INTERNATIONAL ISO
STANDARD 16708

First edition
2006-04-01

Petroleum and natural gas‘industrjes —
Pipeline transportation systems —
Reliability-based limitstate methogds

Industries du pétrole et du gaz fiaturel — Systémes de transport par
conduites — Méthodes aux états-limites basées sur la fiablifité

e Reference number
= — 1ISO 16708:2006(E)

© ISO 2006


https://standardsiso.com/api/?name=26c64bdabd2244b87d1e8404a3c329e1

ISO 16708:2006(E)

PDF disclaimer

This PDF file may contain embedded typefaces. In accordance with Adobe's licensing policy, this file may be printed or viewed but
shall not be edited unless the typefaces which are embedded are licensed to and installed on the computer performing the editing. In
downloading this file, parties accept therein the responsibility of not infringing Adobe's licensing policy. The ISO Central Secretariat
accepts no liability in this area.

Adobe is a trademark of Adobe Systems Incorporated.

Details of the software products used to create this PDF file can be found in the General Info relative to the file; the PDF-creation
parameters were optimized for printing. Every care has been taken to ensure that the file is suitable for use by ISO member bodies. In
the unlikely event that a problem relating to it is found, please inform the Central Secretariat at the address given below.

© 1S0 2006

All rights reserved. Unless otherwise specified, no part of this publication may be reproduced or utilized in any form or by any means,
electronic or mechanical, including photocopying and microfilm, without permission in writing from either ISO at the address below or
ISO's member body in the country of the requester.

ISO copyright office

Case postale 56 « CH-1211 Geneva 20

Tel. +412274901 11

Fax + 4122749 09 47

E-mail copyright@iso.org

Web www.iso.org
Published in Switzerland

ii © IS0 2006 — All rights reserved


https://standardsiso.com/api/?name=26c64bdabd2244b87d1e8404a3c329e1

ISO 16708:2006(E)

Contents Page
0T =Y o iv
e Yo 11T o) \'
1 T o - P 1
2 Normative referencCes ... sme e s e e e s e s s s smmmne e s {mmah e me e e e e 1
3 Terms and definitions.........coo e b e e e e e 1
4 Symbols and abbreviated terms ...........cccccciiiiiiiccciscrr e e e 5
4.1 R0 1] oo =3 PP 1S TSRS PR 5
4.2 Abbreviated terms ... e Bt mn e e e 6
5 Principles for design and operation ..............cccooomiiiiicccccisrre e b 7
6 Reliability based limit state methods...........cccocviiiiniin s R T b, 9
6.1 L= = T = S S 9
6.2 Design and operational data basis — Data gathering ....... o 9
6.3 Safety requirements — target............ccccoiiiiiiiicccccceecrrr e b nce e ssmnee e b e s s 9
6.4 Failure mode analysis ........ccccciiiimmiiniinnrge e e 10
6.5 Uncertainty analysis ........cccocoiiiiiiinir e i s sssssss s s 10
6.6 Reliability analysis.........cccociviiiiinin i N e 1
6.7 Safety and risk asSeSSmMeENt ... A e snn e nmnee e e e b essssnn e e e e e 1
7 Design and operational requirements ......... 50 o rrrrsrrrssssssssssssssss s s s s s s s s s s s s s e s e e e 12
71 7= o = | 0 SR 12
7.2 Design and construction...........cccciinese i 12
7.3 Operation and MaiNtENANCE ........... 85 i mmnn e e s e s ss s mmnn e e e e s as s s s e e e 12
7.4 Re-qUalification ...........ooo e o et s mmn e e hmn e e 13
7.5 = 2 T o £ e SN 13
8 Acceptance criteria and safety ClasSes.........cccccriiiicccccccrinn e has e 13
8.1 Safety reqUIremMeNnts ...... 500 s sn e s s mnnn e e e e e ss s nmnee e e e shessannnneeeeean 13
8.2 Classification of limit States ... e e e 14
8.3 Categorization of fluids..........ccco i ——— 14
8.4 Pipeline location and consequence categorization .............cccecririicmninniicncsn e, 15
8.5 Safety ClasSeS 1.l it ssn e snnn e e e e s e s nmnn e e e eesensnsnnnnnenenshssannnneenenn 16
9 Target safetylevels and risk [eVels............couirirciciiiecercrrr e e e 17
10 Failure MOAES........eeiiiiiiiceir s nmn e s ah e e 17
10.1 =Y 01T 7 PR FT 17
10.2 | Internal pressure induced failure modes ... 17
10.3| External pressure induced failure modes ... 18
10.4 | CRailure due to external load effects .........cccccocirireeciimrrcce e e 18
10.5 —Faitvredueto-third=party activity e 19
10.6 Corrosive environment induced failure MoOdes ...........ccccerireeerrercrrrrrs e 19
10.7  Failure due to combined 10ads.............uiiiiiicrr e 19
1 Pipeline operational management ...... ... i 20
1.1 =Y 01T - 20
11.2  Operational management ProCeAUIES ........ccuiiicccrrcerrrriiissssssmnrreerrssssssssmereesesssssssssmnsseesessassssssmnnnnees 20
Annex A (informative) Uncertainty and reliability analysis — Method description...........cccccciiieicirnnenns 23
Annex B (informative) Statistical database — Uncertainty values.............ccooommririiicccccceeenenn e, 43
Annex C (informative) Target safety levels — Recommendations............cccoooimiiiiiicciiiicnni e 49
=71 0T 1o o - o /N 56
© ISO 2006 — All rights reserved iii


https://standardsiso.com/api/?name=26c64bdabd2244b87d1e8404a3c329e1

ISO 16708:2006(E)

Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
established has the right to be represented on that committee. International organizations, governmental and

non-governm
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Introduction

The International Standard ISO 13623 allows the use of innovative techniques and procedures such as
reliability-based limit state methods providing the minimum requirements of ISO 13623 are satisfied.

This International Standard provides the supplement to ISO 13623 in giving recommendations and specifying
the framework and prinr‘iplpe for the npplir‘ntinn of the Inmhnhiliefir‘ nlnlnmnr‘h, ie “rplinhilify-hnq

d limit state

meth

Pipel
apprd

Both
safet

phds”.
ne integrity management during design and operation are performed by the following tv
aches:

sistances; and

probabilistic approach, based on structural reliability analysis applied to the relevant lim
liability-based limit state methods.

approaches satisfy the safety requirements; implicitly by the‘deterministic approach (via earl
y factors) and explicitly by the probabilistic approach (audirect check on the actual saf

illustdated in Figure 1.

Signi
envir
indivi
envir

ficant differences exist among member countries \in the areas of public safety and prot
bnment. Within the safety framework of this International Standard, such differences are all
dual member countries can apply their national requirements for public safety and the pro
bnment to the use of this International Standard.

Vo limit state

deterministic approach, with the use of safety or usage factors applied\te’ characteristic loads and

t states, e.g.

er-calibrated
bty level) as

bction of the
bwed for and
ection of the
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Petroleum and natural gas industries — Pipeline transportation
systems — Reliability-based limit state methods

1

This

qualification of pipelines in the petroleum and natural gas industries using reliability-based Timit s
as pe
safet

This
prov

This

indugtries.

2 ormative references

The following referenced—documents are indispensable for the application of this documen
refer¢gnces, only the-gdition cited applies. For undated references, the latest edition of th
document (including any amendments) applies.

ISO 13623:2000) 'Petroleum and natural gas industries — Pipeline transportation systems

3 Terms and definitions

cope
nternational Standard specifies the functional requirements and principles for design,-oper

rmitted by ISO 13623. Reliability-based limit state methods provide a systematic_way to pr
y in design and operation.

International Standard supplements ISO 13623 and can be used in cases where ISO 136

ifle specific guidance and where limit states methods can be applied, such as, but not limited

ualification of new concepts, e.g. when new technology is applied or for design scenarios w|
perience is limited,

q

]:

-qualification of the pipeline due to a changed design basis, such as service-life extensio
include reduced uncertainties due to improved integrity monitoring and operational experienc
¢ollapse under external pressure in deep water,

e¢xtreme loads, such as seismic loads (e.g. at afault crossing), ice loads (e.g. by impact from

q

4

ituations where strain-based criteria can be appropriate.

Hocument applies to rigid metallic(pipelines on-land and offshore used in the petroleum an

ation and re-
fate methods
pdict pipeline

23 does not
to,

here industry

n, which can
e!

ice keels),

j natural gas

t. For dated
b referenced

For the purposes of this document, the following terms and definitions apply.

3.1
basi

c variable

load or resistance variable entering the limit state function including the variable accounting for model
uncertainty in the limit state function itself

3.2

characteristic load

nominal value of a load to be used in determination of load effects
NOTE Characteristic load is normally based upon a defined fractile in the upper end of the distribution
load.

© I1SO 2006 — All rights reserved
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3.3
characteristic resistance
nominal value of a strength parameter to be used in determination of capacities

NOTE Characteristic resistance is normally based on a defined fractile in the lower end of the distribution function of
the resistance.

3.4
characteristic value
nominal value to characterize the magnitude of a stochastic variable

NOTE Characteristic value is nnrmqlly defined as a fractile of the prnhzhility distribution of the variable

3.5
commissioning
activities asspciated with the initial filling of a pipeline with the fluid to be transported

[1SO 13623]

3.6
constructioI
phase compliising installation, pressure testing and commissioning

3.7

design life
period of time selected for the purpose of verifying that a replaceable ar permanent component is suitalle for
the anticipatgd period of service

[ISO 13623]

3.8
design point
most probable outcome of the basic variables when failure occurs

NOTE THe design point is the point on the limit-state surface with the highest probability density.

3.9
design value
value to be used in the deterministic.design procedure, i.e., characteristic value multiplied by the safety fgctor

3.10
failure
loss of abilityl of a component or a system to perform its required function

3.11
fluid categofy
categorizatioh of the transported fluid according to hazard potential

3.12

importance factor

dimensionless number between zero and one describing the contribution of a random variable to the overall
uncertainty

3.13

inspection

processes for determining the status of items of the pipeline system or installation and comparing it with the
applicable requirements

EXAMPLE Inspection can be by measuring, examination, testing, gauging or other methods.

2 © I1SO 2006 — All rights reserved
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limit
state

NOTE

3.15
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state
beyond which the pipeline no longer satisfies the design requirements

limit-state design
structural design where specific limit states relevant for the actual case are explicitly addressed

NOTE

appr

ch where uncertainties are madelled

Categories of limit states for pipelines include serviceability limit state (SLS) and ultimate limit state (ULS).

A limit-state design check can be made both using the deterministic approach or using the probabilistic

3.16
limit
funct
the s

3.17
load

|state function
on of the basic variables, which has negative values when the structure fails and positive
ructure is safe

any dction causing deformation, displacement, motion, etc. of the pipeline

3.18

load combination

set of loads acting simultaneously

3.19

load feffect

effect of a single load or load combination on the pipeline

EXAMPLE Load effects include stress, strain, deformation, displacement.
3.20

locatjion class

geog
[ISO

3.21

raphic area classified according to, criteria based on population density and human activity

13623]

mainftenance

values when

H repairs.

all adtivities designed-to-retain the pipeline in a state in which it can perform its required functions
[1ISO [13623]

NOTE Fhese activities include inspections, surveys, testing, servicing, replacement, remedial works an
3.22

maximum allowable incidental pressure

MAIP

maximum allowable internal pressure due to incidental operation of the pipeline or pipeline section
3.23

maximum allowable operating pressure

MAOP

maximum allowable pressure at which a pipeline, or parts thereof, is allowed to be operated

[1ISO 13623]

© I1SO 2006 — All rights reserved
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3.24
mean value

2006(E)

first order statistical moment of the probability distribution function of the considered variable

3.25

mill test pressure
test pressure applied to pipe joints and pipe components upon completion of manufacture and fabrication at

the mill

3.26

model uncertainty

actad-ecalenl

uncertainty in-th

parameters g
EXAMPLES

3.27

nominal wa
specified wa
manufacturin

3.28

normal opelation

conditions th
integrity mon

NOTE N
packing and s
3.29

ovality

deviation of the pipeline perimeter from a circle, having‘the form of an elliptical cross-section

3.30
pipeline
those facilitig
up to and ing

[1SO 13623]

3.31

offshore pipeline

pipeline laid

[ISO 13623]

=1 anradicatinne ~Af ~ ~A]
—CPTrectCtioTTs—OTra—SCr

4

At ramatne wwih A thao avaect yaliine ~F ~
rac o TS wiirtcT oAt T varat oot

o
cotTcT—Caorcaratr

re known
Load model, strength model, function model for the pipeline.
| thickness

| thickness of a pipe, which is equal to the minimum design wall thickness plus the neg
g tolerance and the corrosion allowance

at arise from the intended use and application of the pipelin€; including associated conditio
itoring, maintenance and repair

rmal operations includes steady flow conditions over the fullrange of design flow rates, as well as pg
hut-in conditions.

s through which fluids are conveyed, including pipe, pig traps, components and appurtena
uding the isolating valves

n maritime waters and estuaries seaward of the ordinary high water mark

3.32

input

ative

h and

ssible

nces,

on-land pipeline
pipeline laid on or in land, including lines laid under inland water courses

[1SO 13623]

3.33
reliability

ability of a component or a system to perform its required function without failure during a specified time

interval

NOTE

Reliability equals 1 minus the failure rate, P;.

