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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-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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Introduction

The present fourth edition of this International Standard is intended to reflect advances in

the common

basis for decision making related to load-bearing structures relevant to the construction industry.
Advances range from the development of systematic and rational treatment of risk to implementation of

reliability-based design through codes and standards.

Compliance with this International Standard should therefore promote harmonization of design practice
internationally and unification between the respective codes and standards such as for actions and

resistances for the respective structural materials.

The principles and appropriate instruments to ensure adequate levels of reliability provide for s
of stryictures or projects where the common experience base need to be extended in a rationa

pecial classes
manner.

In paifticular, arisk framework has been introduced which is scenario based, facilitates unified modelling

apprdaches over different applications, accounts for consequences of both a direct and ind
and hps emphasis on robustness.

Wherjas requirements to safety and reliability in the previous editionCef this Internatio
took their basis in efficiency requirements of a heuristic charactér, ‘these are now b
consiflerations and socio-economics. This, in turn, facilitates a more-relevant use of the

Standard in the context of sustainable societal developments(and adaptation for appli
Interpational Standard in different nation states in accordancéwith economic capacity and

The present International Standard, thus, enables the possibility to regulate, verify, and d
adeqyate safe performance of structures and also to consider them in a broader sense as p3
systems. The International Standard provides for approaches at three levels, namely the fa

sk informed,;

—

—

eliability based;

(%)

emi-probabilistic.

The n
Risk 4
Comn
infor

nethodical basis for this edifion of ISO 2394 is described in the Probabilistic Mode

\ssessment in Engineeringy Principles, System Representation and Risk Criterial9

nittee on Structural Safety (JCSS), and EN 1990 (2007), where the reader will fiy
ation of relevance forjits use.

Informative AnnexesCare included to this International Standard as a support to its
interpretations anduse of the principles contained in its clauses.

irect nature,

nal Standard
hsed on risk
nternational
ration of the
preferences.

ocument the
rt of societal
llowing:

Codel8] and
by the Joint
)1d additional

users in the
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General principles on reliability for structures

1 Scope

This International Standard constitutes a risk- and reliability-informed foundation for decision making
concerning design and assessment of structures both for the purpose of code making and in the context

of specific projects.

The plrinciples presented in this International Standard cover the majority of buildings,in

and ¢
matet
detai

ivil engineering works, whatever the nature of their application and use or,.dombi
ials usedl. The application of this International Standard will require specific ad
ing in special cases where there are potentially extreme consequences of failure?2).

frastructure,
hation of the
aptation and

This International Standard is intended to serve as a basis for those commjttees responsible for the task

of pre
objec

The p|

supp(
over

paring international standards, national standards, or codes of practice in accordan
[ives and context in a particular country.

resent International Standard describes how the principles.6frisk and reliability can

te with given

be utilized to

rt decisions related to the design and assessment of strugtures and systems involving structures

their service life. Three different but related levels of approach are facilitated, n3

informed, a reliability-based, and a semi-probabilistic appreach.

The g
struc
princ
the h4

bneral principles are applicable to the design of edmplete structures (buildings, bridg
fures, etc.), the structural elements and jointswnaking up the structures and the four
ples of this International Standard are alsg“applicable to the successive stages in

indling of structural elements, their eregtion, and all work on-site, as well as the use

durinig their design working life, including maintenance and rehabilitation, and decommis

Risk 4
life-c)
natio

nd reliability are concepts accounting for and describing actions, structural respons
hcle performance, consequences, design rules, workmanship, quality control pro
nal requirements, all of whiehyare mutually dependent.

The dpplication of this International Standard necessitates knowledge beyond what is
the Clauses and the Annéxes. It is the responsibility of the user to ensure that this K
availgble and applied,

2

erms and.definitions

2.1 |General terms

2.1.1

mely, a risk-

es, industrial
idations. The
ronstruction,
pf structures
bioning.

e, durability,
redures, and

contained in
nowledge is

structure
organized combination of connected parts including geotechnical structures designed to provide
resistance and rigidity against various actions

2.1.2

structural member
physically distinguishable part of a structure, e.g. column, beam, plate, foundation

1) The present International Standard is completely general from the perspective of basic principles and can be

applie

d for any structure below, on, and over the surface of the Earth.

2) This concerns, for example, structures of nuclear power plants and offshore oil and gas facilities in highly
sensitive environments.

© ISO 2015 - All rights reserved
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2.1.3
system

bounded group of interrelated, interdependent, or interacting members forming an entity that achieves
a defined objective in its environment through interaction of its parts and interactions of its parts with
the environment

2.14

structural system
load-bearing members of a building or civil engineering structure and the way in which these members
function together and interact with the environment

2.1.5

requiremedt

demand with
and commity]

2.1.6
compliance
fulfilment of|

2.1.7

life cycle
life cycle ing
maintenancg
of the struct

2.1.8
reliability
ability of a st
for which it |

Note 1 to entr]
Note 2 to entr]

2.1.9

structural s
ability (ofast
of specified a

2.1.10

durability
capability of]
performance

2.1.11

nent of resources and cost efficiency

specified requirements

orporates initiation, project definition, design, construction, commissioning, oper
, refurbishment, replacement, deconstruction, and ultimiate disposal, recycling, or 1
ire (or parts thereof), including its components, systeinis, and building services

ructure or structural member to fulfil the specified requirements, during the workir
as been designed.

y: Reliability is often expressed in termslef probability.

y: Reliability covers safety, serviceability, and durability of a structure.

afety
ructure or structural member) to avoid exceedance of ultimate limit states, including the ¢
ccidental phenomena, with a specified level of reliability, during a specified period of tim

a structure or any structural member to satisfy with planned maintenance the ¢
requiremients over a specified period of time under the influence of the environmental a

respect to structural aspects like safety for people and environment, functionality, §isage,

ation,
e-use

g life,

ffects
e

lesign
ctions

exposure events

events which may cause damage or otherwise affect the performance indicators for the structure

2.1.12
assessment

total set of activities performed in order to verify the reliability of an existing structure

2.1.13
upgrading

modifications of an existing structure, construction works, and procedures to improve its structural
performance or facilitate its use for new purposes

2.1.14

repair (of a structure)
restoring the condition of a structure that has been damaged or deteriorated

© ISO 2015 - All rights reserved


https://standardsiso.com/api/?name=3d7ff42323027594e87286efe72fbd04

ISO 2394:2015(E)

2.1.15
rehabilitation
repairing or upgrading of an existing structure

2.1.16

monitoring

frequent or continuous, normally long-term, observation or measurement of structural conditions or
actions or structural response

2.1.17
inspection

to assess the

hs individual

reliability-based design
desigh procedure that is subjected to prescribed reliability level of the structure

2.1.20
membper reliability
reliability of a single structural member which has one single dominating failure mode

2.1.21
system reliability
reliability of a system of more than one relevanf\structural member or a structural member which has
more|than one relevant failure mode

2.1.22
popujation
set of|entities for which the same probabilistic descriptions (mean values, etc.) are valid

2.1.28
outcqme space
set of]all possible outcomes-of a random phenomenon

2.1.24
constflituent
comppnent or ingredient contributing to a certain performance

2.1.25
perfdrmance indicator
parameter dpqrrihing a certain property of the structure or a certain characteristic of the structural

behaviour

2.1.26

structural performance

qualitative or quantitative representation of the behaviour of a structure (e.g. load bearing capacity,
stiffness, etc.) related to its safety and serviceability, durability, and robustness

2.1.27
resistance
ability of a structure (or a part of it) to withstand actions without failure

2.1.28
quality control
activities to control quality of design, execution, use, and decommissioning of a structure

© IS0 2015 - All rights reserved 3
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2.1.29
damage

015(E)

unfavourable changeinthe condition ofastructurethatcanaffectthestructural performance unfavourably

2.1.30
collapse

development of failure mechanisms in a structure to a degree involving disintegration and falling (parts
of) structural members

2.1.31

deterioration

process that

Note 1 to ent
normal or sey
improper ope

2.1.32
serviceabili
ability of a str

2.1.33

scenario de
determinatid
account the |

2.1.34
consequenc
categorizatig

2.1.35
reliability ¢
class of struc

2.1.36

reliability d
socio-econor
all the expec

2.1.37
hazard scen
set of situati
system itself]

2.1.38
risk-inform
design optin

dversely affects the structural performance including reliahility over time

'y: Deterioration may be caused by naturally occurring chemical, physical, or biological a
ere environmental actions, repeated actions such as those causing fatigue, wear due\to us
ation and maintenance of the structure.

ty
ucture or structural member to perform adequately for anormal useunder all expected a

scription
n of different sequences of events which affect the petformance indicators, takin
fikelihood of occurrence

e class
n of the consequences of structural failure

ass
tures or structural members for whicha particular specified degree of reliability is req

jfferentiation
hic optimization of the resources to be used to build construction works, taking into ad
ted consequences of failures and the cost of the construction

ario
bns, transientinrtime, that a system might happen to undergo and which may endang
the peopleyand the environment

rtions,
e, and

rtions

b into

uired

count

er the

pd design

ized with due consideration of the total risks, including loss of lives and injuries, dainages

to the qualities of the environment, and monetary losses

Note 1 to entr

2.1.39
safety plan

y: Risk-based design is presently not generally accepted by all national standards and codes.

plan specifying the performance objectives, the hazard scenarios to be considered for the structure,
and all present and future measures (design, construction, or operation, e.g. monitoring) to ensure the

safety of the

structure

© ISO 2015 - All rights reserved
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2.1.40
risk
effect of uncertainty on the objectives

Note 1 to entry: From the view point of the decision theory, risk is the expected value of all undesirable
consequences, i.e. the sum of all the products of the possible consequences of an event and the corresponding

probabilities.

2.1.41
marginal lifesaving cost

increment of cost associated with saving one additional life through additional safety measures

2.14
risk §creening
investigation into and classification of risks identified for all the hazard situations

2.1.4

Life Quality Index

LQI

indicator of the societal preference and capacity for investments into lifé-safety expressed
of GDP, life expectancy at birth, and ratio between leisure to working tinme

2.14

utilisation plan

plan ¢ontaining the intended use (or uses) of the structure and listing the operational con
structure including maintenance requirements and the corresponding performance requi

2.1.45
reliability target
specified average acceptable failure probability that is to be reached as close as possible

Note ] to entry: Reliability targets are generallymodel dependent and need to be set for each ca
based|on the models used.

2.1.4¢
robustness
dama3ge insensitivity

as a function

Hitions of the
rements

se considered

ability of a structure to withstand adverse and unforeseen events (like fire, explosion, impact) or

consequences of human errors without being damaged to an extent disproportionate to the g

2.1.4Y
hazard
unusyal and severe threat, e.g. a possible abnormal action or environmental influence
strength or stiffhess, or excessive detrimental deviation from intended dimensions

2.2 |Terms related to design and assessment

riginal cause

insufficient

2.2.1
design/assessment situations

set of physical conditions representing a certain time interval for which it shall be demonstrated that

relevant limit states are not exceeded

2.2.2
persistent design situation
normal condition of use for the structure

2.2.3
transient design situations

provisional condition of use or exposure for the structure, for example, during its construction or repair,

representing a time period much shorter than the design working life

© ISO 2015 - All rights reserved
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2.2.4

accidental design situations

design situation involving possible exceptional conditions for the structure in use or exposure, including
flooding, fire, explosion, impact, mal-operation of systems, or local failure

2.2.5
seismic design situation
design situation involving the exceptional conditions when the structure is subjected to a seismic event

2.2.6

failure
insufficient load-bearing capacity or inadequate serviceahility of a structure or structural member, or
rupture or excessive deformation of the ground, in which the strengths of soil or rock are significant in
providing refistance

2.2.7
limit states
state beyond which a structure no longer satisfies the design criteria

2.2.8
ultimate linjit states
limit states doncerning the maximum load-bearing capacity

2.29
design criteria
quantitative fformulations describing the conditions to be fulfilled\for each limit state

2.2.10
serviceability limit states
limit state cdncerning the criteria governing the functionalities related to normal use

2.211
irreversible limit states
limit states yhich will remain permanently ‘exceeded when the actions which caused the exceeflance
are no longer present

2.2.12
reversible limit states
limit states which will not be exceeded when the actions which caused the exceedance are no longer present

2.2.13
condition lifnit state
well-defined| and controllable limit state without direct negative consequences, which is often an
approximatipn to axeal limit state that cannot be well defined or is difficult to calculate

Note 1 to entry;In‘applications relating to durability aspects, the condition limit state is often referred tolas the
durability limft state.

2.2.14
limit state function
function g(X4,X;,..,X,) ofthebasicvariables, which characterizesalimitstatewhen g(X{,X;,...X,)=0

2.2.15

basic variables

variables representing physical quantities which characterize actions and environmental influences,
material and soil properties, and geometrical quantities

2.2.16

design service life

assumed period for which a structure or a structural member is to be used for its intended purpose with
anticipated maintenance, but without substantial repair being necessary

6 © IS0 2015 - All rights reserved
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2.2.17
model uncertainty
basic variable related to the accuracy of physical or statistical models

2.2.18

aleatory uncertainty

inherent variability typically associated with the loading environment, the geometry of the structure,
and the material properties

2.2.19
epistemic uncertainty
lack of knowledge that, i

2.2.2(

verififation methods in which the relevant basic variables are treated as random variaples, random

pility index
substjtute for the failure probability f=-@-1(ps) where &1 istheinverse standardized normal distribution

2.2.28
target reliability (index)
relialility (index) corresponding to acceptable safety or serviceability

2.2.24
semiiprobabilistic or partial factors methods
verififation method in which allewance is made for the uncertainties and variability assigned to the
basic|variables by means of representative values, partial factors and, if relevant, additive [quantities

Note 1 to entry: Partial factors/may be related to individual random variables or global variables.

2.2.2p
strugtural model
idealisation of the-structure, physical, mathematical, or numerical, used for the purposef of analysis,
desigh, and verification

2.2.2p
stati¢ system
idealisation of the structure, used for the purposes of static analysis, design, and verification

2.2.27
levels of verification
levels of the verification used to assess the compliance with the objectives for all design/assessment situations

Note 1 to entry: The following levels are commonly recognised: the risk level, the probabilistic reliability level,
and the semi-probabilistic level.

2.2.28

First/Second Order Reliability Methods

FORM/SORM

numerical methods used for determination of the reliability index 8

© IS0 2015 - All rights reserved 7
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2.2.29

reliability elements

numerical quantities used in the partial factors format, by which the specified target reliability is
assumed to be reached

Note 1 to entry: The reliability elements include partial factors and load combination factors.

2.2.30

characteristic value

value specified preferably on statistical bases, so it can be considered to have a prescribed probability
of not being exceeded

Note 1 to entrfy: For variable actions, the characteristic value corresponds to either of the following:

— an upper] value with an intended probability of not being exceeded or a lower value with-an infended
probability of being achieved, during some specific reference period;

— anomina] value, which may be specified in cases where a statistical distribution is not known.

2.2.31
reference period
period of tine used as a basis for assessing the design value of variable and /or accidental actions

2.2.32
nominal value
value fixed op a non-statistical basis, for instance, on acquired experience or on physical constraipts

2.2.33
alternative Joad path
ALP
alternative for a load to be transferred from a point of application to a point of resistance

2.2.34
consequence reducing measures
measure ainfing at reducing the direct and indirect consequences of failure and thus the total risk

2.2.35
key element
structural member upon which thewltimate limit state performance of the structure depends

2.2.36
code calibrgdtion
determinatign of the reliability elements in a given code format in order to reach the reliability tafget

2.2.37

load testing
test of the stfucture (or part of it) by loading to evaluate its behaviour or properties or to predict its load
bearing capdeity

2.3 Terms related to actions, action effects, and environmental influences

2.31

action

assembly of concentrated or distributed forces acting on a structure (direct actions), displacements
or thermal effects imposed to the structure, or constrained in it or environmental influences that may
cause changes with time in the material properties or in the dimensions of a structure

2.3.2

individual action

single action

action which canbe assumed to be independentin time and space of any other action acting on the structure

8 © IS0 2015 - All rights reserved
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2.3.3

permanent action

action which is likely to act continuously throughout the design working life and for which
magnitude with time are small compared with the mean value

2.3.4
variable action

variations in

action which is likely to act during a given design working life and for which the variation in magnitude

with time is neither negligible nor monotonic

2.3.5
accidental action

actiof which is unlikely to occur with a significant value during the design working life 6f

2.3.6
fixed|action

actionp which has a fixed distribution on a structure such as its magnitude and direction ar
unanﬂlbiguously for the whole structure when determined at one point of the structure

2.3.7
free Iction
action that may have an arbitrary spatial distribution over the strcture within certain lin

2.3.8
dynapmic action
action that may cause significant acceleration of the structure or structural members

2.39
stati¢ action
action that will not cause significant acceleration of the structure or structural members

2.3.10
bounfded action
action that has a limiting value which'cannot be exceeded and which is exactly or approxin

2.3.1

design value of an action

Fq

value|of an action used irzsemi-probabilistic verification calibrated to the reliability target

Note 1 to entry: In thepartial factor method, the value is obtained by multiplying the representatiy
partial factor yr.

2.3.1
effect of aections
effectl of "actions (or action effect) is a result of actions on a structural member (e.g. in

he structure

b determined

hits

1ately known

e value by the

ternal force,

mome¢nt/stress, strain) or on the whole structure (e.g. deflection, rotation)

2.3.13
prestress
force applied intentionally to a structure by imposing deformations

2.3.14
geotechnical action
action transmitted to the structure by the ground, fill, or groundwater

2.3.15
seismic action
action caused by earthquake ground motions
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imposed load

load resultin

2.3.17

g from occupancy in buildings

construction load
load specifically related to execution activities

2.3.18

environmental influences
physical, chemical, or biological influences which may deteriorate the materials constituting a structure,

which in tur

mav affect its serviceability and safetv in an unfavourable way

2.3.19
load arrang

identification of the position, magnitude, and direction of a free action

2.3.20
representat
one of the fo

frequent valye, and quasi-permanent value

2.3.21

combination value

values deter
values being
by a single ac

Note 1 to entr]

2.3.22
action modyg

model describing the magnitude, position, direction, duration, etc. of the action

Note 1 to entr]
an interaction

2.3.23
frequent va

value deternpined in such a way-that either the total time, within a chosen period, during whic

exceeded is
limited to a g

Note 1 to entr]

2.3.24

Pment

ive value of an action
lowing quantities of an action: the characteristic value, nominal valiie, combination

mined in such a way that the probability of action efféct caused by several combiy
exceeded is approximately the same as the probability of the design value being exc
tion

y: The ‘combination value’ may be expressed as the characteristic value reduced by a factor §

1

y: Sometimes, there is an interaction between the components. There may, in certain cases, 3
between the action and the response of the structure.

ue

bnly a given small/part of the chosen period of time or the frequency of its exceeda
iven value

y: This ‘ffequent value’ may be expressed as the characteristic value reduced by a factor ¥;.

quasi-perm

value,

1ation
beded

Iso be

h it is
nce is

hinent value

value determined in such a way that the total time, within a chosen period, during which it is exceeded

is of the mag

nitude half the period

Note 1 to entry: This ‘quasi-permanent value’ may be expressed as the characteristic value reduced by a factor 5.

2.3.25
load case

compatible load arrangement, set of deformations, and imperfections considered for a particular
verification of a specific limit state

2.3.26

load combination
design values of the different actions considered simultaneously in the verification of the reliability of a
structure for a specific limit state

10
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2.3.27

fundamental combination of actions

combination of permanent actions and variable actions (the leading action plus the accompanying actions)
in persistent and transient design situations used for verification of ultimate limit states in general

2.3.28

accidental combination of actions

combination for accidental design situations, involving either an explicit accidental action (e.g. fire or
impact) or the situation following an accidental event

2.3.29
characteristic combination of actions
combination of permanent and variable actions used for verification of irreversible serviceability limit states

2.3.3p
frequent combination of actions
combj]nation of permanent and variable actions used for verification of reversibleserviceability limit states

2.3.31
quasi-permanent combination of actions
combfnation of permanent and variable actions used for verification of long-term effects of
servigeability limit states

1 =]

2.4 |[Terms related to structural response, resistance, material properties, ang
geonpetrical quantities

2.4.1
matefial model
mode] describing relations between internal forces or stresses and deformations including strain rates

Note 1 to entry: The parameters of such relations are modulus of elasticity, yield limit, ultimate|strength, etc.
which|generally are considered as random variables. In some cases, they are time or space dependent. Often, there
is a cofrrelation between the parameters.

2.4.2
stiffness
propgrty relating deformation to the action causing it

2.4.3
chargcteristic valueefia material property
prior] specified fractile of the statistical distribution of the material property in the relevant supply

2.4.4
design value-of a material property
value|of material property used in semi-probabilistic methods obtained by dividing the dharacteristic
value|by-a partial factor yy or, in special circumstances, by direct assessment

2.4.5
conversion factor or function
factors or functions which convert properties obtained from test specimens to those in in calculation models

2.4.6
characteristic value of a geometrical quantity
quantity usually corresponding to dimensions (nominal values) specified by the designer

© IS0 2015 - All rights reserved 11
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2.4.7

geometrical properties
geometrical data (dimensions, angles, etc.) describing the structure and the structural members

Note 1 to entry: A structure can generally be described by a model consisting of one-dimensional member, two-
dimensional members and three-dimensional members. The geometrical quantities which are included in the
model generally refer to nominal values.

2.4.8

design value of a geometrical quantity

characteristic value adjusted by an additive or multiplicative quantity

3 Symbols

3.1 Genenal

The followi

used only in

3.2 Latin
A acci
Ad desi
AEgd desi
Agk chaf
Cc sery
F

Fx chaf
Frep repy]
Fq desi
G pert]
Gq desi
Gd,inf lowg
Gd,sup  Upp
Gy,

Gk jinf
Gx,j,sup

p

Q

Qd

Qx

12

upper case letters

lental action

bn value of an accidental action
bn value of seismic action
acteristic value of seismic action

iceability constraint

acti¢n in general

acteristic value of an action
esentative value of an action
pn value of an action

hanent action

bn valueof @ permanent action

r design value of a permanent action

symbols listed below are used generally throughout the document. Symbols whi¢h are
bne section are explained there and not listed here. All the symbols-are based on ISO [3898.

characteristic value of a permanent action j
lower characteristic value of a permanent action j

upper characteristic value of a permanent action j

prestressing action

variable action

design value of variable action

characteristic value of a variable action

b1 dpcign value of a permanent action
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Qx,1

Qx,j

Ry

Sd

Sd,dst

Sd,stb

3.3

Aa

ps

Pft

DPfs

3.4

Bt

143
143
YG
rQ
Ym

™M

characteristic value of the leading variable action 1
characteristic value of a variable action j
resistance

design value of the resistance

characteristic value of the resistance

action effect

ISO 2394:2015(E)

design value of an action effect
design value of destabilizing actions
design value of stabilizing actions
basic variable

model output variable

Latin lower case letters
geometrical quantity
additive geometrical quantity
material property
probability of failure
probability of survival
target probability of failure
specified value of p¢
time

Greek letters
reliability index

targetreliability index

partial factors for actions

generalized partial factors for actions taking account model and geometric uncertainties

partial factors for permanent actions
partial factors for variable actions

partial factors for material properties

generalized partial factors for resistance properties taking account of material, model, and

geometric uncertainties

© ISO 2015 - All rights reserved
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Ys
YR

4!

