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SUMMARY

Yield Frequency Spectra (YFS) are introduced tobnahe direct design of a structure
subject to a set of seismic performance objecti¥dsS offer a unique view of the entire
solution space for structural performance. Thigpastrayed in terms of the mean annual
frequency (MAF) of exceeding arbitrary ductilityr(displacement) thresholds, versus the
base shear strength of a structural system hayegifeed yield displacement and capacity
curve shape. YFS can be computed nearly instantaheasing publicly available software
or closed-form solutions, for any system whose gasp can be satisfactorily approximated
by an equivalent nonlinear single-degree-of-freedascillator. Because the yield
displacement typically is a more stable parameter performance-based seismic design
compared to the period, the YFS format is espgciaBeful for design. Performance
objectives stated in terms of the MAF of exceedapgcified ductility (or displacement)
thresholds are used to determine the lateral dtieihgt governs the design of the structure.
Both aleatory and epistemic uncertainties are clemsd, the latter at user-selected confidence
levels that can inject the desired conservatismratecting against different failure modes.
Near-optimal values of design parameters can lermeted in many cases in a single step.

KEY WORDS performance-based seismic design; nonlinear aisalyncertainty; hazard;
confidence; mean annual frequency

1. INTRODUCTION

The need for performance-based seismic design (PBfeDame evident following large
economic losses in the 1994 Northridge and 1995gHyen Nambu Earthquakes. Rather
than focusing solely on life-safety performance, SBB targets multiple performance
objectives, each typically defined as not exceedimpgescribed structural response level with
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2 D. VAMVATSIKOS AND M. A. ASCHHEIM

a mean annual frequency higher than specified.tAtmost advanced form, specific non-
exceedance rates of economic losses or casuadtebe targeted, echoing the definition of
decision variables that is embedded in the Colelivinkler framework [1], adopted by the
Pacific Earthquake Engineering Research (PEER)eCent

Despite the apparent value of PBSD, progress imldping a practicable design process
has been slow. This comes as no surprise as disigpecified performance is an inverse
problem. Since the functional relationship betw#endesign variables and the performance
objectives is not invertible, design iterations aexessary. Each iteration requires a costly
cycle of re-design and re-analysis, where the rlagea full-blown performance-based
assessment involving nonlinear static or dynamitsrurhus, attempts to represent PBSD
often have focused on assessment instead (e.@]fiBEMA-445 [3]). Any method built on
this paradigm, conceptually framed by Krawinkler &t [4], essentially is an iterated
assessment procedure. Many researchers have dooseprove the efficiency of re-design
to hasten convergence. For example, the use of meatheptimization has been suggested by
Mackie and Stojadinovic [5] for bridges and by Raaigkis and Papadrakakis [6], Franchin
and Pinto [7] and Lazar and Dolsek [8] for reinfedteconcrete buildings (see Fragiadakis and
Lagaros [9] for a comprehensive review). Clearlge timplementation of such PBSD
approaches is not trivial.
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Figure 1. Yield Frequency Spectra showing contdorsC, = 0.1, 0.2,...,0.8 determined for an
elastoplastic systemy(= 0.06m,¢ = 5%) at a high-seismicity site. “X” symbols repeat discrete

performance objectiveg € 1, 2, and 4 at 50%, 10% and 2% in 50yrs excemdeates, respectively).
The largest of theC, values associated with each performance obje¢@ye= 0.53) governs the
design; the corresponding periodlis 0.68s.

As an alternative, so-called “Yield Frequency SpEdtYFS) are proposed as a design aid,
being a direct visual representation of a systepedormance that quantitatively links the
mean annual frequency (MAF) of exceeding any daspteent value (normalized by its yield
value to become ductility) with the system yield strength (normalized by skeesmic weight
W to become the yield strength coeffici€l). YFS are plotted for a specified system yield
displacement; consequently, variations in strerf@f shown on a YFS plot are associated
with variations in stiffness and period of vibratjol. Figure 1 presents a YFS plot for an
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YIELD FREQUENCY SPECTRA 3

elastic-perfectly-plastic oscillator. Three perfamoce objectives are specified (the “x”
symbols) while curves representing the site hazanyolved with system fragility are plotted
for fixed C, values. The performance objectives occupy fixesitpms on the plot, while the
constant strength contours vary with site hazaeddydisplacement, and system characteristic
hysteretic behavior. Of course, increase€,meduce the MAF of exceeding a given ductility
value (except for the relatively rare case of iswar, described later). Thus, the minimum
acceptableC, (within some tolerance) that fulfils the specifiget of performance objectives
can be determined for the site hazard, for a gaiagle-degree-of-freedom (SDOF) system
having a particular hysteretic behavior. This gjthrncan be used as a starting point for the
PBSD of more complex structures, potentially offigra viable solution in a single step, given
a good estimate of the yield displacement.

A key notion (as advocated by Priestley [10], Asahh[11], Priestley et al. [12]) is that
the yield displacement of a bilinear approximatiorthe first mode pushover curve is stable
with changes in strength. In routine design, thera geometry of the structure is known
(e.g. beam spans and story heights) along withntaterials of construction. Changes in
lateral strength typically are achieved not by ghiag material properties but by changing the
amount of material present (e.g. weight of steapsgls, amount of reinforcement in reinforced
concrete members), which causes changes in ssffard in the period of vibration (e.qg.
Figure 2). Hence, the yield displacement is largédyermined by kinematics and changes
little with system strength. In other words, desfgn multiple performance objectives may
proceed based on an estimate of the yield displenenwhile the period is determined from
the strength required to satisfy the governing quemince objective, rather than being
estimated at the start of the process. As a raautberous iterations on period can be avoided.
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Figure 2. Capacity curves determined by first modelinear static (pushover) analysis of two four-
story moment-resisting steel frames. The frames lthe same story heights and nominal section
depths. Even as the weights of steel sections wleaaged to affect significant changes in lateral
strength, the yield displacement (of a bilinearveufitted to the capacity curves) remained nearly
constant (from Aschheim and Black [13]).

2. BASIS OF DESIGN

2.1. Probabilistic framework

A comprehensive site hazard representation thebngpatible with current design norms is
provided by the seismic hazard surface, a 3D dloh® MAF of exceeding any level of the
intensity measure (IM), typically the elastic spatacceleratiorg,(T,¢) for dampings = 5%,
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4 D. VAMVATSIKOS AND M. A. ASCHHEIM

spanning the full practical range of periods (F&8). This is the true representation of the
expected seismic loading (formally, the mean egBneansidering epistemic uncertainty) for
any given site. More familiar 2D plots can be proeghli by taking a cross-section (or contours)
of the hazard surface. Cutting horizontally at givealues of MAF produces the
corresponding uniform hazard spectra (UHS). Fongla, at a MAF oP, = —In(1-0.10)/50

= 0.0021 per year, or a 10% in 50yrs probabilityerteedance (Figure 4a), one obtains the
spectrum typically associated with design at thienaite limit-state (commonly referred to as
the Life Safety level). Taking a cross-section given period;T, produces the corresponding
Si(T,&) hazard curve (Figure 4b). In other words, anRsaontour of the hazard surface is the
UHS at the giver®,, while an isof contour is thes, hazard curve for the given

T (sec)
Figure 3. Spectral acceleration hazard surface fagh-seismicity site.
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Figure 4. (a) Uniform hazarg, spectra and (I, hazard curves from the hazard surface of Figure 3.

