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ABSTRACT: The reliable estimation of the seismicformance of structures requires quantifi the -
fect of aleatory and epistemic uncertainties of siigtem parameters. This is efficiently achievedaf@ase
study of a steel moment-resisting frame througlessvmportant advances. First, a state-of-thevamerical
model is formed with full parameterization of itsength properties. Empirical relationships derifieun ex-
perimental data are used to model the cyclic benafi steel sections using probabilistically distiied pa-
rameters that include intra- and inter-member ¢aticsn. Incremental dynamic analysis is employeddou-
rately assess the seismic performance of the mbdsllly, an efficient Monte Carlo simulation algbm is
used, based on record-wise incremental Latin HypercSampling to propagate the uncertainties froen th
numerous parameters to the actual system demandagatity. Consequently, this modern steel frame is
shown to be only mildly sensitive to parameter wutageties when quality is tightly controlled.

1 INTRODUCTION of the outcomes to multi-degree-of-freedom
(MDOF) systems remains unresolved. By contrast,
Several uncertainty sources come into play wheneveiiel et al. (2009) investigated the model uncettain
an engineer attempts to assess the seismic perfaignificance for a set of reinforced concrete struc
mance of a structural system. The uncertainties mawyres that were efficiently modeled to account for
be organized into two main categories, these beingyclic deterioration. This study concluded that ne-
the aleatory and the epistemic (Wen et al., 2003ylecting the modeling uncertainties reduces the dis
The aleatory uncertainties are associated wittofact persion in the response fragility and most commonly
inherently random, such as the earthquake loadinghifts the median in unconservative ways. Despite
and hence cannot be controlled. By contrast, epighe revealing findings of this study, these arerabu
temic uncertainty is related to our incompleteed to errors associated with the approximate nature
knowledge and can be potentially reduced, e.g., bgf the response surface methodology. The latter was
employing testing to determine material propernties adopted for predicting the median collapse capacity
using more sophisticated numerical models anas a function of the model random variables. On a
methods of analysis. different track, Vamvatsikos and Fragiadakis (2010)
Up until now, several recent studies (e.g. Kwon &investigated the model uncertainty effects on alste
Elnashai, 2006; Kazantzi et al., 2008a) have cornmoment-resisting frame by means of Monte Carlo
cluded that the earthquake “signature” is the domisimulation paired with Latin Hypercube Sampling.
nant uncertainty source. However, current researchhe study concluded that the model uncertainties ca
has, so far, only partially addressed the issuth@f have an important contribution to the overall re-
uncertainties related to the parameters of thecstrusponse dispersion. Yet, generalization of the figdi
tural model in seismic performance assessment (e.@ limited due to the fact that the probabilistioael-
Jeong & Elnashai, 2007; Dolsek, 2009; Liel et al.ing of the uncertain parameters was mostly founded
2009; Vamvatsikos & Fragiadakis, 2010; Ibarra &on arbitrary choices rather than experimental evi-
Krawinkler, 2011; Kazantzi et al., 2011). For in- dences. Thus, the holistic quantification of thedelo
stance, Ibarra & Krawinkler (2011) have shown thaparameter uncertainties and how these propagate in-
the model parameter uncertainties can have a signifto the analysis and performance predictions remains
cant impact on the predicted collapse performancan open issue.
when considering deteriorating hysteretic models. Aiming to provide such an outlook this study at-
Nevertheless, the study is limited to single-degreetempts to quantify the model parameter uncertainty
of-freedom (SDOF) systems and hence the validityor a case study of a 4-story steel moment-regjstin



