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1. Introduction

As existing facilities / structures are modified, @ngineering knowledge advances and as the
requirements to extend life increase, industriestnilemonstrate that operations can continue
safely and economically. There is a general red¢mgnacross all industrial sectors that this reas-
sessment process is different from the design peodes a minimum, the known conditions and
specific functional requirements of existing faw / structures need to be taken into account
(with design ‘uncertainty factors’ removed where-sipecific parameters are available from as-
built information and inspections).

Workpackage 6 of SAFERELNET TN [1] has establisheflamework for the cost optimal as-
sessment of existing structures in consistency thighavailable information and such that any
requirement to the safety of the facility or sturetis achieved. This framework is applicable to
all industrial sectors.

The approach for the assessment of structureseés @gn Section 3. To asset a system, product,
or process the reader is kindly referred to WP4 IHjwever, a short general conclusion is pre-
sented in Section 2.

2. General Approach of Assessment

If an object is designed and constructed, it caadsaimed that it is efficient and fulfils the given
requirements. However, this statement is striatljected to the condition that all assumptions
underlying the codes and applied specificationsfalféled throughout the anticipated service
life. Therefore, if there is a doubt concerning thiilment of either the given requirements to
the operating of an object or the assumptions Uyidgrthe design a reassessment of the struc-
ture is recommended.

Independent from the type of assessment and tliedfimbject, every assessment consists of 3
main parts: a) Triggering & Preliminary Investigatj b) In-depth Investigation & Assessment,
and c) Conclusion & Consequences), according tarEig.

Within each main part, various decisions are neggssvhich can result in a complex decision-

making process. To avoid subjective decisions,st-loenefit analysis is recommended, assign-
ing each future event with all advantages and dimatges in monetary units. These cost-
benefit relations should be considered in each gadt can be reused and updated within the
assessment process. The quality and success depehd current state-of-the-art (codes, stan-
dards, etc.), the individual expertise, and expeeeof the executor.

3. Framework for the Assessment of Existing Structures

Nowadays, many industrial sectors have establisheil own strategy for the assessment of
existing facilities / structures and lifetime ex¢em. A common approach is a step-by-step as-
sessment from a crude visible inspection to a ldetatructural reliability analysis. Each indus-
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trial sector has developed its own concept forasgessment. The most advanced and common
guidelines and codes are JCSS, ISO 2394, and 182r]8escribed in WP6 [4].

Triggering & Preliminary Investigation

In-depth Investigation & Assessment

Conclusion & Consequences

Cost-Benefit Aspects

1T T 1T

State-of-the-art Expertise Experience

Figure 1 General approach of an assessment

The flow chart, shown in Figure 2, summarises tast Ipractice of all industrial sectors to one
framework for the assessment of existing structares facilities, applicable to all structures of
all industrial sectors. Additionally, special stands and codes should be established to reflect
the special requirements of each industrial seadttine specific assessment stage.

The process of collecting information, updatingustural performance through analysis and
devising repair and strengthening activities isaislon process which aims to identify the most
effective investigations and modifications requitedsatisfy new requirements to the use of the
structure and to remove any doubts in regard toctreition and future performance of the
structure. It is important that this process isrojgted, considering the total service life costs of
the structure by an integrated cost-benefit analysi

Explanation of specific assessment steps:

(a) Assessment initiator: An assessment initiator, akdted trigger, is the reason to activate the
assessment procedure. The main initiators areidedan WP6 [4].

(b) Review system, actions and condition: The currgstesn, actions, and condition have to be
compared with the original design performance. iffiermation is available from original
design data, construction data, history data (egnitoring data, special events), and simple
visual inspection and measurements (e.g., siz@mponents). Changes regarding renewed
codes should be considered.

(c) Assessment reasonable? In case the preliminargtigagions show that a full assessment is
not necessary, the procedure can be stopped; donm@e, if doubts are not confirmed or the
knowledge from a similar object can be used.