6
0s
Or
Yo
¥

L )

partial factor for model uncertainties of action effects

partial factor for model uncertainties of resistance

factor by which the importance of the structure and the consequences of failure are taken into

account
factor of model uncertainties
factor of model uncertainties for action effects

factor of model of uncertainties for resistance

factor|for determining combination values of actions
factor|for determining frequent values of actions

factor|for determining quasi-permanent values of actions

g(Xt) limit gtate function

3.5 Subscripts

basic yariable (action) number

j basic yariable (action) number
k charagteristic value

d design value

1 leadinjg action

4 Fundamentals

4.1 General

In this Clausg, the aims and requirements, conceptual basis, approaches, and documentation to e

an adequate |evel of risk and-reliability for structures are outlined with an emphasis on the principrirr?s. In

the subsequgnt clauses, the most central of these principles are described in more detail. In the A
to this International Standard, additional guidance and information is provided with respect to af
of special imjportancé.for its application including the role and use of quality control as an unde
prerequisite|for its.practical relevance.

nsure

exes
pects

rlying

4.2 Aims :nd reqliirnmn“fc to <structurac

o TIIITITCO tTU St aATtTtur Ty

4.2.1 Fundamental requirements to structures

Structures shall be designed, operated, maintained, and decommissioned such as to support societal
functionality and enhance sustainable societal development during their service life.

NOTE 1

Societal functionality encompasses the context of the structures with a focus on the functions

structures provide for society. For example, an electricity mast is not just carrying electrical cables, but is
providing electricity for industry and hospitals. The consequences of failure and thus also the requirements set
for the performance of structures should be appreciated in this light.

14
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In particular, the structures shall, with appropriate degree of risk and reliability, fulfil the following
performance requirements:

Function adequately under all expected actions throughout their service lives; providing service
and functionality.

— Withstand extreme and/or frequently repeated and permanent actions, as well as environmental
exposures occurring during their construction, anticipated use, and decommissioning; providing
safety and reliability with respect to damage and failures.

Be robust such as not to suffer severe damage or cascading failure by extraordinary and possibly
unforeseen events like natural hazards, accidents, or human errors; providing sufficient robustness.

NOTE[2  Sustainability can be related to performance indicators such as the following:

%)

hfety for people;

—_

liability with respect to fulfilment of purposes;

halities of the environment;

(@)

st efficiency;
inimized emission of COy;

njinimized consumption of natural resources;

njinimized use of energy.

The 9

ervice life of a structure shall be accounted .for and optimized with due conside

conteit of the structure and a holistic perspective;to design and assessment. Fundamenta

conce
the p
indiv

4.2.2

rning service lives for structures shall be based on the duration of the need of the s
ssibility to optimize service life benefits)from the structure with a differentiated st
dual components. Durability-based eoncepts for the design of structures are treated

Target performance level

The appropriate degree of reliability shall be judged with due regard to the possible con

failur
failur

To en
desig
asses

e, the associated expense) and the level of efforts and procedures necessary to redu
e and damage.

sure acceptable levels of risk, safety, and reliability of structures within the context
h and assessment decision making, acceptance criteria and other requirements shall b
5ed, and complied with. Some of these requirements shall relate to demands on safety

ration of the
Ily, decisions
tructure and
rategy for its
n IS0 13823.

sequences of
ce the risk of

of structural
b formulated,
for personnel

and 9
struc

nvironmient set by the society. Others shall relate to the reliability of the functignality of the
fures.as.specified by the owners.

The flindamental principle of the marginal lifesaving costs for the regulation of life safety applies and
is recommended. The use of the marginat tifesaving principie ensures that the safety for people using
or otherwise exposed to a structure has a certain level, such that the costs associated with saving
additional lives through additional safety measures exceed the corresponding marginal lifesaving costs.

NOTE1 Themarginallifesaving costs principle facilitates differentiation of requirements to risk and reliability
ensuring that efforts of lifesaving are directed on activities and situations for which the efficiency of lifesaving
is the highest. This principle can be seen to be coherent with the general formulation of the ALARP principle as
described in Annex G. To quantify the marginal lifesaving costs, a suitable method such as the Life Quality Index
(LQI) applies. The same principle also forms the basis for the identification of target reliability levels for semi-
probabilistic design codes, where target reliabilities are provided as a function of consequences of failure and
safety improvement efficiency (see Annex G).

Depending on the characteristics of specific projects, structural performance requirements related to
damages to the qualities of the environment, usage, and commitment of resources, as well as emissions
to the atmosphere, can be relevant and shall be considered. In such cases, requirements shall be specified
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and fulfilled in terms of maximum annual frequencies of events of specified severities or expected values
of total usage and/or emissions accordingly. These requirements shall then be seen and accounted for
within an economic optimization as constraints or alternative objectives as described in 4.4.2.1.

NOTE 2  Requirements to the qualities of the environment, usage and commitment of natural resources and
emissions to the atmosphere have as of yet not been formulated in general terms. However, in specific projects
where the possible consequences in this respect are considerable, such as in offshore oil and gas exploitation
in vulnerable environments, large dam project, etc., specific considerations with respect to such requirements
should as a rule be part of the decision basis.

4.3 Conceptual basis

4.3.1 DeciLions concerning structures

Decisions cohcerning structures shall be understood to encompass all decisions related,to the pijocess
of designing|constructing, operating, maintaining, and decommissioning structures.

NOTE Defisions concerning structures affect the structures in terms of their resistances, deformations,
movements, durability characteristics, safety, economy, material and energy consumption, etc. and thereljy also
their performpnces and their impact on sustainable developments. Typical decisions . can; at the level of individual
projects, include choices of the following:

— structurdl system;
— materialg;
— cross-sedtional properties;

— joints and structural detailing;

— inspectiop, testing, and monitoring in the laboratory and on site;

— active anfl passive measures of damage detection,prevention, and reduction;
— assessment, maintenance, and repair;

— retrofittipg/strengthening;

— decommifssioning;

— renewal.

The validity [of all assumptiens underlying decisions concerning structures, e.g. the relevance ¢f and
the uncertaipty associated-with available knowledge and information, the intended use, the servige life,
as well as the environmental and operational loads, should be controlled, ensured and, docume¢nted.
Alternatively, it should’be ensured that the performance of the structures is still adequate despite of
possible violation$ef or deviations from assumptions.

Quality manpgement plays a central role for the performance of structures and shall be completely
integrated in the decision making processes related to design and assessment of structures (see also
Annex A). In particular, for individual projects, the quality management and quality assurance shall
address the following:

— quality plans;

— quality control of design;

— quality control of construction;

— quality control of materials, tools, and fabrication;

— quality control of worker qualifications, workmanship, and procedures;

— quality control of assumptions;
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— documentation of quality control and quality management.

4.3.2

Structural performance modelling

Design decisions shall be assessed through the performance requirements listed in 4.2.2. Therefore,
models should be established for these performance requirements, which allows for their quantification.
The modelling of the performance requirements shall address all relevant issues concerning the
intended use of the structures, the safety of people, as well as the qualities of the environment and
economy throughout the entire life cycle of the structure (see also 4.2.2). Special considerations shall be
given to the modelling of the interaction between the structure and its surroundings (i.e. any exposure
the structure is subjected to and also the exposures which the structure might influence), dependencies

descr
likeli

In the
shall

NOTE
indica
huma
of exp

NOTE
the st

constituents, that is, to which degree they are damaged or fail for a given scenario of exposures, i

the fo

NOTE
failurg

described in Annex F (see, for example, Formula F.4).

4.3.3

Decis
such 4

Uncer
varia

ption of the different sequences of events which affect the performance, takingiinto
ood of occurrence and their consequences.

identification and description of the scenarios of events which are releyant, the foll
be differentiated:

xposure events; actions, human errors and chemical environment.

pnstituent damage and failure events; direct consequences.

pss of function and/or cascading failures (progressive failure); indirect consequence
1 Theexposure events represent all events which can,cause damage or otherwise affect th
tors for the structure. Examples hereof include operatienal and environmental loads, aggress
L errors, poor quality of design, materials and construction, etc. It is important to represent

psure events such as, for example, jointly actingtoads and other environmental and chemica

2 The constituent damage and failure events are those associated with damage or faily
ructure, such as individual cross sections and joints. The modelling of the performance of

'mulation and analysis of limit staté functions (see Clause 5).

3 Loss of function and/or ecaseading failures of the structure which can follow constituen
s and lead to indirect conséquences is related to robustness. The quantification of the asso|

Uncertainty anid-treatment of knowledge

ons concerning’/structures shall account for all uncertainties of relevance for their p
sinherent natural variability (aleatory uncertainty) and lack of knowledge (epistemic

tainties shall be represented in the decision process through probabilistic models su
bles;.stochastic processes, and/or random fields. The probabilistic modelling shall

5 well as the
in a scenario
hccount their

bwing events

5.

b performance
ive chemicals,

hlso scenarios
processes.

re of parts of
the individual
supported by

damages and
ciated risks is

erformances
incertainty).

h as random
address the

repre

sehtation of temporal and spatial dependency among the considered uncertainties

and events.

Moreover, possible non-ergodic phenomena, such as effects of climate changes and demographical
developments shall be addressed in the modelling.

NOTE

1

The Bayesian probability theory forms the basis for full riskand reliability-based design and assessment

(see 4.4.2 and Clause 6). Moreover, Bayesian probabilistic modelling forms the basis for semi-probabilistic design

standards and regulations (see 4.4.3) through calibration (see Annex E).
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The quantification of uncertainties and their probabilistic representation shall facilitate for the
incorporation of both subjective information and available evidence.

NOTE 2 Whenanewstructureisdesigned, the knowledge aboutseveralaspectsisstillataverygenericlevel. The
associated uncertainties are therefore relatively large and are modelled taking into account data and experience
accumulated over time which is representative for given quality control schemes and other specifications (see
Annexes A and C). In the context of existing structures and in connection with testing, monitoring and inspection,
and maintenance planning, it is important to take benefit from (Bayesian) updating of probabilistic models (See
Annex B). In this manner, as more and more evidence in terms of observations are brought into the assessment,
risks and reliabilities will gradually be updated.

For design of structures based on codified load and re51stance factor or partlal safety factor de51gn (see
M), uncerfz " with
; shall,
erties.
Clayse 9.

Design and . When
the consequénces of failure and damage are well understood and within normal ranges, reliapility-
based asses§ments can be applied instead of full risk assessments.:\Semi-probabilistic approaches as a
further simplification are appropriate when in addition to the coiisequences also the failure modg¢s and
the uncertaipty representation can be categorized and standardized.

Risk- and r
approaches,
projects whi

4.4.2 Riskr

4.4.2.1 Ris

In a risk-infa
of the total 1
and monetai]

bliability-based approaches shall be applied:for the calibration of semi-probah
as well as for supporting design and assessment decisions for special structure
Ch are not covered by semi-probabilisticcodes.

informed and reliability-based-approaches

k-informed decisions concerning design and assessment

rmed design and/or as§essment, the decisions shall be optimized with due conside

ilistic
s and

Fation

isks, considering loss of lives and injuries, damages to the qualities of the environment,

y losses. The time*hHorizon to be considered in the assessment of the total risks sh|

determined

the basis of the“duration of the functionality which the structure shall provide.

[n
The assessmgnt of the tetal risk shall take basis in a scenario representation (see also Annex F) a

probabilistic
and indirect

models ¢fthe exposures, the constituent damage, and failure events, as well as the
consedquences.

all be

nd by
Hirect

The perform

hiices of structures related to life safety and qualities of the environment, should be ass

essed

with respecttotheiracceptabitity {see 2422, Clause—7,and Anmex G- Wittt tirese constraimnts, decisions
shall be optimized on the basis of a maximization of the expected value of benefits; in this process, other
indicators can be considered, insofar as these are consistent with the principles contained in this Clause.
Acceptance criteria as described in 4.2.2 shall be considered as constraints to the optimization and should
beincluded inthe verification of the design and assessment decisions. The principleisillustrated in Figure 1.
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Benefit

Optimal decision

Decision alternatives

>
>

decisions

Acceptable

Feasible decisions

Figure 1 — Illustration of the optimization principle for the maximization of b

bnefits

NOTE[1  The possible decision alternatives are arranged along the x-axis‘in' Figure 1, corfesponding to
incregsing reliability. The benefit indicated on the y-axis is representative for the-expected net benefits associated

with t
ofac

a similar manner. From Figure 1, it is seen that only some decisionsiare feasible in the sense th

positi

All an
both
deter
maint
struc

In the
caref
annud

applie

For stiructures where failure anddamage can imply very serious consequences, a risk-base

asses

NOTE

itmight be convenientte introduce a categorization of structures in accordance with their consequg

and, o
Anney

4.4.2

he different decisions over the considered period of time. In the illustration in Figure 1, the
ntinuous nature; however, discrete decisions or combinations hereof can be organized and

Ve net benefit. One of the feasible decisions is optimal but this‘decision might or might not be

ticipated future consequences shall be accounted fof.in the assessment of the risks.
the consequences which are associated with.atficertainty and the consequence
ministically related to decisions, such as committed future costs due to planned ins
enance or compensation costs for lives which potentially can be lost during the li
fure (as explained in Annex B and Annex G),

assessment of the net present valuejof‘future costs, the interest rate to be used sh
h1ly. Considering decisions regarding structures which are made on behalf of societ
11 discounting rate is the long-tekni annual economic growth rate and varies by count
s when assessing the net present value of expenditures committed for lifesaving act

kment shall be undertaken as a part of the design and/or assessment verification.
2 AnnexF describes the methodology for risk-based robustness assessments. For operati

h the basis of¢this categorization, decide whether a risk-based robustness assessment is neqg
| FF also contains a suggestion for such a categorization.

2 _Reliability-based design and assessment

As a

decisions are
illustrated in
it they yield a
acceptable.

[his includes
s which are
pections and
fetime of the

hll be chosen
y, the default
ry. The same
vities.

d robustness
nal purposes,

nces of failure
essary or not.

alternative to risk-bhased r‘lpcign and assessment of structures_a rplinhi]i'ry-hncpd 4

pproach can

be chosen. This approach shall utilize an assessment and minimization of costs and/or minimization
of committed resource usage subject to given reliability requirements for the structure. The reliability
requirements shall be assessed on the basis of a full risk-informed assessment as described in 4.4.2.1
and will thus facilitate reliability differentiation in dependency of consequences of failure and costs of
reliability improvements.

NOTE1 The reliability requirements will, in general, depend on societal capacity to invest into lifesaving
activities and will thus be specific from nation state to nation state. In Annex G, it is shown how reliability
requirement as a function of failure consequences and costs of reliability improvements can be established for a
given nation state.

The general principles for reliability based design and reliability informed decision making are
specified in Clause 8.
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4.4.3 Semi-probabilistic approaches

For structures for which the consequences of failure and damage are well understood and the failure
modes can be categorized and modelled in a standardized manner, semi-probabilistic codes are
appropriate as basis for design and assessment. Standards shall serve to ensure the quality of analysis,
design, materials, production, construction, operation and maintenance, and documentation, and
thereby explicitly or implicitly account for the uncertainties which influence the performance of the
structures. The specifications given in standards should be developed such that they quantify all known
uncertainties.

Semi-probabilistic design and assessment codes shall comprise a safety format prescribing the design

equations a
decisions. Th
as the schem|
parameters {

NOTE1 Th
to the relevan

The design v|
to structural
design and a
for a structu
nominal relid

NOTE2 In
structural rel
caused by exc

For design a
system perfd
risk-based r

member design, structural ties, and structuralségmentation and depends on the structural systel

the consequd

4.5 Documentation

Decisions re
criteria, shal
This concern
of design cod

The docume
structures, i
results, infor

g for calculating design values for actions and action effects, material properties;and

e safety format shall also cover the load combinations which should be considered;a

issociated with uncertainty of relevance for the design.

e principles for the modelling of limit states, resistances, loads, and actions with-due considg
[ uncertainties are described in Clause 5 and Clause 6.

plues applied for verification of design and assessment decisions shall be related exp|

ssessment codes, design values shall be calibrated such that the level of reliability ach
Fe of a certain type and use designed according to the code\is close to the prescribed 1
ibility (See 4.2, 8.3, and Annex G).

the text above, reference is made to nominal reliabilities with the aim to emphasize that the
usion of human and organizational errors in the modelling.

nd assessment of structures based on loadand resistance factors or partial factor
rmance shall be ensured, depending on the consequences of system failure, either th
bbustness assessments or through, robustness provisions. The latter includes c

nces of system failure (See AnnexJF).

ated to the design of structures, as well as their verification with respect to accep
be documented in‘amanner that is tractable and transparent for all involved stakehqg
s design and assessment of individual structures, as well as development and calib
es.

tation shall include all relevant information utilized for the design and assessment
hcludifig-site-specific data, test results, models of the performance indicators, insp¢
mation regarding damages, as well as maintenance and repairs, acceptance criteri

l/nr ;m;llycic prnr‘pdnrnc which shall be used for the verification of dpcign and assessment

s well
other

ration

licitly

reliability using principles of reliability analysis as described in-€lause 9. When developing

ieved
arget

Actual

ability can deviate from the reliability which is modelled-and quantified. Such deviations are fpainly

s, the
rough
ritical
m and

tance
Iders.
Fation

of the
rction
a and

their verificq

tions, quality control schemes and results, etc.

In addition, all relevant assumptions shall be identified, discussed with respect to their significance for
the risk and reliability of the structure, and documented. This also includes assumptions concerning
the use of the structures, envisaged maintenance, as well as possible requirements to the performance
specified by the owner of the structure.

NOTE More details and suggestion on the documentation of decision related to structures can be found in
Annex A, where also a birth certificate is suggested in certain cases.
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5 Performance modelling
5.1 General

5.1.1 Structural performance and limit state concept

In order to assess the structural performance of a structure, the possible structural responses shall be
assessed and divided into two domains consisting of desirable and undesirable states. The boundary
between these domains is called the limit state and entering the undesirable domain is defined as failure.
The limit state concept is elaborated further in 5.3.

NOTE|1  In general, this limit state concept is very helpful in assessing the performance of a strufture. In some
cases,|however, there is a more gradual transition from desirable to undesirable behaviour with.infreasing costs
of malfunctioning.

NOTE[2  Thedesirable performance can depend on the stakeholders like founders, owners, residents, operators,

users,|neighbours (if construction interferes with them), and contractors. Other stakehelders are the government
and the society. Generally, the latter group is primarily interested in issues like safety and sustaingbility.

5.1.2] Performance and performance indicators

The gerformance of a structure relates to the structure as a whole or parts of it. In ordler to assess
the performance, one shall select a set of quantitative perforfance indicators, which expfess physical
stateg that can be used in relation to the performance requirements. Performance indidators can be
defingd on various levels of abstraction for the following:

— sfructural characteristics (e.g. stiffness/flexibilityyload bearing capacity);

— response parameters (e.g. internal forces, stresses, deflections, accelerations, crack sizes);

— ufilization factors;

— fuyinctionalities (e.g. safety for people,energy consumption, robustness, usability, availdbility, failure
probabilities).

Mode]s shall be set up to establish*the relation between the various levels (see Clause 6).

5.1.3| Basic performance’requirement and design situations

The performance reqllirements of Clause 4 shall be met for all relevant design/assessment situations,
whicl} can be classified as

— persistentsituations, which refer to conditions of normal use of the structure,

— transient situations, which refer to temporary conditions of the structure, in terms offits use or its
kposure, and

)

— accidental situations, which refer to exceptional conditions of the structure or its exposure.

In the elaboration of the performance requirements for the various design situations, spatial aspects,
time variability, and deterioration shall be taken into account where relevant.

5.1.4 Levels of verification

In order to verify whether the structure is in compliance with the objectives for all design/assessment
situations, one of the following levels shall be chosen:

a) Riskbased: It shall be proven that, provided human safety aspects are taken care of in consistency
with Clause 4 and/or local public law and codes, the sum of all costs (building costs, maintenance
etc.) and economic risks (with respect to failure or malfunctioning) is at a minimum.
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b)

admissible failure probabilities or minimum values for the reliability levels.

<)

values of the basic variables.

Reliability based: The structure shall fulfil a set of reliability requirements formulated as maximum

The semi probabilistic level: The structure shall fulfil a set of inequalities using certain design

The risk-informed level of verification is to be considered as the highestlevel. Lower levels of verification

shall be calib

NOTE
verification m

At all levels,
5.2 Perfos

5.2.1 Geng

To establish
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Models shall
as all releva
In many cas
environment
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the correspo

NOTE In

a set of hazar
might happen

5.2.2 Tim

Performance
variability of

In particulan
— time var

dynamid
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rated to the higher levels using code calibration principles as per Clause 9.

ethods; only for special structures a reliability or risk-based verification will be performed.

'mance model

pral

indicators on the other, a set of models shall be used.

be established to represent the structure itself, the envirodment (soil, water, air), a
ht interactions of a mechanical, physical, chemical, bioldgical, or anthropogenic n
bs, it might be relevant to consider models for a system*consisting of several struc
al entities, non-structural elements, devices and machinhery, control systems, etc.

f accuracy of models shall be chosen such that:it\is adequate for the application at

peneral, it might be helpful to start with a risk-screening procedure followed by the defini
l scenarios. The term hazard scenario refefs)ito a set of situations, transient in time, that a §
to undergo and which can endanger the system itself, people, and the environment.

p-dependent aspects

models should consider(exgodic, as well as non-ergodic (random and systematic)
loads and structural properties.

one shall consider’the following:
iability when analysing load effects due to simultaneous actions;
effects when inertia forces are significant;

ion meehanisms, which can be of a mechanical nature (like fatigue, load duration ef
11 /chemical nature (corrosion, chloride ingress,) or a combination thereof (stress corrg

Usually this calibration is performed by code committees allowing the designer to use level 3

the relation between exposures and structural properties on, the’ one hand and the

s well
hture.
fures,

hand;

nding uncertainties in the models shall be identified and defined as measurable quantities.

ion of
ystem

time

Ffects),
sion).

In the last case, it might be necessary to include inspection, monitoring, and maintenance in the model.

NOTE

5.2.3

The verificat

interacti

interacti
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See Annex B.

System aspects

ion of the performance requirements shall consider and include the following:

all relevant failure modes;

on between failure modes;

ons between the structure and its environment (wind, water, soil, use);
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non-structural elements (partitions, ceilings, finishing, relevant electric, hydraulic, and
mechanical devices);

inspection and repair activities, quality management;
functionality;
environmental aspect (energy consumption, noise production);

sustainability aspects (impact on human health, social property, biodiversity).

An adequate system level for the assessment procedure shall be selected; proper attention shall be given

t £ £ lods £l L 3 1 £ 43 1l | Jdass
0 a C PITUCCUCLUIUITIIUIAUIVUIT UL UIIC lJll)’ SICdl dITUu TUITIttivIidl oovulivudl )’ CUIIUILIVUIIS.

NOTE The latter is often achieved by code committees defining a set of constraints; for-enviffonmental and

sustainability aspects, these constraints are still under development.

5.3

5.3.1| Ultimate limit state

Ultimjate limit states pertain to the following undesirable states (mon=exhaustive):

Limit states

—

¢ss of equilibrium of the structure or part of it considered/as’a rigid body;

—e

mstantaneous attainment of the maximum capacity éf\¢ross sections, members or copnnections by
jelding, rupture or excessive deformations;

<

failure of members or connections causediby fracture, fatigue, or other tinle-dependent
afcumulation effects;

—e

mstability of the structure or part of it;

%)

idden change of the assumed structural system to a new system (e.g. snap through, large crack
fIrmation);

foundation failure.

The ekceedance of an ultimate Timit state is almost always irreversible and the first time that this occurs
causes failure. The ultindate’limit state can be the result from a single extreme action event or from a

deterjoration process@ver time followed by a (less) extreme action event.

