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Abstract: A performance prediction and evaluation procedure based on nonlinear dynamics and reliability theory is prese
features full integration over the three key stochastic models: ground motion hazard curve, nonlinear dynamic displacement dem
displacement capacity. Further, both epistemic and aleatory uncertainties are evaluated and carried through the analysis.
uncertainty analyses are input to the procedure such as period, live load, material properties, damping, analysis procedure, and
of the structure. Two limit states are defined instead of the traditional single state. The procedure provides a simple method for e
the confidence level for satisfying the performance level for a given hazard. The confidence level of a post- and a pre-No
nine-story building for a given hazard level is calculated using the procedure described in the paper. New steel moment frame
are expected to perform much better during major earthquakes than existing buildings designed and built with older technolog
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Introduction

The performance of a building during an earthquake depend
many factors including: the structure’s configuration and prop
tions, its dynamic characteristics, the hysteretic behavior of
elements and joints, the type of nonstructural components
ployed, the quality of the materials and workmanship, adequ
of maintenance, the site conditions, and the intensity and dyna
characteristics of the earthquake ground motion experien
Consequently, seismic performance prediction for buildings,
ther as part of a design or evaluation, should consider, ei
explicitly or implicitly, all of these factors.

Prediction of seismic response of structure is complex, due
only to the large number of factors that affect performance
also the basic complexity of the physical behavior. In additi
due to impreciseness in our ability to accurately model the ph
cal behavior, as well as inherent lack of knowledge in the pre
definition of the structure’s characteristics and inherent variab
in the nature of future ground shaking, estimation of seismic p
formance inherently entails significant uncertainty. Clearly
characteristics of future earthquakes can only be approxim
leading to very large uncertainties in the structural deman
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Structural properties may differ from those intended or assum
by the designer, or may change substantially during the ea
quake~e.g., local fracture of connections!. Analysis methods may
not accurately capture the actual behavior due to necessary
plifications and approximations in the analysis procedure~linear
versus nonlinear for instance! and modeling of the structure. Ou
knowledge of the behavior of structures during earthquakes is
complete which introduces other uncertainties. Conseque
seismic performance prediction must consider the inherent un
tainties and randomness in the process.

These inherent uncertainties in prediction of probable fut
loading and response are not unique to seismic behavior
many of these issues are covered to a greater or lesser exte
current codes through the use of load and resistance factors. H
ever, in the case of seismic loading, there has not until rece
been any systematic evaluation of the inherent uncertainty
variability and consequently, provision of adequate design ma
has largely been judgmental, based on adjustment of various
sign parameters following observation of unsatisfactory per
mance in earthquakes. In responding to the problems in steel
ment frame buildings after the Northridge earthquakes the Fed
Emergency Management Agency/Strategic Air Comma
~FEMA/SAC! program to reduce earthquake hazards in mome
resisting steel frames~SAC Project! has attempted to develop
comprehensive understanding of the capacity of various mom
resisting framing configurations, connections, and the demand
the frames and components. To achieve satisfactory building
formance through design or to evaluate an existing building,
needs to reconcile expected seismic demands with acceptable
formance levels while recognizing the uncertainties involved.

A reliability-based, performance-oriented approach has b
adopted by the SAC project for design and evaluation. This
proach was taken in order to explicitly account for uncertaint
and randomness in seismic demand and capacities in a cons
manner and to satisfy with defined reliability identifiable perfo
mance objectives corresponding to various occupancies, dam
states, and seismic hazards.
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Structural failures observed after the 1994 Northridge a
1995 Kobe earthquakes have exposed the weakness of the p
lent design and construction procedures for steel moment fra
and shown the need for new approaches for evaluation of buil
performance and design. A central issue is proper treatment
incorporation of the large uncertainty inherent in defining seism
demands and building resistance in the evaluation and design
cess. The state of the art of statistical and reliability methods
can be used for this purpose has been reviewed, and several
cal issues directly related to the mission of the SAC project h
been discussed in the report ‘‘Critical Issues in Developing a S
tistical Framework for Evaluation and Design’’~Wen and Foutch
1997!. Based on the review, a statistical and reliability-bas
framework for the purpose of comparing and evaluating pred
tive models for structural performance evaluation and design
developed. This was further advanced by Hamburger~1996!; Ja-
layer and Cornell~unpublished 1998, 2000!. From this basis, the
demand and resistance factor approach described below has
adopted by the SAC project and incorporated into recommen
design criteria published by FEMA~SAC 2000a, b, c! as a pos-
sible basis for future code provisions. Technical details and ju
fications of the proposed framework can be found in papers
Luco and Cornell~1998!; Hamburger et al.~2000!; and Cornell
et al. ~2001!.