For realistic inelastic systems, the true nonlinead uncertain relationship of IM and
response, represented by an engineering demanchgigra(EDP) considerably complicates
design. Nonlinearity in response breaks the arltielationship between strength &)
and displacement (or spectral displacenm@tthat holds for the response of linear SDOF
systems to ground shaking. The nonlinear relatipnsé conveniently represented by
incremental dynamic analysis (IDA, [14]) curves,osh intricate behavior under different
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ground motion records and levels of the IM appéeafigure 5for a nonlinear SDOF system.
As shown by Cornell et al. [15], the dispersionusnd the IM—EDP relationship, e.g., due to
higher modes or uncertainty, means that other Haleaels in addition td®, need to be
considered. IM values lower than the one corresimgntb P, appear much more frequently
(i.,e., having a higher hazard rate in Figure 4bhiley thanks to the associated EDP
dispersion, they are still capable of producinghbkig response tham,. Thus, the
transformation from the MAF of the IM to that ofetfEDP is represented by an integral
[16,17]:

l(&)—jF . (5)]5) [dH (9)|

S, (1)

_IF _©)|s ‘dH(S)
ds

:f (5)|s H(s) ds

wherel(o) is the MAF of exceeding; Sic(d) is the (random) limit-state capacity, represemtin
the minimum IM level for a ground motion recordc@use a displacement d{seeFigure 5);
F(-) is the cumulative distribution function (CDHF) & evaluated at a spectral acceleration
value ofs; f (-) is the probability density function (PDF), aH() is the associated MAF of
the IM. The absolute value is needed for the diffiéial of H(s) because the hazard is
monotonically decreasing, thus having a negatiopes{and differential).
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Figure 5. IDA curves for & = 1s oscillator with a trilinear capacity curvevimg initially positive and
then negative post-yield stiffness. Along the eatdtiaxis, the distribution of spectral acceleration
capacity S (normalized by the yield spectral acceleratify), is shown, corresponding to the
collapse ductility of: = 6.

2.2. Code-compatible versus performance-based design
Equation (1) embodies a fundamental difference &etwconventional and performance-
based design. In terms of assessment, it implegstie MAF associated with a given level of

Copyright © 2014 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. 2014
DOI: XX



6 D. VAMVATSIKOS AND M. A. ASCHHEIM

IM is not the same as the MAF of the EDP respohaé would (on average) correspond to
this IM. In other words, checking probability aetinput level of the IM is not the same as
checking it at the output EDP. In short, converdipcode-compatible (force-based) design,
as well as current displacement-based design puoegde.g. Priestley et al. [12]), rely on the
first approach; PBSD methods embrace the second.

In specific, the PBSD of an inelastic system, eamp,SDOF system, requires that we
estimate the yield strengthy = C,-W, and periodT for which a limiting displacemendjin, is
exceeded at a rate lower than a gifRna requirement essentially consistent with innerti
Equation (1). Seismic design provisions avoid soochmplexity by implicitly adopting two
assumptions: (a) using the strength reduction fa&oor behavior factorg, to account for
the effect of yielding and ductility on the measpense, (b) ignoring the effect of dispersion
in demand or capacity, thus assuming that the seisads consistent witR, correspond to a
similar (or lower) rate of non-exceedanced@f. These simplifications may caus@m) to
exceed theP, used for specifying the design spectra. In comgtems additional
approximations are used that may introduce a degifeeonservatism, such as the
establishment of the values Bf (or ) (e.g., FEMA P-695 [18]). In the end, one is left
uncertain as to the degree of confidence of hawiigeved the stated objective(s) for any
design. As such design provisions are applied vade variety of buildings and sites, the
margin of safety varies with site and system charestics, sometimes leading to
underperforming structures and other times to vdthan necessary designs. Such criticisms
are well known, and provide support for the phijdspof PBSD.

The implications of PBSD can be understood by awmrgig a conceptual application
within a code-based format: The design of a firsdemndominated structure, for which a basic
elastic-static analysis is acceptable. If the simedtcode spectrum is replaced by the more
accurate UHS of Figure 4a, then, for any givengrerince objectiv®, (e.g., 10% in 50yrs)
structural design values (or EDPs) are determineéldstic static analysis under the intensity
Swies = HY(Po)/R; R is the strength reduction factor akti'(") the inverse of the hazard
function. To avoid short-period displacement anigdifion issues, the structure is assumed to
lie within the equal displacement range (eIg», 0.7sec), so th& = x (whereu is the global
or system ductility). Let be the deformation (or displacement) EDP that govéhe seismic
design and)p its elastic-static analysis estimate. For the s#kgenerality, we consider that
the strength of ductile members can be checketieansame way, e.g. replacing the plastic
moment strength evaluation by comparing the yietdtron times: to the rotation capacity at
ultimate, while brittle elements can be sized twidvfailure and thus do not enter this
exercise. Then, the critical EDP demand is estithateR 6 and it should not exceed the
corresponding capacif§e. For simplicity, it is assumed that the “perfepgriod T, has been
established for this structure and any pertinefgtgdactors are explicitly incorporated in the
respective demand and capacity values. The gowgesaifety checking becomes:

0,R< 0, = aS,,.R<0, =S, R<6./a, )

wherea is a constant factor (for an elastic-static ana)ythat mapsS, g t0 0 (see also
Equation (9) later). If the structure is perfecflyoportioned, without any overstrength,
equality holds in the above expression. Then, bpleyng a closed-form solution [15] for
Equation (1), the MAF of exceeding the EDP limatstassociated with is
Jis =H (6 1a)-expl05k? 32, )= H(S, . R)- exp(05k?42))

a,des

=H(H(P)))-exd05k282,) = P, -exp(05k* 32, ) . )
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YIELD FREQUENCY SPECTRA 7

Prois the overall demand and capacity dispersion kaadhe hazard curve log-slope.

Thus, the achieved MAF of exceedance is higher, ({iiesafe) than the prescribBd by
the exponential term in Equation (3). This is als#ebwn issue that has been discussed at
least by Cornell et al. [15] and Bradley [19] frotime viewpoint of assessment. For a
serviceability limit-state, typical values &f= 1.5 — 3 (higher values in higher seismicity
areas) angry ~ 0.2 would result in a bias factor of 1.05 to ltl2e(exponential term). This
level of unconservatism likely is small enough ®rhitigated by inherent overstrength. For
ultimate limit-state checking though, one may expee 2 — 4 andf~ 0.4. Then, our
example code-based design would have a MAF thhdis- 3.6 times the targBt. Whether
available overstrength can reduce this amplificatio an acceptable value is unclear. As
Equation (3) shows, relying on such coarse meagaresunter the problems inherent in the
code does not assure consistent resklgepends on the site hazard, wifile varies with
period, R, epistemic uncertainties associated with the strat model, the limit-state being
checked, and the analysis method used. Thus, @anahtsafety factor depends on all such
properties, a concept that is embodied in the comepatible safety factors suggested by
Cornell et al [15] and Vamvatsikos [20]. If we empPBSD, the yield strength coefficiey
is directly provided by inverting a (more accurakem of Equation (3) for, s=P,. If the
estimate of the yield displacement is correct dndstructure is again perfectly proportioned,
it will achieve by definition a perfect MAF df s = P,.

