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Abstract. General principles on probabilistic approach tactral design for durability are
provided in the international standard ISO ,Gen@mhciples on the Design of Structures for
Durability* which is currently being implementedtinthe system of Czech standards. The
operational use of the new procedures in practioeladvrequire specification of probabilistic
durability criteria, physical models of materialtel@orations, and theoretical models of basic
variables. It appears that the probabilistic meshodfl optimisation may provide valuable
background information facilitating determinatiohappropriate durability criteria.

Introduction

Presently the international standard ISO 13823)iing the basis for design and verification
of structures for durability is going to be implemed into the system of Czech standards.
Complementary guidance for its national applicaiaill be given in the new Czech standard
CSN 73 0044 [3]. Moreover, some specific provisionb be developed for industrial and
civil engineering structures in company standaedg, for energetic devices in power plants
(for chimneys, cooling towers etc.). Principles Yerification of the Durability limit states of
structures are provided in this paper and illusttain practical examples.

Limit States Concept

ISO 13823 [1] provides principles of limit state tmeds for durability. The key steps of the
deterioration processes and reliability verificatiossing concepts of limit states are indicated
in Fig. 1. It is a general scheme that may be apecific application modified depending on
the actual conditions of a considered structure.

There are three vertical parts in Fig. 1 showingetiaxis on the left, real processes in the
middle and professional practice on the right. Tilvee axis is split into two parts by a point
denoted as Durability limit state (DLS) which capends to the point in time when adverse
environment actions have turning point, e.g. beigigiof reinforcement corrosion or decay of
timber. In case of concrete carbonation, it is afpawhen neutralized carbonation depth
reaches reinforcement surface and reinforcemembsion may start. It might be assumed
that in this point in time the Durability limit ¢&is achieved. It may be noted here that
recently revised ISO 2394 [2] provides more gemertile Condition Limit States (CLS)
when the specific well defined and controllable itistate of a structure may be achieved
without direct negative consequences.

The middle part of Fig. 1 indicates a sequenceeal processes concerning structural
environment and influences (rain, de-acing salt$ atner agents), transfer mechanisms of
environmental influences and environmental effe@tsinforcement corrosion, material
decay). On the right part in Fig. 1 it is indicatedt transfer mechanisms may be described by



models or tests which may be applied in engineepragtice. Two types of models are
generally distinguished: conceptual (heuristic) cdpd on the bases of reasoning and
previous experience, and mathematical (analytisp@cified on the basis of theoretical
assumptions, for examples concerning diffusion @sees.
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Fig. 1. Limit states method for durability.

Resulting environmental effects may then lead ®ltss of resistance (bearing capacity)
of structures or to the loss of their serviceapi{gxcessive width of cracks or deformations)
as indicated in the lower part of Fig. 1.

Environmental effects on structures should be caetbiwith action effects. The load
combination rules are however, not covered in IS382B [1]. Therefore, supplementary
guidance is developed in the new national stan@&N 73 0044 [3].

Verification of Working Life

The fundamental durability requirement is represgnby a simple condition that the
predicted working lifetsp should be greater than the design working tifevith sufficient
degree of reliability. It is well recognised thhetworking lifets is dependent on a number of
basic variables and is consequently a random \artadving a considerable scatter. For the
verification of the working life of structure, tHellowing probabilistic condition should be
analysed

P{ts<tp} < Prarget (1)



wherePurgetdenotes the target probability that the workirig i is less than design working
life tp of the structure. As a rule the design working tf is a deterministic quantity (for
example 50 or 100 years) specified in advance.

Verification of the Limit States

Probabilistic formulation of the ultimate limit $&% is similar as in case of working life. For
an arbitrary point in timé<tp the following condition should be assessed

Pi(t) = P{R(t) - S(t) <0} < Ptarget (2)

whereR(t) denotes resistance ag{) action effect.
The basic probabilistic condition for the servicéigbmay be written analogically as

Pi(t) = P{Sm — St) <0} < Ptarget (3)

Here Sim denotes the limit value of the serviceability icator, e.g. of the crack width or
deflection. The Durability limit state may be ved in accordance with eq. (2) or (3)
depending on the particular conditions of the $tmec

Probabilistic assessment of the working lifg is illustrated in Fig. 2. It should be
emphasized that Fig. 2 describes only monotonoeestying load effect§(t) and resistances
R(t). The horizontal axis denotes the tiheand the vertical axis in the upper part the
resistanceR(t) or in the lower part the load effegt). Probability distributions of variables
R(t) andS(t) are in Fig 2 indicated by probability density functions.
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Fig. 2. Probabilistic assessment of the working lif

Obviously the failure probability:R) = P{R(t) — St) < 0} is an increasing time dependent
function. The probabilistic assessment of the wuagKife tsp follows from the relationship

Pi(tsp) = P{R(tsp) —Stsp) < 0} = Prarget 4)



ISO 13823 [1] does not provide guidance regardanget probabilityPrarges This question
remains open for national choice, therefore complaary provisions for conditions of the
Czech Republic are given in CSN 73 0044 [3].

Target Reliability L evel

Target reliability level, represented by the targesbability Prarge: OF reliability indexfiarges
depends in general on the definition of the workifg time, whether the critical durability
requirement concerns the Ultimate limit state, Bembility limit state or Durability limit
state and what are consequences of their infringeme particular conditions the target
reliability level may considerably vary. Table lopides indicative intervals for the target
probability Prargerand reliability indeXbiarges

They are derived from target values recommendedS 2394 [2] where additional
dependence of target values on relative costsfefysmeasures (required for an increase of
the reliability level) are also indicated.

