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Abstract. The reliable estimation of the seismic performarafe structures requires
quantifying the aleatory and epistemic uncertamtief the system parameters. This is
efficiently achieved for a case study of a foumststeel moment-resisting frame through
several important advances. First, a state-of-theraumerical model is formed with full
spatial parameterization of its strength and plastieformation properties. Empirical
relationships derived from experimental data arediso model the cyclic behavior of steel
sections using probabilistically distributed paraers that include intra- and inter-
component correlation. Finally, incremental dynarmaigalysis and Monte Carlo simulation
are employed to accurately assess the seismicrpsafice of the model under the influence
of uncertaintiesOf interest is the extent to which model paramaterertainties may trigger
negative demand-capacity correlation in structuragility evaluation, where, for example, a
lower ductility capacity for a component may desethe threshold for local failure while at
the same time raising the local demand estimaten fem uncertainty-aware model. With
respect to the examined steel moment-resistingefrand considering three construction
quality levels (i.e. very good, average, low) as BEMA P-58, it is shown that, despite the
good agreement of the evaluated structural demabtisined with and without consideration
of the model parameter uncertainties for well-desiy modern buildings, the potential
demand-capacity correlation is likely to give rigeunconservative estimates of fragility for
local damage-states, especially in cases wheretaotdard quality control is exercised
during construction.

1 INTRODUCTION

Several uncertainty sources come into play wheneweengineer attempts to assess the
seismic performance of a structural system. They b®broadly organized into two main
categories, these being the aleatory and the epist¢l]. Aleatory uncertainties are
associated with inherently random factors, sucthasarthquake loading, and hence cannot
be controlled. By contrast, epistemic uncertainburees are related to our incomplete
knowledge and can be potentially reduced, e.geraploying testing to determine material
properties or using more sophisticated numericalet®and methods of analysis.

Up until now, several recent studies (e.g. [2; BAve concluded that the earthquake
“signature” is the dominant uncertainty source. ldger, current research has, so far, only
partially addressed the issue of the uncertaingésted to the parameters of the structural
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model in seismic performance assessment (e.g. [@&; B 8; 9; 10; 11]). For instance, Ibarra
& Krawinkler [10] have shown that the model paraenaincertainties can have a significant
impact on the predicted collapse performance whemsidering deteriorating hysteretic
models. Nevertheless, the study is limited to srggree-of-freedom (SDOF) systems and
hence the validity of the outcomes to multi-degpééreedom (MDOF) systems is
questionable. By contrast, Liel et al [6] investeghthe model uncertainty significance for a
set of reinforced concrete structures that wereiefftly modeled to account for cyclic
deterioration in flexural strength. This study cowled that neglecting the modeling
uncertainties reduces the dispersion in the regpdragility and also shifts the median
predictions. Despite the revealing findings of tlstidy, these are bounded to errors
associated with the approximate nature of the respacurface methodology. The latter was
adopted for predicting the median collapse capaagtya function of the model random
variables. On a different track, Vamvatsikos & Faaigkis [9] investigated the model
uncertainty effects on a steel moment-resistingn&a(SMRF) by means of Monte Carlo
simulation paired with Latin Hypercube Sampling.eThtudy concluded that the model
parameter uncertainties can have an importantibotitbn to the overall response dispersion.
Yet, generalization of the findings is limited digethe fact that the probabilistic modeling of
the uncertain parameters was not founded on expatahdata.

In fact, with respect to the deterioration modelofgsteel frames, only limited research
(e.g. [9; 12; 13; 14]) has been focused expliotthythe model parameter uncertainty in the
structural component capacity. However, even irsg¢hgtudies, deterioration modeling was
based either on expert opinion or on empirical egpions derived from small experimental
databases, using simplified assumptions to empleybest possible capacity estimates given
the limited available data. To this end, the depewd of the models proposed by e.g. FEMA
355D [15], Mele [16] and Kazantzi et al [14] fottiesating the steel component capacities on
a single structural property (i.e. the beam depthfly be considered a step forward.
Nevertheless, they have left ample space for miateoeate research towards enhanced steel
structural modeling and capacity uncertainty comsiton. On account of the above,
relatively recently, Lignos & Krawinkler [17] proded detailed relationships for modeling the
cyclic deterioration in flexural strength and st#gs of structural steel components [18]. The
proposed multi-variable empirical equations allohe tprediction of several modeling
parameters on the basis of more than 300 steelflaidge beam experiments.

Furthermore, all pertinent studies have been cedfiso far to a full spatial correlation
assumption, meaning that parameter changes aregtegffeniformly throughout a building,
vastly reducing the dimensionality of the problemt lat the same time exaggerating its
sensitivity to model parameters. Thus, it can Berred that the holistic quantification of the
model parameter uncertainties and how these propage the analysis and performance
predictions remains an open issue.