Performance Levels and Objectives

Consistent with the FEMA-302 ‘‘1997 Edition: NEHRP recom
mended provisions for seismic regulation for new buildings a
other structures’’ @Building Seismic Safety Council~BSSC
1998a!# and the FEMA-273 NEHRP guidelines for seismic reh
bilitation of buildings~BSSC 1997!, two performance levels ar
considered. These are termed Immediate Occupancy~IO! and
Collapse Prevention~CP!. The Immediate Occupancy~IO! level
is defined as the post-earthquake damage state where only m
structural damage has occurred with no substantial reductio
building gravity or lateral resistance. Damage in this state co
include some localized yielding and limited fracturing of conne
tions. Damage is anticipated to be so slight that if not fou
during inspection there would be no cause for concern. For
Northridge buildings, fewer than 15% of the connections on a
floor may experience connection fractures without exceeding
IO level.

The Collapse Prevention~CP! performance level is defined a
the post-earthquake damage state in which the structure is o
verge of experiencing either local or total collapse. Signific
damage to the building has occurred, including significant de
dation in strength and stiffness of the lateral force resisting s
tem, large permanent deformation of the structure, and poss
some degradation of the gravity load carrying system. Howe
all significant components of the gravity load carrying must co
tinue to function.

A performance objective consists of the specification o
structural performance level and a corresponding probability
this performance level may be exceeded. For example, build
designed in accordance with SAC~2000a! are expected, with high
confidence, to provide less than a 2% chance in 50 years of d
age exceeding CP performance. This is similar, but subtly dif
ent than the approach taken in BSSC~1998a!, in which new
buildings are anticipated to be capable of resisting earthqu
ground shaking demands with that has less than a 2% chan
being exceeded in 50 years~2/50!, while meeting the CP perfor
a-
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mance level. The important difference is that the approach ta
in SAC ~2000a! recognizes that there is some potential th
ground shaking having a higher probability of occurrence th
2/50 could result in damage exceeding the CP level and simila
there is some potential that ground shaking that is less prob
than 2/50 could result in less damage than 2/50 shaking. S
~2000a! seeks to provide a total 2/50 probability, considering
levels of ground shaking that may occur, that damage will exc
the CP level. The commentary to the NEHRP Recommended
visions ~BSSC 1998b! suggests that IO performance should
attained for an earthquake that has less than a 50% chanc
being exceeded in 50 years~50/50!. Under SAC ~2000a!, this
would correspond to a 50% probability of damage more sev
than the immediate occupancy level in a 50 year period.

The probability that a building will experience greater dama
than desired depends on the vulnerability of the building and
seismic hazard to which it is exposed. Vulnerability is related
the capacity of the building, which may be a function of t
global or interstory drift, plastic rotations, or member force
Ground accelerations associated with an earthquake cause b
ing response resulting in global and interstory drifts and mem
forces, all of which may be classified as demands. If both
demand over time produced by ground motion and the capacit
the structure to resist this demand could be predicted with
tainty, then the design professional could design a building
have 100% confidence that the building would achieve the des
performance objectives. Unfortunately, neither the capacity
demand can be precisely determined because of uncertaintie
randomness inherent in our prediction of the ground motion,
structure’s response to this motion, and its capacity to resist d
age, given these demands. One of the important advancemen
performance evaluation developed under the SAC project
procedure for associating a level of confidence with the conc
sion that a building is capable of meeting a performance ob
tive.

A demand and capacity factor design~DCFD! format is used
to associate a level of confidence one might have that a build
will satisfy the performance objective. It features full integrati
over the three key stochastic models: ground motion haz
curve, nonlinear dynamic displacement, and displacement ca
ity. This process requires the calculation of a confidence par
eterl which may then be used to determine the confidence le
that exists with regard to the performance objective. The co
dence parameter,l, is calculated as

l5
g•ga•D

f•C
(1)

whereC5median estimate of the capacity of the structure. In
FEMA/SAC design criteria this estimate may be obtained fro
default values specified therein or by a more rigorous direct
culation of capacity described below;D5median demand on the
structure for a specified ground motion level obtained from str
tural analysis@Eq. ~2!#; g5demand uncertainty factor that prin
cipally accounts for uncertainty inherent in prediction of dema
arising from variability in ground motion and structural respon
to that ground motion;ga5analysis uncertainty factor that ac
counts for bias and uncertainty associated with specific analy
procedures used to estimate structural demand as a functio
ground shaking intensity;f5resistance factor that accounts fo
the uncertainty and randomness inherent in prediction of st
tural capacity;l5confidence parameter from which a level
confidence can be determined by reference to Table 1.@Strictly,
the resulting confidence level is ‘‘conditional on the mean e
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Table 1. Confidence Parameterl, as a Function of Confidence Level, Hazard Parameterk, and UncertaintybUT

