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ABSTRACT

An analytical formulation is offered for performambased seismic design following a direct
procedure based on code-like requirements. Theoapbr builds upon the use of the yield
displacement as a robust system characteristicevA format for displaying seismic demands known
as Yield Frequency Spectra is introduced to quativély link performance objectives with the base
shear seismic coefficient, for a fixed value ofigidisplacement. The closed-form solutions devedope
in the SAC/FEMA project are inverted to provide lgtiaal solutions for estimating the design base
shear strength implied by typical code requirementsolving both strength and displacement
limitation checks. It is shown that the consideratof aleatory and epistemic sources of uncertainty
result in an increase of 30% or more in the stferrgguired to achieve the stated performance
objectives, depending on the site and structuraackexistics. While the blanket safety factors
embodied in the seismic code may cover this diffeee they do so inconsistently. Instead, the simple
expressions derived can offer uniform safety ahdditional complexity.

INTRODUCTION

As a result of economic damage in the 1994 Norgeridind 1995 Hyogo-Ken Nambu (Kobe)
earthquakes, significant attention has been dideete augmenting the life safety performance
objective, characteristic of traditional codes,hadgtdditional criteria to limit economic losses i
frequent earthquakes. Basic notions of performdrased design, elaborated in the Vision 2000 report
(SEAOC 1995), are widely accepted and are now puarated in mainstream documents such as
ASCE/SEI 41/06 (ASCE 2013). Several approaches baea suggested, mainly conforming to the
displacement-based design paradigm, as presentbtbélgle (1992), Priestley (2000) and Aschheim
(2002). They invariably incorporate some form ofsmgle-degree-of-freedom (or first-mode)
representation for use in preliminary design. Mionportantly, they use as starting point an estimate
of the yield displacement, rather the fundamen&log of the structure, the former being a more
stable parameter for a given structural configoratjAschheim 2002). On the other hand, though,
they are deterministic in focusing design on a Bigeintensity of shaking represented by a design
response spectrum associated with a specified dhéaael. The hazard level is typically set at a 10%
probability of exceedance in 50 years, equivalentat 475-year mean return period, which is
equivalent to a —In(1-0.10)/50 = 0.0021 mean aninequency (MAF) of exceedance.

When facing the significant uncertainty associateith ground motions, modeling and
structural response, deterministic methods arerémily limited. Cornell et al. (2002) showed that i
the presence of variability due to either aleatany epistemic sources, the determination of
performance at a single level of “design” intensity unconservative. This is because the more
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frequent appearance of significant damage at Idexazis of intensity is not taken into account, thus
biasing the analysis. Thus, the use of the “desiigt@hsity results in damage levels that have hédrig
mean annual frequency of occurrence (greater th@®2Q@ for the typical hazard level). Rather, to
achieve uniform levels of safety in the presencaimdertainties, additional hazard and structural
response data are needed, in order to considearsitestructure characteristics. At present, modern
seismic codes use blanket safety factors, typicatiypodied into the definition of the strength
reduction factoR (or behavior factoq) and other design requirements that provide insters levels

of safety, even for different buildings within trsame class and site. Still, despite the apparent
advantages, a fully probabilistic performance-bassidmic design approach is difficult to achieve in
practice. Design is an inverse problem that, indase of earthquakes, is based on the non-inwertibl
nonlinear relationships between seismic intengity structural demands. Thus, iterations are needed,
in which each cycle involves re-design of the gtrces and its full performance-based assessment via
nonlinear static or dynamic procedures (e.g., Knkleir et al. 2006).

As a partial solution, Vamvatsikos et al. (2013)gwsed “Yield Frequency Spectra” (YFS) as a
rapid means to establish the strength required fpreliminary design to provide a desired level of
confidence in satisfying one or more performancgdailves related to system drift and ductility
demands. YFS provide a visual representation gfstes1’s performance that quantitatively links the
MAF of exceeding any displacement value (or dugtih) with the system yield strength (or seismic
coefficient at yield,C)). As with other methods, an “equivalent” singlegoee-of-freedom model is
utilized to establish the preliminary design, whictay be based on current code criteria. Fig.1
presents an example of YFS developed for an elpstiectly-plastic oscillator. In this case, three
performance objectives are specified (the red hisols) while curves representing the site hazard
convolved with the system fragility are plotted fored values ofC,. Thus, the minimum acceptable
C, that fulfils the set of performance objectivestiue site hazard can be determined. Still, YFS reeed
full set of hazard curves for every period of ietdrfor the specific site. For cases where such
information is not available, we derive, insteadgtofclosed-form expressions that provide YFS-like
results for code-compatible applications using anyothed design spectra and an estimate of the
slope of the hazard curve in the region of interest
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Figure 1. YFS contours &, = 0.1,0.2,...,1.0 for an elastoplastic systép=0.06m) for a site in Los Angeles,