Aiming to provide such an outlook this researcleratits to quantify the model parameter
uncertainty for a case study of a well-designed@oporary four-story SMRF, considering
three levels of construction quality (i.e. very dpaverage and low). To efficiently reduce the
complexity of the problem, following the finding$ leragiadakis et al [19], mass and stiffness
parameters are considered deterministic (as thetyibate the least to structural performance
variability) while the strength and ductility praopies of the components are fully
parameterized. The empirical relationships derivexn experimental data and recently
proposed by Lignos & Krawinkler [17] are used to debthe cyclic behavior of steel
components via parameters that determine the pre-past-capping plastic rotation, the
cyclic deterioration in flexural strength and stdks, the effective yield strength and the post-
yield strength ratio of steel components subjedteccyclic loading. Such variables are
completely described at the local level by probatid distributions that incorporate intra-
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component and inter-component correlation infororathroughout the entire structure. The
magnitude of component uncertainties, are calidrate correspond to three construction
quality levels considering the dispersion estimateposed by Lignos & Krawinkler [17] and
the recommendations of FEMA P-58-1 [20] to accdondiffering levels of quality control.
Incremental dynamic analysis [21] is employed touaately assess the seismic performance
of the model, for any combination of the parametersndem with an efficient Monte Carlo
simulation algorithm based on record-wise incremlebatin Hypercube Sampling (LHS) to
propagate the uncertainties from the model paramdte the actual system demand and
capacity [22].

Our aim is twofold. First, we seek to quantify tledfect of realistic parameter
uncertainties on structural response and extrafdultedispersion values to be used for
performance assessment of regular low-rise capdesigned SMRFs at different levels of
construction quality control. Second, we shall stigate the effect of the demand-capacity
(DC) correlation on the fragility estimation. Th&zorrelation accounts for the intuitive fact
that component properties tie together the modgiaese and the component fragility, in the
sense that for instance, lower component capadaiiasstructural model may result to higher
demands and consequently lead to a left-shiftegilifna function. While its existence has
been suggested by Cornell et al [23], given th& potential source of bias is typically
ignored even in the most advanced seismic perfoceaasessment guidelines (e.g. FEMA P-
58-1 [20]) it becomes important to map its effectd gpotential consequences for loss
calculations.
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Figure 1. 2D model idealization with leaning coluofrthe analyzed East-West MRF.

2 ANALYTICAL MODELING

2.1 Structural model

The effect of the model parameter uncertaintiesttos seismic performance will be
quantified by means of a case study steel momeidtiey frame building. The building
consists of four stories, the first being 4.6m (L&fgh and the ones above 3.7m (12ft). It was
designed as an office building to 2003 IBC [24] &i8C [25] for the Los Angeles area and
it has a rectangular floor plan consisting of 3day9.1m (30ft) in the North-South direction
and 4 bays at 9.1m (30ft) in the East-West diract@ur focus will be the East-West framing,
in which only the two middle bays are moment-r@sgst The columns of the moment-
resisting bays were assumed to be fixed at theseqyawvhereas they are also spliced at the
mid-height of the third story. The beams were d&sibas reduced sections (RBS) with their
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‘dogbone’ geometries detailed according to FEMA 386]. The moment-resisting frames
(MREFs) are also capacity-designed, implying thatfthal steel section sizes satisfy the AISC
strong column-weak beam requirement.

The building’s seismic performance was evaluatedigus 2D analytical model with
elastic elements in OpenSees [27] were plasticehfagmation (point plasticity) was allowed
at column ends as well as at the ‘dogbone’ locatborbeams. The stiffness of the rotational
springs used to represent the point hinges wagosbe 10 times larger than that of the
associated element as shown in Ibarra and Krawipk@3. PA effects were included using a
first-order treatment of geometric nonlinearity. dddition, a leaning column was added to
account for the destabilizing effect of the gravitgme loads without axially stressing the
lateral load resisting columns. Furthermore, thetheraatical idealization of the frame
includes shear deformation due to panel zones lanmef a model proposed by Krawinkler
(see [28] for a detailed description), which usesetof rigid links to form a parallelogram.
The shear strength and stiffness of the panel modepicted by a trilinear rotational spring,
which for the case at hand is located at the upgkt corner of the parallelogram (see Figure
1). In addition, due to limitations related to thdopted analytical model, the interaction
between moment and axial force was disregardedolatmn elements. This however, is
anticipated to have only minor effect on the colustrengths of the considered capacity-
designed steel MRF, given that plastic hinging @ Ito moderate drift levels in such
buildings is concentrated mainly at beam ends. Blelocal damage levels are unlikely to be
affected by such simplification. The first thrednation periods of the analyzed frame were
found to be 1.33, 0.40 and 0.19sec, whereas 2%eRaytlamping was assumed at the first
and third mode of vibration. Figure 1 depicts th® Znodel used for the East-West MRF
along with the beam and column section sizes. Aaltht details regarding the frame
configuration, design and idealization can be foumidignos et al [29].

