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ABSTRACT: Current force-based seismic design cagesdesign spectra and system-specific behavitorfato satisfy two
pre-defined structural limit-states: Serviceabilityd Life Safety. Instead, performance-based seisi®sign aims to design a
structure to fulfill any number of target perfornsanobjectives, defined as user-prescribed levesdrattural response, loss or
casualties to be exceeded at a maximum rate lassalgiven mean annual frequency (MAF). Even asiitgplest structural
response basis, the inverse probabilistic naturghef requirements has not yet allowed a satisfygotution without
cumbersome cycles of re-design and re-analysisalfemnative approach is proposed, relying on a feewat for visualizing
seismic performance, termed Yield Frequency Sp¥iFs). YFS offer a unique view of the entire s@uatspace for structural
performance, as indexed by the MAF of exceedingtrarly ductility (or displacement) thresholds, wessthe base shear
strength of a structural system with given yieldpfaicement and backbone capacity curve. YFS canskently computed for
any system that is satisfactorily approximated bsiryle-degree-of-freedom oscillator, as in anylinear static procedure.
Thus, stated performance objectives are directbted to the strength and stiffness of the strigctuhile fully incorporating
aleatory and epistemic sources of uncertainty, eeded to achieve any required level of confidedde combination of
ductility (or displacement) demand and its exceedaAF is readily determined, allowing a satisfagtmitial design to be
realized in a single step. Using a simple safetyofaapproach given the period and the hazard csloge, the benefits can also
apply to contemporary seismic codes, essentialfgdiucing true performance-based capabilitiestiaditional format.
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1 INTRODUCTION

Earthquake engineering is a fascinating scienfiéild where
multiple disciplines come together to mitigate tiheeat of
one of the deadliest natural hazards on Earth.n®fiediate

structure’s properties may be taken into accouggttoer with
the seismic hazard provided by probabilistic seishézard
analysis (PSHA) to provide relatively accurate raates of
the distributions of structural response, repaistctime-to-
repair or even human casualties. While most of ehes

concern is the entirety of the built environmertthouses the
majority of human societal
Earthquakes thus threaten immeasurable wealthesepting
past investments in existing infrastructure and-@évereasing
future ones as new structures are added or rerbyatly.
Recent seismic events, e.g., Northridge (1994),eK995),

and economic activities:

capabilities are still only available at the acadelevel, some
of the benefits are slowly finding their way inthet new
generation of seismic codes dealing with the assess of
existing structures (EJ&], ASCE/SEI 41-06 [3]).

On the design front, though, no such revolution basn

China (2008), Tohoku (2011), have shown that despifealized' Current seismic design codes follow asgital

considerable advances in research, we still hdeagway to
go: While modern buildings reduce the rate of fata, the
staggering monetary losses and functionality disoapfrom
seismic events can cripple entire cities, or examtries.

force-basis paradigm that has served the civil rexeging
community well for many decades: Design lateradkbare
prescribed through a design (pseudo)accelerati@ttgpnm
together with a system-specific “behavidR’ or g factor to

At the core of earthquake engineering stand thel dudccount for inelasticity. The elastic design speutis chosen

problems of assessment and design. Assessmerg diréct
process of estimating structural behavior given strecture
and the hazard. Design is the inverse problem, etlyea
structure, its members and properties are soughssore a
desired behavior under the given seismic hazardypisally
befitting such dualities, the direct path of assess is by far
the simpler of the two. Thus, while the earthquekgineering
field has benefited enormously from recent advantes
computer science and technology, these have bedine in
an asymmetric way. Important solutions have mobien
achieved for the assessment problem (e.g., Faji@rbmlsek
[1]), introducing the concept of performance quiiadtion
within a probabilistic context as a viable appraatherein, a

to represent a certain seismic hazard for a giventlat is
uniform over all periods and typically correspontis a
probability of exceedance of 10% in 50 years. This
considered to be equivalent to a Life Safety listéte,
whereby a structure may be severely damaged yawslthe
occupants to evacuate without serious injury. Tke tinto
account the effects of plasticity that allow udride strength
for ductility, elastic design spectral accelerasiare divided
by ag-factor larger than 1.0. This is meant to be caliéd to
maintain the desired level of safety for each kHtdoad-
resisting system type, incorporating both ductilignd
overstrength in view of local construction practicée Safety
is essentially satisfied by checking member rescda