CA, overlaid by the design points of three perfongce&objectives for = 1, 2, 4 at 50%, 10% and 2% in 50yrs

rates, respectively. The oscillator must have sigffit strength to satisfy each performance objective third
objective governs with base shear coefficien€pf 0.93 and a period df~ 0.51s.

SAC/FEMA FRAMEWORK

Variability arising from epistemic and aleatory ertainty is explicitly addressed in a design-frignd
formulation developed in the SAC/FEMA project (Celiret al. 2002). This formulation allows the
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engineer to establish that a certain performanesl ler limit-state is satisfied (demand < capaciy)
an arbitrary confidence level. Estimating the pholity of violating a certain performance objective
or limit-state (i.e. demand > capacity) requireswledge of the seismic hazard at the site, which is
represented by the hazard curkis). H(s) is obtained from a probabilistic seismic hazandlgsis
(Cornell, 1968), and is parameterized by the s&ismensity measurtM = s, typically selected to be
the spectral acceleration at the first mode pefig(dy).
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Figure 2. Example of IM vs EDP relationship in fbem of IDA curves (Vamvatsikos and Cornell 200Phe
EDP is the maximum drift over time and over alr&e and the IM i§,(T).

Scalar representations of demaiy,and capacityC, of the structure, may be expressed in
terms of an engineering demand parameter (EDRhelrabsence of uncertainty, violation of the limit
state (LS) is a deterministic yes or no and itinigpdy checked a€ < D. As an illustration, one could
evaluate whether the maximum interstory drift dechahthe structure exceeds a limiting value, often
referred to as the EDP basis (in contrast to ttegradtive, but equivalent, IM basis). In realityotigh,
the relationship of EDP and IM is subject to coasgithle uncertainty (Fig.2). Then, the conditional
failure probability, also known as the fragilif§(C < D|s) is used instead. By convolving the fragility
with the seismic hazardi(s), the mean annual frequency (MAF) of limit-stakeeedance, s can be
estimated as (Jalayer 2003):

Mg = TP(C <D s)|dH (s) (1)

To simplify the above integration, an approximatesed-form solution was derived (Cornell et
al., 2002), introducing the following assumptiomsl @pproximations:

1. Within a range of of interest, the (mean) seismic hazard curve Eapmated using a
local power law fit:

H(9) ~k, 5™ =k, exp(-k,Ins) 2)

wherek, andk;, the intercept and slope of the log-hazard cuave positive real numbers.

2. The limit state capacity EDP-value (e.g. the maximiaterstory drift that when exceeded
signals violation of the limit-state), follows agileormal distribution with media®, and
dispersionse.

3. The EDP demand at a specific value of the IMs#s assumed to have a lognormal
distribution (generally accurate for displacememd ductility quantities away from global
collapse, NIST 2010) with a constant dispersiofi;eand a conditional median given by:

o(s)~as’ 3)



wherea andb are positive real numbers.
Under these conditions, a simple closed form appration to the mean annual frequency (MAF) of
exceeding the limit stat®(> C) is possible:

[ 9] (o] (52 4 g2
hs = {aj exp (/wﬂw)} (4)

Epistemic uncertainty in the seismic hazard isté@dy using the mean hazard curvdH4s),
rather than the median hazard curve. Uncertaimieemand and capacity are introduced by adopting
a first-order assumption, in which epistemic uraiety is considered to influence only the dispearsio
of demand and capacity, and not their medians.pidtential for systematic biases in the medians is
thus neglected. Examples where this might be sagmif are the contributions from non-structural
components that are not represented in the stalatuodel or the modeling of damping as a force
developed due to the relative velocity of adjaceminected nodes in the structural model. Thus,
epistemic uncertainties in capacity and demaghgs and fus, may be incorporated, along with
aleatory randomnesgy. andf,q, (where record-to-record variability in demandselly dominates
Basd). These uncertainty terms can be combined witluai®-root-sum-of-squares rule,

Bro=Bis + Bae+ Biow + Boe ()

as long as demand and capacity are not correl@tberwise appropriate interaction terms need to be
introduced (see Cornell et al. 2002). Introducififjin Eq.(4) in place ofB: + A2 will produce a
mean estimate of the (lognormally distributed) Midfeonsideration of all modeled uncertainties.