2.2  Probabilistic model

As discussed, the probabilistic model of the fdomrs structure contains a full spatial
description of member strength and ductility prajestr while assuming deterministic mass,
stiffness and damping, due to documented expentafmr their lower significance [e.g. 19].
For a moment-resisting frame modeled using lumpéaktipity elements, this effort
essentially culminates to the description of eaththe beam and column plastic hinge
properties. The rotational springs at the membes €or ‘dogbone’ location for beams) are
idealized by the Ibarra-Medina-Krawinkler (IMK) meld30] as this was modified by Lignos
and Krawinkler [31] to incorporate asymmetric comeot hysteretic behavior as well as
ultimate deformation rotation. This model was inmpénted in the OpenSees open-source
analysis platform [27]. As shown in Figure 2, ittals five parameters per hinge that
completely account for the nonlinearity in the mlpaemely (a) the pre-capping (i.e., pre-
maximum moment) plastic rotatigh, (b) the post-capping (i.e. from maximum moment t
fracture) plastic rotatiorf,., (c) the cumulative rotation capacity that determines the
reference energy dissipation capacity of a strattaomponent, (d) the ratio of effective
(actual) to estimated yield-strength/My , and (e) the post-yield (maximum) strength ratio
MJ/My. In total, for 20 members times two plastic hingash, the four-story SMRF becomes
a 200 random variable model. It should be pointaeidtizat Figure 2 is meant to represent two
potential instances of a generic moment-rotatidatimship. The actual member moment-
rotation curve either follows the solid line exdltdy or deviates onto the dotted one,
depending on the end point. Whichever endpointo(aéniength rotation) is reached first
determines the branch that the moment-rotatiotioakship will follow.

To determine their properties, Lignos & Krawinklgr7] have fitted a comprehensive
database of structural tests using regression iegsathat incorporate the effect of material,
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section geometry and member dimensions. This dsgailsaavailable from the following link:
http://dimitrios-lignos.research.mcqill.ca/datalssResults are offered separately for beams
with RBS ends and beams other-than-RBS. The fomiebe employed for beams and the
latter, for lack of better data, to model the cohsmFor the first three parameters, i, fyc,

A the lognormal distribution was found to fit thepeximental data satisfactorily, while for
M,/My , andM¢/My a normal distribution is recommended.
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Figure 2. Monotonic moment-rotation relationship ttee modified IMK deterioration model (adoptedrfro

[17]).

Along with the proposed median values, evaluatedguan expected yield strength
fy,=379MPa (55ksi), Lignos & Krawinkler [17] also pided the dispersion of the
lognormally (i.e.0p, 0, A) and the normally (i.eM,/My,, andM/My) distributed data. These
dispersion estimates are summarized in Table 2 camdbe considered to reflect ‘good’
construction practices, since all the tested spemsrused for regression were prepared in
controlled laboratory conditions. It is worth pong out that a direct comparison of these
values to those reported elsewhere should be wak@ertwith caution since, for example,
neither the reference energy dissipation capatityor the post-capping plastic rotatiép;
can be strictly paired with a distinct limit staseich as those provided by FEMA P-58-1 [20].

In particular, FEMA P-58 decomposes the total disipa of a damage-state engineering
demand parameter (EDP)-value of capacity, to threen ingredients, these being the
uncertainty in the design/prediction equation fog parametersp, the material uncertainty

Sm and the construction quality uncertaigty On account of the above, the total uncertainty
S can be computed as,

B =B+ B2+ P+ Bl < Brax @)

with fmin=0 andpfmax= 0.5 for strength-limited states versfigi,= 0.4 andfmnax= 0.6 for
ductility-limited ones. No adjustment to the cehtramlue (mean or median) of the
fragility/parameter distributions is employed, ineggly assuming that even lower quality
control standards do not generate a consistentimidee quality of the connections. Simply
put, when considering all the potential realizagiari the SMRF, connections are assumed to
be equally likely to be better or worse than tleentral value”, rather than, say, consistently
badly executed. Of course, some possible SMRF zagadns will come off with all
connections on the minus side (e.g., performed Isingle sloppy crew), but they will be
balanced in the overall ensemble by other SMRFza&#bns that are on the plus side. Thus,
lower quality standards will only introduce noisether than consistently worse-than-
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expected behavior. The effects of the latter atdowdifficult to imagine and they are not the
subject of this study.