(d) Refine system, actions, and resistances: If nearimdition from the first review (b) is avail-
able, the assumptions of actions, resistances, Imag system have to be corrected. In ad-
vanced levels of numerical assessment it is p@ssibtefine these assumptions by increased
knowledge due to experimental assessments.



2005 pppecenbiiientl

ummer
cademy

MCO

Proceedings of the

SAMCO Summer Academy 2005
05-09. September 2005

Zell am See, Austria

Assessment initiator
is triggerd

Y

istory data and simpl
measurements

Review system, actions and
condition of object

/" o

Further experimental

/

/(ﬁ,

Refine system, actions

Y

assessment and resistances (d)
A +
Refine uncertainties
and / or target safety level (e)
Y
Numerical assessment
at level L; (f)
All requirements Yes -
met?
(f)
i=1+1 Yes
« Lz S Lmax
(f)
No
Object NOT
fit-for-purpose (f)
Y
Y Y
Reduction of .
> Restoration
exposure level (i) ()

Y

C Demolish object )
(h)

Y

Preservation of
similar objects

(k)

>
>

Y
Object
fit-for-purpose
Y
Preservation of this
and similar objects

C )

COST-BENEFIT ANALYSIS (1)

Figure 2 Flow chart of a structural assessment

(e) Refine uncertainties and / or target safety levielghe first level of calculation {newest
common codes and standards shall be used to detetha@ uncertainties of exposure and re-
sistance, as well as, the target safety level. \6&gn these codes use a partial safety factor
approach. Within more advanced experimental asssgsrthe uncertainties and safety lev-
els can be corrected due to increased knowledge.rédfimement of model and system as-
sumptions has to be considered as well. WP6 [4¢ldies this topic in detalil.
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Numerical assessment: Numerical assessment is eatylation based on the refinements
in (d) and (e) of the safety / reliability of thersidered object. There are several possible
levels, whereas the first one should be alwaysgusiimmon codes.

If the object do not pass the requirements of thdes, a more advanced numerical assess-
ment can be applied. Some possibilities are: censid linear or non-linear approaches, or
investigating components or the whole structures fost advanced method is the system
reliability analysis based on a generic approadbvi@usly, it is difficult to define a strong
hierarchy of such methods. The range of more addevels depends on the object and
differs from industrial sector to industrial sectBisk analysis and cost-benefit aspects shall
be considered as well.

Additional experimental assessments can be negessarcrease the knowledge of the ex-
posure level, resistance level, and model and syagsumptions of the investigated object,
which finally yields to a loop with different lexeL; of increased accuracy. The highest level
Lmax depends on the available numerical and experirhassessment methods and cost-
benefit relations. Assuming all tools are used #edobject does not pass the numerical as-
sessment, the loop ends and the object is decar®DT fit-for-purpose.

A detailed description of advanced numerical assess methods is given, for example, in
WP5 [3].

Experimental assessment: Experimental assessnedund@s the decision of what should be
measured, which method has to be used and thequérgdnterpretation of the results. Ob-
viously, it depends on the next numerical assessstep and the cost-benefit relation. A de-
tailed description of various methods is availablg/P6 [4].

Demolish object: The investigated object will bestieyed. Therefore, aspects of environ-
ment-friendly recycling or reuse of parts of thgegb have to be considered. The reused
parts need an additional intensive experimenta¢ssssent and an advanced maintenance
program (WP7 [5], [6]). The data of the assessmsbatild be used to verify similar existing
or further objects.

Reduction of exposure level: The exposure levehefobject will be limited. It has to be
guaranteed that no higher exposure level is passitibnsequently, an additional modifica-
tion of the object is necessary by restoration ().

