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Performance-Based Seismic Design: Avant-garde and

code-compatible approaches

Dimitrios Vamvatsikos!, Athanasia K. Kazantzi’ and Mark A. Aschheim?®

Abstract: Current force-based codes for the seismic desigtrottures use design spectra
and system-specific behavior factors to satisfy onavo pre-defined structural limit-states.
In contrast, performance-based seismic design &irdesign a structure to fulfill any number
of target performance objectives, defined as useseuibed levels of structural response,
loss, or casualties to be exceeded at a mean afregakency less than a given maximum.
First, a review of recent advances in probabilipgcformance assessment is offered. Second,
we discuss the salient characteristics of methaiesothat have been proposed to solve the
inverse problem of design. Finally, an alternatyproach is proposed that relies on a new
format for visualizing seismic performance, terméeld Frequency Spectra (YFS). YFS
offer a unique view of the entire solution space structural performance of a surrogate
single-degree-of-freedom oscillator, incorporatingcertainty and propagating it to the
output response to enable rapid determinationgda preliminary design that satisfies any

number of performance objectives.
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Introduction

Earthquake engineering is a fascinating scienfigtd where multiple disciplines come
together to mitigate the threat of one of the deatlhatural hazards on Earth. Of immediate
concern is the entirety of the built environmerdtthouses the majority of human societal
and economic activities. Earthquakes thus threateneasurable wealth, representing past
investments in existing infrastructure and evergasing future ones as new structures are
added or renovated yearly. Damage to the builtastfucture ricochets through the
transportation, communication, financial, culturahd economic dimensions of society.
Recent seismic events, e.g., Northridge (1994),eKd995), China (2008), Tohoku (2011),
have shown that despite considerable advances@aneh, we still have a long way to go:
while modern buildings have lower fatality ratebg tstaggering monetary losses and
disruption of function from seismic events can plgentire cities, or even countries.

At the core of earthquake engineering stand thé ghoblems of assessment and design.
Assessment is the direct process of estimatingtsiral behavior given the structure and the
hazard. Design is the inverse problem, wherebywtsire, its members and properties are
established to achieve an acceptable behavior uhdegiven seismic hazard. As typically
befits such dualities, the direct path of assessnsehy far the simpler of the two. Thus,
while the earthquake engineering field has bergférormously from recent advances in
computer science and technology, these have baéree in an asymmetric way. Important
solutions have mostly been achieved for the assedsproblem—e.g., Fajfar and Dolsek
(2010) introduced the concept of performance gtieation within a probabilistic context as
a viable approach for design. Therein, a strucsupgbperties may be taken into account

together with the seismic hazard obtained by pritisib seismic hazard analysis (PSHA) to



43

44

45

46

a7

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

provide relatively accurate estimates of the dstions of structural demand, repair cost,
time-to-repair or even human casualties. While mafsthese capabilities are still only
available at the academic level, some of the benafe influencing the new generation of
seismic codes dealing with the assessment of egistiructures, such as EN1998cEN
2005) and ASCE/SEI 41-06 (2007), and in the esthbient of design parameters for seismic
force-resisting systems, e.g., FEMA P-695 (2009) BEMA P-795 (2011).

In contrast, no such revolution has been realizedrdutine design. Current seismic
design codes follow a classical force-based depgradigm that has been in place for
decades, in which design lateral forces are basedlastic demands reduced by a system-
specific “behavior’R- or g-factor to account for inelasticity. Generally, tkenoothed
(pseudo-acceleration) design spectra &ador g-factors are intended to approximately
achieve Life Safety performance for ground motibasing a probability of exceedance of
about 10% in 50 years. The or g-factors are prescribed by the code, are spedfieach
lateral load-resisting system type, and purporteatigount for the ductility capacity and
overstrength inherent in buildings of various cguafations, in view of local construction
practice. Demands at critical sections are detexthbyy elastic analysis (static or dynamic) in
a simplified process that is intuitive to enginedilse design is deemed to provide acceptable
Life Safety performance simply by ensuring critice@mber sections have sufficient strength
and conform with prescribed detailing requiremer@srviceability is also addressed, by
limiting interstory drifts, either under the desidmteral loads or for a reduced design
spectrum that relates to a more frequent leveérsinsic loads.