Ultimfate limit states can refer to structural elements, as well as to global structural systeins; the latter

including the effects of robustness (see Annex F).

5.3.2| Serviceability limit states

ServiCeabitity Himitstates deal withr Toss of intended fumnctionatity Tetated to mormmat use and can in
particular pertain to the following undesirable states (non-exhaustive):

unacceptable deformations which affect the efficient use or appearance of structural or non-
structural elements or the functioning of equipment;

excessive vibrations which cause discomfort to people or affect non-structural elements or the
functioning of equipment;

local damage affecting the appearance, the efficacy, or functional reliability of the structure;

local damage (including cracking) which can reduce the durability of the structure or make the
structure unsafe for use.

NOTE The last category is often referred to as the durability limit state (as for instance in ISO 13823).
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In the cases of permanent local damage or permanent unacceptable deformations, the exceedance of a
serviceability limit state is called irreversible and the first time that this occurs causes failure.

In other cases, the exceedance of a serviceability limit state can be reversible and then failure occurs:

than accepted.

larger th

an specified.

The first time the serviceability limit state is exceeded, if no exceedance is considered as acceptable.

If exceedance is acceptable but the time when the structure is in the undesirable state is longer

If exceedance is acceptable but the number of times that the serviceability limit state is exceeded is

If a coml

These cases
large deform
the basis of t|

5.3.3 Condition limit states

The conditio

— An appr
Examplg
limit sta

NOTE1 Th
serviceability
specific dural

critical) conditions. The reliability requirement for the condition limit state should be consistent with the o

ultimate limit|

— Local damage (including cracking) whichcan reduce the durability of the structure or affe

efficienc

Addition

NOTE2 As
exposure or ¢
be to introdud
it can be useft

5.3.4 Limit state function

For each spe
available, a lj

ination of the above criteria occur.

can involve temporary local damage (e.g. temporarily wide cracks or leakage)) temp|

heir consequences.

h limit states can correspond to the following situations:

bximation to the real limit state that is either not well"defined or difficult to cald
s are the use of the elastic limit as ultimate limit state _and the use of depassivatio
Fe for durability (often also referred to as the initiatiowlimit state).

poretically, the requirement for sufficient durabilityis already covered by the fact that safe
are required for a certain period of time. However\for practical reasons it might be helpful
ility related limit states (as in ISO 13823 and SO 13822) or limit states referring to certain

state.

y or appearance of structural or'non-structural elements.
al limit state thresholds ip-the case of a continuously increasing loss function.

mentioned in Note 1 of-5.%1, a limit state presupposes the occurrence of a sudden loss wh
rcumstances only change little. If however in some case the losses occur gradually, a solution
e a subdivision of the undesired outcome space corresponding to several loss levels. As an ex
1 to define it like-the limit states of initial damage, repair, and collapse in earthquake analysi

cific limit state model, which describes the behaviour/performance of a structure, \
mit State function shall be established and the relevant basic variables shall be ident

orary

ations, and vibrations. Limit values for the serviceability limit state shoutdbe defined on

ulate.
h as a

Ly and
to add
(non-
iginal

ct the

en the
might
hmple,
S.

where
ified.

The limit state function is denoted as g(X), where X = (X1,X>,..)T are the basic (random) variables.

Formula (1)
9(X)=0

is called the limit state equation and the inequality

gX)<0

identifies the undesirable domain.
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(2)
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The set of basic variables X shall be defined in such a way that it contains all necessary random input
information for the model; in general, the set of basic variables will consist of the following:

a)

properties, and geometrical dimensions;

b)
‘)

model parameters that specify the model itself;

(serviceability limits).

The li

mit state function can also contain explicit deterministic parameters and the time, ¢.

physical quantities, which characterize actions, environmental influences, material and soil

parameters that describe requirements related to the performance of the structural system

NOTE
the ar
(cumu

NOTE
a disp

(e.g.c
case, g

NOTE
norma
failurg
can b

6 U

6.1

6.1.1

Basic
inher
relatd
shall

NOTE
geome

NOTE
tests

NOTE
can ch

1  For ultimate limit states and irreversible serviceability limit states, the minimum, val
ticipated working life usually is decisive; for reversible limit states, a number of crossing
lated) time spent in the failure domain can be acceptable.

2 The serviceability limit state can be defined by introducing a serviceability-constrain{
lacement limit that is equal to ¢ times the span L of a structural member//The constra
=1/500) in those cases can be interpreted as the design value of an underlying random v3
can also be introduced as a random basic variable.

3 In a component analysis where there is one dominating failure’mode, the limit state

mode can be governing, there are several such equations. Ifa general system, the various
represented in the form of mixtures of logical series and parallel systems.

ncertainty representation and modelling
General

Types of uncertainty

variables as defined in 5.3.4 can b€ representing one or more sources of uncertainty, a
bnt natural variability, statistical uncertainties, measurement uncertainties, uncerta
d to the precision of new.information, and model uncertainties. All main sources o
be identified.

1  The physical uncertainties are typically uncertainties associated with the loading eny
try of the structur€) and the material properties and are often referred to as aleatory uncert

2 Uncertainties arising from insufficient information, for example, due to a small numbsg
r idealizedmodels, are often referred to as epistemic uncertainty.

3 ,Arandom variable can represent both aleatory and epistemic uncertainties. Furthermor
angenature in different phases of the lifetime of a structure. For example, a material property

e g(..) during
s or a certain

, for instance,
nt constant ¢
riable. In that

condition can

lly be described by a single equation according to Formula (1).dhya system analysis, where more than one

failure modes

5 for instance
nties such as
F uncertainty

ironment, the
ainties.
r of materials

e, uncertainty
ris considered

as alel

tory nnrprf:\infy before the construction of a structure: once the structure is construd

ted, it can be

considered as epistemic uncertainty.

NOTE

4

In geotechnical design, the predominant sources of uncertainties are the soil properties and the

calculation model uncertainty. These main sources of uncertainties are characterized in Annex D. Furthermore,
Annex D presents the probabilistic modelling and incorporation of uncertainty into reliability analysis and design
of geotechnical structures.
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6.1.2 Treatment of uncertainty

All uncertainties that are considered to be of importance for the reliability assessment of a structural
system shall be considered in the analysis using the theory of probability.

NOTE In the structural reliability analysis, no distinction should be made between the treatment of aleatory
and epistemic uncertainties. This differentiation is introduced only for the purpose of setting focus on how
uncertainty can be reduced by additional testing or more detailed research. It can also be a relevant issue in risk
communication and the updating of structural reliability (see Annex B).

6.1.3 Interpretation of probability

most adequalte basis for the consistent representation of uncertainties, independent of their-soutges. It
facilitates thie joint consideration of purely subjectively assessed uncertainties, analytically’asdessed
uncertaintie$ and evidence as obtained through observations.

In structura?:Eeliability analysis, the Bayesian interpretation of probability should be considered ps the

NOTE1 In the Bayesian probability theory, the values for probabilities are estimated ort basis of an ad¢quate
combination ¢f data, theoretical arguments, and judgment. There is no distinction in(the treatment between
aleatory and ¢pistemic uncertainty. If large amounts of data are available, the Bayesidninterpretation coipcides
with the freqyentistic one.

NOTE 2  Copsidering the probabilistic modelling of a random basic variable'¥, the principle in the Bayesian
probability anjalysis is to model one or more of the parameters 0 (e.g. the mean or standard deviation)|of the
probabilistic nodel (e.g. the probability distribution function) as random-ariables themselves. The frequeptistic
or subjective rlformation available about X can then be used in the probabilistic modelling of ©.

6.1.4 Probhabilistic models

Depending dn the nature of the reliability problem, basic variables can be represented as random
variables, rahdom processes, and random fields, diserete as well as continuous.

The probabilistic models shall describe the chatacteristics of the uncertainties of individual random
basic variables, but also accommodate the consideration of the dependencies among them.

NOTE1 Dependencies often arises due toscausality, spatial and/or temporal correlations and/or ergodic|states
of underlying phenomena, as well as statistical and /or model uncertainties that commonly affect the uncertginties
of the individyal variables.

NOTE 2  Althoughinsome casesitis necessary to model uncertain phenomenathroughrandom processes/fields,
it is often copvenient and accéptable to focus only on extremes and represent them through extreme| value
distributions,|as far as ultimate limit states are concerned.

The probabilfstic modelsshould also accommodate the updating of the models by additional informfation,
which can become<avdilable with, for example, experiments, tests, inspection, and monitoring. The
Bayesian updatingformula provides the operational basis for this.

NOTE Detalledi

6.1.5 Population/outcome space

The description of uncertain quantities by probabilistic models shall correspond to well-defined outcome
spaces (or populations) and the results of the reliability analyses are only valid for the same sets.

NOTE1 Theword population seems to be more appropriate for aleatory variables, while outcome space is used
for epistemic uncertainties.

The basis for the definition of an outcome space or population is in most cases given from the physical
phenomenon defining or influencing the variable. Factors which can characterize the population are
the following:

— Nature and origin of a random quantity.
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— Spatial conditions (e.g. the geographical region considered).

— Temporal conditions (e.g. the design service life). The choice of a population shall be made with due
consideration to the objective of the analysis and the amount and nature of the available data.

NOTE 2 It can, for instance, be convenient to subdivide a population into sub-populations (micro-zonation).
When the results are used for design in a national or international code, it might be necessary or convenient to put
the sub-populations together to the large population again in order not to get too complicated rules. This implies
that the variability within the population is increased.

6.1.6 Hierarchical modelling of uncertainty

A hietarchical modelling is recommended for modelling different kinds of actions and matgrials, where
appligable. The hierarchical model assumes that a random quantity X can be written*as' p function of
severpl variables, each one representing a specific type of variability:

Xie = f(V. Yy, Yige) (3)

The viriablesY;, Yj;, Yijkrepresentvarious origins, time scales of fluctuatiom,or’spatial scales ¢f fluctuation.
NOTE For instance, Y; can represent the constant in time variability,(¥; a slowly fluctuating|time process,

and Yjjk a fast-fluctuating time process. In the case of wind, we can have; as the (model) uncertairty in the wind
pressyre coefficient Cp, Yjj the mean hourly wind speed vp, and Yjjx thé'zero mean gust process v(t):

Xl =%pCp(v%+2vhv) 4)

whereg
p| isthe air density.

For cgncrete strength, Y; can represent the.building-to-building variation, Yj; the floor-to-flpor variation
in building 7, and Yjjx the point-to-pointvariation on floor j.

6.2 |Models for structural analysis

6.2.1| General
The decisive factors for.déscribing the physical behaviour of the structural systems can be categorized as
— aftions and environmental influences,

— gpometrical'properties,

— material properties and/or properties of structural elements, and

— active and passive control measures.

Models shall enable to describe the behaviour of structural systems up to the limit state under
consideration. Models should generally be regarded as simplifications which take account of decisive
factors and neglect the less important ones. Uncertainties in the models themselves are treated in 6.4.

The reliability of active and passive control measure (e.g. sprinkler installations or active dampers)
shall also be modelled and incorporated in the overall risk analysis, but specific guidance on this is
outside the scope of this International Standard.
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6.2.2 Actions and environmental influences

6.2.2.1 General

Action descriptions shall be based on suitable mathematical models, describing the temporal, spatial,
and directional properties of the action across the structure. The choice of the level of richness of details
shall be guided by a balance between the quality of the information available and a reasonably accurate
modelling of the action effect. The choice of the level of realism and accuracy in predicting the relevant
action is, in time, guided by the sensitivity of the implied design decisions to variations of this level and
the economical weight of these decisions. Thus, the same action phenomenon can give rise to different
action models dependent on the effect and structure under investigation.

NOTE The environment, in which structural systems function, gives rise to internal forces, defarfations,
material detefioration, and other short-term or long-term effects. The causes of these effects are terfiied a¢tions.
The environment from which the actions originate can be of natural or man-made character, for, example,snow,
earthquake, fire. The following concepts are useful to characterize the aspects of actions:

— An actiop is an assembly of concentrated or distributed forces acting on the strueture. This kiind of
direct aqtion is also denoted as load.

— An actiop is the cause of imposed displacements or thermal effects inthe structure. This kjnd of
action is|often denoted by indirect action.

Similar requjrements hold for environmental influences that can catise changes with time in m4gterial
properties of structural dimensions.

6.2.2.2 Cldssifications

Actions can He classified according to a number of characteristics. With respect to the type of the adtions,
the following non-exhaustive list shall be considered;

— Self weight of structural and non-structural coémponents.

— Imposed loads in buildings, e.g. loads from/persons and equipment.
— Loads cqused by industrial activitjes;e.g. silo loads.

— Loads cjused by transport: traffie, liquids in pipelines, cranes, impact, etc.
— Climate actions, e.g. snow.loads, wind loads, outdoor temperature, etc.

— Indoor t¢mperatures;yfire.

— Hydrauljc loads,.€.g.'water and ground water pressures.

— Geotechnical actions from soil or rock, including earth pressures, earth slides and earthquakes,
sub-soil pibsations, settlements.

— Loads specific for the production and construction stages.

This classification does not cover all possible actions, but most of the common types of actions can be
included in one or more classes. Some of the classes belong as a whole either to uncontrollable actions or
to controllable actions. Other actions can belong to both, e.g. water pressure.

With respect to the variations in time, actions shall be considered as
— permanent actions,
— variable actions, and

— accidental actions.
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Actions shall be classified as permanent actions if the variations in time around the mean is small
and slow (e.g. self-weight, ballast, earth pressure) or monotonically change to a limiting value (e.g.
prestressing, imposed deformation from construction processes, effects from temperature, moisture
variation, or settlements).

Actions shall be classified as variable actions if the variations in time are frequent and large (e.g. all
actions caused by the use of the structure and by most of the external actions such as wind and snow).

Actions shall be classified as accidental actions if the magnitude is considerable but the probability of
occurrence for a given structure is small relative to the anticipated time of use. Frequently, the duration
is short (e.g. impact loads, explosions, earthquakes, and snow avalanches).

NOTE|1 In this International Standard, an accidental action is not necessarily related to an accident.

NOTE|2  Forsome structures or at some locations, impacts or earthquakes can happen so eften that they should
be corlsidered as a variable action.

As faras the spatial fluctuations are concerned, it is useful to distinguish between fixed and free actions.
Fixed|actions have a given spatial intensity distribution over the structure-Théy are completely defined
if thelintensity is specified in a particular point of the structure (e.g. eartfior water pressfyire). For free
actions, the spatial intensity distribution is variable (e.g. regular occupancy loading).

6.2.2/3 Action model

Where possible, complete action models shall be considered, censisting,in general, of several constituents
whicl} describe the magnitude, the position, the directionythe duration, etc. of the action. Sometimes,
intergctions between the components shall be taken int6-account. There can in certain cades also be an
intergction between the action and the response of the'structure.

In m3ny cases, two kinds of variables shall explicitly be distinguished, i.e. Fyp and w describing an
action F, that is

FI=(Fy, ) (5)

wher¢

Fp is areference action variable that is directly associated with the event causing the action and
should be defined 3o that it is, as far as possible, independent of the structure (fof example,
for snow load;Fpis the snow load on ground, on a flat horizontal surface);

ol isaconversion factor or model type parameter appearing in the transformation from the
basic action to the action F, which affects the particular structure; the parameter w can
depéend'on the form and size of the structure, etc. (for the snow load example, w is the factor,
wliich transforms the snow load on ground to the snow load on roof, which depends on the
roof slope, the type of roof surface, etc.);

@(+) 1s a suitable function, often a simple product.

The short-term, as well as long-term, time variability, is normally included in Fy whereas w can often
be considered as time independent. A systematic part of the space variability of an action is in most
cases included in w, whereas a possible random part can be included in Fy or in w. Formula (4) should be
regarded of principal character. For one action there can be several variables Fy and several variables w.

Any action model contains a set of parameters and variables that shall be evaluated before the model can
be used. In probabilistic modelling, all action variables are in principle assumed to be random variables,
random processes, or random fields, while other parameters can be time or spatial coordinates,
directions, etc. Sometimes, parameters can themselves be random variables, for example, when the
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model allows for accommodating statistical uncertainty due to small sizes of samples on the basis of

which the pr

NOTE 1

obabilistic model is developed.

Anaction model often includes two or more variables of different character as described by Formula (4).

For each variable, a suitable model should be chosen so that the complete action model consists of a number of
models for the individual variables.

NOTE 2

It can often be convenient to define action models that describe explicitly the extreme values for a

certain period of time, for instance, the distribution of the yearly maximum wind load or the extreme traffic load
in the design working life.

6.2.3

The geometily of a structure shall be adequately described. In general, use can be made of’sta
elements like one-dimensional elements (beams, columns, cables, arches, etc.), twordimen
elements (slgbs, walls, plates, etc.), and three-dimensional elements (e.g. shells, layered half spaces
geometrical fjuantities which are included in the model generally refer to nominal valyes, i.e. the v
given in drawings, descriptions, etc. Normally, the geometrical quantities of a real strjucture differ
their nominal values, i.e. the structure has geometrical imperfections. If the overall structural behd
or element cgpacity is sensitive to such imperfections, these shall be included itithe model.

6.2.4 Matgerial properties

6.2.4.1 Geperal

Material mo
on the other
modulus of §
as uncertain
correlation b

Other materi
similar way.

6.24.2 Ch

Material prg
conditioning
which are ev

The main ch|
strain o-¢ di
shall be cons

modulug

Geometrical properties

els consisting of relations between forces or stresses on the one hand and deform
(i.e. constitutive relationships) shall be formulated. The variables in such relations a
lasticity, the yield limit, the ultimate strength, etc. which generally shall be consi
quantities. Sometimes they are time dependent or space dependent. There is o
etween the parameters, e.g. the modulus of elasticity and the ultimate strength of con

h] properties, for example, resistancé.against material deterioration, can often be treatg
lowever, the principles are strongly dependent on type of material and the property consi

Aracterization

perties shall be defined as the properties of material specimens of defined siz

pluated accordingto specified procedures.

aracteristics<of the mechanical behaviour are described by the one-dimensional s
hgram. AS\an absolute minimum for structural design, the following material prop
idered<for’both tension and compression:

of elasticity;

ndard
sional
). The
ralues
from
viour

itions
re the
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'ten a
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dina
Hered.

b and

sampled accordingto given rules, subjected to an agreed testing procedure, the resylts of

tress-
erties

— strength of material.

Other important parameters in the one-dimensional o-¢ diagram, such as

strain at

yield stress,

limit of proportionality,

rupture and strain at maximum stress, and

angle of friction, cohesion

might be as relevant.
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The strain at rupture is a local phenomenon and the value obtained can heavily depend on the shape
and dimensions of the test specimen. Additional to the one dimensional o-¢ diagram, information about
a number of other quantities and effects is of importance, such as the following:

Possible dependencies between properties of a material shall be taken into account.

6.2.4/3 Material model

Strucfural materials shall be modelled by functions and parameters (material propertie
ralized) stress-strainrelationships with a detailing as relevant; corresponding model incertainties
shall pe taken into account.

(gene

Matefial properties vary randomly in space and time: The‘following discrepancies betwe
and real properties can exist and shall be accounted fot:

multi-axial stress-strain relations;
multi-phase materials (soil containing air and water);
duration and strain rate effects;

temperature effects;

hl.uu;d;t_y CffC\.t.),
effects of notches and flaws;

effects of chemical substances.

Systematic deviations identified in laboratorystesting by relating the observed struct
t¢ the predicted property, suggesting some-hias in prediction.

Rlandom deviations between the obseryved and predicted structural property, general
spme lack of completeness in the variables considered in the model.

Uncertainties in the relation between the material incorporated in the structural sa
cprresponding material samples.

Different qualities of workmanship affecting the properties of (fictitious) material
when modelling the material supply as a supply of material samples.

The effect of different qualities of workmanship when incorporating the mater
structures, naPreflected in corresponding material samples.

ncertaiiities related to alterations in time, predictable only by laboratory t
opserwvations, etc.

5) describing

en measured

iral property

y suggesting

nple and the

samples, i.e.

al in actual

esting, field

n'eertainties related to inspection procedures during or after fabrication.

6.2.5 Responses and resistances

6.2.5.1 Classification

The following mechanical models shall be used where relevant:

Models describing static response.
Models describing time dependent dynamic response.

Models describing time dependent degradation mechanisms.
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Interaction of the structure with the environment (in particular, air, water, and soil) shall be accounted
for where relevant.

6.2.5.2 Models for static response

In analysis, appropriate models shall be selected for the relation between stresses, forces, or moments
and corresponding deformations (or deformation rates). These models can vary and depend on the
purpose and type of calculation. The following considerations shall be taken into account:

— In many cases, the elastic-plastic behaviour model, with plastic zones developing in the locations
with the highest stresses, can be considered as sufficient.

— Advanceld models can include softening behaviour based on general material degradation, a§-well as
explicit gr averaged crack formations, as well as phenomena like creep, relaxation, consolidatioE, etc.
n

— Thethedry of elasticity can be regarded as a simplification of a more general theory andcan gengerally
be used provided that forces and moments are limited to those values, for whiclithie behavipur of
the strugture is still considered as elastic. The theory of elasticity can also be used in other cgses if
it is appllied as a conservative approximation.

— Theorieg in which fully developed plasticity is assumed to occur in certain zones of the strycture
(plastic hinges in beams, yield lines in slabs, etc.) can be used, provided that the deformations which
are needed to ensure plastic behaviour occur before the ultimateflimit state is reached. Thys, the
theory of plasticity shall be used with care to determine the load €arrying capacity of a strucfure if
this capqcity is limited by brittle failure, instability, and repetitions of free variable actions (fhake
down m¢chanism).

— In many]|cases, the deformation of a structure causessignificant deviations from nominal vyalues
of geometrical quantities. If such deformations arg’of importance for the structural behayviour,
they havie to be considered in the design. The effeets of such deformations are generally depnoted
geometrjcally nonlinear or second order effects.-In this type of analysis also, initial imperfeg¢tions
need to lpe considered.

6.2.5.3 Madels for dynamic response

Dynamic response of a structure is catised by a relatively fast fluctuation of the magnitude, position, or
direction of an action. However, a_ sudden change of the stiffness or resistance of a structural el¢gment
can also cauge dynamic behaviouk

The models for dynamic response consist, in general, of the following:
— stiffnesgmodel, including geometrical and physical linear and nonlinear behaviour;

— damping modekincluding material, geometrical damping, artificial and active damping;

— mass mddgel, including structural mass, content mass, and possible masses of surrounding mgdia.

In the modelling of the dynamic behaviour, the interaction with air, water, soil, and possibly adjoining
structures shall be considered.

Due to the short duration of dynamic (peak) loads, structures can survive dynamic loads above the
static load bearing capacity. If that is the case, special attention shall be given to possible deformation
limitations. In seismic analysis, this is part of the so-called capacity design approach.

NOTE In practice, dynamic calculations are often replaced by a quasi-static calculation where the dynamic
effect is represented by a dynamic amplification factor on the static load.

6.2.5.4 Models for degradation and damage accumulation

Where relevant, the influence of damage on stiffness and strength of the structural elements shall
be considered.
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Degradation of material and structural properties can be caused by energy related to the following:

— mechanical effects (fluctuating actions, long-term loading, settlements, erosion, wear);

— P

hysical effects (temperature, moisture, UV-light);

— chemical processes (fire, corrosion, alkali silica reaction);

— b

iological processes (corrosion, rotting of timber) origin.

In the case of fatigue failures caused by fluctuating actions, two types of models are distinguished:

— S
— F
Speci
NOTE
6.3
In anq

be se
possi

Consd

T
T
— P
H
P

-N model based on experiments

racture mechanics model.
hl care is to be given to possible “weak links” where strain concentrations can occur.