INVERTING THE SAC/FEMA FORMAT

Consider a structure that is designed to conforma $pecific MAF, or performance objectit?, for
violating a given limit state. A typical exampledsprobability of exceedance of 10% in 50 years of
violating the Life Safety limit state, which corpesds to a MAF oP, = — In(1 — 0.10)/50 = 0.00211.
Assume that the limit state violation is checkedngsa displacement EDP, for which the
corresponding capacity, is considered to be log-normally distributed (eatihan being a point
value). Thus, using Eq.(4) withs = P, allows the median EDP capacity (required to satikk
performance objective) to be determined as:

Sim =2 exr{%ﬂé —%In(%ﬂ . (6)

In the context of the limited information availalilemost current seismic codes, Eq.(6) may be
quite useful. For example, where a design spectsuavailable along with a recommendation for the
(local) hazard slopé;, Eq.(6) can be used by fitting Eq.(2) at the firgide spectral acceleration
valueS,, corresponding to the performance objective:

Pk S, =8, ©

0

Introducing Eq.(7) into Eq.(6) provides an expresssimilar to the Demand-Capacity Factor Design
format in SAC/FEMA (Cornell et al. 2002) if equalifrather than inequality) is adopted in the latter
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_aS’ - exd & p2
§Iim - aSao eXF{ 2b ﬂT€:| ’ (8)

Note that the SAC/FEMA expressions are based acal power law fit to the hazard curve in
the range of interest far[Eq.(2)], which can introduce non-negligible canvstism where the seismic
hazard curve departs significantly from the fitmdave. One option for using Eq.(8) is to perform
localized biased fitting in the region of interégamvatsikos 2014). Alternatively, similar express
have been developed using a more accurate secdadfir(\Vamvatsikos 2013).

YIELD DISPLACEMENT BASIS

The response of a single-degree-of-freedom sysenmdp yield strengtht,, and reactive weighty,
can be described in normalized terms, where the $fasar coefficient at yiel@,, is defined by

C, =L, (9)

While (pseudo) spectral acceleration is definetklation to spectral displacement, in common usage
the spectral acceleration associated with a yigldystemS,(T), is equivalent taC,g. For a system
with a given yield displacement,, changes iiC, represent changes in both strength and stiffraess,
hence result in a change in period. For yieldin@@&»ystems,

d ) 2
T=2z|—, or q:ieq. (10)
Cyg g\ T

The normalized response of an oscillator havink pigsplacementd is given by the ductilityy,

= (12)

y
with the ductility levelun corresponding to a limit-state ductility valugm = diin/dy.

According to Eqg.(3), which can be assumed to holihé elastic range as well, at the yield point
we have:

a=—=—""—. (12)
S, iCy-g)T’

By introducing Eq.(12) into Eq.(8) and solving fgy, the following fundamental result is obtained:

Sao
C = I ex 5 ﬂfg] (13)

Eq.(13) establishes the correspondence of theramjbiase shear coefficient consistent with a design
spectral acceleratio8,. It cannot be used for direct design yet, asniglémentation is iterativeC,,

S, b and the dispersions depend on the structuretsrfiogle period. Still, it offers useful intuition on
adopting a true performance basis (applied on thput, the structural performance) rather than the
input (the seismic load). Rearranging Eq.(13) affer some limit state (LS):

S ] K e
A= gy MmO ” } -




Where the equal displacement “rule” appligs, is numerically equivalent to the strength reductio
factor R (or behavior facton), at least for an equivalent single-degree-ofdoea system where no
overstrength (relative to the design base shegmesent. Then, the left side of Eq.(14) becomes th
ratio of the PBSD seismic coefficient at yield otlee traditional code base shear requirement,eat th
LS design level. The incorporation of modeled utaiety into Eq.(14) results iA s> 1. This is the
required safety margin to account for the effedtaleatory and epistemic uncertainty. Seismic codes
do not take this into account but instead rely verstrength and added conservativeness, for example
in the definition ofR (or g) or the use of nominal rather than expected natproperties.
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Figure 3. The ratio A of performance-basis over code-basis estimatethéoseismic coefficient, considering
(a) only the EDP|IM aleatory variability or (b) akrtinent demand and capacity dispersions. Thensehazard
slope is taken dg = 3.