Since FEMA P-58-1 [20] recommendations are linkeddmponent damage-states rather
than component parameters per se, each of thdiinge parameters was assigned to one of
three generic damage-state (or failure mode) tgsgser FEMA P-58:

a) Ductile, simple behavior: This refers to damageestahat are well-predicted by
classical mechanics and have a low sensitivityolmstruction quality, essentially, any
parameter related to yielding and to the maximuapgag) strength of steel sections
(but not their ductility). It concerns paramet&tgM, , andM¢/My, both considered to
be strength-limited parameters, i.e. using the tovadues offmin andfmaxin Eq. (1).

b) Ductile, complex behavior: Damage-states whereildycstill provides a margin of
safety but predictive equations are not readilyilalbe, are inherently indicative of
complex nonlinear behavior and higher uncertaifitys is suitable for bothA andé,.
For the former, this classification was made inwi@ the fact that the rate of cyclic
deterioration is indicative of the actual ductilitigher rates (lower\) mean less
ductile steel sections.

c) Brittle, ductility-based: This is the case for thiémate rotation of the member hinges
that corresponds to fracture. Fracture due to lpelecfatigue is strongly linked t@,.
in the sense that the latter controls how fastwcsiral component buckles locally and
consequently affects its failure rate

Table 1 summarizes the values suggested by FEMR&-P{20] for the description of the
three different failure mode types.

Table 1. Dispersion values proposed by FEMA P-$86] for the uncertainty components. The matesal i
assumed to be any steel grade other than ASTM A36.

Damage-State type Design equatioMaterial Construction qualityfc
bp Pwm Good Average Low
ductile, simple 0.05 0.1 0 0 0
ductile, complex 0.10 0.1 0 0.15 0.25
brittle, ductility-based 0.25 0.1 0 0.15 0.25

Table 2. Dispersion values for the hinge propsmiEthe steel frame as per Lignos & Krawinkler][aid
FEMA P-58 [20]. The reported parameter is the doieffit of variation for normal variables and théoéely
related) standard deviation of the log data fontognal distributions.

Quality Membertype 6,5 O, A' M/M,, MJMS

oy Beam 024 026 035 012 003
9 Column 035 024 034 021 005
Beam 028 030 038 012 003
average
Column 038 028 037 021  0.05
oy Beam 035 036 043 012 003
Column 043 035 042 021  0.05

Ylognormal 2 normal

Since the FEMA P-58 recommendations are only a rgen@ocess to be applied
whenever sufficient data is not available, we hevesen to use it instead only to extend the
usefulness of the Lignos & Krawinkler [17] datasétus, as their findings mostly correspond
to laboratory-quality specimens, rather than act@inections from the field, they are
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considered to correspond to the top quality ratireg, “very good” (henceforth referred to as
simply “good”). Hence, in terms of Eq. (1), the ogjed dispersions are taken to fully account

for the effect of thefo, v andBmin (i-€. BLignoss kravinker = VB2 + B2 + B2 ). Then, the effect
of lesser construction qualities was added by aisoluding the fc term (i.e.

B= \/ Bl ot kraminkier + B < Prax) @nd disregarding any potential cutoff by the yonl
suggested after all) value Bf.x (Table 2).

Table 3. Random variables correlation coefficidatdoeams and columns.

Beams 0, 0O, A M/M,, MJIM,

1 054 0.65 0 0
054 1 063 0 0
065 063 1 0 0

0 0 0 1 0

0 0 0 0 1

Columns 6, G, A MJMy, MJM,

1 0.60 0.56 0 0
060 1 058 0 0
056 058 1 0 0

0 0 0 1 0

0 0 0 0 1

For a spatial probabilistic model, two types ofiable correlation need to be accounted
for, namely intra- and inter-component. Intra-comgat correlation connects the probabilistic
properties of parameters within the same hinge, iamén be derived from the statistical
treatment of connection test results. Each prop@gyd,. etc) of the hinge shares the same
spatial correlation structure, regardless of itstridbution type. In the particular case of
rotational capacities, the marginal distributionse dognormal, therefore the overall
distribution becomes a multivariable joint lognotm@orresponding correlation values for
each of the five hinge parameters are reported ablelr 3 [17; 31]. Inter-component
correlation essentially reflects the spatial disttion of the parameters throughout the
structure, being dependent on the consistency irkmanship and material quality among
different members, sections and connections. kgsasnent is quite difficult, as it requires
extensive data from actual structures, which argonisly scarce. In our opinion, the best, if
not the only, data so far have been provided byal@b al [32] who actually tested coupons
from each production lot of steel members and therked them to their actual positions in a
six-story six-bay steel frame. They suggested aetation coefficient of 0.65 for the yield
strength of beams or columns belonging to the samméuction lot. Due to the small size of
our four-story two-bay frame, this value was takencharacterize all plastic hinges in
members of the same section. Thus, relatively mtgr-component correlations exist among
beams at stories 1-2 and 3-4 (see Fig. 1). Simifarlthe columns, US construction practice
dictates that a single member typically crosses stooies until a splice occurrence at mid-
story to change to a new section. Thus, as eaameoline of ~15.5m height is essentially
composed of two members of different section sgliaethe middle of the'3floor, column
plastic hinges are well correlated above and thelowb the splice (Fig. 1). Generally
speaking, it is not a trivial task to assagsriori what would have been the effect of adopting
a higher or a lower inter-component correlation fitoent on the building’s seismic
performance. Idota et al [32] for a single mid-risame, reported for lower correlation
coefficients slightly lower ultimate frame strengths well as a reduced variation, but this
might not to be a general trend. To this end, intanponent correlation coefficient is
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anticipated to have a small impact in relativelyainbuildings but more caution should be
exercised when selecting such a property for laklgeidings, where the likelihood of the
same sections belonging to different productions I8 much higher. Obviously, the
aforementioned observations are founded on thengsgun that the steel manufacturer
operates under internationally accepted qualityrobstandards.