3. SEISMIC DESIGN VIA YFS

In the following, we offer a practicable, theoratly consistent procedure that can
successfully address the inelastic single- and irdaliree-of-freedom (MDOF) design
problem. Input data necessary to apply this appreae (a) the site hazard, (b) an assumption
about the system’s damping, force—deformation dterstics and hysteretic behavior (e.g.,
5% damped, bilinear elastic—plastic with kinemdierdening hysteresis), (c) the general
dimensions and mass distribution of the structare] (d) a set of performance objectives
comprising values of limiting ductility and the cesponding allowable MAFs of exceedance.
In a graphical format, the proposed solution isespnted using YFS (Figure 1).

3.1. Définition of YFSfor SDOF systems

The peak response of an elastic SDOF system istljireelated to the site hazard Vi
hazard curves (Figure 4b). Their direct equivaldotsa yielding SDOF system are inelastic
displacement (or drift) hazard curves. These atergéned by using Equation (1) to estimate
the MAF of exceeding any limiting value of (inelia¥tdisplacement. They have appeared at
least in the work of Inoue and Cornell [21] and seduently discussed further by Bazzurro
and Cornell [22] and Jalayer [16]. While useful fmgsessing the performance of a given
structure, they lack the necessary generality &blenits design. An appropriate normalization
may be achieved for an oscillator having yieldrsgta Fy, and yield displacemewy, by using
ductility u =6/ dy, in place of displacement, and using the yield strength coefficient
Cy =Fy/Winstead of,, whereW is the seismic or reactive weight. For SDOF syst&nis
numerically equivalent t&y(T.) / g, i.e., the spectral acceleration value toseayield in
units of g, at the perio@l and viscous damping ratioof the system.

Similar plots of SDOF peak inelastic displacemeastdrd curves were presented by Ruiz-
Garcia and Miranda [23] usingandC, as independent parameters. What makes YFS distinct
is the use of a specified valued®f which is considered as a nearly invariant paramatthe
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8 D. VAMVATSIKOS AND M. A. ASCHHEIM

design of a given structural system [10,11], tottigetherT andC,. Thus, in YFS, demand
curves are plotted for fixed values@f, which may be regarded as a surrogate for pefiod,

5 ) 2
T2z |0 o cy:—y[z—”j, @
C,9 g\ T

For a given site hazard, system dampijgyalue ofC, (or period), and capacity curgaape

(as normalized in terms oR = F/Fy and x), a unique representation of the system’s
probabilistic response may be gained through threesponding displacement (or ductility)
hazard curve produced via Equation (1). Dampifjgthe capacity curve shape and cyclic
behaviour (modified as needed to account for Pd)edtre considered as stable system
characteristics, which we refer to in a generaligezh-dimensional) sense as “characteristic
hysteretic behavior.” By plotting such curves/gt) for a range of constard, values, we
obtain iso€, contours of the ductility hazard surface. Thesatmars allow the direct
evaluation of system strength and period—i.e.,@Gheequired to satisfy any combination of
performance objectives defined Bs = /A(uim), Where each limiting value of ductilityim is
associated with a MAF of exceedarig as shown irfrigure 1.

At a certain level, YFS can be considered as adimg} and user-specific extension of
concepts behind the IBC 2012 [24] risk-targetedgiespectra. Whereas the latter are meant
to offer a uniform measure of safety, they onlysdofor one limit-state (global collapse), one
target probability level (1% in 50 years), and rage, assumed fragility applied to all lateral-
load resisting systems. In contrast, YFS can taaggtnumber of concurrent limit-states, each
for a user-defined level of performance (or safety)d implicitly employ building-specific
fragility functions, through the specification gfssem characteristic hysteretic behavior.

3.2. Application to MDOF systems

While YFS directly solve the PBSD problem of an Sb€ystem, application to an MDOF
structure will always involve some degree of itenat To dampen this, we have reformulated
the design process to focus on parameters thatbeasasily estimated prior to detailed
structural design and which remain fairly stabletas design progresses. First, as discussed
earlier, we make use of the stability of the yididplacement. Second, similar to all code
approaches, we base the design of the multi-degfréeedom system on the use of a so-
called “equivalent” SDOF (ESDOF) system. We use #pproximation to determine the base
shear strength required to limit system level dispiment (and ductility) responses to
acceptable values. Third, as conventionally doreeuse initial estimates of modal parameters
(first-mode participation factof;,, first mode mass participation factes, and coefficient of
distortion, acop) derived for assumed mass distributions and fitetle shapes, and update
their values in subsequent design iterations, wheegled.

As a result of such assumptions, some inaccuracee$o be expected. First of all, due to
the ESDOF approximation, performance objectived teresponse quantities that correlate
well with SDOF response will be easily met. Moredbized responses and those significantly
affected by higher modes will be addressed lessrataly, and therefore, additional analysis
and refinement of the preliminary design may beessary. Then, there is the implicit
assumption tha®,(T,,¢) is a sufficient IM to allow the accurate estimatiof performance via
Equation (1). As reported in recent literature thiaot always the case (e.g. [25]). A pertinent
spectral shape correction factor has been offeyeddselton et al. [26] and carried forward
into FEMA P-695 [18], yet it does not fully resolgefficiency, as it has been derived only
for collapse and a single set of ground motionealy, as discussed in a later section, the
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YIELD FREQUENCY SPECTRA 9

rapid estimation of YFS relies on the use of regjmsexpressions. These are the so-cdtled
u-T relationships generally connecting the statisticeduction factoiR and ductilityu (with

the inelastic displacement rat® = 4/R sometimes replacing one of the two) for a given
period and characteristic hysteretic behavior (Nla [27]). These inherently constrain the
accuracy of the desigg, when based on ground motions or hysteretic behakai are not
representative of site characteristics (due to saft directivity etc.) or structural properties,
respectively. Obviously, all of the above issues @resent in standard code approaches as
well; yet they are by no means insignificant andusti not be discounted.

As appropriate to a bona fide PBSD approach, ssun€aincertainty are best addressed
explicitly when determining YFS. Assuming that riasiis introduced by uncertainty, Cornell
et al. [15] suggest the use of MAF estimates cporeding to specific confidence levels to
introduce a desired level of safety. Thus, eacharse quantity (demand) and its associated
limiting value (capacity) are considered to be lmgnally distributed random variables that,
in addition to any aleatory randomness (e.g., doerdcord-to-record variability for
responses), may also incorporate additional epistencertainty that is assumed to increase
their dispersion without changing their central uel(e.g., mean or median). Then, an
appropriate level of confidence, exj5z 70% to 95%, is chosen for use in design, comnisige
the consequence (e.g., mode of failure) that waoekllt if the EDP capacity should be
exceeded. By specifying together with the appropriate dispersions, add#iosafety is
supplied to ensure that the requested check isfigatix% of the time in the presence of
uncertainty. This is the approach employed in [B8]ng confidence as a tunable safety factor
to deliver the required level of protection for kanode of failure. Of course, the assumption
that EDPs conform to parametric distributions (¢ghly lognormal) is made for numerical
convenience but is not an essential feature olQUYIFS.