frame (MRF), whose strength properties are fully pahanced steel structural modeling and capacity uncer
rameterized. Empirical relationships derived fromtainty consideration.
experimental data and recently proposed by Lignos On account of the above, relatively recently, Lig-
& Krawinkler (2011) are used to model the cyclicnos & Krawinkler (2011) provided detailed relation-
behavior of steel sections via parameters that-deteships for modeling the cyclic and in-cycle deteaior
mine pre- and post-capping plastic rotation, cycligion of structural steel components. The proposed
deterioration in strength and stiffness, effecingdd  multi-variable empirical equations allow the predic
strength and post-yield strength ratio of steel comtion of several modeling parameters on the basis of
ponents subjected to cyclic loading. Such variablemore than 300 steel wide flange beam experiments.
are completely described by probabilistic distribu-Only beams without slabs have been considered dur-
tions including intra-member and inter-member coring the selection of the experimental tests whereas
relation information throughout the entire struetur  experiments in which the connection type affected
Incremental dynamic analysis (Vamvatsikos &the plastic hinge formation were disregarded. The
Cornell, 2002) is employed to accurately assess theroposed equations are thus suitable for beams with
seismic performance of the model, for any combinaer without reduced beam sections (RBS) where the
tion of the parameters, by performing multiple non-plastic hinge forms solely within the beam length.
linear response history analyses. For these arsadyse They can be used to predict the pre-capping plastic
suite of ground motion records is used that isestal rotation, the post-capping rotation and the cydke
to increasing intensity levels. Finally, we useeffir  terioration, as well as the quantitative informatio
cient Monte Carlo simulation algorithm based onprovided for the effective yield strength and tlostp
record-wise incremental Latin Hypercube Samplingyield strength ratio. These deterioration propsertie
(LHS) to propagate the uncertainties from the modeiatch the parameters of the Ibarra-Krawinkler (IK)
properties to the actual system demand and capacityodel (Ibarra et al., 2005) as this was modified by
(Vamvatsikos, 2011). Lignos & Krawinkler (2009) and implemented in the
The conclusions to be reached by comparing th®penSees open-source analysis platform (McKenna
results obtained with and without consideration ofet al., 2000) to incorporate asymmetric component
the model parameter uncertainties are anticipated hysteretic behavior as well as ultimate deformation
reveal whether their effect can be safely ignored orotation.
need to be explicitly taken into account, at ldast
the case at hand, i.e., for regular low-rise cdpaci
designed buildings where good quality control is ex3 CASE STUDY 4-STORY STEEL MRF
ercised during construction. Furthermore, the prese
study offers valuable insight into issues relatethe
effect of the demand-to-capacity correlation on thélhe effect of the model parameter uncertainties on
estimation of fragility for given limit-states. the seismic performance will be quantified by means
of a case study steel building. The building cassis
of four stories. The first story is 4.6m (15ft)height
2 LITERATURE REVIEW and the remaining three are 3.7m (12ft) high. Is wa
designed as an office building to 2003 IBC and
Despite the fact that several studies in the pealtd AISC for the Los Angeles area and it has a rectangu
with the deterioration modeling of steel framedyon lar floor plan consisting of 3 bays at 9.1m (30ft)
limited research (e.g. Luco & Cornell, 1998; Song &the North-South direction and 4 bays at 9.1m (30ft)
Ellingwood, 1999; Kazantzi et al., 2008b;in the East-West direction. Our focus will be the
Vamvatsikos & Fragiadakis, 2010) has been focuseHast-West framing, in which only the two middle
explicitly on the model parameter uncertainty inbays are moment-resisting. The columns of the mo-
structural component capacity as well as on how thiment-resisting bays were assumed to be fixed at the
propagates into the analysis and consequently intoases, whereas they are also spliced at the mid-
the seismic performance predictions. However, eveheight of the third story. The beams were designed
in these studies, the deterioration modeling was pras reduced sections (RBS) with their ‘dogbone’ ge-
marily empirical and it was founded on simplified ometries detailed according to FEMA 350 (2000).
assumptions that were justified only by the need foThe MRFs are also capacity-designed, implying that
employing the best capacity estimates given the limthe steel section sizes satisfy the AISC strong col
ited available data. To this end, the dependence eoimn-weak beam requirement.
the models proposed by e.g. FEMA 355D (2000), The building’s seismic performance was evaluat-
Mele (2002) and Kazantzi et al. (2008b) for estimated using a 2D centreline model in OpenSees
ing the steel component capacities on a single-stru(McKenna et al., 2000) with plastic hinge formation
tural property (i.e. the beam depth), may be considallowed at beam as well as column enda €ffects
ered a step forward. Nevertheless, they have leftere included using a leaning column, whereas the
ample space for more elaborate research towards emathematical idealization of the frame includes

