However, it should be noted that 2 of the 3 
collisions are on the Ekofisk field with many platforms and 
hence many visiting ships. As a result the value of 75 MJ may 
be slightly conservative for a single platform. The effect of 
this accumulated collision risk on fields with several or few 
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platforms are not sufficiently studied to give precise estimates 
yet.  

Hence, these estimates are clearly very crude.   

 

Table 2. North Sea UKCS and NCS collisions after 2000 [13]  

 Estimated speed (m/s) Estimated displacement (tons) Estimated collision energy (MJ) 
Far Symphony vs West Venture 

March 7th 2004 
3.7 5000 39 

Ocean Carrier vs Ekofisk 2/4-P 
June 2nd 2005 

3 4679 (DWT) 20 

Bourbon Surf vs Grane 
July 18th 2007 

1-3.5 3117 (DWT) Low 

Big Orange XVIII vs Ekofisk 2/4-W 
June 8th  2009 

4.5-4.8 6000 60-70 

Far Grimshader vs Songa Dee 
January 18th 2010 

Low  Low 

 
 

 

Figure 3.  Vessels operating on the NCS [14] 

 

Figure 4: Operational restrictions in the safety zone - 
acceptable combination of vessel size and velocity is found 

beneath the respective curve for the documented impact 
energy capacity (MJ).  

Unless operational restrictions on the vessel size and 
maximum speed are enforced, the minimum impact energy in 
bow impact is suggested to be 50 MJ. If operational 
restrictions on vessel size or vessel velocity are implemented, 
the impact energy can be reduced according to Figure 4. 
Alternatively, with a given capacity to tolerate impacts, the 
operational restrictions can be inferred.  Unless a proven 
velocity limitation system is implemented (that a faulty DP 
system cannot override) a velocity of 3 m/s shall be assumed 
in head-on collision. It should be noted that the type of vessel 
may influence the energy absorption between vessel and 
structure, and shall be included in any such operational 
restriction evaluation. 

The statistics in determining the relevant impact energy and 
velocity is based on an “all-vessel” evaluation. A possible 
reduction in velocity for vessels with DP3 systems have not 
been evaluated, and should be further investigated. 

2.3 Flotel impact 
Flotels moored close to an installation represent a particular 
collision hazard [15]. The probability of impact is governed 
by the probability of coming adrift in a critical sector, which 
again primarily depends on the probability of multiple 
mooring line failures. With a design of the mooring system, 
according to early design rules and practice, the probability of 
contact may be in the range 2·10-4 to 10-2, while it is probably 
less than 10-4 if the strength of the damaged mooring system 
satisfies the ALS requirements.  In general the risk associated 
with flotel collision should be examined in each case where 
temporary or permanent use of such units is considered  

2.4 Shuttle tankers 
Tankers which are used for offshore loading may be involved 
in the following types of collisions:   
 Collision of powered or drifting tanker with installation 

(FPSO) while in transit.  This collision scenario can be 
treated in the same way as collisions of other passing 
vessels with platforms, by defining the tanker route as 
part of the shipping traffic data.  This scenario is treated 
as a passing vessel collision event. 

 Collision of shuttle tanker with FPSO during offloading. 
This may be due to a misjudgement or machinery failure 
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on approach or due to a mooring or Dynamic Positioning 
(DP) failure while in position. 

 
The latter scenario is of interest here. The offloading 

operation can take place in different modes, e.g. alongside 
transfer and tandem moored transfer, according to the relative 
positions assumed by the FPSO unit and the shuttle tanker 
during offloading operations.    

In the tandem mode, the shuttle tanker is moored to the 
FPSO by hawsers and/or Dynamic Positioning (DP), while the 
cargo is off-loaded through floating hoses (Figure 5).  The 
vessels may also be subjected to significant motions in the 
horizontal plane, (surge, sway and yaw) due to waves and 
wind in harsh environments.  In order to stay connected and 
maintain the separation distance, the shuttle tanker must 
position itself to follow the FPSO whenever it changes 
heading or position during offloading period, which on 
average may last more than 20 hours. Depending on the 
environmental conditions and the offloading procedures 
adopted, the shuttle tanker could be equipped with DP and/or 
assisted by tugs and/or a supply/standby vessel during 
offloading operations (approach, mooring, cargo loading and 
disconnecting mooring/ departure. DP is commonly used in 
the North Sea, but not in Africa, SE Asia and South 
American/Caribbean areas.  One or more tugs or a support 
vessel usually helps avoid collision during FPSO mooring, 
offloading and disconnecting mooring. 

 

 

Figure 5 FPSO- Shuttle Tanker offloading operation. 

The shuttle tanker operation can be summarized according 
to the following five operational modes: 

1. Approach of the shuttle tanker to the FPSO system. 
2. Mooring of the shuttle tanker to the FPSO system. 
3. Connection of loading hose. 
4. Cargo loading. 
5. Disconnection of loading hose and mooring; and 

departure. 
 
The risk in each of the operational modes need to be 

considered. 
The major risk in offloading between an FPSO and shuttle 

tanker is collision, but, as incidents have shown, that hawser 
or hose breakage – that may cause oil spill and production 
delays, should also be noted.  Last but clearly not the least, 
human factors play an important role during the incidents.  
This is reflected by human errors that initiate or escalate 
incidents, human intervention of crisis that avoided more 
severe damage, or organizational factors, e.g. tanker bridge 
resource management [16]. 

The impact energy in the bow-stern impact is found to be 
proportional to the travelled distance of the shuttle tanker 

before impact; and less than proportional to the mass 
(displacement) of the shuttle tanker [17]. In the period of 
1995-2002 there were 20 incidents and near misses, wheras 5 
of the events were classified as collisions, While the ratio 
between near-misses and incidents was 6:4 for DP1 systems, 
it wav 6:1 for DP2 systems. Moreover, the number of 
collisions corresponds to an annual collision frequency per 
facility of 1.0·10-3 and 1.5·10-3 in UK and Norway, 
respectively. It is interesting to note that the average annual 
collision frequency in the UK has been decreasing since 1997. 

The following collision shuttle tanker/FPSO events have 
occurred in the North Sea in the period 1998-2014 
 Shiehallion FPSO, 25.09.1998 
 Norne FPSO, 05.03.2000 (impact energy: 31 MJ) 
 Njord B FSU, 13.11.2006  (impact energy: 61 MJ) 
 Sciehallion FPSO, 08.10.2009 
 
Risk assessment of this kind of operation needs to be based 

on previous incidents involving FPSO/shuttle tanker contact.  
But experiences [18] with offloading with shuttle tankers from 
an articulated loading platform or buoy are also very useful. 

Actually, based on observed collisions between shuttle 
tankers and loading buoys in the Norwegian sector, Kvitrud 
and Nilsson [19] estimated the frequency of such events to be 
1·10-3 per loading.  Previous estimates indicate 1.4·10-4 to 
2·10-3 per loading.  If 100-150 off-loadings per year is 
assumed, the annual frequency is of the order 0.1. 

Collisions are caused by an uncontrolled relative movement 
between the vessels, and are initiated by 

- technical faults (DP positioning, reference system, 
main engine/propeller) which require countermeasures, 
and human response is inadequate 

- erroneous DP operation in temporary modes; or when 
changes occur during loading operations due to weather 
changes, and especially when particular relative 
movement (surging and yawing – e.g. fishtailing) 
between the FPSO and tanker occur. 

 
The human errors are due to operators erronous 

expectations of DP functions, in view of the relevant physical 
conditions, which lead to improper use of DP to position and 
manoeuvre the tanker.  On the other hand, human intervention 
(evasive manoeuvring) right before collision is an important 
issue, as born out by the incidents experienced so far. 

The implication for shuttle tanker and FPSO with 140 000 
tons displacement, is that the speed corresponding to a 
travelled distance of 50 m is 1.16 m/s and after 100 m 1.62 
m/s. This fact might imply that a smaller distance between the 
shuttle tanker and the FPSO is beneficial. This is only true, 
however, if no corrective/evasive action is taken [16].    

Unless a more detailed risk assessment is conducted, taking 
relevant risk reduction measures into account, the minimum 
shuttle tanker bow impact on FPSO stern should be taken to 
be 70 MJ. 

To reduce the risk of shuttle tanker collision in tandem 
offloading, among others the following measures are 
envisaged: 
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 Use of dedicated tankers with high degree of 
redundancy (twin engines, CPP etc.), bow thrusters 

 Use dedicated crew, improve training 
 Use stringent procedures for shuttle tanker approach on 
 Improve reliability of machinery 
 Improve reliability of GPS (use DARPS on FPSO)  
 If not add thrusters on FPSO 
 Assess dynamic interaction between tankers in different 

environmental conditions 
An other collision risk reduction can be achieved by using 

the FPSO and shuttle tanker in a different configuration 
during the offloading [20]. 

3 DESIGN AGAINST ACCIDENTAL SHIP IMPACTS – 
THE ALS CRITERION 

Accidental Collapse Limit State (ALS) criteria are introduced 
to limit the corresponding residual risk associated with 
accidental actions, i.e. to prevent progressive failure. The 
basic principle relates to the fact that accidents develop in a 
fault sequence of events and it becomes important to establish 
a barrier to stop the escalation of the accident. This goal could 
be achieved by [21,22] by either of the following approaches 
- designing the structure locally to sustain accidental 

actions and other relevant simultaneously occurring 
actions. (key element design); i.e. a quantitative “ULS” 
approach for designing elements. This a component 
design check.  

- designing the structure by “accepting” local damage but 
requiring the damaged structure (due to accidental 
actions) to survive relevant actions (alternate path 
design).   

- designing the structure to meet robustness requirements 
through (prescribed) minimum levels of ductility, 
continuity and tying (Tie-force based design methods):In 
practice ductility and continuity are also crucial in 
making the second method work.  

 
One approach could be to design the platform with 

sufficient local strength (and stiffness) to resist the ship 
impact (i.e. with energy absorption in the ship). For concrete 
structures the energy absorption is negligible and the design 
check becomes a strength check.  

The second method was initially made a regulatory 
requirement by NPD [23] and is currently specified in 
NORSOK N-001 [1]. The initial ALS criteria, based on 
accidental actions with an annual exceedance probability of 
10-4 were said to imply a (maximum) probability of total loss 
of 10-5. (e.g. [4, 24]). In the following probability values used 
by NPD (now NORSOK N-001), are referred to, but other 
values might be used in other regulatory regimes.  

The structural integrity criterion in NORSOK N-001 is 
expressed by a two-step procedure as illustrated in Figure 6, 
based on characteristic actions and resistances. The first step 
is to estimate the initial damage e.g. due to accidental actions 
like ship impacts   with an annual exceedance probability of 
10-4. This exceedance probability refers to accidental events 
on the whole platform and needs interpretation, as discussed 
by Moan [4]. 

When the probability of impacts from different types of 
ships have been determined, the associated collision energy 
can be estimated from their mass and speed. The variation in 
speed can be accounted for by a conditional probability. An 
energy spectrum, showing the cumulative frequency of 
collision versus the collision energy can then be generated and 
the event corresponding to an annual exceedance probability 
of e.g. 10-4 may be determined. The most probable impact 
locations (bow, stern, side) and impact geometry should be 
established based on the dimensions and geometry of the 
structure (FPSO) and the impacting vessel, and should 
account for draught variations, operational sea-state and 
motions of the vessel and structure.  

 

 

Figure 6 Two-step Accidental Collapse Limit State check of 
global failure, considering accidental (A), Environmental (E), 

functional (F) permanent (P) actions. 

A fully integrated ship impact analysis is fairly demanding. 
It is, therefore, often found convenient to split the problem 
into two uncoupled analyses, namely, the external collision 
mechanics dealing with global inertia forces and 
hydrodynamic effects, and internal mechanics dealing with 
the energy dissipation and distribution of damage in the two 
structures. The result of the latter analysis is an estimate of the 
strain energy dissipated based on the load deformation 
characteristics of the ship and installation given in e.g. 
NORSOK N-004 (schematically illustrated in Figure 7), and 
by assuming that the forces at the contact point is in 
equilibrium (Rs =Ri  in Figure 7). The assessment of the load-
deformation characteristics for the ship and installation, 
respectively, is based on the idealized assumption that the 
“other” object” is rigid. In the revised version of the DNVGL 
document [33] interaction effects are taken into account. 

The second step is to demonstrate that the damaged 
structure resists - without global failure - relevant functional 
and environmental actions with a characteristic value 
depending on their correlation with the event initiating 
damage. The default characteristic environmental action in 
step 2 is defined by an exceedance probability of 10-2. 
However, if the correlation between the environmental action 
and accidental action (ship impact) is low, the environmental 
action at an exceedance probability of 10-1 is applied. Action 
and resistance factors for steel structures are taken to be 1.0 in 
these design checks.  
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Figure 7 Dissipation of strain energy in ship and installation 

It should be noted that for accidental phenomena where the 
intensity increases slowly with decreasing probability of 
exceedance, a ULS design check shall be carried out with a 
characteristic value of each accidental action which 
corresponds to an annual exceedance probability of 10-2 per 
installation as well as with appropriate load and resistance 
factors. The ALS design check should be carried out with a 
characteristic value of each accidental action which 
corresponds to an annual exceedance probability of 10-4 per 
installation.   

The NPD/NORSOK approach is applicable to other failure 
modes, like a rigid body instability of a platform with damage 
e.g. due to ship impact, and the station-keeping system failure 
during an impact event. 

To estimate damage, i.e. permanent deformation or  rupture  
of parts of the structure, nonlinear material and geometrical 
structural behaviour need to be accounted for. While in 
general nonlinear finite element methods need to be applied, 
simplified methods, e.g. based on plastic mechanisms, are 
developed and calibrated by using more refined methods, to 
limit the computational effort required. 

In connection with instability failure modes (capsizing) the 
use of a risk assessment approach to determine the accidental 
actions and the corresponding damage, is an extension of the 
conventional method based on prescribed flooding of 1 or 2 
compartments since the damage will depend on the material 
and layout of the structure. Moreover, it is noted that damage 
to the “submerged” parts of a floating structure, leads to a 
change of the floating position which hence will influence the 
wave and current actions on the structure.  

Another issue is how normal uncertainties are dealt with. 
More sophisticated probability-based approaches in which 
some sort of quantitative or semi-quantitative model is 
constructed are now being developed. The purpose of these 
models is to establish a given level of reliability in the 
structure, i.e., that the probability of failure is less than some 
defined target value. Such methods are not currently 
implemented in codes and standards, although EN 1991-1-7 
[25] does contain an annex which sets out a probability-based 
framework.  

 

4 ASSESSMENT OF SHIP IMPACT DAMAGE AND 
CONSEQUENCES   

4.1 Methods 
To demonstrate compliance with ALS requirements 
calculation of the damage due to accidental actions as well as 
the ultimate capacity of a damaged structural system is 
needed. To estimate damage, i.e. permanent deformation, 
rupture etc of parts of the structure, nonlinear material and 
geometrical structural behaviour need to be accounted for. 
Dynamic effects may be of importance for explosions and 
ship impacts. Recent advances in computer hardware and 
software have made nonlinear finite element analysis 
(NLFEM) a viable tool for assessing damage and system 
resistance for steel structures.  Examples of general purpose 
computer codes, which have been widely used are ABAQUS, 
ANSYS and LS_DYNA. Specialised software, like USFOS, is 
available for particular tasks.     

Simplified methods based on plastic analysis often provide 
fast and amazingly accurate estimates of the damages caused 
by accidental actions on steel structures (e.g. NORSOK N-
004) and are especially useful in early design for screening 
purposes. In particular cases where simplified methods have 
not been calibrated, nonlinear time domain analyses based on 
numerical methods like the finite element method should be 
applied. 

In finite element analyses of collisions a careful choice of 
mesh is required in order to obtain accurate results, especially 
for components deforming by axial crushing. A major 
challenge in NLFEM analysis is the prediction of ductile 
crack initiation and propagation. This problem is not yet 
completely solved. Crack initiation and propagation should be 
based on fracture mechanics analysis, using the J-integral or 
Crack Tip Opening Displacement method rather than simple 
strain considerations. The simplest approach to the problem is 
to remove elements once the critical strain is attained. 
However, deleting elements disregards the fact the large 
stresses can be maintained parallel to the cracks. An improved 
modelling is to introduce a double set of nodes such that the 
elements are allowed to separate once the critical stress is 
attained. A drawback with a double set of nodes is that the 
potential location of cracks needs to be defined prior to the 
analysis.  

Compliance with the global strength requirement of the 
damaged structure, can in some cases be demonstrated by 
removing the damaged parts, and then accomplishing a 
conventional ULS design check, based on a global linear 
structural analysis and ultimate strength checks of 
components. Such methods may be very conservative, 
especially for damaged structures. Fixed platform analyses are 
carried out by modeling the pile-soil behaviour by equivalent 
linear or nonlinear concentrated springs or, distributed springs 
along the piles, or continuum (finite element) model that 
represent stiffness and foundation, capacity, appropriately 
using the material properties in the different soil layers. Soils 
exhibit nonlinear behaviour, even at low load levels, which 
needs to be accounted for.  Software dedicated for progressive 
collapse analysis of frame offshore structures have also been 
developed [26] and implemented, e.g. in USFOS and SACS. 
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4.2 Case studies for different types of structures 

4.2.1 General 

In this section some examples to illustrate the consequences of 
ship impacts on various types of offshore platforms are 
presented. The purpose of the assessment of impact damage is 
to illustrate the effect on structural integrity and also   possible 
damage that can cause flooding or oil leaks, pipe 
damage/rupture of hydrocarbon piping that lead to leak of oil 
and gas, especially for floating platforms. A particular aspect 
is what kind of strengthening would be needed to prevent or 
limit the local damage.    
  The impacting vessel is typically made of steel while the hit 
structure can be a steel or reinforced concrete structure. For 
impacts between steel structures the energy absorption in 
principle takes place in both structures. Sometimes it is 
assumed e.g. that an impacting bow structure is rigid and all 
energy is absorbed by the hit structure. For vessel impacts 
with concrete structures the energy absorption is commonly 
assumed to take place in the vessel and the force during 
impact is determined and applied in a strength check of the 
concrete structure. It is noted that concrete structures can be 
sensitive to a local high load causing shear failure or 
puncturing. 

4.2.2 Jackets  

The behaviour of a jacket designed with collision resistant 
braces in the water plane area was investigated by Storheim 
and Amdahl [27]. Figure 8 shows the finite element model.  

 

 

1 

2 

 

Figure 8 FE model of jacket with collision positions indicated. 

The vertical brace in position 1 is 50 mm thick, has a 
diameter of 1.3 m and is 21 m long, as measured from the 
chord-to-chord intersection. The diagonal brace in position 2 
is 60 mm thick, has a diameter of 1.2 m and a chord-to-chord 
length of 24.4 m. The braces are fabricated of high-strength 
steel with a yield strength of 460 MPa.  

Figure 9 shows the force deformation curve for the bow 
colliding against the brace in position 1. The local 
deformation (indentation) of the cross section of the brace is 
about 0.5 m (40% of the diameter), and the global deflection 
is approximately 1.1 m. The bulb crushes with a maximum 

force of approximately 18-20 MN against a rigid brace. 
However, for a deformable 50-mm brace, the integrated 
crushing force exceeds 22 MN, because the brace wraps 
around the bulb during deformation. Consequently, the 
collapse resistance in bending, R0, should be at least 20 MN 
to avoid the development of substantial lateral, plastic 
deformations - including plastic bending and denting of the 
brace.  

It was further found that that the energy absorption (and 
hence the damage in the brace), became negligible if the brace 
thickness was increased from 50 mm to 65 mm. This fact 
illustrates the rapidity of the transition from shared energy - to 
strength design.  

Figure 10 shows the contact force versus the total ship 
displacement for a collision at position 2. Only the bulb is in 
contact with the brace. The brace crushes the bulb 
significantly but undergoes a global plastic deformation of 
0.6-0.7 m before the bulb crushing force levels out. No 
significant local denting of the brace is observed. The contact 
force is smaller than for impact against a rigid vertical brace 
with a similar diameter. The contact length in position 2 is 
smaller than the contact length in position 1. In addition, the 
chord-to-chord length is larger in position 2 than in position 1, 
so it is reasonable to assume that the collision force is 
concentrated in position 2. Assuming a concentrated load, the 
plastic collapse resistance for the brace is 11.9 MN. This 
value compares well with the simulation results. 

 

 

Figure 9 Force vs. deformation - position 1 
 

 

Figure10 Force vs deformation for a ship impact against a 
deformable and a rigid vertical brace in position 2. 
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4.2.3 Semi submersibles 

Collision between a ship bow and stern corner of a semi-
submersible column was studied by Storheim and Amdahl 
[28]. Approximately 1/3 of the front section of the column of 
a floating production platform was modelled, as shown in 
Figure 12 a. The column width is 17 m , the decks in the 
column have  a plate thickness of 12 mm and the ring frames 
(T1100x300/12x20) are  spaced approximately 3 m apart. The 
vertical stiffeners are typically HP 300 x 12 with a spacing of 
0.65 m. In the rounded corners of the column, the outer shell 
stiffener spacing is approximately 800 mm. The net shell plate 
thickness is about 16-17 mm  in the collision region. All  
degrees of freedom of the rear of the modelled section are 
fixed. The element size is approximately 100-120 mm, which 
corresponds to a minimum of three elements over the stiffener 
web and five elements in the plate between each stiffener. 
Herein, only results for bow impacts are included 

Figure 11b shows the FE models that were established for 
the bow and stern of a modern 7500-ton displacement 
offshore supply vessel. The main dimensions of the vessel are 
as follows: an overall length of 91 m, 79 m length between 
perpendiculars, a breadth of 19 m, a molded depth of 7.6 m 
and a scantling draught of 6.2 m. The bow model has a 
general element size of 120 mm. The plate thickness varies 
from 7 mm for the decks to 12.5 mm in the bulb. The stiffener 
spacing is approximately 600 mm, with ring stiffeners and 
breast hooks of approximately 250x15 mm in the bulb. 
HP220x10 stiffeners are used in the forecastle structure. The 
bulb radius along the centerline is approximately 2 m and 1 m 
along the stringer deck in the middle of the bulb. 

 

 

Figure11 Semi-submersible column (a) and Supply vessel 
bow model (b) 

Figure 12 shows the simulated damage for a bow impact 
against the corner of the column, with the bulb impacting a 
ring frame. Figure 13 shows the contact force, which is split 
into a stem contribution and a bulb contribution, together with 
the force-displacement relationship for a bow against a rigid 
column with a 5-m radius that is similar to the platform corner 
radius. The stem force-deformation curve is close to that 
obtained for crushing against a rigid column with the same 
diameter as the platform column.  

In the initial phase of the collision, the bulb is stronger than 
the platform, and the force-displacement relationship is thus 
governed by the strength of the platform column, as can be 
seen from the gradient of the force-deformation curve being 
lower than that for rigid column impact. When the membrane 

strength of the platform shell is mobilized, the bulb starts to 
crush at a peak force of 22 MN.  

 
 

  
Figure 12 Simulated damage for the bow and column after 51 

MJ energy dissipation (corresponding to 4 m global 
displacement in Figure 13. 

  
Figure 13 Force vs. total displacement of a deformable bow 
for impacts against the corner of a deformable and a rigid 

platform column. 

The failure model predicts fracture of the outer shell shell 
when about 37 MJ of strain energy has been dissipated. 
However, fracture may occur earlier at the hard points not 
included in the model (anchors, bollards, etc.), as was 
observed in the accident investigated by Pettersen et al. [29].  
This and other analyses carried out by the authors show that 
the bow forecastle tends to be weaker than typical platform 
columns and will absorb considerable energy by crushing. 
Any platform damage caused by the forecastle will also take 
place significantly above the water line.  

The critical issue is penetration of the bulb into the column, 
which would lead to flooding. For bulb collisions between 
ring frames or on a ring frame for typical platform columns 
penetration is likely to take place. When the impact is below 
the water line, this scenario will in the first place lead to 
flooding of a single compartment. Storheim and Amdahl [27] 
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found that the bulb of a conventional vessel did not cause 
fracture of a platform column when contact took place on a 
vertical bulkhead, but penetration and flooding of two tanks 
could not be ruled out taking into account modelling and 
material uncertainties. Impact with the bulb of a lightly ice 
strengthened bulb (DNV ICE 1C class) altered the strength 
ratio significantly, and penetration of the bulb into two 
compartments was very likely. A three-compartment damage 
could not be ruled out either, because the forecastle was 
slightly stronger than that of the conventional vessel. 

Collisions on the intersection of a vertical bulkhead and a 
horizontal deck can potentially flood four compartments and 
would impair damage stability requirements for most 
platforms. The platform will be stronger at such locations, and 
the tendency to crush the bulb will increase. No systematic 
study of this scenario has so far not been presented in the 
literature.  

By increasing the dimensions and/or material strength of the 
column structure in the areas exposed to bulb impacts it is 
feasible to obtain strength design as shown by Storheim [30].   

4.2.4  Jack-ups 

Jack-ups supported on the seabed in their operational mode, 
have a high fundamental eigenperiod, up to 8 seconds in the 
North Sea. Thus, the response to high-energy collisions will 
take place in the impulsive – or the dynamic domain.  This 
calls for nonlinear, dynamic analysis because the temporal 
impact-force history will depend on the jack-up response and 
cannot be calculated a priori on the basis of design curves for 
the impact force vs. deformation of the ship bow as mentioned 
above.   In such analyses the design impact force curve for the 
ship may conveniently be represented by a nonlinear spring. 

Amdahl and Holmås [31] investigated the response of a 
jack-up in 100 m water depth for a 67 MJ supply vessel bow 
impact and found that the platform and ship absorbed 30 MJ 
and 12 MJ respectively by plastic deformation, while as much 
as 25 MJ was absorbed as elastic energy in the platform and 
was restored as kinetic energy after the impact. The behaviour 
of the tubular joints was not studied in detail, but they 
concluded that the compliance of jack-ups is definitely 
positive with respect to survival of high-energy impacts 

4.2.5 Ship shaped structures 

Collision between supply vessel and FSU was studied by 
Hong et. al. [32]. The FSU was a converted tanker. The 
supply vessel size was 6500 ton, but a 2200 displacement 
vessel was also considered. Three different scenarios were 
analysed. Scenario 3 represents the tanker in fully laden 
condition and the supply vessel in ballast condition or with 
significant trim/heave-pitch motion. The forecastle will only 
be in contact the FSU side after a significant bulb deformation 
or penetration. In In Scenario 2 the FSU is in ballast 
condition, and the forecastle deck is the first to contact the 
FSU side. 
 

 

Figure 14 Damage in ship side after ship bow impact in 
Scenario 3. 

Some results are summarized in Table 3. As expected, 
Scenario 3 is most critical, because the bow forecastle will be 
engaged to the least extent. The bulb penetrates the inner side 
with little deformation of the bulb and some energy 
dissipation of the side. The total energy dissipation for 
penetration of the inner side is 22 MJ (Fig. 14). The energy 
dissipation in the FSU side is 19 MJ, and only 3 MJ in the 
bow. The energy corresponds to 2.5 m/s or 4.9 knots for 6500 
tons displacement.  

Apparently, the bulb of the 6500 tons vessel does not 
penetrate the side in Scenario 2. Taking into account the 
uncertainty and sensitivity of the simulation with structural 
configuration of the bulb, this cannot be relied on. If the bulb 
penetrates the side the critical energy is estimated to be at 
least 60 MJ, corresponding to 8 knots 

Table 3 Critical energy and striking speed for penetration of 
inner tank wall 

 6500 ton 2200 ton 2200 - extreme 

 
Energy 
[MJ] 

Speed 
[kts] 

Energy 
[MJ] 

Speed 
[kts] 

Energy 
[MJ] 

Speed 
[kts] 

Scenario 1 32 5.8 40 11.2 20 7.9 
Scenario 2 >90(60) >9(8) 60 13.7 40 11.2 
Scenario 3 22 4.9 29 9.5 17 7.3 

 

4.2.6 Shuttle tanker bow impact on FPSO stern 

A high energy bow impact on the FPSO stern by the shuttle 
tanker (Figure 5) might lead to damage to the flare tower and 
penetration into the engine room and even the helicopter fuel 
tank. It is considered highly improbable that the collision will 
threaten directly the overall integrity or stability of the FPSO. 
The consequences of such a scenario are estimated to be 
limited to local damages such as [17]: 
 Rupture of FPSOs ballast tanks and engine room 

located at the stern 
 Rupture of the fuel tanks located at stern of FPSO 
 Damage to the living quarters 

  Such collision events may be caused by shuttle tanker drift 
or drive off. It is noted that penetration of the machinery room 
which causes flooding, may require 10-100 MNm depending 
upon the relative size of the FPSO and the shuttle tanker, their 
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design and the material used.  Less severe impacts may lead to 
collapse of the flare tower and cause fire and production stop.   

4.2.7 Other collision scenarios 

 
Collisions against the decks of semi-submersibles have so far 
been considered to a limited extent. However, with increasing 
supply vessel size this scenario becomes more likely. It is 
noted that such a collision scenario could have occured in the 
Fars Symphony-West Venture impact in 2004 [29]  had the 
circumstances been slightly different. Collision between 
supply vessel superstructure and semi-submersible deck was 

simulated for two impact scenarios; the platform in operating 
draft and in survival condition. In operating condition a large 
part of the superstructure will be in contact with the deck, in 
survival condition only the wheel house will hit the deck. 

Figure 15 illustrates the damage for 50 MJ and 290 MJ 
energy dissipation. Damage to the platform deck is moderate; 
with an impact force of 40 MJ at the end of the collision.  
Presumably, the collision could have more serious 
consequences for the pilots. The extreme damage corresponds 
to impact from a vessel of 9000 tons travelling at a velocity of 
8 m/s. 

 

  

Figure 15 Collision against the deck of a semi-submersible in operating condition. 

 

5 CONCLUSIONS 

The collision risk should be estimated and controlled by 
reducing the probability of collisions and by design reducing 
the consequences. Due to the high frequency of severe bow 
impacts by attendant vessels and shuttle tankers in tandem off-
loading modes it was suggested, based on the research 
presented in this paper,  to implement minimum requirements 
which need to be followed unless an acceptable risk can be 
documented by a quantitative risk assessment based on 
operational measures relating to the vessel size and speed. 
This approach has now been implemented in the revised 
version of the Norsok N-003 standard [34].  .   
   For typical North Sea jackets it will be difficult to design 
braces such that a single brace will absorb the required energy 
for standard bow collisions.  A viable alternative may be to 
design the braces strong enough to penetrate and crush the 
bow of the impacting vessel, so that the vessel dissipates most 
of the energy.  To achieve this goal the brace must have 
sufficient plastic bending capacity and comply with 
compactness criteria with respect to local denting. Detailed 
requirements will be implemented in a revision of DNV-GL 
Recommended Practice for design against accidental loads 
[33].   
   Jack-up structures for North Sea conditions (water depth 
approx. 100 m) are relatively compliant and may absorb a 
significant part of high collision energies by elastic 

deformations. However, the ship bow should preferably 
absorb energy.  The braces should therefore comply with 
plastic bending and denting requirements so as to penetrate 
the bow. For  both jackets and jack-ups the ultimate strength 
of the adjacent tubular joints should match the capacity of the 
brace. 
   For bow collisions against stiffened columns of semi-
submersibles and the side of ships shaped units, the forecastle 
deck for standard support vessels will be crushed with no – or 
moderate strengthening of the side shell plating and/or 
stiffeners.. However, extra strengthening is required if the 
platform  side shall be capable of crushing the bulbous part of 
the bow. Penetration by a bulb below the water line, is more 
critical than penetration by the forecastle because flooding of 
void spaces is unavoidable and hydrostatic stability may be 
impaired. 
   A large variety of bow shapes have been developed.in recent 
years. In addition, some vessels may have additional 
strengthening to facilitate navigation in ice conditions. If 
strength design (most energy absorbed by vessel) shall be 
assumed it is imperative that the ship deformation curve 
adopted for the design is representative for the bow 
configuration of the support vessels that will service the 
platforms during operation.   The sheer increase of the support 
vessel size that has taken place during the last two decades 
and potentially in the future may render new collisions 
scenarios that may need specific design considerations. 
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Further work should be directed to assess the risk of attendant 
vessel impact as a function of the attendant vessel traffic; as 
well as the impact of shuttle tanker on the FPSO in tandem 
offloading scenarios. 
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ABSTRACT:  

N’Kossa barge is the first and unique concrete floating hull in off shore Oil&Gas industry - 220 m x 46 m x 16 m, displacement 

107,000 t including 73,000 t for the hull and 34,000 t for the topsides - this proceeding address the philosophy followed by 

TOTAL to assess the reliability of the concrete hull.  

 

After 20 years Congo off shore, TOTAL E&P Congo intends to develop and operate for another 20 years or more new assets 

connected to NKP process/utility plant. Initial hull design was done with a projected 30 years service life and the Operator faces 

now the issue of assessing the hull soundness and reliability for another 20 years.  

 

Reliability of concrete barge is linked to hull integrity all along the life of the asset. Other aspects such as mooring, motion in 

wave, fire and blast response are also a part of barge reliability but not addressed in this paper.  

 

A Risk Based Analysis was performed taking into account prestressed concrete behavior with all concrete issues and loss of 

prestressing strength, fatigue effects, material ageing in marine environment and potential accident such as boat impact, 

chemical leak or fire and blast, in order to assess the potential failure modes and the associated symptoms. Based on the results, 

monitoring is implementing to provide a hull assessment tool to extend hull useful service life. 

KEY WORDS: Concrete Floating; Structure; Reliability; Monitoring. 

1 INTRODUCTION 

Floating Production Unit (FPU) N’Kossa Platform (NKP) is a 

unique concrete flotation structure, reliability is addressed by 

TOTAL by monitoring system implanted on concrete hull. In 

Oil&Gas context – continuous operating with hydrocarbon 

risks, in open sea where inspections and maintenances are 

much complicated than for other major structure on earth, a 

risk analysis was done to design the hull monitoring. This 

action is done after 20 years of operating without major 

trouble but also without monitoring data of the hull. 

2 NKP OVERVIEW 

The FPU was built in Marseille (France) in 1994-95 (Fig.1) 

and installed in 1996 in the N’KOSSA oil field in 170 m 

water depth some 60 km offshore Congo.  

This is the first FPU and second concrete barge for O&G ever 

installed (Ardjuna Field –Indonesia - in 1974).  

Its main characteristics are 220 m x 46 m x 16 m, 

displacement 107,000 t including 73,000 t for the hull and 

34,000 t for the topsides. This concrete barge used in its 

construction 27,000 m3 concrete, 2,350 t pre-stressed steel 

and 5,000 t passive steel.  

    

 
Fig. 1: FPU “NKP” in Dry dock Marseilles  

 

All production facilities and living quarters for 172 persons 

are placed along the 10,000 m² deck surface which was 

subdivided into six modules: accommodation and central 

control, utilities, electric power generation, gas compression 

for re-injection, crude oil, and gas. Design production is 

120,000 b/d of oil sent to the shore terminal and 1,300 metric 

tons/day of Liquefied Petroleum Gas sent to a 80,000 cu.m 

LPG FSO. The unit is maintained on position about 70 meters 

away of NKF2 platform by means of 12 mooring lines.  

Reliability of a concrete floating barge – the NKP case 

Pascal COLLET1 

1Department of Structure, TOTAL E&P, Paris, Tour Coupole, La défense6, France  
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3 DESIGN AND MATERIALS 

The hull is divided in 26 lateral spaces in 3 rows. Midship 

section is given on Fig. 2. Central void spaces are crossed by 

the “Technical gallery” which connects the aft and fore zones. 

A water tank is located in the capacity C10 to collect the 

water pumped from a depth of 50m. The water is sucked in 

with a Concrete pipe (metallic outside and concrete inside) 

that penetrates the side shell and runs through two capacities.  

      

 
Fig. 2: Midship Section of the N’KOSSA concrete FPU 

 

A high performance concrete was used for construction due to 

its qualities such as flowing capacity for pouring; resistance - 

70 MPa - and low porosity once dried out. Low porosity in 

particular is essential to reduce phenomena like carbonation 

and chloride ingress. Ref [1] provides all details on structural 

components of the concrete shell.  

The main idea is that the concrete hull is pre-stressed in 3 

directions in order to maintain concrete continously under 

compression under the design forecasted external loads. 

Longitudinal tendons,  i.e. longitudinal bending moment from 

prestressing,  were arranged from design in opposition to the 

hogging still water bending moment of normal operation. The 

structural analysis has verified that such design construction 

keeps the overall structure in compression (no tension in 

section). Pre-stressing the structure in the three directions 

provides an assurance for water tightness and avoiding tension 

anywhere within the concrete section. Steel tendons are 

protected by grout in ducts, closely verifying that no water or 

air gaps are trapped within. 

 

Reliability in such kind of concrete structure is strongly linked 

to losses of pre-stressed and not to the concrete.  

4 PAST OF CONCRETE STRUCTURES 

More than 50 concrete structures were built in Oil&Gas field 

from 1973 – Ekofisk, Philips, North sea, DORIS design – to 

2016 – Hebron, ExxonMobil, Canada, Kvaner design. 

In harbor design, as soon as water depth is over 20m, concrete 

caissons are usually considered as the right solution (Açu Port 

- Brazil, Breakwater Kamaishi - Japan, Tanger Med dike, 

Valencia harbor extension - Spain, etc.). Based on NKP 

feedbacks in 1996, Monaco Floating dike in 2000 had been 

designed and built with 100 years project life hypothesis. See 

Ref [2]   

 

5 RELIABILITY ASSESSEMENT 

5.1 Floating Unit Integrity Management System 

NKP is part of Floating Unit Integrity Management System, 

references [3] & [4], and it was an efficient and economic way 

to handle, on a long-term basis, such highly rare floating asset. 

In this kind of program, inspection plan to assess the hull 

integrity if mandatory. After several years of practice, it 

appeared clearly that visual inspection doesn’t full fill 

TOTAL and AIAC’s expectations regarding integrity but also 

anticipated maintenance plan and TOTAL had added on its 

FUIMS program a monitoring system. 

5.2 Structural Health Monitoring 

In order to determine the most significant indicators that have 

to be followed to ensure a reliable Structural Health 

Monitoring (SHM) of the hull, a risk base analysis (RBA) was 

performed on the whole concrete structure. The method used 

was inspired by the Failure Modes and Effects Analysis 

(FMEA). The choice of this RBA method was driven by 

different factors such as the structure characteristics, its 

functions and its interaction with the environment. 

5.3 Risk Base Analysis 

First, a Functional Analysis (FA) was performed in order to 

determine the main elements that compose the hull associated 

with their function in the structure. The different elements 

were then cut into smaller parts (sub-elements) with unique 

characteristics (building material and design) and similar 

external interactions (environmental, factory process or 

accidental factor). For example, the deck was divided into 64 

different sub-elements in order to take into account the 

differences in the design (for instance area of bearing) and the 

factory’s equipment (tank, riser, pipes, winch, etc.) that can 

introduce various risks (extra load, potential fire, heat, 

chemical spill, etc.). For each sub-element, the different 

failure modes were determined as well as their origin and the 

associated symptoms. The results show that the established 

failure scenari can be sorted in four main categories following 

their causes: natural material ageing (50%), marine 

environment impact (35 %), accidental causes (10%), and 

normal industrial process (5%). Over 3000 failure scenari 

were established and for each of them, the probability of 

occurrence and the consequences were evaluated in order to 

calculate the risk level. The consequences of failure were 

evaluated taking into account three aspects: global structural 

integrity of the hull, employee/public safety and production 

loss. The probabilities of occurrence were evaluated based on 

experience feedback on concrete structures in marine 

environment, accident rate for the hull or near-by structures 

and calculation results (determination of the most stressed 

areas under ordinary swell – one-year return period – and 

exceptional swell – 100-year return period). In order to take 

into account the material ageing – especially tendons’ 

relaxation and concrete creep, the different probabilities were 

evaluated for a 30-year old structure, a 40-year old structure 

and a 50-year old structure. This enable TOTAL to know at 

which point a risk might become unacceptable.  
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Once the risk levels are determined for each sub-elements, the 

most appropriate method can be chosen in order to manage 

the main risks (monitoring, periodical inspection, mitigation 

of consequences, etc.). 

5.4 Codes, standards and reliability  

Reliability is taking into account in ISO standards as 

19903_2014 where the intention is to achieve reliability levels 

appropriate to the structure. In 1995, design year of NKP 

design, French (BAEL and BPEL) and Norwegian (NS34E) 

standards – ref [1] – had been use where Limit State 

philosophy were driven. Probabilistic approach was not 

consider anymore and concrete quality, prestressing done, 

grouting quality and other items impacting were done base on 

prescriptive approaches. ISO 2394 and ISO 16204 define the 

serviceability limit states as “a state which corresponds to 

conditions beyond which specified service requirements for 

structure or structural element are no longer met”. It‘s 

completed by fib and ISO amendments:  

 A definition of the relevant Limit State 

 A number of years 

 A level of reliability for not passing the Limit State 

during this period 

Unfortunately, a high scatter and variability of achieved 

construction quality drive the effective reliability of structure, 

especially for marine structure. A rapid international 

development of models and procedures for probability-based 

durability design has taken place in recent years and should be 

implemented in the next version of codes and standards. 

5.5 Inspection plan 

Following the RBA, an inspection program is implemented by 

TOTAL EP Congo aimed to provide a real picture of the unit 

with constant improvement, i.e. survey results will allow to 

tune future inspections. Inspection plan tries to identify any 

defect and the degradation process (chemical attack, 

corrosion, cracking, coating deterioration, accidents, etc.), 

define the severity of damage, provide recommendations for 

repair and provide an image of the condition of the unit to be 

compared in future campaigns. The main challenge is to draw 

a correct view of the wall cracks on any place of the unit, not 

depending of the roper technicians’ concrete background.  

Cracks maps drawn during the different inspections were 

compared to anticipated loss of prestressing or design 

reinforcement. This work was done with a 3D model drawing 

in order to perform 2 levels of checks: 

 Global view of the hull as a beam (hydrodynamics loads) 

 Local view of each wall as a separate structure under 

local loading (water pressure). 

6 FLOATING CONCRETE HULL RELIABILITY – NKP CASE 

Reliability could be addressed through robustness facing 

unexpected event, low maintenance level or inspection 

methods. As far all these parameters could be managed as 

expected, this kind of structure will provide for owner a very 

good investment. With 20-year old, NKP concrete hull looks 

like in perfect shape and soundness and pushes all partners to 

postpone the end of service of the asset. Cracking of concrete 

is nearly unavoidable and can be caused by three main factors: 

material properties, external loads, degradation mechanisms 

(carbonation, corrosion of embedded steel, etc.). The pre-

stress is calculated to counteract friction losses, concrete 

shrinkage and creep, steel tendons relaxation with time and 

cable anchorage penetration into the concrete (approximately 

30% after 30 years). The prestressing system is not directly 

accountable as all cables are grouted. TOTAL plans to 

implement a monitoring system that will become a capital part 

of the structure as it will be the only way to provide 

information about the hull that could be used to assess the 

integrity and the behavior. Reliability of monitoring system 

must be considered as a key parameter on reliability of the 

FPU. Existing tools such as optic fiber sensors should address 

this issue with more confidence and accuracies. 

Regarding unexpected event, boat impact or fire and blast that 

are clearly probable in O&G offshore industry, they are not 

well known (impact location, area, intensity level, energy, 

probability, etc…). Definitively, base on NKP feedback, 

concrete hull provides safe and robust platform. 

 

As an overall durability requirement to the given concrete 

structure in the given environment, a certain service period 

could be addressed with a percentage of steel corrosion is 

reached. NKP built with High Concrete Strength Performance, 

54MPa as a minimum compressive strength, and provide a 

very low porosity material - Ref[2]. It was in the first 

industrial used of such quality of concrete and it’s obvious 

that the reliability of NKP is linked to this concrete. Typical 

corrosion issues are done on inserts or steel reinforcements 

out of cover requirements (50mm), but latest chloride ingress 

penetration measures after 20 years are less than 20mm 

(Fig.3)  

 
Fig. 3: Chloride Ingress after 20 years 

 

Repairs had been done on deck close to flare due to high 

temperature not expected during first years. With radiation 

protection by light roof, no more deterioration should happen. 

7 CONCLUSION 

Hull integrity of NKP is very simple where no huge 

maintenance is required. This is probably how reliability of 

concrete hull is well appreciated by offshore asset 

management. Postponed the end of the service life, more than 

50%, will be the next step to assess the level of reliability. To 

address this challenge, TOTAL will implement monitoring 
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system focusing on hull behavior and deduce the level of 

prestressing. For the next concrete hull, attention will be done 

on concrete quality through a probability based durability 

design and process and design of monitoring of prestressing 

from early age. 
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ABSTRACT: This paper presents a method for risk assessment and inspection plan development as part of the risk-based 

structural integrity management of offshore jacket platforms. The method provides a global risk assessment for the whole 

platform’s structure and local risk assessment for the platform’s structural components (e.g. tubular joints). The global risk 

assessment uses semi-quantitative or quantitative approaches depending on the available platform’s data. The semi-quantitative 

method is used either at a high level to perform relative risk ranking of platforms in a fleet in order to identify the platforms 

most at risk and which require more inspection focus or a detailed risk analysis; or at the unit level to define inspection interval 

and general inspection requirements. The quantitative method involves either structural analysis results (e.g. reserve strength 

ratio) with a dedicated metocean hazard curve or structural reliability method; and it is used at the unit level only to define 

inspection interval and inspection requirements. The local risk assessment uses also semi-quantitative or quantitative approach. 

The semi-quantitative method is used to provide local risk ranking of the structural components of a platform, which allows, if 

required, local inspections’ scope to be defined. The quantitative method involves a probabilistic fatigue method to define 

inspection plans for selected tubular joints subjected to fatigue and the failures of which are critical for the overall platform 

structure. The inspection strategy and program, developed by the method presented in this paper, are focused on the routine 

underwater inspections and are based on the recommended practice of the American Petroleum Institute for the structural 

integrity management of fixed offshore platforms. An example of application of the method is set out by showing the results of a 

project carried out by Bureau Veritas.   

KEY WORDS: structural integrity management; risk assessment; offshore jacket platform. 

1 INTRODUCTION 

The American Petroleum Institute (API) has released in 

December 2014 its first standard [1] for the structural integrity 

management (SIM) of fixed offshore platforms. This standard 

emphasizes the value of using risk-based approach to develop 

effective inspection strategy and program and provides 

guidelines to develop risk-based inspection strategies. 

However, only general guidelines are given for the risk 

assessment and for the preselection of survey locations. In 

particular, descriptive criteria are defined to assign a risk level 

to a platform. Moreover, the factors, to be considered in 

selecting survey locations to provide representative overall 

structural condition, are listed, but no method is proposed to 

select those locations. 

 

Bureau Veritas contributed to the joint industry project for the 

development of the API standard for SIM [1] and it has 

implemented a risk-based SIM for offshore jacket platforms 

that incorporates the API requirements. The purpose of this 

paper is, especially, to present the method set up by Bureau 

Veritas for risk assessment and for developing risk-based 

inspection strategy including inspection intervals, general 

inspection requirements and scope of the local inspections 

(e.g. inspection of welded joints) if required. 

 

The risk assessment, in this paper, includes the platform’s 

global risk level and the local risk levels of the platform’s 

structural components (e.g. tubular joints). The global risk 

assessment allows risk-based inspection intervals and general 

inspection requirements to be defined. It proposes a gradual 

risk evaluation in terms of available platform’s data from a 

semi-quantitative assessment based on key platform’s data 

(e.g. robustness, last inspection findings, manning status, and 

functionality) to a quantitative assessment based on structural 

analysis results or involving structural reliability method. The 

local risk assessment performs local risk ranking of the 

tubular joint of the jacket structure to identify local 

inspections scope if required. A semi-quantitative assessment 

is proposed to select the tubular joints or members where 

close visual survey (CVI) or alternatively flooded member 

detection survey (FMD) should be applied. A fatigue-based 

probabilistic method is also implemented to determine optimal 

inspection plans for selected tubular joints, the fatigue failure 

of which is critical for the overall structural integrity, and 

which joints require crack monitoring by non-destructive 

technique (NDT). 

 

This paper sets out, first, an overview of the API guidance on 

risk-based SIM for offshore jacket structures. Then, the 

proposed method is presented. This method is also illustrated 

on some platforms that were involved in a SIM project carried 

out by Bureau Veritas. 

Risk-Based Structural Integrity Management for Offshore Jacket Platforms 

Francis Guédé 

Bureau Veritas, Marine & Offshore Division, Neuilly-sur-Seine, France 

email: francis.guede@bureauveritas.com 
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2 OVERVIEW OF API GUIDANCE FOR RISK-BASED 

SIM OF JACKET PLATFORMS 

The API-RP-2SIM [1] includes guidance for risk-based 

approach to SIM of offshore jacket platforms. It provides 

general guidelines for assigning a risk category to the 

platforms in terms of the exposure category and the likelihood 

of failure. The exposure category is defined with respect to 

life safety exposure and consequence of failure including the 

environmental and the economic impact (Table 1). A 

description of the relevant factors to consider for determining 

the life safety exposure category and the level of consequence 

of failure is also given. The standard allows qualitative, semi-

quantitative, or fully quantitative methods to be used in 

assessing the level of likelihood of failure. However no detail 

is given on how to implement those methods. Only general 

guidelines are defined for the assessment of likelihood of 

failure category. 

Table 1. Exposure Matrix (API-RP-2SIM) 

 Consequence of failure category 

Life safety category C-1: high C-2: medium C-3: low 

S-1: manned non-

evacuated 
L-1 L-1 L-1 

S-2: manned 

evacuated 
L-1 L-2 L-2 

S-3: unmanned L-1 L-2 L-3 

L-1: high; L-2: medium; L-3: low 

 

The risk-based inspection strategy is specifically concerned 

with the routine underwater inspections. However, it requires 

that a baseline inspection was conducted and it should use the 

findings from the above-water inspections and the eventual 

post-event inspections. The API gives detailed 

recommendations for determining inspection strategy from the 

risk categorization, including risk-based inspection intervals 

and work scope, survey techniques and deployment methods. 

Typical ranges of risk-based inspection intervals (Table 2) are 

provided with respect to the platform risk level along with a 

description of the inspection scope of work. The associated 

risk-based inspection program has to be a minimum level II 

survey (i.e. general underwater visual inspection and 

corrosion protection survey), according to the API 

classification of survey levels, but has to specify if higher 

survey levels e.g. level III (i.e. CVI or FMD) and level IV (i.e. 

NDT) are required. 

Table 2. API risk-based inspection intervals. 

Risk category Inspection interval 

higher 3 to 5 years 

medium 6 to 10 years 

lower 11 to 15 years 

 

When risk-based approach is not adopted, API provides a 

default inspection program based on the exposure category 

only (Table 3). 

 

Table 3. API default inspection program. 

 API exposure category 

 L-3 L-2 L-1 

Level II survey 

GVI X(1) X(1) X(1) 

Damage X X X 

Scour X(2) X(2) X(2) 

Debris X X X 

Marine growth X X X 

Cathodic potential X X X 

Anode X X X 

Riser/J-tube/Caisson X X X 

 

Level III survey 

Visual corrosion X(3) X(3) X 

CVI or FMD X(4) X X 

Weld/joint CVI   X 

Level IV survey(5) 

Weld/joint NDT X X X 

Wall thickness X X X 
(1) detection of significant damage should be the 

 basis for initiation of level III survey 
(2) should be performed if seafloor is conducive or 

 if seafloor instability is known or suspected 
(3) not required if the annual above-water CP 

 survey indicates uninterrupted protection below 

 water  
(4) required only if results from the level II survey 

 indicate suspected damage 
(5) required only if results from the level III survey 

 indicate suspected damage 

 

3 GLOBAL RISK ASSESSMENT 

3.1 Overview 

The global risk assessment includes a global Likelihood of 

Failure (LoF) and a global Consequence of Failure (CoF) 

assessment. The global consequence, including life safety, 

environmental and financial consequences, is assessed by one 

of the following methods: 

 a qualitative method using descriptive criteria, 

 a semi-quantitative method using a scoring process. 

 

The global likelihood is assessed by one of the following 

methods: 

 a semi-quantitative method using a rule-based scoring 

approach, 

 a method which uses the available structural analysis 

results with a dedicated metocean hazard curve, 

 a structural reliability method. 

3.2 Global CoF 

The guidelines provided by the API are used to develop 

qualitative and semi-quantitative assessment methods for the 

CoF. Those methods are based on the variables that have been 

highlighted by the API as affecting the CoF. The qualitative 

method uses descriptive criteria in terms of the listed variables 
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while the semi-quantitative method uses a scoring process that 

assigns a consequence score to a platform in terms of the 

listed variables. 

3.2.1 Life-safety consequence 

Life safety consequence depends on two main variables: 

 whether personnel are likely to be exposed when an 

undesirable design event occurs 

 the evacuation capability for platforms that are usually 

occupied.  

 

The number of exposed personnel on one hand and the degree 

of difficulty of the evacuation on the other hand are 

considered to provide various levels, respectively to the first 

and second variables. The degree of difficulty of the 

evacuation depends on: 

 the distances involved  

 the number of personnel to be evacuated  

 the capacity and operating limitations of the evacuating 

equipment  

 the type and size of docking/landings, refueling, egress 

facilities on the platform  

 the environmental conditions anticipated to occur 

throughout the evacuation effort. 

3.2.2 Environmental consequence 

The environmental consequence depends on two main 

variables: 

 whether structural failure, loss of mechanical integrity or 

directly applied loads can cause rupture of equipment 

containing hydrocarbon liquid or scour gas e.g. topside 

vessels, risers, pipeline, conductors, etc. 

 the impact on the environment of hydrocarbon liquid or 

scour gas released. 

 

The first variable is directly linked to the expected amount of 

hydrocarbon liquid or scour gas released and will depend for 

example on the storage and processing capability of the 

platform. The second variable is linked to the proximity of the 

platform to the shoreline or to environmentally sensitive areas 

such as coral reefs, estuaries, and wildlife refuges. 

3.2.3 Financial consequence 

The financial consequence depends on two main variables: 

 the importance of the structure to the owner’s overall 

operation 

 the level of economic losses if a structural failure occurs. 

 

In particular, the importance of a platform depends mainly on 

its functionality but other parameters could be included by the 

operator; and the economic losses depend on the size of the 

platform and whether the platform failure could damage an 

adjacent platform or infrastructure. 

3.3 Global LoF 

3.3.1 Semi-quantitative method 

The method uses a rule-based scoring process. This approach 

was initially developed by BP Amoco for its own fleet and 

presented at the OTC conference in 1999 [2]. It is based on a 

similar approach being developed by the API for refineries 

and chemical plants [3]. It has then been customized and 

applied by other oil & gas companies (e.g. PETRONAS, 

GUPCO) and some studies have been published (e.g. [2], [4] 

and [5]). 

 

Rules are defined in the form of tables that guide the user 

through the process of assigning scores to relevant factors 

(e.g. structural characteristics, present condition, etc.) which 

influence the platform’s susceptibility to failure. A weight is 

also assigned to each influencing factor with respect to how 

strongly it affects the overall LoF of a platform. The overall 

LoF score is given by the weighted sum of the factors’ scores. 

  
i

ii SwS  (1) 

where Si is the i-th factor’s score and wi is its weighting.  