In the end, although design according to YFS camieate many cycles of iteration
(owing to the stability of the yield displacememnhile also accounting explicitly for
uncertainty and simultaneously addressing multipdeformance objectives, the resulting
initial design will not necessarily be perfectlyngpliant. Some re-analysis and re-design
iterations may be required, but the initial desggsed on YFS will provide a good starting
point, just as a better initial guess will imprabe convergence of any iterative method (e.g.,
Newton-Raphson). Therefore, if strict compliancetite stated performance objectives is
desired, YFS design should be followed by a prgesformance assessment, not unlike what
Is required in other PBSD methods [4, 9]. In mavatine cases, the initial design may be
deemed adequate, just as designs based on cuodmtrequirements are judged acceptable
on the basis of equivalent static analysis.

3.3. YFScurve characteristics

YFS are essentially iso-period or iso-strength cordg associated with the MAF of
exceedance of system peak displacement (or dyktilihey are much like the contours of
Figure 4b relative to the hazard surface of Figdirenly determined by a different process
and for an inelastic system. In general, their sf@mforms to the characteristics displayed in
Figure 6a, showing two distinct monotonicity prapes, both involving a rapid decrease of
MAF with (a) increasing ductility and (b) increagistrength (or decreasing period). Yet, both
may be partially violated under specific conditigrgyures 6a, 7a, 7b).

Strict monotonicity with ductility is violated wheam ultimate ductility is introduced in the
supplied characteristic hysteretic behavior. Insthase, YFS will display a “flatlining”
(Figure 6b, see also Jalayer [16]). This phenomermrelates to the flatlining observed in
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10 D. VAMVATSIKOS AND M. A. ASCHHEIM

IDA curves as in Figure 5, where dynamic instapidippears as a rapid (infinite) increase in
response amplitude for small changes in the intgrjd¢4]. In contrast to the unbounded

nature of both IDA curves and YFS for unlimited tllity systems (Figure 6a), dynamic

instability enforces a lower bound on the poteniiBAF values, essentially stating that the
lowest achievable system MAF is the one of collag$ris, it would be more general to say
that YFS are non-increasing (rather than stricllgrdasing) with ductility.

0

° 10

;002,050
d,=01m; jt =2, 1 =
Conf @ mear|

10 T T T T T ] &=0100; d =0:1n]
H . .
Conf @ mea

MAF of exceedance
MAF of exceedance
=
o

i
0 0.5

i
1

I
15

2
ductility, p

i
25

(a) no collapse

3

I
35 4

i
0.5

i
1

I
15

2
ductility, p

(b) collapse

i
25

3

I
35 4

Figure 6. YFS created for (a) an elastoplasticesys(b) an elastic-plastic-negative system having a

ultimate (collapse) ductility gf, = 3, creating the YFS flatlineg € 5%).

10 ! 2=0.00; uy:osm 10 T ah=0voo,dy=a.3m
: Conf @ mea | Conf @ mea
|
107k
(0] [}
[S] (8]
c c
3 8 ol
[} Q
(0] (0]
o o
X x
[} [}
et ht
[ S 107
LL LL
< <
= =
10" i ¥
2.94
3.17
3.47
3.88
107 10°
0 1 2 3 4 5 0 1 2 3 4 5
ductility, p ductility, p
(a) pinching (b) inversion

Figure 7. YFS of an elastoplastic systeis (%) with an ultimate ductility gf, = 4: (a) Long periods
in the equal elastic—inelastic displacement andtzon spectral displacement region force the
“pinching” of the contours, while (b) even longaripds withC, < 1 lead to contour inversion.

YFES monotonicity with strength (or period) may helated even more severely, similarly
to the apparent non-monotonic shap&gspectra, where lower periods may or may not have
higher accelerations. To understand this, one mossider Equation (1). This is used to
generate YFS by the convolution of ti8-hazard curves wittR-u-T relationships, or
equivalentlyS-hazard curves with eith€-R-T or C,-u-T relationships, wher€, andC, are
the inelastic displacement ratios giveénhand u, respectively. In general, whenever such
regression expressions have been derived for pdecealues (e.g., medians), rather than

Earthquake Engng Struct. Dyn. (2014)
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YIELD FREQUENCY SPECTRA 11

means, they can be considered as interchangeahlT1 29]. Still, theC,-u-T formulation
can provide additional insight for YFS. Figure 8aws elastic displacement UHS for the
hazard surface of Figure 3. Despite the non-monotappearance of the corresponding
elastic acceleration UHS of Figure 4a, elasticldispment UHS are increasing with period, at
least within the range shown. Figure 8b also shéwes shape ofC,-u-T relationships
estimated [29] for ordinary records, i.e., withdirectivity or soft-soil issues. The iso-ductile
C, curves decrease monotonically within the periatgeaof practical interest. Finally, the
hazard curves themselves are always decreasing higfiier intensities, having rapidly
diminishing MAFs (Figure 4b). The shapes of thésed contributions in combination result
in the period/strength monotonicity of YFS. If aalythese general characteristics does not
hold, then this strict monotonicity observed, e kigure 6a may be violated.

07 35+

—2%/50yrs \ -~ spo2ida fit
== =10%/50yrs 5 —real data

0.6H *=*=20%/50yrs : : 1 :

------- 5006/50yrs 37 : : “ 7

u

C

0.5r

s,(T) (m)

_____
-
-
-
PR

inelastic disp. ratio,
N

15

0 05 1 15 2 25 3 35 4 055
10 . 10
T (sec) period (s)

Figure 8. (a) Uniform hazard elastic displacem@etcsga and (b) fitted versus actual mean inelastic
displacement rati€, (adapted from [29]). Values @, < 1 appear for long periods.

At large periods (or low values @,), systems having extended non-negative stiffness
segments will have a med), of nearly 1.0 (the equal displacement rule). At game time
the S spectra approach their plateau (the constantatisptent region). Thus, multiple values
of Cy (or period) can produce similar displacements wite same MAF, causing a
characteristic closing (or “pinching”) of the gaptiveen contours (Figure 7a). In some cases,
this effect can become strong enough to cause algnge values ofC, to correspond to
decreasing values of displacement, essentially inverting €S (Figure 7b). This appears,
for example, when using actual results from nominglynamic analyses o€,-u-T
relationships that do not enforce the equal digsteent rule (which is after all just an
observation that peak displacements of yieldingtesys tend to not exceed those of
corresponding elastic systems on average, ratlaer éhstatement that they are equal). As
shown for example in Figure 8b, it is quite possitd have a mea@, below 1.0 at longer
periods. This could also occur at a soft-soil sithere theC,-u-T relationships differ
significantly from the ones shown [30]. Similarlgxcessively large periods (typically far
larger than 4 sec) will see the displacement spetteducing to eventually reach the value of
peak ground displacement. Such effects, eitheratedl or combined, may force a
characteristic inversion of the YFS, as shown iguFeé 7b, where lowe€, values will be
favored for stricter performance requirements (lodMé&Fs). Such violations of monotonicity
are the premise of dynamic loading and should heeeed. Nevertheless, they should not
pose any problems in practical design as they oatuarge periods and intolerably large
deformations, where P-Delta effects become imparidnless base isolation is considered,
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12 D. VAMVATSIKOS AND M. A. ASCHHEIM

serviceability requirements will typically contrifle design in most (if not all) such situations.