While the simplicity and utility of the classicgb@aroach is appealing, many drawbacks
exist. The emphasis on forces obscures the impmetah stiffness, deformation demands,
mechanism development, and deformation compatibitoehle (1992) noted the value of

explicitly considering displacements in design, ilitriestley (2000) promoted the use of an
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equivalent linear approach to displacement-basedigde Performance-based design
approaches often aim to limit drift and ductilitgerdands and rely on displacement-based
approaches for doing so. Displacement-based appesanay be based on an estimate of the
fundamental period or the yield displacement of steicture in a first-mode pushover
analysis. The benefits of both force- and displam@rbased approaches can be realized in
hybrid approaches that combine the two, as destriggently by Tzimas et al. (2013).

Besides the emphasis on forces, another drawbadkeofclassical approach is that
nonlinear effects are addressed only through tleessarily imprecise reduction/behavior
factor, while uncertainties are incorporated vigtsafactors at the input level of material and
load values instead of the output response. Ungersevere demands of strong ground
shaking, this formulation leads to substantial afaitity in performance, which either leaves
some fraction of the building inventory vulneralile deficient performance or wastes
resources in needlessly improving the performarfcstieers, attempting to uniformly raise
the bar across a non-uniform population. A shiffparadigm is needed, from the present
emphasis on imbuing conservatism in the design ehbers to meet code requirements to
explicit accounting for uncertainty to achieve degiperformance objectives for the specific
system.

Theoretical and practical difficulties have hampetbe much sought-after leap to
performance-based seismic design, whereby a steustould bedirectly designed to satisfy
a range of performance objectives with specifiowadlble exceedance rates and explicit
consideration of uncertainty. The present papgyards to this challenge, providing a direct
way to incorporate uncertainty into a simple secsrdesign process that respects user-
determined limits on drift and system ductility. Ty the proper groundwork, the following
discusses the state-of-art in performance-basedgrjesocusing on uncertainties, the

probabilistic basis of performance assessment, aatlent characteristics of both
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conventional and novel approaches to seismic dedigrthe end, the representation of
seismic demands using Yield Frequency Spectra (M&Q)ffered as a new approach to

achieving performance targets with reasonable ctaipnal complexity.

Current state of art

Aleatory and epistemic uncertainty

During the last decades, the use of probabilisitstfor assessing the reliability of structural
systems under seismic excitations has attractedidemable research worldwide (e.qg.
Bazzurro et al. 1998, Cornell et al. 2002; WenleR@03; Krawinkler and Miranda 2004).
Both assessment and design become more challemdiag coupled within a probabilistic
framework, needed to account for the various sauof@incertainty sources that are intrinsic
to engineering applications. Uncertainties can be to the inherently random nature
(aleatory), e.g., of seismic loads, or can be katted to our incomplete knowledge
(epistemic), for example regarding the modelingtloe actual properties of an existing
structure. The fundamental difference is that epist uncertainty can be reduced, for
example by conducting additional measurementss tesstexperiments. However, aleatory
randomness is naturally occurring in a process,, déltgg sequence and magnitude of
earthquakes, and cannot be alleviated (at least witht any current or foreseeable
technology). In general, most existing performabased assessment formats treat these two
flavors in a unified way (despite some objectiang,, Der Kiureghian 2005) prompting us to
refer to them collectively as simply “uncertainty”.

So far, several researchers have concluded thain@rall uncertainties, the ground
motion waveform has the most profound influencetten structural reliability, especially in
the case of performance levels associated withreesteuctural and non-structural damage

(Dymiotis et al. 1999; Kwon and Elnashai 2006; Kdzaet al. 2008; Kazantzi et al. 2011).
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A comprehensive site hazard representation thebngpatible with current design norms is
provided by the seismic hazard surface, a 3D pldh® mean annual frequency (MAF) of
exceeding any level of spectral accelerat®fT) for the full practical range of periods
(Fig. 1). This is the true representation of setsmémands for elastic single-degree-of-
freedom (SDOF) oscillators at any given site. Miamiliar 2D pictures can be produced by
taking cross sections (or contours) of the hazarthee. Cutting horizontally at given values
of MAF will provide the corresponding uniform hadaspectra (UHS). For example, at
Po=-1In(1 -0.1)/50 = 0.0021, or a 10% in 50 yrehability of exceedance (Fig. 2a), one
obtains the spectrum typically associated with glesat the ultimate limit state (or Life
Safety). Taking a cross section at a given pefigaoduces the correspondifgT) hazard
curve (Fig. 2b).