 

Then, LoF categories are defined with respect to ranges of the 

overall score. Those ranges are calibrated on a representative 

set of platforms. 

 

a) Factors influencing the global LoF 

The factors that affect the failure susceptibility of an offshore 

jacket platform can be divided into four broad categories: 

 As-installed condition 

- Design practice, including year of design or year of 

installation 

- Structural configuration, including number of legs and 

bracing system 

- Foundation system, including type of foundation (e.g. 

mudmat, pile system) and whether the piles are grouted or 

not 

 

 Present condition 

- Last inspection, including year and level of last 

inspection 

- Damaged members 

- Missing or cut members 

- Corroded members or remaining wall thickness 

- Flooded members 

- Corrosion Protection (CP) system, including potential 

readings and/or anode depletion 

- Splash zone damage and/or corrosion 

- Marine growth 

- Scour 

- Debris 

 

 Platform modification 

- Topside weight change 

- Appurtenances (e.g. risers, conductors, caisson) number 

change 

 

 Loading exposure 

- Wave-in-deck 

- Appurtenances (e.g. risers, conductors, caisson) exposure 

- Fatigue sensitivity 
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- Earthquake 

 

Especially for the assessment of the present condition factors, 

due consideration should be given to the full history of 

inspections, repairs and structural assessments to better judged 

the present condition of the platform and any deviation from 

last inspection findings should be confirmed by the client. 

 

In the method of this paper, some factors are excluded or 

treated separately. The platform modification factors (e.g. 

topside weight change, appurtenances number change) are not 

taken into account in the likelihood scoring process, since 

they are not managed within inspection strategy but rather by 

risk reduction actions. Thus, when the perceived platform’s 

change is deemed critical, a fitness-for-purpose assessment 

should be performed; and risk reduction measure should be 

undertaken if the structure is not fit-for-purpose. 

 

The wave-in-deck and earthquake loading exposure are so 

critical for the LoF that they should be treated separately. 

Thus, when these loads apply to a structure, its fitness-for-

purpose should be assessed. A risk reduction measure should 

be undertaken if the structure is not fit-for-purpose; otherwise 

how they downgrade the baseline LoF should be determined 

and applied. 

 

b) Scoring rules for the global LoF 

Simple qualitative rules have been developed for the relevant 

influencing factors. For example, the design practice factor 

accounts for the improvement over the years of the definition 

of metocean design loads and of structural analysis process, 

which tends to increase the platforms’ strength. 3 eras have 

been identified in the evolution of the design practices (Figure 

1), and denoted Pre-RP2A, Early-RP2A and Modern-RP2A 

[6]. A design practice rule has been developed from this 

classification (Table 4), and has been used in many SIM 

projects (e.g. [2], [4] and [5]). 

 

 

Figure 1. Evolution of Design Practices. 

Table 4. Design Practice Rule. 

Design 

Year 

Pre 1971 

(Pre-RP2A) 

1971 – 1979 

(Early-RP2A) 

After 1979 

(Modern-RP2A) 

Score 10 6 4 

 

This common rule may be further subdivided, if required, to 

introduce additional key dates of the design practice 

evolution, e.g.: 

 introduction of joint design criteria in 1974 

 100-year return period extreme design event defined 

explicitly in 1986 

 substantial revision to the environment loading provisions 

in 1993 

 introduction of joint flexibility equations in 2007, in 

particular guidelines on how to include them in structural 

analyses are provided in API design standard [7]. 

 

A common rule for structural configuration (Table 5), with 

respect to number of legs and bracing system, has been also 

used in many SIM projects. This rule reflects that robust 

structures are more damage tolerant and have a lower 

likelihood of collapse failure. It is based on the robustness 

matrix (Figure 2) provided by the Joint Industrial Project (JIP) 

on significance of damage to fixed offshore platforms [8]. 

The scoring rules related to platform’s condition and loading 

exposure use guidelines from dedicated JIP studies as well as 

results published in research papers (e.g. [9], [10], [11], [12]). 

Specific inputs to the operators as well as specific inputs to 

the platform’s location may be accounted for in defining these 

rules. 

Table 5. Structural Configuration LoF Scoring Rule. 

Number of legs 3 4 6 8 8+ 

Bracing K 10 10 8 6 4 

Bracing SD 10 7 5 4 3 

Bracing X 6 5 4 3 2 

 

 

Figure 2. Robustness Matrix (JIP MSL, 2003). 

c) Categorization of global LoF 

Five categories for the LoF are considered, namely: Very 

high, High, Medium, Low and Very low category. The ranges, 

in which their respective scores lie, are calibrated by defining 

for each category a set of candidate platforms. However, it is 

difficult to rely on statistics of structural failure data because 
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historical data of platform’s structural failure are sparse. It is 

also difficult to rely on statistics of platform’s structural 

capacity data, which would require too many structural 

analysis computations to get a representative set of data. In 

practice, the calibration database includes platforms data, the 

LoF levels of which are assumed based on experience and 

expert judgment. Yet, uncertainty may affect this type of 

assessment since different people may have different opinions 

for the same problem, even though they are expert. In this 

case, some classical methods can be used to reduce or 

minimize the uncertainties, such as taking the average of the 

experts’ respective estimates, or trying to reach a consensus 

estimate during a workshop meeting gathering many experts. 

Moreover, LoF levels may be assumed based on an operator’s 

requirements or risk perception, which may be different from 

one operator to another. In this case, guidelines should be 

provided by the SIM analyst to the operator under 

consideration, in order to ensure that its specific estimates 

comply with minimum standard requirements or local 

regulation requirements. 

 

Two ways to calibrate LoF categories have been encountered 

in the studies that were performed and presented in the 

literature. In the initial approach [2], LoF categorization is 

based on the assumption that platforms designed according to 

modern structural detailing practice to resist present day 

design environmental loads have the lowest LoF. Then, the 

factors that affect the original strength, the maximum design 

loads and the degradation of the strength are used to 

benchmark any individual platform’s LoF against this “ideal 

platform”. Another approach is to define the LoF categories 

from the statistical distribution of the LoF scores of the 

platforms in a given fleet having a large number of platforms. 

This allows only relative likelihood assessment, specific to the 

fleet under consideration, to be developed. In this case, the 

categories limits are given by fractiles of the cumulative 

density function of the platforms’ LoF scores. Example are 

provided by the 5%, 50%, 70% and 95% fractiles for 5 LoF 

categories, assuming the 5% of the platforms have higher LoF 

and lower LoF. 

 

In this paper, both existing calibration approaches are used 

depending on the purpose of the risk assessment. When the 

assessment is carried out at a high level in order to provide 

relative risk ranking of platforms in a fleet, then the LoF 

categories are based on the statistical distribution of the LoF 

scores of the platforms in the fleet. When the assessment is 

carried out at a unit level to develop an inspection strategy, 

then assumptions are made on the LoF level of a set of 

platforms arbitrarily defined in each one of the LoF 

categories. In this case, relevant assumptions are made 

according to: 

 general guidelines from the API standard [1] 

 available knowledge on inspection trends and sensitivity 

of platform’s capacity to its structural characteristics and 

to its condition, which are provided in research results 

from JIP report and reference papers  

 inputs from the operator to take its risk perception into 

account. 

3.3.2 Quantitative Method Based on Structural Analysis 

Results 

This method uses typically the reserve strength ratio (RSR) to 

compute the LoF by means of a dedicated metocean hazard 

curve. The RSR is provided by an ultimate strength analysis 

(i.e. pushover analysis). However, structural analysis for a 

jacket structure does not necessarily go up to the ultimate 

strength analysis especially when the maximum value of the 

punching ratio (UC) provided by a design level structural 

assessment is lower than 1. In this case, provided that the 

assessment is carried out in compliance with the current API 

design requirements, the RSR is assumed to vary between 1.8 

and 2.5 with respect to the platform robustness [13]. This 

assumption is used to device a RSR value and to deduce a 

LoF level. 

 

a) Metocean hazard curve 

Figure 3 shows a typical metocean hazard curve. It includes a 

portion where the structure is subjected to wave-in-jacket only 

and a portion including wave-in-deck load after air gap is 

reached by the wave crest. It is usually specific to the platform 

location since the metocean conditions depend on the water 

depth. When the curve includes wave-in-deck load, it is also 

specific to the platform itself because air gap is specific to 

each platform. Therefore, a dedicated metocean hazard curve 

should usually be developed for each platform structure. 

 

 
Figure 3: Typical platform specific metocean hazard curve. 

 

Metocean hazard curves are developed by so-called response 

based approach. It requires a structural response model, 

usually approximated by an empirical formula in terms of the 

metocean parameters e.g. wave height, current speed, etc. The 

structural responses considered for offshore jacket structures 

are the base shear load and the overturning moment, however, 

base shear is the most used structural response because 

ultimate strength from pushover analysis are usually 

expressed in terms of maximum base shear load that the 

structure can withstand. This approach allows structural 

reliability to be computed from the statistical distribution of 

the structural response. The distribution of the structural 
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response is obtained from metocean data using the response 

model. Two main approaches exist in the literature to develop 

metocean hazard curve: 

 a simplified  method described for example by Energo 

[14] 

 a rigorous method proposed by Tromans [15] based on 

storms statistics. 

 

b) Simplified method 

The base shear model is assumed to follow a simple empirical 

formula: 

 


maxHCBS   (2) 

where BS stands for the base shear load, C and α are 

parameters of the model and maxH is the annual maximum 

wave height. The parameter C is not of interest since it 

disappears by normalization of the load by the 100-year return 

period load. The parameter α varies between 1.2 and 2.2 from 

experience in terms of the platform location, but it is common 

to set α to 2. Figure 4 shows typical metocean hazard curves 

with respect to the parameter α when maxH is assumed to 

follow a Rayleigh distribution. 

 

 
Figure 4: Typical metocean hazard curves in terms of power 

parameter α of the base shear model and 

assuming maxH follows a Rayleigh distribution. 

 

A detailed load model can be considered to account for 

current speed and possible wave-in-deck loading [14]. It 

reads: 

      3

2maxmax41

C

d uCHHHCCBS   (3) 

where 

 dH  is the smallest wave height with a crest that will 

reach the bottom of the cellar deck 

 u is the current speed 

 1C , 2C , 3C and 4C are the parameters of the model 

reflecting the following: 

- 1C is a general parameter for the overall platform shape 

(e.g. number of legs 4 or 8) 

- 2C is the parameter for the current 

- 3C is similar to the power parameter α 

- 4C is the parameter for wave-in-deck loading 

 

To determine the parameters iC , a series of increasing wave 

heights are run past a 3D computer model of the platform 

under consideration and the load model is fitted to the results. 

 

Let us show, for illustration purpose, hazard curves derived 

from a standard wave scatter diagram. The standard wave 

scatter diagram is provided by the recommendation 34 of 

International Association of Classification Societies (IACS) 

[16] and describes wave data of the North Atlantic derived 

from Global Wave Statistics. Although this scatter diagram is 

not to be applied to fixed offshore structures but to ships, it is 

used here for illustration purpose only. 

 

The cumulative distribution of the wave height in a given sea 

state is assumed to follow a Rayleigh distribution, which is a 

reasonably accurate model: 
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where SH  is the significant wave height of the sea state under 

consideration. 

 

Let us denote wn the average number of waves in the sea state 

and Sn the average number of times the sea state occurs in one 

year. 

 
Z

w
T

t
n   (5) 

where t is the time duration of a sea state in seconds (sea state 

time duration is usually set to 3 hours) and ZT is the zero-

crossing period of the sea state. 

 
t

T
pnS   (6) 

where p is the probability of occurrence of the sea state under 

consideration derived from the scatter diagram; and T is the 

duration in seconds of one year. 

 

The cumulative distribution of the annual maximum wave 

height is given by the following formula under the assumption 

of independence of the waves, which is a conservative 

assumption. 
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where the pair i,j represents the pair  jZiS TH ,, ,  of the scatter 

diagram. 

 

Thus, if L(h) denotes the load model, the cumulative 

distribution of the annual maximum load is obtained by: 
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maxmax
hLlhFlF HL   (8) 

Finally, the metocean hazard curve is obtained by inverting 

the following equation: 

 
RP

lFL

1
)(1

max
  (9) 

where RP is the return period. 

Figure 5 shows hazard curves obtained from the standard 

scatter diagram and a simplified load model for base shear 

given by: hBS  . 

 

 
Figure 5: Example hazard curves from scatter diagram for 

North Atlantic (IACS Rec. 34 [14]). 

 

c) Rigorous method by Tromans [15] 

The improvement brought by Tromans’ method is twofold: 

 The method uses a structural response model defined in 

terms of most of the metocean environmental parameters, 

which allows joint metocean conditions to be generated. 

 The method is based on storm statistics rather than sea 

states, which allows the correlation of the successive 

occurrences of the sea states to be taken into account. 

 

Thus, this method allows the conservatism of the results to be 

significantly reduced in comparison to the simplified method.  

 

A storm is defined by the most probable extreme structural 

response within that storm rather than the maximum structural 

response to the individual waves. In fact, the most probable 

extreme is function of several of the larger structural 

responses; therefore, this storm definition should be less 

sensitive to noise [17]. 

 

The method uses the asymptotic properties of extremes to 

provide the long term distribution of the structural response 

(e.g. base shear load) that allows the metocean hazard curve to 

be developed. 

The load model is based on the stick models for statically 

responding, drag dominated structures. It is expressed for the 

base shear for example by: 
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 (10) 

where: 

 a  is the linear crest elevation 

  is the directional spreading factor 

 ZT is the zero-crossing period 

 u  is the depth integrated current 

 W is the one minute sustained wind speed 

 c is the angle between mean wave and current direction 

 w is the angle between mean wave and wind direction 

 

Over the duration of a sea state, all the metocean parameters 

are treated as constants with the exception of crest elevation 

which describes individual waves. The model’s 

parameters 1A to 7A depend on the configuration of the 

structure and the attack direction. They are obtained by using 

a classical least square method to fit the load model to base 

shear numerical values obtained by running analysis on a 

structure consisting of a one diameter column roughened from 

mud-line to sea level and smooth above. A representative set 

of input variables are selected to carry out the structural 

analyses. The model has been demonstrated to provide 

accurate estimation of the base shear load e.g. [15] and [17]. 

 

From the theory of extreme value distribution, the distribution 

of extreme individual crest elevation converges to an 

asymptotic form conditional on the most probable extreme 

value: 
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where, 

 mpa is the most probable extreme value of the crest 

elevation a, 

 Zs TTN  with sT being the time duration of the storm 

and ZT being a wave period i.e. the zero-crossing period. 

 

The wave drag force contributes the most to the base shear 

when extreme waves are considered. Since wave drag force 

component is proportional to 2a , the shape of the distribution 

of the extreme base shear load is assumed to be given by the 

distribution of 2a . Thus, by replacing 2a by BS in equation 

(11) the asymptotic model of the distribution of the extreme 

base shear within a storm is expressed as follows: 
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where, 
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 maxBS is the maximum value of the base shear wave 

loads, 

 mpBS is the most probable value of base shear wave loads. 

 

Time series of metocean parameters are required to identify 

storms especially from significant wave height HS time series. 

Thus, since larger HS are more of interest to predict extreme 

conditions, a threshold value is introduced to select larger 

values of HS and break them into storms. An optimum 

threshold can be selected using Mean Excess Plot. The Mean 

Excess Plot represents the mean excess against possible 

thresholds values, where the mean excess is defined as the 

average of the difference between a given threshold and the 

HS that are larger than it. This Mean Excess Plot approach has 

been used in the paper of Li et al. [18] to get suitable 

threshold to define storms. In this approach, the most linear 

region of the Mean Excess Plot provides a range where a 

suitable threshold can be selected. Following that process, 

sample storms histories are identified for each direction 

sector. 

 

Then the most probable base shear mpBS can be calculated for 

each storm. Indeed, from the theoretical distribution of the 

extreme base shear in Eq. (12),   eBSBSP mp 1max   

when mpBSBS max , where   eBSBSP mp 1max   is the 

empirical distribution of the extreme base shear within the 

storm s. Solving this equation for each storm, a sample set of 

values of mpBS is obtained. Then, the long-term distribution 

of mpBS can be estimated by fitting a typical extreme value 

distribution model (e.g. GPD, Weibull, Gumbel, etc.) to the 

set of mpBS data. 

 

Finally, the distribution of the extreme base shear is obtained 

by convolution of the distribution of the extreme base shear 

within a storm and the distribution of most probable base 

shear within that storm as follows: 

   mpmpBSBSBSBS dxxfxFxF
mpmp

)()()(  (13) 

Assuming independent storms such that storm arrivals can be 

treated as a Poisson process, the probability distribution of the 

extreme base shear on the time duration Q is: 

   )(1exp)()( xFQxFxF BS

Q

BSQBS
   (14) 

where is the mean arrival rate of storms. Then, the annual 

distribution of the maximum base shear is now given by: 

   )(1exp)(
year 1

xFxF BSBS
   (15) 

From this distribution, the metocean hazard curve can be 

drawn. 

It is commonly assumed that the long-term distribution of 

maximum base shear follows an exponential form: 
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where β is the distribution parameter. In this case, hazard 

curves are shown to depend on the occurrence rate of storms 

only. Indeed, for a mean occurrence rate of storms , the 

distribution of annual maximum base shear reads then: 
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 Thus the base shear RPBS with a return period of RP is given 

by   RPBSF 11 max  , which yields: 

  RPBSRP lnln    (18) 

Defining hazard curve by normalizing to the 100 – year return 

period value we get: 

 
)100log(

)01.0log(
1

100 

RP

BS

BSRP   (19) 

3.3.3 Quantitative method using structural reliability 

The objective of the structural reliability method is to compute 

explicitly the probability of collapse failure of a platform, 

including uncertainties in: 

 the gravity force (dead and variable actions) 

 the wave-in-jacket force 

 the wave-in-deck force 

 and the capacity of the components participating in the 

collapse mechanism (i.e., uncertainties due to fabrication 

imperfections, material strength and soil capacity). 

 

The probability computation may also include uncertainties in 

the modeling of those variables. 

 

The structural reliability method is one of the structural 

assessment methods which API recommends in the alternative 

assessment methods.  

 

Structural reliability method is normally performed as part of 

a new design and in the assessment of existing structures, but 

it can be used in decision analysis to support inspection 

strategies and programs. In the latter case, the computed 

probability is combined with the consequence of failure to 

derive the risk level from which the inspection strategy is to 

be defined. 

 

Direct computation of the probability of failure is possible 

only in simple cases e.g. two random variables involved. In 

the general case (i.e. more than two random variables 

involved), it requires many structural analyses to be run. 

 

The probability of failure is usually computed by using 

response surface approach [19]. Typically, applying response 

surface approach in the case of offshore jacket structures will 

consist in approximating the load (e.g. the base shear load) 

with an empirical function in terms of the random variables 

236



The 3
rd

 Offshore Structural Reliability Conference  

OSRC2016 

14-16 September, Stavanger, Norway 

 
that describe the sources of loading (e.g. wave height, wind 

speed, deck load and eventually wave-in-deck load). This 

empirical load function can be given by the load models that 

are commonly used to develop metocean hazard curves and 

that are given by the equations (2), (3) and (10) for the 

simplified method, the simplified method including wave in 

deck load and the Tromans’ method respectively. The 

empirical formula can also be given by a multidimensional 

polynomial (e.g. quadratic polynomial model) which is 

classically used in implementing response surface approach. 

 

Classical least square method is used to fit the load function 

model to a number of sampling points from the failure surface 

function. The sampling points are given by a combination of 

possible values of the input random variables. The selection of 

the sampling points is based on experimental design 

techniques. 

 

The limit state function used to compute the collapse failure 

probability is simply given by the ultimate load (e.g. the 

ultimate base shear load), which stands for the resistance, 

minus the extreme environmental load. As stated above, the 

extreme environmental load is approximated by an empirical 

load function given for example by Eqs. (2), (3) or (10). This 

empirical load function is denoted by: 

  SFWIDWIJL ,,  (20) 

where, 

 WIJ represents extreme environmental load on the jacket, 

 WID represents extreme environmental load on the deck, 

 SF represents static forces i.e. permanent and variable 

actions (dead and live loads) and wind forces, 

 θ represents the direction of the environmental load. 

 

Then, using the definition of the Reserve Strength Ratio 

(RSR) as: 

 
d

u

L

L
RSR   (21) 

where, 

 dL is the design load, 

 uL is the ultimate load, 

the limit state function is finally expressed as follows: 

 ),,( SFWIDWIJLLRSRg d   (22) 

Note that a failure surface is required for each environmental 

loading directional sector. Then the total return period for 

platform collapse should be: 
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where, iRP is the return period to collapse in the ith direction 

and totalRP is the total return period for platform collapse. 

Separate failure surfaces are also required for structural and 

foundation failure modes. 

Finally, the probabilities of failure or equivalently the return 

periods are computed using Monte Carlo simulation or First 

Order Reliability Method (FORM) or Second Order reliability 

Method (SORM) [20]. 

 

Let us show a simple example of reliability analysis that 

involved, in addition to the extreme environmental load on the 

jacket, uncertainty in the structural capacity of the jacket. The 

random structural capacity is represented by a random 

ultimate capacity (i.e. RSR) which is assumed to follow a log-

normal distribution,  
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where μ and σ are respectively the mean and the standard 

deviation of rln . The best estimate of RSR by an ultimate 

strength analysis is assumed to be the median of that 

distribution and the analysis will investigate different values 

of its coefficient of variation. 

 

The failure surface reads: 

   LRSRLLRSRg d ,  (25) 

where L and dL are respectively the empirical load function 

and the design load. 

 

The probability of collapse failure is then simply given by the 

following probability integral: 

      drrfrLFgP RdLf   )(10Prob  (26) 

The wave load is defined by the simple load model (i.e. Eq. 

(2)) with a power α set to 2, i.e.  2maxHL , and the 

metocean wave climate is described by the standard scatter 

diagram provided by IACS recommendation 34 [16]. Figure 6 

shows the corresponding hazard curves including uncertainty 

in the ultimate strength given by various coefficients of 

variation of the RSR log-normal distribution. 

 

 
Figure 6: Examples metocean hazard curves including 

uncertainty in the ultimate strength. 
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3.4 Global Risk ranking 

The global risk level is assessed using a dedicated risk matrix 

in terms of the global likelihood and consequence of failure. 

Risk matrices are generally operators specific. By default, the 

current method considers 5 risk level categories with an 

unsymmetrical format to reflect risk aversion (Figure 7). 

4 LOCAL RISK ASSESSMENT 

4.1 Semi-quantitative method 

Details on this assessment method are set out in a Bureau 

Veritas methodological document [21]. An overview is given 

in the sequel. 

 

 

Figure 7. Default risk matrix format. 

4.1.1 Local LoF 

The local LoF assessment uses a rule-based scoring approach. 

It is given by the weighted sum of partial scores assigned to 

factors that influence the LoF of the joint under consideration. 

The factors that affect local LoF are divided into two main 

categories: 

 Structural analysis local results: 

- fatigue damage  

- static strength  

 Inspection history: 

- existing local inspection 

- inspection indication if inspected 

- reliability of the inspection technique if inspected 

 

Simple scoring rules have been developed for each 

influencing factor. Structural analysis results allow the 

likelihood of failure to be estimated as a function of stress and 

fatigue damage, while inspection history penalizes this 

likelihood to account for observed defects on inspected joints 

and members or uncertainty on the condition of non-inspected 

joints and members. 

 

The fatigue scoring rule depends on the fatigue damage 

provided by the fatigue analysis. A larger weight is assigned 

to fatigue which is considered to be the most important driver 

of the local failure assuming that all the punching ratios are 

lower than 1.  

 

The static strength score depends on the punching ratio 

provided by the in-place analysis. This factor is critical for 

local failure only when an exceptional overloading occurs; 

therefore a lower weight is assigned to this factor. It serves 

mainly to compare the LoF of joints that have approximately 

the same fatigue damage. 

 

The existing inspection score penalizes joints which have not 

been inspected previously to account for the uncertainty on 

their current condition.  

 

For the joints which have been inspected previously, the 

inspection indication score penalizes joints for which defect 

was found either on the welded joint itself or on the members 

attached to it. The score for the reliability of the inspection 

technique penalizes less accurate techniques (e.g. NDT is 

assumed more accurate than CVI or FMD).    

 

Like the global LoF, five categories are considered for the 

local LoF. The ranges in which the scores lie are calibrated on 

a set of representative joints data, the failure susceptibilities of 

which are assessed by engineering judgment. 

4.1.2 Local CoF 

The local consequence is given by the global consequence of 

failure reduced by a redundancy factor: 

 ii RFCoFCoF   (27) 

where CoF is the global consequence of failure and RFi the 

redundancy factor. Thus, the local consequence of failure of a 

non-redundant structural component is almost equal to the 

global consequence, while it is significantly reduced for a 

redundant component.  

 

The redundancy factor is given in terms of: 

 the number of legs of the platform 

 the type of member attached to the joint (e.g. primary, 

secondary or tertiary member) 

 the punching ratio of the joint to account for the possible 

stress redistribution after the failure of the joint. 

4.1.3 Local risk ranking 

The local risk ranking provides only relative risk ranking of 

the platform tubular welded joints. It uses, by default, the 

same unsymmetrical risk matrix format as the global risk 

ranking (Figure 7). The numbers of joints per risk level 

category are set out on the matrix to show the distribution of 

the local risk levels. 

4.2 Quantitative method 

The quantitative method involves a full probabilistic approach 

and allows an inspection plan for an individual welded joint 

subjected to fatigue to be developed [22]. It is applied to some 

selected tubular joints which are reported to have higher risk 

of fatigue failure and the failures of which are critical to the 

structural integrity of the overall jacket structure. 

 

The computation of the probability of fatigue failure is based 

on a crack growth model in two dimensions given by Paris 
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law. Indeed, the method intends to develop inspection plans 

for crack monitoring. However, the parameters of the crack 

growth model are usually unknown, especially the distribution 

parameters (e.g. mean, standard deviation) of the random 

variables. In practice, those unknown parameters are 

calibrated so that the crack growth model meets the fatigue 

performance provided by a relevant S-N curve. 

 

The optimal inspection plan is given by the one that 

minimizes the expected operational cost, including inspection 

and maintenance cost and failure cost. 

 

For a joint, the failure of which is so critical for the integrity 

of the platform structure that it is no more compliant with its 

approved structural performance criteria, a maximum 

acceptable probability of fatigue failure must be specified and 

used as a constraint in finding its optimal inspection plan. This 

maximum acceptable probability of fatigue failure is 

computed as follows: 

 
fatiguecollapse

collapse

fatigue
P

P
P

max

max   (28) 

where, 

 max

collapseP  is the maximum acceptable annual probability of 

collapse failure of the platform, and it is directly deduced 

from the structural performance criteria e.g. standard 

requirement [1] for manned platforms is to withstand the 

2500 – year metocean load which corresponds to 
4max 104 collapseP ; 

 
fatiguecollapse

P  is the annual probability of collapse failure 

of the platform in damage condition, assuming the fatigue 

failure of the joint under consideration; it is obtained by 

identifying on the platform metocean hazard curve the 

return period corresponding to the reserve strength ratio 

of the platform structure in this damage condition. 

 

The method can be time consuming if many joints are selected 

especially for larger platforms. In this case, a generic 

approach, proposed by Straub and Faber in [23], is used to 

speed up the process in finding an optimal inspection plan. 

The generic approach develops ahead a database containing 

suitable inspection plans for a set a set of so-called generic 

representations of the typical joints, which are defined in 

terms of so-called generic parameters e.g. detail type, 

thickness, fatigue damage, etc. Then, when inspection plans 

for the individual joints in the structure under consideration 

are to be determined, they are obtained from that database 

through an interpolation procedure. 

5 INSPECTION STRATEGY AND PROGRAM 

5.1 Risk-based inspection intervals 

The API-RP-2SIM provides guidelines for the risk-based 

inspection intervals with respect to three risk levels (Table 2). 

In the current method, the inspection intervals range from 3 

years to 12 years with respect to the global risk level (Figure 

8). However, the inspection interval may be adjusted to 

account for the design life, the present condition of the CP 

system or operational feasibility and regulations. 

 

5.2 Inspection scope of work 

In accordance with API recommendations, the inspection 

program should be a minimum of level II survey and damage 

or deterioration found during a level II survey is the basis to 

trigger a Level III or Level IV inspection. 

 

 

 

Figure 8. Inspection intervals. 

The inspection scope of work is based on the default 

inspection program provided by the API. The method 

considers the respective inspection programs per exposure 

category (Table 3) as three inspection regimes, denoted low 

regime for exposure category L-3, medium regime for 

exposure category L-2 and high regime for exposure category 

L-1. Those inspection regimes are applied with respect to the 

risk level as indicated on the Figure 9. 

 

 

Figure 9. Inspection program. 

When level III surveys are required, they should include pre-

selected joints or members with respect to the local risk 

ranking, in addition to the locations where damage are 

suspected from level II survey. 

 

A weighted average model is used to provide risks scores to 

the tubular joints to rank them in order of priority for 

inspection. This model involves the local likelihood and 

consequence of failure along with the local risk level and 

gives more weight to the consequence of failure to reflect risk 

aversion. Then, the mean value of the risks scores is used to 
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determine the percentage of joints with the higher risks scores 

to be inspected. 

 

The method proposes two options to define the local 

inspection scope of work, either: 

 

- applying CVI on preselected tubular joints, 

- or using FMD technique on the members attached to the 

preselected joints. 

6 APPLICATION 

An application example of the current method is given by 

showing some results from a previous SIM project performed 

by Bureau Veritas. A set of 10 platforms is considered. Table 

6 sets out their main characteristic data e.g. design year, 

number of legs and bracing configuration,… 

Table 6. Sample platforms’ data. 

Platform 

ID 

Design 

year 

Nb. 

legs 

bracing function manned

? 

P-1 1993 8 K Production no 

P-2 1995 4 SD Production no 

P-3 1993 4 SD Wellhead no 

P-4 1998 4 SD Wellhead no 

P-5 1993 4 K Quarters yes 

P-6 2004 8 X Production no 

P-7 1993 4 SD Wellhead no 

P-8 2004 3 SD Support no 

P-9 1995 3 SD Flare no 

P-10 2002 4 SD Wellhead no 

 

 

 
Figure 10. Likelihood of failure scores. 

 

Figure 10 shows the likelihood of failure scores of the 

platforms with the contribution of the individual influencing 

factors. They are all modern-RP2A designed platforms, most 

of them having the same structural configuration. Their risk 

levels are therefore differentiated by their present condition 

(from last inspection results), functionality and manning level 

(Table 7). 

 

Table 7. Sample platforms’ risk data. 

Platform 

ID 

LoF CoF Risk 

level 

P-4 5 2 IV 

P-3 4 2 III 

P-7 4 2 III 

P-1 3 2 II 

P-2 3 2 II 

P-5 3 2 II 

P-10 3 2 II 

P-6 2 2 II 

P-8 3 1 II 

P-9 3 1 II 

For illustration purpose, the local risk ranking results for the 

platform P-4 are shown. The distribution of the risk levels on 

the dedicated risk matrix is set out on Figure 11, as well as on 

the corresponding tubular joint on a 3D model from Bureau 

Veritas SIM software on Figure 12. 

 

 

Figure 11. Distribution of local risk levels of P-4 platform. 

7 CONCLUSION 

A method used by Bureau Veritas for risk-based SIM of 

offshore jacket platforms has been presented in this paper. It 

has been shown to provide risk-based inspection strategies 

and programs in compliance with the first standard for SIM 

released by the API in December 2014. 

 

The risk assessment method comprises semi-quantitative and 

quantitative assessment levels, which can be selected in terms 

of the platform data that are available and the required level of 

accuracy of the assessment. The scoring approach used for 

semi-quantitative risk assessment is simple and includes all 

the drivers affecting the failure susceptibility of a platform. 

Thus, in addition to providing the risk level, it provides also 

an understanding of that risk. Concerning the quantitative 

methods, they implement existing approaches for computing 

probability of failure. In particular, a simple application of 

structural reliability method is shown using a simple load 

model in terms of directional scatter diagrams, which are 

usually an available data, and a lognormal distribution 

assumed for the structural resistance (i.e the Reserve Strength 

Ratio). 

 

The method presented in this paper has been effectively 

implemented on an industrial project as shown by the results 

provided for illustration. 
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Figure 12. Local risk levels on P-4 platform’s 3D model. 

ACRONYMS 

AIM Asset Integrity Management 

API American Petroleum Institute 

CP Cathodic Protection 

CoF Consequence of Failure 

CVI Close Visual Inspection 

FMD Flooded Member Detection 

FORM First Order Reliability Method 

GVI General Visual Inspection 

IACS International Association of Classification Societies 

LoF Likelihood of Failure 

NDT Non Destructive Testing 

RSR  Reserve Strength Ratio 

SIM Structural Integrity Management 

SORM Second Order Reliability Method 

UC Unity Check 
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ABSTRACT: In Structural Integrity Management (SIM), it is essential to know the fatigue crack growth potential. In the design 

phase generic information about the load effects and resistance and the inspection quality, possibly including measures about the 

inherent uncertainties, is used as a basis for design criteria and the inspection plan. In this paper it is emphasized that a rational 

SIM should also be based on a systematic use of information collected for the relevant structure during fabrication and 

operation. The need for and outline of a systematic lifecycle SIM is demonstrated in this paper based on lessons learned from 

refined fatigue analyses, fracture mechanics and probabilistic methods for offshore-structures in-service, and the importance of 

using information collected during fabrication and operation of the specific platform. The inspection history of more than 20 000 

NDT inspections and detection of close to 1000 fatigue cracks serve as basis for the present study. These in-service data are used 

to assess how well we are able to quantify the fatigue crack growth potential, i.e. the capability to predict where and when 

fatigue cracks occur. The essential lessons learned are described and discussed. In particular, it is emphasized that a proper SIM 

involves assessment of possible structural modifications and scheduling of inspections with due account of the quality of the 

structure (i.e. As-is geometry - that can deviate from that of the design, observed cracks, possible corrosion conditions differing 

from the initial plan) and the inspection and repair process, and update of wave conditions.  

KEY WORDS: Structural Integrity, Fatigue, Inspection, RBI, Probabilistic Analyses, SRA, Bayesian updating. 

1 INTRODUCTION AND BACKGROUND 

1.1 Introduction 

This paper mainly deals with lessons learned related to the 

structural integrity management and the fatigue crack growth. 

Field experience in the period 1975 to 2016 have resulted in a 

change from a follow-up regime based on craftsman tradition 

and experienced engineers’ judgement to some quantitative 

structural integrity management methodologies [20], [21]. 

Guidelines and regulations regarding the fatigue limit states 

were developed according to the improved knowledge from 

laboratory tests and more detailed methods to identify the 

fatigue loading [16]. 

The offshore industry early recognized that design took place 

under uncertainty and adopted risk and reliability methods to 

make more rational decisions. Structural reliability methods 

have been used to ensure that ULS requirements are consistent 

with the desired target safety level, to calibrate the safety in 

design codes to a certain reliability level [25], [26] and [27].  

In addition to the uncertainties affecting the predicted 

behavior under extreme and fatigue conditions, inspection is 

subjected to uncertainty. Reliability methods are, hence, 

crucial to support decisions about safety and economy of 

degrading structures. Significant developments of structural 

reliability methodology, including Bayesian updating 

techniques, have taken place since the 1980’s, [28], [29], [30], 

[31], [32], [33], [34], [35], [36] and [37].   

While current design and inspection procedures have been 

established on a reliability basis of the generic information 

available at the design stage, it is important that information 

obtained during operation of individual structures, e.g. by 

inspections during operation, is used to update the inspection 

plan.  

Probabilistic Inspection Analyses (PIA) used since the late 

1980s, also include the information from in-service 

inspections and repair history for the calculation of the fatigue 

failure potential for a given hot spot e.g. [6], [12], [13], [14] 

and [15]. 

In welded structures, fatigue cracks almost always start at a 

weld defect. It is well known that sometimes the fabrication 

tolerance criteria are not fulfilled [18], [19]. The accuracy of 

the probabilistic forecast models depends on the quality of the 

information from the construction and inspection processes. 

Hence, the capability of a probabilistic forecast model for 

providing appropriate results is related to the whole structural 

integrity management process. This paper addresses 

guidelines for how to use a probabilistic forecast model in this 

perspective or more the need for guidelines for implementing, 

verification and validation of a probabilistic forecast model 

for fatigue. The summary of lessons learned relating to 

integrity management will be highlighted. Quantitative study 

results will be presented in separate papers.   

A project to validate the PIA (probabilistic inspection 

analysis) approach for jacket structures, was conducted during 

the period 1994 to 1999 [1], [2], [3], [8], [39] and [40]. 

Section 1.2 and 1.3 summarizes the conclusions from this 

validation study and is used as reference in our considerations 

related to our capability to reliably forecast the fatigue crack 

growth potential for semi-submersibles.  

The outline of this paper is as follows; Section 2 deals with 

the decision model for scheduling inspections, improvements 

and modifications. The sensitivity of the decisions to the 

Lessons Learned from Predicted Versus Observed Fatigue of Offshore Steel 

Structures in the North Sea  
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quality in the input data are discussed. Section 3 highlights 

important elements to be included in a structural integrity 

management process, and guidelines for how to ensure 

conservative forecast values of the fatigue crack growth 

potential are given.  Section 4 gives the concluding remarks.  

1.2 Experience with cracks in North Sea jackets 

The inspection and crack detection histories of about 40 jacket 

structures were used to identify the degree of correlation 

between theoretical predictions and observed fatigue cracks 

by expressing predictions in probabilistic terms considering 

normal uncertainties, i.e. the probabilistic forecast of the 

fatigue crack growth potential by Akers tool for PIA analyses 

[12], [15], see Appendix A for model description. The 

conclusions from the validation study for jacket structures are 

as follows [1], [40]: 

a) The theory predicts 3-20 times more fatigue cracks than 

were observed when information from previous 

inspections are not included.  

b) Between 10-40% of the fatigue cracks were detected at 

hot spots, not scheduled for inspection according the 

probabilistic analyses approach  

c)  Correlation was observed between fatigue life 

estimates1) and frequency of fatigue crack occurrence 

for the majority of the observation data. For sub-groups, 

such a correlation was not observed. 

d) The estimated fatigue crack growth potential1) including 

the results from the previous inspection is more closely 

related to the observed crack occurrence than for a hot 

spot without previous inspection results. 

 

The predictions or forecasts obtained from the PIA analyses 

are presented in terms of the reliability index βdc, which relate 

to the probability of fatigue crack detection by Pdc = Ф(-βdc), 

where Ф(.) is the standard normal distribution, see column 1 

and 2 in Table 1. Table 1 shows the number of inspections and 

observation results grouped according to the forecasted index 

βdc for the given inspection. Only the first-time inspection 

results are shown in Table 1, and the value of index βdc will 

only vary with calculated fatigue-life estimate and number of 

years in service before the inspection is done. Previous 

inspection or repair at a considered hot spot will also affect 

the forecasted index βdc. The number of fatigue cracks 

detected shown in column 5 in Table 1 will vary with how we 

classify the observed cracks in the group of fabrication defect 

or fatigue crack. Column 4 expresses the forecasted or 

predicted number of fatigue cracks to detect and is the product 

of the numbers in columns 2 and 3. The ratio between the 

numbers in columns in 4 and 5 is the basis for conclusion a) 

above. The ratio between the number of fatigue cracks 

observed before the βdc-value reach the limit for inspection 

scheduling and total number of detected fatigue cracks in 

column 5, is the basis for conclusion b) above. As discussed in 

Section 2.2 and 4.3, the limit βdc-value for inspection 

                                                           
1 The term fatigue life estimate and fatigue crack growth in the conclusion 

from [1] and [2] are respectively the estimated probability for detectable 
crack to be present at time of inspection for hot spot without and with 
previous in-service inspection included in the PIA analyses. 

scheduling is between 1.0 and 1.9 for fatigue failure without 

substantial consequences, i.e. the corresponding probability 

for fatigue crack detection is between 3 and 15 per cent (Ф(-

1.9) = 0.03 and Ф(-1.0) = 0.15). 

Conclusions c) and d) are based on the results shown in 

Figures 1a and 1b. The intention with Figures 1a and 1b is to 

visualize the deviation between observations and theoretical 

forecast. Ф(-βdc) indicates the probability of detecting a 

fatigue crack and is presented in Figure 1a as function of the 

forecasted increment of βdc together with the regression line of 

observed frequency of detection. Figure 1b shows the same 

curve as in Figure 1a but by using betta value also for the 

vertical axis i.e. β0
dc = Ф-1(Observed frequency of fatigue 

crack detection). The curves presented in Figure 1a and b are: 

a) “Predicted” – (Column 2 in Table 1) This curve 

represents the theoretical prediction, i.e. expected 

frequency of fatigue crack detection when inspections 

are done at given βdc - value (βdc – value is given in 

column 1 in Table 1). For accumulated fatigue damage 

of 0.1, 1.0 and 3.0 at time of inspection the βdc - value 

and probability for detection of fatigue crack is 1.8, 0.4, 

-0.3 and 4%, 35%, 64% respectively. 

b) “First Inspection” – (Regression line for the numbers in 

column 6 in Table 1) This curve represents inspection 

events where no previous inspections have been 

performed 

c) “Second Inspection” – This curve represents inspection 

events when previous inspection has been performed 

 

Table 1 The first column contains the forecasted reliability 

index βdc-value for the event of fatigue crack detection. 

Column 2 is the forecasted probability for fatigue crack 

detection of the inspections in the class of forecasted βdc-value 

i.e. = Ф(-βdc). Column 3 gives the number of inspections 

performed within the class of forecasted βdc-value. Column 4 

contains the product of column 2 and column 3. Column 5 is 

the number of the inspections in column 3 with fatigue crack 

detection and is the sum of the given percentage belief that the 

detected cracks are due to fatigue. Column 6 expresses the 

ratio between column 5 and 3. 

 
 

Except for the curve “Predicted”, this is the regression lines 

made based on the observations. The deviation between the 

curve “Predicted” and the curves denoted “First Inspection” 
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and “Second Inspection” shows the degree of correlation 

between observed frequency and theoretical prediction, [1]. 

The curve “First inspection” shows a larger deviation towards 

the “Prediction” or forecasted potential for fatigue crack 

growth. In Figure 1b we also see that curve “First inspection” 

cross the “Prediction” curve at βdc = 2.1 that represent 

probability for fatigue crack detection of 1.8%. Hence, the 

general high degree of over prediction of fatigue crack 

detection by the curve “Prediction” change to be an under 

prediction for probabilities less than 1.8% of the first 

inspections to detect fatigue cracks. The model used to predict 

the fatigue crack growth is subjected to uncertainty due to: 

- Fabrication defects in weld material 

- Misalignment  

- Poor local design 

- The structural analyses have not assessed all hot spots 

i.e. omit hot spots that shows to have high fatigue crack 

growth resistance  

 

 
Figure 1a The Regression/Trend line of observed fatigue 

cracks as a function of the estimated reliability for fatigue 

crack detection, Pdc = Ф(-βdc) i.e. decreases with incrementing 

βdc. 

 

 
Figure 1b Same as Figure 1a and use of β0

dc = -Ф-1(Observed 

frequency of fatigue crack detection) for the vertical axe. In a 

β-β diagram the prediction curve form the identity line. The 

curves form straight lines as the curve of first inspection and 

second inspection are made by linear curve fit in a β-β 

diagram for the observed frequency.    

 

The experience with tubular joints in jacket suggests that there 

is a few per cent probability that fatigue cracks develop more 

or less independent of the reported characteristic fatigue life 

estimate. To reduce the inherent uncertainty the quality 

assurance in the design and construction phases needs to be 

improved, including the inspection process and re-analyses in 

the operational phase. Extended As-Is mapping not limited to 

hot spot with reported significant fatigue loading, is also a 

cost-effective measure to reduce the uncertainties in fatigue 

crack growth predictions for fixed and mobile offshore 

structures, and hence improve predictions by PIA analyses.    

The curve “Second inspection” is closer to the curve 

“Predicted” and is generally on the safe side. The curve “First 

inspection” gives identical inspection scheduling with a 

deterministic model. The deviation between the curve “First 

inspection” and “Predicted” is therefore a measure of 

improvement by use of the Probabilistic Inspection Analyses 

tool PIA by including information from previous inspections. 

It is also noted that in the first inspection fabrication defects 

and improper local design can be detected and relevant 

measure taken, implying an improved quality of predictions. 

In this study the PIA tool of Aker, [12] and [15] was applied. 

However, it is believed that the conclusions made in the jacket 

validation study are general for use of the PIA methodology, 

[6] and [14].    

Table 2 shows the number of cracks detected and their 

classification according to the character of the cracks, i.e. 

whether they are propagating or not. The term “propagating 

cracks” is used since fatigue crack growth in welded 

structures starts to grow from initial defects. Frequently, the 

cracks start to grow from initial defects that may be classified 

as gross errors, i.e. an initial crack depth larger than normal 

acceptable fabrication quality. The observed cracks in the 

validation study for jackets were used to evaluate initial crack 

depth and Probability of Detection (PoD) value for the 

inspection methods [8]. The study of 360 propagating cracks 

and 330 non-propagating cracks in tubular joints reported that 

the most likely initial crack depth was close to 1mm for both 

groups of cracks. The mean PoD value based on the in-service 

observations for inspection below water on jacket structures 

was found to be 1.95mm.  

The probabilistic inspection analyses were based on fatigue 

analyses. The fatigue analyses methods used in 1990 to 1994 

differ from current methods. The conclusion of the validation 

of 1999 will therefore need to be adjusted for changes in the 

fatigue analyses methodology. 

 

Table 2 Summary of the collected experience data used for 

the jacket validation study in [1], from 40 jacket structures 

in the North Sea. A total of 3366 NDE inspections have 

been reported. 
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1.3 Adjustment of PIA model to obtain improved 

correlation between predictions and observations in 

North Sea jackets  

A mathematical optimization of the basic variable for the PIA 

model to secure best possible fit between predictions and 

observations was conducted [1] and [39].  Appendix A 

describe the PIA model used for the Jacket validation study 

[15] and Table 3 shows the adjustments done [39]. Figure 2 

shows the curve fitted to the observations of first inspection, 

the predictions by PIA by use of the input data presented in 

Appendix A and the predictions by PIA using the adjustment 

presented in Table 3 i.e. the curve denoted “Model 0” 

representing the PIA model presented in Appendix A. The 

adjustment values of POD=  and A0=0 are from [8].  

 

Table 3 Adjustment in basic variable securing best possible 

fit between prediction and observation. Where Y is correction 

factor on the geometry function, M is the exponent in the 

stress range, A is the Weibull scale factor, 0 is the mean 

value of initial crack size and =POD is the mean value of 

crack depth for detection by MPI/EC. X is the value of Ln(A) 

corresponding to characteristic calculated fatigue life and will 

typically be in the range 1.9 to 2.5 i.e. characteristic fatigue 

life of 300 and 5 years respectively for the Weibull shape 

parameter of 1.0. 

 
 

The deviations between the Model 4 and PIA model i.e. 

Model 0, are to be given a physical interpretation and further 

studies required. The applied PIA model used in the jacket 

validation study give results in accordance with the 

recommendations in /6/ and fatigue analyses methodology 

classified with st.dev. Ln(A) of 0.2. (Note, that the PIA model 

used for the Jacket study and recommendations in /6/ include 

a correlation between the Weibull shape and scale parameter 

that not are include in the PIA model used for Semi-

submersible presented in the following sections. See Figure 

5.) 

To obtain best possible fit between the results from more than 

3000 MPI/EC inspection and forecast by the PIA model larger 

modifications in the model are required. Hence, the model 

recommenced by /6/ will also require larger modification 

before it provide forecast of fatigue crack growth in line with 

reality. 

 

 
Figure 2 Comparison of observed and predicted reliability 

index for fatigue crack detection at first time of inspection for 

original M0 and adjusted models M3 and M4 as given in 

Table 3. Use a β-β diagram as in Figure 1b and limited to β > 

0. 

 

1.4 Field data from semi-submersibles  

The data used in this paper were obtained from 12 floating 

offshore units. They are of semi-submersible design and each 

has more than 20 years of operation in the North Sea. For 

these 12 units we have collected the results of more than 

20000 MPI/EC inspections and a detailed description of close 

to 1000 fatigue cracks, see Table 4. Moreover, the experience 

data also includes the assessment and analyses of more than 

25 onshore yard stays for modifications and/or renewal 

survey. Normally re-analyses of the global and local FLS 

(Fatigue Limit State) analyses are done for each yard stay. 

These data are available to the authors, but have not yet been 

made publicly available. We have not done systematic 

quantitative comparisons between observations and 

predictions in the same manner as made in the validation 

study for jackets.   

 

Table 4 Summary of the collected experience data from 12 

semi-submersibles with more than 20 years of operation 

time in the North Sea. A total of 22282 NDE inspections 

have been reported. 

 
 

2 DECISION MODEL FOR SCHEDULING 

INSPECTION, IMPROVEMENTS AND 

MODIFICATIONS 

2.1 Introduction 

It is well known that design fatigue analyses are subjected to 

significant uncertainties. This uncertainty might be reduced 

based on observations through inspections. A probabilistic 

fracture mechanics model makes it possible to obtain an 

updated estimate of the fatigue crack growth potential, i.e. 
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updated by use of information from the in-service inspection, 

[6], [12], [13], [14] and [15].  

Figure 3 schematically illustrates how information from 

inspection and fatigue analyses are combined for a specific 

hot spot location. The upper part of the figure illustrates the 

simulated crack size distribution and the lower part illustrates 

how the estimated probability of a fatigue failure develops. 

This illustration is based on an inspection with the result of 

“No Find”, i.e. the event of a crack smaller than the detectable 

crack size, is used for the probability update.  

After updating, the estimate of the fatigue crack growth 

potential is improved. Updating based on an inspection result 

of detecting a fatigue crack, will increase the probability of 

fatigue failure and not reduce the fatigue failure probability as 

shown in Figure 3.  

 
Figure 3. Schematic illustration of crack growth and 

probability of fatigue failure before and after an inspection. 

[6] 

 

The philosophy and methodology described in [4] and [5] 

have since 1999 been applied for scheduling inspections, 

improvements and modifications for offshore floating 

structure. (See [4] and [5] for the minor deviations between 

model used for Jacket structures presented in Appendix A and 

PIA model used for floaters since 1999.) The probabilistic 

fracture mechanics model used, gives results that are 

comparable with the probabilistic fracture mechanics model 

recommended in [6], see Figure 4. The curve “DNV Curve” is 

from [7] but is very close to the curve in Figure 8-1 in [6] for 

CoV=0.2 related to load effect. Figure 5 contains a 

comparison with curves in Figure 8-1 in [6].  

The PIA-analyses carried out are based on the long-term 

distribution of the fatigue load effect i.e. the Weibull scale and 

shape parameters Ln(A) and B, respectively. The fracture 

mechanics crack growth model used in the PIA analysis is 

calibrated against a selected SN-curve e.g. SN-curve F for 

cathodic protected steel [7]. Based on the reported 

characteristic fatigue life for each hot spot and the SN-curved 

used for the calibration of the PIA model, the mean value of 

Ln(A) is calculated. Without specific knowledge of the value 

of the Weibull shape parameter B, the default value of 1.11, is 

used [4], [12] and [15]. Hence, all uncertainties related to the 

SCF (stress concentration factor), notch stress effects and 

selection of SN-curve are related to the Weibull shape 

parameter Ln(A). The uncertainties included in the SN-curve 

are by calibration included in the other variables in the 

fracture mechanics crack growth model. The adjustments of 

the probabilistic forecast model presented in section 1.3 

included large changes for the fracture mechanics crack 

growth variable calibrated with a SN-curve, [1], [39] and [40]. 

   

 
Figure 4. Different curves for estimating the probability of a 

through thickness fatigue crack (TTC) as function of 

accumulated fatigue damage = years in service/calculated 

characteristic fatigue life. The curve “SN-F-Air” and “SN-F, 

Sea CP” are probabilistic models based on SN curve F for air 

and CP protected, respectively. The “DNV curve” is from [7] 

and “SRA, FM CP” is from the model used in [4] and [5]. The 

curve “PaFa” is the latest model used for results presented in 

this paper.  

 

 
Figure 5. Comparison of probability of fatigue failure (TTC) 

between the PaFa model used since 2004 and the new model 

presented in [6] from 2015. The “PaFa” model does not 

include correlation between Weibull scale and shape 

parameter for the distribution of load effect. This effect is 

equivalent to a shift in the uncorrelated model of around 0.1 

for the CoV-value of the load. 

 

The curves presented in Figures 4 and 5 are initially 

considered as notional probability levels. To make these 
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probabilistic fracture mechanics models to represent a more 

true frequency of occurrence, they need to be validated by 

field data, that is by comparing observed and predicted 

frequency of fatigue crack occurrence. Ref. Section 1.2 and 

1.3 and reported deviations between predictions and in-service 

observations. 

2.2 The challenges of establishing and use of a forecast 

model  

The PIA models described above are probabilistic forecast of 

fatigue crack growth. They present probability estimates of 

where and when fatigue cracks will occur. Figure 6 shows the 

building blocks and activities for establishing of a PIA model. 

To be used as a building block in the SIM process.  

 
Figure 6 The probabilistic forecast model for the event 

fatigue crack occurrence is an important building block in the 

Structural Integrity Management and is established by 

building block 1 and 2 as well as activity 1 and 2.    

 

Building block 1 represents the physical nature of resistance 

to fatigue crack growth. Building block 1 deliveries are 

fracture mechanic models or SN-models developed and 

validated based on laboratory tests.  Building block 2 provides 

models for fatigue load effects i.e. structural and 

hydrodynamic analyses validated by model tests and measures 

on real structures. The studies of uncertainties and 

mathematical modeling of the forecast model is an activity for 

establishing a probabilistic forecast based on the input from 

building block 1 and 2. Before the probabilistic forecast 

model of fatigue crack growth can be applied as a building 

block in the SIM process a verification and validation activity 

is proposed i.e. activity 2 in Figure 6. Ref. [6] is a detailed 

description of activity 1 in Figure 6. Activity 2 in Figure 6, are 

not properly described in regulations, guidelines or 

recommended practice known to the authors. 

In the field of e.g. geophysics however, validation of the 

forecast model through comparison with observations is 

essential in order to trust the outcomes of the models. The 

results from the jacket validation study, especially for the 

event first inspection presented in section 1.2 and 1.3, identify 

the need for activity 2 in Figure 6.  

2.3 Comments related to target level  

It is challenging to establish a target level for acceptable 

fatigue crack growth potential when notional probability 

estimates are applied. This challenge is discussed in [2] and 

[17], and for the decision of reconstruction described in [4] 

and [5] we applied a target case and not a universal target 

value. The design fatigue factor (DFF) of 3 and 10 (or fatigue 

damage of 0.33 and 0.1) given for different failure 

consequence class and no account of in-service inspections as 

discussed in [2] and [17], may be used for calculation of a 

target value. The term target case is used when the same 

probabilistic model is used for establishing the target level as 

for calculating the actual failure probability at the hot spot 

considered.  

It is highly recommended to use target cases and not a 

predefined generic target level. Moreover, special 

considerations should be made to model the basic variables 

that are not used in the determination of the target value, e.g 

Probability of Detection (PoD) value for the inspection 

methods as well as the variables related to changes after weld 

improvement by grinding. 