4. ESTIMATION OF YFS

The practical estimation of YFS is based on catoudathe MAF of exceeding given values of
system ductility through the integral of Equatioh).( This involves a comprehensive
evaluation for a number of SDOF oscillators wite #ame characteristic hysteretic behaviour
but different periods and yield strengths. Two opsi are offered: a numerical approach and a
simple analytical approximation; both are capalblaahieving accurate point estimates.

4.1. Numerical approach: Basis

To estimate the YFS one needs to calculgig for a range ofuim andC, values. By plotting
them on a graph and interpolating, any performanigective within the plotted range can be
satisfied (Figure 1). Alternatively, for each perfance objective, one can estimate only
Muwim) for a trial value ofC, (or T), calculate an updated value Gf, and iterate until
convergence.

When the distribution 0§, capacity is defined by a (lognormal) distributioather than
discrete points, Equation (1) is evaluated mostiefitly by its third form. This involves the
PDF for which an analytical formula is availablegeding no differentiation. However,
accuracy issues may develop when one encounterzarondispersions less than 5% for
S«(0), i.e., for theS, capacity given or ¢. In this case, smart sampling is needed to ensure
sufficient integration points are located withirettcore” of the capacity PDF. On the other
hand, the first form typically needs twice the n@mnbf points plus the numerical evaluation
of the CDF, but it remains robust regardless ofdispersion and without needing a careful
selection of integration points. Being uniquely tabie for practical application in a
spreadsheet, its use is advisable for the evaluaid,-contours. This moderate-efficiency
high-robustness integration scheme has been cdptutke following expression [31]:

M) =Y F (S (w)]s) AH(S), (5)

alls

wheres are a number of IM values covering the entire rthzairve from the lowest to the
highest non-zero MAF values available (at leastfd&iOreasonable accuracy) and{(s) =
H(s) —H(s+1) > 0, due to the monotonically decreasing hazard.

There are two points that deserve further claritcain the numerical estimation of YFS.
First is the issue of damping. In order to deckwa Cy = Sy / g, S should be established
using the same viscous damping rafias the system. Thus, if the nonlinear system¢éhas
different from the value used to characterize thsmsic hazard curve (typically 5%%,
should be modified by an appropriate factor [33c@d is the incorporation of uncertainty.
To obtain a value of, consistent with the mean estimate of the displargrhazard vis-a-vis
epistemic uncertainty, then the mean hazard cumeeld be employed [15] and the (record-
to-record) dispersion 08,(0) estimated from thdR-u-7 relationship must be increased.
Adopting the typical first-order assumption [15(,i$ assumed that epistemic uncertainty
causes the5, values of capacity to become lognormally distrdautwith an unchanged

median oféac but increased overall dispersion (standard denatf the log data) of

Prs = vV /BLZISC + /Bszc ' (6)

Copyright © 2014 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. (2014)
DOI: XX



YIELD FREQUENCY SPECTRA 13

wherefis. is the aleatory dispersion, incorporating the @fia the natural variability o8,
(its record-to-record component determined in dstaing theR-u-T relationship), an@ys: is
the Sic dispersion due to uncertainty in displacement dwheand capacity. The latter may be
approximated as the square-root-sum-of-squarelseofarresponding uncertainty dispersions
in im and in the system EDP demand itself, narpely andfus, an assumption that (strictly
speaking) is less accurate for short periods aosecto the dynamic instability region. One
potential remedy is the estimation of the locapslb of the mean or mediar-u-T function

in log-space (akin to fitting the median IDA of Eig 5 with a power law, see also section
4.3). Then, any dispersion in EDP can be dividedb by be transformed locally to IM terms
[15]. Any aleatory variability in the EDP capacijth dispersions,. can also be incorporated
in the same way into the aleatory dispersion aasediwith theR-u-T relationship.

Using the above assumptions, Equation (1) will gptevan estimate consistent with
confidence somewhat higher than 50%, the exacewddypending on the overall dispersion. If
an estimate compatible with a specific confideresslx in [0.5,1.0) is desired instead, then
the CDF ofS,c should retain its aleatory dispersion but receiv@duced median consistent
with a (100 %)% percentile of the lognormal uncertainty disttiba:

é:c = éac ’ EXd— KXIBUSC)’ (7)

whereK,= ®*(x) is the standard normal variate correspondindpéoconfidence level, with
®(-) being the inverse CDF of the standard normsttidiution. For example, to completely
ignore epistemic uncertainty, setting= 50% results irky = 0, while for a 90% confidence
estimateKy = 1.28.

4.2. Numerical approach: Algorithms

Accurate estimation of YFS necessitates the detatioin of the distribution of peak
displacement for an SDOF system for a wide rangatehsities; essentially, it requires the
data supplied by IDA. Given the increasing capaesdi of computers, performing such an
analysis with automated tools may not be unrealidti the meantime, using regressed
estimates as a substitute, iRy-T relationships, is much preferred. As discussedeza@l;-
R-T and C,-u-T expressions may also be used, all considered tegb&alent if percentile
statistics are provided. Henceforth the terRu“7" is used to refer to such regression
expressions. Of course, for application with Equai(5), such relationships need to describe
both the mean (or median) and the dispersion ofdik&ibution of EDP given IM. Two
options are currently available: (a) Expressions Rwiz-Garcia and Miranda [23] for
elastoplastic systems and (b) the SPO2IDA tool BynVatsikos and Cornell [29]. The former
is the simpler but more limited option. SPO2IDA ety a range of characteristic hysteretic
curves that includes bilinear, trilinear, and qulad¥ar capacity curves, providing the
potential for including negative post-yield stifsse (e.g. due to P-Delta or material
degradation) and residual strength (e.g. afterebbarckling or infill masonry cracking). Both
tools have been derived for far-field, firm soicoeds; care should be exercised for other
conditions.

Two modes of application can be undertaken numigrideor obtaining a comprehensive
view of YFS contours (e.g. Figure 1), two nestedléops suffice:

1. Prescribe a set & equally-space@, values
2. For eaclCy:

3. Determine the period by Equation (4)
4. Extract thes,(T,&) hazard curvéd(s)
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14 D. VAMVATSIKOS AND M. A. ASCHHEIM

For each-value of interest:
Determine median and dispersiorggf R(u)C, from R-p-T
Modify median and dispersion & to account for uncertainty and confidence
Estimaté(x) for the givenC, via Equation (5)

End for

10. Plot a continuous curve from the £(«)) points

11.End For

The performance objectives can be plotted ;a8,®,) points on the same figure, while
accurate values for th@, corresponding to each can be estimated by a dandeligolation:
(a) linearly interpolate the:(Ini(x)) points along each isGy contour to find values of(uim)
that correspond to eady, and then, (b) linearly interpolate the setMfpoints of C,,
InA(uim)) to find theC, that corresponds to the value dPnA spreadsheet implementation of
the aforementioned process for generating YFS costg available on the web [33].