© I1SO 2006 — All rights reserved
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3.34
risk
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combination of the probability of an event and the consequences of the event

[ISO

NOTE

in the

3.35

17776]

entire society affected by the pipeline.

safety class

conc

Individual risk is related to the risk of a single person injury/death and societal risk is the risk of human safety

3.36

:rl_\f to r\lnccify the r‘rifir‘nlify of pipnlinnc

safety factor

v
facto

3.37

spec
SMT
minin
purch

3.38

spec|
SMY
minin

[ISO

3.39

" by which the characteristic value of a variable is multiplied to give the design.value

fied minimum tensile strength
5
hum ultimate tensile strength required by the specification or, standard under which th

ased

fied minimum yield strength

D

13623]

system reliability

reliah
relev.

3.40
targe

ility of a system of more than one jelement, or the reliability of an element which has m
ant failure mode

t safety level

maximum acceptable failure-probability level for a particular pipeline and limit state condition

Symbols and abbreviated terms

Symbols

consequences of a given failure

b material is

num yield strength required by the specification or standard under which the material is purchased

pre than one

probability of a failure, i.e. the actual failure rate calculated

Pt target target safety level, equal to the target probability of failure

R

S

I

g(x)

©I1SO

resistance or the capability of a structure or part of a structure to resist load effects
load effect on a structure or part of a structure
safety factor

limit state function

2006 — All rights reserved
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e
S F

pipe diameter
gouge length of impacts
gouge depth of impacts

dent depth of impacts

frequency of occurrence of impacts

ovality

yield strength

ultimate tensile strength
time

jo|nt distribution
inflicator function

event margin

vgctor of serviceability constraints

stress intensity factor range
random pressure variable
sdale parameter
characteristic load effect
environmental load effects

functional load effects

partial load effect factors

characteristic values of material properties, for example yield strength

resistance or strength usage factors

characteristic value of‘component resistance, based on characteristic values of material propefties

partial material factors

additive partial geometrical quantities

4.2 Abbreviated terms

ALS
CTOD
FLS
LRFD

accidental limit state
crack tip opening displacement
fatigue limit state

load and resistance factor design

© I1SO 2006 — All rights reserved
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maximum allowable incidental pressure

MAOP  maximum allowable operating pressure

QRA
SLS

quantitative risk analysis

serviceability limit state

SMTS  specified minimum tensile strength

SMYS  specified minimum yield strength

SRA
ULS

5 Principles for design and operation

Pipel
detai

+ 4 ' [T ' .
SUUTWrdr relidvliity dridlysis

ultimate limit state

ne design and operational principles can be implemented using different methods with varying levels of
as indicated in Figure 1. In order of decreasing level of detail, theseé methods are quantitative risk

analysis (QRA) and structural-reliability analysis (SRA), both of which argé, probabilistic, and the [deterministic
limit-state design methods [partial safety-factor design and load andcesistance-factor design (LRFD)], which

are cpllectively termed LRFD in this document.

The

LRFD formats apply partial safety factors to the ,characteristic load and resistanc¢ properties,

representing more traditional design for pipelines. This is the-format applied in 1ISO 13623 by the use of the

hoop
class

stress design factor and the equivalent stress design-factor, i.e. one partial factor only. Thig approach is
fied as deterministic, as no quantitative information”about the safety margin is given. The partial safety

factofs in the LRFD format have to be calibrated by the use of reliability-based methods prior to the publication

to s
form

isfy its design requirements and provide a.\satisfactory safety margin. The routine use pf the LRFD
ts do not, therefore, require the partial safety factors to be determined. In LRFD approadhes (see left

side pf Figure 1), the load and resistance are-defined by their characteristic values and partial $afety factors
are applied separately (as required) to the:Characteristic values of load, resistance and material pfoperties.

Appliation of the probabilistic appreach (SRA and QRA) involves the steps on the right hand sid¢ of Figure 1.

The |
are

devi
terms
meth

The f

mit-state definition is generally'the same as for the LRFD. In this approach, load effects and resistance
presented by probability ;functions, given in terms of distribution type, mean value gnd standard
tion. This approach is—classified as probabilistic, as quantitative information about the saf¢ty margin in
of reliability or theZeomplementary failure probability is given. The most comprehensivel probabilistic
bd is QRA, as it takes into consideration the consequences of failure.

prmat and requirements for the reliability-based limit state method are described in Clause 6

©I1SO

2006 — All rights reserved 7
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Design basis Linepipe
Loads and :
load effects safety class properties
limit states (resistance)
esign
- Deterministic /<ot ment Probabilistic
Fllhlnl'nFlf‘h npprnnnh alnlnrn:mh
LFRD SRA/QRA
A
Design Failure
. mode
equations analysis
Pipeline _
phases and Uncertainty
condirt]ions, analysis
such as
Sizing Reliability
Construction .
Operation analysis
Abandonment P;
Design No No Safety and risk
control control
Criteria
OK?
Yes

=

Figure 1 — Pipeline design and assessment approaches

8 © I1SO 2006 — All rights reserved
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6 Reliability-based limit state methods

6.1 General

Use of the reliability-based limit state approach shall include

— determining the design and operational data basis: data gathering, see 6.2,
— determining the safety requirements: targets, see 6.3,

—  failure maode qnalyqiq; see 6.4

— Uncertainty analysis including estimation of probability functions; see 6.5,
— reliability analysis, see 6.6, and

— gafety and risk assessment, see 6.7.

6.2 | Design and operational data basis — Data gathering

Data(gathering is collecting and defining all relevant information related to the pipeline to be copsidered and
shall include the following information:

a) design basis and operational information including

+— pipe system characteristics, e.g. pipe diameter; pipeline length, product compositiqn, operating
conditions (pressure, temperature), design life\and interface facilities,

+— definition of loads and load effects and.associated hazards,

+ definition of linepipe properties (resistance) and relevant pipeline capacities, and
+ inspection and monitoring philosophy for operation, e.g. integrity management plan;
b) Hazard identification and classification of failure conditions including

+ determination of-limit state conditions which constitute structural non-compliance for the pipeline as
judged against the safety requirements and constraints, e.g. partial or total loss of supply, any loss of

fluid, loss of operability or serviceability without loss of fluid, and

+ determination how the pipeline can become structurally non-compliant, in terms |of loadings,
resistance, and degradation; i.e. hazard identification.

Detefmination of operational requirements and classification of failure conditions shall be performed in
accotdance with Clauses 7 and 8.

6.3 Safety requirements — target
The objective of this step is to define the relevant safety requirements for the hazards/failure modes.

a) The target safety level shall be defined for all pipeline sections according to the location and
consequence categorization in Clause 8;

b) Target safety levels shall be determined for all phases of the pipeline design life; e.g. construction, normal
operation, and any temporary conditions.

© I1SO 2006 — All rights reserved 9
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Target safety levels shall be based upon public safety, environmental and business issues, taking account of
safety and serviceability principles dictated by society, the local regulator, the specific company involved, and
the performance requirements for the pipeline under consideration.

These targets should be clearly communicated to all relevant stakeholders.
Target safety levels shall be defined in accordance with Clauses 8 and 9. If no risk and/or safety levels are

predefined, equivalent target probabilities of failure, Pt target: MaY be taken from Annex C based on the current
state of technology and design practice.

6.4 Failure mode analysis

The objectiv% of this step is to identify all relevant failure modes (i.e. significant hazards with a probability of
occurrence larger than the target safety level for the appropriate condition). The steps involved are

a) the gathpring of data to assess the severity of all hazards identified,
b) the assgssment of each hazard against the target safety requirement to determine whether each hazard

is possilple but incredible (e.g. a plane crash on a particular pipeline), or both possible and crediblg (e.g.

corrosiof),
This analysi$ may be undertaken in a semi-qualitative manner, e.g. a retdrn period of a particular hfzard
estimated ag being below 10-5 /km/year, being smaller than the target pefformance requirement, implie$ that
the hazard ig insignificant, and therefore a probabilistic assessment is\n6t necessary and the hazard can be
excluded from the further analysis.
Failure conditions shall be considered according to the classification given in 8.2. Justification shall be given
for the classification of any hazard determined to be as “possible but incredible”, such documentation can, for

example, be| frequencies of occurrence. The significant -(possible and credible) failure conditions shall be
included in the uncertainty and reliability analysis.

6.5 Uncerptainty analysis
In the uncertainty analysis, the significant failure conditions shall be considered, including
a) establishment of all measures that-are (or can be) implemented to mitigate against the hazard,

b) determination of the appropriate’method of assessment and identification of the most relevant limit|state
function| e.g. rupture, leak; ete’,

c) collectioh of data thatis-required to quantify the variables in the limit state function,
d) assessment of the\dncertainty associated with the data and limit state function (model uncertainty), gnd

e) selection of appropriate values for all variable parameters.

Uncertainty analysis and probabilistic modelling can be performed according to procedures given in Annex A
and, if no other case-specific information is available, uncertainty measures can be found in Annex B. The
uncertainty modelling should include all variables entering the limit state equation. The most relevant
statistical properties are the mean value and the standard deviation in addition to information about the
distribution function. Any correlation between parameters is important and shall be evaluated.

EXAMPLE For external corrosion of the pipeline, the mitigation measures can be a combination of any of the
following: corrosion allowance, anti-corrosion coating, cathodic protection system, inspection and repair policy. It is noted
that there are several ways of implementing an inspection, monitoring and repair policy.

10 © IS0 2006 — All rights reserved
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Reliability analysis

The reliability analysis is to calculate the failure probability (P;) for each significant limit state identified. The
steps to be included are as follows.

a)

Probabilistic modelling of the limit state function, i.e. analytical formulation of the failure criteria. For a

given limit state, a probabilistic design models the load, S, and resistance, R. The corresponding limit
state function may be expressed in the form:

g(x)zR—S

(1)

q

The feliability analysis can be performed in accordance with the\guidance given in Annex A or d

calcu

A cal
calcu
and 1

the r¢liability-based approach and thus to bring this into a comparable level within the industry.

election of the most appropriate probabilistic calculation method for the problem and leyel
ossible methods include first order second moment (FOSM), “reliability” methods (FORM/S
arlo, or direct integration.

erform probabilistic calculations, i.e. calculate the failure probability for eachi relevant lin
liability analysis may then be performed when the statistical properties of the'limit state
efined (load effect and resistance properties). When the distribution functions'for R and S ar
hrough uncertainty analysis, the failure probability is calculated by

B= [ fes(RS)dRdS
g(x)gO

lation procedures.