3 PERFORMANCE ASSESSMENT

3.1 Methodology

Incremental Dynamic Analysis (IDA) is employed tetekmine the seismic response of
the model structure for various combinations of thneertain parameters. IDA [21] is a
powerful analysis method that involves performingeaxies of nonlinear response history
analyses for a suite of ground motion records scatancreasing intensity levels. To define
IDA curves of seismic intensity versus responsey sgalars are needed, these being an
intensity measure (IM) to represent the seismiensity and an engineering demand
parameter (EDP) to record the structural respdfsethe present study the 5% damped first-
mode spectral accelerati®(T,5%) is used as the IM whereas, the peak storysdwit the
individual i-stories#;, the maximum interstory drifi,ax and the peak roof drifl,,or are used
as EDPs.

To account for the uncertainties induced by thedoam parameters to the structural
system, IDA is paired with Monte Carlo simulatidgrat employs efficient incremental record-
wise Latin Hypercube Sampling (LHS) [22] to propi@gtne uncertainties from the numerous
parameters to the actual system demand and capedigreas usually a full record suite is
used to analyze each model sample, this approadbartakes LHS simultaneously on the
structural properties and the seismic input to eahiconsiderable savings. Hence, instead of
maintaining the same model realization and anafyzinover the entire suite of ground
motions, the latter also becomes a random varialitee sense that each model realization (or
each set of structural properties) is paired tongls different ground motion that is also
randomly selected from a bin of records. Furtheemdhe adopted LHS conducts an
incremental convergence process whereby only teRISktalizations (each one analyzed for
one record) are used in the first iteration anadhtlier each subsequent cycle, sample size is
doubled by adding first 10 and then 20, 40, 80, 4@ observations to reach a total of 320.
Such new SMRF realizations are defined in such § that they form a proper latin
hypercube together with the already analyzed sanipls minimizing waste [22]. A typical
LHS application in such a setting would necessitatar larger number of analyses, simply
because of not knowing a priori what size to choose

The analyses for each construction quality levebived a total of 200 random variables
and 60 “ordinary” ground motion records (i.e. witth@ny soft soil or directivity issues). The
records were recorded on firm soil sites and setefrom a relatively narrow magnitude and
distance band. Hence, their moment magnitude rafrges 6.5-6.7 whereas their closest
distance to the fault rapture varies within 13.378in [33]. Furthermore, high scale factors
were involved. It should be mentioned though, tretord selection and scaling and any
sufficiency issues that might be raised by suchogsoare not important in the present study,
since we are not convolving the results with thismeg hazard. Hence, any potential bias
induced to the final product of a probabilistic ses (i.e. mean annual frequency of
exceeding a limit state) by such choices is ir@hvto this study and won't affect the
comparative results presented. For the abovemeatiosason our discussion is not focused
on the record selection as well as on issues velati sufficiency. As previously discussed,
the record-wise LHS design was applied with a istgrsize of 10 that was incrementally
increased over 6 generations to a maximum sampB2@f Actually, only 4 to 5 generations
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at 80 to 160 samples respectively, are sufficienbrider to achieve fairly stable response
estimates, regardless of the level of dispersian @onstruction quality) assumed. After the
fourth generation, the relative errors in the mediad dispersion %, differ only slightly,
irrespectively of the considered EDPs and the I{ontdamage) states.

3.2 Global damage-states: Deformation-based

Figure 3a illustrates the IDA curves for ‘good’ struction quality. It is apparent that the
record-to-record variability is fairly large espalty at high interstory drift demands where the
building is approaching collapse. These results lwarfurther summarized into 16,50,84%
fractile IDA curves, that are presented in Figuke 3s illustrated, given for instance a
Si(T15%) of 1.0g, 16% of the samples produce approxipaedmax < 3%, 50% of the
samples #max< 4.5% and 84% of the sampledax< 10%.
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Figure 3. (a) 320 IDA curves and (b) 16, 50, 84&efite values (‘good’ construction quality).