Alternatively, if one requires only the values ©f that correspond to each performance
objective, without need to determine the entire YBS iterative search algorithm may be
used to determine each pair pfPo):

©ooNOO

Select an arbitrary initial periodand estimate a trial value 6{,”'2“, by Equation (4).
Extract theSy(T,&) hazard curvéd(s) ,

For uim, determine median and dispersiorSgE R(uim)C,"® from R-u-T

Modify median and dispersion & to account for uncertainty and confidence
Estimatel(uin) for the giverC,"® via Equation (5).

If this is the first trialCy, thenC," = C,"@(P, / A(wiim))>.

Else determineC,"" corresponding td>, by linearly interpolating (or extrapolating)
from the previous (I(uim), C,"?) points.

7. If C," differs from the lasC,"* by more than a specified tolerance (say 5%), set
C,"¥ equal toC,"", recalculate for the newC,"® and go to step 2.

ouhwnNE

This is a rapidly converging algorithm that canyide a good estimate of the desi@pwith

3-5 iterations in most cases. Still, the convergerate will degrade wherever pinching or
inversion of YFS appears. As previously discussleese cases may appear in the constant
displacement spectral region for non-degradingesyst where different values @, (or
period T) will result in nearly the same peak displacem¢fuselastic and inelastic systems).
In this region, peak displacement is insensitiveCypresulting in an infinite number @,
solutions for the same ductility target, at least the theoretically pure case. Where this
occurs, it is best to stop the algorithm early astkct the lowest period (highds), within
tolerance) that provides the desired displacenanthis appears to be a more sensible basis
for characterizing the design space; of coursef mesigns will be at smaller periods.

4.3. Analytical approach: Basis

As an alternative to numerical integration, Vamikats [20] has provided an accurate closed-
form solution for the MAF of inelastic responsettican be inverted analytically. The first
step is to fit the hazard curdd(s) for Sy(T1,¢) (i.e., transformed to the system’s damping
value?) in the range of interest using a second-ordergudaw:

H(s) ~ k, exd-k, In? s—k, In's), (8)

with ko, k; > 0 andk, > 0. The variablé, identifies the (local) curvature of the hazardveyr
its use provides a significant improvement in pg&ei over the linear fit used in the original
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SAC/FEMA formulation [15]. This improved fitting, e$pite being “local” in nature,
encompasses a large enough range of the hazalldwoback-estimation of values of the IM
for a required value of MAF, an operation proneiir when using the original formulation.

The EDP capacity is assumed to be lognormal, wetdiem é’c and dispersions equal fig

andpugc associated with aleatory and epistemic sourcepertively.The distribution of EDP
demand given intensity IM is also assumed lognortaving constant dispersions equal to

Boa andBugq regardless of the level of intensity,and a conditional mediaf(s) that can be
fitted to the IM using a power-law

o(s)~a-s’ 9)

by linear regression in log-log coordinates—in & framework, this can be thought of as
an approximation of the median IDA curve. Whenirfgtaway from the global instability
region, the above expression is accurate enouglidw for a useful approximation of the
EDP-capacity required to achieve a specified peréorce level (i.e., MAF d®,):

5, —avexg 2| ko KMy P
0,=a exr{ZKZ{ k1+\/¢’ / Inko\/gﬂl (10)

b= ! (11)

1+ 2 (B2 + B + Bl + i )1
Equation (10) is associated with a mean estimatheMAF considering both aleatory and

epistemic sources of uncertainty. In order to est@rthe required EDP capacity at a desired
level of confidence while accounting for epistemicertainty we may use

A~ 2 2
—a-exp K,fA,, + b [—kl+\/k—1—4—k2[ln P"¢+y9xj+&Kf ng , (12

where

%, o K b?
where
' 1+ 2k2(,6i?d +ﬂ92c)/b' -
Bl = Bow + Bl (14)
Yo = kzﬂjgg-g:—i;‘gﬁ, x & [050,095]. (15)

Where point-estimates @, values are sought, a few variable replacementsegeeed.
First, let the median EDP capaci#y be replaced by the displacement capacity, or lifnit

and letuim = dim / 8y be the corresponding ductility. Now, Equations (Bd)d (12) are
connected to elastic structural properties via foacieht a of the median IDA curve. Taking
Equation (9) to hold in the elastic range as wh#, yield point is expressed as:
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16 D. VAMVATSIKOS AND M. A. ASCHHEIM

4 s, 9, (16)
S§y iCy g ib '
whereg is the acceleration of gravity. By introducing Etiola (16) into Equations (10) and

(12) and performing some algebraic manipulatioms following can be obtained:

2
C =t e | ks [ oy B
Itim 2k, ¢ ¢ koﬁ

1 K./ 1 K} 4k P akz ,
C, = e el —~ i [ —2K , (18
T +ZkZ{ k1+\/¢ ¢( G el

whereg only serves to make sure that the units comeight—+if the hazard curve has been
fitted with S, in units of g, themy = 1 should be used.

The above equations are powerful approximation®ag &s they are used away from the
region of global collapse, where the basic asswonpif Equation (9) does not hold. In this
range of validity they provide useful intuition dhe interplay between the core design
quantities ofC,, tuim andP,. First, note thab = 1 in the range where the equal displacement
rule holds. Values db > 1 may typically appear only for short periodustures or for large
displacement values that fall into the negativér&ss region, approaching global dynamic
instability. Second, parametegsand ¢’ are always within [0,1], moving towards zero as th
curvature of the hazard curvk; or the dispersionp values increase. Thus, increasing
dispersiong, decreasing the performance objectivg (meaning less frequent failures),
decreasinguim (i.€., targeting a lower damage level) or seekiigher confidence, will each
raise the value of the requir€yj. A more aggressive hazard curve will also achieeesame
result, although it may not be as evident analiftica

(17)

| |

4.4. Analytical approach: Algorithms

While the application of Equations (17) and (18) nsagm straightforward, some iteration
may be needed due to the dependence of the hazael @nd the corresponding fit) on the
period. This is practically the same search scheasertbed for the numerical approach, and
would be repeated for each performance obje®jve

Select an initial period, estimate’:,y"'al by Equation (4).

Extract theSy(T,¢) hazard curve(s).

Estimateko, ki, andk; to fit H(s) in Equation (8).

Use theR-u-T expressions to estimatgy and therb via Equation (9).

EstimateC,"" via Equation (17) or Equation (18). ,

If C,"™ differs from the las€,"® by more than the tolerance (say 5%),G#&t equal
to C,"*, recalculatd for the newC,"? and go to step 2.

oA WNE

Note that convergence is not influenced by theahdhoice ofT. Thus, any approximate
code formula or a ballpark estimate may be usedhiWihe range of YFS monotonicity it
rarely takes more than 3 iterations for the algomnito converge to within 5% of th®& value
required for any performance objective. Pinchingd saversion of YFS will typically degrade
the convergence rate, just as for the numericaloggh. The overall estimation error can be
expected to reach up to 15% vis-a-vis the more rateunumerical approach due to the
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approximations introduced in deriving Equations (@agl (18).