Considerable uncertainty also may be introducedtdumaterial properties and due to
the choice of model and analysis type. Details af, $oundation and structural modeling
may heavily influence the outcome of any analysethod, as shown in Fig. 3 for the
capacity curve of a simple 5-story structure. Whthdels under cyclic loading still under
development (e.g. Lignos and Krawinkler 2011) arith veonsiderable uncertainty about
behavior in the high-deformation region (Fig. 4#&)e accurate evaluation of structural
response within an analytical context remains dcdit task, and one that may lead to
inaccurate response estimates and consequentlyuttiusal designs with unsatisfactory or
non-homogeneous seismic reliability. This is patady true in cases where simplified
modeling assumptions and analysis options have &eg@toyed and the structure approaches
its collapse capacity, where large deformations @mplicated degradation come into play

as prominently shown in Fig. 4b (see also Villaee2@07).
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Performance-based assessment

Performance-based earthquake engineering has Iseeemtrged to quantify in probabilistic
terms the performance of structures using methiasdre of immediate use to both engineers
and stakeholders (Yang et al. 2009). The use ofrapep probabilistic framework for
propagating both aleatory and epistemic uncer&snto the final results obtained from a
variety of nonlinear analysis methods (e.g. stptishover and nonlinear response history
analysis) is best exemplified by the Cornell-Krakleam framing equation adopted by the

Pacific Earthquake Engineering Research (PEER)eC€@brnell and Krawinkler 2000):
A(DV) = j”G(DV | DM )/dG(DM | EDP)|dG(EDP|IM)|dA(IM)| (1)

for which DV is one or more decision variables, such as dwsg-to-repair or human
casualties that are meant to enable decision-makyntpe stakeholderf)M represents the
damage measures, typically discretized in a nunmddeprogressive damage states for
structural and non-structural elements and everdibgi contents;EDP contains the
engineering demand parameters such as interstdtyodrpeak floor acceleration that the
engineers are accustomed to using when determihagtructural behavior; antil is the
seismic intensity measure, for example represehtethe 5%-damped first-mode spectral
acceleratior§,(T1). The relationship oEDP andIM is obtained by structural analysis and can
be established through incremental dynamic ana(ySi&, Vamvatsikos and Cornell 2002),
using multiple ground motion records scaled toedédht intensity levels (and exceedance
frequencies). An example is shown in Fig. 5, wharen for an SDOF system, considerable
variability is present. The functioi(y) provides the MAF of exceedance of values of its
operandy, thus makingA(IM) the seismic hazard, whil&(x) is the complementary
cumulative distribution function (CCDF) of its vablex. Finally, note that all differentials in
Eqg. (1) appear as absolute values since they aomeenotonically decreasing functions, and

thus they would otherwise be negative.
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Stakeholders care abol and perhaps evddM, or damage states. Engineers, on the
other hand, prefer to focus ®&DP to express performance. This may be best achibyed
moving to the familiar territory of limit states drappropriately modifying the Cornell-
Krawinkler framing equation (Vamvatsikos and Colr€04). DefiningDV andDM to be
simple indicator variables that become 1.0 wheniverg limit-state (LS) is exceeded,

transforms Eq. (1) to estimatgs, the MAF of violating LS:
A :'[G(EDP [IM) |d2(1M) 2)

Both approaches represented by Eq. (1) and Edfin@)excellent uses but they are
presently limited to assessment, i.e., the forwaktivation of a given structure’s
performance. A proper performance-based design dvooéan at least inverting such
equations to allow deriving the desired propertiethe structure that would satisfy a given
value of i.s, for example the 0.002 per annum to successfullfilifthe Life Safety
requirements. Closed-form approximations of thegrdl in Eq. (2) can offer significant help
in achieving such a design-oriented solution. Tast lknown such expression is offered by
Cornell et al. (2002), using a power-law approxioratfor both the hazard curve and the
medianEDP versuslM relationship. To improve the inherent accuracyiess(see Bradley
and Dhakal 2008), Lazar and Dolsek (2014) havegestgd the introduction of appropriate
integration bounds, while Vamvatsikos (2014) hasmnemended the use of a biased fit to the
hazard curve that favors lower intensities, antferintroduction of a second-order power-

law approximation for the hazard curve.

