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Abstract: The built environment, both historic and of receanstruction, is exposed to high level of seismic
risk due to increasing level of seismicity arouhd tvorld. Thus, it is necessary to assess theimxibtiilding
performance to current level of seismicity in orderperform the cost-effective interventions. EGBtR3 is
devoted to seismic assessment/retrofitting of emjdbuildings. This document introduces an adjusinfi@ctor
to account for epistemic uncertainty, called “cdefice factor (CF)”. CF is based on the level ofvikiedge of
the structural properties such as geometry, raiefoent layout and detailing, and materials. Thisitem,
plausible from a logical point of view, cannot yabfit from the experience of use in practice, leeiits
soundness needs to be investigated in real agphsatThis paper proposes a probabilistic basedadeto
calibrate CF, which can simulate the entire assessiprocedure conditional on the acquired knowledde
method is then applied to six-storey three-bayfoeaed concrete frame to assess the role of CF.obt&ned
CF's values are then critically examined and coetbarith code-specified ones. The critical problerhssing
a single factor in seismic assessment of existinlglings are pinpointed.

Keywords: Reinforced concrete, Testing and Inspection, Reteiment details, Material properties, Modelling
assumptions, Analysis method, Knowledge level

1. Introduction

A detailed seismic assessment (or evaluation) ahdividual building is required to determine the
need for seismic retrofitting, and also to identilfye particular weaknesses and deficiencies to be
corrected. For this reason, during the past twoades considerable work has been done in the
direction of developing seismic assessment metlogikd, usually under the auspices of national or
international organizations. The first documengjradid with the modern anti-seismic philosophy can
be considered to be the NEHRP guidelines, prepared®97 under the sponsorship of the FEMA
(FEMA, 1997), followed in 2000 by the FEMA 356 (FY2000). In the same years work started on
Eurocode 8 Part 3 which was finally approved in2Q0EN, 2005). Ofcourse, it could not be asked
of these documents to provide a knowledge thatndidexist and, given the relatively short period
during which they were developed, it could also Ipetexpected that they were validated through a
sufficiently long experience of application. Asesult, they should still be looked at as experiment
and subject to further progress.

This paper focuses on one particular aspect ohskessment procedure put forward in EC8-3: the so-
called confidence factor (CF), analogous to theskadge factor in FEMA 356. Actually, the role of
this factor is central in the context of the oviepabcedure. The paper discusses the inadequatwe of
present format due the associated uncertaintiestrictural properties as well as the degree of
freedom left to the analyst. Next, the proposenbmal calibration procedure is explained and apblie
to the six-storey three-bay RC frame. The resultsns to indicate that the CF format currently
specified in the code requires modification.
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2. Assessment procedure in EC8-3 and role of CF

The assessment procedure starts with the informaimse initially available about the existing
structure. From this point on, at each step ofpteeedure given in EC8-3, analysts are faced with a
number of options that, as it will be discussedwe(with reference to Fig. 1), cannot but lead to
different outcomes of the state of the structure.

First of all, the analysts may choose to attairehdifferent knowledge levels, for which different
minimum amounts of tests are required by the cddeg. (1a). For the same target KL, the same
percentage of tests per floor may be obtained difflerent test types and locations (Fig. 1b). Each
test type involves a different measurement errat, for indirect tests, a different dispersion i th
associated correlation equation. Further, oncerdselts have been collected, these have to be
integrated with the initial data set (Fig. 1c): whado then if the additional information contretdi

the design documents? One analyst might accemtiskeepancy, within certain limits, while another
may choose to rely entirely on in-situ informatiadopting a full survey, together with extended
test/inspection plans, i.e. moving up in the knalgke scale to KL2. Another issue is related to the
two higher levels, KL2 and KL3, for which the twptmns: “initial information plus verification” and
“complete reliance on in-situ information” are givas equivalent alternatives. It is quite likelgtth
they are not exactly equivalent and this represents further source of difference in the final
assessment results.
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Figure 5. Degrees of freedom left to the analyst

The next branching point has to do with the soechltefective details, such as, for example,
insufficient anchorage length of rebars, 90° hoeksl inadequate diameter/spacing in stirrups,
absence of joint reinforcement or wrong detailimghe anchorage of longitudinal bars into the joint
etc. This is a multi-faceted problem. Once a typdeadect is discovered, the question arises whether
its presence should be considered systematic begesttucture or a portion of it only, or as anasedi
local feature (Fig. 1d). An informed answer to thisestion would require extensive and intrusive
investigations that are seldom compatible withabetinued use of a building.