(force/moment) against the effects of the presdritseral
loads. Serviceability is similarly satisfied by chking
displacements (interstory drifts) for a suitabldueed design
spectrum, equivalent to a more frequent level &fsie loads.
Thus, elastic static or dynamic analysis is empdotggether
with the design spectrum and the g-factor to enable
simplified design to be reached with a processithattuitive
to engineers.

While conceptually simple and undoubtedly usefiie t
classical approach suffers from many apparent daalbthat
need to be addressed. For example, the only alloavéor
nonlinear effects is through the obscure redudbiemdvior
factor while uncertainties are incorporated viagegafactors at
the input level of material and load values insteddthe
output response. When considering severe nonligsgonse
under earthquake loading, all such approximatioesome
wishful thinking rather than scientific fact. Stillheoretical
and practical difficulties have not allowed achigythe much

excitations has attracted considerable researcHdwiole,
prompted by the damages detected in many structures
following severe seismic events. It is worth notitiat,
despite the recent advances in the earthquake eargig
research field, seismological and structural respeelated
uncertainties are among the largest faced by earsng!],
while their proper quantification remains a daugtiask. In
view of this, significant effort has been put todsrthe
development of probabilistic methodologies to prope
quantify structural performance under the influenoé
uncertainties. At present, the scientific commursgems to
effectively tackle the seismic performance-baseskssment
challenge [1]. However, when it comes to design,
considerable further evolution is needed to address
uncertainties, aging, directness and practicality.

2.1
Both assessment and design become more challengiag

Aleatory and epistemic uncertainty

sought-after leap to performance-based seismic gdesicoupled with a probabilistic framework, to accodat the

whereby a structure would kdirectly designedo satisfy a
range of performance objectives with specific aldle
exceedance rates. Presently, the only approachcfueving
the desired performance is through a cumbersorakatnd-
error process using cycles of nonlinear analysislerearized
redesign that will slowly converge to a satisfagtoalbeit
largely non-optimal, solution.

Nevertheless, as assessment essentially formsatsie bf
design, the foundation is now there and the necgssals are
nearly complete. It is our belief that the much idb
breakthrough is at hand: A direct performance-ba$esign
method that will revolutionize the state-of-the-aih
earthquake engineering research. An attempt tall fifis
vision forms the basis of the paper.

2 CURRENT STATE OF THE ART

During the last decade, the use of probabilistiolstofor
assessing the reliability of structural systemseunskismic
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various uncertainty sources [4] that are intringc all

engineering applications. These uncertainties eadue to the
inherently random nature (aleatory), e.g., of s&idoads, or
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Figure 1. The effect of alternative modeling cheiogé the capacity curve of a 5-story reinforcedccete building, as estimated

via first-mode static pushover (from Zeris et &l)|
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Figure 2. The effect of beam-plastic hinge uncett@s on the performance of a 9-story steel fra@ecumulative distribution
functions of the hinge ultimate rotation (Lignoglafrawinkler [6]) and (b) the estimated dispersafithe median response in
spectral acceleration versus maximum interstorfy @nims (Vamvatsikos and Fragiadakis [7]).

So far, several researchers have concluded thain@rall

uncertainties, the earthquake signature has th¢ pnofound Intensity

influence on the structural reliability, especiallythe case of Measure f\\ L[] [l} 6\5)433/
performance levels associated with high structarad non- ;
structural damages [9-11]. This outcome mainly stérom Very rare events H
limited findings concluding that the uncertainty $everal (2%/50yrs) T
model input variables (mainly the material propestof the Rare events +] -
structure) has a relatively small effect on therallgesponse (10%/50yrs) Opgrational
uncertainty. However, little progress has been ma#@rds  5.casionalevents

holistically quantifying the effect of uncertaintgn the (20%/50yrs) Life Safg
structural performance, and especially its comptmesiated Frequent events

to the choice ofmodel type(Figure 1),analysis typeand (50%/50yrs)

material aging Details of soil, foundation and structural Engineering Demand Parameter