Design approach characteristics
Each approach to design has its own characteristitsrms of how the design problem is
defined and how one goes about solving it. Thegtegiroblem is essentially an optimization

problem, where specific performance objectivessateand an approach is offered on how to
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achieve them. How these objectives are definedvdrat approach is taken to meet them is
what essentially establishes the basis of desigrthé following we distinguish different

methodologies that have appeared in the literabaseed on three essential characteristics:
how one chooses to (a) express the performancetsaiy) treat uncertainty, and (c) connect

performance targets to the design of members arslshive the optimization problem.

Performance tar gets

Each performance objective can be thought of geeific value of a “performance variable”
paired with a (maximum allowable) target MAF of erding it. Eqs (1) and (2) represent
two different approaches for defining the perforceanvariable and estimating the
corresponding MAF. For example, let us consideifa Safety performance objective tied to
the well-known 10% probability of exceedance in ¥€ars, or MAF of 0.0021. The
difference in employing Eq. (1) versus Eg. (2) appein the metrics used to define Life
Safety itself. In Eqg. (1) this is expressed in terof one or more DVs, for example by
requesting casualties less thda of the inhabitants and property damage less y#@aof the
total investment at the given MAF. In Eq. (2), tleisuld be a more familiar limitation in
terms of one or more EDPs, e.g., having a maxirmierstory drift ratio lower than 2% at
the given MAF without any brittle failure of strucal components.

While being able to design a structure that camsfgaperformance objectives that
actually make sense to stakeholders may be coesidey be the ultimate goal of
performance-based design, estimating such lossestia trivial procedure (see Baker and
Cornell 2008). Absent crude approximations for e@slosses, only full-scale optimization
approaches can accurately solve this problem. lg@example of the challenges involved in
properly accounting for seismic losses in desigoffsred by the conceptual approach of

Krawinkler et al. (2006).
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Propagation of uncertainty

The uncertainty in seismic hazard is of such mageitthat a design method that does not
account for it is inconceivable. The difference agpaesign methods is in the way that this
uncertainty is taken into account. Herein, perfarogaobjectives were explicitly defined as
specific DV or EDP values tied to a target MAF, tager conveying the probabilistic nature
of the (output) measure of performance of the dedig contrast, the typical approach is to
consider hazard uncertainty at the input intengtel, i.e., by designating the MAF of
exceeding specific IM levels of the (input) groumdtion. This is incorporated in all current
design codes, in the form of the (smoothed) unifbamard design spectra (see Fig. 2a) that
contain all the5,(T,) values that correspond to a given MAF of exceedaBy subjecting the
structure to forces consistent with such a spectone derives the output values of DV or
EDP; if the limit is not violated, the design comegl with code requirements and is deemed
adequate (although the MAF of exceedance of theoDEDP remains unknown).

Code design formats have their roots in the passeéty factor approach (load and
resistance factor design) that is generally usdtarinear (or near-linear) range of structural
response. Therein, the linear equations that Beldhds and their effects essentially ensure
that uncertainty applied at the input is propenggagated to the output, at least in terms of
preserving the first and second moment (mean andbiiiy), if not the distribution type. On
the other hand, the nonlinearity that is inherangxtreme seismic events means that no such
assumptions can be made. Further to this pointélioet al. (2002) showed that the shape of
the hazard curve and the variability in the EDP-+#ationship mean that multiple hazard
levels need to be considered to evaluate perforenaActually, since the lognormal
distribution of EDP given IM has a heavy right téile., a high proportion of extreme
responses) and the lower IM values appear moredrgty (i.e., correspond to a higher MAF

of exceedance in Fig. 2b), they contribute sigaifity more to the system’s rate of exceeding
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any limit-state. For example, the MAF of exceedaota prescribed (output) EDP value is
guaranteed to be higher than the MAF of the (inpMtXhat it corresponds to, on average,
often by factors higher than 100%. Thus, whenevebaility is controlled/applied/checked
at the input intensity of a nonlinear structurewit! often result to a (mean) output of
unknown magnitude.

