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The target reliability levels recommended in nasiband international documents vary within a broad
range, while the reference to relevant costs anldifa consequences is vague only. In some docuntieats
target reliability index is indicated for one or twreference periods (1 year, 50 years or life-timéhout
providing appropriate links to the design workirife! This contribution attempts to clarify the retmship
between the target reliability levels, costs okesaimeasures, failure consequences, referenceqmednd the
design working life. For ultimate limit states odramon buildings and bridges (RC2), it is recommeénde
to consider reliability index of 3.8 for a referenperiod equal to the design working life (50 yefarsbuild-
ings, 100 for bridges)

Introduction

The target reliability levels recommended in vasioational and international documents for newcstru
tures are inconsistent in terms of the values hedctiteria according to which the appropriate galare to be
selected. In general, optimum reliability levelsrdze obtained by considering both the relative sco$tsafety
measures and the expected consequences of faileréhe design working life (1ISO 2394:1998 for treneral
principles on structural reliability and its appeabvrevision ISO/FDIS 2394:2015). In accordance Witk stan-
dard the minimum reliability for human safety shibalso be considered when people may be killeahjored
as a result of failure.

The basic aim of this contribution is to clarifyethink between the design working life and theatality
index, and to provide guidance for specificationtled target reliability level for a given design nking life.
This contribution is an extension of the previouslyg [1].

1 Factors affecting target reiabilities

As a measure of safety the reliability indeis related to the failure probability through theerse of the
standardised normal cumulative distribution (EN@2902, ISO/ FDIS 2394:2015). The target levelscme-
monly differentiated taking into account varioupexs:

- Costs of safety measures — These costs shouldtrefttorts needed to improve structural reliability
considering properties of construction materiald elnaracteristics of failure modes. The relativet@i safety
measures significantly depends on the variabilitipad effects and resistances [2];

- Failure consequences — Herein failure consequeareesnderstood to cover all direct and indireck (fo
low-up) consequences related to failure [3]. WheecHying these costs the distinction between ¢riaiti brittle
failure (warning factor), redundancy and possipitif progressive collapse should be taken into aetdn this
way it would be possible to consider the systeduifaiin component design. However, such an impldatim
is in practice not always feasible and therefonesequence classes are usually related to the ubke sfructure
(EN 1990:2002) or to a number of persons at risRGE 7-10:2010);

- Time aspects — Target levels are commonly relaiedl ieference period or a design working life. The
reference period is understood as a period of tised to specify time-variant basic variables arsbss the
corresponding probability of failure. The designriing life is considered here as an assumed peafitiche for
which a structure is to be used for its intendexppsie without any major repair work being necessiing con-
cept of reference period is therefore fundamentiiffgrent from the concept of design working li@@bviously,
the target reliability should be always linked toeference period considered in reliability veation.

2 Target reliabilitiesin nor mative documents

Indicative values of design working life (10 to 198ars for different types of structures) are giuen
EN 1990:2002 for basis of structural design. Recemhed values of reliability indices are given faptrefer-
ence periods, 1 year and 50 years (Tab. 1), withaytexplicit link to the design working life thgenerally
differs from the reference period.

The couple ofi-values (for 1 and 50 years) given in Table 1 factereliability class corresponds to the
same reliability level. Practical application okie values, however, depends on the time periosidemed in
the structural verification, which may be linked awailable probabilistic information concerning ¢éimariant
basic variables (imposed load, wind, earthquake).dt should be noted that the reference periosOoyears is
also accepted as the design working life for comstauctures [4].
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Table 1

Reliability classification in accordance with EN 199

Reliability | Failure consequences — for loss of human lifeff for reference period
. ) . Examples of structures
classes | economic, social or environmental consequencesy vy, 50y.
RC3 High or very great 5.2 4.3 Grandstands, publilciimgs
RC2 Medium, considerable 4.7 3.8 Residences and sffice
RC1 Low and small or negligible 4.2 3.3 Agricultupalildings

For example, considering a structure in RC2 hawidgsign working life of 50 years, the reliabilitgex
B = 3.8 should be used provided that probabilistadets of basic variables are available for thisquerThe
same reliability level is achieved when a referepesod of 1 year anfl = 4.7 are applied using the theoretical
models for a reference period of one year. Thussnwtiesigning a structural member, similar dimersion
(e.g. reinforcement area) would be obtained consig$y = 4.7 and basic variables related to 1 yeaf ©r3.8
and basic variables related to 50 years.

A more detailed recommendation concerning the taeg@bility is provided by ISO 2394:1998 where th
target reliability indices are indicated for the ol design working life without any restriction @@mning its
length, and they are related not only to the comseces, but also to the relative costs of safeysomes (Tab. 2).