Reference is made to ISO 13823.

Models for consequences

isk-based approach, models for the direct and indirect con$equences of structural

ble constraints.

quences shall be determined by modelling at least:

he prior and post-failure behaviour of the structure.

he amount of primary and secondary structirral damage.
pssible mitigating factors like warning'systems.

uman self-rescue actions.

rofessional rescue and mitigating actions like fire brigades.

— Rlepair and rebuilding activities.

— L
— E

Whern
are re

Conse
and/q

pss of the structuralfunctionality.
nvironmentalJosses.

performing-€onsequence analysis techniques like scenario analyses, fault and event
commended. Uncertainties in possible scenarios shall be accounted for.

quénces shall be expressed numerically with respect to the extent of human fatalitie

failure shall

up in order to evaluate the risk and enable optimization{of safety measures and comparison to

'ree analyses

b and injuries

r-environmental damage and economic loss. In some cases, just a classification of ¢

onsequences

can be sufficient.

Models for estimating human fatalities usually consist of two parts: (1) the quantification of the total
number of people atrisk and (2) the probability that an exposed person can actually be killed or injured.
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6.4 Model uncertainty

A model for structural analysis is a physically based or empirical relation between relevant variables,

which are in

general random variables:

Y=f(X1, X0, X,) (6)
where

Y is the model output;

f is-the-medeHfunetion:

X1,X2,...Xn  are basic variables.
The model f({) can be complete and exact, so that, if the outcomes of X; are known in a particular sityation
(e.g. from me¢asurements), the outcome Y can be predicted precisely. This, however,is ot the nprmal
case. Usually, the model will be incomplete and inexact. This might be the resultof lack of know|edge,
or a delibergte simplification of the model, for the convenience of the designer.-To incorporate |these
aspects, Formula (6) should be changed into

Y=f’(Xl,XZ,...,Xn,Ql,QZ,...,Qm) (7)
Here f” is th¢ model function f extended with the variables (61,095:.0)T = 0 in order to include the

model uncer
variables. T

of calculatio
a way that, o

6.5 Exper

In those casg
being too co
models. The
designed, ha
as structure;
test (e.g. long

Experiment3

loads on

structur

eir statistical properties shall as far as possible be'derived from experiments, observ

h average, the analysis model correctly predicts the test results.

imental models

s where no adequate calculation hiodel is available or existing models are considet
Ketup and evaluation of thestests should be performed in such a way that the structy

designed on the basjs of-calculation models only. Conditions which are not met durii
-term behaviour) should be taken into account separately.

1 models can be-lised to evaluate or check assumptions about
the structure (e.g. wind tunnel tests),
nl response under loading or accidental event, and

ar-stiffness of a structure or structural element.

tainty. The @ variables represent the model uncertainties and are treated as random

itions

s from more accurate models. The mean of these parameters should be determined i such

ed as

hservative, part of the design procedure can be performed on the basis of experinjental

re, as

5 at least the same reliability with respect to all relevant limit states and load condjitions

hg the

— strength

NOTE 1
experimental

models. These tests are intended to check the assumptions already made in design.

Standard checks on material properties or other control tests are not considered as design based on

Before testing, one should set up, as far as possible, a calculation model covering the relevant range of
the variables and clearly indicate the unknown coefficients or quantities that should be evaluated from
the tests. If this is not possible, a set of preliminary tests should be carried out.

Relevant basic variables such as actions, material properties, and geometrical properties, even when
not explicitly present in the calculation model, should preferably be measured directly or indirectly
for every test. The samples of these basic variables need not necessarily be representative; one can, for
instance, select procedures to attain values in the vicinity of the estimated design value. If the values
of the random variables in the test are not measured, one should ensure that they are taken from a
representative sample.
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The test results should be evaluated on the basis of statistical methods. In principle, the tests should lead
to a probability distribution for the selected unknown quantities, including the statistical uncertainties.
Based on this distribution, one can derive design values and partial factors to be used in the partial

factors format.
NOTE 2  Further details are given in Annex C.

Where the evaluation of tests gives results which are incompatible with experience, the detailed reasons

for deviation should be looked for and recorded.

6.6

Updating of probabilistic models

In th
possi
or asy

Upda
lifetir
randd
proba

Inspe

The €
called

NOTE

7 R

7.1

Decis
mainf
that b

h

e case of relatively high uncertainties in actions, structural properties, and/oy
hility of updating procedures shall be considered in order to accomplish a more econg
essment solution.

ing can be based on quality assurance procedures during and after(eonstructio
ne inspection and monitoring planning. Given observations, so-called pesterior disf
m variables can be obtained. Sometimes it is more effective to caleulate directly pos
bilities. Uncertainties in inspection procedures shall always be taken into account.

ctions can also be set up after events like fire or earthquaket

pre-posterior analyses.

See also Annexes A and B.

isk-informed decision making

General

ons with respect to the design, eonstruction, use/operation, assessment, repair, st
enance, renewal, and decommissioning of structures shall take basis in risk assessme
enefits are optimized and at the same time that risk to life and qualities of the env

managed in accordance with'societal preferences as described in 4.2.2.

Risk
subse

NOTE
and e
failurg
makin
decisi

issessments shall.be)performed in accordance with ISO 13824 and as further elab
quent clauses.

Risk-infofmed decision making as compared to reliability-informed decision making in
kplicitly allconsequences associated with the decisions, including consequences caused
s but alse'in terms of the benefits achieved from the operation of the structures. Risk-info
g isthus more consistent with available information and comprises a richer basis for the o
bps.concerning structures over their life cycle.

models, the
mical design

h, as well as
ributions for
terior failure

conomic efficiency of inspection activities can be obtained by decision making on thg basis of so-

rengthening,
nts, ensuring
ronment are

brated in the

ludes directly
by structural
Fmed decision
ptimization of

7.2

System identification

As a first task in risk-informed decision making concerning structures, the system shall be identified.
In particular,

— the spatial and temporal boundaries of the system shall be fixed and documented,

— the possible and relevant exposure events, constituents, direct consequences, and indirect
consequences shall be identified as described in 4.3.2, and

the various possible measures of reducing the risks shall be identified with reference to their costs,
their effect on exposure events, and the direct and indirect consequences. Moreover, consideration
shall be given to identify measures of risk reduction which are relevant before possible damages of
the constituents, during the damage evolution and after the damage evolution.
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NOTE1 Itisrecommended to undertake the system identification in a joint effort, in terms of a risk screening,
involving the owner of the structure, as well as a range of subject matter experts covering the relevant knowledge
for the considered structure in the given context. As the number of possible different scenarios can be very large,
it is important to identify which scenarios are irrelevant and thus can be excluded in a detailed risk assessment.

NOTE 2  Risk-reducing measures can be of passive (e.g. increasing cross-sectional dimensions, implementing
structural ties, increasing the concrete cover thickness) or active nature (e.g. structural monitoring, inspections
and maintenance strategies, and smoke and fire detection systems). Moreover, risk-reducing measures such as
quality control, in situ soil investigations, materials testing, observation of environmental conditions, etc. can also
be identified which do not change the system but rather establishes improved knowledge about the performance
of the system. Improved knowledge facilitates the optimization of risk-reducing measures involving physical
changes of the system.

7.3 SysterL modelling

The systemn
in 4.3.3. This
of damages

well as the ¢
modelled acd

NOTE De

nodelling shall address and describe the uncertainty associated with the system s spe
includes a Bayesian probabilistic representation of the exposure events, allrelevant
hnd failures of the constituents of the system, the direct and indirect consequenc
ffects of possible risk-reducing measures. The performances of the constituents sh
ording to the principles specified in Clause 5.

can significantly influence the risks and should be carefully considered in thesmodelling.

In the model

ing of the benefits associated with different measuresyof risk reduction, discounting

be applied fofr all consequences, as well as costs which might occ@ivin the future.

7.4 Riskg

The risk ass

expected Valr

taken over al
probable maj

For each con
contribution

ng
R(a)=>]
i=1
where

P,-and C,'

uantification

bciated with the identified possible measiires of risk reduction shall be assessed §
e of the sum of the direct and indirect(Consequences, where the expectation operat
uncertainties affecting the performance of the system. Additional indicators of risk si

sidered measure of risk reduction a, the corresponding risk R(a) comprises a numbel
5 arising out of the possiblesconsequence events which can result from the decision:

P.C;

=1

are the probability and the consequence associated with event i, respectively. Bot}
number of possible events, their probabilities, as well as the associated consequen
generally depend on the decision a.

cified
states
es, as
all be

pendencies between different exposure events, as well as among the performances of constituents,

shall

s the
ion is
ich as

kimum loss, value atrisk, etc. can beassessed in addition as found relevant in a given coptext.

ng of

(8)

ce,

The probabi

ities P; in Formula (8) shall be assessed according to the principles provided in Clause 8.

When representing the events associated with consequences probabilistically, the principles of
uncertainty modelling and the concept of limit states described in Clause 5 and Clause 6 shall be applied.

NOTE Based on the assessment of the direct and the indirect risks, an assessment of the robustness of
structures can be undertaken for the support of design decisions (see 4.3.2 and Annex F).

7.5 Decision optimization and risk acceptance

The optimization of decisions for risk reduction shall take basis in a ranking of their associated benefits. The
general principles for optimizing decisions on the basis of information about risks are provided in 4.4.2.1.
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The assessment of the acceptability of decisions with regards to implications on life safety shall follow

the principles described in 4.2.2 (see also Annex G for more information).

NOTE

Risk-informed decision making can be applied directly as basis for decisions concerning structures

throughout their entire life cycle; however, it can also be applied for the purpose of setting maximum acceptable
nominal failure probabilities for structures and thereby support reliability-based approaches, as well the

formulation and regulation of semi-probabilistic safety formats.

8 Reliability-based decision making

General

8.1

The g
to the
fulfil

eneral basis for reliability based decision making is described in 4.4.2.2. Decisions
design, repair, strengthening, maintenance, operation, and decommissioning|of str
biven requirements to reliability, or equivalently, requirements to the probability of f

It is g
stoch
event]
time-

ssumed that the uncertainty models in Clause 6 can be represented‘by stochastic
hstic fields/processes and the limit state approach in Clause 5 can.be)used to model
5, e.g. failure events. Further, it is assumed that the reliability can.be assessed by tin
nvariant reliability methods such as FORM/SORM and Monte Garlo Simulation techn

Durin
infor

g the life cycle of a structure, decisions of different types and based on varyin
ation have to be made. This includes decisions relating to the following:

esign with respect to ultimate and serviceability limit'states.

Planning of tests and quality control to be performed during the design process and exg
structure. This includes e.g. soil investigations; material tests, coupon tests, subcom
full-scale tests, proofload tests, numerical tests, and quality control procedures.

Planningofinspectionsand monitoring duringoperationascriteriafor futurerepairandj

D

ecisions on life extension and remoyval/replacement of the structure at the end of the d¢

A reli
value

hbility-based decision implies'that the probability of failure, pr, does not exceed a sp¢
Pt (see 8.4):

A = pft

The r
descr
condi

eliability requirement shall be verified for all relevant design situations related to {
ibed above. The design situations shall be sufficiently severe and varied so as to e
ions thatcan reasonably be foreseen to occur during the construction and use of t

with respect
lictures shall
ailure.

variables or
the relevant
ne-variant or
iques.

o degrees of

rcution of the
ponent tests,

maintenance.
sign lifetime.

rcified target

9)

he decisions
ncompass all
he structure.

This typically=refers to loading conditions subject to normal operation, extreme environinental loads,

exceptionakand accidental loads, during the different phases of the life of the structure.

Failured
problem, t

gx)<0

ation:

he undesired state is defined by the limit state equ

where

X isavector containing the realizations of the basic variables X which are relevant t

lem.

o the prob-

In general, the basic variables which describe variable actions and environmental influences should
be described using stochastic processes or random fields. In many cases, however, a description as a
random variable with a probability distribution function for the maximum within a given reference
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period or domain can be sufficient. Other basic variables (such as material or geometry characteristics)
can also be time or location dependent.

The model uncertainty parameters are treated as random variables in principle in the same way as the
basic variables.

Formostultimate limit states and for some serviceability limit states, the probability of failure can be written:
pr =P g(X)<0] (11)

In the case of time-dependent variables, the problem is time variant and in principle first-excursion or
out-crossing[@pproaches stioutd be appied to assess te provabiiity of fatture. HoOweveT, 1T Some fases,
the time-varjant problem can readily be transformed to time-invariant problems (see ISO 13822)

For some ultimate limit states and for many serviceability limit states, the first-excursion of alimif state
does not mean failure. In such cases, failure occurs only if some additional conditionsare fulfilled and
the failure cijiteria have to be formulated for each particular case.

Due to the dependence upon time, pr shall be referred to a certain a priori speeified period of|time,
the referencg¢ period. Lifetime probabilities can be used if economic consequene€s are determining. If a
failure can bg expected to endanger people, other reference periods might be)used, typically one year.

The failure probability, py, is related to the reliability index § through the/definition:

B=-21(pr) (12)

where

@1 isthe inverse standard normal probability distribution function.

Reliability methods can be applied to calibrate the partial factors format outlined in Clause 9. In|some
cases, a probability based method can be applied in a direct design and decision making.

The reliability obtained by Formula (11), gives a well-defined probabilistic measure of the religbility
(e.g. probability of failure). This value canybe used for consistent comparisons between various design
situations foitdecision making and for,calibrations with regard to a specified, required degree of reliapbility:.

NOTE In general, quality management systems for construction works shall be risk-based and according to
an integral approach, encompassing human errors, design errors, and execution errors (see Annex A).

The degree of reliability cairbe differentiated according to the consequences of failure as indicated jn 4.3.

8.2 Decisjons based on updated probability measures

If results from tests, quality control, inspections, condition monitoring, structural health monitpring,
etc. are available, the probability of failure used in Formula (11) should be updated using Bayesian
statistical methods. See Annex B and Annex C for assessment of existing structures.

Theupdated probability of failure should be used for decision making with respectto repair, maintenance,
and possibly upgrading and as basis to plan future inspections ensuring that the reliability requirement
in Formula (9) is satisfied during the entire life cycle of the structure.

8.3 Systems reliability versus component reliability

The performance of structural systems, as well as systems involving structures, can be described in terms
of scenarios of events of failures of constituents as described in 4.3.2. The scenarios can describe a sequence
of failures of individual failure modes of a structural system, e.g. from first damage to total collapse.

Traditionally, reliability-based decision making for design and assessment is primarily applied to
components and individual limit states (serviceability — and ultimate failure). Systems behaviour is of
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concern because systems failure is usually the most serious consequence associated with failure of a
structure. Itis therefore of interest to assess the probability of system failure following an initial component
failure.Inparticular, itis necessary to determine the systems characteristicsinrelation to damage tolerance
or structural integrity with respect to accidental events. The component reliability requirements should
depend upon the systems characteristics. See also requirements to robustness in Annex F.

A reliability assessment should therefore be carried out to establish the probability of scenarios which

might lead to structural systems failure including identification and consideration of the following:

NOTE
inherg

8.4

The t
natun
use o
failur
proba
are a
recommended, and this can be used throughcthe LQI as shown in Annex G. In all cases, t}
failur
exper

NOTE
found

When
inspe
lead
prob
and t

For sg
the lo

For re

The sequences of failures of individual constituent failure modes leading to system failure modes.

The ability of the structure to allow for redistribution of internal forces in given failure states.

P
P
D

0
%\bilities shouldalways be considered in relation to the adopted calculation and probab

pssible means of ensuring that reliable redistribution of internal forces is facilitated
pssible means of ensuring that unreliable redistribution of internal forces is avoided (
ependencies between failures of individual constituent failure modes andsystem fai

Systems reliability analysis should, however, be carried out with due ‘recognition of the
nt in the methods currently available and should therefore be used with.eaution.

Target failure probabilities

e of failure, the economic losses, the social inconvenience, effects to the environment
[ natural resources, and the amount of expense afid effort required to reduce the f
e. If there is no risk of loss of human lives assoeiated with structural failures, the t
bilities can be selected solely on the basis;of an economic optimization. If struct

e probabilities should be calibratediagainst well-established cases that are know
ience to have adequate reliability:

Tentative target reliabilities related to one-year reference period and ultimate limit
in Annex G.

dealing with time-depéndent structural properties, the effect of the quality
ction and repair procedures on the probability of failure should be taken into acco
adjustments to.'specified values, conditional upon the results of inspections. Spe

e method of assessment of the degree of reliability.

rviceability limit states, target failure probabilities shall be consistent with the obje
ss of functionality and/or the occurrence of damage to economically acceptable level

tying).
segmenting).
lure modes.

uncertainties

hrget failure probabilities, i.e. pg, should be chosen taking into account the consequence and the

, sustainable
robability of
arget failure
ural failures

bsociated with risk of loss of human lives, the marginal lifesaving costs principle applies and is

le acceptable
n from past

states can be

control and
int. This can
cified failure
listic models

ctive to limit
S.

versible serviceability limit states, there can also be requirements on the frequency ¢

f passing the

limit state (see Clause 5).

8.5 Calculation of the probability of failure

8.5.1 General

Fundamentally, the calculation of the probability of failure shall take basis in all available knowledge,
and the uncertainty representation shall include all relevant causal and stochastic dependencies, as
well as temporal and spatial variability. The appropriate choice of method for the calculation of the
failure probability depends on the characteristics of the problem at hand and especially on whether the
problem can be considered as being time-invariant and whether the problem concerns individual failure
modes or systems.
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8.5.2 Time-invariant reliability problems

In case the problem does not depend on time (or spatial characteristics), or can be transformed such that
it does not, e.g. by use of extreme value considerations, three types of methods can in general be used to

compute the

failure probability pf namely the following:

a) First/Second Order Reliability Methods (FORM/SORM).

b) Simulation techniques, e.g. crude Monte Carlo simulation, importance sampling, asymptotic
sampling, subset simulation, and adaptive sampling.

c) Numerical integration.

8.5.3 Transformation of time-variant into time-invariant problems

Two classes ¢f time-dependent problems are considered, namely those associated with

failures

failures

In the case off
by a random
process over
involved, the

In the case

caused by extreme values, and
aused by the accumulation and progression of effects over time.

failure due to extreme values, a single action process can, proyided stationarity, be rey

a chosen reference period, typically one year. If there is¢nore than one stochastic p
y should be combined, taking into account the dependencies between the processes.

f failures due to cumulative deterioration (fatigue, corrosion, etc.), the total hist

the load up o the point of failure might be of importance. ln\such cases, the time dependency d

accounted fd
calculate the|
the individud

NOTE Ex

8.54 Out-

An exact and
(0,¢) canbe d

r by subdividing the considered time reference period into intervals and to modg
probability of failure as the probability of fafure of the logical series system comprig
1 time intervals.

hmples are provided in ISO 13822.

crossing approach

general expression for thefailure probability of a time varying process on a time in

erived from integratjon‘ef the conditional failure rate h(t) according to Formula (13):

laced

variable representing the extreme characteristics (minimuid or maximum) of the random

ocess

ry of
an be
1 and
ed by

rerval

t

pf(O,t)zl—exp{—J‘Oh(r)df} (13)
The conditiohal failure\rate is defined as is the probability that failure occurs in the interval (z, |+ d7),
given no failire befoxe time 7. When the failure threshold is high enough, it can be assumed thpt the
conditional fpiluretate h(t) can be replaced by the average out-crossing intensity v (1):

PlalX(tN> 0~ gl X(t+ AY<Q)
v(t): lim \ AN VAN \Y J J (14)
A—0 A
If failure at the start (¢t = 0) explicitly is considered:
t
pe(0,t)=p¢(0)+| 1—exp —fov(f)dr (15)

in which p¢(0) is the probability of structural failure at ¢t = 0. The mathematical formulation of the out-
crossing rate v(t) depends on the type of loading process, the structural response, and the limit state.
For practical application, Formula (15) might need to be extended to include several processes with
different fluctuation scales and/or time invariant random variables.

NOTE Failure could be the combined result of a cumulative damage process and another load with a
relatively high value.
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Implementation of probability-based design

Design decisions can, inaccordance with 8.1 to 8.5, be directly based on probabilistic analysis, facilitating
that specified requirements to the reliability are satisfied. Such an approach can be applied subject to
the availability of

uncertainty models,
reliability methods, and

expertise in probabilistic analysis.

In mgmny;, if ot most, Tases it 1S, Towever; possible tosimplify thedesigm process by eans of semi-
probgbilistic design methods.

9 Semi-probabilistic method

9.1 |General

Semi-probabilistic methods can be applied as an alternative to risk- ‘and reliability-based decision
making for a wide range of decisions of relevance for design,/epair, strengthening, maintenance,

operdtion, and decommissioning of structures. The semi-probabilistic safety formats shall

formy
new 9

Basis
work

lated such that they facilitate the identification of acceptable and feasible decision
tructures, as well as existing structures.

manship, inspection and maintenance, monitoring, and quality control in such a ma

risk and the reliability of the structure are adequdte and ensured in conformance with t

given

For

in 4.4 and 8.4.

semi-probabilistic safety formats, alltrelevant information concerning possible lin]

assumptions with respect to their validityand application should be specified. This includes sy

NOTE

use:

lggal, temporal and geographical limitations (e.g. project, altitude, and expiry/revisior

types of structures (such.asbuilding structures, offshore structures, foundation strug

types of materials (such)as concrete, steel, timber, composites, and soil),

types of loads (such as permanent, wind, snow, traffic, earthquakes, and waves)
lgad combinations for variable and permanent loads including consideration of st
destabilizingpermanent loads, and

=

ypes ofwuses (such as hospitals, offices, storage, and energy production/distribution).

however, be
S concerning

shall be taken in generic information concerntihg loads, materials, operational conditions,

hner that the
he principles

litations and
ecification of
date),

tures, etc.),

and relevant
hbilizing and

Semi-probabilistic methods usually reduce random variables to a set of design values ¥

with a specific

4 £ 1.1 £ 1.1 1 1 | los 4o 1 H loalis 1
ALLITIIIT TdvUUIl dUIT Ul UlllavUul dUIT vdlut), 1UdU LUILIIUITIAatIUIT  vdlIutcs, STI VlLCdUlllLy ITV

I values, etc.

Calibration to higher levels of analysis can take place on the basis of an individual value, as well as for a complete
set of design rules.

9.2

Basic principles

Semi-probabilistic safety formats shall comprise

consequence class categorizations (see 8.4 and Annex G),
design situations (see 8.1),
design equations, and

design values.
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Design equations shall be formulated according to the principles given in Clause 5 and Clause 6, taking
basis in the modelling of structural performance in terms of limit state functions and the probabilistic
modelling of uncertainties. The principal form of design equations is given in Formula (16), which for
all relevant failure modes of the structures shall facilitate that values of structural parameters, such as
cross-sectional properties z, can be determined uniquely and such that these are conforming with given
requirements to risk and reliability (see also 8.4).

G(z)=Ry(z)-S4(z)>0 (16)
where
z ifa vector of design parameters (e.g. the cross-sectional dimensions]J;

—n

Rq(2)
Sda(2)

The resistangte is assumed to be obtained by the following general model (see Annex C):

4 the design value for the resistance;

—-

d4 the design value for the action effect.

R=b 0 R[X,a) (17)

where

R(X,a) |is the resistance model as defined in a relevant materials standard;

X are the material properties;
a are the geometrical parameter(s) (the desigvparameters z are generally a subset of |a );
0 is the model uncertainty related to resistance model (can be determined using the

method in the Annex C);
b is the bias in resistance model-(can be determined using the method in Annex C).