As Fig.3 shows, the effect of variability depends period and ductility. For example,
moderate- and long-period structurds> 0.5 sec) deforming in the equal displacement edmayve
b= 1. Then, according to Eq.(14) fé = 3 (EN1998 recommendation) and a total dispersibn
Pro=0.5As~ 1.45, i.e., a 45% increase due to variability @fe almost regardless @f,. For
shorter periodsh > 1 leads to higheh s values, often exceeding 2.0 for moderate-to-higtititities
(Fig.3). In part, this is due to the nature of ®R@-T relationship, for which the ratio of the peak
displacement of the yielding system and that okltstic companion increases without bound3 as
approaches zero. Thus, at the extreme low periods galues should be curtailed. This is a well-
known phenomenon that has been addressed, for é&xampASCE/SEI 41-06 by restricting the
period used for calculating the inelastic displaeetiratioC; to not less than 0.2 sec (an explicit
consideration of kinematic aspects of soil-strugetimteraction is also suggested). Still, Fig.3 $thou
help explain how catering for the effect of varlapiin a systematic rather than a judgmental fashi
is beneficial for structural safety.

NON-ITERATIVE DIRECT DESIGN FORMULATION

The iterative formulation of Eq.(13) can be simplf for use with design codes if the hazard is
described by a design spectrum and the local stégbe hazard curve. This is exactly the case of
EN1998 (CEN 2004) for Europe, whereka= 3 is generally suggested, while US codes caa tak
advantage of hazard data provided by USGS to aehile same goal. To remove the need to iterate
due to the dependencetandpy on period, its influence is introduced explicitifo Eq.(13). In this
formulation, the relevant design spectral accdlamat,,, for a given performance objective depends
on the portion of the spectrum where the solutesides. Several distinct regions, typically reféne

as constant acceleration, constant velocity, antstaat displacement, are present in the range of
period (approximately 0.2 to 2.5 sec) that is ustfumany practical engineering applications. Each
region can be represented using the general form
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sao(T)=sm(%]', Te[TT,] (15)

where T, is a constant with units of sec and= 0, 1, 2 for the constant acceleration, veloeibd
displacement parts of the spectrum, respectivielandT, (also having units of sec) define the extent
of each segment of the spectrum along the periggl &ote that for conservativeness in the long
period range, some codes mandate a miningimegardless of period, thus introducing a final
constant acceleration region at periods above taindong-period threshold, typically higher than 4
sec. This also implies= 0 above, albeit with a much decreasBg.’.

Starting from Eq.(13), we assume a relatively camis{period independent) value tors,q and
k; in each spectral segment. By introducing Eq.(i&placingT by its equivalent from Eq.(10), and

solving forC,, we obtain:
1
S T kl 1+05r
C — amax C 16
Y gu® [27: \/ QJ 2b? ﬁ”’} (16)

For convenience with units, Eq.(16) contains twetdances ofg. In the first instanceSyx iS
normalized byg—whereS, . is already expressed in unitsgyfthen this instance af should be set to
1. In the second instanceg,is required in the square root to reconcile thisuof 5, and T. If the
former is in meters, thig is 9.81 m/& The general forms of Eq. (16) can now be spemadllfor the
three spectral regions. Setting O for the constant acceleration region we get

Ky
C, = 17
y g/ulilL:: 2b2 ﬂTG ( )
A rough estimate ob andfy, in the constant acceleration region is givenbby 1.2 andfr = 0.5,

assuming that 0.2 ¥ < 0.5 sec anqun > 2. Foruin< 1 the oscillator behaves elastically, therefore

equals 1.0 and a lowgr, should be adopted instead. For the constant wglgegion,r = 1, thus

T Y
C, = (Samax ) 272') g5yﬂ||m eXF{kl ﬂw] (18)

where b= 1 for moderate to long periods afg ~ 0.45.
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elastoplastic SDOF systems by adapting the exjressif Ruiz-Garcia and Miranda (2007).