Table 2
Examples of life-time target reliability indic@sin accordance with 1ISO 2394:1998

Relative costs of Failure consequences

safety measures small some moderate great
High 0 15 23 3.1
Moderate 1.3 23 3.1 3.8
Low 23 3.1 3.8 43

Note that Table 2 indicates reliability indicesatet to life-time of a structure and not to oneryeference
period;[3 = 0 is recommended for reversible serviceabilityitl state,3 = 1.5 for irreversible serviceability limit
state. Value$ = 2.3 to 3.1 are considered for fatigue limit stdepending on the possibility of inspection and
B =3.1, 3.8 and 4.3 (given in the last column obl€& for great consequences) are recommendedthdaulti-
mate limit states.

Similar recommendations are provided in the Joiom@ittee on Structural Safety Probabilistic Model
Code-JCSS PMC [5], overview is given in [6] — basedthe study by Rackwitz [7] (Tab. 3). These tality
indices are adopted in ISO/FDIS 2394:2015. Thermauended target reliability indices are also relatetioth
the consequences and to the relative costs ofysafedisures, though for a reference period of 1 year

Table 3

Tentative target reliability indicgs (and associated target failure rates) relatech&oyear reference period
and ultimate limit states in accordance with JCSSCHB] and ISO/FDIS 2394:2015

Relative costs Minor consequences Moderate consequences Large consequences
of safety measures of failure of failure of failure
Large B=3.1(p= 1073 B =3.3 (p= 510" B=3.7 (p=10%
Normal B=3.7(p= 109 B=4.2(p=107%) B=4.4(p=510°
Small B=4.2(p=109) B=4.4 (p= 5107 B=4.7 (p~10°

The consequence classes in JCSS PMC [5] (simildrage in EN 1990) are linked to the ratidefined

as the ratioQs; + C;) / Cg, of the cost induced by a failure (cost of congdtarcCy;, plus direct failure cost€;)
to the construction cofly:

- Class 1 Minor Consequencesis less than approximately 2; risk to life, givefailure, is small to neg-
ligible and the economic consequences are smakkgligible (e.g. agricultural structures, silos,sts;

- Class 2 Moderate Consequengess between 2 and 5; risk to life, given a failugemedium and the
economic consequences are considerable (e.g. bffitdings, industrial buildings, apartment builg#);

- Class 3 Large Consequencess between 5 and 10; risk to life, given a failugehigh, and the eco-
nomic consequences are significant (e.g. main bedtheatres, hospitals, high rise buildings).
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However, it is not quite clear what is meant bye“ttirect failure costs”. This term indicates thagre
may be some other “indirect costs” that may aftbet total expected cost. Here it is assumed tleafature
costsC; cover all additional direct and indirect costso@pt the structural cos@,) induced by the failure. The
structural costs are considered separately antbdeia the costs needed for an improvement ofsafet

ISO 2394:1998, ISO/FDIS 2394:2015 and JCSS PMG¢gm to recommend reliability indices lower
than those given in EN 1990 even for the “smalatieé costs” of safety measures. It should be nobed
EN 1990 gives the reliability indices for two redace periods (1 and 50 years); the latter may bepaed as the
design working life for common structures. 1SO 23998 recommends indices for “life-time, examplakys
related to the design working life, without anytrigsions while JCSS PMC [5] and ISO/FDIS 2394:2Qi5-
vide reliability indices for the reference periodloyear.

A new promising approach to specify the targealglity based on the concept of Life Quality Ind8x10]
is considered in ISO/FDIS 2394:2015. The targeuahfailure probabilities are dependent on the patark,
(Tab. 4) that is derived from the marginal costa alafety measure, expected number of fatalitiesngstructural
failure and several socio-economic parameters.

Table 4

Tentative minimum target reliability indic@s(and associated target failure rates)
related to one year reference period and ultimati¢ $tates,
based on the LQI acceptance criterion (ISO/FDISA23%15)

Relative life saving costs K LQI target reliability
Large 10°%..10°2 B=3.1(p= 107
Medium 10%..107 B =3.7 (p~ 107
Small 10°...107* B=4.2(p= 107

It is noted that the target reliabilities givensitandards are commonly derived considering tygahlre
modes and probabilistic models; see for instand®@/FBIS 2394:2015. These considerations should be al
ways clearly indicated to allow for comparing tar¢gvels among standards and to provide basisudhér
developments.