Design equations shall in general be férmulated for failure modes involving in principle both failpire of
individual crjoss sections of the structiires, as well as for failure modes involving the failures of s¢veral
cross sectiorns of the structures,

The design alues for the various actions and materials characteristics entering the design equations
should be defermined sugh as to account for the characteristics of the uncertainties associated with the
loads and registances which are of relevance for the given design situation.

9.3 Repré¢sentative and characteristic values

9.3.1 Actions

A permanent action has often a unique characteristic value. When the action refers to the self-weight of
the structure, its value Gk should be obtained from the specified values of geometrical quantities and
the mean unit weight of the material. However, in some cases, it might be necessary to define two values,
one upper and one lower characteristic value of a permanent action.

A variable action has often the following representative values Qrep:
— characteristic value Qy;
— combination value ¥yQx;

— frequent value ¥1Qy;
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— quasi-permanent value ¥,Qx.

The characteristic value for a variable action is chosen so that it can be considered to have a specified
probability of being exceeded towards unfavourable values during a chosen reference period.

The combination values are chosen so that the probability that the action effect values caused by
the combination will be exceeded is approximately the same as when a single action is considered
(see Annex E).

The frequent value is determined so that

— the total time, within a chosen period of time, during which it is exceeded, is only a small given part

]

the chosen period o1 time, and

e frequency of its excess is limited to a given small value.

NOTE There might, in some cases, be two or more different frequent values for the sante load agsociated with
differ¢nt design situations.

The quasi-permanent value is determined so that the total time, within a‘chosen period of time during
whicl} it is exceeded, is of the magnitude of half the chosen period.

An acfidental action can have a unique characteristic value Ax which'is also used as design value.

9.3.2| Resistances

Propgrties of materials are defined for some relevant,volume of material and are represented by

their

prese
suppl
the v3
actual

Matet
value

characteristic values Xk. For a produced material,*the characteristic value should in
nted as an a priori specified quantile of the statistical distribution of the material pr
jed, produced within the scope of the relevantmaterial standard. For soils and existin
lues should be estimated according to the same principle and so that they are represe
[ volume of soil or the actual part of thé-existing structure to be considered in the de

ial properties to be used in nonlinear analyses can either be based on design values, ¢
5, or mean values provided a conSistent safety concept is used that results in a des

principle be
operty being
g structures,
ntative of the
bign.

haracteristic
ign with the

requifed target reliability.

9.4 |Safety formats

9.4.1| General

Semiprobabilistic<safety formats can take basis in different approaches. Common for the different
apprdaches is(that the risk shall be ensured to be acceptable through adequate choides of design
situatlions, design equations, and representative values.

Other|formats can be considered as long as they provide an adequate level of risk and/or leve] of reliability

as thedirectuseof riskamd retiabitity mrethods:

The design values entering into the design equations shall be chosen such as to ensure that an adequate
and sufficient level of reliability is achieved for all relevant failure modes of the considered structures.

The partial factor formatshall as,a general rule, be utilized as basis for the definition of semi-probabilistic
safety formats.
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9.4.2 Partial factor method

9.4.2.1 Actions

For a specificload case i, the design values of the effects of actions Eq can be expressed in general terms as:

Ey

~.

)

where

aq

=7sS [Gd,iiQd,iiad]

is a vector containing the design values of the geometry;

Ys

NOTE In
Design value

Gqg=7gG
Qq =7QQ
where

Y6 YQ

9.4.2.2 Re

The design v|

Model 1 wh
resistance p4

is a partial factor taking account of uncertainties

4.94)

n modelling the effects of actions;
n some cases, in modelling the actions.
h more general case, the effects of actions depend on material properties.

s for permanent and variable actions are

rep

ire the partial factors for permanent and variable actions, respectively.

Kistances
hlue of the resistance, Rq, can be determined by different models:

bre a design value of the vesistance is determined using design values of the mg
jrameters:

R

are

are

I

esignvalues for the geometry;

€sign values for resistance parameters;

(18)

(19)

(20)

terial

(21)

is a partial factor related to the model uncertainty for the resistance model - including possi-

ble uncertainty related to the transformation from laboratory to real structure and bias in the
resistance model.
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Design values for material resistance parameters are determined as

Xq=n—- (22)

m

where

n isthe conversion factor taking into account load duration effects, moisture, temperature, scale
effects, etc.;

Xk is the characteristic value of the resistance parameter generally defined by the 5 % quantile;

Yl is the partial factor for material property.
For gdometrical quantities, the design values agusually correspond to dimensions specified by the designer.

If more than one resistance parameter is used in the resistance model, then designvalues are applied for
each resistance parameter in Formula (21).

The partial factor y;, depends on the uncertainty of the resistance parameter(s) and yr depends on the
uncerftainty of the resistance model, including bias:

Yo
_ 23
TR b (23)

where
yp isa partial factor depending on the model uneertainty.

Mode] 2 where a characteristic value of the resistance is obtained using characteristic yalues of the
material resistance parameters:

_ R Xy,ax) (24)
M

RY

where

YM is a partial factor relatéd to uncertainty of the resistance parameters X through the resistance
function R(X,a).

The tptal uncertainty-6f'the resistance depends on the model uncertainty 6 and the uncertpinty related
to the¢ resistance{parameters X through the resistance function R(X,a). The material gdartial safety
factoys are correspondingly obtained from

Ty AT (25)

where

YR is apartial factor depending on the uncertainty related to the resistance parameters X
through the resistance function R(X,a);

Yo is apartial factor depending on the model uncertainty.
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Model 3 where a design value of the resistance is determined using a characteristic value of the resistance
estimated based on tests:

generally defined by the 5 % quantile);

R
Rd :—k
M
where
Ry
yM ist

ing g

The load par
failure proba

Whereas the

which are se

determined 1

The partial fi

both the ale
failure mode

as upper qug
lower quantife values.

The calibratijon shall be undertaken by choosing the partial factors and load combination values

that when t
the achieved

the entire sg

outlined in d

NOTE Th
partial factor

9.4.3 The

The designv
design equa
reliability as

First Order R

46

e partial factor related to the uncertainty of the resistance obtained based on testsi

(26)

is the characteristic value for the resistance estimated based on tests (see the Annex C) (R is

clud-

tatistical uncertainty.

tial factors and the material partial factors ypn, Yr, and yg should be calibrated-suc
bilities for the relevant failure modes are close to the target reliability level in‘8.4.

representative values in the design equations are determined in term's|of quantile ¥
ected according to convention, the partial factors and the load combination values
by means of calibration.

hctors and the representative values shall be determined such that they take into ad
htory and epistemic uncertainties of relevance for the eonhsidered design situatio
5. Typically, representative values for variables of importance for action effects are sel
ntile values whereas representative values of importance for resistances are selecf

semi-probabilistic safety format is applied-0n a set of structures, the difference bef
probability of failure and the maximum aeceéptable probability of failure is minimize
t of structures. The procedure for the calibration of partial safety factor based co
ptail in Annex E.

e load and resistance factor design_(LFRD) method follows basically the same principles
method.

design value method

hlue method takesbasis in a direct check of the relevant design situations and correspo
ions using design‘values for the basic variable which are determined on the ba
sessments. The.design values can be determined using simplified methods of direct
eliability Methods (FORM) as shown in Annex E.

h that

ralues
an be

count
h and
ected
ed as

such
ween
1l over
des is

as the

nding
sis of
use of
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9.5 Verification in case of cumulative damage

In case of limit states involving a cumulative, non-decreasing damage measure, a reliability verification
shall take place for the last year of the planned service life:

Ry4(X.a,n)>Sy (27)
where
N is the number of years for the planned service life;
Sj tsthe dcoisu vatreoftheextremeactioneffectimthetast ycat basedonthe annual
reliability target;

=3

Using

NOTE
COrrog

4(X,a,n) is the design value of the resistance at the end of the lifetime, based.on thle origi-
nal state, all action effects during the lifetime and the cumulative"damagg. Design
values for X and a can be based on a target reliability related to the servige life.

inspection programs the requirement can be released (see Annex®B):

A cumulative damage measure can, for example, be used to madgel degradation of strugtures (due to
ion, fatigue, etc.).
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Annex A
(informative)

Quality management

A.1 Objectives

The objecti

decision-making process by means of quality management, quality assurance, and quality ‘cg

In general, q
ISO 9000-sey

In general, th

a) meet def

b) satisfyc
c) complyy
d) comply

In case of cd
control is req

A.2 Definjitions

A.2.1 Gen
quality con

General definitions related to quality; guality management, quality assurance, and quality contro

be in accorda

A.2.2 Defi

A.2.2.1 Sampling plah:~A sampling plan is a detailed procedure of how samples should be obf

with respect
needed for t
be obtained.

of this annex is the validation of assumptions made in the risk- and reliabilitys

ality management, quality assurance, and quality control shall be in accordance
ies.

e construction works should

ined requirements, uses, or purposes,

1stomer expectations,

vith applicable standards and specifications, and
vith statutory (and other) requirements of society.

nstruction works at least a minimum basic level of quality management, assurand
juired.

bral definitions related to quality management, quality assurance, and
trol

nce with ISO 9000:2005:
hitions relating-to Annex A
fo qualitycontrol. This can consist of a description of the type of information/measure

he quality control, the sampling time interval, how and by whom this information |}
Sampling plans should be designed in such a way that the resulting data will con

based

ntrol.
o the

e and

shall

ained
ments
nas to
tain a

representati

re sample of the entity or its characteristic of interest

A.2.2.2 Quality level: A qualitative or quantitative degree of quality which is aimed for or achieved.

A.2.2.3 Acceptable quality level (AOQ): The poorestlevel of quality that, for the purpose of compliance
control, is considered satisfactory as a process average.

A.2.2.4 Limiting quality (LQ): The poorest level of quality of a characteristic of an entity that is
considered acceptable to pass the compliance control.

A.2.2.5 Fraction defectives: Percentage of a distribution of a characteristic of an entity beyond a
specified value.
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A.2.2.6 Average outgoing quality (AOQ): Fraction defectives of the unknown distribution of a
characteristic of an entity beyond a specified value multiplied by the corresponding acceptance probability
associated to that distribution when using the applied compliance control.

A.2.2.7 Average outgoing quality limit (AOQL): Maximum allowed value of the average outgoing
quality (corresponding to the maximum average fraction defectives of a characteristic of an entity as a

result of the applied compliance control).

A.3 Quality management

Quali

Also, Jhuman errors, design errors, and execution errors shall be considered as pant ‘of

qualify management system.

Managing design quality implies that the following actions should be taken:
a) evariousreliability aspects of quality are identified (e.g. structural safety, fitness for
durability, aesthetics, cost, etc.).

b) ese aspects are transformed into a set of requirements for quatity (e.g. functional ch
thermal characteristics, structural safety, serviceability and.robustness criteria, de
life, cost, etc.).

e main activities that contribute to obtaining the‘quality are identified (e.g.
imvestigations, conceptual options, design situations, characteristics of actions, char
aterials, level of workmanship, limits of use, principles of maintenance). The variou

the life cycle of the construction works that influence quality are identified. These act

interpreted as the quality loop of the construetion works (see Table A.1).
d) T

Table

he considered activities are controlledby the management of the involved organizat

[A.1 can be considered to be a basis\fer preparing the quality plan.

A.4 |Quality assurance

Quali
requi

'y assurance in order, to” achieve an adequate confidence that the design fulfils {
Fements for qualityimplies that the following actions should be taken:

t

(@]

pnsidered ind@-quality plan (see Table A.1);

pcuments. related to the control of factors that contribute to quality should be d

— d
retainedthroughout the course of the life cycle of construction works.

» and control.

the integral

use, comfort,

aracteristics,
sign working

preliminary
ncteristics of
b activities of
vities can be

ons.

he specified

he main factorsintervening into the fulfilment of the specified requirements for qualjity should be

ompiled and

act: rcaoncktruchtino

f
bl

o agamnnt O
Tama g eI ITacTr OpPTUT oISt ucTior

works

Stages of the life cycle Activities

Conception
works and components

Specification for design and/or service life design

— Specification for suppliers

personnel and organization

— Establishing appropriate levels of performance for construction

Preliminary specifications for execution and maintenance

Choice of intervening parties with appropriate qualifications for

a  Aspects of quality management activities which can result in Bayesian updating of characteristics of

basis of quality control (see A.5.5).

entities on the
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Table A.1 (continued)

Stages of the life cycle Activities

Design — Specification of performance criteria for materials, components,
and assemblies

— Specifications of service life and/or life cycle performances
— Confirming acceptability and achievability of performance
— Specification of test options (prototype, in situ, etc.)

— Specification for materials

Tendering — Revicvviug dcaigu doTuTeTTtS; iududiug peT formmarce
specifications a

— Acceptance of requirements (contractor)

— Acceptance of tender (customer)

Execution angl inspection — Control of procedures and processesa
— Sampling and testing?

— Correction of deficienciesa

— Evaluation, correction and/or ugdating of design assumptipnsa

— Certification of work accordingto compliance tests specifigd in
the design documentationa

Completion of the construction works — Commissioning

and handovey to the customer — Verification of performance of completed building (e.g. by test-

ing under operationalloads)a

Use and mainftenance — Monitoring pérformancea

— Inspectionfor deterioration or distressa
— Investigation of problems2

— ASsseéssment of structural performancea

—~\\Certification of worka

Rehabilitatiof or demolition ~ Establishing appropriate levels of performance for existing]
structures and construction works with respect to rehabilitatipn

— Assessment of necessity of rehabilitation or demolitiona

— Activities for design, tendering, execution, completion, use|and
maintenance similar to above in case of rehabilitationa

NOTE Demolition is outside the scope of this International Stajnd-
ard.

a  Aspects of qudlity management activities which can result in Bayesian updating of characteristics of entities pn the
basis of quality dentrol (see A.5.5).

In case of quality assurance with respect to structural calculations, these should in general typically specify

— design criteria, including discussion and description of the design basis, as well as the
assumptions made,

— list of dead, live, and/or environmental loads,
— specifications for materials used,
— geotechnical information (if relevant), and

— drawings as-built for structural elements.
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Considering the relevance according to a simplified sensitivity analysis, an advanced structural
reliability calculation with respect to load-structure interactions can include the following:

Vertical load analysis and design of roof structures, floor structures, frames or trusses, columns,

walls, and foundations.
Lateral load analysis and design for seismic and wind action.

Dynamic analysis.

In case of the use of software tools, the user should know the principles underlying the software in order
to produce meaningful calculation results. A sound engineering judgment is needed for deciding which
featufes should be accurately modelled or simplified. soltware calculations snould be _eq
tailored safety philosophy. Structural reliability calculations using simplified structural o
be used as a control.

In cage lack of quality of specific quality management activities has a disproportionate
strucfural robustness, quality assurance and control of these specific activitiés or strug
shall |be intensified. Risk-based methods can be used to indicate the @ctivities whersg
disprpportionate effect of lack of quality might endanger structural robGstness.

For structures for which the consequences of failure and damage ate high, i.e. Conseque
defingd in Annex F, a Structural Certificate shall be issued. It is thé‘responsibility of the ow
certifficate is established, safely kept, and regularly updated.

The Structural Certificate shall be issued at the time whén.the structures is handed oven
and shall include the following information:

Owner-specified requirements to the geometry;materials, use, and performance of th

eferences to the documentation for the design and construction of the structure, w
oh risk, reliability or semi-probabilistic approaches.

ocumentation of assumptions with respect to strategies and procedures for cond
imspection, maintenance, and repair.

ocumentation of the quality control undertaken concerning materials production
cpnstruction.

ocumentation of thestructure “as-built” — commissioning — together with an a
plssible non-conformities and how these have been treated.

ocumentation-on performed condition control, inspections, and maintenance, as wi
apd other,madifications.

ocumentation of evacuation plans and other loss reduction activities for relevant type
apd-incidents.

hbedded in a
odels should

effect on the
tural details
b a potential

hce Class 3-5
rner that this

to its owner

P structure.

hether based

tion control,

design, and

ssessment of

b1l as repairs

5 of accidents

Documentation on a running “fit for purpose” assessment which is updated after each
performed condition control activity.

A.5 Quality control

A.5.1 General

Applying quality control implies that the following actions should be taken:

Collection of information.
Judgement based on this information.

Decision based on the judgement.
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A.5.2 Control procedure

Regarding the control procedure within manufacturing and construction, a distinction can be made

between the

a produc

following:

tion process and to guarantee an acceptable result;

Production control, which is control of a production process; the purpose of this control is to steer

— Conformity control, which is control during or after the construction process or of the result of a
production process; the purpose of this control is to ensure that the result of a production process
conforms to the given specification.

NOTE In
construction

As both con
conformity ¢

The control procedure, as well as possible non-conformity actions, should be specified in advance,

A.5.3 Cont
Control can k
rules imply t
they are qua

With respect

Control |
‘not accd

— Control |
A statistical
batching
samplin
testing t
statistic
decision

A batch shoy
to the propel
executed acc

lLcase of construction works, conformity control is often best performed before or duri

rocess, e.g. in case of placement of reinforcement.

ontrol should in general also be differentiated.

rol criteria and acceptance rules

e total or statistical. If the control is total, every produced unif is inspected. The accep
hat a unit is judged as being good (accepted) or bad (not accepted). Normally, the crite
htitative, refer to given tolerances.

to compliance control, a distinction can be made hetween the following:

by attributes, when a unit is in a state of ‘goodar ‘bad’ and the decision yields ‘accept
pted’.

by variables, when a unit can be evaluated according to a scale of measurement.
control procedure generally consists-of the following parts:

the products;

b within each batch;

he samples;

1] judgement of-the results;

regarding acceptance.

ld be sueh that it can be regarded as homogeneous (both in space and time) with r|
ties which are the subject of the control. Batching and sampling of the products shot

ng the

[rol procedures have different objectives, methods for performing either productjon or

tance
bria, if

ed’ or

egard
hld be
made

ptding to a specified sampling plan. The judgement of the results should normally be

with regard

(0 elther

a given level of confidence and/or a given interval of confidence,

a specified performance of the operating characteristic associated to the compliance control, either

in terms of acceptance probabilities at the acceptable quality level (AQL) and limiting quality (LQ)
or in terms of a specified value of the average outgoing quality limit (AOQL), and

by apply

ing Bayesian techniques.

In case of control by attributes, the acceptance rules are specified as an acceptable number of defectives
c in a random test sample of size n. In case of control by variables, it is verified whether a compliance
function consisting of one or more test statistics based on nrandom test samples lies within an acceptable
region. The acceptable region can consist out of one or more boundaries.
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A.5.4 Control process

Distinction can be made between the following different control steps, depending on the person or
organization supervising the control:

— individual self-checking;
— internal control;
— acceptance control handled by the project management;

— independent external party control of design and/or execution;

— cpntrol and supervision by the client’s organization.

The dhoice of the required control steps mentioned shall depend on the required |quality inspection
level, which can depend on a quality level differentiation (see A.6).

Therd often exists an additional control, such as that initiated and executed by the public quthority and
based on building laws and/or codes.

Intermal control is executed in the same office, factory, or workshop where the work whicl is the object
of the control is carried out. However, the work and the control aré executed by separate bodies.

If a cantrol process consists of several steps, it is important for‘thé final result that the actiyities of these
steps|as far as possible, are mutually independent, in a statistical sense; otherwise, the effjciency of the
contrpl will decrease.

In malny cases, it is necessary to set up a control plan which is part of the quality plan accopding to A.4.

A.5.5 Filtering effects of quality control

In general, quality control of an entity hasa favourable effect on its characteristics due to the fact that
the eyistence of quality requirements (such'as quality management, production, and compliance control)
compgEls one to deliver high-quality products. This favourable filtering effect has an influence on the
unceiftainty representation (Clause 6), probability-based decision making (Clause 7), a)jd structural
robugtness assessment (Annex-K).'Hence, the beneficial effect of quality control might bg included in
risk-Hased approaches.

One or more aspects of the,quality control, i.e. quality management, quality assurance, or quality control
(eithgr by productionCeontrol or compliance control), can be taken into account in the uncertainty
repregentation by ifsing Bayesian techniques. In case of conformity control, operating characteristics
can bg considered<as a likelihood function in case of Bayesian updating. In the latter casg, updating of
the parameterSor the hyperparameters of probabilistic models can be calculated as follows:

f (ﬂ)_JfPu(ﬂ)fg(ﬂ) i (A1)

with favector with parameters or hyper-parameters of a probabilistic model of the statistical population
to be updated, f5(B) and f§(B) the prior resp. posterior distribution function of the vector g, and

Pq(B) the operating characteristic of the conformity control, i.e. the probability of acceptance of a
population characterized by a probabilistic model with parameters or hyperparameters .

A tentative indication of the quality management activities, for which such a Bayesian updating of
characteristics of entities might be considered, is indicated in Table A.1.

In case the quality control is taken into account in the uncertainty representation and/or probability-based
decision making, it should however always be ensured that the quality control will be adequately executed.

In case of the application of new materials or construction methods, intensified quality control together
with a quantification of its influence on risk-based or reliability-based methods can justify a risk-based
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or reliability-based design when incorporating material and model uncertainties. In case of lack of prior
information, vague priors or low-informative expert judgment based priors can be used in the above-
mentioned Bayesian approach.

A.6 Quality level differentiation

Three possible quality levels (QL) are shown in Table A.2. The quality levels can be linked to the
quality management, quality assurance, and quality control measures described in A.3, A.4, and A.5,
respectively. All three components (quality management, quality assurance, and quality control) should
be considered together when assigning a quality level.

The quality level differentiation can directly be linked to the consequence classes described in.}
such, they caln directly be related to a differentiation in structural applications.

NOTE This quality level differentiation can also be related to a differentiation in reliability, index

1. As

which

takes accountfof accepted or assumed statistical variability in action effects, resistances, and model uncertainties.

In case of byildings, engineering works and engineering systems where high censequence for |
human life ofr economic, social, or environmental consequences are involved, €hat is, public bui
where consdquences of failure are high (e.g. a concert hall, grandstand, high-rise building, c
bearing elenjents, etc.), a quality level QL3 has to be applied. The choice of the’required quality lev

be based on feliability-based methods.

Table A.2 — Quality levels (QL)

bss of
dings
ritical
el can

Quality Leyel
Qu

Consequence class
(see Annex F)

Description

Control organism for specification
requirements and checking

QL1

1-2

Basic quality level

Self-control: specification of requirement]
quality management, assurance, and conf
as well as the checking performed by the
person who has prepared the stage of the
cycle involved.

s for
rol,

life

QL2

Increased quality level

Specification of requirements for quality
management, assurance, and control, as y
as the systematic checking performed by

self-control, as well as by different persois

than those who prepared the stage of the
cycle involved and in accordance with thg
procedure of the organization.

Increased effort with respect to supervis
and inspection during the construction o
structural key elements.

vell

life

jon
f the

QL3

4-5

Extensive quality level
associated to extended

Besides self-control and systematic contr
independent party control shall also be e

ol,
ke-

IIITasurccs lcUl qua}lt_y
management, inspec-
tion, and control

add £3 4o £ H ot
cuticu. DPULlllLdLlUll Ul'l Cblblll CIHITIILS TUT' Y

ity management, assurance, and control, as

well as the checking performed by an org

zation different from that which has prepared

the stage of the life cycle involved.