Culated probability of failure is not a physical property of the pipeline itself, but gives a notion
lated probability of failure depends on the methed*and procedure applied, including uncerta
hethods. It is, however, the intent of this document to standardize the methods and proced

of accuracy,
DRM), Monte

it state. The
functions are
b established

()

ther relevant

al value. The
inties in data
ires used for

6.7 | Safety and risk assessment
This |step is to check that the pipeline meets the safety requirements (criteria). The reliabjlity shall be
compared with the requirements by~ensuring that:

Pf<Pf,target (3)
wherg

D

¢ isithe calculated probability of failure from the reliability analysis;

)f,target
accepted.

is the target safety level that should not be exceeded for a design and/or opgration to be

If th

requirerments—are ot et the pipetine detaitsshoutdbemodified—andtheassessment Tepeated (new
iteration in Figure 1).

When applying Equation (3), the correct comparisons shall be undertaken; i.e. individual or system failure
modes; for the correct time and spatial units; for the correct phase in the design life, e.g. operational or
temporary.

The physical design parameters (e.g. wall thickness) selected to mitigate against failure shall satisfy all
performance requirements.

The safety check shall be performed in accordance with Clauses 8 and 9.

Similar safety principles apply to both offshore and on-land pipelines, but differences in failure consequences
and safety regimes result in different required target safety levels, Pt 1rqet-
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For both offshore and on-land pipeline applications, it is appropriate to control the failure probability (P;) as a
function of the consequences, as established by the safety class designation (see Clause 8) to obtain a
uniform risk level. For on-land pipelines, the acceptable probability of failure is also a function of the pipeline
pressure and diameter to account for the impact of these parameters on the failure consequences. A uniform
risk level is generally the objective for any application.

Equation (3) is equivalent to Equation (4) when risk is calculated as the product of probability of failure and
consequences of that failure:

calculated risk < allowable risk 4)

The target sgfetytevetfs; 7; target: giverTimAnmex C hrave been derived from risk assessments and these values
may be applied if no additional explicit risk assessment is performed.

Further techpical details and requirements of the various items to be considered in the reliability-Qased
approach arg described in Clauses 7 to 10 and in Annex A.

7 Design and operational requirements

7.1 General

The safety fgainst potential failure modes shall be checked for all{¢onditions during constructior] and
operation (in¢luding re-qualification) throughout the lifetime of the pipeline.

7.2 Design and construction
The pipeline [shall be designed and constructed to satisfy the’following performance requirements:

a) to perfom adequately under all anticipated load effects (serviceability limit state requirement);

b) to withgtand anticipated load effects during its construction and operation (ultimate limit [state
requirenments);

c) to avoid failure under repeated load, effects during construction and operation (ultimate limit state —
fatigue requirements);

d) to avoid failure due to accidents during construction and operation (ultimate limit state — accidental
requirenpents).

7.3 Opergtion and-maintenance

The pipeline|shallibe  operated and maintained such that the safety and the integrity is kept within the farget
safety level.

An integrity management programme shall be implemented by the operator to satisfy the safety requirements
given in this document. Maintenance includes the requirements of inspections, inspections on special
occasions (e.g., after an accident or severe environmental events), the upgrading of protection systems and
repair of components.

The integrity of the pipeline may be achieved by either a maintenance programme and/or designing to avoid
deterioration that can affect the integrity of the pipeline in those areas where the pipeline cannot or is not
maintained.

The rate of deterioration may be estimated based on numerical calculations, experimental investigations,
experiences from other pipelines or a combination of these.
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7.4 Re-qualification

Re-qualification of the pipeline integrity shall be performed when

— the design life is to be extended,

— the pipeline has been found to have deteriorated or have been seriously damaged,
— the pipeline needs to be up-rated,

— the operational conditions change,

— the original design criteria or design basis are no longer valid.

A reVised safety assessment in accordance with this document shall be conducted fap-those agpects of the
design not in compliance with the original design requirements.

The fe-qualification can require a deviation from the design basis or modifications to the pipeline or the
opergtional conditions to achieve compliance with this document.

7.5 | Hazards

Hazards that alone or in combination with loads in normal operation‘could violate the pipeline intggrity shall be
considered as part of the ultimate limit state — accidental condition ALS.

a) [Possible hazards to the pipeline include

— ¢ffects due to extreme environmental loads,

— impact from third-party activities, and

— @perational malfunction.

b) Measures taken to mitigate such hazards include

— avoiding the structural effects of the hazards by either eliminating the source or by bypassing and
¢vercoming them,

— minimizing the consequences, and

— designing for hazards.

8 Acceptance criteria and safety classes

8.1 Safety requirements

A target safety level, Pt target shall be defined as the maximum acceptable failure probability level for a
particular pipeline. Target safety levels are required for developing design criteria for the application of
reliability methods. These criteria shall be satisfied during operation and maintained through the integrity
management programme.

The evaluation of the target safety levels for pipelines should primarily be based on the inherent safety level
achieved by using a currently accepted design practice (e.g. code of practice or standard), using uncertainty
measures representative of the time when the relevant design practice was prepared. The nature of a failure
and the consequence potential in terms of effect on human health and safety, damage to the environment,
economic losses, and the cost and effort required to reduce such hazard potential should be taken into
account.
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The target safety level shall be determined from consideration of

— the type

of limit state, see 8.2,

the fluids being transported, see 8.3,

the location of the pipeline and potential consequences, see 8.4.

The fluid categorization, location and potential consequences are combined into a safety class, see 8.5. The
risk related to the pipeline operation is defined as

risk = pr

The target s3
see Clause 9

NOTE TH
point of view.
requirements 1

8.2 Class

The structur
covering the
the safe and
state conditig

Serviced
ovality,
loss of ¢

Ultimate
bursting
(FLS) is
(ALS) is
gear hog

Specification
limit states a

NOTE FLi
they are often
ALS is a rand

Pbability of failure (P;) x consequence of failure (Cy)

fety level can be varied with the consequence of failure to provide a relatively constant-risk
and Annex C.

e main objective is to achieve an acceptable reliability for the pipeline from both asafety and eco
It is important to integrate these considerations into the analysis while being in“~compliance wit
rom regulators and authorities.

fication of limit states

bl performance of the pipeline shall be described by a sety'of limit states or failure fun
significant failure modes. Each limit state divides the structure performance into two condi
the failed condition. Structural design means to satisfy.the design requirements for each
n. The following two main categories of limit states shall be considered in the design of pipe

bility limit state (SLS), beyond which the pipeliné does not meet its functional requirements
atcheting, accumulated plastic strain, excessivé deformations or displacements, damage
pating.

limit state (ULS), beyond which the pipeline can experience loss of structural integrity
rupture, local or global bucklingunstable fracture and plastic collapse. The fatigue limit
a ULS condition covering fatigue due to accumulated cyclic loading and the accidental limit
a ULS condition for extreme:load effects for low probability events, e.g. dropped objects,
king, earthquake.

of various load effects.i0 be considered for design and operation of pipelines and the assoq
e given in Clause-1Q:

S and ALS aré’both considered as ultimate failure conditions and belong to the ULS category. Ho
treated separately to account for the specific failure characteristics. FLS is an accumulated process
m instantangous process. The assessment of ALS takes into account the probability of the accidental

8.3 Categ10rization of fluids

®)
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h any
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tions;
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vever,
while
event.

The fluids to be transported shall be placed in one of the following five categories (see Table 1) depending on
the hazard potential in respect of public safety (in accordance with ISO 13623).

14
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Table 1 — Categorization of fluids

Fluid category Description
A Typically non-flammable water-based fluids
C Non-flammable fluids that are non-toxic gases at ambient temperature and atmospheric pressure
conditions

Typical examples are nitrogen, carbon dioxide, argon and air

B Flammable and/or toxic fluids that are liquids at ambient temperature and at atmospheric pressure
conditions

Typical examples are oil and petroleum products. Methanol is an example of a flammgble and toxic
fluid

Non-toxic, single-phase natural gas

Flammable and/or toxic fluids that are gases at ambient temperature and atmosphgric pressure
conditions and are conveyed as gases and/or liquids

Typical examples are hydrogen, natural gas (not otherwise covered-in category D), ethgne, ethylene,
liquefied petroleum gas (such as propane and butane), natural gas-liquids, ammonia, and thlorine

Gasgs or liquids not specifically included by name should be classified in the category containing fluids most
closely similar in hazard potential to those quoted. If the categoryis’ not clear, the more hazardous shall be
assumed.

8.4 | Pipeline location and consequence categorization

The potential consequence of a pipeline failure (C;)-shall be evaluated for the various elements|described in
Table 2.

Table 2 — Considerations in assessing potential consequences

Element Considerations
Public safety Populatioh density and potential for human exposure, potential for ignition and fire,
product toxicity
Envilonmental impact kand use, product type, production flow rate, volume of release, topodraphy, beach
impact, high-consequence areas and ultra-sensitive areas
Business loss Cost of repair, loss throughput, production loss, impact to remaining life of agset
Corpprate reputation Compilation of all consequence factors, extent of punitive actions by the regulatory

agencies and media exposure

The significance of the considerations depend on the pipeline (section) location and are different for offshore
and lon=land pipelines. Public annfy shall gpnpmlly bhe gi\mn the highpef attentionwithl economical

consideration being primarily a matter of concern for the company itself.

Offshore-pipeline consequence evaluation shall consider the proximity to platforms, near-shore or landfall,
environmentally sensitive areas and any specific cost considerations, in that order.

For onshore pipelines, consideration shall be given to the population density, pipeline fluids, diameter and
pressure, environmental impact and cost. A location categorization (by population density) according to the
recommendations in 1ISO 13623:2000, Annex B, may be applied for on-land pipelines, however, alternative
categorizations may be used according to any specific national requirement on public safety.

In determining the level of risk to human safety and environmental damage, i.e. the consequence

categorization, account can be taken of the ability to detect a particular loading hazard in time to carry out an
emergency response plan that ensures personnel safety and environmental protection.
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A typical categorization is proposed in 8.5 with the introduction of safety classes to account for the variability
of consequence with location, fluid category, pipeline condition and failure mode.

8.5 Safety classes

Each pipeline shall be classified into one of the four safety classes in Table 3 to account for the consequences

of a failure.
Table 3 — Safety classes
Safety class Description

1 Low where failure implies insignificant risk of human injury and minor environmental and
economic consequences

2 Normal where failure implies low risk of human injury, minor environmental impacét-or high
economic or political consequences

3 High where failure implies risk of human injury, significant environmentalNimpact or very
high economic or political consequences

4 Very high | where failure implies high risk of human injury

The safety dlass definition is based on the pipeline location and fluid ,Categories. A safety class shall be

assigned to the pipeline as a whole or to sections thereof.

The safety classes given in Tables 4 and 5 may be applied for offshore and on-land pipelines, respeclively,

unless econgpmic and environmental consequences make a higher safety class more appropriate. An g
higher safety class than that required by Tables 4 or 5.

can require ¢

Table 4 —Minimum safety classes — Offshore pipelines

Consequence/location categories

Pipeline phase | Fluid category ¥'| ;0fshore and
Platform zone | Landfall areas
remote areas
Construction NA Low
A, C Low
Operating B Normal Normal Normal
D, E Normal High High

a

See Table-1"for definitions of letters.

Table 5 — Minimum safety classes — On-land pipelines

wner

Consequence/location categories
Negligible Low Moderate High
Pipeline phase | Fluid category ® Remote area with Moderate High population Very high
very low population density population
population density density
Construction NA Low
Operating A C Low
B Low Low Normal High
D, E Low Normal High Very high
@  See Table 1 for definitions of letters.

16
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The platform zone and the landfall areas for offshore pipelines shall extend a minimum of 1 km from the outer
boundary of the platform and/or the landfall.

For on-land application, a location/consequence categorization in four (4) different levels has been
recommended and the safety classified accordingly. Target safety levels related to this number of
categorization are given in Annex C where the High and Very High safety classes are selected for situations
where the failure consequences are accordingly high. A different categorization may also be applied provided
that the general safety framework as given in this International Standard is followed, e.g. a 3-level or a 5-level
safety grouping may be used.

9 T ¢ safoty] | ! risk |
The @pplication of reliability-based design requires the determination of acceptable safety-levels, defined in
termg of the target safety levels, Py 546, being the maximum acceptable probability of failure:

Annex C contains guidance on determining the target safety levels and gives values\that may bg used, when
more| specific requirements are not available. These values have been derived‘from calibrations of other
codep and standards. The user shall ensure that the values obtained from-Annex C are applicable to the
specific case.

