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Abstract: This paper presents a formal probabilistic framework for seismic design and assessment of structures and its application tc
steel moment-resisting frame buildings. This is the probabilistic basis for the 2000 SAC Federal Emergency Management Agency
(FEMA) steel moment frame guidelines. The framework is based on realizing a performance objective expressed as the probability of
exceeding a specified performance level. Performance levels are quantified as expressions relating generic structural variables “deman
and “capacity” that are described by nonlinear, dynamic displacements of the structure. Common probabilistic analysis tools are used tc
convolve both the randomness and uncertainty characteristics of ground motion intensity, structural “demand,” and structural system
“capacity” in order to derive an expression for the probability of achieving the specified performance level. Stemming from this
probabilistic framework, a safety-checking format of the conventional “load and resistance factor” kind is developed with load and
resistance terms being replaced by the more generic terms “demand” and “capacity,” respectively. This framework also allows for a
format based on quantitative confidence statements regarding the likelihood of the performance objective being met. This format has bee
adopted in the SAC/FEMA guidelines.
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Introduction 1994, the probabilistic analysis separately characterizes both the
randomness and the uncertainty in demand and capacity. Based

This paper presents the formal probabilistic basis behind the newon these assessments the engineer is provided in these guidelines
performance-based seismic design and assessment guidelines fatith a confidence statement with respect to the likelihood of un-
steel moment frame buildings prepared by the SAC Federal acceptable behavior. A more detailed presentation of this and
Emergency Management Agenc{FEMA) program (FEMA other such frameworks is provided by Jalayer and Coii€i98,
2000. The reader is referred to the companion pajpen et al. 2002.
2002 for a general background, for a description of how the
multiple demand and capacity factors in these guidelines appear
to the typical user, and for the default numerical values assignedBasic Approach: Probability Assessment
to various coefficients in the implementation for FEMA. Formulation

The framework rests on an explicitly nonlinear, dynamic,
displacement-based representation of the seismic behavior ofThe objective is to show how the demand and capacity fagtors
structures. In practical operations the format is, however, of the andd, as well as\, the confidence factor in the SAC Guidelines,
conventional “load and resistance factor” kind, with the more have been derived by elementary probability theory from repre-
generic terms “demand” and “capacity” replacing the force- sentations of the three random elements of the problem. These
based terms “load” and “resistance.” Consistent with modern €lements begin with the ground motion intensity, characterized

seismic assessment procedures in the nuclear comm(D@E here by the level of the spectral acceleratiynat approximately
the first natural period of the structure, and 5% or higher damping

(Shome et al. 1998(See the Appendix, where, in order to clarify
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exceed levels,. This is provided by earth scientists on a site- drift level itself (see the Appendix permitting this term to be
specific or mapped regional basis. The prediction of the drift de- simplified as below. The continuous form is

mand given any particular level of ground motion and the estima-

tion of the capaC|t|es_ of various “failure modes” are the purview PPL:J P[C=d]|dHp(d)] 4)
of the structural engineer. The developments here focus on these

two elements and specifically on their probabilistic representa- The second factofdHp(d)| is defined as above for the ground

tions. Finally, it must be recognized that all such probabilistic yion hazard curve: as the absolute value of the differential of
predictions and representations are uncertain estimates; explicitthe drift demand hazard curve.

quantification and analysis of these uncertainties will be ad-
dressed subsequently.

The goal is to provide criteria based on desired performance . . .
objectives which are defined as specified probabilities of exceed-Basic Approach: Probability Assessment in Closed
ing the performance level, such as the collapse-prevention dam- orm
age statdYun et al. 2002 and life safety damage state. To do so o ]
one must fold together the probabilistic representations of the In Principle, Egs.(2) and(4) can be solved numerically for any
three elements above. In keeping with the general design ap_assumonns about the form of the probabilistic rep_resentatlons_ of
proach of separately considering demand and capacity, compari-the three elements. .In order to convert the conc!usmns to practical
son at the displacement or drift leveind not, for example, atthe ~demand and capacity factors, however, these integrals should be
ground motion level; see the Appenglixhis folding together is tracftable. This objective |s.ach|eved by three analytlcql approxi-
done in two steps. The first step couples the first two basic ele- mations of the repr_esentatlons. These are shown in Fig. 1. _Flrst,
mentsS, hazard and drift deman@ersus or conditional 08,), assume that the sng hqzard curve can be approxmate_d in the
to produce astructure-specificdrift hazard curveHp(d). This region aroun(fF’Lsa, i.e., in the range of values in the region of
curve provides the annual probabilitpr strictly speaking the hazard levels in the proximity of the limit state probabilRy, ,
mean annual frequentythat the drift demand exceeds any Dy the form
specified valued. The second step combines this curve with the _ P
third element, the drift capacity representation, to prodBgg, H(Sa) = P[S2=Sa]=kos, ©)
the (annua) probability of the performance level not being met implying that the hazard curve is linear on a log-log plot in the
(e.g., the annual probability of collapse or the annual probability region of interest, i.e., where the contribution to the total prob-