3 Target reliability for variousreference periods

The target reliability levels provided in variousadiments are related to different reference periods
Typically one year, 50 years or simply life-time aonsidered. Assume that the failure probabiétgted to one
year p(B1) corresponds to the reliability ind@x, thus

P1(B1) = D(Pa), ()

®(-) denotes the cumulative distribution functionstdndardised normal distribution. An approximatairthe
failure probability g, within n basic periods assuming that the failutesng each k reference periods are mutu-
ally independent is

PrdBr N, K) = 1 — [1 —p(BD]™, )

wheren / k> 1. The following values df may be taken into account:

- k=1 year in many cases; for instance when clinaticaffic actions govern structural reliability,

- k=5...10 years for office buildings for which relility is dominated by a sustained component of the
imposed load [5]k = n for the cases in which the reliability is insigoéintly affected by time-variant phenomena
(e.g. structures subjected mainly to permanenv@astimasonry or geotechnical structures).

The reliability indexj,, corresponding toR is then obtained using(-) in the same way as in Equa-
tion (1). Variation of the reliability indeg, with n and k is shown in Figures 1 and 2. Notd #ha 1 corre-
sponds to the full independence of failures inréference periods and

Bnl(ﬁlv n, 1) =0 (pnl(ﬁll n, 1)) (3)

Whenk = n then the failures in all the reference periodsfally dependentp,,= py;. This is relevant for the
cases when structural reliability is dominated ingetinvariant variables (resistance and geometnarpaters,
permanent actions, model uncertainties); exampléghtminclude masonry and geotechnical structures,
sub-structures of bridges, underground structuies e

The reliability index is then

Bnl(ﬁlv n, n) = Bl' (4)
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These relationships together with in Figures 1 2rate helpful to compare the target reliabilitindii
cated in the above mentioned documents.
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Fig. 1. Variation of3,, with n fork = 1 and selectef;-values
(failures during all basic (one year) referenceqatr are mutually independent)

BB, n =50, k)
6

[
pr=4.7
4 |p—1
p.=3.1
2 /7 - - - a»r G a» ED G» a» e -
, -‘— - .--____-——-
l" —’kg\----
0 '[’&’
, p=2.3
)
By=1.7
-2 _& I
p,=1.3
P |
1 10 20 30 40 50

k

Fig. 2. Variation of3, with k for n = 50 and selectefgh-values
(failures during k reference periods are mutualtjependent)

4 Comparison of target reliabilities

The target reliability indices indicated in Tablésto 4 are recalculated for the reference period of
50 years (considered as life-time now) using Eaqumsti(1) to (3). Considering ultimate limit stat€sgure 3
shows variation of target reliability indg, ; (basic reference period n = 50) with a degreeosfsequences.
Comparable relative costs of safety measures &emtmto account, i.e. normal reliability class K 1990,
moderate for ISO 2394:1998, normal for JCSS PMCaid ISO/FDIS 2394:2015 or medium for ISO/FDIS
2394:2015-LQI approach.

It follows from Figure 3 that the target reliabjliindices indicated in various documents are within
a relatively broad range. Obviously it may affeesidn or specification of partial factors and mdegailed
instructions how to apply the available recommeiotiatshould be provided.

53



2015 BECTHHUK IIOJIOLIKOI'O I'OCYJJAPCTBEHHOI'O YHUBEPCUTETA. Cepus F

Somehow similar situation is observed for servidaghbimit states for which three documents areneo
sidered here: EN 1990, ISO 2394:1998 and JCSS By riation of the reliability inde with relative costs
of safety measures is shown in Figure 4. 1SO 238B1specifies the target values irrespective obtgaf
measures and the recommended limits are represienkgdure 4 by horizontal lines. JCSS PMC [5] &tsgyfor
irreversible limit states are related to one yed&enence period and the corresponding 50 yearsttaege recal-
culated assuming the full independence of failures.

It should be noted that the assumption of full peledence is, particularly in the case of servidigbi
limit states, questionable and should be reconsiiefrhe assumption of a partial or full dependesfcilures
would obviously lead to more reasonable (greatget reliability indices, definitely closer to g® related
to one year reference period. As already suggeasté?] the target levep = 3.8 could better be interpreted
as corresponding t, = 4.5 for one year as complete independency ddtesee and loads in subsequent years
is not realistic.
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Fig. 3. Variation o35 ; for the ultimate limit states
with a degree of failure consequences
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Fig. 4. Variation of the reliability inde for serviceability limit states
with a degree of relative costs of safety measures

5Target reliabilitiesfor existing structures
In the presented study it is tacitly assumed thattarget reliabilities are to be applied at a glegihase.
For existing structures it is in some cases unewdicel to require the same reliability levels as fiew struc-
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tures [11; 12]. The target level for existing stures usually decreases as it takes relatively rafioet to in-
crease the reliability level then for a new strueftsee Tables 2 to 4. So for an existing structure may for
instance move from “moderate” to “large” relativests of safety measures [2].