Note that for step 3, the scheme proposed by Vasikest [34] is recommended, as it
requires no regression. Instead, a three-pointgotation is performed, which is equivalent to
solving a 3x3 linear system. The three points acatkxl on the hazard curve at intensities

S =, extle B2 + 2 + ity + i ID). (19)

wherec; = 0.0, —1.5, -2.5. The variabkg, = H™(P,) is the S(T.) value corresponding to
performance levelP, on the hazard curve. For stepRlandu play the roles of the IM and
EDP, respectively. The power-law slopas estimated through a two-point interpolation in
log space on the median (or medh)-T relationship, the first point beindr{) = (1,1) at
yield and the second defined by the valueRaf R, “corresponding” to the ductilityyim
defining the performance level. At any given peribdth b and Sy tend to increase with
ductility, therefore it is best to bias the fit bging a value oR;, that is lower by about one
half of the total dispersion (or roughly 15% for sha@ases) than what the mediBa:-T
would assign tquim; otherwise, the importance of the more frequemt-ilstensity events
would be over-represented, introducing unnecessargervatism. Thus, let

b=1In,/INR,,, for R,, = max 1.0,085R(x,,,,T)]. (20)

The result is by definition 1.0 for structures deforg in the equal displacement range.
Similarly, the value ofi,q can be estimated Rfi, from theR-u-T relationship.

5. EXAMPLE APPLICATION

As a simple case study, a four-story steel momesisting frame is designed for the hazard of
Figure 3. It has uniform story heighks= 3.6m, total heighH = 14.4m and beam spans
(centreline dimensions) &f = 9m. Three distinct limit-states and correspongiegformance
levels are considered. For limiting damage in fesgulow-intensity earthquakes, a strict
serviceability (Immediate Occupancy, 10) interstahyft limit of 6;,= 0.75% is adopted,
with a maximum allowable exceedance probabilityp0% in 50yrs (practically the same as
10% in 10yrs). Akin to the design code basis, aimalte limit-state (Life Safety, LS) level is
set at a limiting ductility of 3.0 at 10% in 50yrSinally, to limit the chances of a global
collapse, a Near Collapse (NC) limit-state is dedirfor x« = 4.5 at 2% in 50yrs. As global
ductility values are used in the above criteridatiree to an idealized system yield
displacement, they will be quite lower than typicatle values foR (or g), which reflect the
presence of overstrength. In this example, overgtheis taken into account at the final step.
Definition of the three performance levels alsouiegs choosing the magnitude of
epistemic uncertainty and the confidence leveltébing uncertainty into account for safety
checking. In general, higher epistemic uncertam&ues denote an increasing lack of
knowledge in the actual structural demand and c¢gpaor the limit state. Typically, model
fidelity decreases with increasing inelastic reggornThus, epistemic uncertainty should be
lower for elastic and nearly elastic response aratease with higher levels of inelastic
deformation. Some rough guidance for choosing pedgson value for the main damageable
components may be found in pertinent literature. &@ample, Lignos and Krawinkler [35]
report dispersions in the order of 30-40% for thetitity of beam plastic hinges at ultimate
strength and final fracture. For consistency, weehassumed that the additional dispersion
due to epistemic uncertainty§ys. (or approximatelyfuy), increases linearly with the
logarithm of ductility, from a value of 0.20 at= 1 to 0.35 ai: = 5. Thus, overall epistemic
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dispersions come out as 14%, 30% and 34% for IQah8 NC, respectively.

Considering the consequences of limit state viomgtthe confidence levels are set at 75%
for the first two limit-states and 90% for NC. Ndfeat a confidence level of 50% would
ignore epistemic uncertainties completely. Typicallconfidence level in the vicinity of 60%
would be selected for 10 performance for typicatuggancies, where economic consequences
rather than continuous operation is targeted. Theeten ofx = 75% for 10 reflects a desire
for improved performance at lower intensities. $anty, the 90% confidence requirement for
NC is meant to provide greater certainty that ttiecture will avoid collapse even at rare
intensities, and is much stricter than typical cosuirements.

Aschheim [11] suggests a simple way to estimateyidle drift for any story of a regular
steel moment resisting frame as

R N 21)
6 d_COF d,.

whereey is the yield strain of steeh the story heightl. the beam sparCOF the column
overstrength factor andy, dom the column and beam depth, respectively.sl.et0.21% (for
the expected strength of S355, or roughly 50ksIsfg= 1.2x355MPa)h = 3.6m,L = 9m,
COF = 1.3 (suggested values are 1.2 — 1d§),= 0.6m,dpm = 0.70m. Theng, = 1.08%, and
the limiting ductility for 10 becomegimo = 0.75/1.08 = 0.70. Design experience would
typically suggest values @, = 1-1.2%, confirming the above estimate. The cpording
roof drift ratio can be estimated if the drift ptefover the height is known. Alternatively, an
estimate of the coefficient of distorti@aop may be used. As defined by Moehle [36], for a
maximum interstory drift 0bmax, 8cop = Omax/ (dy/H). Herein,acop = 1.25 is adopted for this 4-
story frame [37]. For a first-mode patrticipatiorctiar I' = 1.3, the initial estimate of the
ESDOF yield displacement & = H / (I"acop) = 0.095m.

The system response is assumed to be approximédstp@astic (since P-Delta effects do
not dominate). Due to the different confidence lewnployed, two YFS plots are generated,
shown in Figure 9. The NC objective controls, reiggiCy = 0.79 versus 0.60 for |10. Perhaps
it is not surprising that LS does not govern. Foragsumed first-mode mass participation
factor,a; = 0.9, the required base shear strength at yseffg # 0.9(0.79) = 0.7W, which
corresponds to the required strength of the sysigom development of a mechanism (e.g. the
strength observed in a first-mode pushover anglysiswever, if a conventional design
approach is used, the contribution of overstren@thcan be considered to reduce the design
strength. For a typical force-based design usingiinal material properties and strength
reduction factorsQ =~ 2 - 3. If, instead, design is based on a simpbst@ collapse
mechanism analysis using expected yield strengties) overstrength appears due to some
minor overproportioning (choosing slightly heavisections), use of member centerline
dimensions in the plastic mechanism analysis enggldpr design rather than true plastic
hinge locations, and strain hardening. Values @frsivength on the order &~ 1.2 — 1.3 are
more reasonable in this case. Thus, the estimatad v&C, adjusted for overstrength should
be on the order of 0.25 — 0.35 in the former case, 0.55 — 0.60 in the latter. Sizing the
structure accordingly would result with high fidglin a frame that satisfies all performance
objectives, as verified via Equation (1). This is ected for this regular low/mid-rise
building, as estimates f&, I', a1, acop andQ are accurate. Some loss of fidelity may occur
for structural configurations where height, planvertical irregularities, and the presence of
higher modes may make such initial estimates lelssbte. Then, nonlinear modeling of the
initial design can offer improved estimates of spcbperties, allowing iterative refinements,
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if needed. A comprehensive example of an eightydtame appears in [38].