Table 1. Indicative values of the target probapft.ge:and reliability indeXfiarget

Limit state Prarget Prarget
Ultimate limit state (ULS) ~ 16 ~3,7
Serviceability limit state (SLS) 0,01t0 0,10 1,3t02,3
Durability limit state (DLS) 0,05t0 0,20 0,8 ts1,

A Study Case of the Durability Limit States

The Durability limit state can be well illustratdxy carbonation of the concrete. The limit
state is defined as a simple requirement that #nbonation depttg(t) (load effect) is less
than the concrete cov@ (resistance). Failure probability can be then daeieed from the
integral

R () = P{S(t) > R} = [ @5 (), (x)clx (5)

whereeg(x,t) denotes probability density function of the letect S(t) and dg(X) distribution
function of the resistandg, see e.qg. [4]).

Extensive measurements of the carbonation d&tjhon cooling towers (unprotected
external concrete) [5] provided the following exgs®ns for the meaps(t), coefficient of
variationwg(t) and skewnesas(t)

p)= 512 mm,wt) =0,1t°% alt)= 0,2t% (6)

wheret denotes time in years. Gamma distribution seentsetthe most suitable theoretical
model. For time invariant concrete cover the follogvyparameters have been obtained

Mr= 20, 25 and 30 mmyg = 0,35,ar = 0,35 (7)

In this case Beta distribution having the lower hdwat zero seems to be the appropriate
theoretical model. Note that in Annex A of ISO 1382] a normal distribution is assumed
for both variablesy(t) a R(t); this assumption may, however, provide a fapproximation
only.



Considering the above mentioned theoretical moaledstheir parameters given in Eq. (6)
and (7), the failure probabilitiy:(t) analysed by Eq. (5) is illustrated in Fig. 3 tbah be used
to assess the working litep using Eq. (4) for specified target probabilRygetand the mean
of concrete coverr. If, for example Prarget= 0,10, then the meagwk = 20 mm corresponds to
tsp ~ 23 years, ifur = 30 mm thertsp ~ 65 years. Fig. 3 confirms results of previousls&s
[5,6] indicating that assessment @ is significantly dependent on theoretical models
assumed forR(t) and §t), and on specified target probabilityige: It appears that
specification of the target reliability level care solved using methods of probabilistic
optimisation [4,5].
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Fig. 3. Probability of failure versus time for pareters given in Eq. (6) and (7).

Probabilistic Optimization

The total costs of execution and repair of thecstme due to failure (infringement of the
Durability limit state) can be expressed as a fioncdf the meamr (decisive parameter)

Ciot(urt,p) =Co + Crur + P(ur ,t) /(1 +p) (8)

whereC, denotes the initial costs independentgfC, expenses for a unit @k, C; expenses
for durability failure andp the discount rate (assumed here around 0,03)d&tdised total

costs are considered as
Kiot(tirt,p) = [Crot(urtip) - Col / Co = ur + Pi(ur ,t) Gt/ [(1 +p) Ci] 9)

The optimum meapgrmay be then determined from

0K (LR 1, D) -0 (10)
OUR

Taking into account Eq. (9), the following conditimay be derived

0P (Ug,1) - _ L+ p')C, (12)
ot c,




It should be noted that in a realistic domaimgfrom 20 to 60 mm, Eq. (11) may not have
a solution and the minimum of the total costs matyaxist.

Considering the Durability limit state of a struauthe standardised total costs given by
Eq. (9) are shown in Fig. 4 for the design lifeditn= 50 years and discount rgie= 0,03. It
appears that the optimum mean of concrete coyeéncreases with increasing cost ra@e
/Cy. For C; /Cy = 200 the optimumug is about 18 mm (theoretical minimum is less th@n 2
mm), for the cost rati€; /C,; = 1000 the optimum meanig~34 mm.
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Fig. 4. The total standardised costs(ur,t,p) fort = 50 years and = 0,03.

Interactive dependence of the total costgwandp is shown in Fig5 for the cost ratio
C:;/Cy = 1000,t = 50 years. Fig. 5 clearly indicates that the alist ratep may significantly
affect the total costs and the optimum megann general, with increasing discount ratéhe
total costs and the optimum meandecrease.
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Fig. 5. The total standardised costs(ur,t,p) for C;/C; = 1000 and = 50 years.



Concluding Notes

Probabilistic principles of structural design faurdbility or estimation of residual working
life given in ISO 13823 are expected to be soonlemented into the system of Czech
standards. It appears, however, that the assesshemtrking life is strongly dependent on
the theoretical models of basic variables and §pédaieliability level

The target reliability levels should be differet#id taking into account the character of the
limit state, consequences of durability failure ano$ts of safety measures to increase the
reliability level.

Methods of probabilistic optimisation may providational background information for
specification of the target reliability level. Imase of carbonation of concrete cover the total
costs depend on the thickness of concrete covsigmevorking life and discount rate. The
optimum concrete cover increases with increasingtscalue to durability failure, and
decreases with the increasing discount rate.

Operational use of the new procedures in pracéiqaires specification of

— Appropriate physical models for material deterimnat

- Suitable theoretical models for basic variables,

- Differentiated probabilistic criteria for durabylitequirements
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