10 Failure modes

10.1| General

In all|the phases of the pipeline lifecycle (design, construction, operation and re-qualification), all load effects
and related damage shall be considered, including

— ipternal pressure load effects,

— ¢xternal pressure load effects,

— Ipngitudinal load effects,

— damage due to third party activity, and

— ¢ombinations of the above.

10.2]| Internal pressure-induced failure modes
The ipternal pressureMoads are classified into three types:
a) proof pressure (pressure test);

b) ipcidental pressure;

C) riormat operating pressure fiuctuations:.

The internal pressure primarily induces a tensile hoop stress. The hoop stress due to proof pressure or
maximum incidental pressure can result in several overload failure modes, i.e., excessive material yielding,
ductile tearing or ultimate rupture/fracture. The hoop stress due to pressure variations can lead to fatigue
crack growth.

Hence, the following behaviours shall be identified:

— vyielding;

— bursting;

— fracture following crack growth.
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Yielding is normally a SLS, as it usually does not result in immediate ultimate failure in fluid containment.
Bursting is defined as the point at which the uncontrolled tearing of the pipe wall occurs, which results in
ultimate pipe rupture. This is a ULS. For corroded pipes, the burst strength shall be calculated using the
reduced wall thickness.

Fracture herein refers to unstable fracture and/or plastic collapse of seam-weld defects when subjected to
tensile hoop stress. This is a ULS. Possible ductile tearing during pressure testing and fatigue due to
fluctuations of operating pressure shall be included in the fracture assessment. Therefore, an integrated
fatigue and fracture assessment is generally required.

10.3 External pressure induced failure modes

The external|water pressure on offshore pipelines and both external soil loads (including traffic loads-due to
road and railway crossings) and buoyancy forces on on-land pipelines induce compressive hoepJstresses,
which can leg@d to pipeline failure described by

— ovalizatipn of the pipe cross-section,

— collapse|of the pipe cross-section, localized buckling, and

— propagation buckling (offshore pipelines only).

Excessive sqgctional ovalization is a SLS as it may impact pigging operations, Collapse is a ULS. Propagation
buckling relepant to offshore pipelines is associated with damage conditions*and is thus an ALS.

10.4 Failune due to external load effects
The externalfloads and load effects include

— thermal gffects,

— externaljand internal pressures,

— bending|moments,

— longitudinal axial forces (due to internal/external pressure, restrained thermal expansion and contraftion,
ground movements and external forces),

— hydrodypamic forces,
— external|soil loads,
— buoyandy forces, and

— transverge loads due to soil/ground movements.

These effectginduce compressive or tensile stresses (and strains) in the pipe wall. They can cause fhilure
described by thefoltowing timit states:

a) buckling under an overall compressive load;

b) fracture of a girth weld under an overall tensile load, in terms of an interaction of unstable fracture or
plastic collapse;

c) ovalization of the cross-section under bending;
d) fatigue.
While buckling and fracture belong to ULS, ovalization is a SLS. Failure is associated with maximum load

effects or low capacity. The FLS is normally due to cyclic “non-extreme” longitudinal load effects, e.g., in
situations when pipelines are in spanning.
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10.5 Failure due to third-party activity
Impacts loads are classified into

a) normal impact loads resulting from, e.g. handling, installation and fishing activities (for offshore pipelines),
and

b) accidental impact loads resulting from, for offshore pipelines e.g., anchors, dropped objects and vessels,
and for on-land pipelines, e.g. impact from excavation machinery, or other third party activities.

The effects of impact loads can result in

— ¢oncrete and passive protection damage,
— permanent dent in the steel pipe,

— notch on the steel surface,

— fupture or collapse of the pipe section, and
— puncture of the pipe wall.

Severe coating damage may constitute a SLS. Apart from possible pigging problems (SLS), permanent
denting may lead to local stress concentration. Modes associated*with notch, rupture and collagse belong to
ULS pr ALS, depending upon the frequency of occurrence ofithe associated impact scenarios.

10.6| Corrosive environment induced failure modes

Corrgsive transported fluids (sour oil, sour gas, ammonia, etc.) or external environments (soil$, sea water,
etc.) pan induce different types of corrosion phenomena on pipelines (general corrosion, pitting cgrrosion, etc.).

~

Corrgsion phenomena which cause metal-l6ss can induce
a) Ipss of containment,
b) mechanical failure due to pipe)wall thinning.

Combination of corrosive ényironment and stress, both constant and variable, can induce nycleation and
propagation of cracks duée-to

— stress corrosion cracking (SCC),

— gorrosion©nstress corrosion fatigue.
The incident-of SCC requires the concurrence of a susceptible alloy to be exposed to a specific|environment
at stfesses above some limit values. Since SCC only appears in clusters containing numerdus individual

cracks—w uHficienttength; Rota—genera in ALS on a
case-by-case basis.

General or pitting corrosion can nucleate fatigue phenomena.

10.7 Failure due to combined loads

In general, pipelines are subjected to simultaneous load actions. A load combination can result in an
interaction of failure modes that are associated with individual load effects, or additional failure modes. Load
combinations can lead to the following critical limit states:

— collapse under external pressure and impact loads (due to damage);

— rupture under internal pressure and impact loads (due to damage);
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buckling

interaction of buckling and collapse under external pressure, bending and axial loads;

under internal pressure, bending and axial loads.

Each of the above limit states may also be relevant when only one of the loads is present, as discussed in the
above. However, the effect of load combination makes the relevant limit state more critical than it would be
when any of the single loads acts alone. Therefore, these load combinations usually govern the local design

checks.

11 Pipeline operational management

11.1 Gene

In Clause 11
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vulnerability

adequate mifigating actiGns to be undertaken to prevent failure.

The major o
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are addressed the operational requirements to be covered in a pipeline integrity-manage
designed in accordance with reliability-based limit state methods.

ment

reliability is sensitive to the assumptions made during the design and it is\therefore important to

are not violated during the operation of the pipeline.

bnitoring, testing, inspection and audit procedures shall be specifiéd to ensure that the reg
ts i.e. limit states, are not exceeded.

integrity management system shall include
ment structure, roles and responsibilities,
nal procedures,

nt control and records,

aspects and monitoring, and

safety, health and environmental aspects.

tional management procedures

component of theintegrity management and monitoring is performance measurement. An
ous record of the)integrity status of the pipeline allows an understanding of the cha
bf the pipeling’to-each of the failure mechanisms (limit states) identified during design and &

berational* parameters shall be kept within the specified design limits for all relevant limit s

during the o

e
critical pipeli;Fe parameters and properties is required where the variability in the loads and resistanceg

ration of the pipeline. Operational and integrity management with inspection and monitor

uired

blysis

nging
llows

tates
ng of

over

the life cycle are otherwise In conilict with the lImit states criteria. 1he monitoring programme should include
the relevant items of the following:

monitoring operational data, such as pressure, temperature, product composition and condition, flow rate,

and, number of shut-downs and/or trips, or composition of well products to ensure that the design
premises is not exceeded;

corrosion monitoring, external and/or internal (e.g. by intelligent pigging);

components, corrosion retarding additives or corrosion products;

20

weight-loss coupons or other retrievable probes for periodic or on-line monitoring of corrosion rates;

monitoring of fluid physical parameters and sampling of the fluid for chemical analysis of corrosive
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in situ wall measurements by temporary or permanently installed equipment at appropriate locations in

the pipeline;

monitoring of cathodic protection parameters;

monitoring of landslide movements;

visual inspection, e.g. to locate dents, or monitor marine growth;

out-of-straightness surveys, e.g. by geopig to check for out-of-straightness due to frost h
movements;

eave, or soil

i:atform riser displacements (on offshore pipelines) monitored by accelerometers, or
onitored using fibre optics.

A pigeline integrity management system defines monitoring and inspection requirements,”and

taker

as a function the inspection results, such as maintenance activities, repairs;._shut dow

frequencies of inspection and monitoring.

Advanpced numerical calculation and modelling/monitoring (direct assessment) may be a

Ssupp

ement and/or alternative to other inspection procedures, e.g. intelligent/pigging, in order t

techrfical integrity of the pipeline during operation.

In gg
mana
moni
clear

gement and monitoring efforts. Therefore, any assumptions with regard to operational 1
oring and conditions that trigger remedial actions (such as derating, shut-down, and/or re
y documented.

The iptegrity management system shall be reviewed and updated regularly to take account of any
or other changes in the pipeline. However, if the gperating conditions are changed relative t

prem
effec

The

ses, or the key design parameters have reached the limit of their tolerances due to degra
s of external influences, then a re-qualification of the pipeline shall be carried out.

e-qualification should employ the origihal limit states, updated as appropriate to reflect acc

pract|ce, and any new limit states that may-be introduced by the influence of the changes.

Re-qtalification of the pipeline integrity shall be undertaken when

e initial design life is exceeded or needs to be extended, e.g. service life extension;

riser strains

hctions to be
N, or revised

pplied as a
b assess the

neral, both the reliability of the pipeline and the consequernces of failure depend on th¢ operational

nanagement,
bair) shall be

degradation
b the design
dation or the

bpted current

e pipeline has deteriorated or been seriously damaged, e.g. corrosion/erosion and weld dﬂects, dents,

amage to corrosion protection (anodes, corrosion coating) and accumulated fatigue da
panning or instability, etc;

e operational conditions have been changed or the pipeline needs to be up-rated, e
mperature, corrosivity, etc.; or

age due to

g. pressure,

e-original design criteria or design basis are no longer valid, e.g. change of the ;Premises as;

environmentaHoads; deformmations; scouretc:

The inspection shall be carried out to ensure that the design requirements remain satisfied, no damage has
taken place and to monitor any changes in the condition of the pipeline. Key parameters or the influencing
phenomena that were identified in the design but are not routinely monitored by the operating control system
should be inspected to ensure that they remain within the assumed tolerances. The inspection programme
shall address as a minimum the following:

a) exposure of and/or burial depth of buried or covered lines if required by design, regulation or other
specific requirements;

b) free-span characteristics;

c) condition of artificial supports to limit free spans installed during construction or as remedial works;
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d)
e)

f)

q)

local seabed scour;

sediment or sand wave movements affecting pipeline integrity;
excessive pipe movements including expansion effects;
location and characteristics of upheaval or lateral buckling;
integrity of flanges and mechanical connections;

integrity of subsea valves and protection structures;

Y and T jconmectionsandprotectiomstructures;
integrity |of pipeline protection structures;
performance of external corrosion protection system;
internal &nd external corrosion and erosion;
mechanijcal damage to pipe, coatings and anodes;
major dgbris in close proximity to pipeline;

leakage

evidence of anchor or other interference with the pipeline.

Platform risers(on offshore pipelines) shall be included in the lon
attention givé¢n to the following elements:

The first extd

riser displacement due to pipeline movements;

coating glamage;

extent of marine growth;

integrityjand functionality of supports~and guides;
integrity Jand functionality of vessel protection structure;
external|corrosion throughout riser and supports;

internal grosion andigorrosion.

into full opethion and within one year of start-up.

g+term inspection programme, with special

rnal inspection should be carried out as soon as practicable after the pipeline has been brpught

A risk assessment should be performed to determine the appropriate frequency of both internal and external
inspections throughout the life of the entire pipeline. This should include consideration of the design,
fabrication and installation data, degradation mechanisms and failure modes, detection limits and accuracy of
the inspection system. The frequency should be reviewed periodically to include the findings of previous
inspections, changes in the operating parameters and details of repair and remedial works.
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Annex A
(informative)

Uncertainty and reliability analysis — Method description

A.1 General

Analysis of uncertainty is one of the most important and fundamental tasks in structural reliabjlity analysis.
Uncerrtainty is present during the design, construction, commissioning and operating phases’of the life of a
pipeline; in fact the life of a pipeline itself is also uncertain. In principle, all physical quantities and activities
assotiated with each of these phases are subject to uncertainty and each of them contributes to the structural
reliahility of the pipeline. However, the degree of uncertainty and the associated \impact on the structural
reliahjility of the pipeline depend on the physical quantity or activity under consideration and the amount of
available data describing that quantity or activity.