Since 2004 we have applied a target case also including the 

basic variable of crack detection i.e. the PoD value. The 

traditional follow-up approach by the classification societies is 

applied. The target case is a hot spot given an estimated 

fatigue life of 20 years from traditional fatigue analyses and 

inspected by MPI every fifth year with the result “No Find”. 

Figure 7 shows the analyses results of a model denoted 

“DNVGL, CoV=0.2” in Figure 5 and the inspection history of 

“No Find” every fifth year. The target level in Figure 7 is 

5.0E-3 and by use of the model denoted “PaFa, CoV=0.1” in 

Figure 5 the target level will be 7.8E-3 for this target case. As 

discussed in [42] the calculation of target levels is highly 

effected by the selected uncertainty level in the fatigue load 

effect.   

The semi-submersibles operating in the North Sea have leak 

detection system. Even for the most critical hot spot in the 

hull the leak detection will be triggered weeks before the 

crack reaches a critical size for rupture and threatening the 

structural integrity. Moreover, the amount of leakage from a 

crack can easily be handled by the ballast system. All hot 

spots are classified with consequence class DFF=3 and a have 

recommended target level of 7.1E-3 in [6].  

  

 
Figure 7 Illustration of the estimated probability of fatigue 

failure as a function of time in service for a hot spot with 

calculated characteristic fatigue life of 20 years and NDE 

every fifth year with result “No Find”.   
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2.4 A Case demonstrating the scheduling process for 

improvement maintenance and inspections   

This case study refers to a semi-submersible with 1055 hot 

spots to be scheduled for the in-service follow-up program by 

use of the PIA approach. Table 5 summarizes the calculated 

characteristic fatigue life for these 1055 hot spots. If not 

specifically stated the presented calculated fatigue life are 

characteristic fatigue life and not mean fatigue life or any 

adjustment based on service time or design factors.  

The characteristic fatigue life estimates presented in Table 5 

are based on traditional design fatigue analyses and As-Is 

mapping [6] and [7]. The As-Is mapping describe the local 

design, quality of weld as well as surface condition as coated 

or corroded i.e. all information required to define notch stress 

effects, SCF and SN-curve selection. For each hot spot the 

history of repairs, modification, coating condition, corrosion, 

etc. are used to evaluate changes in the value of Ln(A) for 

different time periods of operation. As mentioned above, the 

Ln(A) value used as input to the PIA analyses includes the 

effect of variation in notch stress, SCF and SN-curve 

selection. The selected semi-submersible has been in 

operation for more than 20 years and has close to 2000 

records of reported observations used for considering the hot 

spots fatigue crack growth resistance and quality class of the 

characteristic structural fatigue analyses according the 

grouping used in [6]. These are in addition to the records from 

the NDE(Non Destructive Examination). For the given case, 

the design fatigue analyses are refined re-analyses 

representing the state of art made to ensure the best possible 

input to the PIA analyses. The preferred approach is to 

directly use the Weibull scale and shape parameter from the 

fatigue analyses. In principle, the estimation of fatigue crack 

growth resistance should be made after obtaining information 

after the as-is mapping. However, it is more convenient to 

report the fatigue load effect on the format of characteristic 

fatigue life estimate even if these generic estimates of the 

fatigue crack growth potential used in the design phase are 

historical values as soon as knowledge from construction and 

operation is available. 

    

Table 5 The 1055 hot spot to be assessed by PIA analyses 

grouped by range of characteristic calculated fatigue life. 

The fatigue life estimates used for calculation of the 

Weibull scale parameter Ln(A). The relation between 

fatigue life and Ln(A) is here given by SN-curve D for air 

and Weibull shape parameter B=1.0. 

 

Classification societies specify follow-up activities during 

operation based on 5 year intervals between the renewals of 

certificate, e.g. [22]. The scope for inspection and 

improvement maintenance during the renewal surveys are 

prepared within 1 year after the last performed renewal survey 

and schedule the first activity for a hot spot. Then hot spots 

are scheduled for inspection in the next renewal survey while 

other hot spots have a sufficient fatigue crack growth 

resistance to be in operation for at least 10 and 15 years before 

inspection is required. For hot spots that reach the target 

safety level before 5 years of additional service, improved 

fatigue capacity is required, normally by modifying the 

structural detail. Hence, the scheduling process group the hot 

spot considered into the following: 

- To be modified for improved fatigue crack growth 

resistance 

- To be inspected within 5 years additional service 

- To be inspected within 10 years additional service 

- To be inspected within additional service of 15 years or 

longer 

  

It is impractical to perform separate analyses for each hot 

spot as shown in Figure 7. For the given case, it is of interest 

to consider the analysis of hot spots (with different fatigue 

load effect) that have been in operation for 20 years and the 

fatigue crack growth potential after 5, 10 and 15 years 

additional period of service.  As mentioned above the fatigue 

life estimates from the design fatigue analyses are used to 

report the fatigue load effect and not the Weibull distribution 

and related shape and scale parameter. Hence, the forecasted 

fatigue crack growth potential shown in the following figures 

use the calculated characteristic fatigue life estimate on the 

horizontal axis and not the Weibull scale parameter Ln(A).  

Figure 8 provides the required analysis results for the hot 

spots inspected after 20 years’ service with the result “No 

Find”.  The figure shows the reliability index β and not 

probability for fatigue failure along the vertical axis. The 

relation between probability and reliability index is given by 

PTTC = Ф(-β) where Ф(.) is the standard normal distribution 

and PTTC is the probability of a through thickness crack that is 

defined as fatigue failure. The curves “5 years additional 

service”, “10 years additional service” and “15 years 

additional service” in Figure 8 intersection with the target 

value for characteristic calculated fatigue life of 8, 23 and 40 

years respectively. (If the Weibull scale parameter were used 

along the horizontal axis and not the characteristic calculated 

fatigue life, the intersection with the target value had been for 

Ln(A) value of 2.42, 2.19 and 2.07 using SN-curve D for air 

and Weibull shape parameter of 1 as reference for expressing 

the functional relationship between the two alternatives for 

reporting the long term distribution of the fatigue load effect. 

i.e. by characteristic fatigue life estimate and the value of 

Ln(A).) All hot spots with calculated fatigue life less than 8 

years (i.e. Ln(A)>2.42 )  are to be modified to get improved 

fatigue crack growth capacity. All hots spot with calculated 

fatigue life between 23 and 8 years (i.e. 2.42 > Ln(A) > 2.19 )  

are scheduled for inspection during the next renewal survey 

after 5 years’ service.  The hot spots with calculated fatigue 

life between 40 and 23 years (i.e. 2.19 > Ln(A) > 2.07 )  are 
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not to be inspected during the next renewal survey as their 

resistances against fatigue crack growth are sufficient for at 

least 10 years’ service time without inspection. Hence, the 

first inspection is post bound to the renewal survey after 10 

years in operation. 

The method statement for scheduling the in-service program 

contains a database of analyses results on the format of Figure 

8 for all combinations of inspection, repair, modification and 

service history as well as different combinations of 

uncertainty level in the fatigue load effect given as st.dev. of 

Ln(A) and quality of the NDE inspection as mean value of 

detectable crack depth Ad = PoDMean.   

Figures 9, 10 and 11 show the reliability curves for hot spots 

with the following inspection and repair histories: 

- Inspected after 15 years in operation with a through 

thickness fatigue crack (TTC) or close to a TTC. The 

crack was repaired to ensure a fatigue capacity as in the 

original design, including a weld improvement by burr 

grinding.  

- After 20 years in operation the hot spot was inspected 

by MPI or EC with the result of “No Find” 

 

Only the curves for the reliability against fatigue failure after 

5 and 10 years additional service are shown, i.e. the curves 

denoted “5 years additional service” and “10 years additional 

service”. The reliability curve in Figure 9 intersects with the 

target level for calculated fatigue life of 14 and 73 years. Hot 

spots with characteristic calculated fatigue life of less than 14 

years are scheduled for improvement of fatigue capacity. Hot 

spots with characteristic calculated fatigue life of less than 73 

years are scheduled for inspection during the next inspection 

campaign to start within 5 years additional time of operation.  

Figure 10 is the same as Figure 9 but the inspection quality in 

terms of mean detectable crack depth has been improved from 

1.2mm to 0.7mm. The intersection with the target reliability 

level has changed to 11 and 59 years calculated fatigue life, 

respectively.  Figure 11 is the same as Figure 10 but the 

uncertainty level of the characteristic calculated fatigue life is 

increased, i.e. st.dev. of 0.3 for Ln(A) and not 0.1 as in 

Figures 8, 9 and 10. The intersection with the target reliability 

level has changed to 177 year of calculated fatigue life for 

reliability curve of 5 years additional service. The curve for 10 

years additional service does not reach a reliability level as 

high as the target value. Before discussing the analyses results 

in Figures 9, 10 and 11 we need to consider the effect of large 

numerical uncertainties present in complicated inspection and 

repair histories.  

Figure 12 is the same as Figure 9 but without the event fatigue 

failure detected after 15 years in operation, and in addition the 

uncertainty level of the characteristic calculated fatigue is 

increased, i.e. st.dev. of 0.3 for Ln(A), and not 0.1 as in Figure 

9. The intersections with the target reliability level has 

changed to 7 and 15 from 14 and 73 years calculated fatigue 

life, respectively.  

 
Figure 8 Reliability index β (= - Ф-1(Probability for fatigue 

failure) where Ф(-) is the operator for the standard normal 

distribution) as a function of calculated fatigue life. The 

curves represent the reliability index at 5, 10 and 15 year 

additional service life after 20 years in operation and 

inspected with “No Find”. The curves “5 years additional 

service”, “10 years additional service” and “15 years 

additional service” intersection with the target value for 

calculated fatigue life of 8, 23 and 40 years respectively. The 

uncertainty level of fatigue load is given by a st.dev. of 0.1 for 

Ln(A) where A is the Weibull shape parameter for the long 

term distribution of the load effect. The quality of inspection 

is assumed to give mean detectable crack depth to be 1.2mm 

i.e. Ad = PoDMean = 1.2  

 

 
Figure 9. The reliability index as a function of initial 

estimated characteristic fatigue life for a given 

inspection, repair and modification history i.e. detection 

of fatigue failure after 15 years in operation, weld repair 

to original design and burr grinding for weld 

improvement and inspection event “No Find” after 20 

years’ service (5 year service after the repair).  The two 

curves “5 years additional service” and “10 years 

additional service” give the reliability against fatigue 

failure after 5 and 10 years additional time of operation. 

The uncertainty level of fatigue load effect is given by 

st.dev. of 0.1 for Ln(A), where A is the Weibull scale 

parameter of the long-term distribution of the fatigue 

load effect.  The inspection is done according to 

procedure and skills securing mean detectable crack 

depth to be 1.2mm, i.e. 90% confidence of detection of 

cracks of length 37mm. 
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Figure 10. Same as Figure 9 but the quality of the inspection 

has been improved with a mean PoD value of 0.7mm of crack 

depth that represents a 90% confidence of detection of cracks 

of length 22mm. 

 

 
Figure 11. Same as Figure 10 but the uncertainty level of the 

estimated long-term distribution of the load effect has 

increased from std. dev. 0.1 to 0.3 for the Ln(A). 

 

 
Figure 12. Same as Figure 9 but without the event of fatigue 

failure after 15 years’ service as well as the uncertainty level 

of the characteristic calculated fatigue life is increased i.e. 

st.dev. of 0.3 for Ln(A) and not 0.1 as in Figure 9. 

3 CONSIDERATIONS RELATING TO INPUT TO THE 

PROBABILISTIC FRACTURE MECHANICS 

MODEL, EXPERIENCE DATA AND EXPERIENCE 

DATA FROM SEMI SUBMERSIBLES  

3.1 The selection of uncertainty level in the fatigue load 

effect and inspection quality, i.e. st.dev. of Ln(A) and 

mean PoD   

The database of PIA analyses used during the scheduling of 

modifications and inspections as described above provide 

analyses results for combination of uncertainty level in the 

fatigue load effect and inspection quality i.e. st.dev. of Ln(A) 

and mean PoD. The database is established by experts and 

subjected to detailed quality assurance. However, the use of 

such a database of analyses requires proper training and 

guideline of use. The following topics are focused during the 

training: 

1) Selection of PoD value and the sensitivity of the 

estimated time for next inspection due to change in the 

PoD value. 

2) Selection of st.dev. of Ln(A) value and the sensitivity of 

the estimated time for next inspection for changes in 

st.dev. Ln(A). 

3) The need for adjustment in the estimate of service year 

to next inspection or scope for improvement 

maintenance as a consequence of variation in fatigue 

load effect or fatigue crack growth resistance during time 

in service. 

 

 Sensitivity studies for hot spot with the inspection history of 

“No Find” shows a high negative sensitivity of the service 

time to the next inspection with respect to changes in the PoD, 

[42]. The sensitivity related to changes in the st.dev. of Ln(A) 

is relatively low for this kind of hot spot and inspection 

history of “No Find”.  

For a hot spot with inspection history of “fatigue crack 

detection and repair” shows a high negative sensitivity of the 

service time to next inspection with respect to a change in the 

st.dev. of Ln(A).  The sensitivity with respect to the PoD 

value is reduced but is still negative.  

The annual fatigue damage in a given period will vary in a 

long term perspective.  This fact may have large effect on the 

estimated time to next inspection. A detailed knowledge of the 

operational history and the As-Is condition for the different 

time periods e.g. the coating condition, cathodic protection 

system and corrosion, is required. 

The training emphasizes the importance of selecting estimates 

of PoD, st.dev. of Ln(A) and the ratio between annual 

accumulated fatigue damage in the period before and after the 

event of “No Find” or “Detection and Repair” of a fatigue 

crack on the conservative side. It is mandatory that the user of 

the databases of PIA analyses know how to select values on 

the safe side. Hence, the users need to have knowledge of the 

degree of sensitivity in the scheduling for the selection of 

PoD, st.dev. Ln(A) and effective service time to the events 

conditioned on in the PIA analyses.   

The theoretical analyses and the quantitative approach by PIA 

analyses have its limitation in use and application areas. If the 

quality in the input data is not properly selected and the 
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analyses are not skillfully carried out, a qualitative approach 

by experienced engineers, may be preferably used.  

3.2 From Craftsman Tradition to Quantitative Analyses   

The examples in Section 2.4 and comments in Section 2.5 

highlight the importance of the following uncertainty 

elements:  

1) The quality of the calculated characteristic fatigue load 

effects 

a.   The calculated fatigue lives estimates based on the 

fatigue analyses methodology assuming “normal” 

quality in fabrication quality and local design 

according to fabrication drawings used as the basis 

for the analyses model 

b.    The knowledge of as-is condition related to 

detailed design and fabrication quality 

2) The quality of the inspections done 

3) The quality of the documentation of the inspection, 

repair and modification history 

 

The uncertainty elements 1b), 2) and 3 are related to the 

knowledge accumulated by the engineer responsible for the 

long term detailed follow-up activity of the unit as well as the 

site engineers during construction, repairs and modifications. 

The uncertainty element 1a) is related to the knowledge of the 

structural analyses engineer, and guidelines for this 

classification are described in detail in [6]. When the fatigue 

management is changed from a qualitative to a quantitative 

approach where the craftsman tradition and engineering 

judgements by an experienced field engineers are substituted 

by analyses results obtained by engineers often without 

practical field experience, the main uncertainty elements 

considered, are limited to element 1a).  

The change from a follow-up regime based on craftsman 

tradition and experienced engineers’ judgement to a 

quantitative structural integrity management methodology by 

introduction of PIA require special attention to include the 

uncertainty elements 1b), 2) and 3 given above. Based om 

experience and engineering judgement it has been introduced 

an addition of value 0.2 for the st.dev of Ln(A) if studies on 

the uncertainty elements 1b), 2) and 3) not have been 

performed. This uncertainty measure is a selected a priori 

adjustment based on observations and engineering judgement. 

Systematic comparisons of observed and predicted occurrence 

of fatigue cracks or other research activities are required to 

refine the uncertainty measure i.e. activity 2 in Figure 6.  

Ref. [6] and [8] recommend PoD values for MPI and EC 

inspections. The value in [8] of mean PoD of 1.95mm for 

below-water inspection is significantly higher than the values 

given in [6] with a mean value of 1.16mm for below-water 

inspection. The PoD values in [6] are extracted from a large 

number of sources and the value from [8] is from one study of 

field data. However, experience shows a high degree of 

variation in quality between different inspection teams.  

By using a high-quality inspection team and performing 

independent re-inspections, a mean PoD value as low as 

0.25mm could be relevant for burr-grinded and profiled 

details. This value is significantly lower than the lowest value 

of 0.4mm in [6]. Hence, a relevant range of the mean PoD 

values is 0.25 to 2.0mm. All PoD values are related to crack 

depth even if it is the crack length that is observed. Further 

studies are required for justification of the selected PoD 

values and model.   

An ideal inspection planning, neglecting that there can be 

errors in the reporting of experience data, is insufficient. 

Efforts to improve the inspection process itself are, hence 

important. 

3.3 Comments for the structural integrity management 

process  

The collected data from service activities of inspection, repair, 

modifications as well as improvement maintenance are an 

important source of information for the event “fatigue crack 

growth” [24], [41]. Observations of crack growth or no crack 

present, provide information for validating the prediction of 

fatigue crack growth potential, [38]. 

Traditionally the data from the inspection process have been 

used for verification of the assumption of the design analyses. 

Upon detection of structural failure, the default activity is to 

re-establish the initial design. To implement improvements 

within the class regime will also require approval of new class 

drawings. After the re-assurance and re-certification activities 

were completed, the inspection results were considered 

historical and of no future use.  

To collect experience data and use them for assessment of the 

structural condition required a new mind set. We may use the 

term “traditional maintenance management” versus “integrity 

management”. (Traditional maintenance management is used 

as a term when the process of improvement maintenance is 

neglected.) The old approach focused on maintaining the 

conditions established by design, in contradiction to the new 

approach of integrity management that includes the in-service 

observations for the assessment of the failure potential 

independent of the historical design assessments. The integrity 

management process focuses on the potential need for 

improvement of a given design to fulfill its function. To 

support this activity we rely on the quality of the collected 

experience data. 

3.4 Comments on the experience data for semi-

submersibles  

If the findings for jacket (Section 1.2 and 1.3) are compared 

with those for semi-submersibles it is found that conclusion a) 

of over-prediction, is not valid for the semi-submersibles. For 

the semi-submersibles, there may be an under-prediction of 

the general fatigue crack growth potential, Table 4 shows 2.8 

to 4.2% of the inspections to detect a fatigue crack. Our 

inspection scheduling methodology expects between 3 and 

15% of the scheduled inspections to detect a fatigue crack. 

However, normally there are more inspections done than the 

theoretical methods are scheduling. If the average detection 

rate of propagating crack exceeds 3% of the scheduled 

inspections, it might indicate an under-prediction of the 

number of propagating cracks. Then As-Is inspections should 

be used to identify possible gross errors in fabrication and 

include the information of actual as-is condition in the 

prediction of the fatigue crack growth potential. A large per 

cent of detected fatigue cracks in scheduled inspections might 
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also indicate shortcomings in the As-Is inspections.  At the 

same time, a low detection frequency in the scheduled 

inspections, might indicate a need to improve the inspection 

process. Based on experience with semi-submersible, it is 

expected that 1 to 5% of the scheduled inspections will report 

detection of fabrication defects. For randomly selected 

inspections in area not focused in the fatigue assessment 

process, the crack detection rate might be as high as 5%.   

Conclusion b) that between 10-40% of the observed fatigue 

cracks developing are detected on hot spot or in service 

period, which the theoretical analyses would not have 

scheduled for inspection, seems to be much lower for semi-

submersibles. The main reason is the larger extent of re-

inspections and the general improved correlation between 

predictions and observations for the second inspection event.  

Moreover, it is believed that conclusions c) and d) in Section 

1.2 from the jacket validation study are also valid for semi-

submersibles. However, the curve denoted “First Inspection” 

in Figure 1a seems to be steeper in addition to an increase in 

frequency of crack occurrence. The curves for the events 

“Second inspection” for semi-submersibles are expected to be 

similar to the curve “Second inspection” from the jacket 

validation study. 

4 CONCLUDING REMARKS ON LESSONS LEARNED  

The use of probabilistic fracture mechanics models and 

systematically collected and organized experience data can 

ensure reliable estimate of the fatigue crack growth potential. 

Refined deterministic fatigue analyses in combination with 

probabilistic fatigue analyses need to include uncertainty 

estimates based on the quality of the in-service inspection 

process, repair and construction process as well as quality of 

the as-built structures. When the lifecycle follow up regime 

includes all of these elements (i.e. a most advanced follow-up 

regime), it is possible to secure a low potential for fatigue 

failure and, hence, secure the operational regularity. This 

performance can even be achieved for structures experience a 

very high fatigue loading and long service time, i.e. with a 

characteristic fatigue life estimate between 10 and 15 years 

and service life of 30 years. As experience data are collected, 

the estimates of the fatigue crack growth potential can be 

made increasingly precise and an effective scope for 

improvement maintenance can be defined. 

The majority of observed fatigue cracks are related to poor 

local design and workmanship. There is insufficient focus on 

the details in the design, construction and follow-up phase. 

When cracks are detected the shortcomings are discovered 

and a scope for improvement maintenance is implemented and 

the potential for re-occurrence of fatigue cracks are low. 

Hence, a significant part of the fatigue crack growth is related 

to the first 5 to 10 years of operation after the steel have been 

installed. The fatigue failure rate reaches its peak point in this 

period as long as the unit is properly maintained.  

The extent of scope for improvement maintenance will 

increase with the time in-service as a consequence of the 

nature of fatigue crack growth. However, as long as the 

fatigue crack growth potential is properly managed for a 

structure with a long service life, the fatigue failure 

probability is kept at a low level, which ensures operational 

regularity.  

The experience data accumulated clearly show a more 

frequent presence of shortcoming in local design and 

fabrication quality than considered in fatigue management 

solemnly based on traditional fatigue analyses.  

Moreover, there might be an uncertainty in the methodology 

that is used to estimate the fatigue damage. For instance 

fatigue design analyses for mobile offshore drilling units are 

often based on generic (i.e. worldwide sea scatter diagram) 

rather than a site and operation specific one, and implies a 

bias. Another uncertainty could be introduced in the choice of 

resistance curves depending on the effect of corrosion. Yet 

another uncertainty is associated with the initiation time for 

welds improved by grinding.  

It should be noted that assumptions that apparently are 

conservative in fatigue analyses, do not necessarily yield 

conservative decisions regarding inspection planning in view 

of inspections with the result “No Find”.  

The probabilistic fracture mechanics crack growth analyses 

that make it possible to include the information from in-

service observations and fatigue analyses are extremely 

sensitive w.r.t. input data, and might yield misleading results 

because of improper data and numerical challenges in 

connection with complex inspection and repair histories. To 

ensure reasonably conservative results, establishing input data 

and carrying out the analyses, should be made by specialists 

that provide databases of analyses results. These databases 

should be subjected to quality assurance before they are 

released for use by the inspection engineers in their 

scheduling of in-service follow-up activities. Hence, it is 

important that a SIM team with the proper competence is 

established. 

Our conclusions are based on experiences and collected 

observation data for mobile semi-submersible platforms. So 

far only limited quantitative comparisons between 

observations and predictions in the same manner as made in 

the validation study for jackets, have been made. Such a 

validation study for mobile units is more challenging due to a 

larger number of different hot spot types, frequent structural 

modifications and changes of location and heading of the unit. 

At the same time, there is a large number of re-inspections 

and follow-up inspections after repair and weld 

improvements. The extent and quality of collected data hold a 

high promise of obtaining very useful and valuable results 

from such a study, and is recommended to be carried out. 

Generally, the available guidelines for probabilistic 

assessment of the fatigue crack growth are recommended to 

be extended. Experiences have clearly shown that a follow up 

regime at level 2 as defined in Table 6 or establishing of a 

probabilistic forecast model without the activity 2 of 

implementation, verification and validation as presented in 

Figure 6 the probabilistic approach may fail to represent an 

improvement related to the qualitative approach by 

experienced engineers.   
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APPENDIX A, THE PIA MODEL USED FOR THE JACKET 

VALIDATION STUDY 

A-1 The FM Approach in PIA 

PIA is based on the Paris’ crack propagation law: 
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where a is crack depth, N is number of cycles, C is crack 

growth parameter, m is the inverse slope of the SN curve, and  

Kth is a threshold for K = the stress intensity factor (SIF) 

range given by 

a
S

S
Y

S

S
YSK m

plateb
m

platem 















 1,,    (A.2) 

S is stress range and subscripts m and b refer to membrane and 

bending, respectively. Compliance functions for semi-

elliptical surface cracks in flat plates, Y=Yx,plate(a/t,a/c,c/w,), 

x = m or x = b, Ref. 22, are used, where c is one half of the 

crack length, w is plate width, and the angle  measured from 

the surface defines a point on the elliptical crack boundary. In 

PIA, w is set to infinity and  is set to 0. 

For applications to tubular joints, Ym,plate and Yb,plate are 

corrected by a magnification factor Mk in order to account for 

effects from welds. Mk is taken as 
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Mk as above is based on upper bound (conservative) values, 

Ref. 30 and 31. The factor reduction factor Mred is depending 

on weld improvements and does not account for load 

shedding. 

 

Probabilistic Modelling. The probability of any adverse 

event us fount from  
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where introducing the limit state function g(x) and the joint 

probability density function fx() for the random vector X 

containing the basic input variables. The function g(x) may 

represent failure, crack detection, etc. Herein, failure is 

considered to be Through Thickness Crack (TTC).  

The reliability index  is defined by (-) = pf where () 

is the standard normal cumulative distribution function. The 

g(x) function can be obtained by integrating Eq. 1, Ref. 20: 
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where a0 and a1 are initial and final crack depths, respectively. 

In case of TTC, a1 = member thickness, whereas in case of 

crack detection, a1 = smallest detectable crack size. T0 and T1 

are the start and end times, respectively. G() is defined by 
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() and ( ; ) are the Gamma and the complementary 

incomplete Gamma functions, respectively.  

 

Table A.1 Standard basic input variable values for PIA 
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The 3
rd

 Offshore Structural Reliability Conference  

OSRC2016 

14-16 September, Stavanger, Norway 

 

ABSTRACT: This paper presents a methodology for inspection prioritization by combining failure consequence, fatigue and 

inspections results. This method has been implemented for a few decades and identifies the joints most critical to the structural 

integrity in order to inspect the relevant structural components for ensuring a lifetime extension of a jacket structure. This paper 

presents also the global process for lifetime extension according to Total and Bureau Veritas experiences and discusses 

evolutions / improvements mainly for marine growth thickness assessment and fatigue analysis performance. 

KEY WORDS: Offshore platforms, marine growth, jacket, welded joint, fatigue, inspection plan 

1 INTRODUCTION 

The offshore industry developments lead to increase demands 

on existing fixed offshore platforms. The structures are more 

loaded and may also have reached their initial design life, 

consequently requiring a lifetime extension. 

For existing fixed offshore structures, at least the jacket 

fatigue analysis has to be updated. This paper will present first 

the phasing of fatigue analysis over the past and the expected 

extension with the marine growth thickness assessment for 

each phase. Then fatigue analysis is summarized with a focus 

on calculation changes met along the lifetime of the asset. 

Finally, the general process for lifetime extension is given 

with the example of the Total fixed structures in the Dutch 

waters. The inspection plan approach made by Total with 

Bureau Veritas is presented for jackets lifetime extensions. 

 

2 ANALYSIS PHASES FOR FATIGUE LIFE 

ASSESSMENT 

An existing fixed offshore platform may be operated within 

different conditions. The fatigue analysis of the jacket has so 

to be performed according to the following sequence: 

a) Definition of periods over time from Installation to 

Anticipated lifetime. A new period is defined when major 

modification occurs, such as addition of Conductor Pipes, 

risers, addition of significant weights on the topside 

(equipment, extension,.. leading to modification of the 

natural frequency of the platform),… 

b) Definition, for each period, of a constant average value of 

Marine Growth thickness ta to be taken into account for 

fatigue calculations. The methodology to calculate this 

average value is given in section 3. 

c) Calculation for each node and for each period of the 

fatigue damage, in accordance with ISO 19902 [1] and 

with consideration of node flexibility [2]. 

d) Calculation for each node of the fatigue damage from 

Installation to Present Date (sum of fatigue damages of 

Past Periods), from Present date to Anticipated lifetime 

(Damage during Future Period) and from Installation to 

Anticipated lifetime (Total damage = sum of damages of 

all Periods). Fatigue safety coefficients shall be applied as 

explained in section 4. 

e) Calculation for each node of the Fatigue Life, which shall 

be calculated as the point in time where the damage 

fatigue curve crosses Damage = 1.0. 

Figure 1 illustrates the methodology, with three past periods 

and one future period. 

 

 

Figure 1. Typical fatigue damages accumulation 

on a jacket node. 

3 AVERAGE VALUE OF MARINE GROWTH 

THICKNESS 

For the fatigue reassessment, the marine growth thickness 

evolution has to be calculated for all the phases given in the 

section 2. From Installation to Present Date (“Past” period), 

Marine Growth thickness is elaborated from past inspection 

reports with interpolation between inspections. The Marine 

Growth thickness from Present Date to Anticipated lifetime 

(“Future” period) is extrapolated (Example figures 2 and 3). 

If, at a given point in time, the curve ‘Marine Growth vs. 

time’ is above the maximum allowable value (that should be 

defined by a sensitivity analysis performed during in-place 

analyses), the curve is adapted to reflect a cleaning of jacket 

members at this point in time. 
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3.1 Impact of Marine Growth on Fatigue Analyses 

All elements of the structure (members, conductors, risers, 

appurtenances) are increased in cross-sectional area by marine 

growth. The effective element diameter is Ø = Øc + 2t, where 

Øc is the “clean” outer diameter and t is the marine growth 

thickness. 

Depending on geographical area, the thickness of marine 

growth can be significant and have a major impact on fatigue 

life, due to the increased wave and current screens. 

If marine growth thickness is different each year, the fatigue 

damage is also different each year. To avoid performing as 

many fatigue analyses as the number of years of a given 

Period, a constant average marine growth thickness ta is used 

over the considered Period and calculated as follows. 

 

   

Figure 2. Example of marine growth on jacket members. 

 

Figure 3. Example of Marine Growth Thickness evolution 

over time & average value on each of three periods, based on 

history of platform modifications. 

3.2 Calculation of average value of Marine Growth 

Table 1 illustrates the calculation of the total fatigue damage 

DT over Y years on a member of “clean” diameter Øc with ti 

marine growth thickness at year i, subject each year i to n 

cycles of amplitude stress range Si, during Y years.  

As per Morison equation given in ISO 19902 [1], the 

hydrodynamic force F on a member of diameter Ø is the sum 

of drag force Fd and inertia force Fi : 
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 (1) 

The drag force is proportional to Ø and the inertia force is 

proportional to Ø2 

Table 1. Calculation of the total fatigue damage DT over Y 

years on a member of “clean” diameter Øc with ti marine 

growth thickness at year i. 

 
Year 

MG 
Thick. 

t 

Member 
Diameter Ø 

Amplitude 
stress 
range 

S 

Nbr of cycles to 
failure N Fatigue 

Damage D 

1 t1 Ø1 = Øc+2t1 S1 =λ.Ø1
p
 N1 =k.(S1)

-m
 D1 =n/N1 

2 t2 Ø2 = Øc+2t2 S2 =λ.Ø2
p
 N2 =k.(S2)

-m
 D2 =n/N2 

⁞ ⁞ ⁞ ⁞ ⁞ ⁞ 
i ti Øi = Øc+2ti Si =λ.Øi

p
 Ni =k.(Si)

-m
 Di =n/Ni 

⁞ ⁞ ⁞ ⁞ ⁞ ⁞ 
Y TY Øp = Øc+2tY Sp =λ.ØY

p
 NY =k.(SY)

-m
 DY =n/NY 

p = 1 for drag term of Morison Equation 

   = 2 for inertia term of Morison Equation 

 

DT = ΣDi 

As a consequence, the amplitude stress range is proportional 

to the effective diameter Øi (= Øc + 2ti) for the drag part and 

to the square of the effective diameter for the inertia part. 

Therefore at year i: 

 
p

i
S  i  (2) 

where 

λ  is a constant 

p = 1 for drag term of Morison equation  

 = 2 for inertia term of Morison equation 

 

According to S-N curve given in ISO 19902 [1], the number 

of cycles to failure Ni at year i is: 

 SkN m
i
 i  (3) 

where 

k  is a constant 

m  is the inverse slope of the S-N curve 

 

According to definition given in ISO 19902 [1], the fatigue 

damage Di at year i is given by: 

 
N

n
D

i

 i  (4) 
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where 

n  is number of cycles each year, of amplitude stress 

range Si 

 

The total damage DT on Y years is the sum of the Y annual 

damages Di:  
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iDD
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T  (5) 

Considering equations (2) to (5): 
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Considering that Øi = Øc + 2ti, it finally comes: 
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 (7) 

The average marine growth thickness tap (p=1 for drag term 

and p=2 for inertia term) is defined as the constant marine 

growth thickness that generates the same total damage DT 

over Y year: 
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Considering equations (7) and (8): 
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tap can be extracted from equation (9): 
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with 
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 (11) 

Finally the constant average marine growth thickness ta to 

be used over the considered Period of Y years is proposed to 

be the mean value between ta1 and ta2: 

 
2

 
1 2

a

tt
t

a a
  (12) 

This assumption is justified by the sensitivity analyses 

further down. 

It shall be noted that this proposed average marine growth 

thickness ta is significantly different from the usual arithmetic 

mean value defined by: 

 



Y

i

it
Y

Mean
1

1
  (13) 

Furthermore at each level where marine growth has to be 

taken into account, it is suggested to use the mean value of the 

diameters of the different members at the concerned level. 

This will allow avoiding defining a specific ta for each 

diameter at the same level. 

3.3 Sensitivity Analyses 

Marine Growth Profiles 

Four Marine Growth thickness profiles have been defined (Cf. 

figure 4): 

 Profile 1: Fast increase of MG thickness from 0 to 

200mm during 15 years, 

 Profile 2: “S-Curve” increase of MG thickness from 0 to 

200mm during 15 years, 

 Profile 3: Same as Profile 1, but with cleaning at year 7. 

After year 7, MG thickness increases as Profile 1 from 

year 0, 

 Profile 4: Same as Profile 2, but with cleaning at year 7. 

After year 7, MG thickness increases as Profile 1 from 

year 0. 

Tables 2 to 5 summarize the results of the different sensitivity 

analyses detailed hereafter. 

 

  
 

      

Figure 4. Profiles of Marine Growth thickness over time 

with Mean and ta (calculated for m=4 and Øc =20”) 

ta compared to Mean 

On each curve of figure 4 is indicated the average Marine 

Growth value ta, as well as the arithmetic mean value Mean. ta 

is calculated for a fatigue slope m=4 and a typical member 

diameter Øc =20in. 

It appears that ta is always significantly higher than Mean. A 

more quantified comparison is given on figure 5, which 

indicates the percentage of increase of ta vs. Mean. The 

comparison is done for the four selected profiles and for four 

typical diameters: 8, 12, 20 and 30 in. 
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ta is 10% to 90% higher than Mean, depending of member 

diameter and MG Profile. This justifies the use of ta instead of 

Mean to avoid under conservatism of the fatigue analyses. 

 

 

Figure 5. Average MG value ta increase vs. Mean (%) 

for the different profiles. 

Sensitivity of fatigue slope m 

Figure 6 compares ta for different values of the fatigue slope 

m, which usually varies from 3 to 5. The comparison is done 

for the four different profiles and for the four typical 

diameters. 

It appears that an increase of m increases ta, but the variation 

is relatively small. 

It is therefore suggested to calculate ta with m=4 

 

   
 

     
 

Figure 6. Sensitivity of fatigue slope m on average Marine 

Growth thickness ta for the different profiles.  

 

Inertia and drag terms ta1 & ta2 compared to ta  

Figure 7 compares ta1 and ta2 with ta. The comparison is done 

for the four different profiles and for the four typical 

diameters (with m=4 as suggested above). 

ta1 and ta2 appear to be very close to ta. This justifies the 

definition of ta to be the mean value between ta1 and ta2. This 

allows also not to care about which term in Morison equation 

is predominant. 

 

  
 

    

Figure 7. Sensitivity of drag & inertia terms (ta1 & ta2) 

around ta for the different profiles.  

 

Table 2. Average Marine Growth values - Profile 1. 

Diam. (in) m ta p=1 ta p=2 ta  tMean  

8 3 159 169 164 148 

8 4 163 173 168 148 

8 5 166 176 171 148 

12 3 158 167 162 148 

12 4 161 171 166 148 

12 5 164 174 169 148 

20 3 155 163 159 148 

20 4 158 167 163 148 

20 5 161 170 166 148 

30 3 154 160 157 148 

30 4 156 164 160 148 

30 5 159 167 163 148 

 

Table 3. Average Marine Growth values - Profile 2. 

Diam. (in) m ta p=1 ta p=2 ta  tMean  

8 3 137 158 148 111 

8 4 146 165 156 111 

8 5 153 170 162 111 

12 3 133 153 143 111 

12 4 141 161 151 111 

12 5 148 167 157 111 

20 3 128 146 137 111 

20 4 135 154 144 111 

20 5 141 160 150 111 

30 3 124 138 131 111 

30 4 129 147 138 111 

30 5 134 153 144 111 
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Table 4. Average Marine Growth values - Profile 3. 

Diam. (in) m ta p=1 ta p=2 ta  tMean  

8 3 118 130 124 105 

8 4 122 135 129 105 

8 5 126 139 132 105 

12 3 115 126 121 105 

12 4 120 132 126 105 

12 5 123 135 129 105 

20 3 113 122 117 105 

20 4 116 127 121 105 

20 5 119 130 125 105 

30 3 111 117 114 105 

30 4 113 122 118 105 

30 5 116 126 121 105 

 

Table 5. Average Marine Growth values - Profile 4. 

Diam. (in) m ta p=1 ta p=2 ta  tMean  

8 3 51 73 62 38 

8 4 59 85 72 38 

8 5 66 94 80 38 

12 3 48 65 56 38 

12 4 53 76 65 38 

12 5 59 85 72 38 

20 3 44 55 49 38 

20 4 48 64 56 38 

20 5 52 72 62 38 

30 3 42 48 45 38 

30 4 45 55 50 38 

30 5 47 61 54 38 

 

4 FATIGUE ANALYSIS OVERVIEW 

The fatigue analysis is a process which implies a number of 

different parameters depending on the selected approach. 

Typical parameters that may have significant influence on the 

calculated fatigue lifetime of the jacket joints are presented in 

the seven following subsections. 

4.1 Environmental data and wave theory 

Fatigue is an accumulation of damage caused by the repeated 

application of time-varying stresses. For a jacket structure, it 

results from the environment and more precisely from the 

waves. So the long-term joint distribution of the significant 

wave height (Hs) with its representative wave period (Tz or 

Tp) is needed. The most frequent representation of the long-

term wave environment is now the wave scatter diagram, and 

usually a two-dimensional wave scatter diagram gives the 

probability density p(Hs,Tz). For existing structures, the 

initial fatigue assessment may have been done with annual 

distributions which assume that the conditions during a typical 

year are repeating themselves each year during the service life 

(see deterministic fatigue assessment at section 4.2). 

The ISO 19902 [1] recommends the use of individual 

periodic waves for fatigue analysis but several periodic wave 

theories can be used to predict the kinematics of regular 

waves. The linear (or Airy) theory is the basic periodic wave 

theory and is frequently used for fatigue analysis where 

linearization is necessary (see section 4.5), moreover for 

computing the Morison equation (see equation 1) a non-linear 

periodic wave theory may be used as well (see section 4.3). 

4.2 Deterministic or Spectral approach 

Before probabilistic approach using a wave spectrum, the 

environment was described by some deterministic individual 

waves which are periodic (regular) waves with a particular 

height, period and direction, and an associated number of 

occurrences. This approach with typical annual wave 

distribution (in cases without wave scatter diagram, see 

section 4.1) cannot by nature produce a very realistic 

representation of the actual sea. This approach is often run 

through quasi-static analyses (i.e. static analyses where wave 

loads are magnified with a Dynamic Amplification factor 

computed analytically) which generally lead to conservative 

fatigue checks of fixed offshore structures. 

To account for the random nature and the frequency content 

of real waves, the spectral approach is recommended. But 

considering 8 directions with at least 15 waves per direction 

and to be computed within a minimum of 12 steps (phase) for 

having stress range, this approach has been prohibitive for a 

long time, especially for deep / heavy platforms which need to 

be analyzed dynamically. Now the spectral approach is a 

standard computation for all engineering companies, but it 

remains in frequency domain (i.e. linear) and its complexity 

has to be managed by adequate linearization (see section 4.5). 

For accounting for non-linearity, the time-domain analysis 

method could be an alternative, but this is almost never used 

for jacket fatigue assessment, as it is for the floating units. 

4.3 Hydrodynamic coefficient and marine growth 

For fatigue analyses, most of the waves are lower than the 

design waves generated during the in-place analysis (1 year 

extreme waves). Their Keulegan-Carpenter numbers are much 

lower and the associated value of the inertia coefficient is 

expected to be larger than those used for in-place analysis 

(Cm = 1.6 for smooth members and 1.2 for rough members). 

Conservatively the inertia coefficient is set to the theoretical 

value (Cm = 2.0) for both smooth and rough cylinders. 

For design waves, several experimentations have been 

performed. As an example the OTC 13193 [4] with in-place 

hydrodynamic coefficient showed the same extreme response 

as the measurements made on Ekofisk jackets in Norwegian 

waters, but no conclusion is given for fatigue waves. In the 

end, the conservatism due to Cm in the fatigue wave loading is 

generally not well identified and remains also to be linked to 

marine growth (see section 3). 

 

4.4 Structural modeling and joint flexibility 

The spectral and deterministic fatigue analyses methods (see 

section 4.2) are based on stress ranges which are computed 

from individual periodic waves. The resulting stress cycle at 

each joint consists of contributions from axial and bending 

stresses within braces. 
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For fatigue analysis, the global 3D frame model used for in-

place analysis is reused. Basically the members are connected 

at nodes where the continuous member is called the chord, 

and member(s) connected to it are called the braces. The 

assembly of chord and braces is the joint where the tubular 

connection welds may be prone to fatigue. 

New jacket structures are usually computed with the 

assumption that the joints are rigid. However, it is known that 

the flexibility of tubular joints may help for increasing fatigue 

lifetime, and since 1993, Buitrago et al. [2] have published 

some equations for linear elastic flexibility and stiffness of 

tubular joints. These Buitrago’s formulations are now 

available in most structural analysis tools and frequently used 

for fatigue assessment of existing jackets. 

4.5 Linearization and Stress Transfer function (or RAO) 

The deterministic method used through quasi-static analyses 

(see section 4.2) does not require linearization, but the spectral 

method needs linearization, as this frequency approach is 

applicable to linear systems. The global analysis which 

produces the nominal stresses, needs so the linearization of 

hydrodynamic drag actions (the squared drag term in 

Morison’s equation), the inundation effects (around the still 

water level as the wave surface moves from trough to crest), 

and the soil-structure interaction. 

This linearization is implicitly made through the wave 

selection for the global response computation; therefore the 

structural analyst has to pay attention to this phase when 

selecting the wave heights for transfer functions. 

The ISO 19902 [1] gives now a recipe based on the center 

of the fatigue damage scatter diagram. The wave heights used 

for the transfer functions must be selected in a suitable 

manner for having an appropriate level of non-linear wave 

loading (see wave theory at section 4.1). After a soil 

linearization at the center of the fatigue damage scatter 

diagram, constant wave steepness (ratio of wave height to 

wave length, usually in the steepness ranges from 1:15 to 

1:25) is very commonly used for establishing the wave height 

to be used for each wave frequency. As this constant wave 

steepness gives unrealistically large wave heights at small 

wave frequencies, a maximum height equal to the maximum 

height in the scatter diagram is also commonly implemented. 

Additionally a wave calibration process could be made for 

confirming the wave steepness value which matches the 

spectrally calculated response to a deterministically calculated 

response for all sea-states directions. 

Further to this linearization, under a harmonic excitation at 

a particular frequency (input), the response of the structure 

(output) is also harmonic with the same frequency with a 

phase shift between input and output. The transfer function is 

defined as the ratio of the amplitude of the output to the 

amplitude of the input. This ratio is also known as the 

response amplitude operator (RAO). Finally the checks of the 

transfer function is made by plotting the total base shear force 

transfer function for few wave directions in order to ensure 

good definition of peaks and valleys, especially near the 

platform natural frequencies where frequency adjustment may 

be needed for the good shape of all transfer functions. 

Using the transfer functions (or RAOs) the wave spectra are 

computed in order to obtain the corresponding response 

spectrum for each sea state. A statistic process is finally 

performed by integrating this response spectrum for having 

the mean square response, from which the RMS stresses could 

be computed with its moment. These parameters define the 

probability distribution function for the stress response range 

(see section 4.6). The Rayleigh distribution is the more 

appropriate distribution function for narrow-banded processes 

and is commonly used for offshore fixed structure response. 

4.6 SCF and Fatigue Stress Range  

Fatigue design of offshore tubular welded joints is based upon 

the hot spot stress methodology which used the S-N curve 

approach (see section 4.7) and considers the design stress to 

be the geometric or “hot spot” stress. 

Offshore jacket models (see section 4.4) are carried out 

using beam models thus nominal stresses are calculated at 

member ends. For each tubular joint, the hot spot stress is then 

determined using parametric formulas providing the stress 

concentration factor for the considered loading mode (axial, in 

plane bending, out of plane bending) and simple joint type 

(T/Y, K, KT, X). These parameters are called stress 

concentration factors (SCFs) and enable to evaluate fatigue 

stress range at any weld of each joint from the brace stress 

range. The Efthymiou equations are now recommended by 

most of offshore design codes, if they are used with the 

influence functions for generalizing the joint classification and 

with the effect of chord stress / length.  

 

 
Figure 8. Illustration of fatigue ranges. 

 

 

Whatever a stress range comes from a probabilistic 

determination using spectral method or a deterministic 

analysis using individual wave, it is recognized as the only 

parameter which governs the fatigue of welded connections 

and it is managed by an S-N curve approach (see section 4.7). 

The “hot spot” stress approach uses the axial stress range 

with in-plane bending and out-of plane bending stress range 

and keep them separate. For capturing the influence of 

constant stress, the ‘structural stress’ approach presented in 

[5] shows an improvement with the consideration of the dead 

weight, like for connections on the jacket legs. 
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4.7 S-N curve, Miner damage and safety factors 

The API RP 2A [6] defines an ‘S-N curve’ as ‘a 

representation of empirically determined relationships 

between stress range and number of cycles to failure, 

including the effects of weld profile and discontinuities at the 

weld toe’. This empirical approach results from full-scale 

testing of tubular joints until fatigue failure in 80s in Europe. 

These large-scale efforts have significantly increased the 

amount of available data, and have led to a robust design 

fatigue curves as given on figure 9, with some tests results. 

 

 
Figure 9. S-N curve 

(design curve in air with full-scale test data). 

 

The formulation of the S-N curve is already given in section 

3 (see equation 3). The fatigue design S-N curve is confirmed 

by both ISO 19902 [1] and API RP 2A [6]. It integrates a 

thickness effect material thickness above 16 mm. 

Finally the fatigue assessment is a cumulative damage; 

according to the linear Miner rule which is already given in 

section 3 (see equation 5). Both ISO 19902 [1] and API RP 

2A [6] have also agreed on the Fatigue Life Safety Factors. 

The design safety factors are given in the table 6. 

Table 6. Fatigue damage design factors. 

Failure critical component Inspectable Not Inspectable 

No 2 5 

Yes 5 10 

 

It shall be noted that the values of Table 6 are not 

appropriate for definition of inspection plan for lifetime 

extension (For example, their use would lead to inspect some 

non inspectable component). Therefore the Fatigue Life 

Safety Factors shall be set to 1.0 when the fatigue damages 

are used to define the inspection plan (see section 6). 

 

5 LIFETIME EXTENSION 

5.1 Approach for recertification 

The matter for a Lifetime Extension is to continue to use in 

satisfactory safety conditions, the offshore platforms that have 

reached the end of their designed (fatigue) lifetime. 

Bureau Veritas approach for assessing a structural Lifetime 

Extension was initiated in 1994 and was presented at the 2007 

OGP workshop [7]. It is based on global scheme which 

includes the four following steps: 

1. Platform Inventory 

2. Re-analysis 

3. Survey Program 

4. Conclusions 

The inventory of platform conditions is the review of the 

reports that consolidate the picture of the platform in its actual 

situation with an historical background. The inventory shall 

collect data from the original design, periodical inspection 

results, site-work reports, changes in loading and/or use and 

other available documents which have been issued through the 

life of the platform until its reassessment before the lifetime 

extension. 

The re-analyses shall provide an up-to-date picture of the 

platform strength and fatigue resistance by including the latest 

platform design conditions with possible platform updates 

coming from the Inventory. The purpose of this second review 

is to confirm the suitability of structures for an extended 

lifetime, and to provide proper data for later inspections of the 

platform during its expected lifetime extension period. 

A Survey program should be reviewed after the re-analyses, 

in order to complete the evaluation of conditions of platform, 

and to correlate its present condition with the finding of 

fatigue re-analysis. In North Sea, the 5-year structural 

inspection program covers but not limited: 

 Inspection of platform overall conditions (marine 

growth, cathodic protection, etc.) 

 Inspections further to findings in previous campaigns 

(out-of-straightness, corrosion, flooded members, etc.) 

 Inspections of specifics areas (riser clamps, etc.) 

 Close inspection and NDT of selected joint welds. 

From the results of the three above steps, Bureau Veritas 

concludes on the structural suitability of the platform for its 

lifetime extension. 

5.2 Approach in recent standards 

ISO 19902 [1] and API RP 2SIM [8] have agreed on a 

Structural Integrity Management (SIM) process which 

includes 4 phases given on figure 10. This process is similar 

to the recertification scheme presented at section 5.1. 

 
Figure 10. ISO 19902 [1] Phases of SIM cycle 

 

6 INSPECTION PLAN – EXAMPLE OF TEPNL 

6.1 General 

The inspection of offshore structures of Netherland Total’s 

affiliate (TEPNL, Total Exploration Production NetherLand) 

is regulated by Mining Law: Article 7.2 section 2G of Mining 

Regulation of January 2003 requires 5 yearly inspections of 

“critical welds of joints”. 
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This requirement has been understood as a Level IV survey 

(as per API RP 2SIM [8]), meaning NDT of the welds of the 

most critical joints.  

Considering that the principal objective of any weld 

inspection plan is to provide a level of confidence in the 

condition of each jacket component commensurate with the 

consequences of failure, a specific approach to this 

optimization of subsea weld inspection has been developed. 

This approach (called “ABCD”, see further down) is shown as 

a flowchart in Figure 11. 

The flowchart portrays the principal considerations which 

have a bearing on the inspection program. The assessment of 

importance of inspecting a weld in a given inspection cycle is 

a function of: 

 Consequence of failure 

 Likelihood of failure 

 Weld inspection history 

 Certifying requirements 

Therefore a ranking tree is developed which accommodates 

all of above. The approach portrayed on the flowchart implies 

a unique program for each cycle designed on the basis of all 

available information particularly engineering and inspection 

results. 

After each inspection, new weightings can be assigned as a 

result. The (revised) ranking table is then used for next 

inspection. In this way new priorities for inspection of jacket 

components can be highlighted each cycle. 

The report is covering all subsea welds and includes also the 

above water elevation of the jacket. 

The inspection of the pile jacket connection is included in 

the aerial inspection program. 

 

Figure 11. Optimization of subsea weld inspection. 

Method “ABCD”. 

6.2 Critical rating of components 

In order to obtain a ranking table, weighting factors (A, B, C 

and D) are developed. The factors affecting this ranking are 

explained in the sections here below. 

 

Consequence of failure (A) 

Object of this weighting is to classify the structural 

components of the jacket as primary, secondary or tertiary 

according to its duty and its importance for the overall 

stability and integrity of the structure. 

 Primary weld includes: 

- welds on either side of braces connected to main legs 

- welds on either side of horizontal members to main 

legs 

- (welded) riser stubs 

 Secondary weld includes: 

- welds of members connecting to members with 

primary welds 

- conductor framing components not stiffened by 

welded plates or gussets 

 Tertiary weld includes: 

- welds of members connecting to members with 

secondary welds 

- conductor framing components stiffened by welded 

plates or gussets 

- all other welds 

Weighting scores on these components are according Table 7. 

 

Table 7. Consequence of failure weighting (A). 

Description (A) 

Primary weld 1 

Secondary weld 2.5 

Tertiary weld 10 

 

 

Likelihood of failure (B) 

The likelihood of failure is a function of both stress and 

fatigue. Because weld inspection is focused on detection of 

weld cracks, fatigue life is the main criterion for the likelihood 

of failure. 

Structures designed to current standards are unlikely to fail 

under static loading other than from, exceptional loading, 

inadequate corrosion protection or faulty materials or 

workmanship. 

For an ultimate load failure (member static stress, buckling 

and punching shear), there is generally little evidence of 

distress until a local failure has occurred, and this may be 

detected by a general visual inspection (ROV) in case of 

exceptional loading incidents. 

The likelihood of failure weighting (B) is thus obtained 

from fatigue life only. However, when it comes to selecting 

welds with approximately the same ranking, the weld with the 

highest punching shear ratio will be selected. 

   LIFEFATIGUEB  (14) 
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Weld history (C) 

Major object to introduce a weld history weighting is to 

monitor repaired and grinded welds and unfinished 

inspections. Weighting scores proposed on weld history is 

according Table 8. 

Table 8. Inspection history weighting (C). 

Description  (C) 

No defect found 1.0 

Defects ≤ 5mm found & no grinding performed 0.5 

Defects > 5mm found & no grinding performed 0.0 

Defects found, grinding performed & weld 

found satisfactory 

 

1.0 

Defects found, grinding performed & weld 

found not satisfactory 

 

0.0 

 

Inspection history (D) 

Object to introduce an inspection history weighting is that for 

two components with otherwise practical the same total 

weighting, it is preferable to examine in the next cycle the 

component which was not inspected in the previous cycle. 

Therefore weighting D is introduced according Table 9. 

Table 9. Inspection history weighting (D). 

Description  (D) 

Weld inspected and found to be satisfying 10% x ([A].[B]) 

All other welds 0.0 

 

Overall critical rating 

The proposed formula to calculate the overall critical rating is 

as follows: 

        DCBA  ..TOT  (15) 

6.3 Related welds 

If during an inspection defects on a weld with a non-

satisfactory result are detected, related welds are to be 

checked. The related welds are included in the inspection 

ranking lists based on similar relationships (symmetry and 

fatigue life) and/or other welds in the same node (e.g.: weld in 

X or K joints). 

6.4 Quantifying inspection effort 

The number of welds to be selected for every cycle depends 

on the following factors: 

 service life of the jacket 

 ranking table score 

 size and complexity of the jacket 

 certifying requirements 

To obtain the number of welds to be selected the following 

guidelines are used: 

1) If ranking score is smaller or equal to 5 times the service 

life the weld is subject to inspection. The safety factor of 

5 covers inspection of secondary welds in case fatigue 

life is equal or smaller than 2 times service life. 