Confidence 2% 5% 10% 20% 30% 40% 50% 60% 70% 80% 90% 95% 9

bUT50.1
k51 1.23 1.18 1.14 1.09 1.06 1.03 1.01 0.98 0.95 0.92 0.88 0.85 0
k52 1.24 1.19 1.15 1.10 1.06 1.04 1.01 0.98 0.96 0.93 0.89 0.86 0
k53 1.25 1.20 1.15 1.10 1.07 1.04 1.02 0.99 0.96 0.93 0.89 0.86 0
k54 1.25 1.20 1.16 1.11 1.08 1.05 1.02 0.99 0.97 0.94 0.90 0.87 0

bUT50.2
k51 1.54 1.42 1.32 1.21 1.13 1.07 1.02 0.97 0.92 0.86 0.79 0.73 0
k52 1.57 1.45 1.34 1.23 1.16 1.09 1.04 0.99 0.94 0.88 0.81 0.75 0
k53 1.60 1.48 1.37 1.26 1.18 1.12 1.06 1.01 0.96 0.90 0.82 0.76 0
k54 1.63 1.51 1.40 1.28 1.20 1.14 1.08 1.03 0.98 0.92 0.84 0.78 0

bUT50.3
k51 1.94 1.71 1.54 1.35 1.22 1.13 1.05 0.97 0.89 0.81 0.71 0.64 0
k52 2.03 1.79 1.61 1.41 1.28 1.18 1.09 1.01 0.93 0.85 0.74 0.67 0
k53 2.12 1.87 1.68 1.47 1.34 1.23 1.14 1.06 0.98 0.89 0.78 0.70 0
k54 2.22 1.96 1.76 1.54 1.40 1.29 1.20 1.11 1.02 0.93 0.82 0.73 0

bUT50.4
k51 2.46 2.09 1.81 1.52 1.34 1.20 1.08 0.98 0.88 0.77 0.65 0.56 0
k52 2.67 2.27 1.96 1.64 1.45 1.30 1.17 1.06 0.95 0.84 0.70 0.61 0
k53 2.89 2.45 2.12 1.78 1.57 1.41 1.27 1.15 1.03 0.91 0.76 0.66 0
k54 3.13 2.66 2.30 1.93 1.70 1.52 1.38 1.24 1.12 0.98 0.82 0.71 0

bUT50.5
k51 3.16 2.58 2.15 1.73 1.47 1.29 1.13 1.00 0.87 0.74 0.60 0.50 0
k52 3.59 2.92 2.44 1.96 1.67 1.46 1.28 1.13 0.99 0.84 0.68 0.56 0
k53 4.06 3.31 2.76 2.22 1.89 1.65 1.45 1.28 1.12 0.96 0.77 0.64 0
k54 4.60 3.75 3.13 2.51 2.14 1.87 1.65 1.45 1.27 1.08 0.87 0.72 0

bUT50.6
k51 4.11 3.21 2.58 1.98 1.64 1.39 1.20 1.03 0.87 0.72 0.55 0.45 0
k52 4.91 3.85 3.09 2.37 1.96 1.67 1.43 1.23 1.05 0.87 0.66 0.53 0
k53 5.88 4.60 3.70 2.84 2.35 2.00 1.72 1.47 1.25 1.04 0.80 0.64 0
k54 7.04 5.51 4.43 3.40 2.81 2.39 2.05 1.76 1.50 1.24 0.95 0.77 0
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mate of the ground motion hazard,’’ e.g., that provided by USG
because, as will be seen below, only structural response an
pacity uncertainties are incorporated in this procedure; see
nell et al.~2001!.#

A simplified performance evaluation procedure is first p
sented. This procedure employs default values of the above
rameters selected from tables. A detailed procedure for deri
these parameters is next outlined which includes a discussio
how the default values were determined. Only the local and
bal collapse conditions and the CP performance level are
cussed here.