Restoration: Restoration is defined as an essasttiadinimum set of retrofit steps such that
the service or ultimate life can be extended fepecified time period. The main restoration
methods are the increase of resistance or reductfitie exposure level. After a restoration
an additional general assessment is necessaryifp the performance of the new object.
Preservation: Preservation defines all activitigsich allow keeping the system in a state
such that a continuous safe and reliable operaignaranteed during the entire service life.
This is of paramount importance for systems, wilaighsubjected to deterioration with usage
and age, as well as for a further extension ofitife. Preservation encircles different activi-
ties: information updating (WP5 [3]); reassessm®dP6 [4]); and, most notably, mainte-
nance (WP7 [5] [6]).

Cost-Benefit Analysis: The results of a cost-bdrafialysis can be used as input to the deci-
sion processes. Such decisions have to be madegdbe whole assessment (e.g., should the
object be demolished or restored, or what kindxpleeimental assessments should be per-
formed). A cost-benefit analysis is a rational diexi tool where the optimal decision is the
one which maximizes the total expected benefitauszosts in the design or remaining life-
time. All benefits and costs have to be expresseddnetary units and are discounted to, for
example, the time of decision. In the decision psscall information and aims should be
considered by weighting social, economical, andrenmental aspects. The description of
modelling a cost-benefit-function is described ecn 6 and in detail in WP6 [4].

Current Guidelines, Rules, and Codes

Table 1 gives an overview of the current statehefdrt of common rules, codes, and standards
sorted by industrial sectors and investigationaspr his list is not exhaustive.
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Table 1 Overview of the state-of-the-art in severdustrial sectors
(for more details see WPS8 [7])

Industrial sec-
tor

Modification of Target
safety levels or partial
safety factors

Guidelines for assessment
reassessment of existing
facilities / structures

[Cost — Benefit —
Aspects

Overall sectorg

5JCSS guide [16];

JCSS guide [16];

JCSS guide [16]

ISO 2394 [9] ISO 2394 [9]
Offshore Oil | NPD [27]; Very crude ISO 19902 (DRAFT) [8];
and Gas suggestions by API [26] |ISO 2394 [9];

ISO 13822 [10]

Marine Trans-

ANSI/ASME B31G;

ESRELO3 paper

portation DNV RP-F101 [25]
Buildings Reduction of partial safetySO 13822[10]; JCSS guide [16]
factors [20] ISO 2394 [9];
national guidelines
Motorways - Very, very crude assump- bridge management sys- | JCSS guide [16]
and Bridges tions by introducing a tems PONTIS [33], DAN-

condition factor
(BD21/93 [12], BD44/95
[13])

- Reduction of resistance
to consider deterioration
(limited to non visible
deterioration) [11]

- Rodriguez et al.[30]

BRO [14]and BRIME

- theoretical models ([18],
[15])

- further special national
guidelines

-1SO 2394 [9]

Process Indust

try

Special company intern
guidelines (e.g. Shell [32])

Power Plants

Lower target safety leve
for existing nuclear powe
plants than for future IN-
SAG-3 [22]/ INSAG-12
[23]

|- Special company intern
guidelines (e.g. CPPE)

- for nuclear installations:
Safety Guideline [21] and
French rules RCC-M

Aircraft

European (UK, Franc
Germany) guidelines ([17

[24])

5. Experimental and Numerical Assessment M ethods

For experimental, as well as, for numerical asseasmmethods several steps of different levels
of detail and effort are possible. It is recommehtte start from a very simple level with less
work and crude assumptions, and to increase that fvdetail step-by-step. The top level de-
pends on the special task, expertise of the empiyhe research status-quo, and the relation
between costs and benefits. This decision has tetsgmined after each assessment step.

Fundamental numerical assessment methods sortadaftower to an upper level are, for exam-
ple:

Linear analysis and component check (follow theegod

Refined actions and resistances

Linear elastic redundancy analysis

Non-linear analysis and component checks

Structural reliability analysis, usingABESIAN event updating

Obviously, not each method is applicable for eashk tand for special problems additional meth-
ods are required. Sometimes, a higher level cay lmmlobtained by additional knowledge about
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the structure using experimental assessment sgatethis increase of information can also be
used to adjust the target safety level or uncerésrof exposures, resistances, and model and
system assumptions (WP6 [4]).