2) Random selection: The number of welds by random 

selection is equal to 20% of the number of welds obtained 

in (1). However, since the top elevation (above sea level) 

is easily accessible, welds at this level may be inspected 

at each inspection campaign. Thus, the random selection 

applies only on welds below sea level. And for practical 

reasons bottom elevation should be avoided if ranking is 

low. 

3) Minimum number of welds: The total number of welds 

obtained in (2) must be equal or greater than the 

minimum number of welds required for selection. This 

minimum is depending on the size of the platform and is 

5% of the number of primary welds. 

6.5 Weld inspection operations 

Figure 12 shows a flow chart which explains the weld 

inspection procedure. 

 

 

Figure 12. Weld inspection procedure. 

 

6.6 Example of application “ABCD” inspection plan 

Example of application of “ABCD” methodology is given on 

a typical TEPNL platform: a 4 legged main-pile jacket, 

supported by foundation piles driven to 72.00m penetration 

depth, illustrated on figure 13. 

Fatigue damages have been calculated according to the 

methodologies presented in sections 2 to 4. Installation date is 

1994. Anticipated lifetime is 2034 (40 years). Table 10 

presents the joints with the highest damages. 

The inspection plan elaborated according to “ABCD” 

methodology is given on Table 11. All joints with ranking 

(A).(B).(C)+(D) > 200 (5 x 40 years) are indicated. The joints 

above LAT, easy to inspect, are included every 5 years. 
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Figure 13. Typical TEPNL platform overview. 

 

Table 10. Calculated damages. 

Joint Brace 

Past 

damage 

Future 

damage 

Damage 

1994-2034 

Lifetime 

(Years) 

259 259-295 0,28 2,42 2,70 26 

119 119-211 0,52 2,14 2,66 25 

259 215-259 0,27 2,38 2,65 26 

259 251-259 0,21 1,90 2,11 28 

251 251-295 0,18 1,58 1,76 30 

251 251-212 0,15 1,34 1,49 33 

251 251-259 0,09 0,91 1,00 40 

191 191-299 0,20 0,60 0,80 47 

111 111-291 0,08 0,60 0,68 51 

115 115-151 0,09 0,50 0,59 56 

⁞ ⁞ ⁞ ⁞ ⁞ ⁞ 

 

Table 11. Inspection Plan. 

Joint Brace (A).(B).(C) + (D) 2018 2023 2028 2033 

119 119‐211 25 ○ ○ ○ ○ 

191 191‐299 47 ○ ○ ○ ○ 

111 111‐291 51 ○ ○ ○ ○ 

259 259‐295 65 ● 
 

● 
 

259 215‐259 65 ● 
 

● 
 

259 251‐259 71 ● 
 

● 
 

251 251‐295 76 ● ● 
  

251 251‐212 82 ● ● 
 

● 

111 111‐115 104 ○ ○ ○ ○ 

211 211‐231 105 
 

● 
 

● 

251 251‐259 110 
 

● 
  

199 199‐219 110 ○ ○ ○ ○ 

115 115‐151 141 ○ ○ ○ ○ 

291 291‐251 141 ● 
  

● 

115 115‐159 142 ○ ○ ○ ○ 

219 199‐219 169 
  

● 
 

211 211-119 181     ●   

● Above LAT    ○ Below LAT 

7 CONCLUSION 

The following summary and conclusions are made with 

regard to Total and Bureau Veritas experiences about the 

challenges in using aging fixed structures beyond the original 

design lifetime: 

 The lifetime extension is a multidisciplinary process 

which cannot be seen as a sequence of independent 

assessments, despite the fact that they generally involve 

different specialists like subsea inspections expert, 

metocean specialist, structural lead analyst, etc. who all 

are part of the process reliability. 

 The data management is the first key for any structural 

integrity / reliability considerations. As an example, the 

issue of Marine Growth in warm waters needs detailed 

and repeated measurements for predicting its evolution / 

cleaning. 

 The complexity of the structural evaluation like fatigue 

has to be well controlled for probabilistic determination 

using spectral method which is fed by a number of 

different parameters (metocean, hydrodynamic and 

structural) and it also includes implicit linearization that 

need to be adequately done for keeping the reliability at 

level. 

 For inspection strategy, a semi-quantitative approach 

based on scores made on consequences, likelihood to 

fatigue and inspections history have been sufficiently 

reliable for prioritizing underwater inspections during 40 

years at Total Netherlands. 
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ABSTRACT: One of the main design objectives of floating offshore structures is the provision of a reasonable level of stability 
to enable safe operations. Several offshore structure failures, while intact or damaged, have occurred over the years in spite of 
this goal. This paper presents an overview of the cause of major offshore accidents and provides an insight into existing and 
potential future stability criteria.  The challenges involving reliability and risk analysis in stability assessment are discussed, 
where a better understanding of the probabilistic failure mechanism is discussed, in addition to the deterministic based criteria. 

KEY WORDS: Intact stability; Damage Stability; Response Based Criteria; Risk & Reliability 

1 INTRODUCTION 
Stability Criteria in the IMO regulations is largely driven 
by prescriptive rules. As an alternative to the quasi-static 
approach, the IMO MODU Code allows a performance-
based approach for intact stability of column stabilized 
units [1]. In addition to stability during transit (free-
floating), offshore floating structures with mooring lines 
and risers attached are also designed for in-place stability 
[2]. While dynamic stability is observed in certain types of 
offshore floating structures, it is in general less of a concern 
than for ships [3]. Reliability analysis requires a well-
defined calculation methodology and a failure criterion that 
reflects the failure mechanism – both need to be developed 
for the reliability-based stability design. 

The development of the design method for offshore 
floating structures during the nascent days of the offshore 
oil and gas industry is mostly based on the experience of 
designing ships. Ship rules have evolved over the years to 
arrive at a relatively safe approach, but one that is largely 
empirical [4]. For wave loads, engineers in the offshore 
industry have had to develop calculation techniques from 
“first principles”. But for stability, the empirical ship rules 
were modified and applied to offshore floating structures. 
This has generally been successful, however, it is not 
straightforward to quantify the reliability as will be shown 
here. 

The intact stability criteria in the classification rules 
issued by the American Bureau of Shipping (ABS) are 
based on the assumption of steady wind and calm water [5], 
[6]. In reaction to the tragic loss of two semi-submersibles, 
ABS led a JIP in 1986 to develop the dynamic-response-
based intact stability criteria [7]. The IMO MODU Code 
adopted the dynamic-response-based criteria as an 
alternative intact stability criterion in 1989 [8] and 
continued this requirement in the IMO MODU Code 2009 
[1]. 

Damage causes and scenarios for offshore floating 
structures differ in many ways from those for ships. 
Damage stability criteria mandate the prevention of further 

flooding and maintenance of residual stability after each 
damage or flooding event. It is important to learn from past 
offshore structure failures to develop a more reliable and 
robust stability criteria. When addressing key stability 
issues, it may be suggested that the “methodology” applied 
for the reliability based performance assessment for 
damaged ships such as Lee et al. (2006) [9] could be 
applicable for analysis of damaged offshore structures as 
well. 

2 HISTORY OF OFFSHORE STRUCTURE 
FAILURES 

A review of the major accidents involving offshore 
structures was performed to gain an insight into the 
common causes of failures. The various causes of offshore 
casualties involving jack-up, mobile unit, drill barge, drill 
ship, tension leg platform, semisubmersible and 
submersible unit recorded up to 1999 is shown in Figure 1. 
Focusing on the loss of stability while intact or damaged, 
the combined percentage of failure is over 10% which can 
be further broken down to capsizing, overturn and toppling, 
5%; loss of buoyancy or sinking, 1% ; leakage into hull, 
2% ; and list and uncontrolled inclination, 2% . 

The report by OGP [10] on major accidents involving 
loss of life provides the initiating causes of failure as shown 
in Figure 2. Relevant details pertaining to the causes of 
some of the major accidents are summarized in the 
following subsections. 

 Drill Ships and Barges 2.1
The Glomar Java Sea capsized while experiencing 75 knot 
winds over the bow and a list of 15° starboard. The vessel 
sank within minutes in 317 ft of water in October, 1983. In 
May, 1985, the Tonkawa drill barge sank due to a human 
error wherein the crew failed to close the ballast inlet valve 
and the ballast control operator was incorrectly supervised 
[11]. The non-drilling barge Concem capsized in calm 
weather in November 1985 due to a loss of stability near 
Stavanger, Norway [12]. The Viking Explorer capsized due 
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to an explosion in South East Borneo in September, 1988. 
The lift boat Avco V encountered heavy seas in the Gulf of 
Mexico in July 1989 and capsized due to an inadequate 

stability margin [13]. The drill ship Seacrest capsized in 
heavy seas during Typhoon Gay with 100 mph wind in the 
Gulf of Thailand in November 1989. 

 

 
Figure 1. Statistics of offshore accidents involving Jack-up, Mobile Units, Drill Barge, Drill Ship, TLP, Semisubmersible and 

Submersible unit up to 1999 

 

 
Figure 2. Major offshore incidents involving loss of life (1970-2007), OGP(2010) [10]
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 Jackup rigs 2.2
Many jackups have been lost while in tow. Two classic 
sinkings were the Dan Prince in the Gulf of Alaska in 
December 1980 [14] and Rowan Gorilla 1 in the North 
Atlantic in December 1988 [15]. Jackups almost always 
have low freeboard and a very high GM. Most are vaguely 
triangular, so their motions are much more complex than 
those of a ship. In severe weather there tends to be a 
considerable amount of green water on deck. Most jackups 
that have foundered have simply gained too much weight 
through progressive flooding.  They slowly increase in 
draft, get ever more quantities of green water on deck, and 
finally capsize or sink. Failure due to loss of stability in 
intact condition, however, has not been reported so far.  
 

 Semisubmersibles 2.3
On February 15, 1982, the Ocean Ranger semisubmersible 
capsized and sank on the Grand Banks near St. John’, 
Newfoundland. A large wave inflicted porthole damage and 
allowed seawater to come into contact with the ballast 
control panel, causing a short circuit of the system. Erratic 
ballasting caused the platform to list and eventually 
capsize. 

On March 15, 2001, the P-36 semisubmersible at 
Campos Basin had an accident that sank the platform [16]. 
Progressive flooding occurred due to a sequence of 
incidents including an overpressure-induced rupture of 
emergency drainage tank; damage to equipment and piping; 
explosion of the water-oil-gas mixture in the column; a 
failed firefighting attempt; large listing causing further 
flooding and eventual sinking of the platform. 

From the above case studies and statistical data, it is seen 
that most accidents are caused by human error and a 
departure from operational guidelines. A similar conclusion 
is made in the review of offshore structure failures in Ismail 
(2014) [17]. In addition to measures to reduce human errors 
and their impact, redundancy requirements in the design of 
offshore structures may also require further improvements.  
Damage scenario identification is critical to the application 
of the rule-based damage stability criteria.  The structural 
stability and equipment performance in damaged condition 
needs to be assessed with a reliability perspective to better 
understand their potential consequences and foresee various 
damage scenarios.  

3 THE CURRENT STATUS OF STABILITY 
ANALYSIS METHODOLOGY FOR OFFSHORE 
STRUCTURES 

The intact stability criteria for offshore structures are 
developed in the same manner as that of ships. Due to the 
significant difference in the primary shape of the structure 
compared to ships, and hence their corresponding motion 
behavior at sea, the stability assessment using the righting 
lever curve may not lead to optimal designs. 

 

 Intact Stability Criteria 3.1
The common intact stability criteria are based on a quasi-
static analysis method, known as the Area Ratio Method 
[6].  Figure 3 shows a typical righting moment curve and 
heeling moment curve, where the area enclosed within is 
used to define the stability criteria. The alternative 
approach is to demonstrate stability through the Dynamic-
Response-Based criteria (Figure 4), where the maximum 
healing angle θmax can be obtained through numerical 
simulations or empirical equations for a specific type of 
offshore floating structure. It must be noted that these 
stability criteria already include a safety factor and failure 
to meet the criteria should not be confused with physical 
failure of the platform stability.  

 Stability in Perspective of Reliability Analysis 3.2
For the reliability analysis, the limit state function based on 
the simple Area Ratio Method as described in Section 3.1 
comprises the quasi-static components. Statistics of 
restoring moment and overturning moment can be 
determined and are dependent on the hull configuration. 
However, reliability calculations and results are only 
meaningful when there is a well-defined calculation 
methodology that has well-defined failure criteria. The 
reliability calculation in the quasi-static intact stability 
approach based on the Area Ratio Method is 
straightforward, but the inequality used in the assessment 
does not define a realistic failure mechanism but merely a 
failure to meet the criteria. Applying reliability techniques 
to the classic Area Ratio Method therefore will answer the 
question “What is the probability that I fail the area ratio 
test?”, but that has no significance to the probability of 
actually capsizing. 

In the Dynamic-Response-Based intact stability criteria, 
the statistics of quasi-static restoring moment and 
overturning moment are dependent on the hull 
configuration. The dynamic response, i.e. the maximum 
heel angle θmax, can be determined through the motion 
analysis of the floating structure subject to stochastic 
environmental conditions in accordance with the ABS 
MODU Rules [6]. For example, Figure 5(a) shows a time 
history of the roll motion of a platform. We can obtain the 
probability of exceedance plot by fitting the time history 
data to a suitable distribution as shown in Figure 5(b) and 
obtain the maximum heel angle θmax.  Although these items 
can easily be assessed using formal reliability techniques, 
the meaning of the results are yet to be justified. 
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Figure 3. ABS Intact stability curve (ABS MODU Rule [6], 3-3-2/Figure 1) 

 

 
 

 

Figure 4. Capsize criteria based on dynamic response (ABS MODU Rule [6], 3-3-A1/Figure 1, 2) 
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(a) (b) 

Figure 5. Probability of exceedance of heel angle obtained using numerical time history data 

 
 

 Effect of Mooring on Stability 3.3
The IMO MODU Code [1] does not consider the effect of 
mooring restoring moments in the stability analysis. In 
some regulations and class Rules, any mooring effect 
unfavorable to stability is required to be taken into account. 
There are industry initiatives to develop new stability 
criteria for permanently moored floating production 
installations. Numerical tools are available to include the 
dynamics of mooring in analyzing motions and freeboard 
and their statistics in irregular seas. Experience from 
developing the dynamic-response-based intact stability 
criteria can provide valuable input. The key challenges are: 
(1) Acceptance criteria and its application boundary; (2) 
Site-dependent mooring capacity variation during the 
service life; (3) Increased risk of mooring failure that could 
lead to not only stationkeeping failure but loss of stability, 
including the possibility that the vessel drifts over the intact 
mooring lines which increase the overturning moment by 
applying a load at the level of the keel; (4) Further 
validation of analysis tools required to establish confidence 
in the global performance results.   

The current limitations of the intact stability criteria, 
some of which are discussed above, are the key motivation 
for the development of the second generation IMO code for 
intact stability for ships. The new criteria will be more 
physics-based than empirical, hence applicable for a wider 
range of structures. Under this development, five failure 
modes are primarily being investigated [18]:   

i) Pure loss of stability 

ii) Parametric rolling 

iii) Broaching 

iv) Harmonic resonance under deadship condition 

v) Excessive acceleration 

Although the current focus is on determining suitable 
intact stability criteria considering the above dynamic 
stability related problems for ships [19]–[22], once 
developed they will affect the direction of the future 
development of intact stability for MODUs as well [23]. 
Among the above failure conditions, the parametric 
excitation may also need to be considered for offshore 
structures.  

4 PARAMETRIC EXCITATION IN DETERMINING 
STABILITY 

Parametric excitation is traditionally not considered while 
evaluating intact stability in the design of offshore floating 
structures. It is however an area of recent interest to 
incorporate such analysis in the second generation of IMO 
regulation [18]. Currently, classification guidance exists for 
addressing parametric excitation of ships [24]. In the case 
of offshore structures, the following cases have been 
observed that could cause concerns:   

• Coupled heave-roll/pitch  motion of Deep Draft 
Vessels (spar, deep-draft semi) [25] 

• Coupled surge-sway-yaw motion of moored 
FPSOs [26] 

• Parametric roll motion of large multi-column semi 
in transit draft [27]  

 
The parametric excitations problems are generally 

modeled as Mathieu equations and solutions presented as 
Ince-Strutt diagrams with stable and unstable regions as 
shown in Figure 6 [28]. The previous model tests by 
Haslum  have shown susceptibility of classic spar platform 
towards such parametric excitation (Figure 7) [25], [29]. 
Another example of the adverse effect of parametric 
excitation in offshore structures is the Single Column 
Floater (SCF). The platform is susceptible to parametric 
excitation  as shown in  Figure 8 , where the linear vs. 
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nonlinear motion prediction is compared [30]. For the SCF, 
it was found that Mathieu type instability was a major 
concern and, as a result, the project was abandoned [31]. 

The probabilistic method developed for the ship 
parametric roll analysis is believed to be applicable for 
analysis of offshore structures as well. This however needs 
to be further studied and tested before industry application. 

 
Figure 6. Ince-Strutt diagram showing stable and unstable solutions to the Mathieu equation[28] 

 

5 PROBABILISTIC DAMAGE STABILITY 
ANALYSIS 

The probabilistic risk-based approach has become more 
relevant for damage stability assessment. The probability 
and extent of damage can be assessed through Quantified 
Risk Assessment (QRA). The quantified evaluation of risk 
is generally defined as: 

i. Occurrence probability of relevant damage 
scenarios 

ii. Probability of losing stability for each damage 
scenario 

Residual stability can be assessed to account for the 
reduction in stability, change in heeling moments, weight 
shift, angle of heel and progressive flooding. Also, the 
rapid loss of stability caused by large scale flooding due to 
extreme wave actions, catastrophic incidents, or bifurcation 
after reaching critical heeling angle needs to be considered. 

This method of damage stability assessment will be 
based on the current methods for assessing the residual 
stability of the vessel and its likelihood of capsizing given 
the assumed damage. In this case, part of the reliability can 
be assessed through QRA, but this does not mean the actual 
failure criteria is identified. Determining a true capsize 
criteria for offshore structures is a challenging task. 

Approaches suggested by Vassalos [32], wherein a direct 
first principal based method is applied to determine the 
failure condition, which is then combined with a 
probabilistic method such as Monte Carlo simulation, could 
be applicable for offshore structure stability analysis as 
well. 

With regard to damage stability of ships, International 
Maritime Organization Res. A265 (1973) [33] introduced 
the probabilistic damage stability method for passenger 
ships. In 2005, IMO Resolution MSC.194 (80) [34] 
adopted the harmonized probabilistic damage stability 
regulation for both dry cargo ships and passenger ships.  A 
similar concept has been used in the offshore industry as 
part of risk assessment for structures, equipment and 
systems. However, stability is typically not considered in 
the risk assessment for offshore floating structures. 
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Figure 7. Parametric excitation in classic spar observed in model test by Haslum[25] 

  

Figure 8. Parametric excitation in Single Column Floater[30] 

 
  

6 CONCLUSION 
Most of the stability/sinking failures that have occurred in the 
offshore oil and gas industry have not been due to divergence 
from existing standards, but due to other risks that are not part 
of the current stability calculation methodology. In almost all 
cases multiple failures were necessary for the results to be 
catastrophic. The stability criteria for offshore floating 
structure are traditionally based on a deterministic, quasi-
static approach. Dynamic-response-based approach has been 
developed but is adopted at different paces by class societies, 
IMO, and local regulatory bodies. Although, dynamic 
instability is believed less an issue for offshore floating 
structure than for ships, there is a number of cases where 
parametric excitation presented detrimental motion of the 
platform. 

Reliability methods are not suitable for the stability analysis 
based on quasi-static responses. The dynamic response-based 
stability analysis provides a superior method of quantifying 
uncertainties. However, without a clear definition of the 
failure mechanism and the limit state for stability, the 
reliability analysis appears to have difficulties in producing 
meaningful results.   

The risk-based approach is gaining acceptance for damage 
stability assessment for certain types of ships. For offshore 

floating structures, more industry awareness should be 
encouraged. 

7 RECOMMENDATIONS FOR FUTURE STUDY 
Risk Assessments should take a greater interest in potential 
events that could cause a stability/sinking impairment. 
Because risk analyses are normally carried out anyway, better 
advantage should be taken of the process to address stability 
issues as well.  
Circumstances that will lead to actual stability failures need to 
be identified first so that a stability failure criterion can be 
established.  Only then can the reliability assessment be 
conducted in order to determine the probability of capsizing. 
Combining the probability of intact capsizing and the 
probability of damaged capsizing weighted by probabilities of 
damage events, one can determine an overall probability of 
capsizing failure.  

In Summary, existing stability calculations and criteria 
should remain unchanged until there is a better understanding 
of the actual failure causes/mechanisms, and how to calculate 
for them. 
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ABSTRACT: Reliability of DP systems is addressed in this paper. The IMO MSC/Circ.645 provides definition of DP system 

reliability in terms of three equipment classes, and prescribes single failures in relation to loss of position. This qualitative 

requirement of DP system reliability does not specify failure rate for each DP equipment class. It remains uncertain in the 

industry regarding what are expected frequencies of position loss for DP vessels, in particular for DP class 2 and class 3 vessels. 

Quantitative measure of the DP system reliability is needed in terms of position loss frequency. The paper describes the 

practices of deriving position loss frequency from historical DP incidents and the challenges involved. To provide transparent 

and consistent historical frequency of position loss, an alternative DP incident data reporting scheme is recommended. It 

combines both incidents and corresponding DP operational time. The reliability of DP systems is an essential input for 

managing DP risk in offshore marine operations. Traditional qualitative risk analysis methods and their limitations are discussed. 

This paper presents a quantitative approach for DP risk analysis and evaluation. It is in line with the risk assessment process in 

the offshore industry, e.g. NORSOK Z-013. Two case studies, i.e. DP shuttle tanker offloading operation, and DP drilling 

operation, are referenced to illustrate the methodology and benefits.   

KEY WORDS: Dynamic Positioning, Reliability, Risk, Marine Operations, Quantification 

1 INTRODUCTION 

Dynamic positioning (DP) is defined in IMO MSC/Circ.645 

as to automatically maintain vessel's position, fixed location 

or predetermined track, exclusively by means of thruster 

force [1]. A DP system consists of the complete installation 

necessary for dynamically positioning a vessel. It generally 

includes three main subsystems, i.e. power system, thruster 

system and DP control system.  

The term reliability is defined in the ISO20815 [2] and 

ISO14224 [3] as follows. The reliability means the ability to 

perform a required function under given conditions for a given 

time interval. The term reliability is also used as a measure of 

reliability performance and can also be defined as a 

probability. In this context the failure rate is a classical 

reliability parameter traditionally denoted by the Greek letter, 

λ. The failure rate is expressed as an average frequency of 

failure, i.e. a number of failures per unit of time.  

The reliability of the DP system has been addressed in IMO 

MSC/Circ.645 since 1994 [1]. It states: A DP-system consists 

of components and systems acting together to achieve 

sufficiently reliable position keeping capability. The 

necessary reliability is determined by the consequence of a 

loss of position keeping capability. The larger the 

consequence, the more reliable the DP-system should be.  

To achieve this reliability philosophy, IMO MSC/Circ.645 

defines three DP equipment classes [1].  

For Equipment Class 1, loss of position may occur in the 

event of a single fault. 

For Equipment Class 2, loss of position is not to occur in 

the event of a single fault in any active component or system. 

Normally static components will not be considered to fail 

where adequate protection from damage is demonstrated.   

For Equipment Class 3, loss of position should not occur 

given the following single failures, i) failures as specified in 

class 2, and static component failure is included, ii) failure of 

all components in any one watertight compartment from fire 

or flooding, iii) failure of all components in any one fire sub-

division from fire or flooding.   

The definition in IMO MSC/Circ.645 does not provide any 

expected failure rate for each DP equipment class. It was 

probably difficult to prescribe DP reliability requirements 

quantitatively in 1994. The DP vessel population was much 

less comparing to the number nowadays. According to 

Bierman [4], the number of DP vessels was 65 in 1980, 150 in 

1985, and in 2011 the number was estimated to reach 2000 

worldwide. The main challenge for the industry in 1994 was 

probably to ensure sufficient redundancy of the DP technical 

systems, so that station-keeping capability can be maintained 

after single failures. Quantification of failure rates for three 

DP equipment classes was not prioritized at that time. 

However, despite significant increase of the population of DP 

vessels, and significant DP technology development in the last 

20 years, it remains uncertain or debatable in the industry 

regarding what are expected frequencies of position loss for 

DP vessels, in particular for DP class 2 and class 3 vessels.   

For DP class 1 vessels the frequency of position loss is 

expected to be rather high due to sum of the likelihood of 

various single failures. It may range between several times per 

year to once every several years. However, for DP class 2 and 

class 3 vessels, is the position loss frequency low enough for 

DP class 2 vessels, and is it negligible if a vessel is designed 

to meet DP class 3 requirements? This paper is to provide 

answers and discussions around these questions. 

Reliability of DP systems 
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Risk of position loss is intrinsic to all DP vessels. Given 

wide applications of DP vessels in complex marine 

operations, and sharp increase of DP vessel population, the 

DP risk in offshore marine operations is no longer negligible. 

There had been 26 collisions between offshore installations 

and visiting vessels on the Norwegian continental shelf during 

2000-2010 [5]. Many of those vessels were DP vessels, and 

out of the 26, there were 6 incidents which had a very large 

consequence potential. In the UK offshore sector the 

ship/platform collision is also of concern [6]. The majority of 

the collision risk is from attendant vessels and not passing 

vessels. DP safety of offshore attendant vessels is clearly a 

risk element for attention. For DP mobile offshore drilling 

units, there is potential risk to people, environment and asset 

if emergency disconnection of Lower Marine Riser Package 

(LMRP) on top of Blowout Preventer (BOP) is not successful 

in case of a DP position loss. For diving support vessels and 

pipe-laying vessels, there are risks towards personnel (divers) 

and asset (pipes being laid) respectively in case of a position 

loss. 

Modern risk management practices and safety regulations in 

the offshore industry are built on a quantitative framework. 

The Management Regulations by the PSA [7], §16 stipulates 

the requirements on suitable models, methods and data for 

conducting and updating the risk analyses. Such requirements 

shall have no exception when it comes to the DP risk involved 

in marine operations. This paper is to discuss how to 

quantitatively manage DP risk in offshore marine operations. 

The starting point is the failure rate of DP systems, i.e. the 

frequency of position loss. Case studies related to DP 

offloading and DP drilling operations are referenced to 

illustrate the method and values. 

2 POSITION LOSS FREQUENCY 

2.1 Position loss modes 

The term Position Loss for DP vessels is defined as: the vessel 

loses, either temporarily or for an extended time, the ability to 

maintain its position or heading by means of thruster force, 

and consequently has a position or heading excursion which is 

beyond the allowable distance range.  

The term position loss is operation-specific. The marine 

operations and allowable position excursion limits may vary 

significantly.  For deep water drilling an excursion of 20 m of 

the rig may still considered as allowable. However, for heavy 

lifting and platform topside installation activity, an excursion 

of 5 m of the vessel may already result in catastrophic asset 

damage.  

There are three basic failure modes of position loss, i.e. 

drive-off, drift-off and large excursion. Drive-off means a 

situation where active thruster forces driving the vessel away 

from its target position. The characteristic of drive-off is the 

abnormal thruster force. Drift-off means a situation where the 

vessel is incapable of maintaining its target position due to 

insufficient thruster forces/moment in relation to the envi-

ronmental forces/moment. The characteristic of drift-off is the 

insufficient thrust in relation to the environmental loads.  

Large excursion refers to a situation where the vessel is still 

under control of the DP system but has a temporary larger 

than average excursion of position or heading, because of 

large wind gust, wave, single thruster fault, worst case single 

failure, or degraded position information. Most of such events 

result in a rather limited vessel excursion, i.e. larger than the 

normal vessel footprint, but smaller than the allowable limit. 

However, in marine operations where the position excursion 

error margins are very small, e.g. 5-15 m, this failure mode 

becomes relevant or even critical. 

A term force-off is often used in the industry. It refers to a 

situation where a change/increase in environmental conditions 

causes the vessel to operate outside its DP capability envelope 

and is forced off position due to insufficient thruster force. 

According to the definitions above in this paper, the force-off 

event can be categorized to either drift-off or large excursion.   

2.2 Position loss data and frequency estimate 

How frequent did position loss events occur on DP vessels in 

average? This is a challenging question to answer. Let us start 

with the position loss incident data. The most widely used 

data source is from the International Marine Contractors 

Association (IMCA). Every year the DP station-keeping 

incidents reported to IMCA are summarized and published. 

The latest issue of such report presents station-keeping 

incident data in 2013 [8]. The reporting of incident to IMCA 

is on a voluntary basis, and hence under reporting is inevitable. 

There are around 60 to 70 DP incidents reported yearly in 

average in last 10 years.  

Vessel owners, DP equipment vendors, and oil companies 

may also have position loss data for DP vessels. However, 

such data are normally not open to the public, and can be 

scattered among various sources. 

The IMCA station-keeping incident data are presented in 

simplified fault tree format to illustrate type of vessel, event 

sequences, primary and secondary causes, contributing factors, 

and event outcomes. The vessel name, owner or other 

sensitive data are protected and not disclosed. The data 

provides valuable experience sharing and lessons regarding 

causes to position loss. However, the IMCA incident reports 

do not contain any information regarding DP operational time 

nor DP position loss frequency estimates. 

Incidents on DP mobile offshore drilling units (MODUs) 

from the reported IMCA station-keeping incidents during 

2001-2010 are collected and analyzed by Chen & Nygård [9]. 

There were in total 57 position loss incidents on DP MODUs 

in this 10-year period, 5 drive-offs and 52 drift-offs. 

It is observed that position loss incidents did occur on DP 

MODUs which are typically designed to meet with DP class 2 

or class 3 requirements. Chen & Nygård [9] made efforts to 

further derive the frequency of position loss on DP MODUs. 

A frequency of 0.21 per DP year is found for position loss on 

DP MODUs (combined class 2 and class 3 DP vessels), i.e. 

2.4E-05 per DP hour. It consists of 0.19 position loss per DP 

year for drift-offs and 0.03 position loss per DP year for drive-

offs. The frequency is not negligible.  

A number of assumptions were introduced when deriving 

this historical frequency, and hence the uncertainties are 

significant. The uncertainties are associated with the two key 

parameters, i.e. under-reporting of DP incidents, and the DP 

operational time relevant for the DP MODUs which reported 
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the incidents to IMCA. These two parameters are both rooted 

from the current DP incident reporting scheme in the industry. 

2.3 Reliability of DP systems - Quantitative parameters 

The reliability of DP systems, in terms of three DP equipment 

classes, is well recognized after the IMO MSC/Circ.645 came 

into force in 1994. It is the time for the offshore industry to 

consider quantitative parameters related to the reliability of 

DP systems. One of such parameters is the position loss 

frequency.  

The need for transparent and accurate position loss 

frequency is clear, but has been continually neglected in the 

industry. Significant variations among different risk analysts 

regarding DP positon loss frequency also exist, which affects 

DP risk predictability. This hinders risk awareness and 

prevent effective risk management of DP operations, since the 

risk involved can be much underestimated. It is potentially 

harmful to the DP industry as well if the risk involved is much 

overestimated, since such may lead to choice of other station-

keeping methods instead of DP. 

Quality and consistent historical DP position loss frequency 

are lacking in the industry at present. Joint efforts among oil 

companies, marine contractors, industrial associations and risk 

analysts, are needed to improve the situation. Chen & 

Nygård [9] recommended an alternative DP incident data 

reporting scheme which combines incidents and DP 

operational time. This may provide a promising way forward. 

An illustration is shown in Figure 1. The * indicates additions 

to the current incident reporting regime.  

 

 

Figure 1. An alternative DP incident reporting scheme [9]. 

The proposed DP incident reporting scheme is summarized 

as follows: 

1. Reporting of DP incidents should cover both position 

loss and redundancy loss events. This is largely the 

current practices by IMCA [10]. The focus is to 

encourage a good reporting culture.  

2. Reporting of DP operational time can be achieved 

automatically based on the current technology and 

infrastructure from DP control system makers. There is 

no additional reporting work required by onboard 

personnel.  

3. The position loss frequency can be derived by combining 

these two sources of data from a large number of DP 

vessels performing various types of marine operations. 

The position loss frequency can be derived on a yearly basis 

for specific types of vessels, and be made accessible to the 

industry. This will fundamentally improve the understanding 

of the DP system reliability in the industry. It will also 

provide essential input for managing DP risk in offshore 

marine operations.  

3 DP RISK IN MARINE OPERATIONS 

3.1 Framework 

The risk management process in ISO31000 [11] is illustrated 

in Figure 2. This framework is applied to the DP risk 

management in offshore marine operations.  

 

Figure 2. Risk management process [11] 

The following three steps are essential for managing DP risk 

in marine operations: 

1. Hazard identification - This step refers to identification 

of all possible position loss scenarios and their causes.   

2. Risk analysis and evaluation - This step refers to analysis 

of position loss risk in terms of frequency and 

consequence for each scenario, and evaluation of risk 

against predefined acceptance criteria.   

3. Risk treatment - This step refers to investigation of risk 

mitigation measures which eliminate and/or reduce the 

likelihood of position loss, as well as mitigate the 

consequence in marine operations given DP vessel 

position losses. 

3.2 Qualitative approaches 

Risk analyses and management activities of DP vessel in 

marine operations have traditionally been performed in a 

qualitative manner. The qualitative risk analysis and 

evaluation methods typically include, for example, Failure 

mode and effect analysis (FMEA) and consequence ranking 

(FMECA) of the entire DP system [12] & [13], Hazard 

Identification (HAZID) and Hazard & operability analysis 

(HAZOP) of operational procedures, activity specific 

operating guidelines (ASOG) [14], independent survey of DP 

system, various testing and FMEA proving trials, hardware-
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in-the-loop testing of control software, training and 

certification of key DP personnel [15], and so on.  

These qualitative approaches are effective to reduce failure 

of technical systems and increase reliability of human and 

operational barriers against DP incident. However, it is also 

fair to say that qualitative approaches are of “compliance

verification” nature. They are targeted to verify DP system

redundancy and ensure compliance with the designed DP 

equipment class, or to verify DP operators meet the 

prescriptive qualification requirements, or to ensure 

operations are performed and DP status are given according to 

the pre-defined criteria.  

Being in compliance with all prescriptive requirements does 

not automatically guarantee the safety. There are novel design 

or novel operation which prescriptive requirements may not 

be suitable. Complacency in the industry, i.e. to disregard the 

position loss risk as long as a DP vessel is in compliance with 

the prescriptive DP class 2 or class 3 requirements, does exist.  

This calls for a quantitative approach where the risks caused 

by DP vessel position loss are analyzed and evaluated in terms 

of likelihood and consequences. 

3.3 Quantitative approach 

The quantitative approach for DP risk analysis and evaluation 

may consist of the following five main steps: 

1. Assess frequency of position loss for the DP vessel 

involved in the marine operation. 

2. Estimate probability of successful intervention by human 

or technical systems in case of position loss. 

3. Establish vessel speed and distance profile involved in all 

possible position loss scenarios. 

4. Calculate frequency of accident scenarios and estimate 

consequences, e.g. in terms of fatalities, impairment of 

main safety functions for the facility, or pollutions. 

5. Establish the risk picture and associated uncertainties, 

evaluate against the risk acceptance criteria. 

The approach has been described in [9]. An illustration of 

such quantitative DP risk analysis and evaluation process is 

shown in Figure 3. It is made in line with the practices of risk 

analysis and evaluation in the offshore industry, e.g. 

NORSOK, Z-013 [16]. Chapter 4 and 5 present two case 

studies in the past 10 years which are related to quantitative 

DP risk analyses. The values from such studies are 

demonstrated. 

3.3.1 Frequency analysis 

The frequency of accident is quantified based on the below 

frequency model for the DP risk in marine operations:  

P(accident) = P(position loss) × P(failure of recovery)  

The term P(accident) is the frequency of accident scenarios, 

e.g. collision, loss of well integrity, rupture of loading hose, 

damage of subsea installation, and so on.  

The term P(position loss) is the frequency of DP vessel 

position loss. This is described in detail in Chapter 2. This 

quantitative parameter for the reliability of DP systems is the 

starting point for quantifying the accident frequency. The 

averaged historical frequency may be further adjusted to 

reflect vessel and operational specifics.  

 

 

  

1. Frequency of 

Position loss

2. Probability of 

successful recovery

3. Vessel speed 

and distance profile

4-1. Frequency of 

accidents

4-2. Consequence 

of accidents

DP operators

Automatic systems

Vessel specific

Operation specific 

Location specific 

Context

5. Risk picture  

Uncertainties 

Risk Evaluation

Risk Acceptance 

Criteria

 

Figure 3. Quantitative DP risk analysis and evaluation process 

The term P(failure of recovery) is the failure probability of 

human intervention, or failure of any automatic safety systems 

which are designed to mitigate or avoid accident given a 

position loss. The recovery actions performed by DP operators 

are mainly to arrest vessel movement in order to prevent 

collision, or to activate emergency disconnect sequence (EDS) 

to prevent damage of the well, and so on. The actions and 

timing for success are highly operation specific.  

For some DP operations automatic safety systems have been 

developed to mitigate the consequence in case of human 

failure. For example, a Drive-off Prevention (DOP) function 

is developed to automatic manoeuver a DP flotel astern given 

detection of forward drive-off situation [17]. On some drilling 

units an automatic EDS system is developed to activate the 

emergency disconnect sequence if the DP control system 

detects that the rig position is outside the predefined red 

excursion limit. 

By analyzing each position loss mode according to the 

above formula, accident scenarios in DP operations and their 

frequencies are quantified. 

3.3.2 Consequence analysis 

The consequence analysis involves analyses of vessel speed 

and distance profile involved in all possible position loss 

scenarios. This is normally done via simulated vessel 

movements which should be validated by full-scale trials if 

possible. Human intervention actions may affect vessel speed 

in a position loss scenario, and should also be addressed in the 

simulation model and trials. Thereafter, the consequence 

analysis is highly dependent on the nature of the marine 

operations.  General guidelines on consequences related to the  

collision and well integrity accidents are further discussed 

below. 

For collision accident, it involves analyses of the vessel 

impact speed and impact energy to the neighboring platform 

upon collision. It is often crucial to clarify other vital 

operating systems or areas which may be impaired by the 

collision, e.g. living quarter (LQ), flare tower, high pressure 

risers, or mooring lines and fairleads. Damage of such vital 

systems could escalate the collision consequence from minor 
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structural damage to catastrophic damage with total loss of an 

offshore installation.  

For well integrity accidents upon DP position loss, the 

consequence evaluation may include the following, i.e. model 

the reliability of well barriers, assess their activations during 

the event chain after position loss, and quantify probabilities 

of failure-on-demand. Once blowout or well release 

frequencies are established, the corresponding well flow 

scenarios can be established. The risk of ignited blowout or 

well release, as well as the pollution risk caused by DP 

position loss, can then be assessed in the total risk analysis 

(TRA) of the installation. 

4 DESIGN INHERENT SAFE DP OPERATIONS 

A geostationary FPSO does not weathervane like a turret-

moored ship-shaped FPSO. The offshore industry in the North 

Sea had limited experience for direct offloading from such 

geostationary installations before 2007. Since then, direct 

offloading operations from geostationary FPSOs by DP 

shuttle tankers have been developed, and key operational 

principles for such DP shuttle tanker offloading are presented 

in [18].  

The shuttle tanker DP operations in the vicinity of a 

geostationary FPSO are designed with the inherent safety 

against position loss. An illustration is in Figure 4. 

 

1
5

0
 m

250 m

Illustration drawing: The size and distance are not to scale.

Heading 
pivot point

hose

Wind

Fixed / Geostationary 
Offshore Installations

 

Figure 4. Principles of direct offloading [19]. 

The following two safety features are observed in Figure 4: 

1. Shuttle tanker weather vanes with a heading pivot point 

which is away from the FPSO. In case of drive-off 

forward and no human intervention, the shuttle tanker 

will not hit the FPSO. This significantly reduces the 

collision risk exposure time during offloading operation. 

2. Separation distance between shuttle tanker and FPSO is 

kept in a range of 200 m to 250 m. This provides 

adequate time window (close to 3 minutes) for DP 

operators to react in case a drive-off happens. According 

to the human reliability knowledge of DP operators [20], 

the success ratio of DP operator to intervene drive-off is 

high given such available time.    

Regarding collision consequence, special FPSO hull design 

is developed to protect mooring fairleads. In case of shuttle 

tanker collision, either direct hit or in a glancing blow type of 

scenario, the tanker hull will not be possible to impact the 

mooring system.  

Quantitative DP risk analyses had been performed during 

2007 to 2014, with several revisions to support and verify the 

design of this novel offloading operations. Collision risk [19] 

and hose rupture and oil spill risk [21] are both addressed. It 

concluded that the direct offloading operation has a total 

collision frequency (6.43E-05 per year) that equals only 0.4% 

of the frequency for the equivalent tandem offloading (1.62E-

02 per year). 
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Figure 5. Collision risk picture comparison: direct offloading 

vs. tandem offloading [19].    

In summary, the value of analyzing DP risk quantitatively is 

demonstrated during the design of a novel DP operation. The 

general principles of direct offloading have been applied to, 

e.g. Goliat FPSO and Aasta Hansteen spar. The concept of 

direct offloading brings inherent safety for DP shuttle tankers 

operating in the vicinity of an offshore production 

installations.  

5 OPTIMIZE DP OPERATIONAL PHILOSOPHIES 

The CAT-D drilling rigs are dynamically positioned 

semisubmersible drilling units designed for operations on the 

Norwegian Continental Shelf. The rigs are delivered in 2015 

and 2016, and are designed to meet DYNPOS-AUTRO and 

DYNPOS-ER notations. There are three DP redundancy 

groups, and single failures including fire or flooding will in 

maximum result in loss of one DP redundancy group, i.e. two 

diesel generators (DG), or two connected 11kV switchboard 

sections, and/or two thrusters. Within each DP redundancy 

group the rig is designed with extra fault tolerance capability 

against single failures. Except for fire/flooding events and 

failures related to 11kV bus coupler, single failures can only 

result in loss of one DG, or one 11 kV switchboard section, 

and/or one thruster.  This represents a significant step forward 
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to reduce the vulnerability of DP class 3 system towards 

single failures.  

The enhanced fault tolerance in the DP system design, and 

in particular, the most likely expected single failure effect, i.e. 

loss of one thruster in station keeping, is the motivation for a 

quantitative DP risk analysis. The core question to answer is: 

Can CAT-D rigs be operated safely based on single failure 

effect of losing one thruster? Or, after significant extra 

investment on the design and construction of the rig, should 

rig operator still plan the DP operation in a similar way as 

other contemporary DP class 3 rigs, i.e. based on single failure 

effect of losing two thrusters? The quantitative risk analysis 

during 2013-2015 provided answers to above questions. Key 

results are published at 2015 MTS DP conference [22]. 

The objective of the quantitative DP risk analysis is to 

evaluate the risk of loss of well integrity in the Troll field due 

to DP position loss.  The focus is to analyze and compare risks 

given two different DP operational philosophies for the CAT-

D rig, i.e. WSF2 (which means DP operations are based on 

the worst case single failure of losing two thrusters), vs. 

WSF1 (which means DP operations are based on the worst 

case single failure of losing one thruster).  

The historical fire and flooding frequency is derived for 

mobile offshore drilling units.  Fire/flooding as well as 11kV 

bus coupler failures can cause loss of two thrusters, and rig 

will slowly drift off given DP operation based on WSF1.  The 

frequency of such slow drift-off on the CAT-D rig is found to 

be 2.6E-04 per year for operations in the Troll field.   

Such slow drift-off scenarios are simulated by time-domain 

simulations using rig specific model and environmental 

conditions in the Troll field. Event tree analyses of rig 

position loss and barriers, i.e. automatic EDS, human 

operator, and independent ADS system, are performed.   

The frequency of impairment of well integrity given such 

slow drift-off is calculated to be in the range of 1.3E-07 per 

year to 2.3E-07 per year. It indicates that the increase of risk 

for impairment of well integrity given DP operation based on 

WSF1 instead of WSF2 is negligible. The conclusion is that 

DP operations based on WSF1 have equivalent safety level for 

well integrity as DP operations based on WSF2 in the Troll 

field. Subsequently, WSF1 is implemented as a valid DP 

operational philosophy in daily DP operations on all CAT-D 

rigs.   

In summary, the value of analyzing DP risk quantitatively is 

demonstrated by determining an optimum DP operational 

philosophy for an advanced DP system design.   

6 CONCLUSIONS AND RECOMMENDATIONS 

The reliability of DP systems, in terms of three DP equipment 

classes, is defined in the IMO MSC/Circ.645 since 1994. It is 

the time for the offshore industry to consider quantitative 

parameters related to the reliability of DP systems. One of 

such parameters is the position loss frequency. 

Despite significant increase of the population of DP vessels, 

and significant DP technology development in the last 20 

years, it remains uncertain or debatable in the industry 

regarding what are expected frequencies of position loss for 

DP vessels, in particular for DP class 2 and class 3 vessels. 

The only thing for certain is that position loss incidents did 

occur on DP class 2 and class 3 vessels in the past. Even with 

modern DP technology and well-trained operators, such 

position loss will most likely continue to happen.  

Joint efforts among oil companies, marine contractors, 

industrial associations and risk analysts, are needed to 

improve the situation. An alternative DP incident reporting 

scheme is proposed for transparent and consistent position 

loss frequency data. This will fundamentally improve the 

understanding of the DP system reliability in the industry. It 

will also provide essential input for managing DP risk in 

offshore marine operations. 

A frame work for managing DP risk in offshore marine 

operations is described in the paper. Qualitative approaches 

are discussed and deficiencies are outlined. Complacency 

does exist in the industry which is to disregard the position 

loss risk as long as a DP vessel is in compliance with the 

prescriptive DP class 2 or class 3 requirements. A 5-step 

quantitative approach is recommended in the paper where the 

risks caused by DP vessel position loss are analyzed and 

evaluated in terms of likelihood and consequences. 

Two case studies, i.e. design inherent safe DP offloading 

operations, and optimize DP operational philosophies in DP 

drilling operations, are presented to illustrate the values of 

analyzing DP risk quantitatively.  

ABBREVIATIONS 

ASOG Activity Specific Operating Guideline 

BOP Blowout Preventer 

DG Diesel Generator 

DP Dynamic Positioning 

DOP Drive-off Preventer 

EDS Emergency Disconnect Sequence 

FMEA Failure Mode and Effect Analysis 

FMECA Failure Mode, Effect and Criticality Analysis 

FSOG Field Specific Operating Guidelines  

HAZID Hazard Identification 

HAZOP Hazard and Operability Analysis 

IMCA International Marine Contractors Association 

IMO International Maritime Organization 

LMRP Lower Marine Riser Package 

LQ Living Quarter 

LSOG Location Specific Operating Guideline 

MODU Mobile Offshore Drilling Unit 

PSA Petroleum Safety Authority (of  Norway) 

TRA Total Risk Analysis 

HSE Health and Safety Executive 

WSF1 Worst case Single Failure of losing 1 thruster 

WSF2 Worst case Single Failure of losing 2 thruster 

WSOG Well Specific Operating Guideline 
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ABSTRACT: Sea ice poses hazards to ships and offshore structures which create challenges for designers. Designers have to 

take into account the ice actions resulting from the various ice conditions, interactions and operational scenarios which may 

occur during the lifetime of structures. In this paper the methodologies used in ship and offshore structure standards, such as the 

Finnish Swedish Ice Class Rules, International Association of Classification Societies Polar Class rules and ISO 19906, are 

considered with respect to Limit State Design principles and design air temperature definitions. The paper presents an overview 

of the design approach used in these standards and especially the criteria for the structural limit used. Case study examples based 

on ship measurements in the Baltic, as well as design air temperature data from the Russian Arctic, are used to highlight the 

different approaches and their implementation. The analysis shows clearly that explicit design ice action and structural limit are 

required for the rational basis in the future development of Limit State definitions in standards accounting for ice actions. 

KEY WORDS: Limit State Design; Ice Class Rules; Arctic Offshore Structures; Ice Loads; Structural Response. 

1 INTRODUCTION 

 

Codes, standards, classification rules, and regulations provide 

the framework to achieve a safety level in the design and 

construction of floating offshore structures and ships (these 

codes etc. are hereinafter collectively referred to as 

‘standards’). A particular aspect of these standards is that they 

address the required level of safety by defining a limit state. 

This limit state contains definition both of the resistance, R 

(strength) of the structure and actions, Q (loading). It is the 

aim of this paper to analyse the limit state definitions adopted 

in the different offshore and ship standards with emphasis for 

those applicable to low temperatures and ice covered regions. 

Standards for Arctic shipping or offshore structures must 

naturally include description of the ice actions resulting from 

operating in an environment containing sea ice. Sea ice goes 

hand-in-hand with cold weather and thus also air temperature 

must be addressed in the design. For ship design, standards for 

ships navigating in ice are predominantly based on the 

Finnish-Swedish Ice Class Rules (FSICR 2010) and the 

International Association of Classification Societies (IACS) 

Unified Requirements for Polar Class Ships (IACS PC rules, 

IACS 2016). These are called ice class rules as both contain 

definition of several ice classes intended for various 

environmental severities. For offshore structures, the 

standards used include International Standards Organisation 

(ISO) 19900 (ISO 2014) and 19904-1 (ISO 2010a) for floating 

structures and ISO 19906 (ISO 2010b) for Arctic offshore 

structures, as well as classification society requirements, such 

as DNVGL-OS-C101 (DNVGL 2015a). All of these standards 

incorporate the elements of the design concepts like the 

description of the actions, calculation models for scantlings 

and actions to be used, and the structural analyses and 

response criteria. 

In this paper we investigate the similarities and 

differences between the methodologies of the Arctic offshore 

standards and the ice class rules, mainly through two 

examples. The aim is to see if there may be any potential 

design compatibility. This potential compatibility is especially 

important in sections of offshore standards describing floating 

structures, as here a reference is made to the application of 

ship ice class rules (Section 13.5.1 in ISO 19906). 

In this paper the different limit state definitions used in 

the standards are outlined. The methods, ice actions and 

structural response used in ship design are also presented 

based on the ice class rules and compared with those used for 

offshore floating units. In particular, the aim of the standards 

is to specifically ensure that the design provides structural 

integrity, as well as ensuring survival in extreme and 

accidental events. Thus, the definition of the design point, or 

Limit State, is investigated in the particular case of first-year 

ice. The impact of different structural response criteria in 

association with ice loads applicable to floating structures is 

demonstrated. This action case was selected as an example 

owing to the availability of a large data set from full-scale 

ship measurements of ice actions. The other example deals 

with design air temperatures using data from the Russian 

Arctic to illustrate the compatibility (or lack thereof) between 

design methods for ships and offshore structures. 

Where applicable in this paper and to highlight 

discussion given, direct quotes from standards are written in 

italics and referenced to the relevant section numbers. It 

should be noted that the standards are frequently updated. 

Thus the paragraphs that are discussed here may be changed 

somewhat. For example, ISO 19906 is under review at the 

moment. however the DIS version of ISO 19906 available at 

the present time of writing (June 2017) does not indicate 

significant changes to the principles discussed here but these 

are highlighted where relevant in the paper. 
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Arctic Offshore Structures 

Kaj Riska 1 and Robert Bridges 1 
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2. PARADIGM FOR THE LIMIT STATE DESIGN 

 

As there exist several different views on what constitutes a 

Limit State and how this limit state design is applied, a short 

description is given here on how the authors understand the 

definitions of various concepts. Also a brief interpretation of 

the situation in ship and offshore structure standards is given. 

 The definition of a limit state requires definition of the 

structural capability, usually called resistance, and the external 

and internal actions, such as permanent actions (weight 

induced), variable (loading condition induced) and 

environmental actions (ice, wave, wind etc. induced). The 

actions, especially the environmental actions are typically 

stochastic and thus a frequency or a probability level must be 

associated with the definition of actions. Allocation of a 

probability to resistance is much more difficult task and this is 

made in neither the offshore structure nor ship standards. In 

general, the offshore standards explicitly include this 

structural limit state definition, while ship standards are 

usually prescriptive i.e. giving just equations for scantlings. 

These definitions are considered and analysed in some detail 

later in this paper. In some earlier publications authors used 

the Limit State synonymously with the term Design Point. 

 In the limit state design the structure resistance must be 

greater than the actions; Limit State is then the borderline 

when resistance is equal to actions. DNVGL (2015a) defines 

the Limit State as ‘A state beyond which the structure no 

longer satisfies the requirement’. This leads to a principle 

called Load and Resistance Factor Design (LRFD). In this 

method the uncertainties in resistance and actions are 

separated, the situation can be illustrated with the well known 

diagram, see Figure 1. The LRFD states that: 

        (1) 

where the factors f and R are called action and resistance 

factors, respectively. Q refers actions, F different loads and R 

the (structural) resistance. The subscript ‘r’ refers to 

representative value which is given at the set probability level 

and ‘d’ to design value. The sum in the actions side of the 

equation implies that load combinations must be considered. 

LRFD is often applied in the offshore structure standards. 

 An alternative for LRFD is the classic Working Stress 

Design (WSD) or Allowable Stress Design (ASD). Here the 

stresses created by the actions must be less than a limit stress 

multiplied by a safety factor 

        (2) 

Typically ship standards can be assumed to be based on this 

kind of approach, even if this is not always explicitly stated. 

 

 
 

Fig. 1. Distribution of resistance and actions (ISO 19906: Fig. 

A.7-1). 

 

3. STANDARDS FOR OFFSHORE STRUCTURES 

 

The following provides an outline of the applicable 

standards for Arctic offshore structures with particular 

reference to the principles with respect to the ice actions and 

limit states approaches they adopt. 

 

3.1 Ice Interaction Scenario 

 

For any structure, it is generally necessary to consider and 

identify several distinct design situations in sufficient number 

to ensure that the critical action combinations for all main 

load-bearing structural components are evaluated. These 

situations are driven by the physical environment and 

operational characteristics, and are different for both offshore 

structures and ships mainly because ships operate worldwide 

and must thus be assumed to encounter all kinds of 

environments while offshore structures often remain 

stationary on location. 

 In offshore standards the design situations result from 

the intended use of the floating structure in conjunction with 

the environmental conditions affecting the floating structure’s 

behaviour. Specifically, for Ultimate Limit State (ULS) 

conditions, representative metocean actions are to be 

established with the most onerous metocean action effects 

with return period of 100 years, and the check is normally 

performed by carrying out a linear elastic response analysis of 

the structure to determine stresses or stress resultants 

(moments, deflections). Crucial in evaluating the actions is to 

be able to derive combined actions (see 19900:9.2.3 and 

19904-1:7.8). 

 For limit state design in ISO 19906, the 

environmental ice action is a key parameter and is 

characterised by a given return period and may be related to 

frequency statistics; medium term environmental conditions 

for Serviceability Limit State (SLS), and long term 

distributions for ULS and Accidental Limit State (ALS), see 

also Table 1. Specifically for ice design, the ice action is 

related to ice type, ice morphology, ice movement, and ice 

properties. Here particular emphasis is made for the 
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information required to characterise site-specific ice criteria 

for the location of the structure. 