The next choice of the analysts is the method afyaris to be employed (Fig. 1e), which is intimgtel
related to that of the modelling (Fig. 1f). Obvibysif the selected analysis is linear, the cyclic
degradation due to defects cannot be includediststage. But even if it is nonlinear static, such
behaviour cannot be easily included. Exclusion t#se defects from modelling may lead to a
response quite different from the real one. Ondtieer hand, nonlinear dynamic analysis including
behavioural models for defective members woulddrideé model uncertainty on capacity with that on
hysteretic degrading response.

The different sources of uncertainty and multigh@ices facing the analysts during the assessment,
all contribute to a relatively large dispersiortlire estimated state of the structure. The intesicet

that is proposed herein for the CF is that of aoilawhich aims at ensuring that, out of a large hem

of assessments carried out in accordance with E@8$ a predefined, acceptably small fraction of
them leads to an unsafe result, i.e. to overedtigidhe actual safety. Admittedly, the idea that a
single factor, with values depending only on thewledge level, and not on all the aspects recalled
above, may achieve the stated objective may agseanrealistic. The paper represents an attempt to
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investigate to what extent this idea maintains swatee. Further it provides a limited exploratiam o
the magnitude of the CF values needed to reacstaited goal.

3. Proposed procedure for the evaluation of CF values

The proposed procedure consists of a simulatiothefentire EC8-3 assessment process with the
purpose of quantifying the dispersion in the assess results due to the many choices/uncertainties
described in the previous section.

The starting point of the procedure is to imagineeristing building, with all its properties, inding

the defects and spatial fluctuation of materiatmrgetry, etc. completely known. This ideal state of
perfect knowledge can never be obtained in praetickit represents a state of knowledge higher (the
highest possible) than the state of so-called cetefdnowledge described in the code (KL3).

In each simulation run choices (knowledge levaletgnd position of tests, how to process the ®sult
analysis method, modelling options, etc) are maaelomly to reflect the arbitrary choices made by
different analysts. This obviously requires thellgpgout of all the steps described in the pregiou
section, discretizing the possible choices in gdinumber of options and filling the gaps of tloele
with practices coming from common-sense and expeegién real-case assessments. It is imagined
that the generic analyst will follow his trail dowhe procedure arriving at a different evaluatién o
the safety of the structure. This simulation igiegr out without employing the confidence factoe (i
CF=1). By repeating the process for a sufficietahge number, say n, of analysts a statistical samp
(of size n) of the structural safety is obtained aan be used to estimate its distribution.

At this stage the statistical sample of structwtates, quantified by the global state variabléa
critical demand to capacity ratio, see Jalageral 2007) is compared with thgue state of the
structure. It is expected that a portion of theeassents will result in @onservativeestimate (i.e. in a
state worst than the real one) while the remaimiitigoe on theunconservativside.

The goal of the last part of the procedure is tiaeducing the fraction of un-conservative estesat
to an acceptably small value. This is done by r@gting the structural state, using the samedfets
choices of the previous evaluation, with a valu€Ceflarger than one (i.e. decreasing capacitiés). |
the procedure works as intended the new sampléradtgral states will have the predefined target
fraction of unconservative estimates. The procedarebe split into the following steps:
. Step 1: Generation of the existing and perfectigviam structure
Once all the material properties and possible defdmave been assigned a probability
distribution, a structure can be generated by sag@al set of parameter values from the above
distributions. This structure is by definition coefely known and is termed theference
structure.
. Step 2: Generation of a sample of imperfectly-kn®tvoctures from the reference structure
A numberNy, of virtual analysts is given the task of asses#iregstructure. This step consists of
simulating the process of inspection/informatiofiezdgion, and producelly, different states of
(imperfect) knowledge from the reference structlieese states are the starting point for the
assessment by the virtual analysts. In order teaethe different test plans designed by different
analysts, this step requires the randomizatiohetést locations and test types.
. Step 3: Assessment of the reference structure
The reference structure is assessed accordingetodtie and the seismic intensity that induces
the attainment of the limit-state (LS) under coesadion is recorded. The attainment of the limit
state is marked by a unit value of the global \dei&y=1. This result is considered the true state
of the structure.
. Step 4: Assessment of the imperfectly known stmestu
The virtual analysts apply the code-based assesgmeredure with a unit value of the CF and
the same intensity as determined in Step 3. Thiduymes a sample &, values of the global
state variable Y. This step requires a further oamidation, reflecting the freedom left to the
code-user in choices such as inclusion/exclusiodedécts from modelling and the selection of
the analysis method (linear vs. nonlinear, stagicdynamic).
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. Step 5: Statistical processing of the sample sttdsletermination of CF
Statistical processing of the sample of value¥ pfoduces a distribution that exhibits a certain
amount of variability around the value Y=1. Thiswn in Fig.2 (left). The value of the CF can
now be determined by enforcing the condition thathasen lower fractile oY (say, 10%) is
equal to 1, i.e. thieue state of the structure (as shown in Fig.2 (right)).
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Figure 6. Distribution of Y conditional on the KL (left), Em€ed distribution of Y conditional on the
lower fractile of Y (right)