of exceeding the life safety level o ability integral is greatest. Typical values of the important log-log
Using the total probability theorerBenjamim and Cornell  sjopek are 1-4(Kennedy and Short 1994; Yun and Foutch 2000
1970, Hp(d) becomes, in discrete form It tends to be largefsteeperfor western U.S. sites and for shorter
periods.
Hp(d)= P[DBd]i%(_ P[D=d|S;=xiIP[S;=x] (1) Looking more closely at the two structure-related elements—

drift demand and spectral acceleration—assume that, given the
To facilitate the computations, the probability of interest has been |evel of S,, the predictedi.e., the conditional mediardrift de-
expanded by conditioning on all possible levels of the ground ,.5ndD can be represented approximatéhgain in the region

motion, as can be seen in Ed). around®rLs, , at leasy by the form
The second factor within the sum, the likelihood of a given

level of spectral acceleratioR[ S,=x], can easily be obtained D=a(s,)P (6)

from the standard hazard cunk(s,). In the first factorP[D

=>d|S,=x], one sees what the structural response analysis mustAn example based on a regression analysis of nonlinear dynamic
be responsible for providing: the likelihood that the drift exceeds results is shown in Fig. 1. In order to complete this probabilistic
d given that the value 08, is known. This factor is picked up ~ representation of drift gives,, assume, as experience suggests

again below. (e.g., Shome and Cornell 199%hat drift demands are distributed
In continuous, integral form Ed1) is lognormally about the median with the standard deviation of the
natural logarithmpps . We shall refer to this measure as “dis-
HD(d):j P[D=d|S,=x]|dH(x)| (2) persion.” This SAC/FEMA use of the symb@ for dispersion
follows the tradition of the nuclear industry where the early roots

in which the notationdH(x)| means the absolute value of the of some of these developments lie. It is unfortunate that it may be
derivative of the site’s spectral acceleration hazard curve timesconfused with the “safety index” of the first-order second-
dx, i.e., loosely the likelihood thaB,=x. (The absolute value is moment (FOSM) method, the first-order reliability method

needed only because the derivative is negative. (FORM), and even the AISC LRFD CommentafISC 1994.
Using the total probability theorem agaiy, itself becomes  The notationBps, emphasizes that this is tigecord-to-recory
(in discrete form dispersion for driftD at agiven S level. (Note: for moderate

levels, e.g., less than 0.3, the dispersion as defined here and the
Pp=P[C=<D]=>, P[C=D|D=d;]P[D=d;] (3) coefficient of variation are about equal numerically.

alld; There are several practical ways to estimate the three param-
The second factor, the likelihood of a given displacement demandetersa, b, andBps . The most direct, in principle, is to conduct
level PID=d], can be determined from the drift hazard curve a number of nonlinear analyses and then conduct a regression
derived in Eq.(2). The first factor, the likelihood that the drift  analysis of IrD on InS, (focusing on runs in the range Bfts,).
capacity is less than a specified valdgiven that the drift de- One may also use incremental dynamic analyeso and Cor-
mand equals that valu®[C<D|D=d], can to a first approxi- nell 1998; Vamvatsikos and Cornell 200But still simpler op-
mation be assumed to be independent of the information about thetions are available, as adopted by SAC/FEMA. Experience to date
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Fig. 1. Basic components: spectral acceleration hat(s), lognormal(LN) distribution of drift demand given S, characterized by and
Bols,: lognormal(LN) distribution of capacity variabl€ characterized b{C and Bc . Dynamic response data points are for SAC three-story
building (Luco and Cornell 1998