The design of offshore structures in ISO 19906 

includes global ice actions, relating to the overall integrity of 

the structure, foundation and stationkeeping system, and local 

ice actions for specific parts of the structure. The ice actions 

are determined from a set of interactions between the ice and 

the structure, and in ISO 19906 these appear to be called ‘ice 

action scenarios’ and/or ‘design ice actions’. The difference in 

these is somewhat ambiguous as Extreme Level Ice Event 

(ELIE) and Abnormal-Level Ice Event (ALIE) are to be 

‘…determined for each relevant ice loading scenario and 

when several ice and operational scenarios are relevant for a 

particular structure, those resulting in the largest ice actions 

for each limit state are to be considered in the design’ 

(19906:7.2.4). Indeed, ISO 19906 provides quite an expansive 

description list of some of the global ice actions to be 

considered. 

Not all of these aspects are applicable for either 

floating structures or for local ice loads application. In this 

respect, ISO 19906 states that for steel structures, local actions 

are to apply to the design of plates, stiffeners, frames and 

bulkheads and the design contact areas considered based on 

the local structural configuration, including frame spacing and 

plate thickness (19906:8.2.5). And the size and placement of 

the local contact areas (load patches) is to be selected to 

ensure that the most critical cases are addressed. This 

statement is at variance with a prescriptive definition of 

contact areas in section A.8.2.5.1. However, in this aspect ISO 

19906 also notes ‘…where the global action on the hull is 

limited by the capacity of the stationkeeping system, the 

unfactored failure resistance of the stationkeeping system 

shall be used for the calculation of actions on the hull’ 

(19906:13.4.4) and referring to ISO 19904-1. This aspect of 

defining the local design load patch is clearly an area of 

research and development and future clarification. 

 

3.2 Limit State Definitions 

 

According to ISO 19900, structural design is performed 

with reference to a specified set of limit states which are 

divided into four categories, as given in Table 1. For each 

Limit State, design actions are to be identified, and following 

this, appropriate calculation models are to be established 

which address each of the design actions. In this paper we 

focus on the ULS, SLS and ALS for ice actions for offshore 

structures, and do not consider the Fatigue Limit State (FLS) 

further as fatigue involves slightly different action aspects to 

those we are considering here. It should be noted here that 

referring to standards, the year of editions should be 

mentioned as the standards are being frequently updated. Thus 

in the latest draft version of ISO 19906, the definitions in 

Table 1 are somewhat edited (see the DIS version, ISO 2017). 

Here, however, the focus is on how precisely the ‘limit’ in the 

Limit State definition is given especially for local steel 

structures, and these are not changed. 

 ISO 19906 has been developed with the intention of 

giving requirements for structures to be capable of resisting 

ice, and is based on available knowledge and experience on 

the physical environment from offshore activities in arctic and 

cold regions. The standard contains requirements for the 

environmental conditions, ice actions and foundation design 

for fixed and floating structures. The standard also addresses 

issues such as topsides winterisation, and escape, evacuation 

and rescue (EER). For application to floating offshore 

structures, the standard also references ISO 19900 General 

Requirements for Offshore Structures and ISO 19904-1 

Floating Offshore Structures which are to be used jointly. 

 ISO 19906 requires the methodology of Limit States to 

be applied. However, the explicit form of limit states is 

modified from that presented in ISO 19900 and ISO 19904-1, 

see Table 2. Here a distinction may be noted that in ISO 

19906 there is greater emphasis and use of ‘abnormal’ rather 

than ‘accidental’ in the ALS definition, which may be 

attributed to the reference to abnormal environmental events, 

i.e. ice actions. In addition, specific terms are presented for ice 

actions as extreme-level ice event (ELIE) for ULS and 

abnormal-level ice event (ALIE) for ALS associated with a 

prescribed probability. Serviceability limit states (SLS) are 

defined rather nebulously ‘only assigned quantitative 

reliability targets under specific circumstances‘ 

(19906:7.1.5). 

The difference between ULS and ALS and the related 

actions ELIE and ALIE is not necessarily clear. What is more 

severe, ‘extreme’ or ‘abnormal’? The ISO 19906 (paragraphs 

7.2.2.3 and 7.2.2.4) define the return periods of ELIE and 

ALIE; these are 100 years and 10 000 years, respectively, see 

Table 2. Clearly making ‘abnormal’ more severe than 

‘extreme’. 

 ISO 19906 requires the structure to be assessed for 

strength and stiffness with respect to ULS. This is in 

agreement with ISO 19904-1 where the limit state categories 

used in the structural design of a floating platform for ULS 

involve checking the floating structure’s strength to resist 

extreme actions. For 19904-1 in open water conditions, this is 

typically achieved by ultimate hull girder calculations in 

structural design requirements of offshore ships, e.g. as 

outlined in DNVGL OS-C102 (DNVGL 2015b). 

 

 

 

Table 1. Limit state definitions according to ISO 19906:7.2.2.1 (edited slightly for conciseness). 

Limit State Ultimate Limit States 

(ULS) 

Serviceability Limit 

States (SLS) 

Fatigue Limit States 

(FLS) 

Accidental Limit States 

(ALS) 

Definition Correspond to resistance 

to extreme applied 

actions 

Correspond to criteria 

governing normal 

functional use 

Correspond to the 

accumulated effect of 

repetitive actions 

Correspond to accidental 

events and abnormal 

environmental events 
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 For ALS, ISO 19906 requires adequate reserve capacity 

and energy dissipation capability. In ISO 19904-1 the 

conditions to maintain global integrity during an accidental 

event for ALS are elaborated, such as fire/blast, collisions, 

compartmental flooding, mooring line failure, dropped 

objects, and fluid impacts such as green water or slamming. 

Furthermore, the structure is to be designed so that ‘if 

structural damage does occur, the damaged structure 

(possibly with temporary repairs, as applicable) is able to 

resist action combinations appropriate to these design 

situations without suffering extensive failure, free drifting, 

capsizing or sinking, and without causing extensive harm to 

the environment’ (19904-1:5.5.2). It is noted in this context 

that ALS in ISO 19906 appears predominantly focused on ice 

action events with probability 10-4, such as iceberg impacts. 

A further stipulation in ISO 19906 is the requirement 

that action effects arising from factored action combinations 

are not to exceed factored resistances. These combination or 

companion actions, including conditions such as wave and 

ice, are not commented further here and are subject of other 

focused studies. 

 

 

Table 2. Limit state definitions according to ISO 19906:7.1 and 7.2 (modified slightly for concision). 

Limit State Description 

Ultimate 

Limit States 

(ULS) 

The ULS requirement ensures that no 

significant structural damage occurs during 

the design service life of the structure. The 

ULS design condition for ice shall be the 

extreme-level ice event (ELIE). Both local 

and global actions shall be considered 

(7.2.1.2) 

 For ULS, the design procedures shall be based primarily on linear 

elastic methods of structural analysis. Some localized inelastic 

behaviour is acceptable. 

 The design action arising from ELIE shall be determined based on 

an annual probability of exceedance not greater than 10−2 (7.2.2.3). 

Serviceability 

Limit States 

(SLS) 

Exceedance of SLS results in the loss of 

capability of a structure to perform 

adequately under normal use. The 

specification of actions for SLS is generally 

the owner's responsibility ... (7.2.1.3). 

 For SLS, the structure should satisfy the requirements of this 

International Standard when structural members are subjected to 

localized ice damage. Examples include: concrete cracking and 

shrinkage; loss of concrete cover due to ice abrasion; removal of paint 

and removal of corroded steel; and localized damage as a consequence 

of vibrations induced by ice. The structure shall also satisfy 

serviceability limits for vibrations and deflections. 

 Unless the owner has specified otherwise, the design action of the 

SLIE used for SLS shall be determined based on an annual probability 

of exceedance not greater than 10−1 (7.2.2.2). 

Accidental 

Limit States 

(ALS) 

The ALS requirement is intended to ensure 

that the structure and foundation have 

sufficient reserve strength, displacement or 

energy dissipation capacity to sustain large 

actions and other action effects in the 

inelastic region without complete loss of 

integrity. Some structural damage can be 

allowed for ALS. The ALS design condition 

for ice shall be the ALIE. Both local and 

global actions shall be considered (7.2.1.5). 

 For ALS, non-linear methods may be used. Structural components 

are allowed to behave plastically, and foundation piles are allowed to 

reach axial capacity or develop plastic behaviour. The design is based 

on a combination of static reserve strength, ductility and energy 

dissipation to resist the ALIE conditions. 

 The design action arising from the ALIE shall be determined based 

on an annual probability of exceedance related to the exposure level 

being not greater than 10−4 or shall be derived from events with an 

annual probability of occurrence not greater than 10−4.  

 Iceberg and ice island impact events with an annual probability of 

occurrence between 10−4 and 10−5 and with high consequences should 

be considered for ALIE to ensure adequate reliability (7.2.2.4). 

 

 The description of Limit States shows that the ‘limit’ is 

not defined with any exactness. For example ULS states that 

‘Some localized inelastic behaviour is acceptable’ 

(19906:7.2.2.3). How much deformation is ‘some’? What is 

meant with ‘localized’? Alternatives for a more exact 

definition for the structural limit are described in the second 

example below. 

 

3.3 Example Applications 

 

Two examples of the application of ISO 19906 are given to 

illustrate the limit state definitions. The first example (design 

air temperatures) is selected as it illustrates the different 

definitions for a seemingly clear parameter. The second 

example is selected to illustrate the different limit state 

definitions where a large measurement database is available. It 

is not common to have this long (seven consecutive winters) 

database and this way the relationship between the return 

period and resulting scantling (here plate thickness) can be 

investigated. 

 

Design air temperature 

The first example examines the definition of the design air 

temperature, denoted as TD. The design air temperature in ISO 

19906 is specified by: ‘The lowest anticipated service 

temperature (LAST) shall be defined in accordance with 3.48’ 

(19906: 6.3.1). The referenced paragraph states: ‘LAST: 

Minimum hourly average extreme-level (EL) air temperature’. 

This point is further emphasised in 11.9.1: ‘...the LAST value 

used for material selection and testing should be defined in 

accordance with this International Standard...’ and also in 

topsides chapter 15.1.1.2: ‘Structural materials should be 

selected based on the requirements of 11.9 and the ... LAST’. 
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Thus the design temperature is the lowest annual temperature 

based on a return period of 100 years. 

 The calculation of LAST is, however, slightly 

problematic. Should the statistics used to derive the T100 years 

include all hourly measured temperatures (8760 points per 

year)? Or should each day be analysed individually and then 

the minimum given from each day selected as the basis for 

LAST? Further, the height of the temperature measurement 

point is not specified. 

 

Local steel structures 

The second example is the design of local steel grillages as 

here a direct comparison with ship standards can be made, 

because in the ISO 19906 there is a reference to using ship 

standards: ‘The designer may utilize the appropriate 

formulations in guidelines for ice-strengthened vessels of a 

recognized classification society’ (19906: 13.5.1). This case is 

discussed in detail in later sections and the focus here is on the 

definition of limiting response (resistance) even if the 

definition of the representative ice action for plate grillages 

also is less than straightforward.  

 The following definitions for the structural limit can be 

collected from the Limit State definitions in ISO 19906: 

SLS: ‘subjected to localised ice damage’ (7.2.2.2), 

‘[without] the loss of capability to perform adequately 

under normal use’ (7.2.1.3); 

ULS: ‘no significant structural damage’ (7.2.1.2), ‘design 

procedures shall be based primarily on linear elastic 

methods’ (7.2.2.3), ‘both local and global actions shall 

be considered’ (7.2.1.2); 

ALS:  ‘structural components are allowed to behave 

plastically’ (7.2.2.4), ‘without complete loss of 

integrity’ (7.2.1.5). 

These definitions leave the designer quite much to interpret 

both quantitatively (how deep a dent is to be considered as not 

‘significant’?) and qualitatively (should the plastic design 

consider only the plating or also the primary frames, 

secondary frames and bulkheads, as the ULS definitions 

mention both plasticity and local and global actions?). 

 There is a distinction in ISO 19906 between the ‘global’ 

ice pressure and ‘local’ ice pressure used to design local 

structures. The global ice pressure is given for vertical 

structures (19906: A.8.2.4.3) in two formulations. The first 

one is based on measurements in different seas and is given as 

(19906:A.8.2.4.3.3): 

        (3) 

where w is structure width, h ice thickness and constants h1 = 

1 m, n = -0.5 + h/5 (h < 1 m) and m = -0.16 (note that there is 

a suggestion for the updated 19906 to have a small correction 

to this for lower aspect ratios). The constant CR accounts for 

ice strength and also statistics. Its value is stated to be 2.8 with 

a return period of 100 years (ULS case). Note that this 

equation is to be amended in the updated version of 19906, 

but the following conclusions are still valid. Apart from (3), 

there is given a pressure – area relationship from ship 

ramming tests (19906: A.8.2.4.3.5). The shape of the 

structure, be it the cross section shape or inclination, is not 

taken into account in these formulations. 

 The design local ice load patch for local transverse 

frames is assumed to be 0.4h in height with width wL = s for 

plate and 4s for transverse frames, where s is the frame 

spacing. Then the force on the design area is given as (in 

MN): 

        (4) 

and the pressure (in MPa, h > 0.35m): 

        (5) 

The ice thickness to be used corresponds to ULS case, i.e. 

ice thickness corresponds to a return period of 100 years. The 

difference in the resulting scantlings is analysed later in this 

paper. 

   

4. STANDARDS FOR SHIPS 

 

The main design standards for ships are presented by the 

International Maritime Organisation (IMO) and International 

Association of Classification Societies (IACS) members’ rules 

which establish the minimum requirements to mitigate the 

risks of major hull structural failure. In particular, the IACS 

Common Structural Rules (CSR) apply to the hull structures 

of oil tankers and bulk carriers, and provide rules in terms of 

loads, structural capacity models and assessment criteria and 

also construction and in-service aspects (DNVGL 2015b). 

They are also based on the principles of limit state design 

where each structural element is evaluated with respect to 

possible failure modes related to the design scenarios 

identified, and the limit load for the structural element is 

found as the minimum limit load resulting from all the 

relevant limit states. It is therefore a useful reference in this 

study. 

 The IACS CSR, however, do not account for ice 

navigation of ships. Provisions for these ships are contained in 

the IMO International Code for Ships Operating in Polar 

Waters (Polar Code) (IMO 2014). The Polar Code has been 

developed to supplement existing IMO instruments in order to 

increase the safety of ships' operation in the Arctic. The 

provisions in the Polar Code consist of an overall goal, 

functional requirements and regulations. For ice strengthened 

ships the goal for ship structure is for ‘…scantlings of the 

structure retain their structural integrity based on global and 

local response due to environmental loads and conditions’ 

(Polar Code: Part I-A;3.1), which is similar to the functional 

requirement where ‘…the structure of the ship shall be 

designed to resist both global and local structural loads 

anticipated under the foreseen ice conditions’(Polar Code: 

Part I-A;3.2.2). The Polar Code then references standards 

acceptable to the Organization (i.e. IMO) or other standards 

offering an equivalent level of safety, with footnote to the 

IACS URI Requirements concerning IACS Polar Classes, 

which are discussed in detail in the subsequent sections. For 

structural integrity, the Polar Code also includes stability 
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provisions in damaged conditions which require the ship to be 

able to withstand flooding resulting from hull penetration due 

to ice impact (Section 4.3.2). Although not stated explicitly, 

this scenario may be considered as a potential ALS design 

situation for ice class ships. 

 The IACS Unified Requirements for Polar Ships 

(hereinafter referred to as IACS PC rules) provide technical 

requirements for design of ice strengthened ships. These rules 

consist of three sets of unified requirements; UR I1 (Polar 

Class Descriptions and Application), UR I2 (Structural 

Requirements for Polar Class Ships), and UR I3 (Machinery 

Requirements for Polar Class Ships). The requirements are 

framed on seven polar classes which are described in terms of 

nominal ice conditions with the intention to provide a 

relatively smooth increase in requirements, see Table 4. The 

description of the ice classes were deliberately kept general 

due to the considerable variability of ice conditions (IMO 

2011). The two lowest IACS Polar Classes, PC6 and PC7, are 

recognised as nominally equivalent to the Finnish-Swedish ice 

classes, IA Super and IA. 

 The Finnish Ice Class Rules (FSICR) are considered an 

industry standard for ships navigating in sea areas where there 

is only first-year ice. Four ice classes are defined and are, in 

order of strength from high to low; IA Super, IA, IB, and IC. 

The strength level in each ice class corresponds roughly to the 

loading from a certain level of ice thickness; 1.0 m for IA 

Super down to 0.4 m for IC. 

 The FSICR have a long development history; see (Riska 

& Kämäräinen 2011). Results from ice damage surveys have 

been incorporated into the ice class rules, such as Johansson 

(1967). Here for the first time feedback from designs gave an 

idea of the ice action level. The next revision from the 1971 

version of the FSICR changed the ice load height, based on 

extensive ice load measurements on merchant ships and 

icebreakers, see for example, Vuorio et al. (1979). The idea 

here was that ice is similar, even if the thickness is somewhat 

greater, and thus the ice pressure, being an ice material 

constant, is the same for each ice class; but as the ice 

thickness related to each ice class is different, the load heights 

are consequently different for each ice class. While the load 

height changed, the line load magnitude q (i.e. ice pressure 

times load height, q = p·h) determined from the ice damage 

data, remained constant in the consecutive updates of the 

rules. This idea of the ice load and ice load height is illustrated 

in Figure 2. 

 

Fig. 2. Load height hc concept with constant value of the line 

load q at about q = 2 MN/m. hi is the level ice thickness and 

hincl and hlc refer to particular load heights. 

 

4.1 Ice Action Scenario 

 

During the development of the IACS PC rules, 

different ship-ice interaction scenarios were identified which 

were considered potentially relevant for structural design. The 

load formulation for the IACS PC rules strength requirements 

was based on a set of ship-ice interaction scenarios 

(McCallum 1996) which are illustrated in Figure 3. Figure 3 is 

provided for illustration only, and the glancing impact that 

was the basis for local ice action formulation can occur in 

open pack as well as in level ice. From this study, and as in 

the current IACS PC rules, two ice interaction scenarios are 

considered to be governing, namely a ramming scenario on 

multi-year ice and a glancing impact scenario where ice is 

acting on the other side of the ship bow. The ramming 

scenario where the ship bow collides with a large multi-year 

ice ridge is considered to be governing for the longitudinal 

(global) strength. The other, glancing impact scenario, where 

the ship is assumed to strike an ice edge of infinite mass with 

the bow shoulder, is considered to be dimensioning for the 

structural design of the bow (and used as a basis for the other 

parts of the hull structure) (IACS 2016c). During IACS PC 

rule development, the load patch was modified from the actual 

one in the glancing impact so that only area was considered 

(and not the shape).The IACS PC rules are founded on a 

glancing impact to the bow, and are therefore implicitly based 

on ships breaking ice independently; that is, without escort. 

However, the mode of sailing is usually related to the 

operational ethos of maritime administrations, which provide 

icebreakers to operate in that region. For example, the 

powering requirements given in the FSICR are based on a 

continuity of trade principle, so there are always icebreakers 

present to make and maintain ice channels, and escort ships 

when necessary. Thus, each rule set has been calibrated for 

the relevant modes of operation. Should a ship with 

icebreaking capability desire to act independently, then IACS 

PC rules are applicable but the FSICR may not be particularly 

applicable, as they are based on navigation with icebreaker 

escort. Similar caveat may be stated concerning ice 

management in floating offshore structures. 

 

 

Fig. 3. Example of ship/ice interaction scenarios (McCallum 

1996). 
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IACS UR I2 has been updated for application to 

icebreakers. The basis is to use the same scenario of a 

glancing impact, but increase the hull area factors to account 

for the general loading increase due to a more aggressive 

operational profile (IACS 2016c). The logic of this is 

reasonable, if somewhat fuzzy, since aggressive manoeuvres 

would imply a ramming scenario or increase in frequency of 

events. Further, the patch loading could also change in the 

horizontal and vertical extensions. 

Contrary to the IACS PC rules, the design point for each 

ice class in the FSICR is a collision with a channel edge (as 

ships are escorted in the worst ice conditions) or ridges with a 

consolidated layer . It should be noted that this design 

scenario does not state ship speed as it is considered that no 

speed restrictions should exist, as this would handicap much 

of the navigation in ice. Speed is an important local strength 

issue though, particularly for application of ship rules which 

incorporate impact speed into the ice load formulations, 

whereas for offshore structures this is likely to be limited to 

ice drift speed. However, it is still somewhat unclear, which 

ship-ice interaction scenario causes the highest ice action and 

whether this is speed dependent. See the example in Figure 4 

below. These results are from ice load measurement with an 

icebreaking ferry carried out in Finnish southern archipelago. 

The ferry was tested in ship channel and in level ice and 

shows variations in structural response with speed. Important 

consideration here is the distinction between local and global 

actions. Ship rules implicitly consider only local ice action 

(with the addition of longitudinal strength considered in IACS 

PC rules) whereas offshore standards distinguish between 

‘local’ and ‘global’.  
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Fig. 4. Measured maxima of plate stress vs. ship speed for 

different ice thicknesses (hi) and ice conditions (Bridges et al 

2011).   

 

  Another consideration in the design situations for ice 

class vessels is that Baltic ships, and those complying with the 

FSICR, compete with open water ships during a large part of 

the year, thus the ice strengthening and ice performance must 

not have a great effect on their competitiveness, vis-à-vis the 

open water ships. This has led to the present balance between 

the required ice capability of merchant ships and the number 

of icebreakers escorting them, and the safety level of winter 

navigation. This is naturally not the case for Arctic offshore 

structures. 

The load patch for the design ice action should also be 

noted (see the discussion of this for offshore structures). The 

FSICR defines the load patch height which actually is the 

class factor, see Figure 2. Here a reduction of height relative 

to ice thickness occurs due to inclined ship hull whereas in 

ISO 19906 the 40% reduction in the load height versus ice 

thickness is due to non-uniform ice pressure distribution. For 

IACS PC rules the load patch dimensions are calculated and 

mainly the load patch height is used in the design equations. 

 

4.2 Limit State Definitions 

 

The definitions of the Limit State in ship standards are 

practically non-existent, although some careful reading of 

different sources yields some understanding on what kind of 

Limit State is used. This understanding is described here. 

The IACS CSR provides structural response criteria for 

the assessment of the scantlings, and are therefore a useful 

reference standard. The acceptance criteria are calibrated for 

the various requirements for combinations of static and 

dynamic load effects. For example, the acceptance criteria are 

categorised into three acceptance criteria (AC) sets, see Table 

3. The specific acceptance criteria set that is applied in the 

rule requirements is dependent on the probability level of the 

characteristic combined load. For instance the acceptance 

criteria set applied for the static design load combinations has 

lower allowable stress for such loads than that for an extreme 

load to take into account effects of repeated yield, allowance 

for some dynamics, and margins for some selected limited 

operational mistakes.  

 In the IACS PC rules the general design scenarios are 

described with some detail, see Table 4. The IACS PC rules 

use for the resistance an implicit definition: ‘Local 

frames…are to be dimensioned such that the combined effects 

of shear and bending do not exceed the plastic strength of the 

member’ (I2.6.1). Presumably this applies also to plating. 

There is no mention in the standards about what is the 

frequency basis (return period) of the ice action. In the 

technical background material for the IACS rules there is 

mentioned that the ice actions can be considered to be based 

on an annual probability level of 1.0 (return period one year) 

(IACS 2016c). 
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Table 3. Illustration of principal acceptance criteria from extract of IACS CSR rule requirements (IACS 2007) 

Acceptance 

Criteria set no. 

Plate panels and local 

support members 

Primary support 

members 

Hull girder members 

AC1 70-80% of yield stress 70-75% of yield stress 75% of yield stress 

AC2 90-100% of yield stress 85% of yield stress 90-100% of yield stress 

AC3 Plastic criteria Plastic criteria NA 

 

Table 4. The definition of different PC ice classes (IACS 

2016). 

Polar 

class 

Ice Description (based on WMO Sea Ice 

Nomenclature) 

PC 1 Year-round operation in all Polar waters 

PC 2 Year-round operation in moderate multi-year ice 

conditions 

PC 3 Year-round operation in second-year ice which 

may include multi-year ice inclusions 

PC 4 Year-round operation in thick first-year ice 

which may include old ice inclusions 

PC 5 Year-round operation in medium first-year ice 

which may include old ice inclusions 

PC 6 Summer/autumn operation in medium first-year 

ice which may include old ice inclusions 

PC 7 Summer/autumn operation in thin first-year ice 

which may include old ice inclusions 

 

The definitions of the ice classes in FSICR are similarly short. 

The definition of an ice class in FSICR include the expected 

operating mode as well as an estimate of the maximum 

allowable level ice thickness (FSICR §1.1 and §4.2.1): 

 

1. Ice class IA Super; ships with such structure, engine 

output and other properties that they are normally 

capable of navigating in difficult ice conditions without 

the assistance of icebreakers. Maximum level ice 

thickness h0 = 1.0 m; 

2. Ice class IA; ships with such structure, engine output and 

other properties that they are capable of navigating in 

difficult ice conditions, with the assistance of icebreakers 

when necessary. Maximum level ice thickness h0 = 0.8 

m; 

3. Ice class IB; ships with such structure, engine output and 

other properties that they are capable of navigating in 

moderate ice conditions, with the assistance of 

icebreakers when necessary. Maximum level ice 

thickness h0 = 0.6 m; 

4. Ice class IC; ships with such structure, engine output and 

other properties that they are capable of navigating in 

light ice conditions, with the assistance of icebreakers 

when necessary. Maximum level ice thickness h0 = 

0.4.m. 

 

 The Finnish maritime authorities have published 

Guidelines for application of the FSICR (FTSA 2011). An 

extract from them gives; ‘Ice loads given in the Rules have 

been determined based on measurements on ships that sail in 

the Baltic Sea in winter. The situation where a ship is stuck in 

compressive and/or moving ice and large ice forces are acting 

on the parallel midbody is not considered in the rules. It is 

assumed that icebreaker assistance is available in such cases 

so that there is no time for a serious compressive situation to 

develop. However, according to the experience of the 

Administrations, vessels strengthened to ice classes IA and IA 

Super rarely get damaged in compressive ice situations. 

During recent years, ice damages on the midbody of ships 

with ice class IC have been observed’(4.1.2).  These 

Guidelines also suggest that the elastic limit is used as the 

structural limit in the FSICR. It is still unclear what the return 

period of reaching this limit is. This question is analysed later 

in this paper. 

 

4.3 Example Applications 

 

Similar to the previous section for the offshore structures, the 

same two application examples are investigated for ships to 

illustrate the methodologies and approaches used in the 

standards. 

 

Design air temperature 

There are two primary sources for the definition of design air 

temperature used in ship design; a requirement from IACS UR 

S6 (IACS 2016b), and that of the IMO Polar Code (IMO 

2014). Both of these have a similar basis, although are slightly 

different. The IACS UR S6 defines the ship design 

temperature as: ‘The design temperature tD is to be taken as 

the lowest mean daily average air temperature in the area of 

operation’ (S6.3). The daily low temperature is taken for each 

day of the year over a minimum 10 year period. This 

definition is then further elaborated as being minus 13 degrees 

for application of the IMO Polar Code. The other design 

temperature definition for ships is given in the Polar Code: 

‘Polar Service Temperature (PST) means a temperature ... 

which shall be set at least 10oC below the lowest Mean Daily 

Low Temperature (MLDT) for the intended area and season 

of operation in polar waters’ (Part I-A;1.2.11). A further 

definition for design temperature often used is the Absolute 

Minimum which is typically associated with the lowest 

temperature measured at the chosen location during the data 

collection period. The application of these definitions is 

analysed in the next chapter. 

 

Ship shell structure 

The limit response in the IACS PC rules allows plastic 

response whereas FSICR set the structural limit to the yield 

point. The probability level of the ice action for local ship 

structures is not stated in the rules, as discussed above. 

 The ice load characteristics given for the ships are more 

explicit than in ISO 19906, dealing with much fewer load 

models. The load calculation in the IACS Polar Ship Rules is 

somewhat convoluted dealing with force, line force (force per 

load patch width) and ice pressure. The formula included in 
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the IACS Polar Ship Rules for bow ice force uses an assumed 

value for ship speed and ice thickness (which increase with 

ice class) given as follows: 

        (6) 

where Cf is a factor accounting for hull shape and ice class 

(for the two lowest classes it is approximately 1.12 and 1.05) 

and D is ship displacement. Bow ice pressure is given as: 

        (7) 

where again the factor Cp depends on hull shape and ice class 

(for the two lowest classes it is approximately 1.74 and 1.65). 

 The design bow ice pressure concept in the FSICR 

differs from the IACS PC model and is given by the 

following: 

        (8) 

The ice pressure is the same for all classes (nominal ice 

pressure is p0 = 5.6 MPa) and the load height h is the class 

factor (from 0.35 m for ice class IA Super to 0.22 m for ice 

class IC). This approach of the same pressure for all ice 

classes is taken as the material properties of the Baltic ice do 

not change much through the winter in different Baltic Sea 

areas even if different ice classes are intended to navigate 

during different seasons or areas (lower classes only early 

winter and southern sea areas). 

A ship size coefficient for ice pressure is cd, which is 

linearly dependent on k =  where PD is propulsion power 

and  ship displacement. Typically cd is about 0.7. The FSICR 

also use a factor to define the ice pressure as a coefficient 

dependent on the load length, ca. Each structural member has 

an associated load length la which is the length of the load that 

influences the response (stress) in the member. The load 

length coefficient is defined as: 

 max 1.0 and min 0.35       (9) 

where the reference length is l0 = 0.6 m. In principle, each 

structural member should be designed by trying all load 

lengths and then selecting the design case to be the length that 

gives the maximum response. There is no need to do this 

calculation, as the load lengths are given in the rules, as 

shown in Table 5. 

 

Table 5. Load lengths associated with different structural 

members (FSICR 2010). 

Structural 

member 

Type of 

framing 

Design load length  la 

[m] 

Shell 

plating 

  Transverse     Frame spacing 

  Longitudinal     1.7  frame spacing 

Frames   Transverse     Frame spacing 

  Longitudinal     Span of frame 

Ice stringer      Span of stringer  

Web frame      2  web frame spacing 

The total ice load for each structural member is then taken as 

the ice pressure times a load length la that depends on the 

width (horizontal span or spacing) of each structural member 

and load height that is a class factor. 

 

5. CASE STUDIES 

 

In the following, the two cases described as examples are 

investigated in practical case studies. The design air 

temperature issue is analysed based on the air temperature 

regime in the Russian Arctic, and the design of local shell 

structure (only plate thickness considered as the frame design 

is very similar) is investigated based on a set of long term 

measurements in the Baltic. 

 

5.1 Design Air Temperature 

 

The result of the various definitions for design air temperature 

are investigated using data from Russian Arctic, specifically 

from a station on Vaygach Island, with location at Lat(°N) of 

70.27 and Lon(°E) of 59.05. The air temperature data was 

extracted from the NCEP Climate Forecast System Reanalysis 

(CFSR). It includes 6-hourly temperature measurement from 

January 1967 to December 2010, see Saha et al. (2010). It 

may be noted here that hourly data for Arctic locations as 

required by ISO 19906 is very sparsely available. 

 Using the dataset, the daily temperatures are plotted 

versus the date in Figure 5 and based on a statistical analysis 

versus the return period in Figure 6. It should be noted here 

that there is much room for interpretation of the temperature 

data, such as the length of data to use, i.e. which 10 years to 

use in a 20 year data set, or the number of stations needed to 

ensure reliability of data. 

  

 

Fig. 5. Example of design temperature values over year based 

on analysis of daily air temperature data. The temperature 

definitions used are; MDLT-mean daily lowest temperature, 

MDAT-mean daily average temperature and MDHT-mean 

daily highest temperature. 
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Fig. 6. The temperature observations plotted versus the 

return period and two statistical distribution fits. 

 

Statistical analysis was carried out on these data points by 

fitting a Gumbel double exponential distribution and a 

Generalized Extreme Value distribution (GEV). The 

cumulative distribution of GEV is of form 

 where s is the standardized variable, s = 

(T-)/where T is temperature and  its average value and  

standard deviation. These two distributions were selected to 

highlight the difference obtained when using several 

distributions. The result is shown in Figure 6. Table 6 presents 

the results of the analysis using the various design definitions 

used in ship requirements and in the offshore standards with 

different return periods, as well as the Absolute Minimum as 

the reference value.  

Table 6. Design air temperature results from CFSR data set.  

Design Temperature °C Date 

Lowest MDLT -23.44 18 February 

Polar Service Temperature (PST) -33.44  

IACS UR S6 (lowest MDAT) -19.82  
Absolute Minimum -41.50 08/02/1979 

Return Period 

(Gumbel) (years) 
LAST 

100 -46.12  
10 

000 
-52.93  

 

 Table 6 shows a difference in values with alternative 

design temperature definitions. It is interesting that 

temperature corresponding to 100 years return period is 

relatively close to the Absolute Minimum measured. In the 

shipping industry a common practise is to use the lowest 

measured temperature in the operating area as the design air 

temperature. Thus PST and lowest MDAT seem to be 

somewhat high and the value used in ISO 19906 (LAST) 

close to the value used in practise. 

 

5.2 Design of Plating 

 

As an example of applying the offshore and ship standards to 

design of a steel structure, a case for the northern Baltic is 

used. The selection of the example is based mainly on the 

existence of a large full scale data set; the measurements from 

the ship MT Kemira. MT Kemira is used here as the ship was 

instrumented to measure the ice load on one frame as well as 

the plate and frame stresses continuously during seven winters 

(1985-91). MT Kemira is a chemical carrier that operated 

between the ports Kokkola and Uusikaupunki in Finland and 

central European ports.  

 

Main particulars of the ship are: 

Ice class  IA Super 

Lpp   105.0 m 

B   17.5 m 

Power   3400 kW 

Deadweight  5800 dwt 

 The operational spectrum of MT Kemira can be assumed 

to represent a typical Baltic merchant ship in size and shape, 

and the years integrate different winters (three severe, two 

average, and two mild) as well as the ice thickness 

development throughout each winter. MT Kemira’s ice load 

data are described by Kujala (1989), Gyldén and Riska 

(1989), and Muhonen (1991, 1992). The measurement system 

did not record the time histories of the signals but, instead, 

calculated two 12 hourly histograms for each measurement 

channel. One histogram consists of the regular sampling from 

each measurement channel with a sampling rate of 100 Hz. 

The other histogram includes the signal peaks, with each peak 

identified using the Rayleigh separation for the peaks (with 

25% of the peak value as the separator). These histograms 

were stored after each 12 h period throughout the winter for 

the years 1985-1991. The data used here are derived from the 

maxima of each 12 h peak distribution. Only the maxima from 

periods when the ship was sailing in ice are included. 

Example of the data and the Gumbel fit are shown in Figure 7. 

The data allows an investigation of the return periods 

associated with the rule design values as well as assessment of 

the structural limit used in the various standards. 

 Kemira data includes about 200 operation days in ice 

from seven winters, i.e. about 30 operation days in ice per 

winter. As the ULS case corresponds to 100 years, the 

question arises should the extrapolation be to ELIE be based 

on 100·365 (=36,500) days or taking just the operational days 

into account, i.e. ELIE would be based on 30·100 (=3,000) 

days. Here it should also be mentioned that extrapolation from 

seven years of data to 100 or 10 000 years entails a large 

uncertainty. The approach taken here is to simply make 

estimates for comparisons, but this is clearly another factor for 

future research to clarify. 
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Fig. 7. Measured and estimated (according to Gumbel I pdf) 

loads versus the return period for bow frame load (Riska & 

Kämäräinen 2011). 

 As a design ice action, the line load in horizontal 

direction, q [MN/m], is used. This quantity is used as it is 

common to describe frame ice action using this. Ice pressure 

is obtained by dividing with ice load height as the line load is 

assumed to correspond to (average) ice pressure times the load 

height. For the shape of the Kemira bow, this load height may 

be estimated to be about one third of ice thickness; a 

maximum of about 35 cm. It is clear that the Kemira 

measurements include a sloping structure. The effect of the 

shape of the indenting body (e.g. ship bow or surface of 

offshore structure, etc.) may influence the load. The eq. (3) in 

ISO 19906 is under the heading ‘Vertical Structures’ 

(ISO19906: A.8.2.4.3), even if there is under this heading also 

ship data presented which are obtained from sloping 

structures. Further, the local loads (ISO 19906: A.8.2.5) do 

not refer to shape. Ship and offshore structure (and also 

lighthouses, etc.) have also a widely varying indentation 

speeds. Thus the comparison of design actions deduced 

(especially from ISO 19906) should be analysed more 

thoroughly, but this is a matter of another investigation. Here 

we neglect these aspects and present just a comparison to 

permit illustrative relationships. 

 The design ice action according to the various standards is 

calculated as follows. Assuming the ELIE ice thickness to be 

1m, which is an estimate based on the maximum level ice 

thickness measured ever in the Baltic, 1.22 m (Seinä et al. 

1997). Thus ISO calculation (19906: A.8.2.5.2.3) gives a line 

load value of 5.9 MN/m, using a load height of 40% of h 

(19906: A.8.2.5.2.3). The design value in FSICR is 0.8 MN/m 

for ice class IA Super while the value for IACS PC6 class is 

about 2.4 MN/m. The latter value is an estimate as the hull 

shape at the contact influences the action; in this calculation 

the hull angles for MT Kemira have been used to give values 

similar to the full scale data. 

 The ELIE ice action value (return period of 36500 days) 

from measurements using the Gumbel I fit gives 3.3 MN/m. It 

should be noted that there is a difference in interpreting the 

‘annual probability level’. Annual maxima could be used and 

in the case of measurements it corresponds then to 30 days 

maximum as MT Kemira operated in ice only 30 days per 

year on average during the 7 years measurement period. An 

alternative is to use a return period of 36500 days 

corresponding to 100 years. These two cases are included 

here. Thus if the return period is 100 years (winters), the ice 

action value is 2.6 MN/m. The data allows also calculation of 

the return period related to the design value specified in the 

ship and offshore standards, see Table 7. 

 

Table 7. Ice action values in different standards and 

corresponding return period, calculated both on daily and 

annual basis. Denotation ‘annual’ refers to only a limited 

number of ice operation days in a year (for MT Kemira this is 

32 days). 

Standard qrule [MN/m] 
Return period 

per days annual 

ISO 19906 5.9 2.7·106 years 3.1·107 years 

IACS PC 2.4 5.5 years 62.5 years 

FSICR 0.8 4 days - 

 A large variation is clearly observed in the return periods 

corresponding to the design values derived. The low value (of 

4 day return period) in the FSICR is clearly observed in 

comparison with IACS and ISO 19906. As the reason for this 

may be in the definition of the structural limit, this is analysed 

next. The design situation is sketched in Figure 8. The design 

process shown in this figure can be termed Limit State Design 

as the right side of the figure shows the ice action versus the 

return period and left side the relationship between the 

scantling (here plate thickness) and the ice action for several 

different limit responses (here different permanent 

deflections). The lines shown for these are sketches as the 

relationship is not linear. Two quantities must be pre-selected 

for design; the return period of the ice action and the allowed 

(limit) response. The arrows in Figure 8 depict that two 

different design return periods and different allowable 

responses can give similar scantlings. For a more detailed 

description, see Riska (2014). Thus, if the return period is 

short but the structural limit strict (such as in FSICR), then the 

resulting scantlings are the same as if the return period longer 

but the structural limit would allow more response. 

 

Fig. 8. A sketch of the design point definition, where w0 and 

w1 are simply arbitrary values for illustrative purposes (Riska 

2007). 

 The concept of the Limit State includes a definition of 

the structural limit and the frequency with which this limit 

state is reached. The structural limit function L(Q,R) includes 
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the action Q and the strength of the structure R (determined by 

scantlings, material properties, and geometry) – the latter is 

often expressed as the load causing a response up to the 

selected structural limit. The structural limit in the following 

analysis will either be stress reaching yield stress somewhere 

in the structure, full plasticity, i.e at some point in the 

structure the (bending) stress distribution is fully plastic, or 

some specified permanent deformation. If the limit is formally 

denoted as w (being Y, P, or U, respectively, in Table 8) and 

the structural details (scantlings etc.) as d – this can be a 

vector, i.e., contain more than one parameter – then the 

structural limit (which is commonly called ‘strength’ of the 

structure) can formally be presented at the limit where Q = R 

as a functional form: 

        (10) 

At the same time, plots such as in Figure 7 give the most 

probable load in a given time, i.e, the return period T, as: 

        (11) 

To obtain the relationship g(T) usually a statistical fit is made 

for extrapolation purposes, using for example some extreme 

value distribution like Gumbel I. The strength and statistics of 

the ice loading can be combined to give the design equation 

by solving for scantlings d from s(T) =r(w,d) (denoting the 

known relationships as r(·,·), s(·) and t(·,·)): 

        (12) 

In order to study the effect of the Limit State, three different 

limits are investigated (this analysis is following the 

procedure of Riska and Kämäräinen (2011)). These are given 

for plating in Table 8. 

Table 8. Definition of the limit states for plating. 

Limit state (label) Plating 

Elastic (Y) 
Stress reaching the yield stress σy 

somewhere in the plate 

Plastic (P) 

Stress distribution reaching full 

plasticity somewhere in the plate; 

permanent deformation still zero 

Ultimate (U) 
Permanent deformation (wP) 

reaching a specified value 

 The plastic reserve due to membrane stresses is large for 

plating, and simple formulations for the permanent 

deformation of patch-loaded plates exist (see, for example, 

Hayward (2007)). This reference enables determination of the 

relationship between action and prescribed permanent 

deflection wP defined below as wP/t where t is the plate 

thickness. 

 Using the measurements (Figure 7) as a basis, the 

method shown in Figure 8 can be used to obtain a plot of plate 

thickness versus return period for different structural limit 

states (Y, P and three different U’s), see Figure 9. This plot 

can be interpreted in different ways. It is seen that a return 

period of 100 years (ELIE case) and the FSICR plate 

thickness gives a structural limit state wP/t ≈ 0.8, obtained by 

interpolation from Figure 9. Alternatively, the design plate 

thickness and the design ice action (or the corresponding 

return period in Figure 9) can be used to determine what 

structural limit is used in each standard. FSICR corresponds to 

the elastic limit and IACS PC rules to plastic limit while ISO 

19906 would allow a large permanent deformation. It should 

be noted here that the ISO 19906 design value is stated to be 

derived from Baltic data. The CSR limit state criterion of 70% 

of yield corresponds to a design ice action of 0.6 MN/m. The 

corresponding return period is about 2 days, obtained with 

similar calculation as that provided by Figure 9, i.e. setting the 

structural limit to 0.7Y and calculating tNET versus T.  

 
Kemira, bow plating

Return period  [day]

10 100 1000

t N
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T
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m
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Fig. 9. Plate thickness for the bow area corresponding to 

different structural limit states plotted versus the return period. 

Permanent deflection of the plate is wP and the net plate 

thickness tNET. The plate thickness according to FSICR and 

IACS PC rules is also shown (slightly modified from (Riska 

& Kämäräinen 2011)). 

 

 The above discussion shows that the different standards 

have different logic in defining the Design Point (or Limit 

State). The logic in each and also the conclusions are shown 

in Table 9. Three of the standards investigated start by 

prescribing the design action (FSICR, IACS PC and ISO 

19906). This is somewhat in contradiction with the target in 

ISO to use a given return period for design action, and it can 

be surmised that the reason for specific formulae in the 

informative part of ISO19906 is based on the lack of good 

data from where to derive the needed statistics. All these three 

standards then also define the structural limit state (even if 

defining it just ‘plastic’ is somewhat vague). CSR states only 

the structural limit state.  
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Table 9. Summary of the Limit States in the standards 

investigated. 

 

Standa

rd 
Design approach 

Return 

period from 

measurements 

ISO 

19906 

Design ice 

action specified 

Structural limit 

state given 2.7·106 years 

5.9 MN/m ‘plastic’ 

IACS PC 

Design ice 

action specified 

Structural limit 

state given 5.5 years 

2.4 MN/m ‘plastic’ 

FSICR 

Design ice 

action specified 

Structural limit 

state given 4 days 

0.8 MN/m ‘yield limit’ 

CSR 

Structural limit 

state prescribed 

Design action 

from 

measurements 
2 days 

0.7Y 0.6 MN/m 

 

6. CONCLUSION 

 

Offshore and ship standards have been analysed with respect 

to the definition of the Limit State given in these standards 

and in the supporting technical background material. The 

general analysis has been supported by two practical and 

relevant case studies; definition of the design temperature and 

design of (steel) side shell structure. The aim is to find 

commonalities and differences in these standards. 

 There is a lot of variation between standards for offshore 

structures and ships, and the investigation of the Limit States 

is not aided by the very vague definitions included in these. 

Some commonality between the different rule sets can be 

achieved if the Structural Limit given in the standards is 

interpreted explicitly, and this process was illustrated for 

(steel) plate structures using Baltic measurements as a basis. 

The conclusions from this investigation naturally change if a 

different set of measurements is used, although there do not 

exist, however, data sets of measurements where loads and 

responses have been measured for longer than some years. 

Perhaps the measurements with the Confederation Bridge in 

Canada can improve this situation. 

 A reason for performing this investigation was to 

develop an understanding of the design point or limit state, 

and to be able to suggest a definition for the ‘design point’ of 

local steel structures. Ideally this should include a definition 

of the allowed structural limit and the frequency of reaching it 

– if action data matching the frequency would exist. For steel 

plating a maximum depth of indentation could be used as the 

structural limit, but for frames setting a structural limit is more 

difficult because of possible instabilities (frame tripping, web 

buckling etc.). Further work is needed in these aspects. 

 The analysis of the design air temperature shows that the 

different definitions give very different design values. A 

common industry practice for selection of the design 

temperature is to use the lowest observed temperature in the 

operational area. The design temperature definition in the ISO 

19906 is closest to this but not the same. This conclusion is 

likely to change if a different location and data set is used. 

The emphasis here is that different definitions give widely 

different values. 

 The analysis suggests that an explicit Limit State 

definition would assist the work of a design engineer. Often 

the Limit State is set by economical or safety considerations 

which are more general than safety of any individual 

structure. Society in general accepts the strength and safety 

level, and perhaps does not accept too low levels of safety. 

Not knowing where exactly is the lower level of safety leads 

sometimes to ‘design by disaster’ where required safety levels 

or simply required scantling values are increase based on 

damage or accidents. Conversely, taking an upper level of 

safety leads to conservative basis and over design situation. 

This situation is naturally not desirable but shows that much 

attention should be given to the statistical data set to cover all 

possible scenarios. In order to facilitate the discussion on the 

safety levels, it is the author’s opinion that in a rational 

approach all the elements of the Limit State should be stated 

explicitly and clearly. Another recommendation is that the 

standards development for floating structures, ships and 

offshore structures would work towards finding some 

commonality in the formulation. 
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ABSTRACT: Modern design codes are based on Limit State Design; which involves defined limit states and an appropriate 

approach to treat uncertainties in the predicted behaviour to achieve the desired reliability. The focus herein is to define limit 

states, i.e. physical conditions of the structure beyond which it no longer fulfils the relevant criteria of serviceability or structural 

integrity (e.g. irreversible damage...) for individual components and the system, considering ultimate and fatigue failure modes. 

Both equilibrium (e.g. global stability) and strength modes are considered. In particular the use of Accidental Collapse Limit 

States to ensure robustness – or damage tolerance – in view of damages caused by accidental actions and structural deterioration, 

is dealt with. It is found to be important to define e.g. the ultimate and fatigue limit states so that the effect of fatigue and other 

deterioration on the ultimate strength is accounted for. It is suggested to harmonize stability and strength requirements for 

floating structures.  

KEY WORDS: Limit States for Equilibrium (Stability) and Strength, ALS design check against progressive failure initiated by 

accidental events. Damage tolerance for use of inspection and repair. Robustness. 

1 INTRODUCTION 

Modern designed codes for marine structures are based on 

defined criteria – or – limit states for serviceability and safety 

expressed on a capacity versus demand format [1-3]. Normal 

uncertainties due to fundamental variability or limited data or 

model uncertainty in those quantities are accounted for by 

semi-probabilistic design using characteristic values of the 

variables and adequate partial safety factors to ensure an 

acceptable safety level. ULS criteria are typically specified by 

metocean actions with an annual exceedance probability of 

10−2and action factors of the order of 1.2-1.4. Alternatively a 

lower exceedance probability and action factors might be used 

when the target reliability is of the order of 10−4. The latter 

approach might give more consistent safety criterion. 

Alternatively, a direct probabilistic approach in which the 

variability and uncertainty of the variables are used to obtain a 

measure of the notional failure probability which serves as a 

basis to ensure a design which complies with the desired 

target failure probability.  

Human actions which influence design, fabrication and 

operation of structures, and, hence, man-made loads and the 

resistance of fabricated structures, normally follow defined 

procedures, which ensure that the corresponding uncertainties 

in structural resistances, loads an load effects follow certain 

patterns, which make it possible to measure and predict such 

uncertainties, which are denoted normal uncertainties. 

However, sometimes the human actions depart from intended 

practice and result in so-called human errors, or gross errors; 

e.g. [4-6].  

The distinction between normal uncertainties and gross 

(human) errors is useful in deciding how the associated risk 

shall be controlled. To ensure that the likelihood of failure due 

to normal uncertainties is within acceptable limits, factored 

characteristic load effects and resistances are applied in the 

design equations as mentioned above. 

Clearly, the nature of human errors differs from that of 

natural phenomena and “normal” man-made variability and 

uncertainty, and different safety measures are required to 

control error-induced risks. Primarily, gross errors and their 

effects should be avoided by adequate competence, skills, 

attitude and self-checking of those who do the design, 

fabrication or operation in the first place; and by exercising 

“self-checking” of their work. In addition, quality assurance 

and control (QA/QC) should be implemented in all stages of 

design, fabrication and operation. This implies for instance 

control of the analyses and design as well as 

inspection/monitoring and repair of the structure during 

fabrication and operation. This effort also involves 

inspection/monitoring relating to process equipment, ballast 

system, watertight doors and pipes and the operation if such 

facilities, in order to control e.g. possible hydrocarbon leaks 

that can result in fires and explosions; ballast faults. In 

particular, a follow-up of deterioration due to crack 

development and corrosion is needed during operation. In 

addition, some accidental scenarios develop over time and 

they can be controlled to some extent (Event Control). For 

instance, fires and explosions may be controlled by detecting 

leakage of combustibles (hydrocarbons) and activating shut-

down, fire extinguishing, etc. Finally, the risk especially 

associated with fabrication and operational human errors can 

be controlled by introducing a progressive or accidental limit 

state for the system, as discussed subsequently. In this paper 

only the principle of Limit State Design and especially Limit 

States are addressed.  

Limit States (LS) are physical conditions of the structure 

beyond which it no longer fulfils the relevant criteria of 

serviceability or structural integrity (irreversible damage....). 

Limit States and Systems Effects of Offshore Structures 
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Limit State Design is based on LS and an appropriate way to 

treat uncertainties in the predicted behaviour to achieve 

desired reliability; e.g. by - using characteristic values and 

action and resistance factors or direct measures of reliability 

or risk. 

ISO 19900 refers to the following Limit States: SLS, ULS, 

FLS and ALS but does not explicitly deal with the ULS, ALS 

stability of floating structures (neither does ISO 2394 [1]); and 

to a limited extent with station-keeping systems. It is noted 

that the current ISO 19900 set of LS deviates from ISO 2394 

and EN Basis of Design, which only refer to SLS 

(serviceability) and ULS (safety) Limit States. ISO 19906 [7] 

refers to ALS denoted abnormal LS. Moreover, this standard 

refers to characteristic values with probabilities in the range 

10−2 to 10−5 for ULS and ALS. Moreover, the ISO standards 

[8-10] should be checked with respect to harmonization. 

As indicated in Table 1, normal uncertainties may then be 

accounted for in serviceability, ultimate and fatigue limit 

states for components, while gross errors are considered in 

connection with accidental or progressive limit state 

requirements to the system. In this way there will be no 

conflict in considering natural randomness and “normal” 

uncertainties for the usual component ultimate and fatigue 

limit states. Quantitative measures of safety to deal with the 

different limit states, are obtained by using classical structural 

reliability analysis (for SLS, ULS and FLS) and by using risk 

analysis (for ALS or PLS).  

 

Table 1 Causes of structural failures and risk reduction 

measures, see, e.g. [6] 

Cause Risk Reduction Measure 

 Less than adequate safety 

margin to cover “normal” 

uncertainties in actions and 

resistances 

- Increased safety margins in 

(SLS), ULS, FLS; or inspection 

(FLS) 

 Gross errors in 

- design 

- fabrication 

- operation 

- Design QA/QC 

-  Event control 

- Inspection/repair 

- Design for damage tolerance 

(ALS or PLS) 

 Unknown phenomena - R&D and implementation of the 

findings 

 

Design criteria may be split into serviceability (SLS) and 

ultimate limit state (ULS) criteria. The latter category in 

general comprises criteria for structural integrity, and may 

further be classified in terms of (ISO 19900 [2]): 

- Ultimate limit state of components 

- Fatigue limit state of components 

The ULS criteria are split in two classes; namely loss of 

equilibrium (instability) and strength (ductile failure, fracture 

or excessive deformation) criteria. As mentioned above, safety 

criteria are expressed by capacity and demand. Stability 

criteria are expressed in terms of external forces/loads both for 

the capacity and demand; i.e. the capacity is expressed by 

(stabilizing) loads. In principle both low cycle and high cycle 

fatigue needs to be considered. Moreover, as discussed 

subsequently, a low cycle damage analysis check needs to be 

carried out when the full ultimate capacity in a pushover mode 

is utilized. 

In view of human errors the structural engineering 

community has in several decades been concerned with 

providing guidance to make the structures fail-safe or robust 

against such events, especially when human lives are at stake.  

It is interesting in this connection to note that damage 

stability criteria, which are ALS-type criteria, were discussed 

in decades, catalysed by the Titanic accident on 20. January 

1914, and were introduced first qualitatively, later 

quantitatively for sinking/ instability of ships in the 1948 

SOLAS Convention [11]. A reason for the late acceptance of 

damage stability criteria was the complexity of the analysis to 

demonstrate compliance. Damage stability criteria were 

introduced in the early mobile platform rules (e.g., [12, 13]). 

The damage stability check has typically been specified with a 

damage specified to be one or two compartments flooded – 

relating to ship impacts. The ALS criterion was formally 

introduced for all failure modes of offshore structures in 

Norway in 1984 [5, 14, 15]. While previous accident 

experiences justified this approach, the Alexander Kielland 

accident made it possible [5,16]. Contrary to the UK building 

codes and damage stability requirements, the NPD 

requirements were more functional based on damage 

scenarios that had to be assessed by risk analysis. For 

instance, such analyses were applied to demonstrate that the 

conventional compartmentation of floating steel structures 

was not necessary for the Heidrun TLP concrete hull - in view 

of ship impacts, dropped objects and ballast faults [17]. 

Another aspect that it was found necessary to include 

consideration of damage due to abnormal environmental loads 

as well as “damages” implied by fabrication errors and the 

potential influence of human errors on fatigue and other 

deterioration phenomena.  