Numerical results obtained with the above equatimeed to be validated by checking that the
corresponding period from Eq.(10) is within theipérlimits of the corresponding spectral region.
Due to the constant (and discontinuobsgnd g,y assumptions involved, it is possible that for some
values ofd, andum, valid solutions forC, may be obtained in both the constant acceleraiiuh
constant velocity regions. In such cases, it igsaivto select the constant velocity solution fmmer
periodsT, > 0.5 sec and the constant acceleration solutioaratke, simply by virtue of where the
correspondingd and fyg assumptions are most accurate. Alternatively, @y simply use more
accurate estimates bfandfr, that may be derived, for example, from the work/amvatsikos and
Cornell (2006) or Ruiz-Garcia and Miranda (2008)shown in Fig.4 for the latter.

For the constant displacement region, Eq.(16) dabeosolved for a uniqu€,. Rather, it
becomes an identity, for which all feasililg¢s (or systems) in this region are acceptable. Ttoadl
elastic oscillators in this region have the samecspl displacement; due to the equal displacement
“rule” (enforced byb = 1), oscillators of varied strengths having aegiyield displacement have the
same peak displacement, and thus the same dudgimand. Mathematically acceptable solutions can
be obtained for each period, although realistiatamhs may be constrained to certain ranges obgeri
or yield displacement. But even the mathematichlt®ms represent ideal conditions—in reality the
spectrum never truly conforms to the= 2 shape, nor is the value lofequal to exactly 1 for any
structure, regardless of period, in this spectglan. Thus, using the actual uniform hazard spectr
together with accurate estimates lhoandfy, via Eq.(13), will tend to constrain the appearaoicthis
issue ofC, indeterminacy to a small part of the long-peripgcrum. Practically speaking, one can
always choose to be conservative by selecting, ghat would appear by extending the constant-
velocity region into the constant displacement earggsentially assuming= 1 rather than the value
of 2.0, as illustrated in Fig.5 for an EN1998-comifla spectrum. Alternatively, one may consider
using Eq. (16) witlr = 1.5 or 1.8 as a better approximation. Either vame would rarely expect to

encounter such flexible systems in most realigifgiaations.
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Figure 5. Approximat€, seismic coefficient estimates using Eq.(17) and18) for a EN1998 design
spectrum: soil type CT{= 0.6sec), peak ground acceleratigrr 0.24g and seismic hazard sldge= 3. Distinct
“elbows” indicate where the constant-velocity ramgentered, while the X’s show where the solutierges

into the constant-displacement range, thus becomtwnservative approximation.

CODE-COMPATIBLE APPLICATION APPROACH

Seismic codes generally prescribe two types oftgaleecks, namely for strength and displacement.
In other words, design is typically concerned witinimum strengths required to assure life safety,
and the provision of sufficient stiffness to av{&) excessive interstory drifts with associated aigen

to non-structural components and (b) the risk dfapse from P-Delta effects. Towards this end, the
design spectrum defines the seismic intensity |deel the desired mean annual frequency of



D.Vamvatsikos and M.A.Aschheim 9

exceedance. Design forces are obtained by redtizsgcceleration by a strength reduction fad®r,

or behavior factorg, to account for inherent ductility and overstréngt the seismic force-resisting
system. This generic framework can be appliedttinfo the performance-based approach that has
been developed so far. The goal is to be ableriveda preliminary desig, value that is consistent
with code objectives.

When performing Strength Limitation (SL) checkinpe portion of the reduction factor
attributed to ductility Ry) can be taken as the ductility limif,, in a performance-based design
context. Any part relating to overstrengi) (can be applied at a later stage to reduce thairezh
base shear strength. ThusRiE Q x Ry, we may sefyims. = Ry and estimate the value Gfg using
Eq.(17) and Eq.(18). Obviously, the valueS¥a should correspond to the elastic spectrum, i@., n
divided byR (or q).

Interstory drift limits provided in building codemnsure that a minimum lateral stiffness is
provided. Displacement Limitation (DL) checks amxfprmed either for explicitly reduced intensity
levels corresponding to a higher MAF, as in theeaaisSEN1998 (CEN 2004) or at the same intensity
(and MAF) as SL checks, this being the case of ASEE7/10 (2010). This distinction becomes
important when deciding on the slope of the hazamde to adopt. Typically, lower intensities are
associated with a lowdsq value, due to the monotonically decreasing con¢aegative curvature)
shape of realistic hazard curves in log-log spdbteis an optimal application of EN1998 should take
that into account. Of course, unless site-speh#izard information is available, the point is mute.