Intensive supervision and inspection dur

construction of the structural main bear-

ing system by well-qualified people with

expert knowledge (e.g. with respect to design

and/or execution of structures).

ual-

ani-

ing

an
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Annex B
(informative)

Lifetime management of structural integrity

B.1 Introduction

Strucfural integrity management (SIM) is a continuous lifetime process which should engure, with an
apprdpriate degree of reliability that a structure satisfies the aims and objectives specified in 4.2.1 over
its enfire working life, from construction to demolition. The process is essential sinee.even ff a structure
has been designed and constructed according to the above aims and objective§)there is flo guarantee
that it will continue to fulfil them in the future.

Integrity of a structure can be impaired with time by degradation and damage caused by valrious actions
and epvironmental influences, its use and/or loading can be changed, of its service life :Light need to
be extended beyond the design working life. In addition, there can belerrors in design and ¢onstruction.
Undey such circumstances, inspections and maintenance are esseftial for detecting unexpected flaws,
damalge, and degradation. They are to be followed by an apprgpriate evaluation and possjble repair or
upgrdding which help the structure to maintain its integrity. The necessity to carry out|such actions
over flhe service life of the structure should be taken into account during its design and construction.

NOTE The terminspectionsinclude anyactivity aiming té.collectinformation aboutthe performange of structures
over their service life and thus also should be understood to‘include what is commonly referred to as mjonitoring.

In the¢ following, a generic SIM process will be described in the context of a risk/relipbility-based
apprdach. The main phases of the process such’as data collection, evaluation, development pf inspection
stratggy and programme will be consideried. Special attention will be paid to updating pf structural
relialfility assessment using new inspgction data.

B.2 [Main phases of structural integrity management process
A SIM process includes the following phases (ISO 19902):

— Dlata collection, i-particular by inspection.

valuation of data followed, if necessary, by structural assessment and remedial actiops.

E
— Development of inspection strategy.
D

evelopment of a detailed inspection program.

The phases of the process are shown in Figure B.1 and considered in more detail further in the annex.
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Figure B.1 — Phases of a structural integrity management process

rrow in Figure B.1, which goes back from a SIM process to design and construétion, sti
1ce of planning this process during the design of a structure. This includes ident
of the structure, which are critical for its integrity and can be damaged ahd/or deter
ce life. The design should ensure that there is a reasonably easy aceess’to such compqg
ection and maintenance. It should also be considered that such coniponents might ng
r replaced over the structure service life. Thus, as far as it practicable, the design g
ming these actions with relative ease. If it becomes clear duting initial planning of th
the above conditions are not met changes might need tode'made in the original desig

rollection

hta on the structure are essential for a SIM progess. The data should include informat
original design, construction, inspections;structural assessments, modifications, ch

n, stress, deflection, vibration, temperature, pressure, etc. can be collected continy
itoring. Monitoring can be economically justified on the basis of the cost-benefit an|
ire with and without monitoring.)All the collected data should be stored by the ow
bughout the entire service life of.the structure and transferred to a new owner if the c
takes place.

ation and structural assessment

evaluation

formation,en the structure becomes available, all relevant data need to be evaluated
heeringjudgementand then, if found necessary, more detailed analysisin order to dete
cturalassessment or updating the inspection strategy is needed. Note that decision

esses
fying
orate
nents
ped to
hould
e SIM
.

on on
anges

bthening, repairs, and accidents. In some cases, information about structural paranjeters

ously
alysis
her or
hange

using
‘mine
about
Ctural

inspection strategy can be made without detailed structural assessment, while stru

assessmentr

An assessme

15bE ot o o gaeilz] o aaand ot ol o o oo fioan obodb ooy
TSI OTTIICCESSarly ieat toaptatirg trrC TS pPpettTIoOIT ST atCyy-

nt of a structure is usually required when either

a) purpose/use of the structure has changed compared to the original design or previous assessment, or

b) properties of the structure have deviated from those adopted in the original design or previous
assessment.

Situations when the purpose/use of the structure has changed include

increase

extensio

56

in loading/actions,

change in use,

n of the structure life beyond its design working life, and
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— increase in the target reliability level due to increased importance of the structure to society.

Situations when properties of the structure have deviated include

Carryfing out a structural assessment can require collection of more data by further.inspe

It can
is evidence that a degradation process takes place but no associated dariage has yet be
envirpnmental conditions have changed, similar structures have exhibited unsatisfactory performance, etc.

B.4.2

An asgessment should determine whether a structure fits inténded purposes through the
indic3tors listed in 4.1 of the standard or remedial measures are needed. In the assessm
events, vulnerability and robustness of the structure are considered in line with 4.2.2, i.g
way 4
desig

In depign, uncertainties arise from the prediction a priori of load and resistance par
struc
population of structures caused mainly byithe differing quality of materials and construct
and vpriability of site-specific loads. They-are assessed based on given specifications for m
and donstruction of the structure aleng with generic data on statistical characteristic
envirpnmental parameters.

In asgessment, an existing strgcture can be inspected/tested so thatload, resistance, and ey
pararheters can be measured on-site. However, this does not mean that the uncertai
comp,
esse
only
indication of a certain condition is related to the real condition. For this purpose, the c
Probgbility of Detection (PoD) is very useful. PoD provides a quantification of the quality
meth

Uncepftainties associated with in-service inspection/testing include

design error,

defects or damage of the structure during construction,
degradation of the structure (e.g. due to corrosion, fatigue, etc.),
structure has been damaged by an accidental event or overload,

odification of the structure and

@)

hange in design requirements due to revision of design codes.

be decided without an assessment that updating the inspection strategyjis’needed wh

Structural assessment

s in structural design. However, there is a fundamental difference between the ass
h situations with regard to uncertainties.

fure, which does not exist at that time("These uncertainties represent the variabil

etely resolved because of uncertainties associated with in-service inspection/
rIial to remembet-that inspection methods have a limited resolution. Thus, inspectio
e considered,ag indicators of the real condition of a structure. The issue is to whig

pds thraugh the probability of detection of a defect of a given size or extent.[1]

‘tion.

len, e.g. there
en observed,

performance
PNt exposure
. in the same
essment and

hmeters of a
ty of a large
ion practices
hnufacturing
of loads and

vironmental
nties can be
festing. It is
n results can
h degree the
bncept of the
pf inspection

measurement error,

inherent variability of a measured parameter,

model uncertainty when a parameter of interest cannot be measured directly so that a relationship

between it and the corresponding measured parameter is needed, and

statistical uncertainty due to a limited number of measurements.

Uncertainties associated with inspection should be taken into account in a structural assessment. This
can be done by the use of probabilistic methods either explicitly in reliability analysis or for updating
the characteristic and design values of basic variables. Because of different nature of uncertainties
associated with the design and assessment situations, applicability of the characteristic values of basic
variables and the partial safety factors from design codes shall be carefully investigated.
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A conservative design does not usually lead to a significant increase in structural cost, while a
conservative assessment can result in unnecessary and costly repairs or replacement. Thus, in order to
reduce the model uncertainty, more refined structural models (e.g. finite element models) compared to

those in design codes can be used for the assessment of existing structures.

The process of collecting information, assessing structural performance through analysis and devising
repair and strengthening activities is a decision process which aims to identify the most effective
investigations and modifications required to satisfy new requirements to the use of the structure and/or
to remove any doubts regarding its current condition and future performance. It is important that this
process is optimized with due consideration of the total service life costs of the structure.

e B.2

A generic assessment process can be organized in accordance to the flowchart shown in Figu

(ISO 13822:2

010, Annex B). Further information on structural assessment can be found in ISO 13822.

|_(

—S3

I Requests / Needs

l

I Specification of the assessment objectives ‘

| Scenarios |
|

Preliminary assessment

o Study of documents and other evidence

o Preliminary inspection

® Preliminary check

® Decisions on immediate actions

® Recommendations for detailed assessment

Detailed assessment ?

Yes

o Detailed document search and review
o Detailed inspection and material testing
 Determination of actions

o Determination of properties of the structure
o Structural analysis
» Verification

Reporting results of assessment |

|

[ Judgement and decision |

}—

# Periodical inspection
» Maintenance

Intervention

Construction

o

58

#Rehabilitation —['Repair

eDemolition

*Upgrading

o Monitoring
¢ Change in use

|

Figure B.2 — Flowchart for a generic assessment process
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B.4.3 Updating information

Updating information on properties of a structure is an essential part of an assessment. Two
complementary approaches to updating can be considered:

a)

b)

Efficiency of such updating depends on how closely the measured paranieter is related to f

To illystrate updating in the second case consider a basic variable X whose probability den
depenpds on a set of parameters 0 (e.g. mean and standard deviation). Denote a prior distril
f(0). This distribution is based on information available on @-before an in-service inspect

be noted that even if the prior information is rather poor, it is\very important to take it into
could|reduce significantly uncertainty on ¢ and, subsequently, on X. Assume that x'=(x1, X

vectol, which includes results of n measurements made*during the in-service inspection.
Bayeq theorem, the posterior distribution fg(8) ofw is then

Checking performance of the whole structure (or its structural elements) by proof-load
using information about its past performance.

Collecting data about individual basic variables by conducting in-service inspectio

testing or by

ns. Updating

previously available uncertain information using new inspection data are usually done by a
Bayesian method. Updating can be carried out using either a single observation — event updating

or multiple observations — distribution updating. In the first case, a parameter control
i§ measured. If the corresponding observation of the safety margin H [= g(X)], is great
the updated probability of failure is then:

p[g(X)SOmH>O}
p[H>0]

pf :p[g(X)£O|H>O]:

ling “failure”
er than zero,

(B.1)

ailure.

sity function
bution of @ as
ion. It should

account as it
2,..,xn)T isa
According to

, L 9|x’ fo(0)
f4(0)= ©k) (B.2)
[, 01)(0) a0

wher¢

Ji (9| x') is a likelihood function, which is proportional to the conditional probabilities

fX\H (x; |0), ({s1,2,..n) of making the measurements as
n
L(6| x')ochXIG(xi 0) (B.3)
i=1

The fpllowing predictive distribution of X is then used to estimate the updated probability|of failure.

)= Fr0 (x10) 15 (8)do (B4)

Proof'load testing can be used to verify the resistance of an existing structure (or its components). The
observation that a structure has survived a proof load test indicates only that the minimum resistance
of the structure is greater than the applied load effect — it does not reveal the actual resistance of the
structure, nor does it provide a meaningful measure of structural safety. However, results of proof load
testing can be analysed using a probabilistic (or reliability) approach. If a structure has survived a
known proofload then the original cumulative distribution function, Fp(r), of the structure resistance
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is simply truncated at this known load effect, QPL, so that the updated distribution function of the
resistance, Fg(r), is given by

v Fr'(r)-Fg'(Qpy)
FR(r) ==

~Fg'(QpL)
Satisfactory structural performance during T years in service means that the structural resistance is

greater than the maximum load effect over this period of time. The updated distribution function of
structural resistance at time T is then given by

(B.5)

AW IRTAY!
JIQ \l}jR \I}Ml
Fg(r)=14 (B.6)
T '
J Fy (r)fR (r)dr
d
where
T s the cumulative distribution of the maximum load effect over T years;
Q
fr(r) Is the probability density function of the resistance prior to loading.

B.5 Inspection strategy

It is highly dg
during its de
conditions. I

bsirable that in-service structural inspection strategy be initially developed for a strycture
ign based on generic data for similar structures under similar loading and environnjental
hformation obtained by modelling the effects of potential degradation processes over the

design worki
regarding th

The ability df different inspection methods (visual and NDE) to detect damages and defects de

on the natun
defects, it is
method, and

ng life of the structure can also be used. It is important to optimize the inspection sch
b life cycle cost of the structure.

e of the latter. Whenever ,ifiis possible to identify possible causes of damage or pot
hlso possible to devise appropriate inspection strategies, i.e. where to inspect, with
how often. However, it is"also essential to schedule periodic inspections to detect po

edule

bends
ential
Wwhich
ssible

unforeseen (¢
important at|
themselves. |
the completi
due to accidg
report. In su

r simply unknown_pheénomena which can damage structural integrity. This is espsg
the beginning ofthe structure life when errors made in design and construction can feveal
n this contexta baseline inspection to determine the initial condition of the structurg after
bn of construction is needed. In later stages, such phenomena could be related to damages
nts. An unhscheduled inspection might be needed after an accident based on the ac¢ident
*h cases;a’'visual inspection covering the total extent of the structure is usually useful.

cially

The inspectipn strategy should be periodically updated throughout the service life ofa structure, upually
through amendn : - retother
data or information relevant to the SIM process Inspectlon frequency and extent should be ]ust1f1ed by
cost-benefit analysis.

Risk-based inspection (RBI) planning can be used to optimize inspection strategy. The methodology
takes into account risks associated with failures of components of a structure and usually involves the
use of probabilistic models of structural deterioration and inspections, which are combined via Bayesian
updating. The optimization is based on minimising the total expected cost over the service life of the
structure, which includes the costs of the structure failure, inspections, and repair, while acceptable
probabilities of failure serve as constraints.[17]

An inspection by itself obviously does not improve integrity of a structure. Thus, it is essential along
with inspection strategy to develop plans for the structure maintenance, repair, and/or replacement,
which are informed by inspection outcomes. A comprehensive strategy, which includes inspections,
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maintenance, and repair actions, can be developed by minimising the life cycle cost of a structure.[3]
Figure B.3 illustrates the implementation of SIM over the lifetime of a structure under different scenarios.

Events and actions during the service life
Periodic inspections (original strategy)
Periodic inspections (updated strategies)
Unscheduled inspection

Changein use

[}
o
A
@ Damaged due to unforeseen excessive

external load

Symptoms of degradation found by
inspection Passible life

Design service life extensfon

Design & Decommissionipg

construction

no

Ot

[
(=]
o

Q

Figure B.3 — Events and actions associated with SIM over the lifetime of a strycture

B.6 |Inspection programme

The ipspection programme is the detailedtscope of work developed from the inspection §trategy. The
programme requires schedules, budgets; personnel profiles, and other procedures, in pprticular the
selection of appropriate inspections.methods and procedures, before it can be implemented.

© IS0 2015 - All rights reserved 61


https://standardsiso.com/api/?name=3d7ff42323027594e87286efe72fbd04

ISO 2394:2015(E)

Annex C
(informative)

Design based on observations and experimental models

C.1 Overview

Design based
values of loa
The method
results consi

The scope of]

theoreti

the actu

states cH

Derivati

This annex dpes not cover non-destructive testing, guality control tests for specific materials (e.g

some furthe

made to Annex A.

C.2 Gene

In order to e
preliminary
element. Fur

Tested units §
to be producg

The test pro
phenomenay

Cases which cannot be treated by the information given in the Codes of Praetice because ade

Cases which are so particular that the data commonly applied for calculation do not reflect prq

Cases when the existing design formulae seem to lead to very conservative results and a direc

on experimental models (or, in short, design by testing) is a method for establishingd
 parameters and/or resistance properties for defined structural elements and mat
described in this annex is, to a large extent, based on a statistical evaluatien/of th
stent with the concept of probabilistic design and partial factor design.

application covers the following:

ral models or data are lacking.

il circumstances (e.g. due to a particular production method).

eck is expected to bring about a more economical*solution.

bn of new design formulae.

- elaborations and/or restrictions might be appropriate. For quality control, refere

ral considerations

stablish a relevant test arrangement, the experiments should be preceded by a quali
analysis to find out'zones or circumstances which might be critical for the consi
thermore, an unambiguous definition of the limit state under consideration should be

hould preferably be produced in the same size and by the same technology as those of the
d and builtsiraccording to the testing and in relevant situations randomly chosen for te

redure shall not be restricted to recording only the final values. Attention is to be p

esign
prials.
e test

quate

perly

r limit

soil);
nce is

tative
dered
iven.

units
sting.

aid to

vhich occur when the considered limitstate is exceeded, to theaccompanying circumst

and to the m

pchanism of this limit state, as well as to the boundary conditions (e.g. to what exten|

hinces,
[t they

differ from those expected in the actual structure, to the loading conditions, etc.).

Circumstances which occur when the considered limit state is exceeded, particularly the failure mode
which was decisive for failure, might not always be evident. Development of the test program and
evaluation of the obtained test results require appropriate theoretical knowledge, experience in testing,
and engineering judgment.

The methods used for deriving design values from the tests should take into account the (generally)
limited number of tests. The evaluation can be made on the basis of a pre-existing analysis model (see
C.6) or, in the absence of such a model, by direct evaluation (see C.5). In addition to these statistical
considerations, it should be noted that the general theories of structural behaviour and the set of
commonly accepted design rules remain valid during design by testing.
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Conclusions derived from a particular investigation refer to the properties and/or production technology
associated with the scope of that investigation. Extensions of the conclusions require news tests, unless
and expansion of the obtained results to other element classes is possible, based on theoretical analysis.

C.3 Consideration of differences between reality and testing conditions

The conditions during testing can differ from the conditions for the intended structure in its actual
environment. Such differences should be accounted for by suitably determined conversion or
modification factors.

The conversion factor n should be established by experimental or theoretical analysis based on a general

struc

Influe

Workmanship conditions, for instance production according+to laboratory conditions inst

fural theory and/or on experience. Some degree of arbitrariness is usually unavoidalj
nces accounted for by n could include the following:
S|ze effects.

Tlime effects (normally tests are performed under short-term loading; whereas the |
cppacity and deflections of many materials depend on long-term efféets).

Boundary conditions of the tested units (free or fixed, etc.).

Humidity conditions influencing the material properties.

le.

bad-carrying

ead of actual

condifions, can influence structural properties considerably (e.g. properties of joints 1n assembled

struc
from

C4

Prior
The plan should consider the objective/of the test and all specifications necessary for the
prodty
test pllan shall deal with the following items.

a)
b)

f)

fures). If these effects are considered to be essefitial, corrections should be made
hctual production quality should be used.
Planning

Lo the execution of tests, a test planshould be drawn up by the designer and the testing

ction of the test specimens, the execution of the tests, and the test evaluation. In p

Stope of information yequired form the tests (e.g. required parameters and range of v

Description of all properties and conditions which caninfluence the behaviouratthe lim
cpnsideration (€.g.geometrical parameters and their tolerances, material properties
imfluenced hyfabrication and erection procedures, scale effects, environmental condit

odes offailure and/or analysis models with the appropriate variables.

r specimens

brganization.
selection or
hrticular, the

hlidity).

itstate under
parameters
ions).

out prior to

M
M
t

material pr

h] influences,

Specifications of the properties of the specimen (e.g. specification for dimensions, material and

fabrication of prototypes, sampling procedures, restraints).
The number of the specimen and the sampling procedure.

NOTE 1

If an analysis model is available and the values of all random variables are measured, the sampling

procedure is not relevant. In all other cases, one should ensure that the test specimens are selected from a
representative sample. It might be necessary to account for populations from different producers (e.g. by the

use of weighting factors).
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g)

h)

NOTE 2 A design-point oriented sample is recommended if samples are small and/or when the failure
mode can change as a function of the basic variables. In general, this is strongly recommended for geometrical
imperfections. For strength parameters, this concept needs to be assessed with care. For instance, there
might be a difference between a poor sample of concrete grade 30 and an average sample of concrete grade
20, even if both have the same compressive strength.

Specifications about the loading and environmental conditions in the test (e.g.loading points, loading
pathsin time and space, temperatures, loading by deformation or force control). Loading paths shall
be selected in such a way that they are representative of the anticipated scope of application of the
structural member, that they account for possible unfavourable paths, and/or that they account for
those paths which are considered in the analysis of comparable cases.

NOTE 3
systemat
other par

aried
of the
opted.

Where structural properties are conditional on one or several effects of actions which are not
cally, then these effects should be specified by their design values. When they are independént
hmeters of the loading path, design values related to estimated load combination values cah be ad

Testing 4rrangements (including measures to ensure sufficient strength and stiffness’of the lo
and supporting rigs and clearance for deflections, etc.).

ading

Observa
velocitie
measurd

Fion points and methods for observation and recording (e.g. time histories of displacements,
5, accelerations, strains, forces and pressures, required frequency and accurdcy of
ments and measuring devices).

C.5 Diredt evaluation of the test results

C.5.1 General

In this annes

directly eval

by a single qyiantity and that the failure mechanism under consideration is the critical one for all 1

If the results

update a pre
in C.5.3. If th

C.5.2 Part

The design v|

Rd=77d{

where
mpg is th
SR isth
tyd isth
is th

n

nq isth

, it is assumed that the resistance of a structural element or the strength of a mate
hated from the test. Itis further assumed thatthe strength of a specimen can be repres

are used in connection with a probabilistic design method, the test data can be uj
lefined prior distribution on thestatistical parameters of the resistance. Guidance is
e partial factor format is used, the method of C.5.2 can be applied.

jal factor design

hlue to be used in partial factor methods should be estimated from:

mR _tVdSR1’1+%}

rial is
ented
ests.

ed to
given

(€.1)

F sample mean value;

e sample standard deviation;
e coefficient of the student distribution (Table C.1);
e number of tests;

e design value of the conversion factor.

Values for t,q follow from Table C.1, where v=n -1, g = agfs, where fBis the target reliability index and aq the
design value for the FORM (First Order Reliability Method) influence coefficient. Without further indication,
one should use aq = 0,8 if the uncertainty of R is dominating and a4 = 0,3 otherwise (see E.5.2 and E.5.3).
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For use within the partial factor method, two ways are possible.

a) The characteristic value Ry is defined, using the same Formula (C.1), but with S = 1,64; the partial
factor follows from y, = Rx/Rq.
b) The ym value normally used for the type of material and failure mode is used; in this way, the

characteristic value Ry is defined as Rk = ymRk; note that in this case, Rk can have probability of
exceeding the limit value different from 0,95.

Which method is chosen is a matter of presentation only. In both cases, the same design value is used in

the verification procedure.

Form
the st
samp
other]

113 (C.1J 1S based on a normal distribution for R and a non-informative prior distri
andard deviation and the mean. If the standard deviation is known in advance, onec
e standard deviation by the distribution standard deviation and take v = co. Eer.the
types of prior information, the equations given in C.5.3 can be used.

The nprmal distribution can be regarded as arelatively conservative distributipn’ Other mo
distributions like Lognormal or Weibull should only be used if there is evidence from man

NOTE For many conventional building materials, this evidence can be considered as being pre

The H
quant
of the
achie
speci
to put

ayesian method as presented here is sensitive to the obsetrved standard deviatig
ity is not known in advance. It might be advisable to eliminate excessively small and
posterior standard deviation in order to avoid unsafe-or uneconomic results. One po
Ve this is by choosing a proper prior distribution for the standard deviation, even in t
ic information. The mere fact that an engineer comsiders some technical solution feg
it to the test can be used as an argument. In C.5.3, more information on this procedy

Table C.1\> Values of t,4

tion for both
n replace the
brocessing of

re favourable
y tests.

sent

n, og, if this
large values
ssible way to
he absence of
sible enough
re is given.

Degrees of freedom, v
Pr @(-PR) 1 2 3 5 7 10 20 30 o
1,28 0,10 3,08 1,89 1,64 1,48 1,42 1,37 1,33 1,31 1,28
1,65 0,05 6,31 2,92 2,35 2,02 1,89 1,81 1,72 1,70 1,64
2,83 0,01 31,8 6,97 4,54 3,37 3,00 2,76 2,53 2,46 2,33
2,58 0,005 63,7 9,93 5,84 4,03 3,50 3,17 2,84 2,75 2,58
3,08 0,001 318 22,33 | 10,21 5,89 4,78 4,14 3,55 ,38 3,09
NOTE| Ifogisknown, v=co should be used.
Example 1 Consider a sample of n = 3 test pieces, having a sample mean m equal to 100 kN|and a sample
standard-deviation Sg equal to 15 kN. The 5 % characteristic value is given by (v = 2):

—

Ry =mp—2,92 sR\/1+% =mp—3,37 Spx15=49,5kN

NOTE
same.