The extent to which the model parameters affecs#igmic performance of the analyzed
building can be revealed via comparison studigb®imnedian IDAs and dispersions obtained
considering the uncertainty in the structural pagtars of the modeled structure (generation 6
with N=320) and a deterministic mean-parameter mollee term “mean-parameter” refers
to the typical engineering approach where parameteertainty is disregarded by setting all
properties to their mean value. In that case, tmyrecord-to-record variability is considered
by using the 60 ground motion records. As illustdain Figure 4, for the ‘good’ construction
quality, the evaluated medians and dispersiory, chpacities given the maximum interstory
drift ratio Omax are almost identical (Fig. 4a and 4b). In otherdsp any bias and variance
introduced by the parameter uncertainty appearetodyy limited. Furthermore, the results
were found to differ only marginally for other EQR®. the individual story driftg;, the peak
roof drift 8,00t Or any of the lesser quality levels.
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Hence, given the remarkable agreement between tlaniparameter and the
computationally expensive uncertain model it carsdié that, at least for the case of a low-
rise capacity-designed SMRF, the model parametegrtainty effect may be safely ignored.
These observations further support findings in jmev studies (e.g. [11; 14]), which
suggested that the uncertainty associated to tedaxation “signature” is so significant that it
dominates over any variability associated to thlracsiiral properties, at least for capacity-
designed buildings away from their global collaptge. By contrast, for a regular nine-story
SMRF studied by Vamvatsikos & Fragiadakis [9] thedian collapse capacity was found to
be moderately lowered by the uncertainty assocmaitdthe ultimate ductility. In the present
study though, this was not observed since any fggnt influence of the ultimate ductility
was cancelled out by the cyclic degradation, adrgst property that was disregarded before
by Vamvatsikos & Fragiadakis [9]. Hence, at leastthe case considered, cyclic degradation
was found to have a more symmetric effect, mearnisgy lowering or increasing the
parameter\ does influence similarly the structural respo$@wever, this finding remains to
be further verified for other structural configuaais. In general though, it can be said that, a
global damage state assessment via a deformatgsadhlglobal demand parameter won't be
affected much by the model parameter uncertaintlastead, when performing loss
assessment, seemingly identical components (sanee, ffame demand, same size), are
anticipated to sustain different levels of damage t uncertainty.

3.3 Local damage-states: Demand-capacity correlatio

Whereas story-level responses, @gx were utilized so far to define building damage-
states, we shall now look at seismic fragility imef detail by moving to the component-level
to consider local damage-states. Fragility is defias the probability function of the limit-
state capacitf being exceeded by the demdndor a given intensity level (i.e. IM-valuey,

If demand and capacity are expressed in termstehsity levels, then we get the simplest
representation of fragility:

Ps(s)=P(C<D|s)=P(s, <s|s)=F(s.|s) )

where,s; is the (random) IM-value of capacity that wheneeded signals violation of the
limit-state and~[ -] is the cumulative distribution function (CDF) itd arguments. Essentially,
the fragility curve is the CDF o& evaluated at the intensity level Under the typical
lognormal distribution assumption feythe following well-known expression appears:
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P.(s)= CI)(In s—In écj

Psc

where, S.is the median IM-value of capacity amfid. the corresponding dispersion (i.e.

standard deviation of the log data).

An equivalent, yet more intuitive, basis for defigifragility appears if bot& andD from
Eq. (2) are expressed in terms of EDPSs the local seismic demand for the component (e.g
plastic hinge rotation) whileC is the corresponding capacity or threshold of conemt
response whose exceedance defines the damagef$tate.in the region away from global
collapse where such a formulation is possible ésgg [34]) Eq. (2) becomes:

Ins—(lnéc—lna)/b}
T

wherefr is the overall dispersion in EDP terms due to deirend capacity variabilityéc is
the median EDP capacity while the constangmdb are used to fit the median EDP response
givens via a power law, oB(s) ~ a-s”. Note that such building-level fragilities (whieill

be our focus) are entirely different from componlenel fragility functions, typically used
for detailed loss assessment (e.g., FEMA P-58)s@laee used to define component damage
states given values of the EDP, rather than thethMs reverting to the simpler form of Eq.
(3) but parameterized in termséfather thars.

In either case, as bot@ and D are inherently random (typically lognormal) when
expressed in terms of EDP, their potential con@tatbecomes an issue affecting both
formulations (although not as apparent in the cdgay. (3)). Formally,