4. Application

The calibration procedure has been applied to-atsiy three-bay RC frame structure (Fig.3). Fer th
purpose of data collection (material tests, reicdanent details etc.) and post processing the steict
is considered homogenous, in the sense that thialsgiatribution of the properties/defects belongs
a single population.
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Figure 7. Six-story, three-bay asymmetric frame

The assessment has been carried out with the eanlgtatic and dynamic methods. CF values have
been evaluated both separately with each of thentethods, and jointly, to investigate dependence
on the analysis method. For the purpose of dynamalysis the seismic action is represented by
seven recorded ground motions selected to fit @arame, with minimum scaling, the EC8-specified
spectral shape scaled to a PGA of 0.35g for saBscA (lervolino et al, 2008). In the case of stati
analysis, the average spectrum of the recordechgromwtions is considered as the demand spectrum.

In terms of modelling the nonlinear degrading resgoof the structure, account has been taken of
flexure-shear interaction and joint hysteretic mese. The model is set up in OpenSEES, employing
flexibility-based elements for the members withtegcaggregator to couple a fibre section (flexural

response) with a degrading hysteretic shear foeterthation law. Joints have been modelled with a
“scissor-model” with a degrading hysteretic shearcé-deformation law. Tangent-stiffness

proportional damping has been used, calibratedetld y 5% equivalent viscous damping ratio on the
first elastic mode. Since the effect of brittlelfia@ modes, such as shear in members and joirgs, ha
been included in the modelling (for both static alythamic analysis), the structural performance is
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checked in terms of deformation quantities onlyné&Y = 6n,a/0c, whereb.«is the demand peak
inter-storey drift ratio, andc the corresponding capacity. Detailed informationtlee characteristics
(geometry, reinforcement, etc) of the structure #mel adopted response models can be found in
(Rajeev, 2008).

The purpose of generating theference structurematerial properties (concrete strength, stedtlyie
stress,and hardening ratio) and structural defects (trars®/reinforcement spacing in columns and
beams, and column longitudinal reinforcement raog sampled from predefined probability
distribution functions (see Table.1).

Table 1.Distribution type and parameters for random varebl

Random variable Distribution Mean or Min C&\éxor
Column stirrup spacing Uniform 200 mm 330 mm
Beam stirrup spacing Uniform 150 mm 250 mm
Reinforcement ratio Uniform 0.008 0.014
Concrete strength LN 20 MPa 0.10
Steel Yield stress LN 275 MPa 0.05
Hardening ratio LN 0.04 0.25

A value of concrete strength has been sampled it iegration point along a member, while a
single pair of values of steel properties has menpled for all members of each floor. Correlation
has been introduced amongst the concrete stremdiiles/according to an exponential decay model.
The Nataf joint distribution has been adopted forutation of the concrete strength field valuesu(Li
and Der Kiureghian, 1986).

For the purpose of generating timeperfectly known structurelStep 2 of the procedure), the data
collection procedure, consisting of tests on matesamples from the structure and verification of
reinforcement details, is randomized. Thenberof test/inspection locations is determined based on
the minimum requirements in the code. These later specified as a function of the target KL.
Test/inspection levels for KL1, KL2 and KL3 are deminated asimited, extendesr comprehensive
respectively, when initial information is poor @&ve to each KL requirements).

The actual test location chosen by each analdtisrmined by randomly sampling (uniform integer
distribution) first the member and then the lodatiwithin the member (for this purpose each
integration point is regarded as a possible tesation). At each location, the testing/inspection
consists of reading the value of the sought prgpeam the reference structure (value generated
during Step 1). Measurement errors are not corside&ince the reference structure is homogeneous
by assumption, all the data gathered aweragedto obtain the values to be employed in the
assessment.

The assumed scarceness of initial information, angbarticular the lack of a complete set of
construction drawings, influences the knowledgéhef geometry of the structure. In particular, this
may refer to the presence/absence of elementpi@atycase being represented by beams in flat-slab
structures) or the actual cross-section dimens(sighificant variations in plaster thickness or the
presence of cavities for ducts are common and ¢gmactically be ascertained for all members), or,
finally, the precise unit-area weight of the flaystem.