Credits: R. Hamburger & J. Moehle

modeling may heavily influence the outcome of anglgsis
method. With models under cyclic loading still undeFigure 3. The structural respons&pg) versus seismic
development [6], the evaluation of the structurasponse intensity () relationship conceptualized via incremental
within an analytical context remains a difficulskathat can dynamic analysis in a performance-based earthquake
lead to incorrect response estimates and consdguemt engineering framework.

structural designs with unsatisfactory or non-hoem@pus
seismic reliability. This is particularly true inases where
simplified modeling assumptions and analysis optitvave
been employed and the structure approaches itapsell
capacity, where large deformations and complicat
degradation come into play (Villaverde [12]), asmimently
shown in Figure 2.

Dy is a single or a vector of decision variableshsag cost,
time-to-repair or human casualties that are meargnable
decision-making by the stakeholderBy, represents the

mage measures, typically discretized in a numbier

amage states (e.g. red/yellow/green, see Figureof3)
structural and non-structural elements and everidibgi
contents.Epp contains the engineering demand parameters
2.2 Performance-based seismic assessment such as interstory drift or peak floor acceleratibat the

Performance-based earthquake engineering has hecef@ngineers are accustomed to using when determitiing
emerged to quantify in probabilistic terms the perfance of structural behaviorly, is the seismic intensity, for example
structures using metrics that are of immediate toskoth represented by the 5%-damped first-mode spectral
engineers and stakeholders [13]. Using a varietyasfiinear 2acceleratior§,(T,,5%). The relationship dEpp andly is the
analysis methods, such as the static pushovereondhlinear Fesult of structural analysis and it is best essabd through
timehistory analysis, and adopting a proper prdissici incremental dynamic analysis (IDA [15]), using niplt
framework for propagating both aleatory and epigtemground motion records scaled to different levelsid(a
uncertainties to the final results, this concept higst €xceedance frequencies) of intensity as conceptshdwn in
exemplified by the Cornell-Krawinkler framing eqiet Figure 3. The functioni(y) provides the mean annual

adopted by the Pacific Earthquake Engineering Rebea frequency (MAF) of exceedance of values of its apely,
(PEER) Center [14]: thus makingi(ly) the seismic hazard, whil&(x) is the

complementary cumulative distribution function (CEDof
A(D,) =|[[[G(D, |D, JdG(D,, | E,, )|dG(E,, |1, )[dA(1,,)] (1) its variablex. Considerable research efforts have targeted the



proper selection of théy,, showing that scalars or vectorsachieved, nor is there any differentiation accaydin the

incorporating elastic spectral shape informatiom azfer
improved accuracy[16-18].

model or analysis method used. Furthermore, sudads
have often been criticized for evaluating the deigse shear

Defining performance without involving any decisionon the premise of the elusive fundamental periodthef

variableDy or the closely related damage meaddyemakes
sense for practicing engineers, leaving enginedgangl
quantities, such as EDP, to express performands.riay be
best achieved by moving to the familiar territorf lonit-
states and appropriately modifying the PEER framé&ywas
shown by Vamvatsikos and Cornell [18]. Definibg andDy
to be simple indicator variables that become 1.6wh given
limit-state (LS) is exceeded, transforms Equatida &stimate
s, the MAF of violating LS:

s = [[G(Es I1,,) da(l,) @)

Using either of the two equations presents a diffebasis
for estimating performance as the MAF of exceedirgjated
objective. For example, the latter could be theldwedbwn
10% probability of exceedance in 50 years for L¥afety
which, roughly corresponds to a MAF of exceedante
0.10/50 = 0.2%. The difference in employing Equatid
versus Equation 2 appears in the metrics used finedkife
Safety itself. In the first case, this is expresseterms of the
decision variables, e.g., by requesting no cassaltnd
property damage less than 5% of the total investmarthe
second case, this could be a more familiar lindtate.g. 2%,
for the maximum or residual interstory drift ratidserved
during the earthquake. Both approaches find extellses
but they are presently limited to assessmentthe forward
derivation of a given structure’s performance. Aopmr
performance-based design would mean at least ingestich
equations to allow deriving the desired propertadsthe
structure that would satisfy a given valuelpf, for example
the 0.2% per annum to successfully fulfill the Ligafety
requirements.