C.5.3 Evaluation using full probabilistic methods

The classical method would lead to: Rk = mg - 3,15 Sp = 52,8 kN (see Table C.1). The result is almost the

In a full probabilistic treatment, the first step is the establishment of a so-called prior distribution
function for the unknown distribution parameters of the resistance, R. Such a distribution should reflect
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all the available prior information about these parameters. Given this prior distribution and given the
statistical test data, a posterior distribution can be derived from:

f'(@)=CxL(X|q) f'(q)

where

f'(q)
f(q)

is the posterior distribution of q;

is the prior distribution of q;

L(X|q)

C

Then, the up
frr)=]

where

fr(rla)

fr(r)

This distriby
also possible]

We shall furt]
parameters {

f'(u,0)4

where

o(n'

is the likelihood function for the parameters q given the observations X ;

is the vector of distribution parameters (e.g. mean and standard deviation);
is the normalizing constant.

Hated distribution of R itself, given the prior information and the test data, is given by

fr(R|a)f"(q)dq

is the distribution of R for given values of q:

is the updated distribution of R.

tion for R can directly be used in-a(probabilistic design procedure (Clauses 7 and 8
to derive design values (Clause 9),on the basis of Formula (C.3).

her consider the case that Rthas a normal distribution. The parameter vector of distril
hen contains the mean yand the standard deviation o. Let the prior distribution be giv

kG —(v’+6(n')+1) eXp(— 1 > (VI(S!)Z + n/(u! _ ml)2 ))
20

=0 forn'=0

&1 forn' >0

(€.2)

(C.3)

Ltis

ution
en by:

(C.4)

o(n'

Thisspecial choiceallowsafurtheranalyticaltreatmentoftheintegrals. The priordistribution, Formula (C.4),
contains four parameters: m’, n, s’, and v’. The meaning of these parameters is explained below.

The parameters s”and v’ characterize the prior information about the standard deviation. The expectation
and the coefficient of variation of the standard deviation o can asymptotically (for large v’) be expressed as:

E(oc)=s'

66
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1
2v'

(C.6)

The prior information about the mean is characterized by m’, n’,and s”. The expectation and the coefficient

of var

iation of the mean y can asymptotically (for large values of v’) be expressed as:

E(u)=m’

V()=

!

S

m’\/ﬁ

(€7)

(€.8)

Itisa
the m

%)

v

The information about the mean requires two additional parameters:

n

n

In oth
choic

Also note that for a test, we normally have v =n - 1, but that the prior parameters n’and v’ g

indep

NOTE
resulf
the n
corre

NOTE
mean
variat]
based
less in
avoid

Using
result

so possible to interpret the prior information as the result of hypothetical prior tests
ean and one for the standard deviation. In that case, we have for the standard deviat

Hypothetical sample value;

Hypothetical number of degrees of freedom for s’;

" Hypothetical sample average;
Hypothetical number of observations for m’.

er words, m’and s’ represent the best estimates for the’mean and standard deviation.
e of n” and v, the uncertainty with respect to the estimates can be expressed.

endently from each other.

1 Ifvery little information is availablésn’ and v’ should be chosen equal to zero. In that
s will be equal to those of C.5.2. If past-experience leads to an almost deterministic kng
ean and standard deviation, n’,and”’v’ could be given relatively higher values, for
ponding toV(c)=0,10 or V(u)=0,14s"/m’".

2 In many cases, it seems-teasonable to assume that there is very little or no prior infor
(so n’ = 0), but that it is pgssible to obtain a fairly good estimate of ¢’. As an example, let thg
jon of o be in the order pf.30%, which, according to Formula (C.6), corresponds to v’=5. Such
on the result of many previous test samples, showing considerable variability in the mean by
the standard deviation. For concrete cubes, this is very close to reality. When this option i
Lhe situation bycWwhich small samples lead to very uneconomical or very unsafe results.

Formula (€:2), one can combine the prior information characterized by Formula (C
of n observations with sample mean m and sample standard deviations s. The result

dist
but

ri
WFth parameters given by the following updating rules:

ution-for the unknown mean and standard deviation of R, which is again given by F

eries, one for
on:

Through the

an be chosen

rase, the final
wledge about
instance 50,

mation on the

coefficient of
h model can be
t significantly
s selected, we

4) and a test
s a posterior
prmula (C.4),

n”

V”

m

(v"(s”)2 + n”(m”)z) = (v'(s')2 + n’(m)2 )+ vs? +nm

=n'+n
=v'+v+6(n')
"n'=n'm +nm

2

where v=n-1; §(n')=0 for n'=0 and 6(n")=1 otherwise.
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Using Formula (C.2), the predictive value of R can be found from:

R=m"-t

1
8" /(1 +—)
n

(C.13)

Here t,~ has a central t-distribution; values of t,~ for given probabilities of exceeding the limits are given
in Table C.1. Modifications for lognormal distributions of R are straightforward.

Example 2

Consider one more example 1, but assume previous test series have shown that:

the sample mean is equal to 110 kN on average with a coefficient of variation of 30 %.

the samp

According td
parameters:

m'=110

Now combin
sample meaf
the following

n"=0+3
v'=5+2
m" =100
7(s")% +3

or

s"=18,7

e standard deviation 1s equal to ZUKN on average with a coerfricient of variation or 30 %.

Formulae (C.5) to (C.8), this prior information leads to the following prior distrik

kN, n'=0, s'=20 kN, v'zl/(ZVZ)zl/(2x0,32)=5

e this prior information with the same test results as in example 1-(three specimeng
m =100 kN and sample standard deviation s = 15 kN). Then Formulae (C.6) to (C.9
parameters for the posterior distribution:

=3

kN

x100% =5x20+0x110% +2x15% +3X1002

kN

Using Formula (C.13) and Tablé.<1, this leads to the following result for the 5 % characteristic va

Ry =100

The change i
For design v3

—1,89x18,7,’1+% =100-2,17x18,7=59,3 kN

h chatacteristic values from 49,5 kN to 59,3 kN is due to the effect of the prior inform
1lues; the discrepancies can even be larger.

ution

with
) give

ue:

ation.
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C.6 Evaluation on the basis of an analysis model

Assume that an analysis model for the structural property under consideration is available. Let the
model be complete except for an unknown coefficient 8 to be determined from the tests. Such a model
can be written as:

Y =0g(X,W) (C.14)
where

X is the vector of random variables;

%4 is the set of measurable deterministic variables;

g[(X W) isthe model;
is the measurable output parameter of the model;
0 is the unknown coefficient, to be determined by the experiment.

The pprameter 6 is also referred to as the model uncertainty. In the absence of other information, it will
be asgumed that 0 has a lognormal distribution, which means that0’'=In6 is normal.

Assurpe a series of experiments I=1,2,.n is carried out, wheré;
— vplues of Whave been setto w;, i=1,2,.n;

— vplues of X have been measured as x;, 1=1,2,.n;

— vplues of Y have been measured as y;, i=1,2,"n.

From|these results, one can derive the following set of observations for the unknown coefficient 6:

0 Yi

=—1 (C.15)
1 g(xi 'Wi)
The npean and standard deviation for 0'=1n@ then follow from:
1 n
m(0")==>"0; (C.16)
L
2 1% 2
s =—= (6; -m(6") (C.17)
n<v+“
i=1
with p;,’given by:
0; =Inly; / g(x;,w;)] (C.18)
The design value:
1A ’ 1
0, =exp[m(0 )]exp{itvds(G ) (1+—)} (C.19)
n

The factor exp[m(08')] is often referred to as the bias factor; if m(6')=0, then exp[m(6')]=1,0 and the
model is called unbiased.

Values for t,q4 follow from Table C.1, where v=n - 1, fg = agff with § the target reliability index and aq the
design value for the FORM influence coefficient. Failing other indications, one should use aq = 0,8 if the
uncertainty of R is dominating and aq = 0,3 otherwise (see Annex E).
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The design resistance Ry of the structural element designed by testing can then be calculated as follows:

1
Ry =y—ndg(xd,W) (C.20)
d

where

¥d = 1/64 and g is the design value of the model uncertainty.
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Annex D
(informative)

Reliability of geotechnical structures

D.1 Introduction

d)

f)

g)

geomaterials are naturally occurring and in situ variability cannot be reduced (in cc
structural materials are manufactured with-quality control).

COVs for geotechnical design parametersiare not unique and can vary over a wide rang
oh the procedure in which they are derived.

ecause geotechnical design parameter characteristics are different from one site to
cpmmon to conduct a site inyéstigation at each site. For this reason, statistical uncert
be handled with much care’

I§is common to conductboth laboratory and field tests in a site investigation. A geotec
pprameter is typically correlated with more than one laboratory and/or field test
portant to conSider this multivariate correlation structure where possible becaus
the design parameter reduces when consistent information increases.

Spatial varigbility of geotechnical design parameters cannot be readily dismissed
vplume efgeomaterial interacting with the structure is related to some multiple of the ¢
lgngth ‘of the structure and this characteristic length (e.g. height of slope, diameter of
of éxcavation) is typically larger than the scale of fluctuation of the design parameter

| Standard to
geotechnical
hnical design

I is a critical

al structures
entation of a

ments of the
I in existing

hrge because
ntrast, most

e, depending

another, it is
ainty should

hnical design
indices. It is
e the COV of

because the
haracteristic
unnel, depth
particularly

in the vertical direction.

There are usually many different geotechnical calculation models for the same des
Hence, model calibration based onlocalfield testsand local experienceisimportant. The

ign problem.
proliferation

of model factors, possibly site-specific, is to be expected because of the number of models and the

number of calibration databases.

A geotechnical system, such as a pile group and a slope is a system reliability problem containing
multiple correlated failure modes. Some of these problems are further complicated by the fact that

the failure surfaces are coupled to the spatial variability of the soil medium.
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D.2 Uncertainty representation of geotechnical design parameters

D.2.1 Estimation of geotechnical design parameters

The COV of a geotechnical design parameter is not an intrinsic statistical property. It depends on the site
condition, the measurement method, and the transformation (correlation) model. Hence, the COV takes
a range of values rather than a unique value. Some guidelines on the typical COVs of common design
parameters as a function of soil type, measurement method, and transformation model are below.

D.2.2 Sources of uncertainties

The overall T z rytga geote Tt destom paran — S
ties, as illustrated in Figure D.1. There are three primary sources of geotéc

sources of uncertain nical
uncertaintie$: (1) inherent variability, (2) measurement error, and (3) transformation uncertainty. The
first results primarily from the natural geologic processes that produced and continually niodify the soil
mass in situ. [The second is caused by equipment, procedural/operator, and random testing effects. The
third source|of uncertainty is introduced when field or laboratory measurements are transforme into
design parameters using empirical or other correlation models.
SOIL  —» IN-SITU —» TRANSFORMATION — ESTIMATED
MEASUREMENT MODEL SOIL PROPERTY
i"ggirlem data statistical model
variability scatter | [uncertainty uncertainty
inhe_rent measurement
soil
variability errqr
Figure D.1 — Sources of uncertajnties contributing to overall uncertainty in geotechnidal
design parameter[13]

The various| sources of ungértainty should be characterized separately as input to derive| total
uncertainty. [The use of COVs generally reported in the literature based on total variability analysjis can
lead to overeptimatiomafuncertainty. This is caused by the following: (i) soil data from different geplogic
units are miked, (ii}~equipment and procedural controls generally are insufficient, (iii) deterministic
trends in the|sojl data are not removed, and (iv) soil data are taken over a long period.

D.2.3 Inherent variability

Spatial variability can be decomposed into a smoothing varying trend function and a fluctuating
component. It can be quantified by modelling the fluctuating component as a homogeneous random
function. The scale of fluctuation is also of importance, as discussed in D.2.7.

D.2.4 Measurement error

Equipment effects on measurement error results from inaccuracies in the measuring devices and
variations in the equipment geometries and systems employed for routine testing. Procedural-operator
effects originate from the limitations in existing test standards and how they are followed. Random
testing errors refer to the remaining scatter in the testresults. Measurement error is extracted from field
measurements using simple additive probabilistic models or is determined directly from comparative
laboratory test results.
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Transformation models are needed to relate test measurements to appropriate design properties.
Uncertaintyisintroduced because mosttransformation modelsin geotechnical engineeringare obtained by
empirical or semi-empirical data fitting. The transformation model is typically evaluated using regression
analyses and the spread of the data about the regression curve is modelled as a zero-mean random variable
(€). The standard deviation of € is an indicator of the magnitude of transformation uncertainty.

Most transformation models were developed for a specific geomaterial type and/or a specific locale. Site-
specificmodels are generally more precise than “global” models calibrated from data covering many sites.
However 51te spec1f1c models canbe 51gn1f1cantly biased when apphed to another 51te ThlS

Total| uncertainty comprises the combination of inherent soil variabjlity,” measursg
and transformation uncertainty. These components can be combined ,eonsistently us
second-moment probabilistic approach or by more sophisticated uncertainty analysis n
characteristic design parameter governing a specific limit state needs to'be identified when|
the tdtal COV.

For ultimate limit state problems, the characteristic design pagameter is typically a spatig
strength over the most critical failure path. In the presence of.spatial variability, the COV of
averaged strength is smaller than the COV of the point streqagth; the degree of COV reductior
of thq scale of fluctuation discussed in D.2.7. It is inappyopriate to apply the point COV
wher¢ the COV reduction is significant, say because*the scale of fluctuation is short reld
teristic length scale of the failure path length (e.g. height of slope, diameter of tun
ation). Alternatively random finite element'mnethods can be used for ultimate limit s

in whiich random fields are combined with deterministic finite elements in a Monte Carlo f

It suffices to note that it is not realistic t@ assign a single representative value to a geotecl
pararheter. For example, a COV of 30 % for undrained shear strength can be appropriate for
laboratory measurements or direct correlations from field measurements such as the cong
test. It might not be appropriateifer indirect correlations based on the standard penetrat
practjcal impact of this obseryation is that it is unlikely to be realistic to calibrate a single
partigl factor for application i'the context of a simplified RBD format.

D.2.7 Scale of fluctuation

Decomnposition of spatial variability according toD.2.3 into asmoothly varying trend ¢(z) and
comppnent w(z),is illustrated in Figure D.2. It is noteworthy that a physically homogene
is notjnecessarily statistically homogeneous. A critical statistical parameter that is neede
inherpntyartability is the correlation distance or scale of fluctuation. The scale of fluctuaf
an in<|lication of the distance within which the property values show relatively strong corr

‘site-specific”
otechnical RBD

L7
5.

bment error,
ng a simple
hethods. The
determining

lly averaged
this spatially
isafunction
o a problem
tive to some
nel, depth of
Fate analysis,
ramework.

nical design
good quality
b penetration
ion test. The
resistance or

afluctuating
us soil layer
d to describe
ion provides
elation.

NOTE

Asimple butapproximate method of determining the scale of fluctuationis shownasaninsertin Figure D.2.

The practical importance of considering a reasonable scale of fluctuation, i.e. a reasonably realistic
spatial variability, in the estimation of COV has been highlighted in D.2.6. The assumption of independent

soil parameters will produce an unconservative reduction of the point COV for the spatial

average. The

assumption of fully correlated soil parameters will not result in COV reduction for the spatial average,
which is overly conservative. In addition to COV reductions, it is important to point out that failure

mechanisms are related to spatial variability.
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/-Ground surface

——l Layer |
z g
Property, £

Layer i =

B
Layer j
. S\r

Tw izl

Degth, z

—— Soil property, £ (z)

NOTE Reyised from Phoon and Kulhawy 1999a.[13]

Figure D.2 — Random field model for inherent soil\variability

D.3 Statigtical characterization of multivariate geetechnical data

D.3.1 General

Multivariatefinformationis usually available in a typical site investigation. Because bivariate correlations
between soiljparameters are more commonly available, for example, s,-N and s,-OCR, the multivariate

normal distrjbution is a sensible and practical e¢hbice to capture the multivariate dependency among soil
parameters |n the presence of transformation/uncertainties. The practical significance of considering
multivariate[data are that the COV of a design parameter typically decreases when it is estimated from
more than ohe parameter. Hence, site/nvestigation is not a cost item but an investment item because
reduction of juncertainties through multivariate tests can translate directly to design savings thfough
RBD. This inmportant link between the quality/quantity of site investigation and design savings chnnot
be addressed systematically in &deterministic design approach.

D.4 Statidtical characterization of model factors

D.4.1 General

Model uncejjtainty emanates from imperfections of analytical models for predicting engingering
behaviour. Mathematical modelling of any physical process generally requires simplifications to create
a useable model. Inevitably, the resulting models are simplifications of complex real world phenomena.
Consequently, there is uncertainty in the model prediction even if the model inputs are known with
certainty. The currentstate of the artin developing model uncertainty statistics in various fields including
geotechnical engineering involves comparing predicted performance with measured performance.

Model uncertainty is generally represented in terms of a model factor. Model factors need to be
characterized for the various geotechnical structures, such as shallow foundations, pile foundations,
retaining structures, slopes, etc. The model factor applies to a specific set of conditions (e.g. failure
mode, calculation model, local conditions and experience base, etc.). Therefore the proliferation of model
factors can be expected.
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The model factor is commonly defined as the ratio of the measured to the calculated capacity:

On
Qp

M=

where
Qm is the measured “capacity” determined from a load test;
Qp is the capacity generally predicted using limit equilibrium models;

M is the model factor.

(D.1)

Robu
large

well-¢
robus

tmodelstatisticscanonlybeevaluated using: 1) realisticallylarge-scale prototypetests,2
hnd representative database, 3) reasonably high-quality testing where extraneeus-unc
ontrolled. With the possible exception of foundations, insufficient test data are.availab)
t statistical assessment of the model error in many geotechnical calculation-models.

D.5 |Implementation issues in geotechnical reliability-based design
D.5.1 General
The general principles in this International Standard are equally applicable to geotechnic

based design (RBD). Appropriate levels of performance canbe achieved for geotechnical s
limit §tates procedures as provided for in Clause 5. This can be achieved alternatively at the ris
given|in Clause 7, the reliability-based level given in Clalise 8, or semi-probabilistic based dg
Clausg 9. Representation of geotechnical uncertaintie§ can be based on the principles provid

D.5.2 Goal and challenges

The Key goal in geotechnical RBD is to achieve a more uniform level of reliability than
in existing allowable stress design. With regard to the semi-probabilistic approach, it is
highlight that reliability calibration is more challenging in geotechnical engineering. One
the diversity of design scenarios that shall be considered in the calibration domain, such as

asufficiently
brtainties are
le to perform

al reliability-
tructures by
k-based level
sign given in
e in Clause 6.

that implied
important to
key reason is
the range of

[versity is the

hallenge of producing geotechnical RBD that is both realistic (handle wide ran
ios) and robust (@chieve target reliability index with reasonable accuracy) is being
bction. Somedmiplementation details associated with probability based decision maki
bility-based~design, system reliability and reliability targets in Clause 8) and semi
pds (i.e.partial factor methods and characteristic values in Clause 9) are discussed b

ige of design
addressed in
ng (i.e. direct
probabilistic
blow.

thiss
proba
meth

D.5.3 Reliability-based design method

Reliability-based design is particularly suitable for the representation of the multitude of conditions,
failure modes, and uncertainties found in geotechnical design. Reliability-based design (Clause 8)
can be directly applied to geotechnical practice. The required inputs for a reliability analysis are
the probability distributions of the soil parameters and the loads. The identification of appropriate
probability distributions and the selection of appropriate model parameters for these distributions (e.g.
mean and COV) from limited data are subject to statistical uncertainties.

D.5.4 Semi-probabilistic method

Due to practical considerations, geotechnical reliability-based design is generally applied at the
simplified level of the semi-probabilistic method, or more specifically the partial factor method (9.4.2).
A distinctive feature in geotechnical design is that many geotechnical calculation models are relatively
“simple” and there are usually many different calculation models for the same design problem because
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of the empiricism nature of our geotechnical heritage. In the calibration process, the “best” geotechnical
(deterministic) calculation models should be used directly.

It is desirable to choose a “best” calculation model (minimum bias and least variability when compared
against field measurements or perhaps laboratory tests/numerical simulations in the absence of
field measurements) for reliability calibrations. Nonetheless, local practice should be respected in
geotechnical engineering because the behaviour of geomaterials and construction/design experience
are largely site specific. Hence, it is more realistic to define a “best” model as what is best practice
within a locale. The upshot is that it is not possible to enforce a single physical model (e.g. CPT method)
or a single probabilistic model (e.g. lumped entire capacity into a single lognormal variable) and a
geotechnical RBD calibration process should be sufficiently general to accommodate the existing
diversity of lpeal-practices—EorRBD-ealibration-the-erlymandatoryreqtirementis-thatthe-meodsgl bias

should be qupntified in some approximate way.

Because of the considerably larger COV for geotechnical design parameters (see D.2), it is|sensible to
divide the rapge of an influential design parameter, and its variability, into several segments or domains
(see Figure D.3). Then calibration points within each segment or domain can be selected to epsure
uniform covg¢rage of the variables during the calibration process and to achieve a,eonsistent desigjn risk
across the range in the input parameters and their variability.
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Figure I).3 — Partitioning of parameter space for calibration of resistance factors[10],[1

D.5.5 Charaeteristic value

The concept of a “characteristic value” is intrinsically linked to semi-probabilistic formats, particularly
the partial factor approach. In thisapproach, using the ultimate limit state asan example, a “characteristic
value” for a soil parameter (e.g. undrained shear strength) is divided by a strength partial factor to
produce a “design” value and the geotechnical capacity based on this design value should be larger than
the design load (characteristic load multiplied by a load factor).

The soil parameter should be defined such that it is relevant to the limit state equation. For example,
if a single undrained shear strength parameter appears in a slope stability equation, then the relevant
physical definition is the spatial average along the most critical failure path. It is neither the undrained
shear strength at a point in the soil mass nor a spatial average along a prescribed line in the soil mass.
The emphasis in the geotechnical literature is on clarifying this physical aspect of the characteristic
value, which is justifiably so.
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It is necessary to make clear the physical meaning of the characteristic soil parameter before the
uncertainty aspect could be rationally considered. For illustration, the characteristic undrained shear
strength for the shaft friction of a pile is the spatial average along the length of the pile, while the
characteristic undrained shear strength for the end bearing of a pile is the spatial average within a bulb
of soil below the pile tip. When reliability analysis is carried out, the performance function will contain
two random variables following two distinct probability distributions for these spatial averages.

When semi-probabilisticdesignis carried out, it would be necessary to selecta single value characteristic
of each probability distribution. This value can refer to the mean or to the lower 5 % quantile. The
statistical estimation of these characteristic values is subject to the same statistical uncertainties
underlying the probability distributions appearing in reliability analysis. Clearly, this statistical aspect
of th e Nt . - N

In principle, partial factors can be calibrated to achieve a prescribed target reliability index for any
statigftical definition of the characteristic value. In practice, it is known that a partial‘factor ¢alibrated for
the mean value could change significantly if the COV of the input random variable ghanges. This limitation
is lesq severe for a partial factor calibrated using say the lower 5 % quantile. Hénge, if the COV of an input
randdm variable varies over a wide range within the scope of design scenarios’covered in 4 design code
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there is a practical need to simplify presentation of a partial factor as a single nt
s a function of COV, the lower 5 % quantile definition is preferred\(except in the cas¢
near responses where special considerations shall be made). [£is useful to reiterate|
on of a RBD code is to achieve a prescribed target reliabjlity index (typically a fun
hnd importance of structure) over a range of commonly €ncountered design scenaria
Fific design scenario. The statistical definition of the characteristic value should be v

ponent separate from reliability calibration. In, ether words, the ensuing design is
h values, which is the product of partial/resistance factors with characteristic value
cteristic values alone. There are practical coneerns regarding: (1) estimation of quar
imited data and (2) quantiles falling below; known lower bounds (e.g. residual fricti

y affect the characteristic value butfundamentally affect the reliability analyses unc
ation as well.