3.1 Structural modeling



shear deformation due to panel zones. The firsethr
vibration periods of the analyzed frame were found
to be 1.33, 0.40 and 0.19sec, whereas 2% Rayleigh
damping was assumed at the first and third mode of
vibration. Figure 1 depicts the 2-D model used for
the East-West MRF along with the beam and column
section sizes. Additional details regarding thenkea
configuration, design and idealization can be found
in Lignos et al. (2011).
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Finally, a correlation coefficient of 0.65 was as-
Figure 1. 2D model idealization of the analyzed tBélest sumed within variables of the same type for plastic
MRF (dimensions in feet). A leaning column has baeded on  hinges belonging to beams or columns having the
the far right to simulate the effect of non-momessiisting bays  same section. Such correlations have been found to
carrying mainly gravity loads. characterize steel elements from the same productio
3.2 Probabilistic modeling lot (Idota et al., 2010). Given the small size loé t

) ) ) structure, it can be assumed that all beams and col
The properties of the rotational springs at thg ns of the same section come from the same lot,

member ends, as idealized by the modified Ibarrag, g yelatively high inter-member correlations exis
Krawinkler model (see Fig. 2), completely accountyqng heams at stories 1-2 and 3-4 (see Fig. 1).
for material nonlinearity in the model. They are as

d1ob q iables th licithv d Similarly for the columns, US construction practice
sumed to be random variables that are explicitty d€yictates that a single member crosses severaestori
scribed by probabilistic distributions and corretht

: . : until a splice occurrence at mid-story to changa to
according to factors derived from experimental datanew section. Thus. columns are well correlated

For the pre-capping plastic rotatiafy, the post- 5,46 and helow the middle of th8 ioor (Fig. 1).
capping plastic rotatiofi,c and the cumulative rota-

tion capacityA in particular, the lognormal distribu- Table 2. Random variables correlation coefficients
tion was found to fit the experimental data satisfa for beams and columns.

torily based on the Kolmogorov-Smirnov test. Beam: Oy O A M/My, MM,
Hence, for the present case, with respect to th® RB 1 0.54 0.6% 0 0
beam connection parametéks 0, and A, the ‘me- 8-gﬁ 016,_ 0-16~‘ 8 8
dian’ (i.e. the exponentialf the average of the natu- 0 0 0 1 0
ral logarithms of the data) and the dispersion the 0 0 0 0 1
standard deviation of the natural logarithms of the  column: 0, 0o A MJ/M,,  MJM,
data) was prescribed by the empirical equations pro 1 0.6C 0.5¢€ 0 0
posed by Lignos & Krawinkler (2011). Accordingly, 0.6C 1 0.5¢ 0 0
similar equations that were proposed for other-than 0.5 0.5¢ 1 0 0
RBS beams with deptth > 533mm are used for the 8 8 8 é 2

columns as best estimates. Furthermore, for both
beam and column sections the effective-to-predicted To account for the uncertainties induced by the
component yield strengti,/M, , as well as the cap- considered parameters to the structural systemrunde
ping strength-to-effective yield strength/My ratios  examination, a recently developed Monte Carlo
were assumed to be normal random variables witmethod paired with an efficient incremental record-
their properties summarized in Table 1. wise Latin Hypercube Sampling (LHS) design is
Furthermore, the correlation coefficients betweerused (Vamvatsikos, 2011) to propagate the uncer-
the random hinge properties, for each individuatainties from the numerous parameters to the actual
plastic hinge are summarized in Table 2 (Lignos &ystem demand and capacity. Whereas usually a full
Krawinkler, 2009) and are based on the actual experecord suite is used to analyze each model sample,
imental dataset analyzed by Lignos & Krawinklerthis approach undertakes LHS simultaneously on the
(2011). structural properties and the seismic input to eahi