In this annex, a number of physical parameters and activities that can have an impact on the pip€line reliability
are identified and discussed. Some guidance is given on their impact on‘pipeline reliability, on thg amount and
type [of data that are required and on how the data should be\‘collected and analysed. |n particular,
unceftainties associated with pipeline geometry, material, cénstruction, commissioning, operation and
envirbnmental effects and damage are addressed. However, before the specific quantities are pddressed in
detail| the basic nature of uncertainty is described.

Finally, the basic methods and calculation procedures of reliability analysis are described.

A.2 |Classification of uncertainties

A.2.1 General

Uncefrtainties associated with pipeline applications can be divided into two main groups:
a) matural or physical uncertainty;

b) knowledge uncertainty; comprising

+— measurement uncertainty,

— statistieal uncertainty,

+--.model uncertainty.

This classification of uncertainty sources is usually adequate. However, transitions between the quoted types
can exist. Furthermore, uncertainties related to gross errors are normally not covered within the framework of
structural reliability and should be considered by other means.

A.2.2 Natural uncertainty

Natural or physical uncertainty, also known as inherent or intrinsic uncertainty, is a natural randomness of a
quantity. It can be sub-divided into two categories:

— uncertainty that can be affected by human factors;

— uncertainty that cannot be affected by human factors.
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An example of the first category is the uncertainty related to the strength of steel or a tolerance on a geometric
quantity, which can be reduced by use of more advanced production or quality control systems. An example of
the second category is the natural variability of an environmental load estimated from a very large
representative data set.

A.2.3 Measurement uncertainty

Imperfect instruments and sample disturbance cause measurement uncertainty when observing a quantity.
This uncertainty is usually quantified by the manufacturer but can also be evaluated from laboratory or full-
scale tests. It can be described in terms of accuracy utilizing its systematic error (bias) and its random error

(precision).

If a considefed quantity is not obtained directly from the measurements, but some estimation preegss is
interposed, €.g., data processing, a combined model and measurement uncertainty is applied.

A.2.4 Statistical uncertainty

Statistical ur|certainty is due to a limited amount of information, such as a limited prumber of observalions,
which cause$ uncertainty in the estimation of statistical parameters.

In situations where few data describing a particular parameter are available, it can be possible to improye the
estimate of the uncertainty in that parameter based on additional information and the use of Baygsian
statistics. For instance, the uncertainty in yield strength and wall thickneéss’ can be improved based on the
knowledge of survival of the pressure test.

A.2.5 Modge¢l uncertainty

Model uncertainty is uncertainty due to imperfections and->jdealisations made in the applied physica
probabilistic [Imodels, and reflects a general confidence-in the applied model to describe “real life”. |

further acco
model.

Model uncer
by a stochas
the model. A
coefficient of]

For a capac
ability of an ¢
adequacy an
using a finite

In the case

distribution, dletermination of measurement period, distribution fitting procedure applied and unaccounte

behaviour frd

nt for unknown effects of other variable$)and their interaction, which are not included i

ainty in a physical model for represéentation of load or resistance quantities can be repres
tic factor defined as the ratio between the true “real life” quantity and the quantity describ
A\ mean value not equal to~10 expresses a bias in the model prediction of reality whil
variation expresses the ¢orresponding variability of the prediction.

ty formulation, a model uncertainty is usually applied in order to reflect the confidence i
nalytical equatior(or finite element model) to describe a real life situation. In order to asses
d confidence in_this approach, a number of evaluations and verifications can be performe
element approach or laboratory test.

bf loadwor“load-effect modelling, model uncertainties can be relevant concerning the cho

l

and
can
n the

bented
bd by
e the

h the
s the
] e.g.

ce of
d tail

nextrapolations.

Thus, an adequate assessment of the model uncertainty can be available from sets of laboratory or field
measurements, physical reasoning, refined analyses or sound engineering judgement. However, subjective
choices of the distribution of a model uncertainty will often be necessary.
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A.3 Determination of probability distributions

A3.

1 General

The probability distribution for a random variable represents the uncertainty of the variable. The results of a
reliability analysis can be very sensitive to the tail behaviour of the probability distribution applied, so a proper
procedure for the choice of distribution is necessary.

The process of establishing a probability distribution for a stochastic variable, referred to as statistical
inference, consists of the following steps:

A3.

The

random variable should be based on experience from similar typés "of problems, physical
analytical results.

Alterpatively, the choice can be made based on the goodness.of fit of the distribution to empirig
apprgach is relevant when a significant amount of data is available in which case estimates of th
of skewness and kurtosis can be used to select a classof“appropriate models and to exclude

ones

Somg¢ of the most frequently used distributions relevant to pipeline problems include

f)

The

¢hoice of distribution model;
gstimation of distribution parameters;

¢ertification of fitted distributions.

2 Choice of distribution model

gelection of the appropriate mathematical formulation of the probability. distribution function fq

beta distribution to model distributions oftbounded variables;

Ibgnormal distribution to model resistance variables where the information is limited;

mormal distribution to modeldinear physical parameters and additive independent errors;
dniform distribution to model physical phenomena, e.g. directional distributions of current;
Veibull distributions"to model long-term wave heights and current values. The Weibu

¢ontains the well-known exponential and Rayleigh distributions as special cases.

type.

r a particular
feasoning or

al data. This
p coefficients
nappropriate

| distribution

Sumbel distribution to model extreme values of variables having parent distributions of the¢ exponential

her it can be

inderlying generation mechanism should be taken into account in order to evaluate whet

considered an approximation to a well-known stochastic experiment, e.g.,

the additive mechanism leads to a normal distribution (central limit theorem);

the multiplicative mechanism leads to a lognormal distribution;

extreme values are modelled by type LIl asymptotic distributions, i.e. distributions for the smallest or

largest values;

Poisson processes are modelled by Poisson and Gamma distributions.
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The extreme by power n distribution is used to model the smallest or largest value in a sample containing »
independent and identically distributed variables with the parent distribution F (x). The distribution functions for
the maximum and minimum values are given by Equations (A.1) and (A.2):

Frax (x) = |:Fx (x):ln (A1)
Frin (x)=1-[1-F,(x)]" (A.2)

When applying a flexible distribution model with a large number of adjustable parameters (e.g. Hermite or
generalized gamma distribution), extreme caution should be exercised if the model is selected on the basis of
a limited amg@unt of sample data.

A.3.3 Methods for estimating distribution parameters

A.3.3.1 Graphical procedure

The distribution parameters can be estimated from plots using engineering judgement or a fit-by-eye appfoach.

A.3.3.2 Least square fit method
The distributfon parameters can be calculated through a minimization of X¢x/ ops — X; model)?> Where x; opslis an

observed quantity and x; ,,q4e| IS the corresponding distribution model prediction. This corresponds to a finear
or non-linear{optimisation problem dependent on the distribution type.

A.3.3.3 Magximum likelihood estimation technique
Estimates of| the statistical uncertainty related to the disttibution parameters for limited data sets cgn be

obtained using this technique, which yields asymptotically unbiased estimators. The technique is appropriate
for large single population samples where the extreme distribution tail behaviour is of secondary importarice.

A.3.3.4 Mdthod of moments

The method jof moments can be applied-to.evaluate distribution parameters by assigning analytical morments
to the sample moments. Usually estimates for the four moment estimators mean (u), standard deviatiop (o),

skewness (4) and Kkurtosis (x) are~applied. For a sample containing » measurements, x, ..., x,, [hese
estimators afe calculated as follows:
1 n
u="3x (A.3)
1 n
o? =—- (% —,u)z (A4)
n11G5
n n
iy 2 #)
—1)(n-3)*“
S= (n )(n )31:1 (A5)
o
n>-2n+3 "(x._ )4
(- )(n-3)(n-3)2" " 3(n-1)(21-3)
= 7 + (A.6)
o n(n—2)(n—3)
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A.3.3.5 Bayes estimation

The Bayes estimation technique enables the uncertainty associated with the estimation of the distribution
parameters to be updated as more information becomes available by applying Bayes' theorem. The method is
recommended where available statistical information is limited and engineering judgement, intuition or
experience gives strong indications on the choice of distributions or value of distribution parameters.

A.3.4 Verification of distributions

The final stage in the process of selecting a distribution is model verification. The adequacy of a fitted model
can be indicated by objective methods or by subjective judgement. The most commonly adopted objective
methpds °l'are

— Kolmogorov-Smirnov test;
— 2 test (Chi-square test).

Thesg classical statistical methods are used to check whether there is evidence to reject|a candidate
distripution. Especially when the available data are few, lack of evidencesto-reject a candidate distribution
does|not necessarily mean that the distribution is the correct one. Therefare; €ngineering judgemgnt based on
a prgbability plot is often the preferred approach. Such verification can ‘be performed by plotfing both the
empifical and the fitted distribution function in a quantile plot or in a‘plot constructed so that thq fitted model
appefprs as a straight line. The verification can then be focused en\the important part of the disfribution, (left
tail, right tail or central part of the distribution).

A.4 |Assessment of statistical uncertainty

A.4.1 General
The statistical uncertainty is a function of the-type of distribution fitted, the estimation technique] the value of
the distribution parameters and the amount of underlying data. The implication of this uncertpinty can be

asse$sed using a parametric Bootstrapping simulation technique [], the maximum likelihood method, linear
least|square regression or by approximate measures guided by experience.

A.4.2 Parametric simulation technique
The procedure in paramefric Bootstrapping simulation technique is as follows.

a) A set of parametfer values is determined by fitting to the set of n observations (using one of the techniques
described in\A:3.3).

b) These-parameter values are taken as the true parent parameters, and N samples of n outgomes of the
Tarent distribution are generated.

c) For each sample, new parameter sets are estimated by the fitting method.

d) The statistics of the distribution parameters, e.g. the four lower moments and correlation coefficients, are
estimated from the N realisations.

e) The distribution is randomized by assigning distributions to the parameters.

Alternatively, a new distribution (continuous or extreme value distribution), including the statistical uncertainty,
can be generated from the N samples using a Monte Carlo approach.
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A.4.3 Approximate assessment

For independent distributed samples, the standard deviation of the moment estimators are given as follows:

5, = 7 fn (A7)
K-1

- A8

S =0\ (A8)

Ss = C/’u (Ag)

se =+ 44/n @.10)

where g, o, P, x and n are defined above. The first two expressions are valid in general while the lattgr two

expressions

A.4.4 Baye

The Bayesia
under consid
deviation of
parameters i
used in the |

Estimate
other th
informat

a)

b) Using th

the avai

c) By cons

describsg
the rand

d) Use the

A.4.5 Com

Let f{x) be &

variance of f{

-3

bre valid for normal samples only but can be taken as approximations in non=nermal cases.

sian approach

N approach is also based on an assumed form of the distribution function for the random va
eration (e.g. normal) involving a number of distribution parameters (e.g. the mean and sta
B normal random variable). However in this case, the probability distribution for the distrik
5 calculated explicitly, using the available statistical data, “Fhese probability distributions are
ubsequent analysis to account for statistical uncertainty. The steps involved are as follows.
a prior probability density function for the distribution parameters, based on any inforn
bn the statistical data to be used subsequently. If there is no prior knowledge, then a
ve prior (for which the probability density is a~constant) can be used.

e Bayesian methodology, obtain the prebability distribution for the distribution parameters
able statistical data. This is referred'to-as the posterior distribution.

idering all different possible_values of the distribution parameters, and their relative likel
bm variable under consideration.

predictive distributionr-for the random variable under consideration in the subsequent SRA.

bination of iincertainties

functionof a set of stochastic variables. If the various components of x are independen
) can-be approximated by

Fiable
ndard
ution
then

ation
non-

given

hood

d by the posterior distribution function obtained in Step 2, calculate the predictive distributipn for

t, the

V12

_Uf()x =75

)
ox;

1

2
Oy

where o, is the standard deviation of ith uncertainty source.