The inconsistency of specifying probability at thmput rather than the output
undermines the probabilistic basis of all such apphes and becomes an important liability.
There is truly no “right” value for the safety fac$ (typically incorporated within material
safety factors and the conservativeness in chooBng) that can be botlsafe and
economical when applied to an entire class of buildings. Desigomplying with code
requirements may be too safe (and therefore, gastlthe opposite, as blanket safety factors
do not provide the same performance across theerarigbuilding configurations (or
archetypes, in the terminology of FEMA P-695 (20QC#)owed within a building code. As
well, since the calibration of code design paramsetesults in a range of performance for
code compliant designs, it is not clear what (&ricperformance criteria should be imposed
to obtain user-prescribed “better than code” penforce. The use of importance factors to
amplify the design spectrum or equivalently, reddemands for the given design spectrum,
are an imprecise substitute. Only design forma#s #tcurately propagate the uncertainty
from input IM to output DV or EDP and are theoralig consistent can allow the MAF of
exceedance of the output to be controlled; thimasessary in our opinion for a design

approach to truly be “performance-based”.

Design solution process
Having defined the performance objectives, the drgnestion of how one goes about
establishing a structure that can meet them musidoeessed. All design approaches are

essentially methods to solve this inverse problevhjch is challenging because the
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functional relationship between the design varigbke.g., member sizes, and the target
objectives is not invertible, and may not be prgiknown. Thus, iteration is required.
Engineers can easily solve the forward problemppiyang the “seismic loads” to determine
individual member forces or deformations and inv@kplicitly or implicitly through
iterations) the equations that define section omiver resistance to derive the minimum
required member size. The question is how to deterrthe loads to apply, since (a) they
depend on the dynamic characteristics of the ybetdetermined structure and (b) they need
to be consistent with the design objectives. Here meeds to choose between working with
the multi-degree-of-freedom (MDOF) system usingirapéer proxy, or making use of a
database (or sequence) of relevant candidate MDESigk.

Assessing the performance of candidate MDOF dessggasconceptually simple direct-
search problem that is well suited to optimizati&. its simplest implementation, an
engineer is guided by his/her intuition to incremadly change an initial design to
satisfaction. Each iteration, though, is equivalemta cycle of re-design and re-analysis,
where the latter is a full-blown performance-baasdessment involving nonlinear static or
dynamic runs, as discussed in Krawinkler et al0O60Any method built on this paradigm
essentially is an iterated assessment procedur@y Masearchers have also chosen to
improve upon the efficiency of the re-design toiaeh a fast convergence, often leading to
the use of numerical optimization. An optimizatialgorithm provides candidate structures
for performance assessment. Force and deformatiecks are encoded as constraints, while
the initial or lifecycle cost of the structure da@ the optimization objective (Fragiadakis and
Lagaros 2011). Mackie and Stojadinovic (2007) hauggested this approach for bridges
while Fragiadakis and Papadrakakis (2008), FranahthPinto (2012) and Lazar and Dolsek
(2012) have all used optimization techniques fa performance-based seismic design of

reinforced-concrete structures.
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While using the MDOF system is arguably more corensive and accurate, it is also
considerably more expensive. A simpler approachilsniising a surrogate system, typically
an SDOF oscillator, to help translate the MAFsxafedance of EDP limits to design loads.
Thus, the complexity of guessing the MDOF systeprperties is reduced to determining
the strength and stiffness that define the sureogatillator (often assumed to have elasto-
plastic behavior). Any two of the following quamngg define the oscillator yield point: (a)
period, T, (b) yield strengthF,, (usually normalized by the (known) weightto equal the
base shear coefficient at yiel@, = F, /W), and (c) yield displacemend,. These three

guantities are functionally related:

0
T=2r |- 3)
C,9

Assuming now that a structural configuration hagrbelecided, one needs only to
determine the minimal member sizes that satisfyothjectives. This is essentially akin to a
Newton-Raphson algorithm for finding the root (ommum) of a nonlinear “black-box”
equation: a local estimate of the function tangesnemployed and assumed to remain
constant to linearize the problem in order to paota potential solution. This tangent is
essentially an assumed invariant term that is wobat the end of each iteration until
convergence. Presently, there are two distincbflawf the SDOF-proxy approach, based on
what term is considered to besariant (or approximately stable).