considerable savings. Hence, instead of maintainin§%) of 1.0g, 16% of the samples produce approxi-
the same model realization and analyzing it over thmately afmax < 3%, 50% of the samples @ux <
entire suite of ground motions, the latter also be4.5% and 84% of the samplegax < 10%.
comes a random variable in the sense that each mod-The most influential random variables, at least
el realization (or each set of structural propsjtis  when considerin@.x as an EDP, were found to be
paired to a different ground motion that is alsn-ra the cumulative rotation capacity along with pre-
domly selected from a bin of records. Furthermorecapping plastic rotatiod, for the ‘near yield’ limit
the adopted LHS methodology allows us to conducstate, and the capping strength-to-effective yield
an incremental convergence process whereby thstrengthM/My ratio for the remaining higher limit
new observations are introduced by successivelgtates up to the ‘near collapse’, defined at aerint
doubling the sample size in such a way that the exstory drift of 0.1. The extent to which these model
isting sample can be reused. parameters affect the seismic performance of the an
3.3 Incremental dynamic analysis alyzed building can be revealed \_/ia comparison-stud
: ies of the median IDAs and dispersions obtained
Incremental Dynamic Analysis (IDA) is employed to considering the uncertainty in the structural paam
determine the seismic response of the model struters of the modeled structure (generation 6 with
ture for various combinations of the uncertain paN=320) and a deterministic mean-parameter model.
rameters. IDA (Vamvatsikos & Cornell, 2002) is aThe term “mean-parameter” refers to the typical en-
powerful analysis method that involves performing agineering approach where the model parameter un-
series of nonlinear time history analyses for desui certainty was disregarded by setting all propetties
of ground motion records, the latter scaled at intheir mean (or median) value. Only record-to-record
creasing intensity levels. To define IDA curves ofvariability is considered by using the 60 ground-mo
seismic intensity versus response, two scalars at®n records. As illustrated in Figure 5 the evidaa
needed, these being an intensity measure (IM)ao remedians for the maximum interstory drift ratigax
resent the seismic intensity and an engineering dewe almost identical (see Fig. 5a) and the dispessi
mand parameter (EDP) to record the structural reare found to be very similar (see Fig. 5b). In othe
sponse. For the present study the 5% damped firstvords, both the bias and the variance introduced by
mode spectral accelerati®@(T1, 5%) is used as the parameter uncertainty appears to be negligible: Fur
IM whereas, the peak story drifts for the indivilia thermore, the results were found to differ only mar
stories#;, the maximum interstory drifi,.x and the ginally for either local EDPs, i.e. the individusbry
peak roof drifttqr are used as EDPs. drifts 6;, or global ones, i.e. the peak roof déif:.
Hence, given the remarkable agreement between
the mean-parameter and the computationally expen-
The analyses involved a total of 200 random variasive record-wise LHS model it can be said that, at
bles and 60 “ordinary” ground motion records (i.e.least for the considered case, the model parameter
without any soft soil or directivity issues). Thecr  uncertainty effect may be safely ignored. These ob-
ord-wise LHS design was applied with a starting siz servations further support findings in previousdstu
of 10 that was incrementally increased over 6 generes (e.g. Kazantzi et al., 2011) which suggested th
ations to a maximum sample of 320. the uncertainty associated to the acceleratiomésig
As can be inferred from Figure 3, where the relature” is so significant that cancels out the vatigb
tive errors in the median and dispersiorSjnterms  associated to the structural properties, at least f
are illustrated for two different levels of nonlaregy  well-designed buildings with good quality control
(i.e. ‘near yield’ assumed 8&t.x=0.02 and ‘near col- during construction.
lapse’ assumed &=0.1) and the whole set of the
considered EDPs, only 4 to 5 generations at 80 t
160 samples respectively, are practically suffician
order to achieve fairly stable response estimatesollowing the evaluation of the structural demands
More specifically it was revealed that, after theby means of IDA, we can now embark on the estima-
fourth generation, the relative errors in the mediation of the seismic fragility. The latter, is dedioh as
and dispersion ig, differ only slightly, irrespective- a function of the conditional probability of exceed
ly of the considered EDPs and the limit states. ing (violating) a performance objective, given the
Figure 4a illustrates the IDA curves, consideringtensity measure level (Kazantzi et al., 2008b).hSuc
Omax @s an EDP, obtained over thB generation (i.e. performance objectives are typically defined aga d
320 samples). It is apparent that the record-tortec terministic or probabilistic EDP capacity (i.e. dam
variability is fairly large especially at high imgtory  age threshold).
drift demands where the building is approaching col Despite the fact that numerous studies exist in the
lapse. These results can be further summarized intiberature dealing with the seismic fragility prebd,
16,50,84% fractile IDA curves that are presented irthe majority adopts the hypothesis that the demand
Figure 4b. As illustrated, given for instanceQ(T;, and capacity quantities are uncorrelated. Therlatte