The simplified procedure for performance evaluation is
scribed in chapter 4 of FEMA~2000b!. This procedure require
only that the design professional calculate the structural dem
D, in the form of interstory drift and column axial forces. Th
other parameters given in Eq.~1! are selected from tabulated pre
determined values. The simplified procedure includes the foll
ing steps:
1. Determine the performance objective to be evaluated. T

requires the selection of one or more performance lev
that is, either IO or CP, and the appropriate hazard level,
is exceedance probability desired for this performance.
guidelines recommend that design solutions that provid
90% level of confidence that the building satisfy desired p
formance from a global perspective and a 50% level of c
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fidence that it satisfy the performance at a local level. F
new buildings, consistent with the approach taken in
NEHRP Provisions~BSSC 1998! it is recommended that a
minimum design objective of collapse prevention at a 2%
year exceedance probability be selected. Selection of ha
level for the immediate occupancy level is optional. For e
isting buildings, any combination of performance levels a
objectives may be selected.

2. Determine the ground motion characteristics for the per
mance objective chosen. The ground motion intensity
each performance level should be chosen to have the s
probability of exceedance as the hazard level of the des
objective, e.g., 2/50 for the CP case. Under the NEHRP P
visions~BSSC 1998! ground motion is characterized by tw
mapped, elastic response spectral ordinates, one for s
periods,Ss , and one for a one second period,S1 , at a 2%/50
year exceedance probability. These are modified by fac
to account for the soil conditions at the site to define t
design response spectrum. FEMA-273 provides an equa
for determiningSs andS1 for other hazard levels.

3. Calculate the structural demand for each earthquake in
sity. The demand is computed using standard methods
structural analysis. Either linear methods or nonlinear me
ods may be used. Once calculated, demand parameters
as the maximum interstory drift,Dmax, are adjusted for bias
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Table 2. Default Bias FactorsCB

Performance level

Analysis procedure

Linear Static
Linear

Dynamic Nonlinear
Nonlinear
Dynamic

IO CP IO CP IO CP IO CP

Type 1 connections
Low rise ~3 stories or less! 0.90 0.65 1.00 0.80 1.10 0.85 1.00 1.0
Mid rise ~4–12 stories! 1.10 0.85 1.10 1.15 1.40 0.95 1.00 1.0
High rise ~.12 stories! 1.05 1.00 1.15 1.00 1.30 0.85 1.00 1.0

Type 2 connections
Low rise ~3 stories or less! 0.75 0.90 1.00 1.20 0.90 1.25 1.00 1.0
Mid rise ~4–12 stories! 0.80 1.00 1.050 1.30 1.08 1.35 1.00 1.0
High rise ~.12 stories! 0.75 0.70 1.30 1.20 1.30 1.30 1.00 1.0
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inherent in the analytical procedure using the equation
D5CBDmax (2)

where CB5analysis procedure-dependent bias coeffici
andDmax5maximum calculated interstory drift. The bias c
efficients are calculated by performing a series of analy
using representative building structures and the sele
methodology, and by comparing the median of the res
obtained to the median of results obtained from nonlin
time history analyses of the same structures for the sa
ground motions. In essence, the bias coefficient when
plied to the results of a group of analyses should result in
same median value of demand as obtained from the m
accurate, nonlinear time history benchmark method. Tab
presents the bias factors calculated using this procedure
four different analytical procedures, where Type 1 conn
tions are representative of ductile behavior, similar to th
developed following the Northridge earthquake and Typ
connections are more brittle assemblies, representativ
practice prior to the Northridge earthquake.

4. Determination of global and local collapse capacity and
sistance factor. Table 3 provides interstory drift capacit
and associated resistance factors computed for a serie
model buildings representative of regularly configured str
tures, as limited by global behavior. Capacities were de
mined using an incremental dynamic analysis approach,
ported by Foutch~2000!; Lee and Foutch~2000!, and Yun
and Foutch~2000!. Local connection capacities were deve
oped by Roeder~2000! and are provided in Tables 4 and
for Type 1 and Type 2 connections. The resistance factors
,

-

r

f

f

-

a product of the integration~Cornell et al. 2001! used to
determine the total probability that demand will be grea
than capacity. Resistance factors are given by the equat

f5ek/2bb2
(3)

wherek5 logarithmic slope of the hazard curve, i.e., a me
sure of the rate of change of ground motion intensity w
probability of exceedance;b5similar coefficient that repre-
sents the change in demand~for example interstory drift! as
a function of ground motion intensity~set to unity for the
default cases!; andb5standard deviation of the natural loga
rithm of the variation in capacity resulting from variability i
ground motion and structural characteristics. These are
scribed in more detail in a later section.