(e.g., Luco and Cornell 1998, 2008uggests thai=1 may be an namic response. This implies that even ground motion intensity
effective default value for moment framésee the Appendix levels less tharsg may cause driftd or more. All possibilities
This assumption is consistent, for example, with the “equal dis- have been included via the integral in E8).

placement rule,” which suggests that, for moderate-period struc-  The drift capacityC, i.e., the drift level at which the perfor-
tures without major strength degradation, inelastic displacementsmance level will be exceede@.g., collapse will occyr is as-
may be approximately equal to linear ones. The coeffi@etdn  symed to have a median val@and to be lognormally distrib-
be estimated by simple, conventional methfoisrhaps with bias  yted with dispersiong.. Estimation of these parameters is
correction factors, as in FEMA&000] or by nonlinear time his-  described by Yun and Foutq®000 and Yun et al(2002. With
tory analyses. In the latter case, for accuracy in what follows, note thjs assumption the first factor in E(f) is

that it is necessary only that the leading coefficizbe estimated .

from records withS, levels neaf®Ls, . In fact we shall see below P[C=d]=®(In[d/C]/Bc) (10)

that_ r_ecords scaled to a particular common valuespfwill be Substituting and carrying out the integration one finds fhis
sufficient. Values ofBD‘Sa are reported to be 0.3 or mofe.g., mary result

Luco and Cornell 2000; Yun and Foutch 2000

. 2
With Eq. (6) and the lognormality assumption it follows that P. =H(sS)e 41"_ 2 42 11
the first factor in Eq(2) is pL=H(s3)exn 5 2 (Bpjs,*Bo) 11)
P[D=d|S,=x]=1-®(In[d/ax"]/Bpys) ) in which we have introducesE as the spectral acceleration “cor-

in which ® =widely tabulated “standardized” Gaussian distribu- responding to” the median drift capacity

tion function. Using this result and E¢b), Eq. (2) for the drift Sé:(é/a)llb (12)
a

hazard curve becomes, upon integration
In words, this is the level 0§, that one “anticipates” will cause

8) a drift demand equal to the median drift capaétyit is found by
simply substitutingC for D in Eq. (6) and solving forS,. (It

in"vvhich sﬁj is defined as .the sp(_actral acceleration “corresponding gnould be noted tha:& is not, however, strictly the median value

to” the drift level d, that is, the inverse of Ed6) of S, given displacemerﬁ?.) Eq. (12) implies that, if there were

s':’=(d/a)1’b 9) no other dispersiofi.e., if the twoB’s were zerg, Pp_ would be
found simply by substituting this “obvious” spectral acceleration

d 1k 2
Hp(d)=P[D=d]=H(s))exn 5 1z BDs,

Eq. (8) can be used to find the annual likelihood of exceeding any
specified displacement demand recognizing that the dynamic be-valuesg into the hazard curve. The chains of steps getting feom
havior may be highly nonlinear and that for any specific ground to H(sa) are shown in Fig. 1. The effect of dispersion is to in-
motion there will typically be large variabilityﬂmsa) in the dy- crease thePp, by the exponential “correction factor” exfil/2)
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X(k*/b?) (Bpys,+ B2)]. Itis so called because it corrects for the Way of a conventional “load-and-resistance-fact¢tRFD) for-
“total” additional randomness, both that in drifgiven ground mat. ThIS formz?\t is, hov_ve_ver, now for e_pr|C|tIy nonlinear and
motion intensity and that in capacity, and because the value for dynamic behavior, and it is based on displacements rather than
this “correction factor” is typically between 1.5 and 3, which is forces. Not_e that each factor, capau_ty an(_j dem_égmlen Sa).
small relative to the randomness in the hazbirdNote that the ~ depends directly on the corresponding dispersion measure. |t
exponent in the correction factor increases as the square of the ne?hOUIOl _be rt_e(_:alled, howeve_r, t_hat there wiree ranglom_ ele- .
dispersion BZD\S +B2) multiplied by the ratick/b. This ratio is a ments identified at the beginning, the ground motion intensity
a