3.4 lllustrative results

8.5 Demand-to-capacity correlation effect on
fragility estimation



assumption is usually reflected at the fragilityde the minimum spectral acceleration for which the
by defining the capacity as a global limit (e.gf, o considered limit state is exceeded) being less ¢inan
roof or interstory drift) that is not directly liekl to equal a given spectral acceleratid, (Jalayer &
the capacities of the structural components. s i Cornell, 2003). Furthermore, assuming a cumulative
rational choice for a structural model with determi lognormal distribution to fit the spectral accetera
istic properties, but not necessarily so for anesnc capacity data, we can use the 16, 50 and 84% per-
tain structure. Then, the demand-capacity corlati centiles to estimate the median as well as thesdisp
becomes more or less apparent in the sense that logion of the data.
er member capacities lead to higher structural de- Table 3 presents the statistics of the logarithms
mands and vice versa, thus factually linking localmedian and standard deviation) of the spectral ac-
demands and capacities. celeration capacity random variabie. An uncon-
The potential importance of such an interactiorservative bias of approximately 12% in the median
has been recognized, at least theoretically, in thappears when demand-capacity-correlation is fully
SAC/FEMA framework (Cornell et al., 2002). Still, ignored (case 1 versus 3). Instead, the dispersi@ns
its effect on the seismic risk assessment studids asimilar across the examined range of the demand-to-
whether this can be masked under the aleatory uncerapacity correlations. Note that the differencehi@
tainty component has not been examined. To the amedian predictions appears in spite of the relbtive
thors knowledge, only relatively recently, Dolsekhigh values of inter-member correlation used awd th
(2011) evaluated the seismic risk of a 4-story consmall number of elements in each story. Larger
crete building considering aleatory and epistemiduildings and less correlated elements would be ob-
uncertainties as well as limit states that weregohi viously prone to far larger influence from the eorr
to moment and ultimate rotations at the plastighin lation of demand and capacity.
es. The risk for 'near collapse’ was found to b&eno Tapje 3. Median and dispersion of the spectrallacce
than twice as_hlgh _vvhen con_su:_lerln_g both the aleatQyration capacityS., for Life Safety.
ry and the epistemic uncertainties (i.e. randonupop

lation of buildings, demand-to-capacity correlation ggels e 0ﬁ338
case) than the one estimated when considering only  ~,..> 0645 0.320
the aleatory uncertainty component (i.e. determinis Case3 0.651 0.313