To model this kind of “geometrical” uncertaintiedefioted as “residual” in the following) two types
of additional random variables are introduced: uhé-area weight of floors (one variable per floor
typology, e.g. typical floor and roof) and the @osection height of elements (one variable per
element type: beams and columns). These randombbesi are sampled for each imperfectly known
structure during Step 2. Detailed information carfdund in Rajeev 2008.
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5. Result
The assessment of the reference structure hasdeeenwith IDA (Vamvatsikos and Cornell, 2002)
subjecting the structure to the seven natural gfomotions selected to match EC8 spectrum.
Consistently with the code indication of using ¢amls and taking the average of the maxima, the
intensity (PGA of 0.216g) where the mean IDA cucvesses Y=1 is recorded and used in Step 4. The
capacity has been set for this structure to therdeistic value of)c = 2.5%.

Step 4 of the procedure consists of the assesdmyeshch virtual analyst of its imperfectly known
structure (the result of Step 2). As already memtth the number of analysts has been sék/to=

200, and each of them can choose between nonktatic and dynamic analysis for the assessment.
Actually, in this application each analyst has perfed both analyses (dynamic and static). The
results are first presented separately by meth66 €amples each) and thamixed (400 samples).
This, as anticipated, serves the purpose of inyatstig the dependence of CF on the analysis method.

The empirical distributions (conditional on KL) thfe 200 Y-values obtained are shown in Fig. 4 (top
left). In the figure the value Y=1 is marked by asbed vertical line. For the employed seismic
intensity of PGA = 0.216qg this is the state of th&rence structure. A second vertical (solid) line
marks the value Y= 0.79. This is the state ofrtteanstructure, i.e. a structure identical in geometry
to the reference one, but with spatially homogenmaperties equal to the average values of the
samples generated in Step 1. As it can be seem,jigteasing KL the distributions get steeper (lowe

dispersion) and closer to theeanrather then theeferencestructure. In all cases a large proportion of
the analysts overestimate the safety of the stradite. they find Y<1): roughly 40% with KL1, 70%

with KL2 and 100% with KL3.

Next, the analysis is repeated with CF-values fatfygn one in order to reduce the above percentages
to the same acceptably low value. For the purpbski®application this value has been set to 10%.
Sensitivity of the results to this choice can bani in (Rajeev, 2008). Fig. 4 (top left) shows the

corresponding distribution for KL1 only, for clari{CF=1.34).
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The relevance of the residual geometric uncertaiaty be appreciated by comparing the curves in
Fig. 4 (top left) with those in Fig.4 (top rightbtained disregarding this contribution (the diéiece
between the structures analysed by the virtualyatslis only due to material properties and
construction defects). The CF values obtained tierdonsidered structure are summarized in Fig.4
(bottom). The figure reports separately the valabtained by static (grey) and dynamic (black)
analysis, together with the code-specified valltesan be observed how the dependence of CF on KL
is in all cases milder than that specified in tbde; and that CF depends on the analysis method.

6. Findings and Conclusions

Based on the results, the most relevant findings ar

* In the code CF values are specified as a functidtLoonly, implying that KL is the single most
important factor influencing CF. Results appear twotlearly support this expectation of the
code. The dependence is found to be generally mild.

« The code does not differentiate CF values with eespo the analysis method, implying that
epistemic uncertainty has the same effect witlamdllysis methods. Results appear again not to
clearly support this assumption. When consider@drseely (i.e. assuming that all analysts will
chose the same analysis method) nonlinear statidtseshow a much reduced dispersion than
those obtained by nonlinear dynamic analysis. Tdasprding to the proposed procedure, leads in
general to smaller values of CF to be employed sfifitic than with dynamic analysis.

« The code specifies that the geometry of the straatwust be completely known before setting up
a model for the analysis. Experience with real-casgessments shows that it is usually not
possible to obtain accurate measurements overrifire structure and that even when member
centrelines are known, a residual uncertainty enctioss-section dimensions is unavoidable. This
source of uncertainty has been modelled in theiegtjns. Results show it to be, for the
examined case, at least of the same order of impoetof that associated with material properties
and defects.

In conclusion, within the limits of the analysesrid out, it appears that current CF-based format

of Eurocode 8 Part 3 doesn’t show to be entireBgadte for its purpose, and should be improved

since:

¢ CF values are not differentiated with respect talysis method/modelling options;

« CF values are not differentiated with respect toicstral type (size, regularity, construction
material, load-resisting system, etc);

« the so-called complete knowledge (KL3) does noualbt correspond to a state of perfect
knowledge, hence, it should be penalised with av&ie larger than one.
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