o o . , dri D, if ityC. Th
“sensitivity factor;” a factorx change in drift leads to a change in measureS,, drift demandD, and drift capacityC. The ground

b S o e motion randomness enters the demand fagttinrough the fact
S, by a factor of«”, which in turn implies a change af’® in the that the median drift in Eq(13) is conditional on the ground

probability. motion intensity(i.e., spectral acceleratiptevel associated with

the probability of exceedand®,. The effects of randomness in
Basic Approach: Practical Format for Safety all three elements have been coupled together. Note, for example,
Checking that even the capacity factdr contains the sensitivity factdw/b,

because, as explained above, this ratio reflects the sensitivity of
To transform this resulfEq. (11)] into a convenient, more con-  probability to a change in drift, either demand or capacity. As an
ventional checking format, one sets tRg, equal to the perfor-  aside, those familiar with FOSM or FORM probabilistic bases for
mance objectivé®, e.g., 1/2,500 per yedor 2% in 50 years and current static LRFD formats, e.g., AIS@994, will appreciate

rearrangegmaking use of Eq(5)], yielding that one can also interpret the exponents in the capacity and de-
1k R 1k R mand factors as the product of the corresponding dispefsamd
[exp{ ~%b Bé ]Cz[exp{z o Bzo\sa ] DPo a factork-B/b=p/(b/k) that reflects theelative (probabilistig
importance of this variable. The factor roughly represents the
or ratio of the dispersion of the capacity to that of the intenSity

as measured by R/ the “flatness” of the hazard curve. Again, the
b parameter enters to reflect the power form of the drift ve&us
in which D Po=median drift demand under a given ground motion relationship.

of intensity Pos,, which in turn is defined as ths, level with

annual probabilityP, of being exceeded, i.eQPo=a("os,)?. We Preliminary Practical Conclusion
shall discuss the capacity and demand factbrand y below.

$C=yDPo (13)

Eq. (13) implies the following three steps to confirm, in practice,

Several observations about BQ.1) are in order. Note that, if whether an existing building or a design of a new building meets
there were no dispersion in capacity and dfgtven S,), then the performance objectiv®,. One (1) finds from the hazard

DPo itself would be the drift demand with an annual probability curve the ground motion with the corresponding inten&its, ,

P, of being exceeded. Because these two sources of randomnes . . . A .
(dispersion are not zero, however, the annual probability of ex- (SZ) determines themedian) drift demandD for this 5,, and(3)

ceedingDPs is in fact greater tha®, , which is in turn why the compares the factore@nedian capacityC against the factored

capacityC must exceed o to ensure a probability as low &, . D. But to be complete one needs an additional consideration,
Note, too, that it is merely a happy “coincidence” of the math- uncertainty.

ematics(but sometimes misleading to first readetisat by this
scheme one can establish this demand I&/&l by using records
with justone S intensity level, and, furthermore, that the appro-
priate level is just that associated with the performance objective Because scientific and professional information will always be
P, . (One uses records of this intensity in order to establish the |imited, the representations above of the three elements can only
median demandPo, which is, recall, the median demagien be estimates. Hence the predictions based on them, s} &s
ground motion intensityes, .) But this fortunate outcome of the  Eq. (11), are also only estimates. Because this estimation uncer-
mathematics doesot imply that one is just “designing for the  tainty can never be completely eliminated the best strategy is to
earthquake with probability,” or just for the ground motion quantify it and to allow for it in the performance objective assess-
level PrLs, . Rather, the whole range of possible levelsSpthas ment. The approach to be followed (%) to introduce represen-
been considered in the integration of Eg), including records tations of this so-called “epistemic” uncertaintgs distinct from

Uncertainty Treatment: Probability Assessment

with intensity levels both lower and higher th&ats,, all of the “aleatory” randomness captured abpwe each of the three
which are weighted by their relative likelihoods of being felt at elements(2) to deduce from them the implied uncertainty repre-
the site. sentation ofPp, and then(3) to reflect this result in the perfor-

In the second line of Eq13), the exponential forms have been mance objective checking format. The uncertainty representations
replaced by adrift) capacity reduction factodh and a demand  and the analysis will again use elementary probability, but there is

factor+y, which are defined and calculated simply as a type of double bookkeeping that must go on and with a resultant
1k notational complexity.
= S — Y 14 As above the uncertainty in the ground motion hazard curve
¢ €ex 2 bBC ( ) . . . P
need not be dealt with in detail here because it is common proba-