tic building, no demand-to-capacity correlation).
On account of the above, the importance of the Figure 6 illustrates the fragility curves for the
demand-to-capacity correlation will be evaluated inthree examined cases that correspond to decreasing
this study on three different premises: (a) Case Jevels of demand-to-capacity correlation. For each
320 uncertain building-record pairs where the excase, the moment-fitted lognormal cumulative distri
ceedance of the limit state is checked in each Eampbution function is plotted. By comparing the frétgil
by comparing the local demands to the actual rarcurves of case 1 (full demand-to-capacity correla-
dom rotational capacity of each individual hingetion) to those of cases 2 (partial demand-to-capaci
(full demand-to-capacity correlation), (b) Case Z2:correlation) and 3 (no demand-to-capacity correla-
320 uncertain building-record pairs where the extion), it can be inferred that the incorporationtioé
ceedance of the limit state is checked in each Eampdemand-to-capacity correlation, results in a l&ffts
by comparing the local demands to the mean rotasf the fragility curve. This means that the paréiatl
tional capacity of each individual hinge (parti@-d the no demand-to-capacity correlation cases (i.e.
mand-to-capacity correlation) and (c) Case 3: Meagases 2 and 3) underestimate, at least for theatase
model analyzed under 60 records where the exceefland, the failure probabilities.
ance of the limit state is checked by comparing the A more coherent insight into the way demand-to-
local demands to the mean rotational capacity ofapacity correlation affects the seismic fragititpy
each individual hinge (no demand-to-capacity correpe attained by inspecting the statistics of thiufai
lation). locations in each one of the three considered cases
For all three cases, the limit state is associtied To this end, Table 4 summarizes, in percentages, th
the first exceedance of the plastic hinge rotatian frequency with which the elements of a particular
pacity at the end of any structural element (beam astory are ‘responsible’ for violating the anticipdt
column), the former being equal to the pre-cappingimit state (i.e. one hinge exceeding the pre-cagpi
plastic rotationd. This condition is considered suf- plastic rotationg,).
ficient to undermine the life safety of the builgin As can be inferred from Table 4, the percentages
occupants and hence may be assumed to be roughklysociated with ‘first-hinge-failures’ across the
analogue to the Life Safety (LS) performance objechuilding are remarkable similar for cases 1 and 2
tive as per FEMA 350 (2000) definition. when considering beam failures whereas, they differ

Given the aforementioned, the structural fragilityconsiderably when it comes to column failures.
may be also defined as the probability that the-spe

tral acceleration capacity random varialfg, (i.e.
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In particular, approximately 13% more ‘first- The comparison of the structural demands ob-
hinge-failures’ were observed at the fourth flool-c tained with and without the consideration of model
umns of case 2 as opposed to case 1 and about 1@#rameter uncertainties revealed that their effant
less at the first floor columns. It is believedstBhift  be safely ignored for the examined case, i.e.rdg¥r
of column ‘first-hinge-failures’ to the top leved as- ular low-rise capacity-designed buildings where
sociated with the lack of high rotational capacitygood quality control is exercised during construc-
samples in case 2 that gives rise to the concemntrat tion. For older buildings or lower quality settings
effect of the high structural demands at the ta@p st further research is needed. Nevertheless, the study
ries for this low-rise structure. The distributioi  also showed that, when it comes to fragility estima
damage locations for case 3 substantially differsion and consequently seismic risk predictions as
compared to cases 1 and 2 with the great majaofity avell as to studies dealing with the identificatioh
‘first-hinge-failures’ being observed in the fiftior = damage patterns in a building population, caution

beams and the fourth floor columns. should be exercised when ignoring the model pa-
rameter uncertainties, since the potential demand-t
Table 4. Percentages of ‘first-hinge-failures’. capacity correlation is likely to give rise to umeo
Failure location | Case1(%) Case?2 (%) Case 3 (%) servative errors. .
Beams 1% Floor 23.47 26.2¢ 46.67 To safely quantify the effect of the demand-to-
Beams 2™ Floor 15.6¢ 15.0( 5.0C capacity correlation, further research is needed th
Beams?{: Floor 2-82 0.0C 0.0C will account for other damage limit states, for &aw
Seamod Floor | AL | 283 o correlation coefficients between the hinges of the
S ey o ; ' same floor as well as for lower construction quali-
Columns 2™ Floor 0.0C 0.0C 0.0C . .
Columns 3 Floor 0.92 0.0C 0.0C ties. In the present study of a small structurehwit
Columns 4" Floor 28.7¢ 42.1¢ 48.3: well-correlated members, by ignoring demand-to-

capacity correlation we only observe differences in
the order of 12% in the median spectral accelaratio
capacity. These should not be of immediate concern,
yet they plant the seeds of doubt for differentesas
where the conditions are not as favorable.
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