2.3  Force-based versus performance-based seismic desi

In principle, most current design codes may be idensd to
be performance-based in the limited sense that tb&te
certain design criteria to specific limit state®][2According
to most current codes, e.g. Eurocode 8 [2] or IB22[21],
for a seismic design to be considered adequatearibhtyzed
structure should satisfy appropriate objectiveslifer safety
and post-earthquake occupancy. These performa
objectives, usually require the structure to remgamstic in
the event of a minor earthquake, to resist moderatthquake
events while sustaining repairable damages andlyfinto
withstand major seismic events without local or bglb
collapse. This is typically achieved via the tramial “force-
basis” by assigning design loads (i.e. lateral dejctied to
specific hazard levels. A structure built to withsd these
forces is assumed to satisfy the performance requants.
Recently, it has been recognized that such desi
methodologies may often fail to the desired stmadtu
reliability as they ignore the variability in stitucal response
and seismic hazard. Instead, they attempt to injbet
necessary conservatism via safety factors appliedha
material level, and via specific choices of formatanstants
that are propagated up to the final design. Nowlerthis
process is there any indication of the actual lefekliability

structure. As a result, the design load is effetyitied to the
strength (and stiffness) of the structure thatdeedly changes
from one design cycle to the next, exacerbatingribed to
iterate. As an alternative, Priestley [22] and Astm [23]

proposed evaluating the design base shear on Hig diathe
yield displacement. The latter is proven to be ablst
parameter that is also more closely correlated hio get
performance targets. On such premises, a displatdvasis
for design is possible (e.g. Moehle [24], Priest\al. [25]),

whereby member sizing is based on the maximum meati
displacement of an equivalent single-degree-ofefoee
system. Nevertheless, while such methods may aodier
improvement over traditional force-based desigey ttill fail

to connect seismic risk to design decisions.

The inconsistent probabilistic basis of all suclprapches
becomes an important liability. There is truly n@ght” value
for the safety factors that camfely and economicallycover
the entire building stock. Whenever a new designcept
veers away from the beaten path, it may findsfiisethe red
zone without violating the code Recent advances in
geotechnical engineering have unveiled such a twgst
traditional design. Because of difficulties withertification
and repair of foundation elements, the general gdesi
philosophy in the realm of design codes has beeansure
that foundations remain elastic during seismic BitakBy
contrast, inelastic deformations in the form of tilacplastic
hinges are acceptable (desirable) in the supetstaic
However, in some cases it appears economicallyfioéaieo
allow inelastic action below grade, as, for exampleghe case
of single column bents [26]. With reference to pile
foundations, kinematic response imposed by seismices
may lead to development of large bending momentieap
gp{erfaces; thereby nonlinear action in the fouimhatmay be
unavoidable. The currently prevailing view is tHagavily
stressed regions in a pile must be designed toepsss
adequate ductility, because complete loss of flaixsirength
may result in loss of vertical load-carrying capadHowever,
uncertainties exist with regard to soil-structureraction and
the actual foundation behavior during severe eagkes. It
would appear to be essential to detail piles amdifigs so as

% be capable of a reasonable degree of ductil@vieh

Developing an understanding and obtaining pracsohltions
to these issues will require extensive researdenyears to
come.