With regard to the method, experimental assessmetitods can be distinguished between:
» Inspections (i.e., simple sight views and measuntsnesometimes this step is done
within a maintenance process)
» Destructive techniques (DT)
* Non-destructive techniques (NDT)

Another classification relates to the object okeassnent. It is possible to asset the:
* Resistance level (i.e., materials)
» Exposure level (i.e., determine the wind or wavesionitoring)
» Relation between resistance and exposure level ifi@ximal loads for ultimate or ser-
viceability limit states)

Table 2 gives an overview about possible experiaiegsessment methods, which are described
in detail in WP6 [4].

Due to cost and time aspects, an excellent codrdimdetween numerical and experimental
assessment methods is required. Consequently,ciésrpreparation is recommended. Before
starting with an experiment, the following questiamould be answered:

* What do you expect from an experimental assessment?

* Are the expected results useful for the speci&?as

* What do you need for the next numerical assessstep?

* Which kind of experimental assessment is the optiarghis aim?

* Do the expected results justify the expected costs?

6. Decision Making and Cost-Benefit Analysis

Nowadays many decisions have to be made by pedpieave not specialists in all of the fields a
decision will cover. In many cases this leads tteary decisions, which are not optimal consid-
ering a global view. As an input to the decisiongass the results of a rational cost-benefit
analysis can be used. A cost-benefit analysisrigianal decision tool where the optimal deci-
sion is the one which maximizes the total expebimukfits minus costs in the design or remain-
ing lifetime. All benefits and costs have to be regsed in monetary units and are discounted to,
for example, the time of decision.

Basically, benefitsB(d) depend on the decision maker and the related prefes. Benefits can
be related to:
e Serviceability / user benefits
» Disposition (total or partial)
» Individual benefits (prestige, maintenance of emwinent, saving of resources, historical
maintenance, motivation of employers, etc.)
* Others

The costs are:

* Cr(d) - Initial repair / strengthening / demolition ce@dbr the assessment (direct costs
(i.e., material and employers costs), indirect £qse., costs of detours)), i.e., costs
close to the time of re-assessmépt

+ Cg(d,e) - Expected inspection costs (maintenance, mongoradditional reassess-

ment, preventive actions, experiments, etc.), ¢ests after the time of re-assessment
TR



2005 <tiitoetuipieth Proceedings of the
ummer SAMCO Summer Academy 2005
cademy 05-09. September 2005
MCO Zell am See, Austria

* Cgk(d,e) - Expected repair and strengthening costs (doests (i.e., material and em-

ployers costs), indirect costs (i.e., costs of deg)), i.e., costs related to actions based
on the results of inspections
* C,s(d,e) - Non-serviceability costs (production downtimet,.)

* C:(d,e) - Failure costs (in case of total collapse, i.amédge of material, life, and pres-

tige)
e Others

All benefits and costs have to be discounted by
* ) -realrate of interest

design information
decisionz S

repair/re-design state of nature cost-benefit
decisiond X CB (z,s,d,X)

Figure 3: Time scale for decision-making proceddrg,indicates the time of re-assessment

The preceding lists are generally applicable ferdikcision-making during the assessment proc-
ess indicated in the flowchart in Figure 2, eveoutih the main emphases are dissimilar for the
different industrial sectors. The decision variablelated to the actions at the time of re-
assessment are denotkdand the decision variables related to futureéosipns are denotes

A cost-benefit functiorCB can be defined by

E[CB(d, €)] = E[B(d,€)] - E[C(d, )] Eq.
= E[B(d,&)] -{E[Cx(d)] + E[C, (d,€)] + E[Ccr (d,€)] + E[C\s(d,6)] + E[C. (d, )]} 1