Risk acceptance differs between jurisdictions and 

consequence class. For instance, it is noted that ALS criteria 

do not apply if there is no risk of fatalities, severe 

environmental damage or significant economic loss potential 

[14]. However, the principles of limit states and robustness are 

a common feature of all risk assessment processes that in all 

cases they must form a decision-making framework that leads 

directly to a decision about the design approach deemed 

appropriate or necessary. 

The safety philosophy emerging in modern design codes is 

based on the following general safety principles: 

- Structural integrity to withstand environmental and 

  operational loading throughout its lifecycle. 

      - Prevent occurrence of and protect against accidental 

        events 

 -Tolerate at least one failure or operational error 

   without  resulting in a major hazard or damage to 

   structure. 

 - Provide measures to detect control and mitigate 

   hazards at an early time to avoid accident escalation. 
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The focus herein is on the limit states in a broad sense. The 

mathematical expressions for the limit states will be used as a 

basis for: 

- Failure function for reliability analysis. In this case the 

  parameters in the limit state are considered to be random  

  variables. 

- Design equations.  In this case the parameters in the limit  

   state – according to the partial factor method – are given 

   by their characteristic values, each multiplied by a partial 

   safety factor. 

Limit states should preferably    

- be based on structural mechanics theoretical formulations 

  (not pure regression to data) 

- explicitly contain the parameters of influence 

- have as small (random) model uncertainty as possible 

- be as simple as possible 

- feasible to analyse. 

To estimate damage, i.e. permanent deformation, rupture, etc., 

of parts of the structure, nonlinear material and geometrical 

structural behaviour need to be accounted for. While in 

general nonlinear finite element methods need to be applied, 

simplified methods, e.g. based on plastic mechanisms and 

simplified fracture criteria, can be developed and calibrated 

using more refined methods, to limit the computational effort 

required in practice.  

2 ULTIMATE EQUILIBRIUM LIMIT STATE (UELS) 

 General 2.1

The equilibrium limit states considered herein comprise: 

- overturning of structures resting freely on the seabed 

- articulated tower 

- loss of tension in pre-tensioned structures 

- global instability (capsizing) of freely floating structures 

 Overturning of structures resting freely on the seabed 2.2

Figure 1 shows a structure with a free support on the seafloor, 

under various loads, some of which tend to overturn the 

structure and some loads tend to resist this overturning. In this 

case, the ultimate limit state can be expressed by the moments 

relative to overturning point O. If the corresponding moments 

are denoted Mo for load type 𝑖  and Mo for load type 𝑗 , 

respectively, the criterion for instability can be written as: 

Ms - Mo ≤0                                        (1)  

where the moments Mo and Ms generally are calculated by the 

forces causing clockwise and counter clockwise moment in 

Figure 1. It should be noted that in a semi-probabilistic design 

format the load factors on the unfavourable moment, Mo and 

the favourable moment, Ms are larger and less than 1.0, 

respectively. 

The moment (Mo) is determined based on a high 

characteristic environmental loads relating to ULS check. 

When considering the stabilizing moment due to (net) 

structural weight and deck live loads, a low characteristic 

value of the variable loads is applied. 

 A particular issue relating to the present failure mode is 

whether the check is done with quasi-static forces/loads or a 

dynamic check. The effect of dynamics would primarily be 

inertia forces which will have a stabilizing effect. 

If the structure is provided with an embedded foundation, 

the design check will be replaced by limit states relating to the 

failure modes of the foundation and soil. 

 
Figure 1. Scenario for overturning failure mode for a 

structure resting freely on the seabed. 

 Stability of an articulated tower 2.3

Figure 2 shows an articulated tower subjected to an 

overturning moment due to waves, current and wind as well as 

gravity when inclined. This overturning moment is resisted by 

buoyancy. For this system the limit would be the static and/or 

dynamic angle of heeling relative to possible deck airgap, 

downflooding, etc. 

 
Figure 2. Articulated tower. 

 Loss of tension in pretensioned structures 2.4

The tension-leg platform is kept in position by excessive 

buoyancy and a pre-tensioned mooring system. When the 

structure is subjected to the resulting forces, H, V and M 

(Figure 3a), due to waves, current and wind, it undergoes a 

horizontal displacement and thereby a vertical “set-down” 

(due to the angle θ). The resulting tension in the tethers will 

partly be larger, and partly smaller than the pretension.  

Commonly, tether slack (and not the eventual “capsizing”) 

is considered the ultimate limit state. In this connection 

distinction may be made between “slack” in two tension-legs 

(Figure 3) and one tension-leg (in case of a diagonal wave 

condition). The former condition may be considered more 

critical than the latter one. “Slack” may be considered a limit 

state partly because the M-θ diagram (Figure 3) exhibits a 

“limit” when slackening occurs, but also because going  

“slack” may imply large bending moments in the tethers, 

possible malfunction of end supports or a snatch load when it 

goes into tension again, after being  “slack”. Moreover, the 
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prediction of this kind of behaviour after “slack” is a much 

more complex task than just predicting the onset of “slack”. 

Tethers, hence, the ultimate limit state (relating to slack and 

hence “instability”):  

𝑆0 − 𝑆 ≤ 0                                      (2) 

where 𝑆0 and 𝑆  are the axial pretension and axial 

(“compression”) force due to environmental load, 

respectively. 

The criterion (2) may be refined by splitting the effect of 

environmental loads into tension due to: mean offset, low-

frequency, high-frequency and wave frequency load. It should 

be noted that a slack in a tether would imply slack in the other 

adjacent tethers in a platform corner and normally those in 

another corner as well. In addition, the tether needs to fulfil 

structural and foundation strength criteria 

It should be noted that the slack condition, especially in 

irregular wave conditions has a short duration. This feature 

would imply large inertia forces on the hull, and limit the 

displacement of the tether attachment. Hence instead of 

conservatively using slack as a criterion the actual stress level 

in the tethers may be used in conjunction with the relevant 

structural limit states (normally with reference to first yield). 

 

 
Figure 3. Scenario for tether slack in TLPs. 

 Capsizing of freely floating structures 2.5

Current stability criteria for catenary moored floating 

platforms and ships primarily account for the effect of wind, 

while wave and current forces are not explicitly taken into 

account (e.g. [18,19]). The stability criteria essentially refer to 

heeling which may cause flooding and eventually capsizing, 

see Figure 4. The relevant parameters are then the moment 

acting on the floating structure and the corresponding angle of 

heel. Most regulatory authorities (e.g. The International 

Maritime Organisation, IMO [20, 21]) and classification 

societies (e.g. ABS, DNVGL and LR) have stability standards 

for vessels and semi-submersibles operating under their 

jurisdiction.  

The stability criteria for floating platforms are commonly 

expressed in terms of: the criteria listed in Table 2.  

 

 

 

Table 2 Stability criteria for floating platforms 

        A. Intact stability criteria («ULS») 

 Initial GM 

 the relative magnitude of the areas under the curves 

for MH (area B+C) and 

 MR (area A+B). See Figure 5a. 

 Instantaneous GZ 

 the maximum static angle (θ1) and maximum angle 

of heel (θ2) at which 

 “capsizing” occurs ( for θ > θ2, the overturning 

moment is greater than the 

 uprighting moment). (Figure 4) 

       B. Damage stability criteria («ALS») 

- Maximum first intercept 

- Minimum residual GZ 

- Minimum range of stability 

              for specified damage condition 

           the relative magnitude of the areas under the curves 

           for MH and MR. See Figure 5.b 

 

The parameters GM and GZ are defined by  

 

𝐺𝑀 =
1

∇
[𝐼𝑤 − ∑ 𝑖𝑤] + 𝐾𝐵 − 𝐾𝐺                   (3a) 

𝐺𝑍 ≈ 𝐺𝑀sin𝜃                                  (3b) 

 

where K - keel centre; G - centre of gravity; B - centre of 

buoyancy; 𝐹𝑤- wind force; W - vessel weight; C - centre of 

underwater resistance; L - wind heeling arm; 𝐹𝑑 - drag force 

(=𝐹𝑤 ); GZ - vessel righting arm. KG -height of centre of 

gravity above keel; ∆-vessel buoyancy (=W); Heeling moment: 

HM=Fx•L; Righting moment: RM=W•GZ; 𝜃1- first intercept 

and steady heel; 𝜃2  - second intercept; capsize; 𝜃𝑑  - 

downflooding angle and max = angle at max. Righting arm. It 

is noted that the first and second term in GM dominate for 

semisubmersibles and spars, respectively. Typical GZ curves 

are given e.g. by Clauss et al. [18].  

The (static) heeling (overturning) moment caused by wind 

is typically calculated by:  

 

  MH = ∫ 𝐹 ∙  𝑎 ∙ 𝑑𝐴                                          (4a) 

 

where 𝐹  is the wind drag-force and 𝑎  is the moment arm, 

which is taken to be the distance from the centre of the force 

to the centre of hydrodynamic forces which are assumed to 

balance the driving wind forces. This is clearly an 

approximation when the platform is kept in position by a 

mooring system or thrusters. For new structures for which 

there is no previous experience with wind forces, 

experimental verification of MH is required.  

The stabilizing (righting) moment, MR is expressed by 

 

        MR = •GZ                                                  (4b)  

where Δ and GZ are the displacement and “righting arm”, 

respectively.  
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The initial metacentric height, G𝑀0  is also an important 

“stability” parameter. If G𝑀0  is negative, the vessel is 

unstable. However, commonly the centre of buoyancy shifts 

as the heeling angle increases, resulting in an additional 

stabilizing moment, and the structure will attain a new 

position of equilibrium when the angle of heel become large.  

So far, static heeling moments due to wind and righting 

moments due to hydrostatic (reaction) forces, have been 

considered. Simplified dynamic stability considerations are 

used to be considering the energy associated with MH and MR, 

as illustrated in Figure5. 

Clearly, since only steady wind forces are considered to 

contribute to the heeling of the floating structure, the approach 

will be simplified in view of the existence of wave-induced 

motions. The current “energy-based” criteria (discussed below) 

are therefore calibrated by model tests and in-service 

experiences. 

 
a)  Inclined semi-submersible 

 
b) Heeling and righting moment versus angle of heel 

 

Figure 4. Terminology related to stability of freely 

floating structures. 

 

 
                    a) Intact stability                    b) Damage stability 

Figure 5. Illustration of moment versus heel angle curves for 

intact (a) and damage stability (b) criteria for floating 

(semisubmersible) platforms [18]. 

The area criteria utilize the energy relating to overturning and 

stabilizing forces.  

Different criteria are applied for different types of floating 

platforms used as mobile drilling units. The main reasons to 

differentiate criteria are: different uncertainties in calculating 

MH and MR as well as the consequences of failure.  

The wind speed should, in principle depend on the local 

conditions, and, e.g., correspond to a given return period 

specified for the type of structure. However, for exploratory 

drilling units, fit for operations world-wide, the following 

velocities are commonly used: operation (70 knots); “survival” 

(100 knots) and damage condition (50 knots). 

The criteria for damage stability are indicated in Table 2.   

In addition the magnitude of damage needs to be specified. 

For mobile units flooding of one or two compartments 

adjacent to the sea are typically considered. These damage 

conditions are based on operational experiences with collision 

damage on steel hulls. A concrete hull will have more 

resistance to ship impacts and the corresponding damage 

conditions need to be reconsidered. Accident experiences for 

offshore structures are recorded in WOAD [22]. Incident and 

accidents for semisubmersibles in the period 1974-1998 are 

listed and discussed by BMT [19]. They show that also the 

risk of dropped objects and ballast errors need to be 

considered. The Ocean Ranger accident in 1984 directed the 

attention to buoyancy loss, e.g., due to ballast error, which in 

principle could occur in any compartment with variable 

ballast. This would imply consideration of flooding of any 

compartment with variable ballast. 

The Alexander Kielland accident leads a requirement of 

reserve stability, without referring to which damage should be 

tolerated. This requirement normally implies account of the 

buoyancy of the deck structure; and, hence, implications on 

limit states relating to ultimate strength of the deck structure. 

It is necessary to carefully examine whether these damage 

conditions apply for unique structures -such as floating 

production structures (Figure 6). This situation suggests that 

the damage conditions should be assessed by risk analysis.  

 

 
P-34 in Brazil                Thunder horse in GoM 

Figure 6. Loss of buoyancy events for floating production 

platforms 

Semi-submersible mobile units have been lost on a number of 

occasions after damage and flooding, notably the Alexander 

Kielland in 1980 [16] and Ocean Ranger in 1982 [23, 24] 

accidents, mostly after major structural damage has occurred 

or serious errors in ballast control have been made by the crew. 

Deficiencies in the stability criteria as such do not seem to be 

a factor in these accidents. 

Established intact stability standards have developed as a 

result of a long historical process, and seem to have been 
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completely successful in avoiding capsizing of semi-

submersibles when in the intact condition. This success has 

led certain investigators to ask whether established stability 

standards may in fact be too conservative, and may perhaps 

lead to unnecessary costs. [25, 26] noted that the conventional 

area ratio criterion provide a certain level of conservatism. 

Several authors have criticised the fact that the first down-

flooding angle, used in an intact stability analysis, is normally 

defined relative to a still water surface. The angle at which 

openings enter the water will in practice depend on the 

motions of the vessel and of the water surface. ABS [27] 

subsequently developed stability criteria which were intended 

to be more closely related to the physical phenomena; i.e. the 

motions. The new ABS intact stability criteria eventually 

adopted in paragraph 4.6.5 of the IMO Code on Intact 

Stability [20], for a restricted type of units.; as an ‘example’ of 

alternative intact stability criteria. 

3 STATIONKEEPING SYSTEMS 

 General 3.1

The basic systems for station-keeping are: 

 - mooring system, consisting of structural components such 

    as cable/chain, anchors, fairleads, ... 

 - thruster system, consisting of propellers, power 

    transmission, power supply, control systems, ... 

  - tension-leg system, consisting of vertical tubular members 

The systems are made up of a certain number of the basic 

components, which are arranged in different layouts. While 

the former two systems keep the structure in position in the 

horizontal plane, the tension-leg system maintains station in 

all degrees of freedom. A failure of a tension-leg system is 

hence more critical than failure of the former two systems. 

The spread mooring system has been the most commonly 

used mooring system up to now. The turret mooring system 

maintains the horizontal position and orientation of the turret 

by a special mooring system. The structure can rotate freely 

around the turret. 

The use of thruster systems for drilling, accommodation or 

production systems under severe weather conditions has 

primarily been to assist mooring systems. But pure dynamic 

positioning systems have been used for other services and 

under less severe weather conditions than e.g. in the North 

Sea. 

When the thrust system is intact and available, the thrust 

force may be regulated between zero and some maximum 

value, which can be determined theoretically or 

experimentally. However, failure of components (power, 

transmission, control) may lead to failure of the thruster force 

in one or more thrusters.  

The direction of the force is controlled by a steering system, 

which should be available and correctly operated. Reliable 

operation of the steering system is obviously decisive, because 

erroneous operation of this system can even make the thrust 

add to the loading on the mooring system, rather than the 

opposite. Usually, it is distinguished between manual and 

automatic steering system. 

 

 

 Ultimate Limit State 3.2

Limit states for station keeping systems include 

   - serviceability criteria related to offset (which affects 

               loads on e.g. risers) 

   - safety criteria are associated with 

    • failure of one or more components of the 

                             station-keeping system 

    • excessive motions 

    • drift-off (e.g. due to progressive failure of 

                             the mooring system) 

    • mooring-induced capsizing (tripping) 

which are listed in increasing order of importance. 

Failure of individual components in a catenary mooring or 

DP system rarely would represent serious consequences. It is 

the excessive motions or drift-off that represents the largest 

risk, as they, for instance may lead to: 

   - collision between the actual rig and other 

               installations 

   - impacts or wear on pipelines or other subsea 

              equipment, caused by dragging anchors; 

   - blowout, fire or explosion or oil spill; 

   - possible grounding: 

   - failure of risers or bridges, depending upon the  

              activity that takes place 

Obviously, such consequences would depend on the 

operation, the prevailing weather at the time, the number and 

location of other installations, whether the installations are 

manned or not, the availability/reliability of possible active 

actions to control the motions or drift-off, etc. 

Ultimate limit states associated with the strength (and 

flexibility) of the mooring lines (and other components) are 

defined to avoid the failure modes indicated above. The 

strength limit states of mooring lines have normally been 

expressed by the tension, in the following way  

 

                  R − (𝑇0 + 𝑇(𝑄)) ≤ 0                                     (5) 

 

where 𝑇0and 𝑇(𝑄)are the pretension and the tension due to 

environmental actions, respectively. R is the resistance. It 

should be observed that local bending stresses may occur, 

especially in chain links e.g. at fairleads. Some design 

standards indicate that such stresses should be considered in 

the design check.  

The ULS for thrusters in a DP system is based on an 

analogous capacity and demand formulation where the 

capacity is expressed by the propeller thrust.  

 Fatigue Limit State 3.3

Moreover, fatigue criteria in terms of cumulative damage 

based on SN-curves need to be checked. While often SN 

curves in terms of tension has been used in FLS checks, 

possible local bending effects should also be considered. 

However, it should be noted that possible local bending 

effects at the fairlead and anchor, etc., are included in the limit 

state.  
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4 LIMIT STATES FOR STRUCTURES AND 

FOUNDATIONS 

 General 4.1

Relevant limit states for structures are listed in Table 3.  

 

Table 3 Limit states for structural strength 

 
 

Limit states are subject to a systematic and random 

uncertainty. As discussed below, the systematic component 

should be as far as possible be accounted for directly, while 

the random component implies a partial safety (material) 

factor. 

Simplicity in the design formulation implies a reduced 

chance of gross errors. 

It is noted that corrosion normally is not a limit state but 

have an effect on the capacity. However, in connection with 

follow up of structures in operation where a corrosion 

allowance has been assumed, a limit state in terms of residual 

corrosion allowance might be formulated. 

For the ultimate strength limit states considered the capacity 

is obviously expressed by stress or force. However, since 

there might be inherent cracks, the ultimate strength 

determined by numerical analysis, should in principle by a 

certain plastic strain level or in a more simplified manner by 

“equivalent” deformation limits. In experiments the most 

convenient would be observation of cracks or equivalent 

(plastic) deformation. 

 Ultimate strength of structures 4.2

4.2.1 Structural Steel Components 

Marine metal structures are made of beams, stiffened panels, 

shells, and joints. Limit states should, as far as possible, be 

based on strength of materials, elastic buckling formulae, 

plastic limit loads, etc., and appropriately modified to account 

for residual welding stresses and geometrical imperfections, 

and should not be obtained by a pure regression analysis of 

test results. It would also be advantageous that a formulation 

converges to, say, elastic buckling formulae and yield stress 

for very slender and stocky components, respectively.  

Figure 7a indicates various load-deformation (displacement, 

rotation, ovalisation) characteristics for metal components. 

The behaviour depends on the material characteristics (stress-

strain relationship), the geometry and type of loading. 

 A member with ideal elasto-plastic behaviour and no 

significant defects, would exhibit a clear ultimate limit 

(illustrated by the ductile curve). A tensile member with strain 

hardening has got an increased capacity. The tensile capacity 

of a member made of base material may be expressed by the 

net cross section area and the stress: (σy+σu)/2. However if it 

is a welded member there will be initial defects, which might 

increase in size during operation. While for instance mild steel 

might have a strain of 20-30 % at failure, the presence of 

cracks will reduce this limit [28]. In nonlinear numerical 

analysis of the strength this fact may be accounted for by 

introducing plastic strain failure criterion. This becomes 

particularly important where high stress concentration might 

occur. Hence, in connection with the definition of ultimate 

strength of tubular joints, the capacity both when it is based 

on experiments or numerical analyses will be determined by 

assuming a plastic strain limit. In practice the strain criteria 

can be transformed into a deformation criterion. For instance 

joints with brace(s) subjected to axial forces the deformation 

limit in terms of a 0.06 D ovalisation of the cross section has 

been used.  

Figure7b shows load deformation curve for an x-brace 

system where ovalization of the tensile member is caused by 

the compression member in the tubular x-joint. If this action 

level is exceeded under cyclic actions, failure will occur. For 

members in axial compression buckling will limit the capacity, 

and fracture etc. is not relevant and the component will exhibit 

a “brittle behaviour”- see Figure 7a.  

Ultimate limit states may be expressed by parametric 

formula, numerical calculation procedures (e.g., nonlinear 

finite elements), or by testing. Existing component ultimate 

limit states are generally given by parametric formulae in 

terms of stresses, forces or moments; and exceptionally by 

strains, which have been justified by test results. Examples are 

shown by e.g. [29].  

There are significant differences between formulae used in 

different codes for the same failure mode. Hence, there is a 

need to compare and harmonize strength expressions, to 

identify the “best” one. The capacity is governed by “local” 

failure due to buckling collapse of parts of the components. 

A particular issue of concern in connection with buoyant 

marine structures is the definition of ultimate limit states in 

view of conditions where large deformations/strains cause 

local failure/fracture and, hence, possible leakage. “Water 

tightness” may in principle be considered as a separate limit 

state, which may imply a lower limit on deformations than 

dictated by the pure load carrying capacity. Generally, several 

formulations are applied for different limit states. Significant 

efforts would be required to compare existing formulations to 

establish the “best” approach.  

The current availability of accurate numerical methods 

allows determination of the strength on a case basis as well as 

to accomplish systematic studies of complex structures. A 

particular advantage of numerical methods is that the effect of 

each factor can be studied separately. However, numerical 

methods to trace nonlinear behaviour up to collapse are 

susceptible to various sources of uncertainty, including human 

errors of different kinds. It is, therefore, necessary to 

standardize the relevant numerical analysis procedures. It may 

even be necessary to “certify users” and validate results before 

such analyses can be used by designers at large to determine 
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resistances. Up to now, ultimate strength formulations in 

design codes have been established primarily on the basis of 

simple structural mechanics models, with appropriate “knock 

down” factors determined experimentally. Relatively simple 

and accurate formulations are achievable when failure mode 

follow some simple mechanism (buckling, yield hinge 

mechanism, etc.). To achieve such simple failure modes, e.g., 

for complex stiffened, thin walled plates and shells, the 

stiffeners are considered to meet certain assumptions, which 

commonly are conservative. 

 
a) Typical load deformation relations 

 
b) Load-deformation for tubular X-brace [30] 

Figure 7. Metal component behaviour for definition of 

ultimate limit states. 

4.2.2 Structural Concrete Components 

Offshore concrete structures are built up by plates, cylindrical 

and spherical shells as well as joints between such 

components. Their capacity is generally described by the axial, 

bending and shear capacity. For shell structures subjected to 

external pressure, buckling is also of relevance and the 

strength is referred to as the implosion capacity.  

4.2.3 Foundations (soil-structure) 

Limit states need to be defined for various types of 

foundations such piles, buckets, gravity type foundations. 

For pile foundations the following two failure criteria and 

corresponding limit states, are envisaged: 

(1) the capacity of the most heavily loaded pile is exceeded, or  

(2) the capacity of the entire pile system is exceeded after full 

     redistribution of loads among the piles (i.e. fully utilized 

     pile system)  

Obviously, the criterion (2) leads to a higher load capacity. An 

important issue is how the redistribution of load carrying 

among piles take place, i.e. what the load-deformation 

characteristics are, and how large deformation would be 

involved in the redistribution of load carrying. Depending on 

the deformations, utilization of the systems capacity could 

have an effect on conductors which will interact with the 

jacket/piles in transmitting the loads to the seabed. Even if the 

load-carrying effect of the conductors is neglected, the 

deformation associated with the redistribution of loads will 

impose loads on the conductors that need to be considered in 

the design of conductors... Another matter is that the pile soil 

behaviour will have an effect on the forces in the (jacket) 

structure. Hence, it is important to consider the performance 

of the whole system in choosing limit states for the piles. 

There exist several methods for determining e.g. the axial 

capacity of a pile. All of the methods calculate the total 

capacity as [31]:  
Qu = Qtip+ Qskin                                     (6a) 

 where 

                             Qtip=qtipAtip                                          (6b) 

                                                                                                     

                             Qskin= ∑𝑛
1 𝜏𝑠𝑘𝑖𝑛,𝑖𝐴𝑠𝑘𝑖𝑛,𝑖                    (6c) 

 

where Qu is the ultimate pile capacity, Qtip the tip resistance, 

Qskin the skin friction resistance, qtip the unit tip resistance, Atip 

the gross pile tip area (calculated as 0.25∙𝜋∙D2 where D is the 

pile outer diameter), 𝜏𝑠𝑘𝑖𝑛,𝑖 is the unit skin friction resistance 

on pile segment i, 𝐴𝑠𝑘𝑖𝑛,𝑖 is the area of pile segment i, and n is 

the number of pile segments. For sand the material parameters 

are cone resistance, relative density, effective vertical stress 

and effective interface friction angle. For clay the material 

parameters are undrained shear strength, plasticity index, 

overconsolidation ratio, sensitivity, effective vertical stress 

and effective interface friction angle. However, the different 

methods use different material parameters. In addition, other 

factors such as the following need to be considered:  

• Effect of combined axial, lateral and moment loading on the 

  pile  

• Effects of cyclic loading during a severe storm  

  (see e.g. Figure 8) 

• Effect of time after pile installation (ageing)  

• Effects of erosion/gapping at the top of the pile  

 

 
Figure 8. Cyclic degradation of soil. 
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The failure modes (Limit States) associated with gravity 

foundations include soil failure under sliding, and overturning 

(rotation). 

 
        a) Jacket                             b) Tether mooring system 

 

                    c) Catenary chain system 

 

Figure 9. Facilities amendable to systems analysis. 

4.2.4 Structural System Analysis  

Offshore structural systems can be categorized 

- steel structures consisting of relatively slender unstiffened 

  members and  pile foundation 

- structures (in steel or concrete) consisting of large diameter 

  members (stiffened steel panels or shells, concrete plates or 

  shells) – subjected to global and  local pressure loads 

  (typically floating steel structures; fixed or floating concrete 

  structures) 

- Monocoque structures, like ships, made of stiffened steel 

  panels 

The limit states for systems in general need to be specified 

through  

- a global instability limit state (as indicated in Chapter 2, or 

- a set of sequences of component overload or fatigue failures 

  by using a numerical method due to the complexity of the 

  behaviour up to ultimate failure of a system. 

Systems analysis is particularly of interest for systems 

subjected to accidental damage. 

The systems in Figure 9 that consist of slender members, 

are amendable to nonlinear system modelling by a beam-

column model of members or a tensile component, including 

the piles, and a shell or simplified model of the tubular joints, 

recognizing the possible fracture by using plastic strain or 

cross-section deformation criteria. See also comments in 

Section 4.2.2. In this way a true ultimate strength may be 

determined. The basic limit state for this structure is the 

ultimate global load the structure can carry, as shown e.g. in 

Figure7a. For a redundant structure the system strength 

depends upon the component characteristic (Figure 7a), as 

well as the system composition of components. Figure 7b 

shows typical behaviour of jackets under broadside static 

loading. The statically determinate K braced jacket fails in a 

“brittle manner” while the failure mode of the X braced 

structure is more “ductile”, as well as yield a reserve strength 

beyond first member failure. 

However, in this connection the presence of cracks and 

generation of cracks through large elastoplastic deformations 

should be accounted for. In addition redistribution of loads 

carried by different members might imply large displacements 

and hence impose “deformation” loads on risers and 

conductors. This issue will be particularly important in 

situations where the large deformation is concentrated to a 

small area, such as the upper storey without diagonal braces 

subjected to wave-in-deck loads. Unless it is demonstrated 

that the risers and conductors tolerate the imposed loads, a 

displacement limit for the global system needs to be defined 

and adhered to. Alternatively, the acceptability of the further 

consequences should be evaluated (For instance, a blowout 

risk may be controlled by DHSV, etc.). The question for the 

jacket S2 in Figure 10 is whether deformation of 2.5 m can 

have any adverse consequences.  

 
      a)  Load-displacement       b) Layout of jackets S1 and S2. 

           𝑄𝑓𝑓, is the base shear 

           at first member failure 

Figure 10. Global behaviour of jacket structures subject to 

broadside loading [32] 

 

While the ultimate capacity of monocoque structures can be 

determined by FE shell elements, at least if the part that is 

undergoing failure can be limited to a few holds, .it is less 

feasible to do a nonlinear FE analysis of a frame structure 

consisting of large diameter members made up of stiffened 

steel panels or concrete shells. However, if such an analysis is 

conducted, fracture criteria both relating to loss of strength as 

well as flooding of buoyant members, should be considered. 

However, the special case of a floater (drilling platform) 

consisting of large diameter members made of stiffened 

panels and slender braces may be feasible for nonlinear 

analysis if it can be justified that the large diameter members 

would not fail and, hence, is modelled as elastic components 

and the nonlinear material and geometry analysis can be 
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focused on the braces and possibly the girder/truss in the deck 

structure.  

 Fatigue strength 4.3

Fatigue is a very local phenomenon, influenced by local 

geometry and weld defects induced by the fabrication process. 

In welded metal structures cracks normally start from 

fabrication weld defects with a depth of say 0.1mm. Cracks 

are driven by cyclic, stresses. Given an adequate inspection 

method and time, cracks can be detected and repaired. The 

mean detectable crack depth in Non-Destructive Examination 

is in the range 1-2 mm; while for Close visual inspection the 

mean detectable crack depth is 10-20 mm. This means that the 

weld quality cannot be completely ensured by inspection at 

the fabrication stage. Moreover, if cracks are not detected, 

they may reach a critical size and lead to fracture. Usually we 

differentiate between initiation, stable growth and unstable 

growth (fracture) of cracks, see [33, 34].  

Cracks propagate in different ways depending upon the 

geometry. The jacket platform and ship represent two extreme 

cases. In a framework structure like a jacket the crack growth 

occurs in discrete joints and cause member failure. 

Subsequent failure may be ultimate or fatigue failure. In a 

monocoque ship structure a single crack can cause global 

failure by fracture. The definition of fatigue failure criterion 

implied in SN curves is visible crack; through thickness crack; 

or member failure. For plated joints with relevant plate 

thickness is applied while the width is small. In this case the 

difference between fatigue lives according to the various 

definitions is not large. However, for steel plated joints in a 

monocoque ship structure, the joint is surrounded by much 

material and the difference between fatigue lives according to 

the various definitions is large. Tubular joints are tested as 

model scale tubular joints and the crack growth differ 

significantly from that of plated joints (Figure 11). This 

implies also significant differences between the lives defined 

according to different criteria. 

 

 
a) Jacket            b) Crack propagation in tubular K joint 

Figure 11.   Crack behaviour in a jacket tubular K-joint. 

 

High cycle fatigue criteria in design codes are typically 

expressed by SN curves; that is constant amplitude loading. 

Final fracture depends on the crack size and the load level. 

When the load is random, failure could occur at different 

crack sizes depending on the actual load level. In principle 

there is therefore an interrelation between fatigue and ultimate 

limit states. This is particularly an issue for tubular joints. For 

practical purposes it is therefore convenient to define both 

fatigue failure (under constant amplitude loading) and 

ultimate strength of the relevant components to limit this 

interaction and hence for separate FLS and ULS design 

checks.  

Low cycle fatigue occurs in connection with severe cyclic 

loading causing repeated plastic deformations. This limit state 

has been of concern in connection with the low cycle variation 

of cargo loading on merchant ships ([33]) and ULS check of 

jacket structures under wave loads on a damaged structure to 

complement a nonlinear pushover analysis – in which the 

plastic capacity is utilized. The limit state for low cycle 

fatigue assessment is formulated as a numerical procedure 

with cyclic load history and modelling features of structure in 

[35].  

As an alternative to empirical SN data, a fracture mechanics 

may be applied to formulate the fatigue limit state. Usually we 

differentiate between initiation, stable growth and unstable 

growth (fracture) of cracks. Fracture mechanics provide 

models for determining the two last stages by Paris Erddogan 

and CTOD/FAD methods, respectively [33] while the crack 

initiation time needs to be based on empirical data. While the 

fracture mechanics approach provides a tool for describing the 

development of cracks more in detail than the SN approach, it 

also requires more data, such as e.g. the initiation of crack size 

which are uncertain. However such data are implicit in SN 

data. Therefore fracture mechanics models should be 

calibrated against SN-data (e.g. [36]). 

  Effect of deterioration on ultimate failure 4.4

As indicated above fabrication defects might propagate in 

structures and lead to cracks that will reduce the ultimate 

strength. So will possible corrosion do. Similarly, cyclic 

loading on soil will lead to change of stiffness and strength 

and hence affect the ultimate strength. This degradation 

phenomena need to be accounted for by the definition of 

relevant limit states.  

5 ROBUSTNESS AND LIMIT STATES FOR 

PROGRESSIVE FAILURE 

 General 5.1

Robustness or damage (fault) tolerance are desirable features 

of structures as spelled out in motherhood codes for 

structures, like [1-3, 37]. However, the formulations in these 

standards to a large extent reflect civil engineering practice. 

See also [38]. Even if the notion of robustness is not explicitly 

used in connection with buoyancy and (rigid body) stability of 

floating structures, it is also a most desirable feature in this 

connection [21]. 

For instance [3, 37, 39] describe robustness as “the ability 

of a structure to withstand events like fire, explosions, impact 

or the consequences of human error without being damaged to 

an extent disproportionate to the original cause”, thereby 

linking it explicitly to the concept of disproportionate collapse 

while recognising that total collapse is an acceptable outcome 

from a gross hazard. However, this issue needs to be resolved 
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by introducing more specific requirements relating to the 

probabilities of the scenarios in question. Sometimes, 

structural robustness is used to describe that the structure is 

insensitivity to local failure, in which modest damage 

(whether due to accidental or malicious action) causes only a 

similarly modest change in the structural behaviour; i.e. 

without referring to the disproportionate consequences. It is 

noted that the [40] states that accidents, misuse or sabotage 

are normally unforeseeable events and does not provide 

specifications on such actions nor design approaches. 

However, in a commentary to the ASCE standard it is 

recommended to limit the effects of local collapse – in a 

similar manner as in the other standards mentioned above.  

The current version of [2] refers to a simplified version of 

the definition mentioned above, namely “the ability of a 

structure to withstand accidental and abnormal events without 

being damaged to an extent disproportionate to the original 

cause”, 

The definition of robustness implies or is synonymous with 

damage (or, generally fault) tolerance; i.e. that the damage 

should not escalate or progress into more serious 

consequences. 

Moreover, damage tolerance is a crucial property for 

deteriorating structures to ensure the necessary safety when 

relying upon monitoring or inspection to detect cracks or 

corrosion damage, etc., and initiate the necessary remedial 

actions in case damage is detected. The cited definitions of 

robustness do not reflect this feature. 

A Design, Inspection and Monitoring, Maintenance and 

Repair (DIMMR) approach is a fail-safety approach as 

opposed to safe-life design approach which aims at a low 

failure probability in the service life by design (and 

fabrication quality). The latter approach is typically used for 

systems that are difficult to inspect/repair of imply severe 

failure consequences. But the effect of IMMR depends upon 

the quality of inspection as well as the time required for 

repair. Hence, an inspection and repair measure can contribute 

to the safety only when there is a certain structural damage 

tolerance. This implies that there is an interrelation between 

design criteria (fatigue life, damage tolerance) and the 

inspection and repair criteria, see e.g. the comparison of the 

API and NORSOK fatigue design criteria for jackets with 

reliability based criteria in [6]. While the initial IMMR plan is 

made at the design stage, it is updated depending upon 

findings during inspections. DIMMR approaches were 

initially developed in the aerospace engineering (e.g. [41-43]), 

and nuclear engineering, but is now common practice in 

offshore engineering. However, the importance depends on 

environmental conditions, etc. 

The focus on damage tolerance has especially been related 

to accidental actions – i.e. fires, explosions, vehicle impact for 

civil engineering structures. For offshore structures the 

considerations need to be extended to involve: ship collisions, 

dropped objects, abnormal ballast conditions and flooding due 

to structural damage or faulty pipes/valves, pumps, etc., or 

ballast operations. Moreover, it is necessary to include 

damage due to human errors in manufacturing or operation. 

Typical examples would be damage in terms of failure of 

mooring lines, failure of a slender brace in semisubmersible 

drilling rig (due to ship impacts, fatigue failure, e.g. [5]). 

To conclude the discussion about robustness and damage 

tolerance it is necessary to define the concept to cover  

- marine systems where relevant instability/capsizing and 

  structural failure modes are considered 

- damages caused by other phenomena than accidental loads  

 (caused by operational errors); namely abnormal strength 

due 

  to fabrication errors, etc Such damage needs to be assessed 

  based on experiences. A typical example is the failure of 

one 

  (or more) mooring line(s) or thrusters in DP systems. 

- deterioration phenomena in view of fail-safe design 

  approaches. 

On this basis the following definition is suggested: 

“the ability of a structure to limit the escalation of accident 

scenarios (floating positions; or structural damages - caused 

by accidental actions and abnormal strength due to fabrication 

or deteriorating phenomena - into accidental conditions with a 

magnitude disproportionate to the original cause”  

Some efforts have been made to establish measures of 

robustness, e. g by [44, 45]. These kinds of measures are 

interesting but in practice a more explicit limit state – ALS or 

PLS - for verifying the damage tolerance is found to be more 

useful. Before presenting this approach, it is useful to place 

robustness issues in a perspective, by considering two 

accidents. Figure 12 shows the Ranger I jack-up in the Gulf of 

Mexico. One leg failed due to fatigue and the deck heeled. For 

such a system the overall reliability has to be ensured by 

adequate reliability of each leg. A second example is shown in 

Figure 12b. This is the Alexander Kielland platform. The 

brace D-6 failed due to fatigue and the other 5 braces 

connecting the column D to the platform failed in .condition 

with 6 – 10 m high waves. In the two mentioned accidents a 

failure of a member leads to catastrophic events. But, 

robustness is not necessarily synonymous with “redundancy”. 

Consider for instance the single column platform shown in 

Figure 12c. Clearly this structure does not score highly in 

terms of redundancy. However, for relevant damage 

scenarios, the reserve capacity of a thick-walled large 

diameter concrete column, after relevant damage scenarios, is 

.significant.  

The ALS check is directed towards avoiding global 

collapse, but also failure of safety systems like evacuation/ 

escapeways which are crucial for limiting failure 

consequences in terms of fatalities. 
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a) Ranger I 

    GoM 

        1979                                                                                                                                               

 

 

 

 

 
b) Alexander L. Kielland, NCS, 1980.Dashed red 

lines indicate members that were not included in the 

design. 

 

 
a) RC column 

Figure 12. A perspective on robustness of offshore systems. 

 

 Design to prevent progressive collapse 5.2

5.2.1 General 

While robustness or damage tolerance have been specified as 

desirable properties of structures or engineered systems in 

general for decades, there have been limited explicit criteria 

on how to implement such criteria in practice.  

Accidental Collapse Limit State (ALS) criteria are introduced 

to limit the corresponding residual risk i.e. to prevent 

progressive failure. The basic principle relates to the fact that 

accidents develop in a fault sequence of events and it becomes 

important to establish a barrier to stop the escalation of the 

accident. This goal could be achieved by (e.g. [1]) by either of 

the following approaches 

-    designing the structure locally to sustain accidental actions 

and other relevant simultaneously occurring actions. (key 

element design); i.e. a quantitative “ULS” approach for 

designing elements, the removal of which would lead to a 

collapse defined as disproportionate, for an accidental load 

case. This is a component design check. This method will 

normally imply higher structural costs than the systems 

approach outlined below since all parts of the structure 

that can be subjected to accidental actions, need to be 

designed for such actions. 

- designing the structure by accepting local damage but 

require the damaged structure to survive relevant actions 

(alternate path design). The relevant damage may be 

obtained as the effect of accidental actions. Systematic 

experiences from such analyses may serve as basis for 

specified damage conditions, representative for a certain 

industrial environment. In addition, “damages” implied by 

fabrication errors need to be considered. Such damages 

normally need to be specified by judgement. This will be a 

system design check. 

- Designing the structure to meet robustness requirements 

through (prescribed) minimum levels of ductility, 

continuity and tying (Tie-force based design methods): 

Clearly, all these approaches are applicable to structural 

integrity. In practice the first two methods are implemented. 

The third method, however, relating to ductility and continuity 

is also crucial in making the second method work.  

The first method is, by its character, only applicable for 

structural strength. It is noted that the Eurocode refers to this 

method as a ULS check in a similar manner as for other loads; 

i.e. with a set of load combination scenarios involving 

accidental events. 

The current version of ISO 19900 does not clearly present 

the second method either. This fact implies in a way that the 

first method which is close to the conventional ULS method, 

should be applied. 

This could work well for e.g. explosion actions and dropped 

objects. It is more difficult to see how it can be applied in case 

of fire and ship impact scenarios. The combination of an 

(accidental) fire action – primarily implying a strength 

reduction, and other actions, with appropriate action and 

resistance factors, could be used. In connection with the limit 

state relating to ship impact, both strength and puncturing of 

components which is important for maintaining buoyancy, 

should be considered. One (conservative) approach could be 

to use a strength design philosophy for ship impacts (i.e. with 

energy absorption in the ship), see Figure 13, respectively. 

 
Figure 13. Ship impact design principle based on relative 

energy sharing between ship and installation [46]. 

 

However, the first method does not seem to allow for account 

of damage tolerance for situations where the damage cannot 

be established based on accidental actions but is specified 

based on experience, such as for station-keeping systems. 

Moreover, it is not applicable for damage tolerance checks 

relating to (rigid body) instability.  

Strength

design

Shared-energy

design

Ductile

design

Relative strength - installation/ship

ship

installation

E
n

e
r
g
y
 d

is
s
ip

a
ti

o
n

428



The 3
rd

 Offshore Structural Reliability Conference  

OSRC2016 

14-16 September, Stavanger, Norway 

 
The second method was initially made a regulatory 

requirement in [14] and is currently specified in NORSOK N-

001 [47]. It is applied to ensure damage tolerance in view of 

global structural, mooring a foundation failure as well as 

instability see Figure 14. The damage is to be determined by a 

risk assessment. 

 

 
 

Figure 14. ALS design check for different failure modes. 

 

 
Figure 15. Accidental Collapse Limit States for different 

global failure modes, considering accidental (A), 

Environmental (E),.functional (F) permanent (P) actions. 

 

The structural integrity criterion in NORSOK N-001 is 

expressed by a two-step procedure as illustrated in Figure 15, 

based on characteristic actions and resistances. The first step 

is to estimate the initial damage due to accidental actions or 

damage conditions (caused by human error) with an annual 

exceedance probability of 10−4. This exceedence probability 

refers to accidental events on the whole platform and needs 

interpretation, as discussed by [15]. The second step is to 

demonstrate that the damaged structure resists relevant 

functional and environmental actions with a characteristic 

value depending on their correlation with the event initiating 

damage – without global failure. The characteristic resistance 

value used for steel is defined as a value exceeded with a 

probability of 95%. Load and resistance factors for steel 

structures are taken to be 1.0 in these design checks.  

The NPD/NORSOK approach is applicable to the other 

failure modes, like rigid body instability, station-keeping 

system failure. 

Moreover, the potential influence of human errors on 

fatigue failure needs to be accounted for partly by ALS design 

check but also in the IMMR. Moreover, a large fatigue design 

factor (FDF) will be an efficient risk control measure since it 

will reduce the stress level and hence crack growth rate and 

give more time for detecting and repairing cracks. 

To estimate damage, i.e. permanent deformation, rupture, 

etc., of parts of the structure, nonlinear material and 

geometrical structural behaviour need to be accounted for. 

While in general nonlinear finite element methods need to be 

applied, simplified methods, e.g. based on plastic mechanisms, 

are developed and calibrated using more refined methods, to 

limit the computational effort required. 

A particular issue is how the accidental actions or damage is 

determined; e.g. prescribed or based on risk analysis. Risk-

analysis for offshore facilities is outlined e.g. by [48]. 

However, it should be noted that extensive experiences with 

accidental actions for typical platforms have lead to specific 

actions [15]. 

Often it is suggested to ensure robustness by redundancy 

considerations; e.g. require survival after removal of 

individual components. However, the component can mean a 

15 m diameter concrete cylinder with a wall thickness 

exceeding 0.5 m, a stiffened steel cylinder with plate thickness 

in the range 20-40 mm., a an unstiffened steel cylinder with 

diameter and plate thickness of 2 m and 30 mm, respectively 

and a chain or steel wire with diameter 100 mm. Clearly, the 

vulnerability of such components vary. Moreover, it varies 

with the location of the component relative to the spatial 

variation of the hazards. The damage in many cases will not 

be a failure but partial failure of a component. These facts 

suggest use of a rational approach based on risk assessment. 

But also in this connection experiences should be used to 

specify damage conditions. The damage for floating structures 

would have to refer to its effect on structural integrity as well 

as floating ability/stability. In connection with stability a risk 

assessment approach will be an extension of the conventional 

method based on prescribed flooding of 1 or 2 compartments 

since the damage will depend on the material and layout of the 

structure and also account of all hazards causing flooding, 

including error in ballast operations. Moreover, it is noted that 

damage to the “submerged” parts of a floating structure, leads 

to a change of the floating position which hence will influence 

the wave and current actions on the structure.  

Another issue is how normal uncertainties are dealt with. 

More sophisticated probability-based approaches in which 

some sort of quantitative or semi-quantitative model is 

constructed are now being developed. These typically seek to 

establish a given level of reliability in the structure, i.e., to 

demonstrate that the probability of failure is less than some 

defined threshold. Such methods are not currently 

implemented in codes and standards, although [39] does 

contain an annex which sets out a probability-based 

framework which may be used if required. 
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Clearly, catastrophic accidents might be caused by extreme 

environmental and any type of actions. The different criteria 

need to be balanced with respect to a defined acceptable risk 

level. For instance, the initial ALS criteria, based on 

accidental actions with an annual exceedance probability of 

10−4 were said to imply a probability of total loss of 10−5. 

The question is also what kind of consequences an action with 

probability 10−5 will cause. 

Moreover, a large FDF will be an efficient risk control 

measure since it will reduce the stress level and hence crack 

growth rate and give more time for detecting and repairing 

cracks. 

Finally, it is noted that ISO 19900 refers to Accidental 

Collapse Limit State (ALS) for the limit state in question. 

When it first was introduced (by NPD) it was called 

Progressive collapse Limit State (PLS). The name should 

reflect the content. Currently, the intention of ALS is to 

- prevent escalation of an accident (damage) essentially 

caused by human errors resulting in accidental actions or 

abnormal resistance or deterioration of resistance 

- ensure an acceptable risk level relating to functional 

and environmental actions 

The main issue here is to achieve an acceptable risk level. In 

the following I would refer to probability values used by NPD 

(now NORSOK N-001 [47]), but other values might be used 

in other regulatory regimes. When the formulation was 

introduced in NPD [14] with accidental actions referring to an 

annual exceedance probability of 10−4 , an implied annual 

probability of total loss of 10−5 associated with each hazard, 

was intended [5]. This is the basis for the first part of the first 

intention – relating to accidental actions and damages. The 

second part of the first intension materialized by relating the 

fatigue design criteria to the consequence of fatigue failure; i.e. 

making the FDF dependent on whether the structure satisfied 

ALS criteria or not after fatigue failure of relevant “member” 

(in this connection it should be noted that there could be a 

difference in fatigue failure (through thickness crack) versus 

member failure. (It is noted that the consideration for 

monocoque structures - like ships - would be different since a 

crack might be propagating until final hull girder rupture).  

The second intention appeared partly because it could be 

considered a special case of the two step ALS approach where 

the environmental actions with a probability 10−4 is used in 

the first step and omitting the second step because it refers to 

the same environmental loads but with a lower magnitude. 

Another important issue is that a consistent way of 

determining wave actions should be based on the relevant wet 

structure. Then there will be a significant difference between, 

say, the 10−2 and the 10−4 wave action – especially in view 

of wave-in-deck, depending on air-gap requirements applied. 

However, action factors and analysis methods to demonstrate 

compliance are also different.  

It is clear that PLS would be a better term for the limit state 

with the first intention mentioned above criteria. For the 

second intention PLS could probably be justified by the fact 

that the documentation of “survival” in the second step might 

involve a development of global failure by gradual 

“component failures”.  

5.2.2 Analysis methods for determining the accidental 

damage and resistance for the damaged system 

To demonstrate compliance with ALS requirements 

calculation of the damage due to accidental actions as well as 

the ultimate capacity of a damaged structural system is needed. 

To estimate damage, i.e. permanent deformation, rupture etc. 

of parts of the structure, nonlinear material and geometrical 

structural behaviour need to be accounted for. Dynamic 

effects may be of importance for explosions and ship impacts. 

Recent advances in computer hardware and software have 

made nonlinear finite element analysis (NLFEM) a viable tool 

for assessing damage and system resistance for steel structures. 

Examples of general purpose computer codes, which have 

been used widely are ABAQUS, ANSYS and LS_DYNA. 

Specialised software is available for particular tasks.  

Simplified methods based on plastic analysis often provide 

fast and amazingly accurate estimates of the damages caused 

by accidental actions on steel structures (e.g. NORSOK N-004 

[46]) and are especially useful in early design for screening 

purposes. In particular cases where simplified methods have 

not been calibrated, nonlinear time domain analyses based on 

numerical methods like the finite element method should be 

applied. 

In finite element analyses of collisions a careful choice of 

mesh is required in order to obtain accurate results, especially 

for components deforming by axial crushing. A major 

challenge in NLFEM analysis is prediction of ductile crack 

initiation and propagation. This problem is not yet solved. 

Crack initiation and propagation should be based on fracture 

mechanics analysis, using the J-integral or Crack Tip Opening 

Displacement method rather than simple strain considerations. 

The simplest approach to the problem is to remove elements 

once the critical strain is attained. This is fairly easily done in 

an explicit computer codes to treat the transient dynamic 

problem, because there is no need to assemble and invert the 

effective system stiffness matrix. However, deleting elements 

disregards the fact the large stresses can be maintained 

parallel to the cracks. An improved modelling is to introduce a 

double set of nodes such that the elements are allowed to 

separate once the critical stress is attained. A drawback with a 

double set of nodes is that the potential location of cracks 

needs to be defined prior to analysis. 

The assessment of the true ultimate strength of the global 

structure requires nonlinear system analysis. Such an 

approach has been developed and validated for framed 

structures consisting of slender members. However, a 

particular challenge is the nonlinear behaviour of the tubular 

joints. Hence it is also important not only to check the 

capacity in a pushover mode but also carry out analysis with a 

representative cyclic storm loading [49]. Even if general 

purpose nonlinear FE methods might be used to deal with the 

ultimate structural behaviour of platforms with large diameter 

columns and pontoons and ships, limited efforts have been 

devoted to such analyses, partly because global strength is not 

as critical as local damage causing flooding and instability of 

such structures. 

Compliance with the global strength requirement of the 

damaged structure can in some cases be demonstrated by 
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removing the damaged parts, and then accomplishing a 

conventional ULS design check, based on a global linear 

structural analysis and ultimate strength checks of components. 

Such methods may be very conservative, especially for 

damaged structures. Fixed platform analyses are carried out 

by modelling the pile-soil behaviour by equivalent linear or 

nonlinear concentrated springs or, distributed springs along 

the piles, or continuum (finite element) model that represent 

stiffness and foundation, capacity, appropriately using the 

material properties in the different soil layers. Soils exhibit 

nonlinear behaviour, even at low load levels, which needs to 

be accounted for. Software dedicated for progressive collapse 

analysis of frame offshore structures have also been 

developed, e.g. USFOS and SACS [50].  

CONCLUSIONS 

General 

As an introduction the framework for safety management of 

offshore structures is outlined in terms of a life cycle approach 

involving design (including planning of fabrication and 

operation), and QA/QC in all phases and especially inspection 

and monitoring during fabrication and operation. The focus 

herein is on formulation of limit states for all relevant failure 

modes that facilitate a basis for serviceability and safety 

criteria for design and follow-up during operation. Limit states 

are used together with characteristic values or probabilistic 

models of actions and resistance variables to obtain a measure 

of safety in the design. The definitions of characteristic values 

or probabilistic models can vary between jurisdictions and are 

not pursued in this context. 

The following types of limit states are currently used:  

- ultimate and progressive development instability of rigid 

bodies (ULS, ALS1); as well as  

- ultimate, fatigue and progressive failure limit states (ULS, 

FLS, PLS –ALS for structures and station-keeping systems 

is summarized. In particular the background for robustness 

or damage tolerance requirements is highlighted and how 

limit states can be formulated in terms of ALS criteria.  

Efforts to establish measures of robustness are briefly 

commented upon. Such measures have been established for 

jacket structures e.g. in terms of a deterministic measure based 

on the ratio of the global strength with and without damage. 

For a given structure it will then be a conditional measure 

depending on the magnitude and location of damage as well 

as the spatial action variation. This kind of measures are 

interesting, but in practice a more explicit limit state for 

verifying the damage tolerance is discussed herein.  

 

Considerations for ISO 19900 

The following aspects are important to consider in the revision 

of ISO 19900: 

Limit states should preferably  

- be based on structural mechanics theoretical formulations 

(not pure regression to data) 

- explicitly contain the parameters of influence 

- have as a small (random) model uncertainty as possible 

- be as simple as possible 

- be feasible to analyse. 

Current safety limit states include ULS, FLS, and ALS. It is 

suggested to keep these limit states; i.e. not only refer to ULS 

only for safety. As outlined below the limit states can be made 

more precise. .Moreover, it is suggested to reconsider the term 

accidental collapse limit state in view of the alternative: 

progressive failure limit state (PLS) (as it was initially called 

when introduced by NPD). Moreover it is important to 

harmonize the criteria for instability of floating structures with 

the structural engineering approach; and especially the 

implied risk level – which is beyond the scope of the present 

study. In this connection it needs to be recognized that both 

ISO and IMO have interest in establishing design codes for 

floating structures.  

Stability limit states are formulated in terms of forces or 

actions only and involve 

- Overturning of a rigid body resting freely on the seabed or 

the structure 

- Instability (capsizing) of floating structure (with catenary 

mooring or Dynamic Positioning) 

- Stability of tension-leg platform (slack or failure of tethers)  

The fact that stability criteria are expressed by actions implies 

that partial (action) factors need to be larger and smaller than 

1.0 if they are unfavourable and favourable, respectively. 

It is noted that the framework for floating structures differ 

from structural strength. However intact and damage stability 

requirements correspond to ultimate and accidental collapse 

limit states, respectively. 

It is noted that there is a connection between deterioration 

phenomena and ultimate failure – for structures and soil. This 

fact needs to be observed when defining the respective limit 

states for ULS and FLS for structures and ULS for soils.  

Ultimate strength formulations for structural components 

are determined by experiments and numerical analysis. The 

limit state for strength is based on strength, but plastic strain 

or equivalent cross-section deformation criteria should be 

accounted for since these conditions might imply cracks that 

can propagate due to fatigue. This issue is particularly 

important for tubular joints. 

Similarly, fatigue limit states (based on SN data obtained by 

constant amplitude testing) should be based on a conservative 

failure criterion – due to the risk of premature fracture due to 

overload in a real random loading condition. Obviously, the 

considerations of ULS and FLS limit states need to be 

balanced.  