If f(x) is close to being linear, this can provide an acceptable measure of the combined uncertainty.

(A11)

Various components of uncertainty (e.g. physical uncertainty, several sources of measurement uncertainty
and statistical uncertainty) can be combined using the above simple formula.
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A.5 Joint description of variables

In a reliability analysis, all significant variables should be considered. If the variables are independent, the joint
description (i.e. the joint distribution) of the variables is obtained as the product of the marginal distribution.
However, in most cases some of the variables involved are mutually dependent. The effect of this, for two
dependent variables x and y, can be included in the analysis by introducing a correlation coefficient, p, defined
as

= (A12)

As illystrated in Figure A.1, the correlation coefficient implies the following relationships:
— perfectly positively correlated if p = 1;

— perfectly negatively correlated if p=— 1;

— positively correlated if 0 < p< 1;

— negatively correlated if — 1 < p< 0;

— Uncorrelated if p=0.

X3 X3 X2

p —+1,0 0<p<+10

a) b) <)

X2 X2

d) e)

Figure A.1 — lllustration of the correlation coefficient
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In general, th

e following classification is used:

— strong (high) correlation if |p| > 0,9;

— moderate (medium) correlation if 0,5 < || <0,9;

— weak (low) correlation if |o| <0,5.

The mutual d

ependency among the variables can be ignored if

a) the varig

b) the depe

c)

A.6 Typic

A.6.1 General

In the probak
linepipe
loads an
external
construd

corrosio

A.6.2 Line

omission of the dependencies among the variables is conservative.

al uncertainty measures

bles are weakly correlated;

ndency is among variables with low importance factors;

ilistic design of pipelines, uncertainty measures are requiredfor the variables describing
properties;

d load effects;

third-party interference;

tion defects;

.

Dipe properties

(e.g.,
uring
eline
. the

Linepipe properties, including dimensional and material strength parameters, depend upon type of pipe
seamless of seam-welded), (iype of material (e.g., carbon steel or duplex steel) and manufac
specificationg. Such properties are relevant to all limit states and for both offshore and on land piy
applications.|Their uncertainty measures can be obtained by statistical analysis of mill data. In Annex E
following parpmeters are'covered:

— wall thickness}

— pipe diameter;

— pipe ovality;

ultimate

30

yield strength;

tensile strength;

Charpy V-notch impact energy;
critical crack tip opening displacement (CTOD);

S-N curves and fatigue crack growth parameters.
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The wall thickness has an effect on most failure modes, including external interference and corrosion.
Typically, a nominal value is quoted and, although there is no precise statistical interpretation of this value, it is
usually a reasonable approximation of the mean.

The yield strength, oy is nominally characterized by the specified minimum yield strength (SMYS). The yield
strength is subject to measurement, statistical and natural uncertainty and the SMYS value typically
represents the lower (1 to 5) percentile of the probability density function which describes natural uncertainty.
(The precise statistical significance of SMYS is not usually known.)

The probability density functions for wall thickness and yield strength can be constructed from information
provided by p|pe m|II cert|f|cates The probablllty density functlon can usuaIIy be represented by either normal

or log andard deviation.
Confidence limits on these stat|st|cs depend on the amount and var|ab|I|ty of the data moreflata leads to
greater confidence. However, in situations where few data are available, confidence in the(distribution of wall

thick
of the

The diltimate tensile strength, o;,, is nominally characterized by the specified minimum tensile stre

Limit
impli

The material toughness is generally used to determine the resistance to-crack initiation (brittle o

crack

The
crack

Resis
Char
energ
DWT]

A.6.]

Pipel
grour

Unce
(func

ess can be significantly enhanced using Bayesian statistics to update the distribution base]
hydrostatic test.

state functions associated with failure modes of pipelines often account™for tensile streng
itly or explicitly applying a factor (Y/T ratio) to the yield strength.

propagation.

esistance to crack initiation is best described by a fracture. mechanics toughness property
tip opening displacement (CTOD).

tance to crack propagation or the ability to effect erack stop is commonly described by f
by V impact tests in combination with drop weightitear (DWT) tests. Minimum requirements f

8 Loads and load effects

nes are subject to various types of external loads including loads due to external hydrosta
d movement, sea currentsself-weight effects at free spans and trawl lines offshore.

rtainties for loads and/load effects are case-specific. However, for each category of load ar
ional or environmental), a range of load variability for typical scenarios can be found

y are given in References [2] or [30]. The ductile fracture behaviour can be shown by DWT
tests correctly predict the ductile to brittle transition temperature of the linepipe material [3l: [},

d on survival

ngth (SMTS).
th effects by

ductile) and

such as the

he results of
pr the impact
tests as the

]

tic pressure,

d load effect
by analytical

analysis or numerical simulations.

In Annex B, the following loading properties are covered in relation to offshore pipelines:

hternal.pressure;

— 1l.mctional load effects relevant to installation and for the as-laid pipe;

environmental load effects relevant to installation and for the as-laid pipe.

A.6.4 External interference

External impact from excavating machines is historically the most frequent cause of failure of pipelines on land.
The impact generally results in a dent containing a gouge. Uncertainty exists in the dent depth, dy4 the gouge
length, L, the gouge depth, 4 and the frequency, f,,,, of occurrence of impacts. Unless it can be shown that
the pipeline under consideration is not, or will not be, susceptible to such impacts it is important to quantify the
uncertainties in these four parameters.

For situations involving existing pipelines, databases describing this uncertainty might have been constructed
by, or on behalf of, the pipeline operator from inspection records.
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When considering the design of new pipelines it may be appropriate to use existing databases if it can be
shown that the new pipeline will not be subject to a more onerous environment than the existing ones. In
situations where this cannot be demonstrated or where no data is available, appropriate conservative
estimates of the uncertainty must be used.

A single deterministic best estimate value offimp is normally adequate for the structural reliability analysis.

The Weibull distribution is commonly used to describe the uncertainty in the physical dimensions of damage.
The suitability of this distribution can be readily determined by visual examination of the linearity of the data on
a Weibull plo

t for each of the quantities, dy, L and 4.

A.6.5 Construction defects

Any defects

resent at the start of life in girth or seam welds can increase in size due to fatigue ¢rack grpwth.
Therefore, unless it is known that the pipeline is not, or will not be, subject to any significant cyclic loading, it is

essential that the effect on structural reliability of both seam and girth weld defects is taken“into account. In
this case, natural, statistical, measurement and modelling (growth law) uncertainties exist\-Acceptable defect
sizes for linepipe girth welds can be assessed according to, for example, Reference [5}:

The type, siz
welding tech

weld inspection technique, the hydrostatic test pressure and the strength<and toughness of the wg
cords are available, it can be possible to construct distributions describing the uncertainty in

inspection re
defect length
be improved
test.

When insped
distributions
strength and
determined g

hique, the welding parameters, the orientation of the defects, the feliability and accuracy

, L(0), and defect depth, d(0), at the start of life, directly from'these records. This distributio
(statistically updated) based on the further knowledge‘that the pipeline survived the hydro

tion records are unavailable (which is commonly-the case), one possible approach is to con
of L(0) and d(0) based on survival of the hydrostatic test and the known distributions of
toughness. In this case, either the distribution of L(0) is assumed and the distribution of d
r vice versa.

e and number of defects that can be present at the start of life depend on factors such gs the

f the
Id. If

N can
static

struct
weld
(0) is

It is important to note that the distributions obtained are start-of-life distributions. Fatigue-crack growth is a

time-depend
these distribt

A.6.6 Corr

Various type
reliability of
external coa
corrosion de

ent process and it is, therefore; important that appropriate time-dependent transformatio
tions or the failure space (limit=state functions) are invoked.

bsion

5 of corrosion including internal, external and stress corrosion cracking can effect the stru
b pipeline. In order for any type of external corrosion to occur, there must be a breach ¢
ing and a breakdown of the cathodic protection system near the breach. The rate of grov
fects, whichi can follow the occurrence of these two events, is very dependent on the

environment
in the numb

When inspecti

| condition's and can depend on time. It follows that at any time, ¢, considerable uncertainty
r ofdefects present, n(z), and the length, L(z), depth, d(¢), and rate of growth, »(¢) of each defg

ns of

Ctural
f the
th of
local
bXists
ct.

nder

consideration are available, it can be possible to construct distributions describing the variation in the size of
corrosion defects at given times. The effects, on these distributions, of repairs made in accordance with
appropriate criteria can also be taken into account.

When inspection records are not available, data obtained from inspections on similar pipelines can be used.
Weibull distributions characterized by time-dependent parameters can be used to model the uncertainties in
L(¢) and d(¢). The number of defects present depends on the rate of occurrence and the repair criteria.
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complete probabilistic design check (SRA), i.e. the probability of failure is explicitly calculated and

checked against the acceptance criteria, Pt targets

calibration of partial design factors to be used together with a selected LRFD format, i.e. to develop the

LRFD format and determine the safety factors.

For a given limit state, a probabilistic design involves modelling of the generalised stochastic load, S, and

gene

exprgssed in the form of

When the distribution functions for R and S are established through uncertainty ahalysis, the failu

g(x):R—S

is thgn calculated by

The

wherge

= [ frs(RS)dRAS
g(x)<0

probabilistic design check can then performed using the following design format:

Pf,calculated < Pf,target

1 is the calculated probability of failure from the reliability analysis;

)f,calculated
Pf,target
probabilistic (or reliability-based) design approach involves the following steps:
ifentification of all relevantfailure modes (i.e. limit states) and limit state equations;
dncertainty modelling-of variables entering the limit state equations;

determination of\the target safety levels (recommendations given herein);

¢alculation of the failure probabilities for each limit state.

go-that the target probability level is achieved

ralized stochastic resistance, R. As a simple illustration, the corresponding limit state fun

is the target value that should be satisfied for a design to be accepted.

¢omparison against acceptable failure probabilities or calibration of design factors (decision

iction can be

(A.13)

re probability

(A.14)

(A.15)

parameters)

Guidance concerning the three last steps in this process is given in Annex C. Guidance is also given on how
to calibrate partial safety factors in the LRFD format by using the probabilistic calculation procedures.

© I1SO 2006 — All rights reserved

33


https://standardsiso.com/api/?name=26c64bdabd2244b87d1e8404a3c329e1

ISO 16708:2006(E)

A.8 Reliability calculation methods

A.8.1 Calculation of failure probabilities

The probability of failure of a pipeline, Py, is defined by

R= [ f(x)d (A.16)
2(x)<0
where
X ig a vector of stochastic variables
f(x) igthe joint probability density function
g(x) igthe limit state function where g(x) < 0 signifies failure.

The function| g(x), can represent a single failure cause, i.e., single event function, or'a_system representation
of several fajlure modes. Only few analytical solutions of the above integral exist,-and traditional numgrical
integration i$ very time consuming and costly due to the high number of stechastic variables nofmally
occurring in|reliability applications. Estimates of the failure probability can be obtained by the follpwing
complementary approaches:

— approximate analytical methods;
— Monte (arlo simulations;
— nested rgliability methods.

The theory @and methods of structural reliability haye developed significantly during the last two dechdes.
Intensive research on both philosophical and conceptual issues as well as on computation methods has |been
performed and the field has now reached a stage where use of the developed methodology is becgming
widespread. | The methods and application -of “structural reliability theory have been documented |n an
increasing nimber of textbooks e.g. References [6], [7], [8], [9], [10] and [11] along with numerous papers
dealing with the subject. A number of analysis tools are at present also available on the open market.

A.8.2 Approximate analytical methods

Approximate|analytical methods’ include the so-called first-order reliability method (FORM) and second-order
reliability me¢thod (SORM)~"The basic approach of the analytically based approximate methods|is a
transformatign of the_stochastic variables into a probability space of standardized, mutually indepepdent
normal variaples, and.t0 approximate the probability integral by simplifying the boundary of the integration
domain.

These methods”have asvmptotic_analvsis and are particularly useful for the Slidbility
problems often encountered in engineering. A good approximation to the failure probability can often be
obtained by replacing the true boundary of the integration domain by the first-order (FORM) or second-order
(SORM) Taylor expansions of the failure function about the design point. A requirement for the FORM and
SORM analyses is that g(x) is twice continuously differentiable in the vicinity of the design point.