Force-based approaches are the basis of practathiyrrent seismic codes, and operate
on an invarianT basis. This is in turn used to determ&€T) that is multiplied by the system
massm (hence the “force-basis”) and divided by the ulimus R or g factor to determine the
desired base shear at yield, For a given mass, the same informatio’Vas conveyed by
the spectral acceleration at yie®l,(T), or similarly,C, whereC, = S,y whenS,, is expressed

in units of g. TheR- or g-factors are approximate methods to account foretiiect of
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overstrength and ductility on peak response. Naéewhile higher mode periods can be used
to determine the loads in a modal response analygsapproach remains essentially SDOF-
based afk and g always refer back to the first mode only. The MD6&tucture is then
designed to be safe against the required effectsanfs consistent witley. An eigenvalue
analysis of the newly designed system provides paated period and if a significant
difference is found, a new cycle of design and ysiglis performed. A key feature of this
approach is the use of approximate formulas toideoan initial guess fof. A good guess
essentially eliminates the need for repeated cyslasething that is often the case when an
experienced engineer is facing a structure andcaged performance objectives he/she is
comfortable with. Nevertheless, inaccurate estimatay be expected where more stringent
performance objectives call for more than usuaridtstiffness.

Alternatively, one may assume instead that thedyd$splacemenbd, is the invariant
term. This has been suggested by Priestley (2000)Aschheim (2002) as a much more
stable parameter compared to the peflipthus significantly reducing the need for iterato
Here, the design process starts by deriving amalrguess fory (rather thanT), and then
using derived limits on ductilityy, and appropriat&R-u-T relationships to determine the
seismic coefficientCy. The process has been encoded by Aschheim (2062)ai visual
design tool termed Yield Point Spectra (Fig. 6)vidg established,, member sizes may be
determined. In the infrequent cases where iteradiody is needed, a new yield displacement
is derived and the process is repeated. The re@neof the yield displacement is much like
the refinement of period that occurs in currentésbased methods of design.

Table 1 summarizes the defining characteristics ddferent design approaches.
Practically all code-sanctioned methods use an B&dfs and a force-based SDOF proxy,
while lacking uncertainty propagation. This deswoip covers nearly 100% of current

engineering practice. At the academic level, carsidle advances have appeared in the
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MDOF-based indirect approach for performance-badesign, often employing proper
uncertainty propagation and either an EDP (FranahohPinto 2012) or a DV basis (Mackie
and Stojadinovic 2007). Still, there are consideralsability barriers in adopting such
powerful approaches in practice. A methodology,tivathe terms of Table 1, employs full
uncertainty propagation, an EDP-basis and a dispiaat-invariant SDOF proxy to achieve
“directness” may have a better chance. Only regeMamvatsikos and Aschheim (2015)
proposed such a methodology to correctly propagatertainty at the SDOF level through

the use of YFS.

Origin, definition, and use of Yield Frequency Spectra

The essential ingredients of the YFS approach tbopeance-based design are (a) the site
hazard and (b) some assumption about the systezhavior (e.g. elastic, elastoplastic, etc)
that is used to define the SDOF proxy. Then, f@iven capacity curve shape (or system
type) we are asked to estimate the yield strength the period,T, for not exceeding a
limiting displacemendi, at a rate higher tha?,. Even for an SDOF system, the introduction
of yielding, ductility and the resulting record4teeord response variability fundamentally
changes the nature of the problem. This is besesepted in the familiar coordinates of the
IM, taken here as the first mode spectral accetsrag(T), and the EDP, i.e., the
displacement responge The structural response then appears in the &rtDA curves as
shown in Fig. 5or aT =1 s system with a capacity curve having posiéind then negative
post-yield stiffness. Formally, this relationshimynbe represented by the following integral

(Jalayer 2003; Vamvatsikos and Cornell 2004), thatjuivalent to Eq. (2):

A(8) = TP[EDP >3 |IM = s] |dA(s)| (4)



359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

where P[EDP > 6 |IM =g] is the probability of exceeding a certain level reéponse)
given a seismic intensity of, equivalent toG(EDP|IM), the CCDF ofEDP given IM

evaluated at specific values of each (e.qg., Figi(5) is the associated hazard rate.
Using Eqg. (4) together witR-.-T relationships that offer the probabilistic distrilon of

structural response given intensif{EDP > ¢ |IM =] (e.g. Vamvatsikos and Cornell

2006), rather than just the mean, allows the esibmaf the so-called inelastic displacement
(or drift) hazard curves. For a yielding systemsthare the direct equivalent of spectral
displacement hazard curves. They have appeareshsit ih the work of Inoue and Cornell
(1990) and subsequently further discussed by Bazzand Cornell (1994) and Jalayer
(2003). While useful for assessment, they lack rieeessary parameterization to become
helpful for design. An appropriate normalizationyree achieved for oscillators with yield
strength and displacemeft, and Jy, respectively, by employing ductility, rather than
displacemend and the seismic coefficie@, instead of the strength.