1k bilistic seismic hazard analysi®SHA) practice to represent the
y=ex;{— —B%‘S (15) uncertainty in the inputs and thence in the resulting hazard curve.
2 bFols, S . . e
The latter is in the form of information such as “confidence
By obtaining these explicit relationships we can ensure that we bands” on the annual probability of exceeding any intensity level
achieve the probabilistic performance objective, but we do so by S,=s,. These indicators include the 50% confidence Idweel
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median estimate K,)] and other upper confidence band levels Uncertainty Treatment: Practical Formats
(e.g., the 84%, the 95%, etdrom which one can deduce a dis-

persionBy and amean estimate_(-!sa). It is customary, for ex-

ample, to plot botH andH hazards curves, the latter exceeding
the former by exf(1/2)BZ]. As above, it is sufficient here to namely, the drift capacity and the drift demafgiven the ground
assume_thaﬁH is constant in the region of in_tergst,_i.e._, around | ovion leve). Subsequent analyses will bear Bg, and its un-
Pos,. It is assumed too that the lognormal distribution is an ad- certainty, strictly speakingiven the mean hazard curvi other

In the development of the followingtructural checking proce-
dure, a decision was made by the SAC/FEMA project to focus on
the uncertainty in the two structural elements of the problem,

equate representation of this uncertainty. words, the uncertainty in the hazard will be presumed to have
To represent the uncertainty in the drift demand representation,peen dealt with as per the second version of @6) above, i.e.,

it is assumed thaa in Eq. (6) is a (lognormally distributeg un- by using themeanestimate of the hazard curve, which reflects

certain quantity with median estimageand dispersiorB, . The directly the uncertainty,, . Consequently, confidence statements

implication is that(always givenS,=s,) the median driftD is made below should strictly speaking be preceded by the phrase

uncertain with mediari‘best”) estimatea(s,)” and(uncertainty “given the mean hazard curve,” but further reference to this con-

dispersionBp=p,. For future notational simplicity we shall  dition will be suppressed for simplicity.

typically useD both for the(uncertain median and for this me- Under this condition, the media60% confidenceestimate of

dian estimate of the median. This uncertainty dispersion reflects PeL 1S

the degree of information available to estimétge.g., the accu- . _ - k2

racy of the estimation method, and, in the case of time history PPL_H(Sg)eXF{E 57 (BBrTBER)
analysis, the number of records run to estim@teFor further L . .
notational simplicity and clarity we shall use, as many SAc/ Which is just Eq.(11) using themeanestimate of the hazard
FEMA references doBp for this uncertaintyin (median drift curve. And the epistemic uncertainty By, is measured by the
demand, an@® R for, in contrast, thérecord-to-recordrandom- dispersion

r?essin drift. The latter disper.sion WaS. denoteq)‘sa in. the sec- Bp, = \/(kz/bz)(BZDuJFB%u) (18)

tion above. In order to avoid notational complexity we have

dropped in subsequent sections the reference to the faggghat ~ The implication of these two equations is that one can define any
andBp, are associated with a given level of spectral acceleration particular confidence level estimate B, , call it P5,, by

S,

7

« &

Finally, to represent the uncertainty in drift capacity it is as- PpL=PrLexi KyBp, ] (19)
sumed that the median drift capacity, denotedn the section i which K, = standardized Gaussian variate associated with prob-
above, is(lognormally uncertain with “best estimatetmedian  apjlity x of not being exceeded. For exampig,= 1 is associated
estimat¢ C (or simply again justC) and dispersiorcy; the with an 84% confidence level.

latter uncertainty dispersion is in contrast to randomness in drift ~ Finally, the following safety or performance checking schemes

capacity measured b@cg (Which we now use in place of the can be developed from the information above. The simplest form

notationB used in the section abone results from using the mean estimate of the probabiity as the
Next it must be recognized that performance level probability objective. To do this, substitute the performance objedyen

Pp. is now itself an uncertain quantity because it is a function the second form of E¢(16), and rearrange as done in the section