:BTZG = ﬂ&zd + /Bezc =200 B %)

wherep is the correlation coefficient anglq, foc the dispersion oD and C, respectively.
Current literature typically adopts the hypothefiat the EDP demand and capacity are
uncorrelated, op = 0. This is a rational choice for a structuraldelowith deterministic
properties, but not necessarily so for an ‘uncettstructure. In the latter case DC correlation
manifests itself in the sense that lower membenciéips lead to higher structural demands
and vice versa, thus factually linking local demarhd capacities. Then, as suggested by
Cornell et al [23] and adopted by the SAC/FEMA @lilces, a perfect negative correlation of
p =-1 (at least for the epistemic component of elispn) may make more sense. Still, its
effect on the seismic risk assessment studies drether it is significant for performance
assessment has not been thoroughly examined. Tauthers’ knowledge, only two studies
that address the DC correlation issue have appeacesidering only reinforced concrete
buildings. The first is by Jalayer et al [35], irhieh the critical DC ratio, associated to the
component that leads the system close to failues, adopted as an EDP. For the considered
generic 8-story reinforced concrete building, th€ Dorrelation was found to inflate the
fragility dispersion. The second is the work ofl&#k [36] who evaluated the seismic risk of
a 4-story concrete building considering limit s¢atbat were paired to the modeled plastic
hinge properties. The risk for ‘near collapse’ vimsnd to be more than twice as high when
considering DC correlation.

On account of the above, the importance of DC tatiom will be evaluated for the 4-
story SMRF for the three considered constructioaliyulevels on three different premises:

a) Case 0, Mean model, no uncertainty and no DC airogl: Deterministic mean-

parameter model analyzed by considering only retmecord variability (60
records) where the exceedance of the limit staehexked by comparing the local

(4)

PLS(S) = CI{
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demands for each record sample to the mean roshteapacity of each individual
hinge. This is the typical assessment case.

b) Case 1, Uncertainty and no DC correlation: 320 eamdbuilding-record pairs where
the exceedance of the limit state is checked irh daalding-record sample by
comparing the local demands to the mean rotaticayaéicity of each individual hinge.

c) Case 2, Uncertainty and full DC correlation: 320d@am building-record pairs where
the exceedance of the limit state is checked irh daglding-record sample by
comparing the local demands to the actual randotatiomal capacity of each
individual hinge.

For all three cases, two damage/limit states aresidered. The first is Local Damage,
associated to the first exceedance of the caputagion capacity (i.e. initiation of negative
stiffness) at the end of any structural elementaifbeor column),d,. This is considered
sufficient to undermine the life safety of the blinlg’ occupants and hence may be assumed
to be roughly analogue to the Life Safety (LS) perfance objective as per FEMA 350 [26].
The second is Local Failure, linked to a near-frexcof a plastic hinge and determined by the
first exceedance of an adjusted ultimate plastigdirotation. Originally, the backbone of
Figure 2 would suggest a local failure rotatiomoh(d, , 6,+ 6. Still, this would disregard
the influence of cyclic degradation that may rapidwer the moment strength of the hinge
through the uncertain parametér Optimally one would keep track of both rotationda
moment at the hinge and use both to determinerafisent permanent loss of capacity. The
reason is that hinge fracture depends on the Igadstory that the component is subjected as
part of a structure (e.g. near fault versus lontation earthquake) [37]. In lieu of this we
propose a simple rotation-only criterion that apjrately checks for a 50% loss in moment
capacity assuming that previous inelastic cycle® f@ready accounted for 8,31, hysteretic
energy (in the order of a full cycle of deformatwithin +6p and Op). For our purposes, the
exact level of previously dissipated energy is ingportant as long as it is large enough to
allow the manifestation of deterioration. Experitandata would help with finding a
consensus value for wider application. In the @ideand, using the appropriate degradation
rule [17] the limiting rotation value becom@s, = 6, + max(0.5 — By/A , O} 0.

The effect of each modeling choice is shown in &abl which contains the statistics of
the median and dispersion of the spectral accederaapacity s, while Figure 5 illustrates
the fragility curves themselves. Evidently, the tdamage-states are affected in a similar but
not identical way. For Local Damage in particuldmre introduction of uncertainty and DC
correlation reduces the median capacity and alseases the dispersion by as much as 15%.
The reduction associated with the median is showkigures 5a,b as a characteristic left-shift
of the fragility curves, which for the low consttiom quality level is approximately 17%.
This is actually in spite of the relatively highlwes of correlation used and the small number
of elements in each story. Larger buildings and lesrrelated elements would easily see
larger changes, simply due to the higher chanamefof the many uncertain elements hitting
exceedance first (as befitting a series systemeliahility terms). Notably, the observed
results clearly violate the first-order assumptferg., Cornell et al [23]) that uncertainty does
not impact the median but only the dispersion. Ewdren uncertainty is modeled as non-
biasing at the parameter level (as done herem)fiect can affect the mean/median when
propagated to the system response.
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Table 4. Median and dispersion of the spectratlacation capacity for three levels of constructprality and
two damage-states, local damage and local failargesponding to exceedancedpindf;y,, respectively. For
comparison, the mean model fragility values are alown.

Local Damage Local Failure
Construction quality Cases §c ﬂSC §c IBSC
mean model Case 0 065 0.31 125 0.38
good Case 1 0.65 0.32 1.29 042
Case 2 0.58 0.34 122 044
average Case 1 0.64 0.31 1.23 0.39
Case 2 0.57 0.36 1.17 0.38
Case 1 0.63 0.31 1.29 0.39
low

Case 2 0.54 0.35 115 041

......