Quantile-based design

been recognized that(these code calibration methods can be unwieldy because
chnical design parameters and model factors are not constant and can vary over a wi
[4), necessitating thessegmentation of the calibration domain highlighted in D.5.3. For
N problems with“variable COVs, although it is not possible to maintain a uniform targ
with constant partial factors, it might be possible to maintain such uniformity with fix
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se/thé majority of geotechnical structures have multiple failure modes, most geotec}
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L system reliability problems (8.3). For example, a simple gravity retaining wall has

ht least three

failure modes: horizontal sliding along the base of the wall, overturning or rotation about the toe of
the wall, and bearing capacity failure of the soil beneath the wall. These failure modes tend to interact
among each other, because loads and capacities for different failure modes can be correlated. Consider,
for example, self-weight of a gravity retaining wall, which is the major source of capacity against sliding
and overturning failure modes, but at the same time, is also a major source of load for bearing capacity
failure mode.

A pile foundation is a system of piles, which consists of several pile groups, each group consisting of a
few individual piles. The evaluation of the reliability of the pile system requires the consideration of
the reliability of the individual piles, the pile group effects, and the system effects arising from pile-
superstructure interactions.

Many geotechnical structures form failure mechanisms in the surrounding soil mass in the ultimate

limit state (e.g. slopes, tunnels, deep excavations). Each potential slip surface in the soil mass is a failure

© IS0 2015 - All rights reserved 77


https://standardsiso.com/api/?name=3d7ff42323027594e87286efe72fbd04

ISO 2394:2015(E)

mode. The probability of failure associated with the “most likely” failure mode identified by FORM only
provides a lower bound for the system probability of failure. In contrast to a pile foundation where
the sliding surface is mostly restricted to the interface between soil and pile, the trajectory of a slip
surface in a soil mass is coupled to the specific realization of a random field and can only be determined
through finite element analysis or comparable numerical methods. This class of system reliability
problems is complex, because of the coupling between mechanics and spatial variability. However, it is
not uncommon in geotechnical engineering.
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Probabilistic models for calibration
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e selection can be found in the JCSS Probabilistic Model Gode’(JCSS 2001). In general,
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nmi.variables. Typical values for the coefficient of variation are 3 % to 15 % but shoyld be chosen

very carefully. The characteristic value is generally chosen as the 50 % quantile.

E.3

Code calibration as optimization problem

Ultimately structural design codes are established for the purpose of providing a simple, safe, and
economically efficient basis for the design of ordinary structures under normal loading, operational and
environmental conditions. Design codes thereby not only greatly facilitate the daily work of structural
engineering but also provide the vehicle to ensure a certain standardization within the structural
engineering process which in the end enhances an optimal use of the resources of society for the benefit
of the individuals.

Therefore, code calibration can be seen as a decision optimization problem where the expected societal
net benefits are maximized by optimizing the parameters in the design code. Within this formulation,
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all relevant benefits and consequences associated to the structures should be considered; i.e. benefits
in general for the society, construction costs, maintenance costs during the design life, and failure costs.
In principle, target reliabilities can also be optimized within the formulation. However, it is often found
difficult to formulate an objective function in a satisfactory manner taking into account all the benefits and
consequences that can arise during the life time of structures. Especially, it is arguable how non-monetary
benefits and costs can be taken into account in the objective function; not least, life safety (see Annex G).

For this reason, more practically operational approaches are recommended. One of such approaches
is explained in the following. The approach takes basis in the reliability-based optimization and is
explained in the context of the code calibration for semi-probabilistic design formats.

E.4 Reliability-based code optimization

E.4.1 Design equations and limit state functions

Before explajning the procedure for the reliability-based code calibration, the correspondence befween
the design eduations in a semi-probabilistic design code and limit state functions are provided. Th¢ limit
state functiops related to individual failure modes are written as:

gj(X'Pj'Z):O (E.1)

where
x isthp realization of the basic random variables X;
pj isayector of the deterministic parameters;
z isa get of the design variables.

The applicatjon area for the code is described by the sét I of L different vectors p;, j=1,..,L. The se/ can,

for example, [contain different geometrical forms.of the structure, different parameters for the random
variables, and different statistical models fof. the random variables. The deterministic design equation
corresponding to the limit state function in Formula (E.1) is written:

Gj(xc;p]';z }’) 2 0 (EZ)

where

Xc is th[ vector of the'characteristic values of the basic random variables;

Yy  isthe vectorofithe partial factors.
The set of paftiakfactors should not only take into account the aleatory uncertainty on random varigbility
in nature buf dlso epistemic uncertainties associated with, for example, statistical uncertainties
distributionsof the Toad and resistance and due to the simpiificationm incurred by employed mode

E.4.2 Procedure

E.4.2.1 Steps

Code optimization is generally performed in the following steps:
Step 1: Definition of the scope of the code.

Step 2: Definition of the code objective.

Step 3: Definition of code format.

Step 4: Identification of typical failure modes and probabilistic models.
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Step 5: Definition of a measure of closeness.

Step 6: Determination of the optimal partial factors for the chosen code format.

Step 7: Examination and determination of partial factors.

E.4.2.

2 Step1: Definition of the scope of the code

The class of structures and the type of relevant failure modes to be considered are defined.

E.4.2.
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3 Step 2: Definition of the code objective

ode objective can be defined using target reliability indices or target probabilit
ding on the use and characteristics of the considered class of structure. These can‘be

ia, e.g. based on the LQI concept (see Annex G). The code optimization is therefore re
ization only on the partial factors3).

4 Step 3: Definition of the code format

ode format includes: (1) how many partial factors and load combination factors to
er load partial factors should be material independent; (3)mhether material partial f
ependent of load type; (4) how to use the partial factors in the design equations 1
nations. In general for practical use the number of partial factors should be as few as
should be as general as possible. On the other hand, alarge number of partial factors 4
h economical and safe structures for a wide range-of different types of structures.

5 Step 4: Identification of typical failureZmodes and probabilistic models

n the class of structures considered in a cade, typical failure modes are identified. Limit st
bsign equations are formulated and probabilistic models for the parametersin the limit st
lected. Also, the frequency at whieh-each type of safety check is performed is determineg

6 Step 5: Definition of ameasure of closeness

artial factors y are calibrated such that the reliability indices corresponding to L diffi
as close as possibleto a target reliability Starget. Therefore, a measure of closeness is fg

:Wj (ﬁj(}’)_ﬂtarget)z
1
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es of failure
b determined
1sed on other
duced to the

be used; (2)
hictors should
ules for load
possible and
ire needed to

ate equations
ate equations
d.
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rmulated as:

(E.3)

wj(j=1,2,.,L) are factors indicating the relative frequency of the appearance or importance of

L
the different design situations (Zj_le =1).

Instead of using the reliability indices in Formula (E.3), the probabilities of failure can be employed. Also,
anonlinear objective function giving relatively large weight to reliability indices smaller than the target
compared to those larger than the target can be used. The above formulations can be easily extended to
include a lower bound on the reliability for each failure mode.

3) Here, partial factors should be interpreted in a generic manner as factors that are introduced in design equations
in order to take into account the uncertainties in the random variables.
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E.4.2.7 Step 6: Determination of the optimal partial factors for the chosen code format

The optimization problem is then formulated: The measure of closeness defined by Formula (E.3) is to
be minimized with respect to the partial factors y. The optimal partial factors are obtained by numerical
solution of the optimization problem in step 5.

In the optimization process, the reliability index f;(y) for design scenario j given the partial factors y is
obtained by the following two steps.

Firstly, for given partial factors y the design z* is determined. If the number of design variables is one,
the optimal design z* can be determined as the solution to the design Formula (E.2). If the number of
design variables is more than one, a design variable optimization problem can be formulated:

minC(z)
z

s.t.
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ity constraints in Formula (E.4) ensure that.the response characteristics su

e lower and upper bounds, Z,-I and z;“, te\z; in Formula (E.4) are simple bounds. N
e design variables. Generally, the desigi-Formula (E.2) is nonlinear and non-convex.

n in Formula (E.1), using the.design z* obtained as the solution to the design va
problem formulated as Formula (E.4).

F.3) are found.

p 7: Examinatien‘and determination of partial factors

bf the partighfactors is obtained by solving the optimization problem in step 6. On this
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ign requirements (e.g. constraints on the geometrical quantities) and to relate the g
e to the response (e.g. finite element equations). Often:eéquality constraints can be ay
tructural analysis is incorporated directly in the formulation of the inequality constr

's and stresses do not exceed codified critical values as expressed by the ¢
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reliability index Bj(y) is estimated:by FORM/SORM or simulation on the basis of the

ial factorsare determined taking into account current engineering judgment and trac

(E.4)

n C(2)
used
ad on
oided
aints.
ch as
esign
esign
is the

limit
riable

bps are repeated until the partial factors that minimize the measure of closeness formylated

basis,
lition.

© ISO 2015 - All rights reserved


https://standardsiso.com/api/?name=3d7ff42323027594e87286efe72fbd04

ISO 2394:2015(E)

E.5 Examples for calibration of partial factors®

E.5.1 Problem setting

In the following, a simple but representative limit state function is considered:
g=2RX g —((1-0)G+9(pqgQ: +(1-90)Q>)) (E.5)

where

R _is the load beading capacity;

Xk is the model uncertainty;

N

is the design variable;
G| isthe permanent load;
Qi is the variable load type 1, e.g. wind load;
@ isthe variable load type 2, e.g. snow load;
9

is the factor between 0 and 1, modelling the relative fraction of variable load and permanent
load;

¢o is the factor between 0 and 1, modelling the relative fraction of the type 1 and type 2 variable
load.

See Thble E.1 for the probabilistic models for these' basic random variables. All basic randpm variables
are agsumed to be independent. The load combination is assumed to be modelled by the Herry-Borges-
Castanheta load model.[6] The numbers of repetitions of the variable loads are assumed to|be:

Wind|load: 360 times per year
Snowl|load: 10 times in 5 month period where snow load is assumed to occur

Imposed load: 1 time per 10 years

Table‘E.? — Probabilistic models for the basic random variables

Varipble Distribution type Mean Coefficient of variation Characteristic value
¢ Normal distribution 1,00 0,10 50 %
Q1,02 Gumbel distribution 1,00 0,40 98 %
R Lognormal distribution 1,00 0,05 5%
XK Fognmormatdistribution 169 6,63 50 %

The corresponding design equation can be written in the form of:
G=2zR. /[y —(WGGC +(1-9)yo(9eQ1c +(1_(PQ)V/QZC)) =0 (E.6)

The subscript c of the symbols represents the characteristic value, yy, is the partial safety factor for
the resistance, y is the partial safety factor for the permanent load, yq is the partial safety factor for
the variable loads, and ¥ is the load combination factor. The above formulation corresponds to the case
where partial safety factors are introduced to both resistance and load terms, as well as a combination

4) A software tool is available for code calibration in accordance with the procedure described here; CodeCal
developed by JCSS, see also www.jcss.byg.dtu.
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of the loads are considered. In the case where only one variable load is dominant, the second variable
load term nay be neglected; hence, set equal to ¢ = 1.

In the following, two cases for the calibration are considered where the target annual reliability index is
chosen as Prarget = 4,2, the values of ¢ between 0,2 and 0,9 with the interval of 0,1 are assumed to
represent typical values and equal weights wj=1/8 (j=1,2,..,8) for different values of ¢ are assumed.
In the first case, only one variable load is dominant, whereas in the second case both of the two variable
loads are relevant.

E.5.2 Case 1: One variable load and partial factors in both load and resistance terms

This case co
factors in Fo

is reduced to:

G=zR./
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'mula (E.6) can be chosen arbitrarily; here yg = 1 is chosen. Therefore, the design.eqy

Y m —(9Ge +(1-0)y Q1) =0

e procedure explained in E.4.2, the partial factors are obtained as y;,;=1,15, y =1,6]
ability indices for different values of ¢ are shown in Figure E.1.
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b. The

E.5.3 Case 2: Two variable loads and partial factors in both load and resistance terms

Load combination factors ¥ are determined for the following cases such that the target reliability index
is ,Btarget =4,2:

Environmental load and non-dominating imposed load: y;

Imposed load and non-dominating environmental load: w g ;

Snow and non-dominating wind load: vy ¢

Wind and non-dominating snow load: v g

Table E.2 shows the results for ¢ = 0,1, 0,3, 0,5, 0,7, and 0,9.
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(pQZO,l (pQ =0,3 (pQ =0,5 (pQ :0,7 (pQ :0,9
v 0,75 0,6 0,3 0,25 0,0
L.E
v 0,6 0,45 0,3 0,05 0,0
E|l
Vs 0.9 0,6 01 0,0 0,0
07 045 01 00 0,0
SW .
See also Reference [4]. For more elaborated cases, the tutorial of CodeCal should bereferenced. In case

the c3

libration is performed on the basis of a classical approach, ISO 2394:1998, Ahnexes F

be referenced.

E.6 |Calibration of design values in design-value methods
E.6.1 Design values according to FORM
The design value x;q4 of variable X; depends on

— the parameters of the probability distribution of the variable X;,

— the assumed type of distribution,

— t

|
[ ")

For X;

If X; is

Here,

e target reliability index £ for the limit staté-and design situation of concern, and

factor a; describing the sensitivity to\wariations in X; with regard to attaining th
Ccording to the definition given ina@ORM calculation.

with an arbitrary distribution. F(x;), the design values are given by:
xj)=2(-a;p)
assumed to be normally distributed, then

=1 (1—o; BV

Alogmormal distribution gives:

ui and Vfare the mean value and the coefficient of variation of the random variable X},

and G should

e limit state,

(E.8)

(E.9)

Y

X

= c D
d — o “APUT APV

where

‘Lt.
g =—H

J1+V2

For a small value of V; (e.g. Vi< 0,25), §; = u; and v = V.
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E.6.2 Sensitivity factors according to FORM
If the random variables are independent, the factors a; in a FORM analysis have the following properties:

~1<a; <1 (E.11)

Dot =1 (E.12)

The values of a; should in principle be found from a number of representative FORM calculations. In
principle, this would require many iterative calculations which, of course, is very inconvenient. However,
based on experience; asetof stamdardized oy vatues has beemrdeveloped; whichis presemtedim Tabje E.3.
Note that th¢ sum of squares can be greater than 1,0 as a result of conservatism. To limit the erfor in
using Table H.3, it is usually required that 0,16 < os/og < 6,6, where o stands for the standard’ devjation
and S is the dominating load and R is the dominating resistance parameter.

Table E.3 — Sensitivity factors

Xi o
Dominating resistance parameter 0,8
Other resistance parameters 0,4x0,8%0,32
Dominating load parameter =0,7
Other load parameters -0¢4x 0,7 =-0,28
NOTE The principle of standardized a-values was already present in ISO 2394:1998,
Annex B, where the same a-values as in Table E.3 were proposed.

In applying Tjable E.3, one does not know in advance whiclrvariable should be regarded as “domindting”.
The only way to find this out is by making all variables “dominating” one at the time and see whigh one
governs the flesign. Sometimes this can be done at the level of the code writer, sometimes it is the task
of the designler (for instance, by checking variousload cases).

EXAMPLE Consider the elementary case of one resistance parameter R and one load parameter § both
normally distributed. Assume that the targét-reliability index § = 3,8. Then from Formula (E.9):

Ry=ugp3,040, and Sy =pug +2/660

Now one shoyild check R; > S ; AIftheload parameter S follows the lognormal distribution, Formula (E.10)
is employed Instead of Formula (E.9):

Sq=ns§xp(2,66Vs)

Then one shquld«chieck Rq > Sg.

E.7 Partial factor design for fatigue based on S-N lines

E.7.1 S-Nlines

The S-N line approach is often used for design with respect to fatigue and combines all three phases
of the fatigue mechanism and is completely based on experiments. A number of test specimens are
subjected to a series of constant amplitude load cycles until failure. Plotting the stress range, S, against
the number of cycles at failure, N, gives the S-N line. The S-N line might or might not depend on the
mean stress level. In order to deal with a realistic variable amplitude loading on a structure, a damage
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accumulative rule has to be applied. The most widely used is the linear damage rule of Palmgren-Miner.
According to this rule, failure occurs if:

n.
ZF’>DC (E.13)

n; is the number of applied load cycles with stress range level S;;

N; is the number of load cycles at failure for stress range level Sj;

D). is the critical value for the damage ratio.
The sfress range S; is assumed to include the effects of local stress concentrations (eyg-at weld tips).

In ordler to find the number of stresses, n;, for each stress range level, S;, special counting procedures
(e.g. fainflow counting) can be necessary. The Palmgren-Miner damage rule does not tgke sequence
effectfs into account. In the ideal case, the critical value D. equals 1,0, but(ih general, it depends on the
load Ristory, the environment, and material type.

E.7.2| Verification procedure in partial factor design

The gafety format depends on the type of analysis. In the case of damage accumulationp methods in
combjnation with S-N lines, the verification rule can be presented as:

§‘ﬁ<& (E.14)
“N; 94
R
Ny =N; [gFfSi'_fc j (E.15)
gwmf
where¢

np, S; are the best estimates.of the load history;

Rk is the characteristidvalue of the fatigue resistance;
gFf is the partial‘factor that deals with the uncertainties in the load level and load model;
gMr  is the partial factor that deals with the uncertainties in the material model;

gh is the'partial factor that deals with the uncertainties in damage accumulation iule, the
design working life, and the consequences of failure.

The lg¢velof the partial factors should depend on

— the uncertainties and sensitivities of the random variables,

— the damage tolerance of the structure, that is the ability of the cracked structure to find
alternative load paths,

— the inspected intervals and the probability of crack detection, and
— the ability to effect repairs.

An example of the calibration for partial factors for fatigue design can be found in Reference [11].
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Annex F
(informative)

Structural robustness

F.1 Introduction

In Clause 4,
assessments
on the strud
present Anng

identification of appropriate provisions.

Firsta classi
a risk-based
efforts. Thel
provisions ig
theoretical f

This annex 1
Reference [2

F.2 C(lass

The classific

it is specified that the design of structures shall be supported by risk-based robfs
and/or by consideration of robustness provisions in dependence of the exposuxes {
ture, as well as the structural system and the consequences of system failure. I
%, a methodical framework is outlined which supports such assessments, as'well as f]

ication of structures is presented which allows for a “rule of thumb”assessment of wh
assessment and design is required in a given situation, as well as the level of necq
eafter, a guideline for the selection of appropriate robustress design strategie
provided for the cases where risk-based assessments are<not required and final
ramework is provided for a full risk or reliability-based robustness assessment.

s based on the results of the COST Action TUO604\Robustness of Structures (se

fication of structures according to.consequences

ition of structures is facilitated by the €onsequence classes shown in Table F.1.

tness
cting
n the
br the

ether
ssary
5 and

y the

b also

) from where most of the text segments, tables, andfigures have been taken and adajpted.

Table|F.1 — Consequence Classes (pantly adapted from Eurocode EN 1991-1-7:2006)

Consequence} class Description of expected consequences |Examples of structures

Class 1 Predominantly,insignificant material |Low-rise buildings where only few people
damages. are present, minor wind turbines, stablgs,

etc.

Class 2 Material damages and functionality Smaller buildings and industrial facilitis,
lesses of significance for owners and |minor bridges, major wind turbines, smialler
operators but with little or no societal |or unmanned offshore facilities, etc.
impact.

Damages to the qualities of the
environment of an order which can
be restored completely in a matter of
weeks. Expected number of fatalities
fewer than 5.

Class 3 Material losses and functionality Most residential buildings, typical bridges
losses of societal significance, causing |and tunnels, typical offshore facilities, larger
regional disruptions and delays in and or hazardous industrial facilities
important societal services over sev-
eral weeks. Damages to the qualities
of the environment limited to the
surroundings of the failure event and
which can be restored in a matter of
weeks. Expected number of fatalities
fewer than 50.

88 © IS0 2015 - All rights reserved


https://standardsiso.com/api/?name=3d7ff42323027594e87286efe72fbd04

	Foreword
	Introduction
	1	Scope
	2	Terms and definitions
	2.1	General terms
	2.2	Terms related to design and assessment
	2.3	Terms related to actions, action effects, and environmental influences
	2.4	Terms related to structural response, resistance, material properties, and geometrical quantities
	3	Symbols
	3.1	General
	3.2	Latin upper case letters
	3.3	Latin lower case letters
	3.4	Greek letters
	3.5	Subscripts
	4	Fundamentals
	4.1	General
	4.2	Aims and requirements to structures
	4.2.1	Fundamental requirements to structures
	4.2.2	Target performance level
	4.3	Conceptual basis
	4.3.1	Decisions concerning structures
	4.3.2	Structural performance modelling
	4.3.3	Uncertainty and treatment of knowledge
	4.4	Approaches
	4.4.1	General
	4.4.2	Risk-informed and reliability-based approaches
	4.4.3	Semi-probabilistic approaches
	4.5	Documentation
	5	Performance modelling
	5.1	General
	5.1.1	Structural performance and limit state concept
	5.1.2	Performance and performance indicators
	5.1.3	Basic performance requirement and design situations
	5.1.4	Levels of verification
	5.2	Performance model
	5.2.1	General
	5.2.2	Time-dependent aspects
	5.2.3	System aspects
	5.3	Limit states
	5.3.1	Ultimate limit state
	5.3.2	Serviceability limit states
	5.3.3	Condition limit states
	5.3.4	Limit state function
	6	Uncertainty representation and modelling
	6.1	General
	6.1.1	Types of uncertainty
	6.1.2	Treatment of uncertainty
	6.1.3	Interpretation of probability
	6.1.4	Probabilistic models
	6.1.5	Population/outcome space
	6.1.6	Hierarchical modelling of uncertainty
	6.2	Models for structural analysis
	6.2.1	General
	6.2.2	Actions and environmental influences
	6.2.3	Geometrical properties
	6.2.4	Material properties
	6.2.5	Responses and resistances
	6.3	Models for consequences
	6.4	Model uncertainty
	6.5	Experimental models
	6.6	Updating of probabilistic models
	7	Risk-informed decision making
	7.1	General
	7.2	System identification
	7.3	System modelling
	7.4	Risk quantification
	7.5	Decision optimization and risk acceptance
	8	Reliability-based decision making
	8.1	General
	8.2	Decisions based on updated probability measures
	8.3	Systems reliability versus component reliability
	8.4	Target failure probabilities
	8.5	Calculation of the probability of failure
	8.5.1	General
	8.5.2	Time-invariant reliability problems
	8.5.3	Transformation of time-variant into time-invariant problems
	8.5.4	Out-crossing approach
	8.6	Implementation of probability-based design
	9	Semi-probabilistic method
	9.1	General
	9.2	Basic principles
	9.3	Representative and characteristic values
	9.3.1	Actions
	9.3.2	Resistances
	9.4	Safety formats
	9.4.1	General
	9.4.2	Partial factor method
	9.4.3	The design value method
	9.5	Verification in case of cumulative damage
	Annex A (informative)  Quality management
	Annex B (informative)  Lifetime management of structural integrity
	Annex C (informative)  Design based on observations and experimental models
	Annex D (informative)  Reliability of geotechnical structures
	Annex E (informative)  Code calibration
	Annex F (informative)  Structural robustness
	Annex G (informative)  Optimization and criterion on life safety
	Bibliography