The simplified methods are motivated by the fact that calculation of points on the failure surface in some
cases is very costly, e.g., if for each iteration in normalized space a new time-consuming finite element
analysis is required. It is, therefore, important to establish methods in which the number of g(x) calculations is
kept to a minimum. It should also be mentioned that the number of iterations can in some cases be reduced
by application of response surface techniques.
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A.8.3 Monte Carlo simulations

The Monte Carlo simulation method samples from the joint distribution f (x), and the indicator function I(x),
defined as I(x) = 1 if g(x) < 0 and I(x) = 0 if g(x) > 0, is evaluated at each sample point. An unbiased estimator
for the failure probability is then given by the sample mean

B :iz(x,.) (A17)
i=1

An advantage of the method is that it makes use of point values of g(x) only, and that g(x) and the distributions
do nat require any analytical properties. The disadvantage is the computational time for small probabilities.
Improved efficiency of simulations can be obtained by using the following more advanggd simulation
(sampling) techniques:

— importance sampling;

— latin hypercube sampling;

— adaptive sampling;

— ¢onditional simulation methods;

— dlirectional simulation;

— axis-orthogonal simulation.

A.8.4 Nested reliability methods

Nested reliability methods are required when reliability calculations are included in the limit state{ function, i.e.
in cage of

— 1pp|ications involving time-dependentwariable conditioned on time-independent variables;
rst passage failure event as euf*crossing of a stochastic process through an uncertain failurg¢ surfaces;
— determination of the distribution of the failure probability due to subjective uncertainties;

— geparation of differentiable and non-differentiable variables. The non differentiable variables (e.g.,
discrete variables)-require analysis by simulation techniques, while a FORM /SORM anglysis can be
performed fora-sUb set of the total variable vector.

In time-dependent problems, emphasis is on the study of the probability that a stochastic vector process (e.g.
a loafl proGess) leaves a safe domain at least once during a time interval [0,T]. In the case of ohe load only,
the maximum extreme load within the time interval can be modelled as a stochastic variable [with a given
(extréeme__value) distribution function For several time-dependent load processes, the edtreme value
distribution is, in general, unknown, and a useful concept for determination of the first passage failure
probability is the mean rate of out crossing of a vector process from the safe region.

The safe domain itself can also be time-dependent, e.g., due to structural deterioration caused by damage
such as fatigue, crack growth, creep, corrosion, erosion or wear. The structural failure can be defined as the
event of a damage indicator for the first time reaching a critical value.

The first passage failure probability can be approximately given in many cases, e.g. for high thresholds and

not too narrow-banded processes, by adopting the Poisson hypothesis of independent failure surface
crossings:

R=E][R(X)] (A.18)

© I1SO 2006 — All rights reserved 35


https://standardsiso.com/api/?name=26c64bdabd2244b87d1e8404a3c329e1

ISO 16708:2006(E)

in which E[ ]

B (x) z1—exp{—

is the expectation operation, and

T

Iv(t,x)dt

0

}:1—exp[—v xX)T |

(A.19)

where the latter equality is valid for stationary conditions. The conditional mean crossing rate 1{t,x) can be
calculated as a particular parametric sensitivity factor of a parallel system.

A.8.5 Reliability updating

The reliability assessment of a pipeline in the design phase is based on the available prior information. {Vhen
assessing thie reliability of the pipeline at a later stage, new information that has become available-dquring
construction |or operation can lead to a better estimation of the structural performance or a reduction ¢f the
subjective urfcertainties.
Let the new |nformation be formulated through the event margin H(x) < 0. Through Bayestheorem, it fqllows
that an updated failure probability is obtained as

P[g(x)gO N H(x)gO]

P x)KO|H(x)<0|= A.20
which corresponds to a ratio between a parallel system failure probability and a single event failure probgbility.
An example pf H(x) < 0 can be “no bursting during mill test”. A distribution function for a variable, Z, can also
be updated py defining g(x) =z — Z. Alternatively, more traditional, Bayesian updating of distributions pusing
conjugated djstributions or simulation techniques can be applied:

A.8.6 System reliability
A pipeline is[from a probabilistic point of view a series*system, i.e., the pipeline fails if any of its compopents
(sections or |oints) fails. It is thus important to establish a relation between the component reliability and the
system reliahility.
For series systems with equally correlated-failure components the probability of failure for the system Pt sys
can be formglly written:
< x
Bos=1- [ #(x 1_[42j b 4p* B21)
o VIP-p
where

n is the number of components in the system;

ﬂi is thereliability index for failure element [

p is the common correlation coefficient between any pair of safety margins for components i and j, i = ;.

The correlation coefficient can be approximately estimated from the physics in the failure mode, material
properties and importance factors obtained from the component reliability analysis. In case of a limited
number of failure components, the assumption of selecting an appropriate correlation coefficient might not be
crucial and the “equi-correlated system approach” can prove to be feasible.

Alternatively, an extreme value approach can be applied. The basic assumption is that failure for the system
can be confined to a single critical component. The definition of such a critical component depends on the
physics of the problem and the limit state function considered. For pipelines, a critical component is often
location-specific and associated with an extremely low capacity or subjected to an extreme load. Assume that
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the capacity consists of a function of variables C = f[Y;(4),Y5(4),...,Y,(4)] where Y(1) is a capacity variable (e.g.,
Yy =t Y, = SMYS, etc.) and A is the location. The smallest minimum for the total capacity, C,;,, can then be

estimated using a Turkstra-rule type of combination approach, i.e.

G

Y,

m n

o =min{ 7[5 (2 (2t ()]

where Y;*(1) denotes a maximum or minimum value which leads to the lowest capacity.

(A22)

If the capacity variables Y1), i =1,..., n, are statistically dependent, the conditional distribution for the “non-
leading” variables Y/(1) should be used or else Y;(1) should be taken from the parent distribution.

The

howe
evalu
comh
indep

bxtreme value approach ensures that the smallest likely capacity is used in the reliability analysis. If,
ver, Y(A) originates from different sources, all combinations in the above min eperatign should be

ated. The above approach is considered equivalent to a generalized Turkstra."rule
ination of a function of time-dependent loads. It provides reliable estimates)if the as
endence of variables in different components holds and the random variable(ehosen to cha

pproach for
sumption of
racterize the

critical component is dominant. However, the proposed method remains an assumption and the odel guided

by ph

The
corre

ysical reasoning.

shortcomings of the “equi-correlated system approach” are the difficulty in estimating ar
ation coefficient while for the extreme value approach the weak point relates to the load

For fnost well understood problems, the two approaches will fender equivalent results and
ility assessment can be performed using either of the abéve methods. It is recommengled that one

relial]
meth

A.9

bd should be selected based on the physics of the problem and verified by the other.

Interpretation of results

The Basic results of a probabilistic analysis are gomprised of

q

The

engin
phys
analy
resu

phys
nece

filure probability;

esign point giving the most likely values of the basic variables at failure;

importance and sensitivity-faetors.

main purpose of an-evaluation is to examine whether the design point is reasonab
eering judgementand experience from similar types of problems and that it is not in conflict
cal knowledge ©rjlimitations. First, it has to be checked that the obtained design point from
sis is a global"minimum solution to the optimization problem rather than a local minimum
s from the-reliability analysis also have to be assessed by verifying that the design point cg
cally realizable outcomes of the stochastic variables. If a response surface technique is
5sary to-verify that the response surface performs satisfactorily in the neighbourhood of the ¢

appropriate
combination.
the system

e based on
with obvious
the reliability
Further, the
rresponds to
applied, it is
esign point.

information can be used as a decision tool by providing measures of where to most efficiently allocate
resources to increase the reliability of the pipeline.

The parametric sensitivity factor is defined as gf/26, where g is the reliability index and 8 can be a parameter
in the limit state function or a parameter of the distributions of the basic variables. It follows that the updated
reliability caused by a change, Ag, can be approximated by

B(6+A0)~ B(0)+

©I1SO

ap(9)
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Let o; denote the ith component of the normalized gradient vector to the failure surface in the design point.
The quantity al.z is often denoted as an (uncertainty) importance factor that can be interpreted as a relative
measure of the significance of the uncertainty of a basic variable (or a group of variables) for the problem
considered. The importance factors can then be applied to focus attention on the most important variables.

The omission sensitivity factor gives information about the importance for the reliability of the uncertainty of a
stochastic variable. For independent variables, it is given by

(A.24)

The parametler 7; provides a measure of the relative error in the reliability index if the stochastic naturejof an
independent|variable is ignored. It can be used to reduce the number of quantities that have to be madelled as
stochastic vgriables, and hence to reduce the complexity and the computational time in a reliability @analysis.

A.10 Calibration of partial safety factors in the LRFD format

A.10.1 Introduction
The major objective when selecting a design format for calibration is to achieéve a uniform safety level|for a
range of parpmeter variations and that the format in itself is simple to,use in design. The selected design
format shoulf be a simplified representation of the actual limit state condition under consideration and| then
representing| the most significant variables entering the design problem. A general description abput a
calibration methodology may also be taken from Reference [26].

Calibration of partial safety factors in a LRFD format includes:the following steps (this holds for both the [initial
calibration of{a design format or a later re-calibration or re-gqualification of a design):

— define the scope for the calibration comprising a definition of failure mode(s) and safety class, and {arget
reliability;

— establish the limit state function and the corresponding design equation;

— specify ¢haracteristic values for the variables;

— quantifyfand validate uncertainty’measures for the variables;

— estimatd a trial set of safety factors reflecting the most important uncertainty sources;

— establish a set of representative design cases utilising the design equation with characteristic valueg and
partial safety faetars in compliance with the scope;

— estimatd the, probability of failure for the design cases and evaluate against the target value.

If the trial set of safety factors tends to provide non-uniform safety levels over a large span of design cases,
the final set of safety factors can be obtained by minimizing:

2 .
> Ywi (P~ Parger) =min (A.25)
i
where
P is the failure probability for design case j related to failure mode i

Wi is the corresponding weighting factor of the relative frequency of the design.
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However, this trial set of safety factors in general results in failure probabilities above the target levels for
some cases, and therefore it is necessary to adjust it accordingly.

If only a single safety factor or a product of safety factors enters the limit states, the calibration can be
performed as a parametric study on this safety factor within the reliability analysis. With more than one partial
safety factor, there is an arbitrariness in selecting the set of partial coefficients leading to designs with the
prescribed target reliability. The design point provides a checking point that can be utilised to select partial
safety factors, i.e.

V== (A.26)

wher

w

Gk

X is the outcome of a stochastic variable and the “*” indicates a design-point value;
d¢ indicates a characteristic value;

i| is anindex number to indicate the various stochastic variables involved’'in the formulation.
This gefinition of the partial safety factors ensures that the design equatién recreates the design goint.

If thgl safety factors determined for a large set of different desighsvshow a consistent behavioyr, in a given
validity range, it is assumed that a generalization can be made. In general, the number of dafety factors
should be limited. Further, the combination and value of thefindividual safety factors should be quided by the
“design point” co-ordinates and engineering judgement andzexperience.

It is gtrongly recommended that assumptions, limitations and design implications versus establighed industry
pract|ce are presented together with the final set of calibrated partial safety factors.

A.10.2 Guidance on design equations
The ¢bjective is to establish a simple and/practical design format capable of providing a uniform rgliability level
for a|large parameter variation and. wide range of design scenarios. The selected design egyation should

preferably resemble the impact of the most important variables in the limit state function. A ggneral design
equation can be given as

2 (Sqs Ry, ag,0y4,C,6)<0 (A.27)

wher

W

¥4 is adesign-load value determined from Sy | = S| % ;- Index c indicates a characteristic vialue, index d
indicates a design value and %siis the partial safety factor related to load component nur[wber i

R, Zis a design capacity determined from R, , = R.,/ s ; Where i is the partial safety facfor related to
the capacity or strength component number i.

ayq is a design value of geometrical quantities determined from aqy = a | + Ag; where Ag; are additive
geometrical quantities.