Attempting to offer a path for answering such difft
issues under a coherent framework, the main
performance-based design is to form a methodologyy f
structural and geotechnical design, capable to eaehi
simultaneously multiple performance objectives (SEA
Yision 2000 [27]). However, what mainly differertéa a
holistic performance-based design from the curyenged
force/displacement-based paradigm is that, thegdesiteria
should be explicitly expressed as performance ¢
paired with specific allowable exceedance
probabilities). To achieve this, any proposed meétshould
account for nonlinear structural behavior and utacety .

idea of

rates (or



3 CONCEPTUAL PERFORMANCE-BASED DESIGN Despite the usefulness of currently suggested ajgopes,

All design approaches are essentially methods fueso their implementation is not trivial. The link betere a
inverse problems, where the functional relationdepween Performance objective and the resulting design iscare,
the design variables and the target objectivesisnvertible, €OMiNg out of numerous steps of numerical analys&s.an
or even precisely known. Thus, iteration is requirghis is 2alternative, so-called “Yield Frequency Spectra§j are
especially costly with performance-based design:chEa PrOPOsed as a design aid, being a direct visuatseptation
iteration for a nonlinear structure means a cydlecedesign ©f @ System’s performance that quantitatively lithe mean
and re-analysis, where the latter is a full-blovemformance- annual frequency (MAF) of exceeding any displacematue
based assessment involving nonlinear static ormjmauns. (Of ductility x) with the system yield strength (or seismic
It is no wonder then that most attempts to repreggsD coefficient Cy). YES are plotted for a specified yield
have mostly come back to discuss assessment inGteador dlsplac_ement; t_hus, periods of vibration represgnte YFS _
example fib [28], FEMA-445 [29]). Any method bugn this a7y with C,. Flgure_ 4 presents_an example for an elastic-
paradigm essentially becomes an iterated assessmftfectly-plastic oscillator. In this case, threerfprmance
procedure. Conceptual support for such a desigoesmis °OPIectives are specified (the red "x” symbols) whdurves
provided by Krawinkler et al. [30]. Many researchdrave representing the site ha_zard convolved with thetesys
also chosen to improve upon the efficiency of thelesign to [Tedility are plotted for fixed values of,. Of course,
achieve a fast convergence, often leading to the ofs [NCreases irC, always reduce .th.e MAF of exceedmg_a_glven
numerical optimization. For example, Mackie anductility value. Thus, the minimum acceptalily (within
Stojadinovic [31] have suggested this approachbiddges S°Me tolgrance) that fulfils the set of performanb_;e_ctlves
while Fragiadakis and Papadrakakis [32], Franchia Rinto OF the site hazard can be determined for a givegle
[33] and Lazar and Dolsek [34] have all used optation degree-of-freedom system. This strength is usea starting
techniques for the performance-based seismic design POINt for the PBSD of more complex structures. The
reinforced-concrete  structures (see also Fragiadaiad Performance-based design problem potentially casdbeed

Lagaros [35] for a comprehensive review). ijr}sp?acseirmgelr?t step with a good estimate of the yield
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Figure 5. Spectral acceleration hazard surfac®&or Nuys, CA.
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Figure 6. (a) Uniform hazard spectra andSbhazard curves for Van Nuys, CA.

4 PROPOSED BASIS FOR DESIGN

Far from finding fault with current proposals, hald be
recognized that the design of a multi-degree-aédimm
structure will always involve some level of itemti Thus, a
truly direct performance-based design will probahéver be
realized. To reduce the number of design/analygites, we
should ask what parameters are stable as one rfravaeghe
initial design to the final one? One obvious shatitavhich
actually forms the basis of all current seismicaxds to rely

The essential ingredients of our approach to PB&D(a&)
the site hazard and (b) some assumption aboutysters’s
behavior (e.g. elastic, elastoplastic etc). Compnsive site
hazard representation that is compatible with curdesign
norms can be achieved by the seismic hazard syuréa8®
plot of the MAF of exceeding any level of spectral
acceleration for the full practical range of peddéFigure 5).
This is the true representation of the seismic dofd any
given site. More familiar pictures can be produdexsn the
hazard surface by taking cross-section (or conjo@stting

on an SDOF system approximation. We will use thiporizontally at given values of MAF will provide dh

approximation for representing system level disptaent
(and ductility) responses. A second shortcut isetg on the
stability of the yield displacement—the notion tlla¢ yield
drift ratio of a bilinear approximation to the firsnode
pushover curve is stable with changes in strendthe
changes in strength affect stiffness and drift doictility)
demands.