Up to this point, what has been proposed is simdathe results presented by Ruiz-
Garcia and Miranda (2007) on the derivation of nmaxn inelastic displacement hazard
curves. What truly makes the difference is defindpgas a constant for a given structural
system, for relevance to displacement-based de$iygnC, essentially replaces the period
T, as expressed in Eqg. (3).

For a given site hazard and oscillator propertiegstesn dampinggy, value ofC, (or
period), and capacity cunshape (e.g. as normalized in terms Rf= F/F, andu)—a unique
representation of the oscillator's probabilisticspense may be gained through the
displacement (or ductility) hazard curves produgedEqg. (4). Damping), and the capacity
curve shape are considered as stable system dréstacs, as they would be in a
displacement-based design process. By plotting sweles ofi(u), for a range ofuim

limiting values and a range @&, we obtain contours of the inelastic displacente#ard
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surface for constant values @f. These contours allow the direct evaluation oftesys
strength and period—i.e., th€, required to satisfy any combination of performance
objectives defined a3, = A(uim), Where each limiting value of ductilityim is associated with

a maximum MAF of exceedané&g, as shown irrig. 7.

The resulting YFS are thus proposed as a desigrbeidg a direct visual representation
of a system’s performance that quantitatively litlhke MAF of exceeding any displacement
value (or ductilityx) with the system yield strength (or seismic cagdit Cy). YFS are
plotted for a specified yield displacement; thusiqds of vibration represented in YFS vary
with C,. Fig. 7 presents an example for an elastic-pdyt@tastic oscillator. In this case,
three performance objectives are specified (the“xedymbols) while curves representing
the site hazard convolved with the system fragiéitg plotted for fixed values d@,. Of
course, increases i@, always reduce the MAF of exceeding a given dugtifalue. Thus,
the minimum acceptabl€, (within some tolerance) that fulfils the set ofrfpemance
objectives for the site hazard can be determinedridSDOF system. This strength is used as
a starting point for the performance-based desiigmare complex structures, potentially
solving the problem in a single step having beguthva good estimate of the yield
displacement.

At a certain level, YFS can be considered as aimgt and user-specific extension of
concepts behind the IBC (2011) risk-targeted despgttra. Whereas the latter are meant to
offer a uniform measure of safety, they only do@oone limit-state (global collapse), one
specific target probability (1% in 50 years) andigen assumed fragility regardless of the
type of lateral-load resisting system. On the ayir YFS can target any number of
concurrent limit-states, each for a user-definegll®f performance (or safety), and employ
building-specific fragility functions, as impliedylthe supplied capacity curve shape. The

practical estimation of YFS is thus based on theeday-case solution of the integral in
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Eq. (4). This involves a comprehensive evaluatmmaf number of SDOF oscillators with the
same capacity curve shape and yield displacemerditierent periods and yield strengths. If
a numerical approach is employed, then we can rollked comprehensive view shown in
Fig. 7 at the cost of a few minutes of computeretirAlternatively, if one seeks only the
value ofC, corresponding to each performance objective, treanalytical approach can be
used that offers accurate results with only a fesvations (Vamvatsikos and Aschheim
2015).

As an example of application, we consider lr= 32.8m high, 8-story reinforced-
concrete space-frame building (from FEMA 2009) &designed for a high-seismicity site
having a (10% in 50 year) design spectrum anchat&{0.5s) = 1.5g and falling off with
1/T in the period range of interest. A yield displaestof 0.22m (0.67% vyield roof drift)
was determined for the MDOF system, translated B8 for the equivalent SDOF
(Vamvatsikos et al. 2015), while a serviceabileguirement of 0.75% maximum interstory
drift was adopted at the 10% in 10 years frequgocya MAF of 0.0105), becoming the
governing performance target. For a ratio of maximuterstory drift to roof drift of about
1.5, this translated to a ductility limit pf= 0.75% / (1.5 0.67%) = 0.76. A simplified model
of the hazard was employed (Cornell et al. 200&uming hazard curves of constant slkpe
= 2.5 in lognormal coordinates. As solution wasgsiun thenominally elastic regiony < 1)

a low, yet non-zero, dispersion of 20% was assuimethe response distribution in Eq. (4).
YFS suggested a required first-mode period (cradesdion properties) of = 1.24s and a
yield base shear &f, ~ 2500kN. Having determined member sizes for theestructure on
these two premises, performance was assessed lthid#&y The MAF of violating the
serviceability limit-state was found to be 0.009&., lower than the 0.0105 threshold,

soundly validating the proposed approach.
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Conclusions