[Eq. (11)] of the uncertain quantitieBl(s,), D, andC just de- above(when uncertainty was not recognizedbtaining now

scribed. It is a straightforward application of probability theory 1k R
(Jalayer and Cornell 20020 deduce that, because of this uncer- {ex;{ -5 B(B(ZZR+ BZy) ]DP"
tainty, the probabilityPp, is lognormally distributed with param-
eters to be given. For cost-benefit-risk assessments it is useful toor
know themeanvalue (or mean estimajeof Pp,

. 1k,
C={ex EB(BDR+BDU)

$C=~DPo (20)

in which the capacity and demand factors are defined by the ob-
vious two exponential terms. It is sometimes useful to replace the
sum of the two squared dispersions by the “total” squared disper-
(16) sion, e.g.,B2;=B&x+ B2, and similarly for the demand term,
yielding

— .oz 1 1 K2
PpL=H(S§)exp[§Bﬁ Xex;{z F(B%R"‘BZDU"‘B%R"‘B(Z:U)

— - 1k?
=H<s§>exp[§ 52 (Bbr+BBu T BERT BCU)

One can see that the second version of @6) looks much like 1k
Eq. (11) except it is now specified that it is tmeeanestimate of b= ex;{ “5b B%T

the hazard curve into which one must substitfte and now four

dispersion contributions appear, two representing randomness an@nd

two representing uncertainty. The effect of the uncertainty in the 1k
hazard curve has been “captured” by using this mé&ather than v= exp{i b B%T
the mediapestimate. It is a form analogous to this latter equation

(without theb) that serves as the basis for the DOE-1020 seismic A structure or design satisfying the condition ab¢ke. (20)] can
guidelines(DOE 1994; Kennedy and Short 1994hose authors be said to have aneanestimate ofPp, less than or equal to the
have chosen to set the performance objective in terms of the mearperformance objectiv®,. Further, because the mean estimate is
estimate of the probability of the limit state. always larger than the median estimate, it is known that satisfying

(21)

(22)
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the condition in Eq(20) also implies that the confidence is some- the level of the spectral accelerati® at the approximate first

what greater than 50% that the tr@ieut uncertain Pp, is less natural period of the structure, and 5% or higher damping. Sepa-
than the objective. rate probabilistic model&istributiong were used to describe the

To determine the level of confidence associated \aitk par- randomness and uncertainty in the structural demand given the
ticular factored-capacity and factored-demand rat/yD Po, it ground motion level, and the structural capacity. Demand and
can easily be shown by simple rearrangements of the resultscapacity may be defined at the local level or at the system level. A
above that the relationship between this ratio, denatgg common probabilistic toolthe total probability theoremwas

. . used to convolve the probability distributions for demand, capac-
Neor=yDPel$C (23) ity, and ground motion intensity hazard. This provided an analyti-

and the confidence-measuring paramétgiis cal expression for the probability of exceeding the performance

level as the primary product of framework development. Consid-
eration of uncertainty in the probabilistic modeling of demand
and capacity allowed for the definition of confidence statements
for the likelihood performance objective being achieved. The
framework was rearranged into a LRFD-like format with “load”
and “resistance” being replaced by “demand” and “capacity.”
/ Bur (25) One such format, which is adopted by the SAC/FEMA guidelines,

o i . includes an explicit quantification of the confidence level at which
Thus, determining the factored-capacity to factored-demand ratio,q objective has been achieved.

Neon LEQ. (23)] and substituting it in the previous equatifig.

(25)] will produceK,, from which the confidence level follows
from any standard Gaussian table. This approach is used in theA
SAC/FEMA guidelines as aavaluationmethodology(Yun et al.
(2002.