corresponding uniform hazard spectra (UHS). Fongta, at
P, = —In(1-0.1)/50 = 0.0021, or a 10% in 50yrs ptubty of
exceedance (Figure 6a), one gets the spectrum atiypic
associated with design at the ultimate limit-stébe Life
Safety). Taking a cross-section at a given pefigaroduces
the correspondingS(T) hazard curve (Figure 6b). Now
compounding this information with the capacity aur{i.e.



force-deformation relationship envelope) of theteys is stiffness. Cornell et al. [36] have shown that cese
where things start getting interesting. variability means that additional hazard levelsdref, need
To illustrate the problem in more detail, let ustfiattempt a to be considered in evaluating the system’s perdmce. The
“perfect” elastic design. Suppose that an elasticillator of reason is that values lower than the average respfum the
given massM needs to be designed to not exceed seismic intensity corresponding By appear more frequently
displacement®;, more often than a given MAF &, for (i.e. correspond to a higher hazard rate in Figlre Hence,
example P, = 0.0021 for a code-compatible safetythey tend to contribute significantly more to thstem’s rate
requirement. We are essentially asking for thefngtes, or of exceedingd =Jj,. Formally, this relationship may be
equivalently, the period of this oscillator. Noteré that a represented by the following integral (Jalayer [37]
strength requirement would be quite straightforwaml Vamvatsikos and Cornell [19]), that is exactly e@lent to

resolve, as one would simply take a horizontal eS, = Equation 2:

F/M in Figure 6a and seek the period (or periods)hat t o

intersection(s) with the corresponding uniform hdza A(8) = J’F(Sac(5)|s) |dH(s)| (3)
spectrum. A displacement threshold though is dijghickier o

as it requires some iteration: . . .
g where A(-) is the MAF of exceeding. S,(9) is the random

limit-state capacity, representing the minimum msigy level

1. Select an initial period. ) :

2. ExtractSy(T) from the UHS aP,, for a ground motion record to cause a displacemgditto be

3. Calculate new period &= 2t \(Sim/ S.) exceeded (e.gFigure 7).F(-) is the cumulative distribution
4' Go to step 2 until the period conllr/nergeé function (CDF) of S, evaluated at a spectral acceleration

value ofs, andH(s) is the associated hazard rate. The absolute
value is needed for the differential ld{s) because the hazard

is monotonically decreasing, thus always havingegative
slope.

The formula employed at step 3 is simply the resdilt
solving for T the well-known relationship between the
(pseudo) spectral acceleration and the spectrpladisment.
In an actual structural design setting this wouldbably be
replaced by an eigenvalue analysis of the interatediesign
resulting from loads consistent with tB€T) of the preceding
step 2.

A simpler solution exists that achieves the sanmmulte w% 12
without any iteration. It involves the pre-calcigatof a set of  ~_
values of displacememtonsistent with the UHS spectrum at ¥ 10
P, for any periodT that can then be interpolated to estimate
the required period for any desirégh. An intuitive graphical
representation of this is actually the displacemnmspectrum,
S4(T), which allows a direct non-iterative solution tdfe
elastic design problem for any limit-state of iet&tr Not
surprisingly, it is the starting point of most (ifot all)
displacement-design procedures (e.g. Priestleyl.ef28]).
Note that the seismic design codes typically doamdér this
line of reasoning, despite being based on the at@n 0 w w w w i i
rather than the displacement spectrum. This iseaeli by 0 ! 2 3 4 ° ® !
virtue of prescribing an initial period that is cihered to be ductility, p = 5/5y
close enough to the expected value for a given tgpe
structure, thus foregoing the need for iteratiorend(
eigenvalue analysis) for most rudimentary desigesa