Since only a point estimate of yield drélf was utilized, the sensitivity of the method to
different choices is now considered. Table 1 shdwes resultingC, factors foré6, = 0.9 —
1.3%, without consideration of overstrength. Asdithand Black [13] identify the valley-
shaped curves that define admissible design regwinen using Yield Point Spectra.
Similarly, an increase iy will typically result in a decrease in requiredesigth for limit
states that are controlled by system ductilitytfiis case, the LS and NC objectives). Larger
dy values also result in an increase in the requsteshgth (and stiffness) for non-structural
damage states defined in terms of displacementrifir démands in order to counter the
increased flexibility. In this case, when coupleithwthe 75% confidence level, the associated
C, required for the 10 objective increases substintifihe effect is so strong that it changes
the governing limit-state: NC governs at or beléyw= 1.2% drift, while 10 supersedes it for
higher yield drift estimates. Still, unless onesi8e< 1.0% oré, > 1.2%, the desigy will
not vary significantly. Considering all approxin@is involved, the end result, while not
perfect, is reasonably close to fully satisfyingsthted objectives.

Table 1: Yield strength coefficients of the ESDQ@Btem for different values of the story yield drift

The LS and NC limit-states show sensitivity du¢hi® change in the implied period (higl#grlonger

T). For IO, the definition of the limit in terms dfift (rather than ductility) introduces larger dges.
Analytical results lose accuracy for the NC lintiée, as it is close to dynamic instability.

Story yield drift,d, ESDOF yield strength coefficier&, ®

10 LS NC
0.9% 0.500.50)  0.35(0.36)  0.90(0.83)
1.0% 0.550.55)  0.32(0.33)  0.84(0.77)
1.1% 0.610.60)  0.29(0.30)  0.78(0.71)
1.2% 0.660.66)  0.27(0.28)  0.73(0.66)
1.3% 0.720.71)  0.25(0.26)  0.69(0.62)

% numerical results are shown in normal font; anedytresults are italicized, in parentheses;
An underline indicates the controlling maxim@yvalue for each row.

o
10 ' ! ! 2,200, d, =0.10m, £=2 10 ' ! T ,20000; .20,10m; =2
Conf @. 75% : Conf @ 90

50/50yr

MAF of exceedance
SI
MAF of exceedance

10/50yr

N
o
&
T

0.5 (0.88s) -2/50yr- : X: 0.7 (0.74s)

0.6 (0.80s) : 05062

+0.7 (0.74s)

0.8 (0.695)

-4 1 1 I I 0.9 (0.65s) 10*4 | | | |

0 1 2 3 4 5 0 1 2 3 4 5
ductility, p ductility, p

(a) 75% confidence (b) 90% confidence

Figure 9. YFS contours determined for an elastbipglagstem ¢, = 0.095m¢ = 2%) under the hazard
of Figure 3. Two performance objectives{ 0.7 and 3.0 at 50% and 10% in 50yrs, respegjiaek
determined at 75% confidence, while ope=(4.5 at 2% in 50yrs) is set at a 90% level. Tt
objective governs witlg, ~ 0.79, corresponding to a periodTof 0.7s.
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6. LIMITATIONS AND APPLICABILITY

The YFS approach, as delineated, incorporates feyiapproximations that will be reiterated
to define its limits. First and foremost, an ESDQ@Fused to represent the MDOF system.
Thus, optimal accuracy is achieved only for thosecsiires where a static pushover analysis
is capable of accurately estimating peak displacgsnd’lan asymmetric structures and tall
buildings, where peak displacements and other respguantities may deviate from first
mode estimates, may not be captured as accurédelgond, an assumed shape for the
normalized force-deformation relationship and hyedte characteristics of said ESDOF is
needed. Thanks to the range of backbone shapesaifeSPO2IDA, the applicability of the
YFS approach is not limited per se; the limitatimostly lies in the ability of the user to
provide an accurate enough backbone shape for ystens examined. Where prior
information is lacking, an elastoplastic shape haysed initially, limiting the accuracy far
from the yield point; subsequently, a more accushi@e may be deduced from a pushover
analysis of the initial design. Third, in part doettie use of an ESDOE,(T,) is employed as
the IM, introducing unneeded conservatism at ladyetilities [25]. Fourth, also as a
consequence of the ESDOF, all performance objectivest be expressed in terms of the
system global displacement (or ductility). Thus, santea is needed of how local EDPs are
distributed within the structure given the roofpdeeement. Earlier, this required information
took the form of the COD to transform maximum istery drift to roof drift. Ideally, such
transformations should also provide the distributmf the resulting global displacement
capacity, incorporating any uncertainty introdubgdhe transformation itself.

Such limitations, which are similar to (but lessstrigtive than) existing simplified
approaches [12,24], do not restrict the applicgbdif the respective methods. Instead, they
define the proper mode of application. Thus, unlegs structure can be captured by an
ESDOF and we have a good idea of what its backbbapesmight look like, we cannot
expect YFS to provide us with an accurate solutmthis inverse problem in a single step.
What it will provide, though, is a good startingimto Subsequent assessment and re-design
iterations can be employed to reach the specifexdopnance objectives with the desired
accuracy. Each such cycle can inform the choiceaoklbone shape, yield displacement, local
EDP profile, and even the effect of higher modesafoiimproved application of YFS in the
next step. Alternatively, a user can opt to modiipg MDOF design itself, performing
iterations in this expanded parameter space. Eithgr we suggest that the number of cycles
to convergence will be reduced in comparison teterg simplified approaches.

7. CONCLUSIONS

Yield Frequency Spectra have been introduced astaitive and practical approach for
preliminary or approximate performance-based seisdasign. YFS extend Yield Point
Spectra to account for hazard. In order to avoitharease in dimensionality, YFS are plotted
for a fixed value of yield displacement relevanthie design problem at hand, and illustrate
the MAF of exceedance of the peak displacementuotildy response of SDOF oscillators
having different strengths (or periods). Expressiprwvided herein, coupled with the use of
YFS, provide a simple means to arrive at an aceumalytical solution that can
accommodate site- and structure-specific charatiesj uncertainties, and desired confidence
levels, considering one or more performance objestiprovided that these objectives can be
related to the global displacement of an equivaBDOF oscillator. Characteristic features of
YFS are described along with analytical and nunaéapproaches for generating YFS. These
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approaches are shown to generate results of sifitiidity in the case of an example.

Design philosophies have progressed from an emgploasperiod of vibration in existing
building codes to a recognition that yield driftioa derive from kinematics and are relatively
stable even as strength is tuned to satisfy spécifierformance objectives (and thereby
influences stiffness and period). Thus, YFS areiqdarly useful for performance-based
design approaches that exploit the relative stgbitif the vyield displacement while
accommodating a potentially large range of perferceacriteria. Using YFS, preliminary
designs can be achieved that are very close to fheiformance targets. As a result,
subsequent analysis and design cycles requirecefioerthe preliminary design can be
reduced or perhaps eliminated.
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