As an alternative to the SN-method crack development 

might be modelled by fracture mechanics, in which the initial 

crack size is based on empirical data while the stable growth 

and final rupture is modelled by fracture mechanics. Due to 

the uncertainty of the data, especially the initial crack size, the 

fracture mechanics approach needs to be calibrated against the 

SN data for fatigue failure, which are obtained in laboratory 

tests of specimens with full scale thickness and somehow 

represent the true physical behaviour up to fatigue failure. 

The common definition of fatigue failure refers to a visible 

or through the thickness crack and that there is a reserve crack 

growth between this limit state and a state corresponding to 

member failure, and especially ship hull girder failure. On the 

other hand, in large monocoque structures there will be 

multiple crack sites that can lead to coalescing cracks.  
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The limit state for individual piles refer to its ultimate 

capacity based on skin and tip resistance, which depends on 

the effect of cyclic actions during a severe storm, time since 

pile installation and erosion/gapping at the top of the pile. 

Alternatively the limit state might be based on the capacity of 

the entire pile group – assuming sufficient 

“ductility”/compliance that a fully utilized capacity can be 

developed. Moreover, it is then important to ensure that the 

redistribution of loads between piles can occur with limited 

deformations, which could impose actions on e.g. the jacket or 

conductors. Anyway, a global model including the structure 

and pile foundations needs to be used in this analysis. 

The ultimate capacity of the supporting structure is of major 

importance. To estimate the ultimate capacity a nonlinear 

material and geometrical analysis is desirable. Such methods 

are already in use for framework platforms consisting of 

slender members (jackets, jack-ups) and pile or bucket 

foundations. In order to represent the global ultimate limit 

state it is important that this analysis is based on a consistent 

nonlinear model for the structure and the pile-soil foundation 

as well as reflects the following features that will affect what 

should be considered as the ultimate capacity: 

- local buckling of members, fracture in tubular joints 

- global deformations that can impose deformation actions 

  on e.g. risers, conductors 

When the ultimate capacity is utilized by accounting for 

elasto-plastic effects to accommodate redistribution of load 

sharing between components, it is also important to validate 

the global limit state by a “low cycle”/shakedown analysis for 

a storm condition. 

Regarding limit states for individual mooring lines ultimate 

and fatigue limits refer to “member” failure expressed by the 

line tension. Experiences show that local effects at fairlead, 

anchor, etc., need to be more explicitly accounted for. 

In connection with the global or system limit state, 

robustness and damage tolerance are important features. 

Emphasis is placed on establishing a general procedure 

applicable for the hull and mooring system, considering 

failure modes involving structural strength and rigid body 

stability. Damage stability requirements were introduced for 

ships in the SOLAS Convention in 1948 after a lengthy 

process catalysed by the Titanic accident in 1914, and 

appeared in the first codes for floating platforms around 1970, 

explicit damage tolerance criteria for buildings were 

introduced after the Ronan Point accident in 1968. Damage 

tolerance criteria for the strength of hull structures and 

mooring lines were introduced after the Alexander Kielland 

accident [16] in 1984. 

The following three approaches are commonly proposed to 

provide robustness in terms of structural strength:  

- Designing the structure locally to sustain accidental 

actions and other relevant simultaneously occurring 

actions. (key element design); i.e. a quantitative “ULS” 

approach for designing elements, the removal of which 

would lead to a collapse defined as disproportionate, for an 

accidental load case. This is a component design check.  

- Designing the structure by accepting local damage but 

require the damaged structure to survive relevant actions 

(alternate path design). The relevant damage may be 

obtained as the effect of accidental actions or prescribed 

on the basis of experiences. The Accidental Collapse 

Limit State (ALS) is intended to represent this approach. 

- Designing the structure to meet robustness requirements 

through (prescribed) minimum levels of ductility, 

continuity and tying (Tie-force based design methods): 

The third method is in a way implicit the first two methods. 

The second method is the most general and is actually also 

used for damage stability check of floating platforms and 

station-keeping systems. The first method can be applied for 

explosion actions but is more difficult to implement for e.g. 

fire and ship impact scenarios, but is normally expected to be 

conservative.  

An important issue in connection with this ALS method is 

how the damages – with respect to strength and leak into 

buoyant components - are determined, especially to which 

extent risk assessment methods are applied. Sometimes, 

failure (removal) of a component (member) is used as damage. 

Obviously this is a simplistic approach not generally 

applicable for components that vary from thick.-walled, large 

diameter RC cylinders to steel wire for mooring lines. Often 

the damage is partial.  

The second method is not explicitly formulated in the 

current ISO 19900 and there is limited reference to rigid body 

stability. 

Regarding the mooring or DP system both strength and 

drift-off/motion limits are relevant. 

Finally, it is recommended to reconsider the definition of 

the following terms: Accidental vs. progressive collapse Limit 

State; Action classification (depending on source, probability 

or occurrence, etc.), Damage tolerance; Robustness; 

Vulnerability. 
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ABSTRACT: Uncertainty assessment is generally the responsibility of code writers as the challenge to quantify these can be 

complex. The policy of ISO/TC 67/SC 7 in preparing its suite of offshore structural standards was to minimise the extent to 

which users would need to conduct such assessments. At present, ‘uncertainty’ is not defined in ISO 19900, however, its main 

superior standards, ISO 2394, not only defines uncertainty but also devotes an entire clause to its representation and modelling. 

However, a critique of ISO 2394 reveals that it works at a more basic level than is commonly practiced on offshore structures. 

Some suggestions are made for the supplemental information and guidance needed in ISO 19900 in order that ISO 2394 can be 

exploited for offshore structure application. Sources of structural strength uncertainty are identified and some relevant values 

listed covering fixed and floating structures: they primarily address steel structures in non-arctic environments. The effects of 

gross errors are discussed and many arise from non-structural subsystems: some of these are identified. Robustness is seen as 

one way of dealing with gross errors and ISO 2394 seems to provide some useful measures of these. For the proposed 

ISO 19900 annex on Uncertainty Assessment, a possible list of contents is detailed. 

KEY WORDS: Uncertainty; modelling uncertainty parameters: fixed steel structures; floating offshore structures; gross errors; 

robustness. 

1 INTRODUCTION 

Uncertainty assessment is generally the responsibility of code 

writers as it can be challenging to undertake. The policy of 

ISO/TC 67/SC 7 in preparing its suite of offshore structural 

standards was to minimise the extent to which users would 

need to conduct such assessment. This was not because they 

were not necessarily capable of so doing but more because 

such undertaking is not well documented or otherwise 

standardised even amongst code writers so that appropriate 

guidance for users is not readily available. ‘Uncertainty’ is not 

presently defined in ISO 19900 [1]: it only appears 12 times in 

the document. However, its main superior standard, ISO 2394 

[2], not only defines uncertainty (3 times) but also devotes an 

entire clause to its representation and modelling. Much of this 

is directly relevant to offshore structure uncertainty 

assessment but it is working at a simpler or more basic level 

than is commonly practiced on offshore structures. There is 

thus a need for ISO 19900 to supplement the information and 

guidance given in ISO 2394 with advice more directly 

relevant to offshore structure application, and with possible 

examples. 

Uncertainty assessment is an essential ingredient in SRA 

(Structural Reliability Analysis). Uncertainty is normally 

defined in terms of a mean or bias value, a standard deviation 

or coefficient of variation (COV) and a distribution. 

2 CRITIQUE OF ISO 2394 

2.1 Introduction 

For convenience, a summary of the contents of ISO 2394 

Clause 6 “Uncertainty Representation and Modelling” is 

included here as Annex A. 

2.2 Interpretation of Clause 6 for ISO 19900 application 

Much of Clause 6 is directly relevant to ISO 19900 series of 

standards but offshore practice differs not insignificantly in a 

number of particular instances. 

ISO 2394 treats environmental including seismic actions, if 

frequent, as variable actions with the obvious consequence 

that they both attract the same partial action factor. ISO 19900 

treats environmental loading as a hazard although, 

surprisingly, does not treat gravity loading as a hazard 

despite the fact that gravity loading has “the potential to cause 

any, or all, of human injury, damage to the environment, and 

damage to property” [ISO 19900 definition 3.24] and is 

treated as a design situation [3.17] “for which the design 

demonstrates that relevant limit states are not exceeded”.  

A simple comparison is presented in Table 1 of ISO 2394 

and ISO 19900 combined action factors when classing 

environmental loading as a variable action, as in ISO 2394, or 

as a separate class, as in ISO 19902 and using the default 

value of ISO 19902 environmental action factor. The design 

situations assume equal proportions of permanent and variable 

loading (G) combined with environmental loading (E) in the 

proportions listed in column 2 of the table. 

Table 1. Comparison of ISO 2394 and ISO 19902 combined 

action factors. 

Design situation G:E ISO 2394 ISO 19902 

Operating condition 0.8:0.2 1.42 1.36 

Extreme condition 0.2:0.8 1.10 1.30 

 

In this simple example, the ISO 2394 extreme combination 

is unrealistic but the operating condition combination gives 

Uncertainty Assessment in ISO 19900 
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some indication of the effect of using the ISO 2394 versus the 

ISO 19900 classification of environmental loading. 

ISO 2394 classes infrequent earthquakes as accidents but 

not infrequent metocean actions, i.e. it has no abnormal action 

category, in contrast to ISO 19900. 

The ISO 2394 Clause 6.4 treatment of model uncertainty 

seems unnecessarily complicated in that, for each basic 

variable, which in itself is characterised probabilistically, 

another variable is introduced at Equation (7) to account for 

the uncertainty which is also to be characterised 

probabilistically. Surely if the basic variable is correctly 

defined in statistical terms, which will account for any 

inherent uncertainty, there is no need a second variable to 

perform the same function. An inference here might be that 

the basic variable is no longer characterised probabilistically. 

What Clause 6.4 does not do and, which is common practice 

in SRA, is to introduce a modelling uncertainty parameter 

(often designated Xm) which acts on the entire model usually 

independently of any of the basic variables. This Xm is then 

characterised probabilistically by comparison with appropriate 

data. Within such a SRA, some of the basic variables can still 

be treated as random but many are treated deterministically 

basic on the experience of findings of many such SRAs. 

The evaluation of experimental results is described in 

ISO 2394 at Sub-clause 6.5 and Annex C while it is covered 

in ISO 19902 at A.7.7.2. For those not overly familiar with 

ISO 2394, they are likely to find Sub-clause C.5 Direct 

evaluation of the test results C.5.2 Partial factor design 

challenging. On the plus side, it is effectively a reproduction 

of the corresponding sub-clause in the 1998 edition of the 

standard but, in that, it was titled Partial factor design: 

Bayesian method and was preceded by Partial factor design: 

Classical approach. Deletion of the title extension Bayesian 

method is a loss because, without it, the ability to appreciate 

the contents of the current version is limited. Further, in 

adopting the earlier text, Example 1 and its Note that 

immediately follows Table C.1 in the current version, contain 

at least two errors as well as a misleading statement. 

Table C.1 appears to be based on the non-central 

t-distribution but there is, unfortunately, no indication of the 

corresponding confidence level. It might be 75 % on the basis 

that this was the confidence level adopted in the ‘sample size 

coefficient’ tables in Sub-clause D.5.2 Partial factor design: 

Classical approach of ISO 2394:1998. There appears to be no 

indication as to why 75 % was chosen. This seems particularly 

unhelpful because ISO 19902 A.7.7.2 states that it uses the 

50 % level based directly on that adopted in EN 1990:2002 [3] 

Table D1. However, given the Note at D7.1 (1) of EN 1990, 

the inherent confidence level appears to be 75 %. 

3 LESSONS LEARNT FROM EXISTING STUDIES 

3.1 Introduction 

Extensive information is available on uncertainties from the 

many relevant works that have been conducted over the years. 

Of particular relevance are SRA studies because uncertainties 

are germane to their undertaking. Possibly of more importance 

are the calibrations [4] that have been performed to exploit 

past successful practice to derive partial load (action) and 

resistance factors for implementation of limit state-based 

offshore design practice. The significance of these works is 

that it is not just the researcher executing the work who 

defines the uncertainties for the loading and resistance 

variables but that they are also acceptable to the joint industry 

project steering committee responsible for overseeing the 

technical quality of the work. 

Moan, in his keynote paper at the 2014 OSRC in Houston 

[5], discusses the risks and hazards affecting the limit states, 

safety and reliability of fixed and floating offshore structures 

and some of their important components, and how these can 

be affected by inspection, monitoring and maintenance. So 

ULS (Ultimate Limit State), FLS (Fatigue Limit State) and 

ALS (Accidental Limit State) are addressed in detail with 

respect to sources of loading, reliability measures and partial 

factors. Snell, in his keynote paper at the Houston OSRC [6], 

outlined past major incidents that would most probably have 

been averted if the design had been in accordance with the 

ISO 19900 series of standards and those that probably would 

not. The latter were system incidents where mechanical and 

control systems were critical to overall structural system 

performance. 

Service Experience [5] recalls many of the major accidents 

that have marred the safety record of offshore structures as 

well as serious cracking particularly of semi-submersibles and 

ship-type structures. Stationkeeping system reliability, in 

particular, mooring line and DP failures, and their causes are 

considered. Safety Management addresses the challenging 

issues of gross errors, unknown phenomena, inadequate safety 

margins, robustness and the impact of human intervention in 

operations. 

3.2 Fixed steel structures 

Calibration studies for fixed steel structures include the works 

of Moses [7] in the initial development of API-RP 2A-LRFD 

[8], AME to extend API 2A-LRFD to the North Sea [9], 

Moses in a partial resistance factor determination [10] for a 

draft of ISO 19902 [11], and BOMEL [12] in a determination 

of a partial action factor for implementation of ISO 19902 to 

North Sea design practices. 

Of course, one should not just adopt the values of the 

uncertainties contained in such documents without critically 

reviewing their relevance for the application in mind, 

especially the older works because of the availability of more 

up to date data and information. In this context, the 

informative annexes of some of the ISO 19900 series of 

standards can be useful because they identify the references 

and other sources of data exploited in their development and, 

in ISO 19902 in particular, present the statistical 

characteristics for tubular member modelling uncertainty 

parameters with respect to screened databases of test results 

especially in the case of tubular members – see Table 2 for a 

summary of the calculated uncertainties. 

Table 2. ISO 19902 Tubular member uncertainties. 

Loading condition Bias COV 

Tension - - 

Column buckling 1.057 0.041 

Local buckling 1.065 0.068 
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Bending 1.109 0.085 

Hydrostatic 1.142 0.124 

Local buckling & bending 1.246 0.067 

Column buckling & bending 1.030 0.082 

Tension & pressure 1.075 0.098 

Local buckling, bending & pressure 1.199 0.134 

Column buckling, bending & pressure 1.197 0.091 

 

Unfortunately, although similar information on tubular 

joints was contained in drafts of ISO 19902, it inexplicably 

did not appear in the final publication. In any case, with the 

revisions to tubular joint strength formulations currently 

underway for the second edition of ISO 19902 imitating the 

updates to the API RP 2A-WSD 21st Edition Errata and 

Supplement 2 formulations [13], the statistics would have had 

to have been revised to reflect the biases and COVs listed in 

Tables B.7.1 to B.7.3 of [13]. These tables cover K-, Y- and 

X-joints, respectively, for the usual four loading conditions of 

brace compression, tension, in-plane bending and out-of-plane 

bending. Separate modelling uncertainty parameter statistics 

are presented for physical test results and non-linear finite 

element analyses (FEA). From a perspective of future use of 

such results in a SRA, it perhaps would have been better to 

have combined the two. 

In connection with metocean conditions, ISO 19901-1 

provides quite limited information on uncertainties. It 

suggests that the accuracies achievable on significant wave 

height based on hindcasting is a mean error of 0.1 m, a COV 

of 10-15 % for storm peak, and a COV of some 20 % for all 

vales over a long continuous period. No other uncertainties 

are discussed. 

Although environmental loading is discussed at some length 

in ISO 19902 A.9 as well as values for the associated partial 

action factors and even reliabilities (although it is planned to 

delete these from the forthcoming second edition), no attempt 

is made to summarise the corresponding modelling 

uncertainty parameter characteristics. Perhaps this is the 

relevant clause in which to report such values which could 

include the following: 

 Heideman and Weaver [14] API global recipe for jackets 

using a wave by wave analysis – COV = 25 % (cited in 

[5]) 

 Digre, et al. [15] more realistic wave conditions than [14] 

– COV = 7 % (cited in [5]) 

 Efthymiou, et al. [16] typical storm maximum wave 

height – mean = mpm (most probable maximum), COV 

= 7.5 %, drag-dominated loading – mean = mpm, COV 

= 15 %, 20-year loading – NNS bias = 0.81, COV = 

26.5 %, GoM bias = 0.79, COV = 32 % 

 AME [9] 20-year loading NNS – bias = 0.877, COV = 

18.8 % 

 BOMEL [12] 20-year loading – bias = 0.852, COV = 

21.6 %. 

In assessing the applicability of the above statistics, one has 

to check carefully as to whether the environmental loading is 

determined on a wave by wave approach, relates to a single 

storm, or relates to a typical design return period of, say, 20 

years. One-to-one comparisons are not always possible. 

3.3 Floating steel structures 

In one respect it is questionable whether there is a need to 

quantify uncertainties for floating steel structures given their 

design is no really the responsibility of ISO 19904-1 as their 

scantlings are normally determined in accordance with the 

RCS (Recognized Class Society) rules. However, 

ISO 19904—1 does specify minimum action and resistance 

factors for checking the design of components in general, and 

then of monohull hull girder bending and shear strengths in 

particular. Therefore, from a monohull system perspective at 

least, ISO 19904-1 does set the primary requirements so they 

need to be checked that they generate suitable probabilities of 

failure of the hull system. 

ISSC (International Ship and Offshore Structures Congress) 

provides a valuable source of data and information on the 

uncertainties of ship structures and their components that 

readily applies to monohulls as well as to many of the 

components of semi-submersibles and spars. For example, the 

aim of the 1994 Congress Committee V.1 Applied Design – 

Strength Limit State Formulations [17] was to compare 

“formulations related to the ultimate buckling and the fatigue 

strength offshore structural components of ships, offshore 

structures, and other marine structures” with “available 

experimental data compiled in terms of probabilistic measures 

to evaluate the accuracy of these formulations for used in 

reliability-based design procedures”. The determined 

uncertainties are listed in Table 3. 

Table 3. Floating Structure Component Uncertainties [17]. 

Component Bias COV 
Plates in compression 

◦ average imperfections 

◦ actual imperfections 

 

1.05 

1.13 

 

0.13 

0.07 

Stiffened plates in compression 

◦ BS 5400-3 1982 

◦ DNV Buckling Notes 30.6 1987 

◦ ECCS Column approach 1990 

◦ ECCS Orthogonal approach 1990 

◦ Imperial College methodology  

 

1.10 

1.10 

1.08 

1.14 

1.10 

 

0.13 

0.16 

0.14 

0.15 

0.08 

Stiffened plates - compression and lateral pressure 

◦ DNV Buckling Notes 30.6 1987 

◦ Imperial College methodology 

 

≈1.22 

≈1.15 

 

- 

- 

Stiffened Girders – Bending  

◦ BS 5400-3 1982 

◦ Cooper model 

0.99 

0.99 

0.04 

0.05 

Stiffened Girders – Shear   

◦ Cardiff model 

◦ BS 5400-3 1982 

0.99 

1.37 

0.065 

0.26 

Tubular columns   

◦ API RP 2A-WSD 1991 

◦ API RP 2A-LRFD 1993 

◦ ECCS 

1.14 

1.02 

1.0+0.1 

0.07 

0.08 

0.05-0.16 

Unstiffened and Ring stiffened cylinders 

 Local buckling 

  

◦ API 2U 

◦ Cho & Frieze 

1.07 

1.05 

0.08 

0.14 

 Bending   

◦ API LRFD 

◦ Moan et al. 

1.16 

0.87 

0.09 

0.07 

 Hoop buckling    

◦ API LRFD 

◦ NPD 

◦ ECCS 

1.12 

1.15 

1.21 

0.11 

0.08 

0.11 

 Tension -hoop   

◦ API LRFD  1.20 0.16 
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◦ Merchant-Rankine 1.16 0.09 

 Compression -hoop   

◦ API LRFD 

◦ NPD 

◦ NPD modified 

1.15 

1.45 

1.03 

0.10 

0.20 

0.08 

 Bending -hoop   

◦ API LRFD 

◦ API 2U 

1.29 

1.44 

0.14 

0.08 

 is non-dimensional slenderness 

Reference [17] also considers orthogonally stiffened 

cylinders and tubular joints both ULS and FLS. 

FPSOs: 

The corresponding publication of the previous congress [18] 

undertook a SRA of a FPSO installed in the Oseberg area of 

the North Sea for which a reasonable amount of site-specific 

environmental data had been collected together with full scale 

measurements. Both linear and non-linear wave load analyses 

were performed from which non-linear correction factor to be 

quantified as sagging 1.15 and hogging 0.85 and a standard 

deviation of 0.03 to account for the spread of results. Short-

term still water bending (SW) stresses closely followed 

Rayleigh. Non-linear vertical wave-induced maximum 

bending moments (WI) followed Gumbel distributions. SW 

and WI were simply added aided by an ad-hoc combination 

coefficient. The arrival rate for SW loading was 1 per day and 

for WI loading it was 6.3 s. Comparisons between measured 

stresses and linear wave load analyses yielded a bias of 0.932 

and COV of 0.164. 

SRA was performed on the strengths of a stiffened deck 

panel and two hull girder models and the fatigue of a deck 

detail.  All the uncertainty modelling is given in detail in [18]. 

Subsequent ISSCs up to the 17th Congress continued to 

review floaters from design, fabrication, operation, full-scale 

response and reliability viewpoints, sometimes concentrating 

only on FPSOs, but more aimed at literature surveys than at 

conducting significant calculations. They continue to be a 

valuable repository of such information. 

SEMI-SUBMERSIBLES 

In the 1980s, a considerable number of RSR and SRA 

studies of semi-submersibles were undertaken as summarised 

in [19]. Undoubtedly much of this was spurred on by the 

tragic events of the Alexander L. Kielland [20] and Ocean 

Ranger [21] in 1980 and 1982, respectively. However, the 

causes of these were not so much related to the strength 

design of the structure and its components but more to human 

factors and the wider range of hazards associated with floating 

structure such as hydrostatic stability, damage stability, 

collisions, and capsizing/sinking. As a consequence of these 

events, rules and regulations pertaining to semi-submersibles 

in particular and floaters in general were tightened which 

significantly reduced their risk profile. One particular 

requirement introduced in Norway as a direct result of the first 

event was that “the unit should withstand loss of buoyancy 

from either the whole or a major part of one column, but 

without any requirement to return to the upright position. The 

objective in this case was to allow the crew time to evacuate 

the unit” [22].  

The extent of this reduction in risk profile was captured in 

[23] where a review of the WOAD database revealed no 

structural design-related damage events throughout the 1990s. 

However, in terms of defining uncertainties for typical semi-

submersible structural components, possible more arose from 

the SRA studies conducted as part of a joint industry project 

to develop code requirements for tension leg platforms (TLP) 

[24]. The results for some of the modelling uncertainty 

parameters for the strength formulations stiffened cylindrical 

components that emerged from this work are captured in 

Table 3. Some typical uncertainties related to this are listed in 

[25] and [26]. 

3.4 Other technologies and disciplines 

The above-cited uncertainties have primarily addressed steel 

structures in non-arctic environments. ISO 19900 covers any 

material used offshore and, of course, soils. Many of the 

issues relevant to steel also apply to other materials as well as 

soils although the uncertainties associated with steel tend to be 

less ‘uncertain’ than for other materials and soils. The 

uncertainties associated with ice and related loads for arctic 

structures are discussed at length in the calibration study to 

derive actions factors for ISO 19906 [27]. 

4 GROSS ERRORS 

As pointed out by Moan [5], the information collated above is 

well suited to exploitation by SRA. However, SRA does not 

normally deal with gross errors so cannot by itself be used to 

justify adequate safety. Some gross errors mentioned in [5] 

include: 

 Fatigue failure of the Ranger 1 jack-up 

 Fatigue failure of a brace of the Alexander L. Kielland 

 Flooding through a broken window of the Ocean Ranger 

semi-submersible 

 Accidental release of explosive gas on the P-36 semi-

submersible. 

Interestingly, ISO 2394 [2] does not refer to gross errors 

but, instead, requires robustness of a system to be established 

on the basis of risk assessment.  

Moan [5] notes the usefulness of risk assessment in dealing 

with possible gross errors. However, he also notes that for 

structures comprised of a number of major subsystems such as 

floating structures, each subsystem is normally designed with 

respect to criteria particular to the subsystem and, 

consequently, trying to assess the acceptability or not of the 

complete system can be challenging. He notes that 

consideration of accidental limit states (ALS) in design goes 

some way to creating robust structures that will, as a 

consequence, help to reduce the consequences of gross errors 

but obviously not completely. 

The complexity of highly advanced and integrated systems 

need special consideration. Structural standards primarily 

consider components and systems not dependent on the 

function of mechanical, electrical and numerically controlled 

systems. For integrated systems the design equations and 

procedures cannot normally be fully validated by physical or 

system testing prior to implementation. Floating structures in 

particular introduce levels of complexity that are a step up 

from classic structural systems. They also use components 

such as ballast and vent valves derived from shipping and 

drilling semi practice but without the option to dock them at 

intervals for maintenance. 
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The following examples are mentioned in [28]: 

- In 2005 a large production semi-submersible platform 

was evacuated due to the anticipated close proximity of 

Hurricane Dennis. Personnel returned to find it with a 20° 

list. The two port columns had flooded due to a failure in 

the ballast system that would have been inconsequential 

but for the vessel being unmanned for a substantial 

period. 

- In 2002 an FPSO listed to a near-critical angle, before a 

counter-flooding and pumping operation managed to right 

the vessel. An electrical failure caused the FPSO’s 17-

tank ballast system to malfunction. 

- In 2005 and in preparation for Hurricane Rita, a TLP was 

evacuated. Following the passage of Hurricane Rita, it 

was found floating upside down, grounded. A probable 

cause of the capsizing was the loss of integrity of the 

tendon systems in one of the pontoons; specifically, at the 

bottom connector system. 

- Some floating production platforms have lost their 

drilling packages during hurricanes principally due to 

inadequate tie down. 

- Other failures have included an FPSO which irreparably 

damaged its hull due to overpressure under loading 

arising from an error in operations, mooring connector 

component failure due to manufacturing errors and out of 

plane bending fatigue causing failures of otherwise 

soundly manufactured mooring components in relatively 

benign conditions. 

- Not experienced as a failure but of considerable 

consequence should adverse circumstances arise are 

FPSO designs that rely on thruster systems to maintain 

vessel heading under extreme conditions and vessels 

where it is operationally difficult to maintain adequate 

watertight sub-division whilst inspecting compartments.  

Uncertainties in the safety of a system can be introduced 

due to a number of aspects: weak links in the system design, 

undetected poor quality assurance and testing during 

fabrication, inappropriate operational procedures, 

recommendations from risk assessments not carried through 

due to poor handover between design, construction and 

operation teams, etc. An example of possible mitigation 

measures for the specific case of a mooring system is given in 

[28]. 

In a more formalized manner [29] a comprehensive risk 

assessment should cover: 

- Human Performance difficulties which covers human and 

organizational factors. There is valuable material from the 

review of high profile incidents [30], [31], [32] that 

specifically relates to this category.  

- Equipment difficulties which covers defective parts, poor 

design, poor maintenance, etc. Here we are looking at 

reliability measures in general industrial applications 

based on more extensive test and failure data such as 

Mean Time Between Failures. These type of issues may 

be of interest to offshore systems when looking at uptime 

/ downtime / SLS and failure of systems such as DP, TLP 

tendon mechanical components, etc. In this respect it has 

to be recognized that it may be impractical to fully 

physically test very large components and robustness in 

design is the primary safeguard. 

- Use of numerically controlled systems normally improves 

day to day operational performance but the control 

system may not react appropriately to rare combinations 

of extreme circumstances. Should such an event happen 

operators may not be able to detect anomalies and 

respond quickly enough to avert major problems. 

- Natural Disasters which are essentially the low 

probability events considered in ULS and ALS checks 

assuming a properly designed, maintained and operated 

structure.  

When considering ULS and ALS checks it is penalizing to 

overdesign a given system to mitigate such errors and 

uncertainties. This may however be economically a more 

rational option than attempting to define all possible load 

combinations and undertake extensive physical testing. 

Designers may need to be discouraged from optimizing a 

system leaving little margin to cope with unexpected events. It 

is therefore important to more formally define robustness and 

how it relates to existing codes of practice. The Society of 

Naval Architects and Marine Engineers (SNAME) is currently 

working on a Technical and Research (T&R) document to 

better define robustness of floating production systems. 

To facilitate robustness assessment, ISO 2394 Annex F 

introduces consequence classes, from 1 to 5. “Smaller 

offshore facilities” are in Class 4 with “Major offshore 

facilities” in Class 5. The analysis method for each is: 

Consequence Class 4 

Extensive study and analyses of scenarios leading to 

structural collapses utilizing risk screening meetings 

involving experts on all relevant subject matters. 

Detailed assessments shall be undertaken using dynamic 

and nonlinear structural analyses and risk analyses 

rigorously addressing direct and indirect consequences. 

Consequence Class 5 

As for Consequence Class 4 but with the addition of the 

involvement of an eternal expert/review panel for quality 

control. 

Annex F goes on to provide guidance for cases where a risk 

and reliability based approach is not required and lists the 

following as correspondingly appropriate design methods: 

 Event control – applicable when dealing with identified 

hazards 

 Specific load resistance – given an accidental event, 

designing the local structure to absorb/resist it 

 Alternative loads paths – a well-known offshore approach 

 Consequence reduction. 

Guidance is also given on how to execute a formalised risk 

assessment involving costs associated with direct and indirect 

consequences measured in either the number of casualties or 

monetary units, depending whether the emphasis is on life-

safety or not. 

A robustness index is suggested as one way to assess how 

one robustness scheme might compare with another involving 

the ratio of direct consequential risk to the total consequential 

risk which also includes the indirect consequential risk. The 

ratio takes values between zero and unity; the closer the ratio 

to unity, the more robust the scheme. 
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Alternative measures of robustness are also discussed. One 

exploits probability of failure determinations for the structure 

in the intact condition Pf(intact) and in the damaged condition 

Pf(damaged) through the redundancy index: 

 RI= [Pf(damaged) - Pf(intact)]/Pf(intact) (1) 

Values of this index can apparently range from zero to infinity 

with smaller values indicating larger robustness. 

The last measure is incorrectly attributed to ISO 19902 [11]. 

It is called the Residual Influence Factor and is defined using 

the RSR in the form  

 RIFi = RSRfail,i/RSRintact (2) 

in which RSRintact is the RSR of the intact structure and RSRfail,i 

is the RSR of the structure with member i either failed or 

removed. 

Some of these measures could prove useful for quantifying 

relative robustness when considering the effects of gross 

errors. 

5 OUTLINE OF PROPOSED ISO 19900 ANNEX 

The content on Section 3 above has served to indicate the 

extent of uncertainty data and information available in relation 

to just a selection of the offshore structures and their 

components. It clearly is quite extensive but, for application, 

needs to be up-to-date and readily available for those who 

seek to exploit it. As has been suggested in connection with 

the databases that have been used to quantify tubular member 

and tubular joint modelling uncertainty parameters, the use of 

the IOGP Interim Solution website as an appropriate 

repository seems to make sense. However, that does mean 

ownership is required with the obvious short-term solution 

being this Technical Panel but in the longer term, presumably 

it would have to be WG 1 itself. 

The calculation of uncertainties varies from relatively 

simple approaches for quantifying those associated with, e.g., 

the strength of structural components, as reflected in the 

statistics currently quoted in ISO 19902, to technically-

challenging techniques for determining those, e.g., associated 

with metocean conditions.  

Uncertainties associated with foundations are important and 

difficult to deal with. Geotechnical design for ULS is 

generally aimed at maintaining foundations under limited 

deformations as they provide the boundary conditions for the 

structure. Foundation installation is based on failing the 

surrounding soil until strong enough material is reached to 

balance the installation loads and resist design storm loads as 

if such loads would occur immediately after installation.  

ALS assessments may take advantage from the fact that soil 

properties may progressively recover strength with time and 

in addition structures with a degree of flexibility may 

accommodate larger foundation deformations without 

overstressing its members. The dynamic cyclic behaviour 

needs to be properly understood to avoid unconservative 

assumptions. 

Uncertainties affecting foundation behaviour do not relate 

only to calculation methods but fundamentally depend on the 

borehole distance from the structure, borehole depth and 

overall quality of the site survey. Reference is made to ISO 

19901-8: Marine soil investigations [33]. 

Notwithstanding, in each case, the approach would need to 

well defined so the resulting uncertainties are not 

unnecessarily increased as a result of human interference. 

A possible outline for such an annex is presented here in 

Annex B. 

6 CONSEQUENCES FOR DESIGN OF OFFSHORE 

STRUCTURES 

It is difficult to simply assess the impact of formalising 

uncertainty modelling and assessment on offshore structure 

design given that for over 30 years, offshore structure code 

writers have been exploiting such information particularly 

when determining partial load/action and resistance factors. 

To encourage more widespread use of uncertainty data would 

mean a change of policy for SC 7. It would also require that 

internationally agreed procedures for executing SRA be put in 

place. 

7 CONCLUSION 

Sources of uncertainty for structural components of fixed and 

floating offshore structures are identified and some relevant 

values listed. The need to formalise procedures for 

quantifying uncertainties particularly for actions and 

geotechnical parameters is highlighted. Interaction between 

non-structural subsystems in the structural performance of 

particularly floating structures is highlighted as a major issue. 

Robustness is seen as one answer for mitigating the effects of 

the failures/mal-operation of non-structural subsystems. 

A contents list for the proposed ISO 19900 annex on 

Uncertainty Assessment is presented. 
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ANNEX A – CRITIQUE OF ISO 2394:2015 CLAUSE 6  

A.1 Introduction 

Clause 6 is comprised of six sub-clauses that deal in turn with: 

1. General 

2. Models for structural analysis 

3. Models for consequences  

4. Model uncertainty 

5. Experimental models 

6. Updating of probabilistic models. 

Sub-clauses 1 and 2 provide considerable detail but 4 to 6 

far less so. Salient features of each are summarised in the 

following subsections. 

A.2 Sub-clause 6.1 General 

There are two broad categories – aleatory or physical 

uncertainties and epistemic uncertainties which arise from 

inadequate information. A basic variable can have both types 

which can change through the life of a structure on the 

assumption that the design phase is part of this life. In SRA, 

there is no need to account for type of uncertainty – the 

argument is that differentiation is only important when 

seeking to reduce the uncertainty because the type will point 

the direction for efforts to achieve this. 

Geotechnical uncertainties are particularly significant. 

A Bayesian approach is preferred to the frequentist 

approach. 

Basic variables can be represented as a random variable, a 

random process, or as a random field: these can be discrete as 

well as continuous. Dependency between random variables 

can and does exist. 

An outcome is a sample of a population. Populations are 

probably best described in aleatory terms while a sample 

(outcome) is best described in epistemic terms. Characteristics 

of a population, to distinguish it from a sample, are: 

 nature and origin of the random quantity 

 spatial conditions, e.g., the geographical region 

considered. It is noted that in an international standard it 

can be necessary to divide a population into sub-

populations on geographical grounds 

 temporal conditions, e.g., design service life. 

Some variable modelling has hierarchical dependencies 

representing different origins, times scales of fluctuation, or 

spatial scales. Wind is given as an example as it can be 

described in terms of a constant in time, a slowly fluctuating 

process in time, and a fast-fluctuating time process. 

A.3 Sub-clause 6.2 Models for structural analysis 

Structural systems address actions, geometrical properties, 

and material properties (or structural element properties). 

Reference is made to active and passive control measures – 

mainly the domain of risk analysis but can include dampers 

and similar. 

Actions: 

 to account for temporal (both short-term and long-term), 

spatial and directional features – it is noted that forces are 

direct actions that can be described as loads whereas 

indirect actions include imposed displacements or thermal 

effects 
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 action classifications are listed: 

◦ Permanent 

◦ Variable - ISO 2394 classifies environmental actions 

as variable actions 

◦ Accidental – small probability of occurrence and 

generally of short duration – it is noted that an 

accident action is not necessarily related to an 

accident 

◦ Earthquakes – either a variable or accidental action 

depending on their frequency. 

 models need to represent these characteristics including 

interactions as necessary so normally a function of 

several variables. 

Geometrical properties – differences from nominal values 

are normal and account for initial imperfections as necessary. 

Material properties: 

 to include all of the obvious values – strength, stiffness, 

angle of friction, etc., and more complex manifestations 

involving, e.g., multi-axial stress states, strain-rate 

effects, dependencies 

 modelling to account for these plus differences between 

laboratory and prototype properties, random deviations 

between observed predicted values, effect of 

workmanship, time-dependencies, inspection 

uncertainties during and after fabrication 

 classification – static response, time-dependent dynamic 

response, time-dependent degradation mechanisms – in 

each case, more details are provided. 

A.4 Sub-clause 6.3 Models for consequences 

Such models are primarily for risk-based scenarios but 

important for decision-making: 

 loss of structural functionality, prior and post-failure 

behaviour, degree of primary & secondary damage. 

 mitigating factors, human self-rescue actions, 

professional rescue actions, 

 repair and rebuilding, environmental losses. 

Use of fault and event tree analyses recommended, 

accounting for uncertainties. 

Express consequences in numerical terms including 

fatalities and injuries, environmental damage and economic 

losses. 

Fatalities need to be examined from a) numbers at risk, b) 

exposed and then injured or killed. 

A.5 Sub-clause 6.4 Model uncertainty 

Denotes the difference between structural analysis model 

results and actual behaviour. 

The ‘model uncertainties’ are treated as independent random 

variables, one for each basic variable 

The uncertainties need to be characterised by statistical 

properties, i.e., means and standard deviations. 

A.6 Sub-clause 6.5 Experimental models 

Recommended where no adequate calculation model exists or 

existing models are considered too conservative. 

It is recommended that “The setup and evaluation of the 

tests should be performed in such a way that the structure, as 

designed, has at least the same reliability with respect to all 

relevant limit states and load conditions as structures designed 

on the basis of calculation models only.” 

Conditions not met during the tests such as long-term 

effects should be accounted for separately. 

Relevant basic variables should be measured directly or 

indirectly for every test. 

Test results to be evaluated statistically and should lead to a 

probability distribution. With this information, apparently 

design values and partial factors can be derived, as described 

in Annex C. 

Annex C is titled “Design based on observations and 

experimental models”. Firstly, it gives more details on some 

of the above items. It also gives a process for the direct 

determination of the design value from test results using a 

procedure that accounts for the number of tests and the impact 

this has on the outcome via the student distribution. A very 

similar procedure is given in ISO 19902 Clause A.7.7.2 

although there appears to be at least one term that differs and 

ISO 2394 does not specify the exceedance level nor the 

confidence level, both of which are itemised in ISO 19902 

models. 

A.7 Sub-clause 6.6 Updating of probabilistic models 

Recommended in cases where relatively high uncertainties 

exist for actions, structural properties and/or models, to 

achieve a more economical design.  It can be based on quality 

assurance procedures during and after construction as well as 

lifetime inspection and monitoring planning. Observations can 

lead to posterior distribution for the random variables. 

Inspection uncertainties should be accounted for. 

 

ANNEX B – PROPOSED CONTENTS LIST FOR 

ISO 19900 ANNEX ON UNCERTAINTY ASSESSMENT 

B.1 Introduction 

To make use of ISO 2394 definitions and clauses addressing 

uncertainty modelling but modified as described above for the 

offshore industry. 

B.2 Uncertainty data 

Before being entered into a database, experimental data, full-

scale measurements, etc. needs to be subject to a quality 

control (QC) check. For tubular members and tubular joints, 

in the development of ISO 19902, this screening to remove 

results that were not necessarily consistent with good practice 

– see A.13.1, A.13.2, A.14.2.1,  

A. Material properties 

i. steel 

a. yield strength and tensile strength 

b. Charpy impact tests 

c. CTOD 

d. CE and modified CE 

e. SCFs 

f. Fatigue tests and S-N curve, endurance limits 

g. … 

ii. concrete 

iii. soils 

a. cohesive - undrained shear strength 
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b. cohesionless – skin friction factor, end bearing 

factor, limiting values,  

c.  

iv. synthetic fibre 

v. piles 

a. static strength  

b. cyclic behaviour 

c. lateral loading 

vi. cohesionless 

vii. … 

B. Component strength 

i. tubular members and joints 

ii. other components  

iii. plates and stiffened panels 

iv. stiffened cylinders 

v. chains, tendons, cables, ropes, … 

vi. … 

C. Component fatigue 

i. tubular joints 

ii. other components 

iii. ship semi-submersible and spar details 

iv. chains, tendons, cables, ropes, … 

v.  

D. Metocean 

i. hindcast data – necessarily regionally-based - 

following interpretation to give short-term and long-term 

wave height distributions and heights in an interval T 

based, e.g. on Tromans and Vanderschuren methodology 

(TVM) 

ii. measured data 

iii. … 

E. Responses 

i. measured 

ii. calculated and calibrated against measured values – 

studies on particular structures  

- studies on generic structures such as the TVM pile 

iii. … 

F.  

G. …. 

 

B.3 Uncertainty calculation techniques & procedures 

Describe the techniques and procedures to be adopted when 

determining the properties, strengths, metocean parameters, 

etc. They need to be clear and unambiguous to minimise 

misinterpretation.  

A. Material properties 

i. steel 

a. yield strength and tensile strength 

Yield and tensile strength shall be determined in 

accordance with standardised procedures. Ideally 

the strain rate shall also be recorded 

b. Charpy impact tests – see ISO 19902 20.2.2.4 

c. CE and modified CE – see ISO 19902 20.2.2.4.2 

d. CTOD – See ISO 19902 Annex B 

e. SCFs 

f. Fatigue tests and S-N curve, endurance limits 

g. … 

ii. concrete 

iii. soils 

a. cohesive - undrained shear strength 

b. cohesionless – skin friction factor, end bearing 

factor, limiting values,  

c.  

iv. synthetic fibre 

v. piles 

a. static strength  

b. cyclic behaviour 

c. lateral loading 

vi. cohesionless 

vii. … 

B. Component strength 

i. Screened databases – Experimental results  

ii. chains, tendons, cables, ropes, .. 

iii. … 

C. Component fatigue 

i. tubular joints 

ii. other components 

iii. ship semi-submersible and spar details 

iv. chains, tendons, cables, ropes, .. 

v.  

D. Metocean 

i. hindcast data – describe  

ii. measured data 

 

B.4 Example calculations 

A. Component strengths 

Describe the various sources of tubular member strength 

data and why particular test series were deleted from the 

database. 

B. Maximum wave heights 

Describe application of TVM to hindcast data for 

determination of maximum wave heights in an interval T. 
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Session 1: Metocean Conditions  
Co-chairs: P. Tromans and O.T. Gudmestad  

 

P-S1-1: Waves and Associated Current – Experiences from a Five Year Measurement Campaign in the 

northern North Sea (see also associated article: A-S1-1) 

K. Bruserud, Statoil and Sverre Haver, UIS/NTNU, Norway . Presented by K.Bruserud 

 

P-S1-2: Airgap and Safety: Metocean Induced Uncertainties Affecting Airgap Assessments (see also 

associated article: A-S1-2) 

S. Haver, UiS/NTNU, Norway  

 

P-S1-3: Wave Kinematics and Hydrodynamic Loads on the Tyra Jacket Inferred from Systematic 

Model Testing and Field Measurements (see also associated article: A-S1-3)  

J. Tychsen,  Maersk Oil, Denmark; M. Dixen, DHI, Denmark. Presented by J.Tychsen 

 

Discussions: 
Q by A van der Stap  to J. Tychsen (JT): When we run structural analysis software, does the software 

not indicate the validity of the wave model for the water depth and wave steepness that we select? In 

view of this, is Stokes wave theory valid for a water depth of only 45 m? 

A by JT: None of the standard models, especially those for regular waves, produce water surfaces or 

kinematics anywhere close to the breaking waves that actually occur. Breaking waves are highly 

transient and cannot be modelled by “equivalent” regular (or linear focussed) waves. The challenge is 

that no closed form solutions exist to fully non-linear irregular waves. 

 

Q  O. T. Gudmestad to JT: It was said that that every 2. or 3. waves are breaking.  Could this be due to 

a bottom with a slope? 

A by JT: All Tyra wave basin tests (sea states) are performed with a flat bottom in the basin. Actually, 

it may be the other way around (more events are breaking), as the target area is approx. 500m (full-

scale) from the wave maker we might miss some non-linearities caused by interacting effects in wave 

groups travelling longer distances. Furthermore, it is noted, as highlighted in the presentation, that the 

breaking probabilities given are based on video inspections (≈7000 extreme events) and breaking is 

defined by the event breaks (top-spilling/spilling/plunging) within the field of view of the camera, i.e. 

a reasonably large reference area. It is important to note  that these irregular waves are highly transient 

and for this reason will not sweep the entire reference area as an equivalent regular wave will do. It 

follows the breaking probability will be a function of the size of the reference area and is not a 

constant. 

 

Q  O. T. Gudmestad to JT : How are the findings from the studies implemented?  

A  by JT: The tests are used to calibrate a semi-empirical non-linear sea state model. This model is 

implemented in a Monte Carlo based simulation model and used to estimate the collapse probability 

for all main failure mechanisms in the Tyra structures. Further details on this work follows in a 

presentation in, Session 3. 

 

S. Haver expressed the following opinion after JT’s talk: 
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1. I agree that 5th order Stokes wave theory will underestimate wave crest in particular in deep water 

but possibly also for waves in shallow water as they approach breaking. 

2. Wave breaking is affected by water depth. In deeper water (say above 80 m), expectation of 

breaking waves is low. The 5th order Stokes design wave approach is expected to on the conservative 

side for loads on structures in the deeper water (above 80 m).  

3. The extensive study of JT is for a depth of about 40m. Further work - numerical analyses and model 

tests - are needed before make conclusions given in the JT’s presentation (which I do not question) as 

being valid regarding the importance of breaking waves for deeper waters. At a larger depth e.g. 

Ekofisk waves breaking but less often. But further work on this for larger depths is very welcome.  

  

Q by S. Haver to JT: What is the length of the crests of the extreme waves? If it is 30 m long or more, 

it is of same size as a platform, and may imply large loads – in particular if the waves hit the deck. 

A by JT:  The crest length is (as many other sea state geometric parameters) a highly stochastic 

variable. Using the 9x9 wave gauge array we can picture the variation. During the project we 

developed an application “ePlot” which presents the data of the largest events in each test. Below is a 

plot of normalised crest height (CR>13m) along the wave crest (normal to mean wave direction) in a 

86h long test with Hs=11.5m; Tp=15sec. Sp=21. A significant variation is seen but on average a large 

crest (>13m) in this sea state will be approx. 25m long before the along crest decay is larger than 5% 

relative to crest peak. It is also seen that approx. 20% of the crests will be 50m long for the same 5% 

decay criteria. This is based on the assumption on  wave symmetry which may not be fully correct but 

on the other hand we also “cut” the profile perpendicular to the mean wave direction which will lead 

to a too large decay for events not fully aligned with the mean wave direction. 

 

 
 

 

Q by SH to JT:  How far from uni-directional or how short-crested are the extreme waves in your 

studies? 
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A by JT: We tested a large matrix of Hs, Tp and Sp combinations for very long durations. For Sp we 

targeted a low spread (SP=50-60), a medium spread (Sp=20) and a high spread (Sp=5-8) variation. 

Looking at the most extreme crests it is clear that subjectively as well as indicative from force 

measurements, the highly non-linear extreme crests are more unidirectional (“2D”) than the “general” 

directionality of the sea state in which they occur. 

 

Reflections of a co-chair (Peter Tromans): 

In the session, there were three very impressive talks, each presenting new and interesting ideas. They 

were particularly interesting for me as they touched on many areas where I have worked. 

The first paper by Kjersti Bruserud and Sverre Haver visited the old question of what current to 

associate with extreme design waves. Chris Shaw asked me to look at some measured wave and 

current data about 1990 to try to develop some ideas on estimating an associated current. The data 

were from the well mixed water column of the UK sector of the North Sea and the currents were not 

complicated by inertial oscillations. Though the quality of the waves and currents left far more to be 

desired than those of Kjersti, we managed to develop a few ideas that evolved into Shell’s LSM 

software for response-based design. One of those ideas was to use a simple structure model to identify 

to find the balance between wave and current. Hindcasts arrived and I never looked at measured joint 

data again. It is very pleasing to see Kjersti and Sverre doing it so carefully and using a response-

based principle. 

 

In the second paper, Sverre Haver gave the most eloquent discussion of air-gap and safety. In trying to 

put reliability analysis into practice in the 1990s, several of us in Shell learnt that almost all fixed 

structures would experience wave-in-deck before collapse under extreme storm load. After that, we 

pushed for higher deck elevations in new design, such that the return period of wave-in-deck should be 

comparable with the target reliability of the platform. This, for better or worse, decouples air-gap from 

the structural ULS and ALS conditions. We also became aware of the necessity of model testing to set 

this level for large volume structures or, indeed, as Sverre shows to be more practical, not setting it, 

but designing to withstand some deck impacts. Sverre also demonstrates that there is a lot of devil in 

the detail: for example, changing the wave spectrum influences the crest elevation a little and the wave 

inundation of the deck by quite a lot. 
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Session 2: Wave Environment and Loads  
Co-chairs: C. Swan; S. Haver  

 

P-S2-1: Demonstrating Draugen ALS/ULS Compliance despite Significant Wave/Ringing Load 

Increases since Original Design  

G. Kuiper, Norske Shell, Norway  

P-S2-2: Slamming Loads from Steep and Breaking Waves  

G. Lian and T. Vestbøstad, Statoil, Norway 

Discussions: 
Question from G.Kuiper to the audience:  

Q: Both ULS and ALS needs to be fulfilled. If only one of them should be fulfilled, which one would 

be preferred? (Could be special considerations related to concrete structures inherent in this question.) 

 

Q from O.T. Gudmestad to G. Kuiper: The study was related to extension within the license period, 

will have to analyse the platform for use beyond the license period?   

A: Further  extension   will have to be assessed.. 

 

Q from P. Tromans to G.Kuiper: In contour plots, wind driven sea and swell are both included. Could 

it be possible to separate Wind Sea and swell, generate the distribution for each of them, and then 

combine the distributions? 

A by S. Haver: It would be difficult to separate the two wave systems in order to create the 

distributions. 

 

Reflections of a co-chair S. Haver: 

In the second session, two interesting papers were presented. Both presenters stayed very well on their 

time schedule, making the co-chairs job easy. 

The first paper, presented by Guido Kuiper, A/S Norske Shell, presented the work done in order to 

demonstrate NORSOK compliance for Draugen in spite of a considerable increase in the metocean 

loading. In the original work, short term variability was not accounted for. Present versions of 

NORSOK standards require this explicitly to be accounted for.  According to the presentation, this 

resulted in an increase in characteristic wave loads of about 30%. After an extensive model test in long 

crested seas at Marintek in Trondheim, compliance with the Accidental Limit State (10000-year 

check) requirement was demonstrated. However, after extensive further work full long term analyses , 

model tests in short crested sea at Imperial College and some assessments of GBS capacity, ULS 

compliance was reached. 

Interesting remarks made by Kuiper during his presentations were: 

- It is important to introduce short crested sea. It is less important how short crested the 

waves are considered to be.  

- What is defining the acceptable safety of the structure in case of life extension: Is it ALS 

or ULS?  

The second paper presented by Gunnar Lian did also deal with model testing and - in particular – with 

assessments of impact loads from breaking waves. The paper pointed out that the correct approach – in 
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principle - would be to do a full long term analysis which is presently out of reach if results are to be 

based on model test experiments. In practise, most test programmes will focus on testing some ULS 

and ALS sea states using the 3-hour maximum impact load as the primary variable. The challenge is 

then to select percentile of the 3-hour extreme value distribution in order to use the value as a ULS or 

ALS characteristic load. The paper did not answer this question, but the sensitivity to choice of 

percentile is demonstrated. The characteristic impact pressure is more or less doubled by selected the 

99% value instead of 90% value. The paper gave an overview of results obtained for the Cat D semi-

submersible with still water airgap of 16.6m in ULS conditions. A normalized estimate of the 90% 

value is presented over a considerable part of the front of the deck box of the semi. The examples 

included did clearly demonstrate that 16.6m is too small if major deck box impacts shall be avoided. 

The results can be taken as indicative, regarding characteristic ULS events, the adoption of 90% value 

is non-conservative, at least for the sea states located on the ULS metocean contour.  
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Session 3: Reliability of Jackets in Severe Wave Conditions 
Co-chairs: M. Birades; J. Waegter 

 

P-S3-1: Summary of the Impact on Reliability by the Tyra Field Extreme Wave Study 2013-15 (see 

also associated article: A-S3-1) 

J. Tychsen, Maersk Oil et al., Denmark. Presented by J.Tychsen 

P-S3-2: The Loads JIP: The Loading and Reliability of Fixed Steel Structures in Extreme Seas (see 

also associated article: A-S3-2) 

C. Swan,  M. Latheef  and L. Ma, Imperial College, UK. Presented by C. Swan. 

 

Discussions: 

 Q from  H. Singh to J. Tychsen: Question about the applicability of the findings of the Tyra Field on 

piles in leg-pile platforms, considering that the structures of the Tyra field have skirt piles. 

A by JT: Most of the Tyra platforms have a combination of leg and skirt piles. However, as part of 

platform strengthening leg piles have been grouted to increase the strength of the leg joints. Level 

shear conclusions for these structures are relevant as the jacket force flow is effectively equal to a 

cantilevered beam. In ungrouted (welded at the top of the leg) leg-pile platforms the force flow is 

different as the axial force in the pile can only transfer at top of leg. This change in force flow will in a 

given case need to be considered in the response model applied. 

 

Q from A. Morandi to C. Swan: Question about the effect on wave in deck: Why not increase the 

freeboard in order to avoid wave in deck loads?:  

A by C. Swan: The better solution would be to avoid wave in deck. However, existing structures may 

be exposed to WID. Design should include effects beyond 2. order (Forristal crest distribution?), 

otherwise we may be on thin ice. This is a complex issue.  However, an increased airgap can be more 

easily   addressed for new designs. 

  

Q from M. Abraham to C. Swan: Considering the results of the Loads JIP; is it now needed to change 

the recipes for design, and are the conclusions region dependent, specific to the North Sea or similar 

areas? 

A by C.Swan: If there is no wave in deck, existing recipes are conservative. 

In case of wave in deck, conclusions are region dependent, further, the key issue is where failure 

occurs in the structure (especially in relation to elevation). 

 

Notes by co-chair  Michel Birades (in writing):  

Linked to the JIPs results, the draft of a revised Norsok N003 standard already proposes a simplified 

approach  introducing a correction factor to account for higher order  wave effects and the area effect 

in lieu of a more refined assessment..  This proposal is still under discussion within the Oil Industry.   

Furthermore, after the OSCR 2016, the IOGP Offshore Structure Subcommittee has agreed to 

establish a Task Force to look into and advise the OSSC within one year on “What to do in face of the 

JIPs findings and how does this relate to the structural standards we have?” 