The aforementioned process is much compounded tS
application to a nonlinear system. Then, for a gicapacity
curve shape (or system type) we are asked to dstithe
yield strength and the peridH for not exceeding a limiting The seismic code foregoes such considerations ghrou
displacement, at a rate higher thalR,. Even for an SDOF implicit incorporation of two assumptions: (a) Usirthe
system, the introduction of yielding, ductility atiee resulting strength reductiorR or behavior factoq to account for the
record-to-record response variability fundamentatlyange effect of yielding and ductility in the mean/mediggsponse,
the nature of the problem. This is best represeimethe (b) ignoring the effect of dispersion, and assumiingt the
familiar coordinates of intensity measure (IM), dadxeing the seismic loads consistent wif®, are enough to guarantee a
first mode spectral acceleratio®(T), and engineering similar (or lower) rate of non-exceedancedf. The error
demand parameter (EDP), i.e., the displacemenbrsgw. due to the above is “covered” by employing variauglicit
The structural response then appears in the form ofnservative approximations to account for theceftef the
incremental dynamic analysis (IDA, Vamvatsikos &wainell previous non-conservative assumptions, typicaltpugh the
[15]) curves as shown in Figuref@r aT = 1s system with a selection ofR (or g) (see for example FEMA P695 [38]).
capacity curve having positive and then a negaidg-yield Thus, in the code environment, the inelastic degigycess

14 ]

8,...

strength ratio, R =
o

Figure 7. IDA curves for & = 1s oscillator with a degrading
(in-cycle) capacity curve, showing the distributiaf the
ectral acceleration capacitg,. (normalized by the yield
;5ectra| acceleratior,) and corresponding to the collapse
ductility of u = 6.



becomes “identical”, at least in terms of the reeglisteps,
with the elastic design process described earlier.
Unfortunately, the magnitude of the assumptionsush
that one can never be entirely sure of actuallyieating the
stated objective(s) with any confidence. The madjisafety
depends on the site and the system characteriEtiess when
safe, the design is typically far from optimal: Boony and
safety are two competing objectives and, givensthe of the
uncertainty involved in code-based inelastic des@mmmon
sense necessitates erring on the side of cautmninjecting
conservativeness (for example, through Consequently, the
designer lacks specific information on where exabik/her
design is sitting on this wide blurry margin betwameeting
and failing the presumed performance criteria. Bwerse, as
any calibration for safety has been performed enkthsis of

(5)

whereW is the weight. For SDOF syster@ is numerically
equivalent ta5,(T &) / g, i.e. the spectral acceleration value to
cause yield in units of g, at the peridgnd viscous damping
ratio ¢ of the system.

Up to this point, what has been proposed is not
fundamentally different from the results presenbsdRuiz-
Garcia and Miranda [41] on the derivation of maxmu
inelastic displacement hazard curves. What trulkesathe
difference is defining), as a constant for a given structural
system, following the observations of Priestley ][2#hd
Aschheim [23] on its stability as a design parametaen,C,
essentially becomes a direct replacement of thiegh&r

the standard code assumptions of what an acceptable

performance is, it is not possible to accuratefgdhone’s
own (stricter) criteria for a better performingustiure. Any
importance factors used to amplify the design spettare
only a poor substitute. This has actually becommmon
knowledge in the past few years, and it is the Benof
performance-based design. It other words, this here the
search starts for ways to fully incorporate the uakt
performance of a given structural system and altsvdesign
for any desired performance objective. Unfortunatakither
the problem nor the (so far) proposed solutionsanple.

As a complete replacement of this hazy picture aive to
offer instead a practical and theoretically comsisiprocedure
that can fully resolve the inelastic SDOF desigabfgm, in
the same way that the aforementioned iterative gg@nd
the associated displacement spectrum do for eldstsign.
This will be built upon (a) Equation 3 for estimmgistructural

0,

T=2r |- (6)
C,9
or
5 2
C, = —ytz—”) (1)
g\ T

For a given site hazard, system dampifygyvalue ofC, (or
period), and capacity cunghape(e.g. as normalized in terms
of R = F/F, andu), a unique representation of the system’s
probabilistic response may be gained through the
displacement (or ductility) hazard curves produced
Equation 3. Dampingy, and the capacity curve shape are
considered as stable system characteristics. Byimgosuch
curves ofi(u), for a range ofy,, limiting values and a range

performance, (b) th&kw-T relationships for estimating the of C,, we can get contours of the inelastic displacerhantrd

probabilistic distribution of structural respondeen intensity
and (c) a yield displacement basis for design, biue of
being a far more stable system parameter comparetiet
period (Priestley [22], and Aschheim [23]). In aaghical
format, this solution is represented using yieldqfrency
spectra.