When the interstory drift threshold is setfat, the corresponding limit on roof drift (or roof
drift ratio) can be estimated if the drift profi@er the height is known. If the drift profile isknown,
an estimate of the coefficient of distortion (COQBy be used. For a maximum interstory drifogf,
the COD is defined by Moehle (1992) as COB,z/(d,/H). The COD can derived relatively easily
for structures whose drift profiles are dominatedtlbe first mode by inspection of the first-mode
shape, considering a “flexural” or “shear” modedafformation, or a combination thereof (Miranda
1999). For systems in which higher mode effectgrdmute significantly to interstory drifts, a valoé
COD can be estimated on the basis of prior dynamadyses. Having COD available, the equivalent
SDOF ductility limit corresponding to DL is:

_ lim __ glimH

HiimpL 6, T5,C0D (19)
whereH is the height of the structure ahdhe appropriate first-mode participation factoypitally,
one would expect thainpo. Will not be much different from 1.0. Actually, féne higher DL checking
intensity of ASCE/SEI 7/10 we expegln. somewhat higher than 1.0, while for the more fesqu
low intensities mandated by EN1998 for DL, the apfowould typically be observed.

To estimateC,p, Eq.(17) and Eq.(18) can be used by employingaipopriate value foBmax.
For ASCE/SEI 7/10 this is the same as the SL vadloiée for EN1998 it is multiplied by a factor of
0.4 — 0.5 depending on the importance class obtiiding. Additionallyb = 1 by definition, whilgyq
may be set to zero, even though for tall structuramay attain higher values due 8(T;) not
capturing the variability of higher modes. Aleatmariability for capacity and epistemic uncertainty
contributions for both demand and capacity maynb@duced via thg,., andBuad, fuec terms.

When different intensity levels, and thus valueg;pfire involved for DL and SL checking, it is
not clear at the outset which check will contra ttesign. For a given yield displacement, streirgth
excess of that required to satisfy the limit staik result in greater stiffness and lower ducgilaind
drift demands. Thus, having determined the requiaddes of yield strength coefficient for the two
checks, the larger of the two yield strengths esstinat the structure will satisfy both performance
objectives, at this preliminary design sta@g.x = maxCyo., Cyg). In order to perform the actual
design itself, one may now uSk.., to define the level of lateral loads. If applyiagode-like design
process, the overstrength should be used to reduce the estimagg,; alternatively, a collapse
mechanism analysis may be used for design The lziesids that the strength obtained in a nonlinear
static pushover analysis should equal,.«W, wherea, is the modal mass ratio participating in the
first mode. Thus, a traditional force-based degigitess may be used whe#€,.,/Q plays a similar
role as theS/R or S/q in establishing the design base shear streMjtiihus, the Equivalent Lateral



Force method (an equivalent linear static analysm)Id useV = a;-CyreWQ. For Modal Response
Spectrum Analysis, the entire design spectrum wheldcaled ta,-Cyna gL at the corresponding
period T of Eq.(10). ThusC,mx Can be used in the context of a design procegsetigineers are
already familiar with.

If the estimate of yield displacement used in theliminary design is inaccurate, the
fundamental period of the resulting desig@n, will differ from that determined using Eq.(10)m8ll
differences would not be considered a sufficiemsom to modify the loading. However, should a
significant difference emerge, the process candpeated with an improved estimate of the yield
displacement, given by

T 2
5y = (;J Cymaxg * (20)

The design process described above makes use afmaen of approximations that allow
uncertainty to be explicitly considered in prelimip design. Consequently, the resulting design may
not precisely satisfy the intended performance aibjes, although it is likely to be much closerrtha
the result of a traditional design process. Ifcstidherence to the specified drift or ductility
performance limits is needed, or values of othePE[Rre required, a complete performance-based
assessment of the final design should be doneagtipal methodology for assessment is described in
GCR-10-917-9 (NIST 2010).

EXAMPLE

To illustrate the methodology, the basic seismisigte parameters are determined for a 4-story steel
special moment-resistant frame using the provisiohsEN1998. The building is of moderate
importance (Importance Class Ill) and is foundedSo Type C (shear wave velocity in top 30m of
Vg0 = 180 — 360m/s), with a spectrum anchored at & gezund acceleration @ = 0.30g. Each story
has a height of 3.6 m, for a total height= 14.4 m. Columns are spaced at 9 m on center. The
smoothed design response spectra is defined bpdsenf T, = 0.2 s, T, = 0.6 s andly = 2 s
(recommended in EN1998 for a high-seismicity Typeapkctra), where the constant acceleration
plateau, spanning betwe&p andT,, is followed by a constant velocity region upTg at which the
constant displacement region begins. For Soil T€pdhe maximum plateau acceleratiBg.y is
0.869 for SL and 40% of that for DL (a 60% reductior Importance Class 3).