Conversely, if, as SAC/FEMA has chosen for design require-
ments, one wants teetthe criterion that there must be a confi-
dence of at least 90% that the actdalt uncertain probability of
the limit state is less than the objecti®,, then the checking
procedure or format becomes the following: ensure that the ratio

of factored capacity to factored demankl,,,=vyDP/¢C, is
greater than a certain critical valug,, found by substituting the
appropriate value ok, into Eq.(23). For example, for 90% con-
fidenceK, needs to be 1.28, and,,, may need to be 1.3-1.7,
say, depending primariljyEg. (23)] on the level oft, which
measures the “total uncertainty” in capacity and demégiden,
strictly speaking, recall, the mean hazard cirve

This completes only the formal, probabilistic basis of the
SAC/FEMA guidelines. As described by Yun et 82002, the
generic development here has been expanded for clarity in appli-
cation into a larger set of dispersions, suctBagmping@ssociated
with uncertainty in estimating the damping value of the structure,
Biveloag @ssociated with uncertainty in the live load, and

(24)

1k
Acon=exp —KyBur+ 2b BuT
in which B3;=p2,+ B3y is the “total” uncertainty. Solving

Ky=

1k ,
In()\con)+ i B BUT
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Appendix

This Appendix discusses in more detail certain items in the body
of the text. The properties of first-mode spectral acceleration as an
effective scalar measure of ground motion intensity for purposes
of prediction of nonlinear drift demand of steel moment-resisting
frames has been studied by Shome e{E998. It gives rise to
comparatively small dispersion values and relatively srt@h-
ditional) sensitivity to magnitude provided the structure is first-
mode dominated and of moderate perisde Shome and Cornell
(1999 for a discussion of first-mode dominated and/or moderate-
period structurels For other structures, specifically for tall, long-

. . o ) . period structures one must choose the drift estimation method
Brmaterial propeny@SSocCiated with uncertainty in material properties. and/or the recordings used in nonlinear time history analyses with

This leads to the calcylatlon of demand and capacny factansd . some care to ensure unbiased and low-variance estirttiesne
¢ each covering various elements of the entire problem. Their and Cornell 1999

relationship to the general dispersions and factors presented here
should be readily apparent. The practical implementation of this
formal basis has required a major effort.

The possibility of correlation between the randéracord-to-
record variability aspects of drift demand and capacity has re-
ceived comparatively little attention to date. As yet undocumented
studies by Cornell and Jalayer indicate that the correlation be-
Summary tween random drift demand and random capacity is not large. If it
is identified subsequently to be significant, it can be included in
A probabilistic framework was developed for seismic design and the formulation without undue difficultfJalayer and Cornell
assessment of structures and applied to steel moment-resistin@002 as will be seen below. In deliberations for the SAC/FEMA
frame buildings. This framework was based on realizing a perfor- project it was concluded that, in contrast, such correlation was
mance objective, expressed as the probability of exceeding astrong with respect to th@pistemi¢ uncertainty in the estimates
specified performance level for the structure in question. Perfor- of the median globalcollapse drift capacity and of the median
mance levels described the desired level of structural behavior indrift demand at larger ground motion levels where significant
terms of generic structural variables, demand and capacity. De-nonlinear behavior would be involved. In particular, uncertainties
mand and capacity were represented by an explicitly nonlinear, (in log mediang due to nonlinear modeling issues suchRas\
dynamic, and displacement-based structural response, the maxieffects were deemed likely to be effectivelggativelycorrelated.
mum interstory drift ratio. The framework development involved If, for example, the stiffness with respect to large drifts were
introduction of a ground motion intensity measure into the prob- underestimated, then the drift demands would be overestimated
lem. This ground motion intensity measure was characterized byand the drift capacity would be underestimated to comparable
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degrees. The implication is that, conditional on the spectral accel- p,,
eration level, the uncertainty in the critical ratio @hedian de-
mand to(median capacity due to this so-called nonlinear-time- p
history (NTH) uncertainty issue would have totdkquaregl _Pt
dispersion Bfr=Bfp+Bic—2pBupBuc~Bip+3BFc, in PEL
which it has been assumed t&ag~Byp and that the correla- PL
tion coefficientp is —1. In the implementation of SAC/FEMA, Po
therefore, the NTH uncertainty in capacity was simply treated as
if it were three times its assigne@nargina) value (Yun et al. Sa
2002.