5 ORIGIN, DEFINITION, AND USE OF YFS

For a yielding system, the direct equivalent okgtaspectral
acceleration or spectral displacement hazard cures
inelastic displacement (or drift) hazard curveseS¢hmay be
determined by using Equation 3 to estimate the M&F
exceeding any limiting value of displacement. Theave
appeared at least in the work of Inoue and Cof38] and

subsequently further discussed by Bazzurro and ello0]

and Jalayer [37]. While useful for assessment, laek the
necessary parameterization to become helpful fergde An

appropriate normalization may be achieved for toils
with yield strength and displacement df, and oy,

respectively, by employing ductilityu, rather than
displacemend

H=— (4)

o

y

and the seismic coefficie, instead of the strength

surface for constant values @f. These contours allow the
direct evaluation of system strength and period-—ife C,
required to satisfy any combination of performanbgctives
defined asP, = A(uim), Where each limiting value of ductility
im 1S associated with a maximum MAF of exceedaRgeas
shown inFigure 4.

At a certain level, YFS can be considered as alimgj} and
user-specific extension of concepts behind the PBC2 [21]
risk-targeted design spectra. Whereas the lateemaant to
offer a uniform measure of safety, they only dofeoone
limit-state (global collapse), one specific targebbability
(1% in 50 years) and a given assumed fragility mdigas of
the type of lateral-load resisting system. On thet@ary, YFS
can target any number of concurrent limit-stateghefor a
user-defined level of performance (or safety), amploy
building-specific fragility functions, as implied yb the
supplied capacity curve shape. The practical esibmaof
YFS is thus based on the case-by-case solutioheoiintegral
in Equation 3. This involves a comprehensive evauador a
number of SDOF oscillators with the same capaciiywve
shape and vyield displacement but different perimad yield
strengths. If a numerical approach is employedn tive can
obtain the comprehensive view shown in Figure thatcost
of a few minutes of computer time. Alternativeliyphe seeks
only the value ofC, corresponding to each performance
objective, then an analytical approach can be tisadoffers



accurate results with only a few iterations (Varsikas et al point, we can consider the beneficial effects oéretrength
[42]). and further reduceC,. For example, by employing a
10° | ; : \ . 00,8701 conservative value of, say, 1.50, the suggestedmsei

: i ‘ O e coefficient would become 0.54. This value can newapplied

Conf @ ined either within a force-basis or a displacement-b&misglesign.
In the first case, we can use this as in typicalecdesign to
determine the lateral loads to be applied on thmé and then
proceed as usual. The end result may not be pelfatit is
close to fully satisfying the stated objectivesnsthing that is
not as straightforward when using just a desigrctspm as

the point of entry.

10'1, . \ . . - , - . - . . -
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= 0.1 (2.01s)
0.2 (1.42s)
0.3 (1.16s)

pauooy 7 CONCLUSIONS
§Z§§§§§ Yield Frequency Spectra have been introduced astaitive
& ; . 930 and practical approach to performing approximate
107 ‘ ‘ ‘ ‘ ‘ ‘ ‘ performance-based design. They are a simple encagtept
' ' to come with an accurate analytical solution, yetyt also
enable considering an arbitrary number of objestitet can
Figure 8. YFS contours &, = 0.1,...,1.0 for designing a 4- be connected to the global displacement of an edpiv
story steel frame at Van Nuys, CA. The red “x” syisb single-degree-of-freedom oscillator. For this riglly benign
represent two performance objectives=(0.84, 3 at 50% and limitation, our approach can help deliver prelinminaesigns
10% in 50yrs exceedance rates, respectively). Tihg f that are close to their performance targets, ragionly
objective governs witl€, ~ 0.81 corresponding to a period oflimited re-analysis and re-design cycles to reduvh final

T~=0.71s. stage.

10/50yr.
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