The DL check is considered first. For ductile ntmistural components, the interstory drift
limit is 6;m = 0.75%, which should be satisfied under a quiasiesequivalent lateral force distribution
(neglecting higher mode contributions). For a mediductility class, the maximum allowable
behavior factor is 4.0 to also serve as the limgitiuctility for SL. According to Aschheim (2002), a
simple estimate of the yield roof drift of a regusteel moment resisting frame is

g ~Zf_h 2t 1)
»~ 6| d_COF d_

whereg, is the yield strain of stedh the story height. the beam spar€COF the column overstrength
factor andd.,, dom the column and beam depths, respectively. For S8&#, the characteristic yield
strength is 355MPa and the average about 20% hi§jred26MPa. Thers, = 0.20%,h = 3.6 mL =

9 m, COF = 1.3dy = 0.6 m,dy, = 0.70 m, and the estimated yield roof driftjs= 1.03%. Thus, the
limiting ductility is wimp = 0.75/1.03 = 0.73. For @OD of 1.5 (as suggested by Moehle 1992 for
regular low-rise frames), assumihg 1.3, the yield roof displacement of the MDOF staue is

o0,H
= = 076m (22)
'COD
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Table 1 summarizes all the parameter values tsed for design.

Design for the strength limitation is now considkr&ince the code suggested period falls
within the constant velocity region for Soil Type We begin in this region. The logarithmic slope of
the IM-EDP relationship ib = 1 (equal displacement range) while the loganthdispersion g,y =
0.37, using Fig.3 for a period in the middle of tomstant velocity range. The total dispersion is

,BTe :\/ﬁﬂzd +:392c+ﬁuzad +ﬁu2a: =051

resulting in a yield strength coefficient and cepending period of

st 1Y g
C,. =|—amx._c expk, £2 |= 012
()

S
T, =27 |—X— = 1665
a9

Since this period is within the limits of the ccarst velocity region, the solution is considereddzal
The process is even simpler for DL,las 1 andBy = 0 in the elastic range. Correspondingly,
Sro=0.26 and thus:

s oTY g
Cp =| .o expk, £, |= 031
yDL ( 9 ZHJ 5y/uli2erS d 1:8T9]

S
T, =27 |— = 09%

yDL g

which is within the constant velocity region, whéhese equations are valid. As expected for flexibl
steel frames, the Displacement Limitation checkegos and the required seismic coefficient)g., =
0.31. Adjusting for overstrengt > 1 would proportionally reduce the design bassash

Results determined above correspond to a meanagstiof the MAF of exceeding the limit-
state. A confidence level higher than that assediatith the mean may be desired. For example,
considering the potential consequences of violating performance limits, we may seek a 90%
confidence level for the SL and a 75% confidenaelléor the DL. Although not presented herein,
this is easily accommodated within the proposedaagh.

Table 1. Design criteria for the example of EN19®8Strength and Displacement Limitations checking
(ultimate limit-state and damage-limitation statdEiN1998 terminology). Note th&t is not needed but it is
listed for completeness.

Parameter Notation SL DL
Probability of exceedance or MAF P 10%/50yrs 10%/10yrs
Seismic hazard slope ky 3.00 2.50
Limiting ductility value Him 4.00 0.73
Demand dispersions Bods Puods 0.37,0.20 0.10, 0.15
Capacity dispersions Boc, Pusc 0.20 0.15
Constant spectral acceleration ordinate Simex 0.86g 0.34g

CONCLUSIONS

A method is presented to establish parameters ffelinpnary seismic design. Multiple seismic
performance levels can be addressed, and modelisteraic and aleatory uncertainties can be
considered with only basic hazard information. Pheliminary design can be established with very



few or no iterations as the design method recognile stability of the yield displacement, while
addressing limits on system ductility and drift sistent with current code requirements. Evaluation
the first mode period establishes whether the de&igse shear coefficient should be revised.
Performance of the preliminary design can thenuantified using nonlinear dynamic analyses.
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