 

Q from P. Smedley to C. Swan: Loads JIP concerns fixed steel structures. What about floating 

structures, semi-subs etc.? Will the large volume complicate the analysis?  
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A by C. Swan: To some extent, the findings for fixed platforms are transferable to floating structures, 

in particular for slamming and the air gap issues would also be transferable to semi-subs.  But roughly 

speaking, CS thought that the non-linear effect of wave loads on floating structures, in general, could 

expect to be more critical : Interaction between steep waves and floaters will increase the loading. 

Examples: For FPSOs: Slamming. For GBS: Wave in deck. 

 

Editor remark (T. Moan): An important additional aspect  for floating platforms is to account for the 

motions, including nonlinear effects, diffractaion etc,  to estimate the possible wave in deck 

phenomena is challenging. The  guidelines emerging to check airgap for e.g. semi-submersibles are 

based on  a linear response analysis and account for nonlinear effects on the the  relative motions by 

using a correction factor ( asymmetry factor) on the wave elevation.  

  

Q from Y.S. Choo to C. Swan: Question about blockage. It was stated that recent research shows that 

the blockage factor used in current wave load recipes leads to an over-prediction of hydrodynamic 

loads. The question therefore concerned the possibility for wave energy to dissipate within the jacket, 

particularly with a significant number of conductor pipes, and therefore with the potential final effect 

to limit the wave height with respect to wave impact on the deck.  

A by C. Swan: The answer was not fully in line with the question: “Jacket structures are not dense 

enough to create wave increase. But impact on risers and conductor pipes has to be studied” 

  

Q from G. Kuiper to C. Swan : Question about dynamic amplification and how the dynamic effects of 

the waves are  accounted for when pushover analyses are performed for   jackets,? 

A by C. Swan: Local wave steepness can create large dynamic amplification factors. Both Chris Swan 

and Jesper Tychsen mentioned that actual values of 1.6 and higher had been found in some of their 

calculations: Dynamiv  analyses   were dynamic analysis, and hence  accounting for the dynamic wave 

load effects 
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Session 4: Reliability Based Calibration of ULS Code Criteria 
Co-chairs: H.O. Madsen; A. Mangiavacchi 

 

P-S4-1: Risk-Based Codification of Structural Design and Assessment: Benefits and Challenges 

M. Maes, University of Calgary, Canada 

P-S4-2: Uncertainty Assessment of Geotechnical Design and Calibration of Resistance Factors 

for Offshore Piles 

F. Nadim, Presented by F. Nadim  

Discussions: 
Q from P. Frieze to F. Nadim: Could you please explain the thinking behind calculation of modelling 

uncertainty parameter in which the ‘high’ ratios of test strength predicted strength were ‘deleted’. 

Having done a similar screening exercise in relation to tubular members for the first edition of ISO 

19902, clear guidelines are necessary when conducting such screening exercises. 

A. by F. Nadim: In reliability calculations, it is important to fit the probability distribution models for 

load and resistance to be representative for what is happening close to the design point. This means 

that we should focus on the situations where our resistance model overpredicts the capacity, and the 

actual capacity is lower than the predicted one, because this is the situation that could lead to failure. 

Therefore, in the assessment of the modelling uncertainty for an empirical pile capacity prediction 

method, we are only interested in the cases where the ratio of measured capacity to calculated capacity 

is less than 1. The cases for which this ratio is greater than one are not relevant for failure conditions. 
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Session 5: Accidental Collapse Limit State 
Co-chairs: Y.S. Choo; T. Sildnes 

 

P-S5-1: Standards – Targets and not Risk Management 

D. Wisch et al., Chevron, USA. Presented by M. Abraham 

P-S5-2: Assessment of Ship Collision Risk in the North Sea: Recent Guidelines (see also associated 

article: A-S5-2) 

T. Moan, NTNU, J. Amdahl, NTNU, G. Ersdal, PSA. Presented by  G. Ersdal and J. Amdahl 

P-S5-3: Non linear, Dynamic Analysis of Long term Blast Loading on a Topsides Compression Skid 

H. Singh, Shell Global Solutions, the Netherlands 

Discussions: 
Discussion related to P-S5-1:    

C. by T.  Moan (TM) : Human errors are important issues that need to be considered in the safety 

assessment. While avoiding gross errors is ensured by competent personnel doing the job, QA/QC, use 

of ALS criteria to ensure robustness is also a risk reduction measure. Human errors are not normally 

accounted for in the Structural Reliability Analysis (SRA) and when referring to target values it should 

be made clear whether e.g. failure probabilities refer to SRA or actuarial values. 

A by  M. Abraham: Agrees with TM. But, a trend, in the real world, is that many engineers tend to 

play a “computer game”. It is easy to do analysis and get results. The challenge is how to control the 

quality of the analysis, how to correctly understand and interpret the analysis results, is the proposed 

analysing approach sufficiently realistic and reliable? 

C by A. van der Stap: A modified crane collapsed. FE-analysis showed large stresses, it was explained 

with computational singularities. The certifying agency also missed this problem and approved the 

crane. Hence, it is important not to become analysts, but remain engineers. 

 

Q from T.Moan to M.Abraham: In your talk on behalf of Dave you mentioned two aspects “in the way 

forward”; namely a practical design guidance in standards and at the same time a general framework. 

Practical guidelines tend to be quite specific while I interpret general framework to be a functional and 

not specific approach. Could you comment on this apparent contradiction? 

A by M.Abraham/D.Wish:  Standards are tending to be more equation and target centric with the focus 

becoming more analysis driven than design driven.  Many historic provisions in codes relied on rules 

of thumb and/or a parametric basis.  These historic provisions provided for a range of design 

conditions often not considered explicitly.  With today’s more analytic driven practices, critical design 

cases may be missed and not explicitly modelled through omission, inexperience, etc.  Practical 

guidelines should outline conditions, assessments, warnings, etc. and not prescriptive but guidance in 

approach.  Frameworks provide additional guidance and may include not only direct analytic 

provisions but also require comparison and/or use of some historic parametric and experience “rule of 

thumb” provisions.  Direct analytic approaches require explicit identification.  The “unknown 

unknown” as well as lack of documentation of limitations is of serious future concern. 

C by A.Mangiavacchi: In previous standards, there were minimum requirements that should be 

fulfilled, e.g. minimum thickness not less than 1 inch, those requirements could prevent failures. This 

robustness may be lost with modern optimized design. 
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Discussion related to P-S5-2: 

C by S. Moxnes (SM) :Fortunately, the structural design of current platforms within Statoils portfolio 

seems to satisfy  this requirement with regards to global capacity. It is expected that this will be the 

case for most NCS installations. The largest collision risk is believed to be related to penetration of 

well conductors or gas risers. .(Ed. comment: See also documentation in the paper P-S5-2) 

C by G. Ersdal (GE): Operators are also recommended to try to implement solutions to reduce the 

displacements of operating vessels and possibly also introduce speed limits for attendant vessels, in 

particular, when it is very expensive to achieve a structural design which satisfies the requirement 

Q from NN: Moxnes mentioned that the number of engineering hours must be reduced. Based on the 

new requirement of 50 MJ collision energy, how could this is done?  

A by G. Ersdal: The existing  simplified guidelines for assessing collision damage and fulfilment of 

ALS criteria,  are being further developed, e.g. in a DNVGL project.. 

 

C by A. Morandi: Should not blame the junior engineers; there is also a lot of personnel involved, and 

skilled companies. 

A by Abraham: Does not blame the young people, but sometimes wonder how things can happen. 

Discussion relating to P-S5-3: 

C/Q  by Moxnes  to M. Singh: Reducing engineering effort could for example be achieved by type 

approval of equipment for different areas based on dimensioning explosion loads Today  advanced 

tailor made FE-analysis is as an example carried out for a fire cabinet to check for capacity against 

explosion. 

A by M.Singh: Could standardize, but all platforms are not similar, pressure and duration of pressure 

pulse, and natural periods of platforms. 

 

Editorial comment (by T. Moan): This is true, but experiences in connection with  risk analyses to 

determine for instance explosion pressure time histories and fire scenarios for platforms on the NCS 

show that there is a potential to use more “prescriptive” requirements for such accidental actions, but 

that the action effects need to be determined case by case. 
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Session 6: Reliability of Concrete Platforms  
Co-chairs: J. Moksnes; C. O’Brien  

 

P-S6-1: Reliability of a Concrete Floating Barge – the NKP Case (see also associated article: A-S6-1) 

P.l Collet, Total, France  

 

P-S6-2: Experiences with the Safety and Durability of Concrete Offshore Platforms  

K. Høyland and H. A. Rogne,, Olav Olsen AS, Norway . Presented by H. A. Rogne 

P-S6-3: ALARP in Decommissioning Brent D (Cancelled) 

F. Lange, Shell Global Solutions 

Discussions: 
C from Y.S. Choo: There are two types of aging, material aging and aging of personnel. We should 

avoid making the same mistakes as the predecessors and therefore we should cautiously ensure that 

engineering knowledge about concrete is conveyed to the next generation. (Degrading of the 

knowledge of concrete due to limited activities in Norway since 1995 ?) 

A by H.A.Rogne: The strength of concrete increases with age. General concrete competence is 

maintained since there are many concrete projects. However, specific competence e.g. related to 

loading on concrete platforms could be lost. 

A by P. Collet (in writing): in last ten years, many concrete structures have been launched, from the 

Monaco Floating Dike to the Hebron platform this year, as well as  Sakhalin, etc. Knowledge is 

worldwide spread and share and in Norway.  Engineering is still efficient if you consider  who were 

involved in these last concrete projects.  

  

 C from S. Haver: I wonder  about the removability of the concrete designs of offshore fixed platforms 

in Norway. The oldest platforms cannot be removed. What about the newer platforms? It was a pity 

that design life of Troll is 70 years.   

 A  by H.A. Rogne: The earliest designs were not designed to account for the possibility of removal.  

In order to remove the concrete tanks, the concrete tanks need to be designed to resist the pull loads. 

The later designs account for the removability but the operators do not intend to remove these 

platforms yet. 

Comment by P. Collet (on writing): I don’t know about the Troll platform in particular, but structures 

designed in accordance with e.g. NS 3473 may have longer life than the planned  design life. As 

concrete is a dead material, removing rock from the sea should be not the only choice. Leaving  the 

concrete structure  could be an option with benefit for the environment or fishing. Precaution should, 

of course, be taken regarding navigation.  

  

Q from G. Kuiper: In view of  the development of technology, by now, did concrete concepts become 

economically  competitive?. 

A by chairman J. Moksnes:   The competitiveness needs to be discussed case by case.  

A by H.A.Rogne: The application of concrete can be economically  competitive for concepts which 

makes use of the special advantages of concrete platforms such as the big storage capacity compared 

with the steel structures.  

A by P. Collet (in writing): Competition should to be seen in the light of the number of contractors 

worldwide, that can built such platform, in steel or  in concrete. Engineering and management require 

a high level of competence but 80% of concrete construction work does not need a high competence 
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level. No yard with lifting tools is required. This fact changes the way to think about the project and 

that may be the biggest step for our industry. 

   

Q from T.Moan: It is interesting to note that it can be demonstrated  the payload capacity can be 

significantly increased for existing platforms. What if the modern analyses methods had been used in 

connection with the original design? Would you then be able to increase the payload capacity if 

needed later in the service life? Moreover, how do you look upon possible optimization of the initial 

design versus having som robustness with respect to future changes? 

A by H.A.Rogne: The structures are more optimized now. But more load effects are also included, e.g. 

ringing. Capacity was shown to be ok by using more advanced (non-linear) analyses. The ALS/ULS 

compliance of Draugen in significantly increased wave/ringing loads, which are not realized at the 

initial stage, is a good example.   

  

Q from G. Kuiper: Could concrete platforms be made cheaper in order to compete with the 

alternatives? 

A by H.A.Rogne: A steel platform cannot be replaced by a concrete platform, it will be more 

expensive. However, a concrete platform could replace several other platforms, and in particular if oil 

storage is needed, concrete platforms could be competitive. (Needs to be included in early design.) 

A by P. Collet (in writing): Concrete platforms might not be competitive with steel platforms from a 

CAPEX point of view, but in consideration of CAPEX + OPEX during 40 years, concrete is back in 

the race. Moreover, the industry should have a feedback on projects in severe environments, like the 

North Sea, where disconnected option is required and make comparison with GBS solution.   

 

Q from the audience: Why is it that the latest concrete platform was delivered to the North Sea in 

1995? Is concrete not competitive anymore? 

A by H.A. Rogne: Concrete cannot compete with steel in the sense that it can directly replace a steel 

structure on a given location. Concrete can be competitive as an alternative concept where you can 

take advantage of the main merits of inshore completion, float-out and instant installation, large load 

bearing capacity and oil storage in the caisson. 

 

Final statement by the chairman  J. Moksnes (in writing): 

I wish to thank the two speakers for their excellent contributions to this Conference. Not only did they 

manage to keep to the very strict timetable, but they also delivered impressive case records of marine 

concrete structures with more than 20 years of service. The oil and gas industry has a very heavy bias 

towards steel. Of well over 1000 marine oil and gas production facilities in the world, only some 50 

are made of concrete. The two papers, from France and Norway, demonstrated that marine concrete 

structures, whether they are floating or gravity based, can be designed and built to very strict 

specifications. We have heard that regular in-service inspections after decades of exposure have 

confirmed very good durability, with little maintenance required. Design reviews have demonstrated 

that the gravity base structures can accommodate significant modifications to the production 

equipment and increases in the weight of the top-sides. In addition to the long-serving structures dealt 

with by the authors, large marine concrete oil and gas platforms have in more recent years been built 

in Australia, Russia, Spain and Newfoundland.   
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Session 7: Reassessment of Jacket Platforms in Operation  
Co-chairs: F. Nadim; J-L. Colliat-Dangus  

 

P-S7-1: Risk-based Structural Integrity Management for Jacket Structures (see also associated article: 

A-S7-1)  

F.  Guédé, Bureau Véritas, France  

P-S7-2: Reassessment of Offshore Structures: the Geotechnical Issues  

Thomas Langford, et al., NGI, Norway. Presented by T. Langford 

Discussions: 

  

Discussion relating to P-S7-1: 

Q from F. Nadim to F. Guédé: There is skepticism towards risk matrices. Many boxes are irrelevant. 

Could often jump over boxes, e.g. from class 1 to 3.   

A by F. Guédé:  I agree that risk matrices are not an accurate measure to assess the risk level. 

However, they are convenient to set out the risk assessment results to the stakeholders and allow a 

structural integrity risk analyst to speak the same language as other risk analysts (e.g. for process 

equipment, machineries,…).  

 

As you know the issue of the development of an inspection strategy is different than the issue of 

structural assessment. In structural assessment the more accurate is the assessment the better it is. Of 

course accurate assessment is beneficial for inspection strategy development too, but the most 

important is to understand how the structural items compare to each other so as to know where to put 

the inspection effort. Besides, not only the structural failure is of interest, many other drivers e.g. the 

effectiveness of the corrosion protection system, should be accounted for in assessing the risk level 

and the resulting inspection strategy. Therefore, in my opinion the risk assessment does not need to be 

so accurate for inspection strategy, relative risk ranking as provided by risk matrices may be enough to 

develop a rational and optimal inspection strategy. 

  

Q from A. van der Stap : How is  performance of a platform accounted for in this method to develop 

an inspection strategy? 

A by F. Guédé : I do agree that the historical performance of a platform provides relevant information 

to assess a platform risk level which allows an inspection strategy to be updated. The current method 

does not explicitly include a scoring rule for platform’s historical performance. However, if such a rule 

has to be included, it would require experience and knowledgeable persons to formalize how 

comparison of historical and expected performance should upgrade or downgrade the likelihood of 

failure. 

Ed. comment: See also the discussion relating to Session 8. 

 

Discussion relating to P-S7-2: 

Q from  H. Singh to T. Langford (in writing after conference):: In reference to presentation by C.Swan 

& J. Tychsen where they are demonstrating a potential higher risk to our assets against 10,000 year 

cases. How are we positioned from the pile capacity point of view in light of new findings related to 

ageing, etc.? 
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A by T. Langford: I think that reliability-based approaches can be used to calibrate relevant safety 

factors for such cases using appropriate design methods, and effects such as ageing will help to 

capture the most realistic foundation performance. 

 

Q from NN: Based on your slides where you had shown quite some new insights and work on a 

number of suction & piled anchors for different asset owners, (we have seen similar assessments for 

our assets as well). How are we capturing these learnings and insights in our codes & standards?        

A by T. Langford: I think that the codes are working well to update with new insights and methods for 

such issues, but there is of course more work to be done. For instance, it may be relevant to consider 

different factors for different anchoring types, such as piled anchors, suction anchors and drag anchors. 
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Session 8: Inspection Planning with Respect to Crack Control  
Co-chairs: H.O. Madsen; P. Frieze  

 

P-S8-1: Lessons Learned from Predicted Versus Observed Fatigue of Offshore Steel Structures 

(Jackets, Semis) in the North Sea (see also associated article: A-S8-1)  

O. T. Vaaårdal, Axess AS and T. Moan, NTNU, Norway.  Presented by O.T. Vaardal 

P-S8-2: Guidelines for Probabilistic Inspection Planning of Offshore Steel Structures  

G. Sigurdsson and A. Fjeldstad, DNVGL, Norway. Presented by A. Fjeldstad.  

P-S8-3: Fatigue Analysis, Lifetime Extension and Inspection Plans (see also associated article: A-S8-

3)   

M. Birades, Total and L. Verney, Bureau Véritas, France.   

Discussions: 
Q by P. Smedley to M.Birades:  

Are they doing a full probability analysis or a more pragmatic approach? Is the risk ranking performed 

with or without safety factors (SCF, uncertainty in SN-curves, uncertainty in plate thicknesses, etc.).    

A by M. Birades: in the Netherlands, there is a requirement to inspect  every five years, hence 

optimizing the inspection intervals is not possible. Instead, a risk ranking is performed, in order to 

decide which details to inspect. 

 

C by P. Smedley to all presenters (in writing): 

The question I was trying to ask M.  Birades but also the representatives  from  BV, DNV and NTNU 

in the same session was related to  the balance between effort needed and value gained in the 

apparently different RBI models presented. 

The background for my question is that engineers are likely to only have ready access to design 

fatigue lives for each component/connection. This can quickly give one measure of probability of 

‘failure’ (exceeding design life) and the relative ranking of such items. Stripping out the explicit and 

implicit safety factors on load combinations, SCFs, SN curves, etc. will give a different measure of 

probability of ‘failure’ (exceeding mean life) and a different relative ranking of such items. A third 

proposal (DNV) seems to recommend performing simplified structural reliability assessment on each 

component capturing the uncertainty in each variable, which will give a third measure of probability of 

‘failure’ (structural reliability) and yet another potentially very different relative ranking of such items 

in terms of risk. 

Can the presenters comment on the different approaches and whether one standardised fit for purpose 

RBI approach should be proposed? 

A by O. T. Vaardal and T. Moan (in writing) 

We might envisage various measures of risk; i.e. relating to cracks that need  repairs  - implying 

operational costs;  or the risk of fatalities (and environmental and economical consquences) that would 

relate to global loss of structural integrity.    

For this reason your question is answered in two steps  - firstly we deal with the likelihood of crack 

occurrence and secondly the risk relating to total loss.  

Ranking of the component fatigue failure potential   
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- The probability of fatigue failure based on design fatigue calculations will most likely not 

correlate perfectly with the observed fatigue crack growth. This is due to uncertainties in the 

analysis method and deviations in the as-fabricated versus as designed structure. The high 

degree of variation in local geometry and fabrication quality can be of the same importance as  

the differences implied by using different fatigue design factors (ranging from 1 to 10). 

Moreover, there are differences in the procedures used in the global fatigue analysis (load 

effects). Some of these uncertainties are generic and some are dependent on the particular 

structure and personnel involved. Only the generic uncertainties can be accounted for in the 

design and initial planning of inspection. 

- In fatigue life estimates during design the uncertainty in fatigue strength (in terms of SN 

curves)  is accounted for by using characteristic values. We might say that the fatigue load 

effects (stress ranges) are calculated by expected values – with no account of the uncertainties 

in gloabal load effects, stress concentration factors etc. By accounting for all the systematic 

and random uncertainties in a probabilistic (RBI) approach, the fatigue estimates will be 

improved, and the more the specific character of the type of structure, loading, local geometry 

determining hot spot stresses, are accounted for. Still, a ranking based on an RBI approach is 

of limited accuracy..( Ref. DNVGL RP C.210 for recommendation of COV value as function 

of level of detail and quality in the FLS analyses).  

- As mentioned, fatigue crack growth is highly affected by local geometry. Hence, we need to 

include information from an As-Is inspection to get realistic estimate of the fatigue crack 

growth potential. Based on the As-Is information we select mean value and COV for the SCF 

and fatigue capacity given by the SN-curve. The DNVGL RP C.210 does not focus the 

importance of the As-Is inspection. At the design stage we need to use generic information  

also regarding  the effect of inspection – implying predicted outcomes of the inspection.  

 

- But a more realistic ranking requires use of the information from the inspection at the 

fabrication stage and in-service information. Experience also indicates that realistic ranking of 

the fatigue failure probability should be given after collection of information from the first in-

service inspection.     

  

- In principle, strengthening of the structure or modification of the inspection program might 

then be relevant. Experiences show that the consequence might be a reduced or increased 

inspection program.  

 

- The presentation and  related paper focus on   estimating the  probability of   fatigue failure 

(normally defined as a visible crack or similar) i.e. the component failure potential. A true  

risk ranking requires a  combination of failure consequence potential and component failure 

potential, as partly reflected in the conventional fatigue requirements in terms of allowable 

fatigue damage or fatigue design factor,  in e.g.  Norsok, dependent  on the consequences of 

failure and the inspection approach. The failure consequences are differentiated depending on 

whether ALS criteria are fulfilled after fatigue failure or not.  A similar  differentiation of 

targets is also made in a probabilistic approach, e.g.  Actually, there are at least three levels 

that might be considered in this connection for framed structures; namely “fatigue failure”(in 

the SN- sense referring to visible cracks; through thickness crack (that can be detected by 

LBB); member failure (rupture of the member). In the ALS approach ( for jackets ) mentioned 
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above global failure approximately related to a global ultimate failure and fatigue failure of a 

tubular joint   

- In our presentation and related paper, we have limited our discussion to the failure 

consequence potential related to the operation regularity. Fatigue failure is detected by the 

leak detection system. It is a high damage robustness present. Additional crack growth from 2 

winter month is required before the global load bearing capacity is affected. Hence, it is 

sufficient time for planning and implementing the required repair. ) 

 

A  by Michel BIRADES  (in writing): To complement my initial answer to Phil Smedley’s question: 

 “The effort needed for implementing a full probabilistic approach seems disproportionate given the 

uncertainties to be managed and regarding the value gained, it is little considering the statutory 

requirement (inspections every five years).  

This is why TOTAL and BV have presented a pragmatic approach for inspection planning and have 

underlined the need to properly address the data and computation management (refer to the marine 

growth thickness assessment and the implicit linearization in the fatigue analyses).” 

 

C and Q by O T Vaardal to M. Birades and L. Verney (in writing) 

Unfortunately we did not manage to get time to discuss your paper “Fatigue Analysis, Lifetime 

Extension and Inspection Plans” during the OSRC2016.. I do really appreciate the focus on the effect 

of marine growth.  

 

Here I would like to address  the inspection scheduling methodology and ask for some clarification of 

the term “Node Fatigue Life”, “Past Fatigue Damage”, “Future Damage” and “Lifetime” used in 

Figure 1 and Table 10 as well as “service life” used in Section 6.4 and “fatigue life” used in Eq. 14. 

 

My interpretations for clarification and questions are as follows: 

Clarification 1 (Q by Vaardal):  

“Node Fatigue Life” = “Fatigue Life” = “Lifetime” and is year in service before the accumulated 

fatigue damage reach 1.0. Hence, the scale of the horizontal axe in Figure 1 is 0.0 at time of 

installation. The value of “Node Fatigue Life” = “Fatigue Life” = “Lifetime” will vary as the past 

damages are adjusted by measured thickness of marine growth.  

C by M. Birades: Yes, the node fatigue life is the year in service before the accumulated fatigue 

damage reach 1.0 and the scale of the horizontal axe in Figure 1 is 0.0 at time of installation. The node 

fatigue life depends on the measured thickness of marine growth in the past, but also on the 

extrapolated thickness of marine growth in the future if the node fatigue life is above the present date. 

 

Questions 1 and 2:  

Is the calculated Node “Node Fatigue Life” = “Fatigue Life” = “Lifetime” including any Fatigue 

damage design factor as given in Table 6? (I assume they are not included in the value of “Node 

Fatigue Life” = “Fatigue Life” = “Lifetime” as these factors are used in the inspection scheduling 

methodology described in Section 6.4)  If they are used, how is the factors in Table 6 related to “Not 

Inspectable”, used?  

A by M. Birades: For inspection scheduling, the node fatigue life shall not include any Fatigue damage 

design factor as given in table 6. Nevertheless those factors can be used if the objective of the fatigue 

analysis is to check if the platform copes with the requirements of the standards. 

 

Clarification 2 (Q by Vaardal): 

From Section 6.4 
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1) If ranking score is smaller or equal to 5 times the service life the weld is subject to inspection. The 

safety factor of 5 covers inspection of secondary welds in case fatigue life is equal or smaller than 2 

times service life.  

My interpretation is that the requirement of 5 times the service life in ratio is from Table 6 for the 

combination Inspectable & Failure critical component. The use of factor A=2.5 for secondary weld is 

related to factor 2 in Table 6 for the combination Inspectable & Not failure critical component i.e. 

5/2.5 = 2. The use of A=10 for tertiary structural elements is related to use a Fatigue damage design 

factor of 0.5 (=5/10).  

A by M. Birades: There is no link between those different numbers. The numbers 1, 2.5 and 10 of 

Table 7 have been elaborated before API and ISO provide Table 6. It is only a coincidence… 

  

Clarification 3 (Q by Vaardal): 

Ref- Section 6.4 

The minimum inspection scope is: 

- 5 year interval between the inspection campaigns  

- at least 5% of the primary welds to be inspected every fifth year  

 As long as this minimum requirement is fulfilled, the scope for an inspection campaign is a random 

selection of 20% of the hot spot given a ranking factor less than 5 times the service time. During the 

service life of the structure, all primary welds given fatigue life longer than 200 years and secondary 

welds given fatigue life longer than 80 years, will not be considered for inspection during the entire 

service life of 40 years.  

A by M. Birades: Correct! 

   

Question 3:  

If we during an inspection campaign detect a large number of fatigue cracks e.g. 20% of the planned 

inspections results in fatigue crack detection, will the applied methodology recommend an extension 

of the scope of inspection? Is it defined any limit of crack detection during a campaign before changes 

in the inspection program is required? (Factor or weighting index C and D are related to the actual hot 

spot or weld. Is there any overall weight index for the entire structure?)  

A by M. Birades: There is no defined limit ; this shall be considered case by case. I must say that, 

fortunately, such a scenario has never occurred. 

 

476



             The 3rd Offshore Structural Reliability Conference (OSRC2016) 

             14-16 September, Stavanger, Norway  

 

 

 

Session 9: Reliability of Mobile Units  
Co-chairs: O. Dalane, C. Wang  

 

P-S9-1: Operational Experiences and Design Codes for MODU  

T. Sildnes, DNVGL, Norway  

P-S9-2: Reliability of Jack-up Platforms  

M. Hoyle, DNVGL 

Discussions: 

Q from O. Dalane to M. Hoyle: How are the class rules for jack-up platforms related to ISO-

requirements?  

A by M. Hoyle: They are not too far apart, but not in the same place either. 

  

Q from G. Kuiper: Has there been a change in air gap requirement after the COSL Innovator accident? 

A by T. Sildnes: There are no changes in the rule requirements. Negative air gap is allowed if the deck 

box is designed for the horizontal loading. However, following the accident, DNV GL has developed 

two new guidelines for column-stabilized units for prediction of air-gap and horizontal slamming 

loads. (Offshore Technical Guidelines OTG-13 and 14). DNV GL classed units operating in harsh 

environment are required to re-assess air gap for ULS condition according to OTG-13. If a negative air 

gap is found,  it has to be documented that the deck box has structural capacity to withstand horizontal 

slamming loads. Norwegian Petroleum Safety Authority PSA and Maritime Authority (NMA) have 

also issued letters to the industry stating that column-stabilized units under their jurisdiction have to be 

re-assessed with respect to  air gap and slamming strength according to the new DNV GL OTG 

documents.   

    

General reflections of the session, by the co-chair (O. Dalane): 

Two very good and informative papers were presented in this section. The papers were closely linked 

and complemented each other in a very sensible way. 

The first paper by Mr. Tore Sildnes gave a good introduction to the class regime including background 

(origin) and how it works. It was pointed out that accidents have always influenced maritime rules and 

regulations, and examples of accidents and their impact on the regulations was given. It is 

acknowledged that the COSLInnovator accident (wave impact in the deck box) also was openly 

discussed in the presentation.     

The second paper by Mr. Mike Hoyle focused on Jack ups and their reliability. It was interesting to 

observe how site specific assessments and requirements had evolved over years and how the work 

from SNAME had developed into the ISO19905-1 standard. It was noted that there still is lessons to 

learn that need to be implemented into the ISO standards and that most of (or all?) of the jack-ups are 

classed according to a class society and have to follow their codes. 
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Session 10: Stability of Floating Platforms in a Reliability Perspective  
Co-chairs: J. Stear; T. Moan  

 

P-S10-1: Assessment of Intact and Damage Stability Regulations for Offshore Floating Structures – in 

a Reliability and Risk Perspective  

C. Wang, ABS  

P-S10-2: Reliability of Floating Platforms with respect to Stability  

D.  E. Engberg, DNV GL, Norway 

Discussions: 
Comment by the chair (T.Moan):  

The two interesting presentations made in this session complement each other in that the first one 

focuses on analysis and design while the second one focuses on operational issues relating to stability 

issues such as ballasting, weight control and watertight integrity.  

In the first presentation it was emphasized that most of the “stability/sinking” failures that have 

occurred in the offshore oil and gas industry do not seem to be due to inadequacy of the existing 

criteria, but due to other risks that are not part of the current stability calculation methodology. In 

almost all cases multiple failures were necessary for the results to be catastrophic 

Stability criteria for offshore structures are traditionally based on a deterministic, quasi-static 

approach. Dynamic-response-based approach has been developed but is adopted at difference pace by 

class societies, IMO, and local regulatory bodies.  While reliability methods are not applied, risk-based 

approach is gaining its way to the damage stability assessment. However, more work on a better 

understanding of the actual failure causes/mechanisms and the related consequences, and how to 

estimate them in risk assessments, is needed. 

In the second presentation human factors associated with the operations were emphasized, suggesting 

increasing the competence and awareness through damage control drills.  

It is also important to establish a tight connection between assumptions made in design regarding 

keeping watertight boundaries closed at sea and operational procedure manifested in the operational 

manual. 
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Session 11: Reliability of Floating Platforms 
Co-chairs: A. van der Stap; T. Vestbøstad  

P-S11-1: Industry Standards for Integrity Management of Floating Systems  

J. Stear, Chevron, USA.  Presented by A. Mangiavacchi 

P-S11-2: ALS Design in Practice – Floating Platform Application  

R. Løken, Aker Solutions, Norway 

Discussions: 

Discussion related to P-S11-2: 

Q from H. Singh to R. Løken: Analyzing ship collision assuming ‘worst case’ scenarios may be overly 

conservative, especially on floaters where as much as 60 % of the energy may go into motions of the 

floater.    

A by R. Løken: For spars, there is a large effect of tilt. For semi submersibles, there will be induced 

yaw motions, absorbing collision energy. 

Ed. Comment: See alsos A-(P-)-S5-2. 

  

Q from S. Uto: How important are viscous effects on the wave drift forces on ships compared to 

Semis? 

C by Moxnes: May be even more important for ships. Wamit results will underestimate the wave drift 

forces especially for flared bow shapes in high sea states.  

 

Question by C  

Q from R. McKenna: The ALS case for floaters, is it better or worse than for fixed?  Is the reliability 

level the same? 

A by R. Løken : Wave in deck is worse for fixed than for floating structures. But progressive failure, 

e.g. capsizing, is not checked. Only the ALS case is checked. 

 

Additional Comment by T. Vestbøstad: What is the relative importance of the ALS requirement to 

floaters vs. fixed platforms is difficult to say, since it will be case by case dependent. For instance, 

wave in deck is more “absolute” for fixed than floating platforms. 

 

Final remarks by co-chair  A. van der Stap: 

Thank you for your good presentations: Jim Stears focusing on managing the risks of life extensions of 

ageing floaters and Rolf Løken on the design conditions of the same.  

After Rolf Løken’s explanation on the risk for water on the lower water deck on equipment and people 

one unanswered question which stuck with me was: “why would we as an industry want to accept a 

negative air gap for floaters?”. Shouldn’t the starting point be – no negative air gap and only after 

ALARP risk assessment accept a deviation by exception. 
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Session 12: Reliability of Ship type Production Units 
Co-chairs: T. Sildnes; C. Wang 

P-S12-1: FPSOs in Harsh Environment. Status and Main Learnings after 30 years’ Experience with 

One of Our Most Robust, Reliable and Flexible Concepts 

E. Hovland, J. I. Dalane and H. Mong, Statoil, Norway. Presented by E. Hovland. 

 
P-S12-2: Design Basis of World’s First FLNG to Achieve Good Reliability 

A. van der Stap, Shell Global Solutions, the Netherlands 

Discussions: 

Discussion relating to P-S12-2: 

A by  Van der Stap  in response to a question from the audience: the design criteria are such that 

damage is accepted for 10000 year waves. For 40 year wave there should be no mechanical damage. 

For 20 year wave, the production should continue. 

 

Q by S.Haver (SH): How is the “Response based design” implemented?  

A by Van der Stap: Using in-house models, creating long term distribution of mooring line loads. 

SH: Seems to be similar to what we call “Long term response analysis” 

 

C by P. Tromans: The comment was in response to a discussion relating to damping of horizontal 

motions of the FLNG in the long-term response analysis. 

Comments on viscous effect and model test : we account for viscous damping of roll and horizontal 

motions of the floater from viscous drag forces on the hull and mooring lines through empirical 

models. Where possible, we have updated the models based on the various model tests that have been 

performed. 

  

Q by Y.S. Choo: in side by side operations and with respect to the offloading arm, what is the limiting 

sea state?   

A by Van der Stap: there are about eight criteria, like roll and pitch motion, clashes, mooring line 

loading etc. The limit also depends on the wave period, but it is around 3 m Hs. 

  

Q by C. Wang: Is there a limitation with respect to offloading ships (for the FLNG)? 

A by Van der Stap:  No, all kinds of offloading ships can be used. 

 

Comments from co-chair T. Sildnes: 

In the session, there were two very good presentations about FPSO concept solutions for offshore field 

developments. They were particularly interesting for me representing a classification society, since 

FPSOs combine regulations, technology and practices from both the maritime and offshore platform 

world.  

The first presentation by E. Hovland from Statoil provided a very interesting experience feed-back 

from operation of harsh environment FPSOs over two decades. It is reassuring to learn that FPSOs 

combine fast track development with robust and reliable operation, suitable for life extensions up to 

40+ years without leaving location.  We also see that FPSO concepts are the preferred solutions for 
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future field development projects in harsh environments in Barents Sea and East Canada. The 

improvement areas presented provide important input for updating of FPSO rules/standards.  

The second presentation by Andre van der Stap gave an interesting overview how design basis has 

been established for the world’s first FLNG facility. It was particularly interesting to learn that the unit 

is designed to cope with extreme cyclone weather conditions on location without disconnection.   
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Session 13: Reliability of Station-keeping Systems  
Co-chairs: P. Smedley; E. Hovland  

P-S13-1: NorMoor JIP – Mooring Design Code Calibration  

S. Okkenhaug, DNVGL, Norway  

P-S13-2: Reliability of DP Systems (see also associated article: A-S13-2)  

H. Chen, Lloyds Register, China 

Discussions: 
Q from P. Tromans to S. Okkenhaug: Though it is very accurate for more than 90% of cases, it seems 

from some model tests and other observations that, for a few cases, conventional linear and second 

order diffraction analysis occasionally does not work very well in predicting wave induced floater 

motions and consequent line tensions. Should this appear as an additional safety factor in the design 

code or be treated in another way? 

A by S. Okkenhaug: It should be treated separately 

 

Q from S.Lacsse to S.Okkenhaug: Do you refer to annual or service life failure probabilities? 

A by S. Okkenhaug: Annual values  

 

Q from A. Duggal to S.Okkenhaug: In your LRFD approach do you apply the load factor on static 

action on the pretension or to the mean load? 

A by S.Okkenhaug 

 

Reflections of co-chair (P. Smedley): 

In this session we received two new presentations on station-keeping systems, one on moorings and 

one on dynamic positioning. Ms Okkenhaug provided a brief summary of the extensive work ongoing 

and planned in the NorMoor JIP covering notional mooring reliability in a wide range of global 

environments for both drilling and production floaters. That the proposed headline factors of safety are 

unlikely to change significantly from those used by the industry for decades is reassuring and, along 

with the other findings, provides significant risk assurance for our industry mooring systems which 

need to be supported through construction, installation and full life operation. Dr Chen’s presentation 

on DP systems is my first sighting of quantitative data on DP system reliability, while it is reassuring 

that DP collision risk in direct offloading concept appears 2 orders of magnitude better than tandem 

offloading systems, we should not become complacent. The consequence of DP failure in benign 

conditions is likely to be small and thus likely underreported compared to tandem offloading. His 

recommendation for independent reporting and collation of data would be most helpful to operators if 

it can be achieved. 
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Session 14: Floating Arctic Structures  
Co-chairs: P. Liferov; M. Maes  

P-S14-1: Sea Ice Management and Reliability of Floating Structures  

R. McKenna, McKenna & Associates, and B. Wright, B. Wright Assoc.,Canada. Presented by 

R. McKenna.  
   

P-S14-2: Applying the Limit State Definition in Ice Class Rules for Ships to Offshore Structures (see 

also associated article: A-S14-2)   

K. Riska and R. Bridges, Total, France. Presented by K. Riska 

Discussions: 

Q from co-chair P. Liferov to both  speakers :  

From the presentation of Richard McKenna it follows that the safety of arctic floating structures 

depends on many barriers (design and operational measures). At the same, Kaj Riska presented 

significant “variabilities” in the definitions and design applications. Kaj Riska also emphasized that 

“one should better know an answer   beforehand”, pointing to the fact that experience is vital.  With 

this in mind, what is your message to those involved: academia, designers, operators and not least 

regulators? Is there a challenge since a lot of the (ice) experienced engineers are retiring and there is a 

significant (20+ years) gap? 

 

A by K. Riska:  

The standards should be more explicit. ISO 19906 is in parts unclear and difficult to implement. This 

is especially the case for less experienced engineers. Thus there is room for improvement. There are 

differences in the approach of ship and offshore structure rules for ice actions; these rules are not 

commensurable and this makes the use of ship and offshore structure rules challenging for floating 

structures. This difference exists in both local and global actions. Care should be exercised when 

extrapolating from measured / observed data for return periods of 100 or 10 000 years. The ad hoc 

nature of the methods given in the ISO 19906 Arctic Offshore Standards in its informative part causes 

confusion and also a large scatter in suggested design values. 

A by R. McKenna:  

- Comments on ice pressures: ice pressures in ISO 19906 for the calculation of actions on offshore 

structures are included in an informative annex. This is an acknowledgement that a single 

approach cannot apply to all types of structures, ice conditions and loading situations. While a 

number of relationships for ice pressures are given in ISO 19906, the main message is that 

"appropriate data shall be used for the specification of ice actions", whether or not these are given 

in the document. Although ISO 19906 deals with actions from icebergs and sea ice, the present 

discussion involves only sea ice. Can the ice pressure specification in ISO 19906 be described as 

ad hoc as compared to the one in the Baltic rules? The basis of each is different and their purpose 

is also different. In effect, both could be considered ad hoc. Ship rules should reflect the different 

ice conditions a vessel is exposed to within certain geographical regions. A transiting ship tends to 

avoid the worst ice conditions, while an icebreaker sometimes has to deal with the worst ice 

conditions. A structure needs to deal with all ice that passes by. The user of the ISO 19906 

standard is free to apply ship rules for estimating ice pressures in floating structure design as long 
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as it can be demonstrated that they are appropriate and that the expected range of ice situations and 

features interacting with the floater have been properly addressed. 

- Operational procedures and their effect on ice pressures: floating structures are typically supported 

by ice management (icebreaking) vessels and are often disconnectable. The effect of these factors 

on the actual ice conditions and features reaching the floating structure can potentially have an 

effect on the hull design strategy. Although operating criteria for floaters in ISO 19906 

(particularly in the ongoing revision) can limit the exposure of the structure to the most severe ice 

conditions (in terms of thickness and floe size), there is a finite probability that the operating 

criteria are not met. In such cases, the ice pressures on the hull can be limited by the capacity of 

the station-keeping system, by what is termed pack ice pressure (when the ice cover is in a 

compressive state), and potentially when the floating structure is in a disconnected state (whether 

intended or unintended). 

 

Q from  S. Uto: There is a large difference between standards. The standards should be based on 

experience. Need a feedback loop. How could we try to harmonize the offshore and ship rules? 

A by K. Riska: The harmonization starts from having an adequate theoretical basis for assessing ice 

actions. As most of the methods for ice actions are empirical and of an ad hoc nature, there is still a 

long way for scientists to reach an understanding of ice actions; a sound theoretical basis is a good 

target for research and also for collaboration between those who develop knowledge and those who 

apply knowledge. 

 

Q from A.Morandi: The load factors for ice loading are similar to factors used for wave loading. How 

come? 

A by M. Maes: The factors are based on a compromise between several items, in order to be generally 

applicable. For smaller geographical areas and specific structural systems, the factors could have been 

different. 

 

Comment by R. McKenna: Pressures averaged over larger areas for global actions will have less 

variability than local pressures used for specific parts of the hull. 

 

Q from Y. S. to  K. Riska: What is your advice to universities as it is difficult to have simultaneously 

practical experience and theoretical expertise? 

A by K. Riska: This is a good and also a common question. There is no really a good answer. 

However, universities could cooperate with industry and include practical parts in a more theoretical 

curriculum. These parts could be given by people having practical experience. Secondly universities 

should give emphasis and support to acquiring theoretical methods and knowledge to engineers as 

industry will not always be willing to do it for them. A balance in the curriculum is naturally difficult 

to obtain as there is a lot of pressure nowadays for including a lot of general studies. 
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Session 15 - on ISO 19900 WG1 ongoing work  
Co-chairs: M. Maes and H.O. Madsen  

Background: Developing a third edition of ISO 19900 by WG1 (M. Maes, M. Abraham, S. 

Balasubramanian, M. Birades, P. Frieze, M. Hoyle, K. Høyland, A. Mangiavacchi , T. Moan, S. 

Moxnes, P. Smedley, J. Waegter, D. Wisch)  

 

The session consists of presentations and discussion of the preliminary results of the work of technical 

panels on:  

P-S15-1: Limit States & System Effects (see also associated article: A-S15-1)   

T. Moan   

P-S15-2: Risk, Consequence, and Reliability Classes/Targets  

P. Smedley   

P-S15-3: Uncertainty Assessment (see also associated article: A-S15-3)   

P. Frieze-lead 

P-S15-4: Lifetime Extension  

S. Moxnes  

Discussions: 

H. Madsen: There seems to be a lot of uncertainty related to ISO 19900 and ISO 2394, based on the 

presentations given. 

T. Moan: The “motherhood” ISO 2394 standard is a reference for ISO 19900, but it is  made by “civil 

engineers” for   onshore structures; and hence does not cover stability and mooring of floating 

structures.Improvements on such aspect are also needed in ISO19900.   But, the situation with the ISO 

standard 19900  is after all not that bad. 

P. Smedley: Unlike ISO 2394 and other 19900-series standards, ISO 19900 can be read front to back 

to understand the basic design and assessment principles, although the main audience are the authors 

of our other ISO structural standards. It is currently not perfect, and the Limit State section, in 

particular, can be improved in terms of clarity. ISO 19900 cannot contain everything, but needs to 

refer to other platform-specific standards in ISO 19900 series. It should be remembered that this ISO 

standard will define the principles to be used the next 20 years or so, and feedback from users is 

essential.  

 

H. Madsen: With a large amount of work, what is the ranking of priorities in the committee? 

M. Maes: First draft to be sent to the group early next year. The standard should be published by end 

of 2018.All problems will not be solved with the next revision, but the standard will be improved. 

Maes does not like the term Alphabet-soup that is sometimes used with reference to the groups and 

categories defined in the standards. When we are designing such large and expensive structures, we 

should not mind the small effort involved in finding the most accurate risk/consequence categories 

applicable to the structure. 

A. Mangiavacchi: Agree, it should not be too simple, but as simple as possible. Important to have clear 

definitions. 

S. Moxnes: Some things could perhaps be made simpler. For example, with regard to exposure levels, 

the categories are most often L1 or L3, and more seldom L2. 
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H. Madsen: Will the next ISO 19900 be decreed by law in any countries? 

P.Smedley: My understanding is that ISO standards can only gain legal basis if specifically referenced 

by the regulations in that Country. National Annexes in ISO standards can be included where a 

Country seeks more onerous requirements and can also informatively reference such legal 

requirements. Where an ISO Standard is adopted by a Country’s national standards body (e.g. 

Standards Norway) then there should not be any other national standard that covers the same scope, 

i.e. the ISO standard gives the single source of information. ISO 19900, has been widely adopted as 

evidenced in an IOGP publication which maintains the list of ISO oil and gas standards global 

adoption, e.g. in Europe, Brazil, Canada, Russia, China Kazakhstan and Gulf States. 

 

Ulf T. Tygesen (Ramboll Oil & Gas): Does the new code allow for and will it be prepared for 

utilization of advanced Structural Health Monitoring Systems (SHMS) methods for Bayesian based 

wave load calibration (probabilistic FEM updating) to field measurements and prepared for 

quantification of uncertainties in terms of estimation of Coefficients of Variation (CoV) and Bias 

values for linking performance of structural prediction models against SHMS measurements with 

Risk- and Reliability based Inspection Planning (RBI) and final verification of the “actuarial” safety 

level (PoF). 

P. Frieze: Monitoring generally requires advanced equipment. 

S. Moxnes: Chapter 12 in ISO 19900 allows the use of measured results in the assessment of  existing 

structures. 

 

J. Tychsen: In Denmark the law requires that all risk related to life safety and severe pollution are 

“Identified”, “Evaluated”, “Reduced” (ALARP), “Documented” against “Pre-defined” criteria and 

“Informed” to authorities (HSR evaluations). It is not common industry practice to include risk from 

extreme environmental loading and fatigue in the HSR. Risk contributions from these sources have 

been considered negligible as structures are in code compliance. If the structural code is performance 

based and hence does not carry an official ISO reliability based (“actuarial” or “notional-

conservative” if we cannot make a sufficiently accurate actuarial reliability model) calibration we 

cannot evaluate our risk. Having recently looked into the code background data our present conclusion 

is that compliance with the structural code (ISO 19900 series) cannot document formal legal 

compliance in Denmark (DK) as we do not know the inherent actuarial or “notional-conservative” 

safety level. NB. From what we see, UK and DK legislation seems to have much in common on the 

safety case issue, i.e. the above legal requirements are likely not unique for DK but could be relevant 

for several EU countries. 

P.Smedley: ISO standards are the consensus opinion of all participating members and are written to be 

used in all Countries. Therefore, it cannot cover the special needs and requirements of any one 

Country unless agreed by all other member Countries (see above comment about inclusion of National 

Annexes for specific additional requirements). In terms of guaranteeing a specific level of reliability in 

our Standards, that is very challenging as discussed in my Keynote presentation. In benchmarking 

factors of safety in ISO 19906, many combinations of variables where considered to ensure that a ‘not 

to exceed’ reliability limit of  10-4 was achieved. Still, despite this extensive study, it is feasible that  a 

combination of variables that were not considered could be found to give a higher notional probability 

of failure.  
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P. Smedley: We understand the desire for more background to the safety factors in the 19900-series 

Standards but need to be careful as, in the past, background reliability values have become publically 

misquoted by some readers. 

 

P. Frieze: When SRA are run, it seems that all engineers get their own result due to different 

interpretation of  input etc. 

T. Moan: The notional target level referenced in structural reliability analysis is different from the 

actuarial values. Moreover, it is important that we are not using generic target values – they need to 

depend on the geographical region. Finally, it should be noted that the current action factors are not 

consistent in view of the uncertainties affecting actions and action effects in various types of offshore 

structures and intended (structural)  reliability target levels. 

 

J. Tychsen: We are concerned about the inherent risk levels in the ISO 19900 series of codes. ISO 

19902 specify eg. 10000y ALS return periods (no safety factors) and in the proposed draft for ISO 

19901-9 this is proposed reduced even further to 2500y. Taking UK and DK ALARP guidance this is 

far into the ALARP (”tolerable”)  region and for manned operation close to the “Intolerable” border. 

Here it should be kept in mind that the intolerable border covers all accumulated risk and not only the 

environmental risk, i.e. fire, explosion, boat impact, fatigue collapse risks to be added to the 

environmental overload collapse risk. Being far into the ALARP (“Tolerable”)  region operation is 

allowed but conditioned on all reasonable means are applied to reduce risk to ALARP (e.g. actions 

like strengthening of critical failure modes, load reductions, adverse weather de-manning etc. must be 

evaluated). Question: Is it not problematic that the code stipulates so low return period ALS criteria 

without requiring combination with other risks nor set forth any requirement for ALARP initiatives? It 

is noted that ALARP considerations are already included in Section 24 in ISO 19902, i.e. the principle 

is not new in the context of the ISO 19900 series of codes. 

 

P. Smedley: Currently, according to ISO 19902, the ALS case requires an air gap check at a return 

period between  10-3 and 10-4 . Maersk has suggested that by following the ISO 19902 standard can 

lead to notional or actual probability of structural collapse less than 10-4  p.a. This would be a concern 

to many of our participants and we would welcome further information that could lead to 

improvements in this Standard, if that is the case. 

 

Y.S. Choo to Moan and Moxnes: The Bomel benchmark analyses used 3 steps in the tests 

regarding frame components and ultimate capacity. It is only valid if the designer also uses common 

sense.   

S.Moxnes: The competence is important when using the standards.   

T.Moan: I am not sure what you mean. But if you refer to my presentation, I showed a Bomel test 

result for tubular joints to show that the limit for ultimate strength should be carefully chosen when 

parameterized formulae for the ultimate strength of tubular joints for design standards are established. 

The point is that ultimate failure might imply large plastic strains before maximum capacity is 

reached. For structures under cyclic loading the maximum capacity determined by static analysis 

might not be reached in the presence of fatigue cracks. As there is no explicit limit state for ultimate 

fatilure following farigue crack growth, this fact needs to be recognised by code writers (since it is 

beyond the features that designers can deal with). This is not new insight –as I mentioned,  it was 

pointed out prof. Yura in developing the API strength formulations in 1980. Moreover, such a 
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consideration also applies when nonlinear FE analysis is used to determine the ultimate strength of 

components and system (e.g. in pushover analysis of jackets). See also paper and presentation S15-1. 

 

S. Lacasse: The foundations of offshore structures have ‘special needs’. It is often referred to structural 

failures, but avoiding structural failures is not sufficient if there is a foundation failure. How can the 

ISO accommodate the special needs for foundations? 

S. Moxnes: The foundation is considered to be a part of the structural system.  At the 2012 Offshore 

Structures Reliability Conference a presentation made by Puskar concluded that “few if any” of a total 

of more than 250 platform failures due to USGOM hurricane events were caused by foundation 

failures. 

S. Lacasse: Should keep in mind that there are many other types of foundations than piles. How will 

ISO account for the geotechnical aspect? 

P. Frieze: In ISO 2394, there is a separate annex (Annex D) for geotechnical structures. 

 

R. McKenna: The ISO 19900 standard should bring us forward, not back to the 1980’s. What I mean 

by this is that it should do more than just address common material from the various ISO 1990X series 

standards. It should seek to explore a workable path forward in terms of consistent limit states 

categorization across all documents. In its presentation of limit states, ISO 19900 should promote 

categorizations that adequately reflect life safety and environmental risk, even when they potentially 

conflict with past practice. In such cases, one needs to acknowledge current practice but provide the 

necessary guidance to nudge this practice to reflect present thought. On the issues of foundations and 

robustness, we should be pushing gravity base structures toward sliding rather than overturning.  

 

T. Moan: I think that it is important to explicitly deal with robustness in structural design. Robustness 

should not be used synonymously with redundancy. A structure can be redundant and still not being 

robust. For a jacket, several members can be overloaded at the same time under extreme wave actions, 

and the effect of apparent “redundancy” is lost. On the other hand, a single RC tower with thick 

concrete walls, might be robust with respect to many hazard scenarios, even if it is not redundant in 

terms of components. Robustness is crucial in connection with accidental loads and in connection with 

the effect of inspection and repair to ensure reliability in relation to deterioration phenomena like crack 

growth.  Therefore it is better to refer to robustness in view of relevant hazards and their variation in 

time and space, rather than redundancy of the structure. See also the presentation  (P) and article (A)-

S15-1. 

 

R. McKenna: Based on presentations and discussions over the course of the conference, there appears 

to be a lack of clarity in some definitions (e.g. hazards, extreme, abnormal, accidental) and in the 

consequences associated with different limit states. Some standards imply collapse, overturning or 

sinking of a structure to be ULS, while others consider them as ALS cases. It seems to me that we 

should be pushing our limit states categorizations toward consequences that are similar in terms of 

severity, whether impairing function or preventing the worst.  

P. Frieze: An onshore building is a cantilevered structure, similar to an offshore platform. The 

robustness must be related to other measures. 

 

Question from NN:   
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There should be focus on robustness: 10000 year wave. The challenge is which criteria to use. From 

ISO we find 10000 year. DNV has ALS requirements. 10000 year criterion becomes a design 

requirement and not an evaluation only. How to help design engineers to prevent progressive collapse. 

Frieze: We do not define target 10-4.  

 

A. Duggal: We can design a system strong enough to resist 10000 year loading, but it could still be 

weak with respect to FLS. 

S. Moxnes: There is not a requirement to 10000 return period code check for mooring systems in any 

design codes. 

 

A. Van der Stap: There is a lot of smart people here. Still, it is easy to lose the overall picture, and 

focus on small details. We need to think holistic. And is the risk in the Gulf of Mexico sufficiently 

well understood? 

A. Mangiavacchi: What is sufficiently well? 

A. Van der Stap: The Alexander Kielland accident is an example of a case that we understand 

sufficiently well. Generally there is a good track record, but many errors in the GoM are caused by a 

too small air gap. 

M. Abraham: There are several old platforms, even with cracks. They still fulfill the requirements as 

long as the air gap is sufficiently large. We have probably learned from about 80 % of the failures. 

Several failures were expected, e.g. caused by a too small deck height. 

M. Maes: ISO 19900 will reflect best practice in structural safety. It will also leave room for special 

needs required by concept-specific standards, e.g. when it comes to limit states for  arctic structures 

and for geotechnical structures. 
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