Two reliability levels are needed in the assessnoérexisting structures — the minimum level below
which the structure is unreliable and should beraged, and the target level indicating an optimyrgrade
strategy [12—14]. Available experience indicatest the minimum level is often dominated by the horeafety
criteria whilst the optimum repair level is closethe target level accepted for structural design.

It is noted that recently revised ISO 13822:2010tie assessment of existing structures does ootds
further information for reduction of target reliitiés e.g. for shorter residual life-times. Howegveetailed dis-
cussion concerning the target reliabilities forstirig structures is provided elsewhere [15].

6 Recommendationsfor practical applications

Based on authors’ experience the following recontations are suggested for practical structurabdefsir
the reference period equal to a design working(tfsidering the guidance in EN 1990 and 1SO 2B388):

- Ultimate limit statep = 3.3 (RC1)p = 3.8 (RC2) = 4.3 (RC3);

- Fatigue:p = 1.5...3.8 (RC2) depending on the degree of inghdity, reparability and damage tolerance;

- Serviceability limit statep = 1.5 (irreversible)p = 0 (reversible).

As mentioned above these values are to be condidereeference periods equal to design working lif
of structures; e.g. commonly 50 years for buildiagsl 100 years for bridges. Shorter periods maselsant
for less important structures such as agricultstraictures.

However, similar recommendations need to be pravidenormative documents for engineering practice.
It is recommended to consult appropriate targébvdities with experts when:

- the independence of failure events in nearby rafareeriods is dubious (e.g. when structural ritiab
ity is expected to be dominated by time-invariaatiables);

- the design situation is not covered by the abogemenendations, e.g. fatigue for RC3 structureseor r
liability of temporary structures.

7 Conclusions

The following concluding remarks are drawn from pesent study:

- in the present normative documents the targethititinlevels are specified for different referenperi-
ods - typically one year, fifty years and life-time

- recalculation of targets to uniform reference paiisay 50 years) is complicated by mutual deperelenc
of failure events;

- with increasing mutual dependence the target riéitieb approach values related to one year (basic)
reference period;

- the target reliabilities indicated in available doents are within a broad range and should beagyis
carefully considering failure modes and probabdistodels accepted when specifying target levels;

- target reliabilities in standards should be supgleted by clear recommendation on how to use them in
practice;

- for ultimate limit states of common buildings amitges (RC2), reliability index 3.8 can be conséter
for a reference period equal to the design workieg50...100 years);

- for fatigue the target reliabilities are currergiyecified in EN 1990 within a broad range and sthdad
further analysed for different types of structufeg. high-rise buildings, road and railway bridges
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YPOBHMU IEJEBOM HAJIEAKHOCTH B EBPOKOJIAX M | SO CTAHJAPTAX

M. XOJIHIIKHH, 1. MAPKOBA, M. CHKOPA
(Yeurckuit mexnuveckuii ynusepcumem, Ilpaza, Hnemumym umenu Knoknepa)

Paccmampueaiomes ycnognvle yposHU HAOEHCHOCMU, PEKOMEHOOBAHHbIE 8 HAYUOHAIbHBIX U MENCOYHA-
Poouwix doxymenmax. [loxkazano, umo smu yposHu 6apbUpPyIOmMcst 8 WUPOKOM OUANA30HE, 8 MO 8PeMsL KaK CCbll-
KU HA COOMEeMCmeyowue 3ampamyl U ROCIe008AMEIbHOCb OMKA308 HeOOCMAMOYHO U3yueHda. B nekomopovix
OOKYMEHMAX UHOEKC Yenesoll HAOEHCHOCMU onpedensiemcss 0t 00H020 U 08yx 6azoevix nepuooos (1 200,
50 iem unu 6 meuenue gcezo dHcuzHeHHO20 YUKIA) 6e3 NPeOOCMABICHUS COOMBEMCMEYIOWUX CCOLIOK HA NPOeK-
mbl. B dannoi pabome O0enaemcst NRONbIMKA NPOICHUNMb OMHOULEHUSL MEJCOY YPOBGHIMU YeNe60l HAeNCHOCMU,
3ampamamu Ha obecneyenue 6€30nACHOCMU, NOCIe008AMENLHOCHIbIO OMKA308, 6A306bIMU NEPUOOAMU U CPOKOM
okenayamayuu. Jis npedenvuvix ypoeHei cocmosnus obwecmeennvix soanuti u mocmoe (RC2)pexomenoosano
ucnowv308ams yenesol unoexc 3.8 0ns nepuooda, pasHo2o npoekmuomy cpoxky cayacowor. 50 rem — ons 30anuii,
100.em — 0nst mocmos.
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