As discussed in the text, in the implementation of SAC/FEMA Sp

it was assumed that the powbrin Eq. (6) was approximately

unity. Experience with steel frame drift estimates in the SAC S
project and elsewhere has shown that the nonlinear drifts are typi-
cally approximately equal téor less thanthe drifts of a linear
model under the same records for ground motions up to and even

d
a

PPLsa

annual probability of performance level not being
met;

= median estimate oPp ;

mean estimate oPp ;

x confidence level estimate &, ;

specific value for annual probability of perfor-
mance level not being met;

elastic spectral acceleratigmeasure of ground
motion intensity;

elastic spectral displacemefmeasure of ground
motion intensity;

spectral acceleration “corresponding to” drift de-
mand leveld;

spectral acceleration at a hazard level equal to the
limit state probabilityPp, ;

beyond the 2% in 50 years level of prime interest in the project. . = dispersion measure for drift capacify(standard
At larger motions the effects ofP-A and/or connection- deviation of natural logarithin
degradation cause thenedian of incremental dynamic analyses Ber = dispersion measure for randomness in drift capac-
to “soften,” implying that a local fit to Eq(6) would produceb ity:
>1. T_he use ob>1 would make the values of the demand_and_ Bey = dispersion measure for uncertainty in drift capac-
capacity factors closer to unity. For all these reasons the simpli- ity
fying assumption ob=1 was deemed appropriate. 7 ) ) .
It is also possible to construct a format in which the global Bois, = dispersion measure for drift demadat givens,
stability limit or capacity, as determined from incremental dy- level; o
namic analysegyun et al. 2002, is represented directly in terms DR = dlsper5|_on measure for randomness in drift de-
of the (randon) spectral acceleratio, required to induce the mand(given S,);
structural instability. This random capacity is then “compared”’to  Bpu = dispersion measure for uncertainty in drift demand
the S, demand as represented by the hazard chife&), bypass- (given S,);
ing the need for an explicit incorporation of the drift per se. The By = dispersion measure for hazard;
resulting formatJalayer and Cornell 2002nvolves comparing a Br,, = dispersion measure for uncertainty R, ;
(factored Sa Capacity versus the Va|lfe’Sa associated with the = total uncertainw dispersion measure, measure of
performance objective probability level. This format may have total uncertainty in demangiven S,) and capac-
advantages for the engineer who is conducting an evaluation that ity;
includes finding the global stability by independent analysis v = drift demand factor:
rather than from thg default tables of the SAC/FEMA guidelines. ooy = factored-demand to factored-capacity raficea-
The results are typically comparabiéalayer and Cornell 2092 sure of level of confidence associated with likeli-
Notation Z(r)]gd of performance objective being achieyed
The following symbols are used in this paper: = (drift) capacity reduction factor.
a, b = regression coefficients for linear regression of drift
demandD on intensityS, in logarithmic space;
E: = capgmty vgnable fgr structural demaid References
C = median drift capacity;
D= generlc .dlsplacement-based structural demand AISC. (1994. Manual of steel construction load and resistance factor
variable; desi .
. i . esign 2nd Ed., Chicago.
b= median drift demand; Benjamin, J. R., and Cornell, C. A1970. Probability, statistics, and
DPe = median drift demand under ground motion of in- decision for civil engineersMcGraw-Hill, New York.
tensity F’Osa; DOE. (1994. “Natural phenomena hazards design and evaluation criteria
H(s,) = hazard function of spectral acceleration, annual for Department of Energy facilities. DOE-STD-1020-94Washing-
probability that intensityS, at site will equal or ton, D.C.
exceeds, ; Federal Emergency Management AgendEMA). (2000. “Recom-
F(s,) = median estimate of spectral acceleration hazard: mended seismic design criteria for.new steel mqment-frame build-
— . . ings.” Rep. No. FEMA-350, SAC Joint Ventuwashington, D.C.
H(s,) = mean estlma_te of sp_ectral acceleration hazafo_'? Jalayer, F., and Cornell, A1998. “Development of a probability-based
Hp(d) = hazard function of drift, mean annual probability demand and capacity factor design seismic formattérnal Techni-
that drift demandD exceeds any specific valug cal Memg Dept. of Civil and Environmental Engineering, Stanford
K, = standardized Gaussian variate associated with Univ., Stanford, Calif.
probability x of not being exceeded, Jalayer, F., and Cornell, A(2002. “A technical framework for
ko.k = coefficients for linear regression of hazadds,) probability-based demand and capacity fadlDCFD) seismic for-

on intensityS, in proximity of limit state prob-
ability Py, (region of interestin logarithmic
space;
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