There are many published design approaches forewoli the desired performance
compliance for any structure. Current code appreadre arguably the simplest and most
practical ones. Yet, they are invariably limited ancuracy due to their far-from-perfect
handling of uncertainty, which can severely biag thutput design to be either too
conservative, or even unconservative, and with anknMAFs of exceedance. Furthermore,
their use of a force-basis means that some iteistimay be needed, unless a good
approximation of the desired period is available. @e other end of the spectrum lie the
modern methods that employ full system optimizatmachieve the required performance in
terms of reducing actual seismic losses. These maly fulfill the actual target of
performance-based design, yet they are severelyndmered by their computational
complexity. Most, if not all, are only applicabletinn an academic environment. Attempting
to bridge this distance, Yield Frequency Spectraehaeen introduced as an intuitive and
practical approach to performance-based designy @lhew design to approximately satisfy
an arbitrary number of performance objectives tbhah be connected to the global
displacement of an equivalent single-degree-ofdive® oscillator. Within this relatively
benign constraint, our approach incorporates uaicgyt and accurately propagates it to the
output structural response, where performance isckdd. Thus, it can help deliver
preliminary designs that are close to their perfamoe targets, requiring few (if any) cycles
of re-analysis and re-design to reach the finaest®nly time will tell if engineering practice

is ready to adopt a new design paradigm.
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560 Figure Captions

561 Fig. 1. Spectral acceleration hazard surface.

562 Fig. 2. (a) Uniform hazard spectra and @&)hazard curves corresponding to the hazard

563 surface of Fig. 1.

564 Fig. 3. The effect of alternative structural modeling desi on the capacity curve of a 5-story
565 reinforced concrete building, as estimated vid-finede static pushover (adapted from Zeris

566 etal. 2007).

567 Fig. 4. Steel beam plastic hinge uncertainties and théacef(a) cumulative distribution
568 functions off,, or the difference between hinge rotation at maxmmoment and at

569 complete loss of strength (adapted from Lignoskaradvinkler 2011) and (b) the estimated
570 dispersion of the median response in spectral aaten versus maximum interstory drift

571 terms for a 9-story frame (from Vamvatsikos andgiadakis 2010).

572 Fig. 5. IDA curves for al = 1s oscillator showing the distribution of the EBesponse given
573 intensitys, and the estimation of the corresponding probigioli exceeding a certain EDP

574  value ofd, PIEDP > ¢ | IM = ).

575 Fig. 6. Yield Point Spectra computed for the 1940 NS Elt@erecord. The response of a
576 system with yield displacemefif= 4 cm, yield strength coefficie@, ~ 0.18, and'= 1 s is
577 shown. The yield point falls on the= 2 curve, indicating that the peak displacemgmiice

578 the yield displacement (from Aschheim 2002).

579 Fig. 7. YFS contours &€, = 0.1,...,1.0 determined for an elastoplastic sygigm 0.06m)
580 subjected to the hazard of Fig.1. The red “X” sylalbepresent three performance objectives

581 (u=1, 2,4 at50%, 10% and 2% in 50yrs exceedaates rrespectively). The third objective



582 governs withCy =~ 0.93. The corresponding periodTis: 0.51s.



583 Table 1. Summary of different characteristics of design apphes.

584

585

Characteristic Low fidelity High fidelity

decision variable structural response cost, casualties, downtime,
(DV=EDP) (actual DVs)

uncertainty propagation None, probability contrdlle Accurate, probability
via input intensity only checked at output

design invariant term Period or yield displacemertone, full MDOF is used

via SDOF proxy
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587 Fig. 1. Spectral acceleration hazard surface.
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594 Fig. 3. The effect of alternative structural modeling clesicon the capacity curve of a 5-story

595 reinforced concrete building, as estimated viat-finede static pushover (adapted from Zeris et al.
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599 Opc, Or the difference between hinge rotation at maxmmoment and at complete loss of strength
600 (adapted from Lignos and Krawinkler 2011) and (&) ¢stimated dispersion of tiredian response

601 in spectral acceleration versus maximum interstoify terms for a 9-story frame (from Vamvatsikos



602 and Fragiadakis 2010).
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