@, is a design value of the model uncertainties not included in the load and capacity variables.
C s a serviceability constraint.

o is a coefficient accounting for the importance of the pipeline or pipeline element, i.e. accounting for
the reliability level required e.g. related to a given safety zone.
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The condition for a limit state not to be exceeded can be expressed in the following general form:
g[( 71 Sie)s(7; Rje )] >0 (A.28)

A very common approach is to introduce at least one partial coefficient associated with the load or load effect
and one with the resistance variable. It is further reasonable to distinguish between functional (mainly static)
and environmental (mainly dynamic) load effects to get a rational and optimal design format. This is due to
uncertainties in the environmental load effects which are typically larger than those in the functional load
effects.

A LRFD format_can then often be utilized in the form

R
7eSce | 7FScrs<—2 (A.29)
7R
where
Sc is the characteristic load effect (with subscript “E” and “F” referring to the environmental

and functional load respectively);
Rc is the characteristic resistance or material property for th€. considered failure mode;
¥ rand g are calibrated safety factors.

In some cases, it can be convenient to further distinguish between,environmental loads arising from different
load phenomena or between loads with different magnitude and.ffequency content.

The design yalues for load effects and capacity are given. by the product of characteristic values and pgartial
coefficients gr design factors. If interaction formulas are applied for the pipeline capacity modelling, morg than
one usage fdctor can be used to achieve a uniform safety level.

The selected design format should be a simplified representation of the actual limit state condition Yinder
consideration and the most significant variables*entering the design should be represented.

The design gnvironmental and functional lpad effects shall be determined by
Sp,e = % ScE (A.30)
SD,F = 7H SC,F (A31)

and the design value for capacity or strength of the component is found as

AIternativer, btlcllgtha of materiatscanbe c)\plcaacd by theit dcaigll vaiuca,fD, determined-from
fo=rc! ¥m (A.33)

Other relevant properties can be treated in a similar way by introducing a partial factor to a characteristic value
of the property.

Geometrical parameters shall be expressed by their design values, oy, defined by the equation

op = ac T Aa (A.34)
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The following symbols are used:

Sc is characteristic load effect, where Sg g and Sc ¢ are environmental and functional
respectively

Rc is characteristic values of component resistance, based on characteristic values
properties

Jfc is characteristic values of material properties, for example yield strength

load effects,

of material

%  are partial load effect factors. Their values reflect the uncertainties or randomness of the load effect

(UCI IUIG”y :alycl thall 1,0)
resistances including those of material properties and the calculation model if netlinclud
(generally less than 1,0)

., are partial material factors. Their values reflect the uncertainties of the'niaterial proper
considered (is often covered by the 7 factor)

Aa are additive partial geometrical quantities. Their values reflect-the uncertainties of thg
parameters

A.10.3 Guidance on characteristic values

A.10]3.1 General

jr is resistance or strength usage factors. Their values reflect the uncertainties (0f-th¢ component

ed otherwise

ies (strength

and other characteristic properties of the material) and will depend on the actual limit state

geometrical

The probability of failure depends on the design\value of the variables. A change in the defjnition of the
characteristic value that is compensated by a cerresponding change in the relevant partial safet
that fhe design value remains the same will net affect the probability of failure. Nevertheless,

choige of the characteristic values one can(reduce the sensitivity of the failure probabilities to ch

y factor such
Dy a suitable
anges in the
erally, this is
choices can
Characteristic

.[Typically, an

g specified in

alues should
on, e.g. the

A.10.3.3 Load effect variables

The characteristic values of load effects and other actions, S; ., are values that should rarely be exceeded. For
time-dependent processes, characteristic values are generally given in terms of return values for occurrence,

e.g. once in a given reference period.

A.10.3.4 Functional loads

The characteristic value of a functional load is normally taken as the expected annual maximum v
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A.10.3.5 Environmental loads

The characteristic values of environmental load effects for the pipeline under operation are often defined

by an

annual exceedance probability of 102 (corresponding to a return period of 100 years). Alternatively, the
environmental load effect itself can be defined to have a return period of 100 years if adequate data on the
joint occurrence of meteorological and oceanographic conditions so permit and if the partial factors are

selected accordingly.

For temporary design conditions (e.g. during construction), the characteristic value should generally be related
to the length in time of the condition and is typically selected as three to five times the duration of the condition.

A.10.3.6 Acfidental Toads

The charactgristic value of the accidental load is selected on the basis of a prescribed prebabillty of
exceedance.| The annual probability of exceedance is normally taken to be less than 104 per.'km, unless

some other grobability of exceedance can be justified.

Since accidgntal loads can arise from a number of different sources, it can be difficult to accommoddte all

possible soufces within the same LRFD design format, even with a carefully chosen.characteristic value

pf the

loads. In sugh circumstances, it is preferable to perform a structural-reliability analysis that is specific fo the

type of accidgental load considered, or to rely on engineering judgement with traditional safety factors.
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Annex B
(informative)

Statistical database — Uncertainty values

B.1 Basic linepipe properties

B.1.1 Database

A stgtistical database of linepipe properties (uncertainty measures) has been established”using data from a
range of representative pipe manufacturers [12l. [13]. The pipe steel diameter covered_in this database varies
from jJabout 40 mm to 1 400 mm (1,6" to 56"), the majority in the range of 400 mm-to 1 000 mmn} (16" to 40")
(corrgsponding thickness from 13 mm to 37 mm). The pipe material covers carbon steel as wgll as duplex
steel{ Mechanical properties are measured at the specified temperatures for. parent metal in botl longitudinal
and transverse directions, weld metal in the cross-weld direction and the heat‘affected zone (HAY) if relevant.
This fatabase with the major findings given below is representative for offshore pipelines.

Requirements for the statistical distribution of materials and geometric parameters, which comply with design
requirements and actual distribution of linepipe properties, is given/in Reference [2].

B.1.2 Dimensional properties

The dimensional parameters considered include
— Wall thickness;

— pipe diameter;

— ipitial pipe ovality.

Seanpless linepipe shall be distinguished from seam-welded linepipe concerning the statistical properties.
Seanp-welded linepipe is made-of-plates with more restrictive tolerances, and thus with smaller tincertainties.
Uncerrtainty values are quality- and time-dependent.

The data indicate that‘the standard deviation in the pipe wall thickness has decreased with improving
techrjology since the~1960s. Although the target standard deviation can vary from one mill to another, samples
colle¢ted from various mills indicate that the actual standard deviation varies in the range of 0,15 mm to
0,25 mm. The standard deviation is independent of the actual thickness.

the gctual wall thickness intentionally differs from the nominal wall thickness. This is influencdd by several

Average values based on actual or nominal wall thickness differ from each other. With regard to gpecifications
facti, e.g. that tolerances on wall thickness are different from those on mass-per-meter length df linepipe.

The standard deviation of pipe diameter is found to be in the order of two times that of wall thickness for
welded pipes; it is in the order of 1/1 000 of the diameter. This indicates that the pipe diameter can be
considered as a deterministic parameter, i.e. the coefficient of variation (CoV) is practically zero; see
Table B.1. The same conclusion is also applicable to seamless pipes, although the standard deviation is
higher. The standard deviation of pipe diameter is (generally) dependent on the wall thickness/diameter ratio
and pipe grade.

The pipe ovality, f, is related to the maximum and minimum pipe diameters (D5, and D,;,) measured from
different positions around the sectional circumference by

f — Dmax _Dmin (B.1)
Dmax +Dmin
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The initial ovality refers to the as-built pipe state when the pipe is free from bending and pressure loading. The
mean value is in the order of 0,2 % or less, and the standard deviation is in the order of 0,1 % or less.

Table B.1 presents typical uncertainty values associated with seam-welded pipes. While the pipe diameter
can be considered as a deterministic quantity due to negligible uncertainty, the other two parameters have to
be considered as random variables. A set of uncertainty values (i.e., fixed mean value and CoV) should
generally be linked to pipe manufacturing process, e.g., specifications for manufacturing, and these are typical
figures.

Table B.1 — Typical uncertainty values for dimensional properties — Seam-welded pipes

Variable Distribution | Characteristic Normalized | CoV =olu (u—xJ) o
value variable %32
xC
¢ X=tlt_. 2t
W3ll thickness, ¢ Normal mn t mn 0,5t02
Lhom X =t!tiom 0to2
Pipe diameter, D Normal Dom Xp=D/Dom <0,1 0
Initial ovality, £, Lognormal Jo,max — 25 to 60 3to15
@ |ois the standard deviation; x is the mean value.

For the pipe jwall thickness, the lower bound of the CoV can be achieved by top quality steel mills while|good
quality mills intend to target the mean thickness as close as possibleite)the minimum value; other mills hgve to
target their mjean thickness well above the minimum value (up to 7¢standard deviations) in order to reduge the
risk of pipes peing rejected.

When referring to Table B.1, therefore, conservative valdes are normally to be selected unless flirther
documentation is provided. It should be emphasized that larger variability can be expected for seamless pipes.

The mean design wall thickness shall be at least- 2 standard deviations above the minimum valde. In
compliance With this requirement, the normalized-variable X; = ¢/ t,,;, can be considered as a normal vafiable
with a CoV of 2 % and a mean value equal to.1,04.

Since the toJerances on wall thickness~for welded pipe are generally expressed in millimetres and mot in

percent, the folerances expressed by(narmalized variables (in percent) tend to decrease for increasing mean
value of the vall thickness.

B.1.3 Mechanical properties

The mechanical properties: considered include

— yield strength;

— ultimate|tensile strength;

— stress-strain curve shape, as defined by the hardening parameter;
— Charpy V-notch impact energy;
— critical crack tip opening displacement (CTOD).

Uncertainty values for these parameters depend on the quality of the pipe mill and manufacturing
specifications. The CoV of the hoop-yield strength can differ by a factor of 2 across representative samples for
different steel grades. It should be noted that the material can show anisotropic behaviour. For pipe produced
by expansion in the circumferential direction, yield and tensile strength values for longitudinal direction can be
lower than those in transverse direction. The level of anisotropy depends on material grade, chemical
composition, rolling conditions and pipe geometry. The tensile strength of the weld is normally required to
overmatch that of the parent metal and this is generally consistent in the data.
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The fracture toughness properties (Charpy) of the parent metal differ from the weld metal and heat-affected
zone (HAZ), but are (rather) independent of the steel grade.

Table B.2 provides typical uncertainty values for mechanical properties. For each parameter, a representative
range of variation is given. Conservative values are normally to be selected unless further documentation is
provided. For design parameters exhibiting normal distribution mean values are used which are at least 2o
apart from the minimum value, e.g. SMYS, SMTS etc. For parameters such as Charpy V-notch impact energy
and CTOD, which do not exhibit normal distributions, a case-by-case basis decision is required.

Table B.2 —Typical uncertainty values for mechanical properties

Variable Distribution Chal;?ajhe;'lstlc N:;rz::)ilz:d CO\{,/; ol (=)o
c
Yield strength, o, Normal SMYS X, = o/ ogmys 2t0 6 1tp 4
Tensile strength, o, Normal SMTS X, = o/osuts 1,5 to 6 21tq 10
Charpy energy, C, Lognormal 30J — 10\to 50 21q 20
Critical CTOD, &4 Beta 0,12 mm — 30 to 60 2tp 3
@8  ois the standard deviation; 4 is the mean value.

In general, correlation between the mechanical properties in the 'same pipe joint or correlation|of the same
mechanical property between pipe joints is weak or negligiblé<except for the following situations:

— 1noderate correlation of the yield strength among pipe*joints made of the same plate;

— 1noderate correlation of the ultimate tensile strength among pipe joints made of the same plafe;

— noderate correlation between the yield-and ultimate tensile strengths.

B.1.4 Material fatigue properties
The material fatigue properties are

— ¢rack growth parameters;

— $-N parameters,

The fatigue crackgrowth rate, da/dN is calculated as follows

da n
< C(AK) (B.2)

where
C is aconstant;
AK is the stress intensity factor range.

If documentation is lacking, values for C and n as given in Table B.3 can be applied for carbon steel. The
constant, C, follows a lognormal distribution.
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