The optimal decisiond * and e * are obtained by solving the optimisation problem

max E[B(d, )] ~{E[C,(d)] + E[Cq (d,&)] + E[Cx (. &)] + E[Cys(d,©) + EC,. (d, &)}

st d'sd <d", i=1,..N E%‘

AP, (d,e) < APM™, t=To, Tauson,

where Ty is the time of re-assessment. The annual probabififailure in yeart is AP . The

N future inspections are assumed performed at tie$; <T, <T,<..<T <T,.
The total capitalised expected benefits are written

E[B(d,8]= 2B, (L-P: (t,d,6) - P (t.d,6))——

[T Eq. 3

whereas thé-th term represents the capitalized benefits irr yegiven that failure has not oc-
curred earlier,B, is the benefit in yeat, P (t,d,e) is the updated probability of failure in the
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time interval[T,,t ], and y is the real rate of interest. The updating is Basethe information
S.

By assuming the probability of initial repair isugd to 1, the total capitalised initial repair st
are written

E[Cir(d)] =Cr. Eq. 4
If inspections are foreseen, the total capitalesguected inspection costs are obtained by

1

[Fas 4.9

E[Ce (0.1 =3 ey, (9L~ P (T, d.0)

Thei-th term represents the capitalised inspectiorscaistha-th inspection when failure has not
occurred earlierCg, ; (e) is the inspection cost of tleh inspection.

The total capitalised expected reassessment aests a

1

E[Cen(d,6)] = X Cer Per @8 o

Eqg. 6

whereC; is the cost of a repair at tinth inspection andP;;(d,e )s the probability of per-

forming a repair after thieth inspection when failure has not occurred eadied no earlier re-
pair has been performed.

Considering a serviceability limit state, the totdpitalised expected costs due to non-
serviceability are

1

T
E[CNS (d, e)] = _Z CNS (t)APNS,t (d' e)PCOL‘ FAT (d) —t—TR .
t=Te+d @+

Eqg. 7

The total capitalised expected costs due to faikexeluding the non-serviceability, are estimated
from

1

o Eq.
ary) q.8

TL
E[C, (d.8)]= 3 Cr (AR (A &Pooyrur (0)
where C (t) is the cost of failure at the tinte Py, ,; (d) is the conditional probability of

collapse of the structure given failure of the ¢desed component.
Eq. 2 can equivalently be formulated as a religbdbnstrained optimisation problem

max E[B(d,e)] - E[C(d,€)],
de " _ Eqg. 9
subjectto B'(d,e)= ™",

where the generalised reliability index is defirgd 8 (d,e) =—<1>’1(PF (d,e)). L™ is a code
specified minimum acceptable reliability level teldto annual or lifetime reference time inter-
vals. How to choosg8™" is considered in WP6 [4]. Other design constraiats be added to Eq.
9 if needed. If new informatiosis available, the BYESIAN event updating can be applied.

Numerical solution of the decision problems requiselution of one or more optimisation prob-
lems. Since the formulated optimisation problenes ggnerally continuous with continuous de-
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rivatives sequential quadratic optimisation aldoris such as NLPQL [31] and VMCWD [29]
can be expected to be the most effective, see TI8se algorithms require that values of the
objective function and the constraints are evatliabgether with gradients with respect to the
decision variables.

The probabilities in the optimisation problems ¢ensolved using FORM techniques, see [28].
Associated with the FORM estimates of the probidialso sensitivities with respect to pa-
rameters are obtained. If the decision problenmuihes analysis of a structural system, the finite
element method in combination with sensitivity sak can be used.

7. Summary and Conclusion

This study is aimed to review the different praetaf several industrial sectors concerning the
assessment of existing structures. Thus, the pesa@pproach includes the best, cost-optimal
assessment practice extracted from all industeedoss by requiring the optimal level of safety.
Nevertheless, further research work is inevitableansider some aspects in detail.

However, it is a preliminary report of the finalliderable of Workpackage 6 of the SAFEREL-
NET Thematic Network [1]. Please, feel free to embtthe authors in case of comments and
recommendations..
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