—— Case 0: mean model : —— Case 0: mean model
0.1 - = -Case 1: no DC correlation [ 0.1p---- :L - = =Case 1: no DC correlation
----- Case 2: fuII DC correlatlon : Case 2: fuII DC correlatlon
% 0. 02 03 04 05 0.6 07 0.8 09 1 L1 12 13 14 15 % 0.1 02 0.3 04 05 0.6 07 0.8 09 1 11 12 13 14 15
"first-mode" spectral acceleration S (T ,5%) (9) "first-mode" spectral acceleration S (T ,5%) (9)
(a) local damage, good quality (b) local damage, low quality

: : : : : —— Case 0: mean model : : : —— Case 0: mean model
0.1p--- 4 **** **** - = =Case 1: no DC correlation [ 0.1r--- ; ; ; **** - = =Case 1: no DC correlation [
----- Case 2: fuII DC correlatlon i i i i i i Case 2: fuII DC correlatlon

% 02 04 06 08 1 12 14 16 18 2 22 24 26 28 3 % 02 04 06 08 1 12 1.4 16 18 2 22 24 26 28 3
"first-mode" spectral acceleration S (T ,5%) (9) "first-mode" spectral acceleration S (T ,5%) (9)
(c) local failure, good quality (d) local failure, low quality

Figure 5. The effect of uncertainty and DC coriielabn fragility curves for different damage-statesl
construction qualities. It mainly appears as desgrehias) of the medie®, required to exceed, (local damage)
andé;,, (local failure).

For encountering Local Failure, the introduction wicertainty along with the DC
correlation (i.e. Case 2) also reduces the methainto a lesser extent compared to the Local
Damage state whereas, the dispersion is genenallgased. The lower changes in the median
can be attributed to the relative proximity of thimsit-state to global collapse for this small-
size structure. There is not enough margin of seismensity between the first and the last
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hinge failure. Thus, the appearance of the flatimeerms of IDA (which we have shown to
be quasi-insensitive to such local issues for bligding) tends to dampen the effects of an
early failure. This becomes apparent when oneiderssthe model parameter uncertainties
but disregards DC correlation (i.e. Case 1). THenrhedian capacitg even seems to be
slightly higher for the good and the low constrantgualities compared to that evaluated on a
mean model basis (i.e. Case 0). The aforementibnéithgs appear in Figures 5c¢,d as a right-
shift of Case 1 fragilities compared to the expedsdt-shift of Case 2 fragilities. The former
IS not a statistically significant difference: Hat should be interpreted as Case 1 not being
appreciably different from Case 0 for Local Failurence, it can be generally said that the
bias induced to the capacity estimates, when cengsgl limit state exceedance at a local
level, either via disregarding the model paramaterertainties or by not considering the DC
correlation, could well lead to non conservativagility estimates. Furthermore, for the sole
building investigated in this research study, theuced bias in the median capacity estimates
was found to increase for lower construction gyaldntrol levels.

Eq. (5) can help us understand the observed synkefgyween uncertainty and DC
correlation: When is close to -1 [23] the total dispersion is ina@ by 2Z,5¢. If the effect
of uncertainty, mainly expressed Iy, (althoughpyy is also influenced but to a smaller
degree), is sizeable enough, then the DC correl&ion will immediately become significant
as well. Otherwise, its effect disappears togethdgh the low effect of the parameter
uncertainty.

4 CONCLUDING DISCUSSION

An accurate gquantification of the model parameteceutainty effects on the seismic
performance has been presented for a 4-story steetent-resisting frame designed for
Western USA. The comparison of the interstory driftbtained with and without the
consideration of model parameter uncertaintiesaiegethat their effect can be safely ignored
for the examined case, i.e., for regular low-risg@acity-designed steel frame buildings, as
long as one is interested in the global behavibrs Tonclusion actually stands regardless of
the construction quality control that is exercisaling construction (assuming no gross
errors occur of course). Nevertheless, when it &ioelocal component damage, or loss
assessment, the negative correlation of the uneddeal structural demands and member
capacities (where higher demands generally correspo weakened members) is likely to
give rise to unconservative estimates: While trepelision of the associated fragility is not
much influenced, the median intensity requiredaose local exceedance of a damage-state is
reduced compared to that evaluated on the basieahean model. This reduction was found
to be more severe for damage-states away from lkbigalgcollapse state and for low
construction quality levels. Nevertheless, it issgacted that such effects may rise in
importance for buildings vulnerable to localizeddwas of failure, such as a story-mechanism.
This is the case of, e.g. older non-capacity-desigsiructures, or even modern steel buildings
with braced frames as their primary lateral loasisting system. Still, further research is
needed before a proper assessment can be made.
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