5. Determine the factored-demand-to-capacity ratiol. Once the
demand is calculated and the demand and capacity fac
are determined, the factored-demand-to-capacity ratio is
culated using Eq.~1!. The demand and analysis uncertain
factors, like the resistance factors, are products of the in
gration to obtain the total probability that demand is grea
than capacity, and are discussed in a later section.

6. Evaluate the confidence level. The confidence in the ab
of the building to meet the performance objective is det
mined, using thel value determined in accordance with Ste
5 above, by a back calculation to obtainKx from the equa-
tion

l5e2bUT~Kx2kbUT/2b! (4)
where k and b5coefficients previously described;bUT

5 logarithmic standard deviation of the distribution of bo
Table 3. Global Interstory Drift Angle CapacityC and Resistance Factorsf for Regular Buildings

Building height

Performance level

Immediate Occupancy Collapse Prevention

INTERSTORY DRIFT
ANGEL CAPACITY

RESISTANCE
FACTOR f

INTERSTORY DRIFT
ANGEL CAPACITY

RESISTANCE
FACTOR f

Type 1 connections
Low rise ~3 stories or less! 0.02 1.0 0.10 0.90
Mid rise ~4–12 stories! 0.02 1.0 0.10 0.85
High rise ~.12 stories! 0.02 1.0 0.085 0.75

Type 2 connections
Low rise ~3 stories or less! 0.01 1.0 0.10 0.85
Mid rise ~4–12 stories! 0.01 0.9 0.08 0.70
High rise ~.12 stories! 0.01 0.85 0.06 0.60
JOURNAL OF STRUCTURAL ENGINEERING / APRIL 2002 / 537



Table 4. Default Drift Capacities and Resistance Factors as Limited by Local Connection Response—Ductile Type 1 Connections~Roeder 2000!

Connection
type

Strength
degradation
limit drift
angle~rad!

uSD

Immediate occupancy Collapse prevention

Limit Drift Angle
~rad!
u IO

Capacity
Reduction

Factor
f

Limit Drift Angle
~rad!
uCP

Capacity
Reduction

Factor
f

WUF-Ba 0.031–0.0003db 0.015 0.9 0.060–0.0006db 0.9
WUF-Wb 0.051 0.020 0.9 0.064 0.9
FFc 0.077–0.0012db 0.020 0.9 0.10–0.0016db 0.9
RBSd 0.060–0.0003db 0.020 0.9 0.08–0.0003db 0.9
WFPe 0.12–0.023db 0.020 0.9 0.10–0.0011db

except that should used
uSD if w14 or less

0.9

BUEPf 0.071–0.0013db 0.015 0.9 0.081–0.0013db 0.9
BSEPg 0.071–0.0013db 0.015 0.9 0.081–0.0013db 0.9
BFPh 0.12–0.002db 0.015 0.9 0.10–0.001db 0.9
DSTi 0.12–0.0032db 0.015 0.9 0.14–0.0032db 0.9
aWUF-B: welded unreinforced flange-bolted connection.
bWUF-W: welded unreinforced flange-welded web connection.
cFF: free flange connection.
dRBS: reduced beam section connection.
eWFB: welded flange plate connection.

fBUEP: bolted unstiffened end plate.
gBSEP: bolted stiffened end/plate
hBFP: bolted flange plate.
iDST: double split tee.
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demand and resistance, considering all sources of un
tainty; and Kx5standard Gaussian variate associated w
probability x of not being exceeded found in convention
probability tables, e.g., ifKx51.28 thenx590%.

The values of the uncertainty coefficientbUT used are de-
pendent on a number of sources of uncertainty in the esti
tion of structural demands and capacities. Sources of un
tainty include, for example, the effective damping, the act
material properties, and the effective structural period a
others each contain uncertainties. The uncertainty assoc
with each source~i! may be identified asbUi . Then

bUT5A(
i

bUi
2 (5)

The default values ofbUT for Type 1 and Type 2 connec
tions are given in Tables 6 and 7, respectively. Further d
cussion of these uncertainties is presented later.

7. Determine the confidence level. Once the confidence factl
and the uncertainty coefficientbUT are determined, the con
fidence level can be found in Table 1. An example is giv
below.

The procedures used for determining the default values g
in the tables are summarized in the remainder of the pape
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more detailed description of the basis for these procedures an
calculation of the default values is reported in Yun and Fou
~2000! and Appendix A of theGuidelines~FEMA 2000a, b!.

Determination of Hazard Parameters

Two ground motion parameters are required for performa
evaluation. These are the intensity as defined by the spectra
celerationSaT1 at the first period of the building, corresponding
the hazard level of interest, and the logarithmic slope of the h
ard curve,k, at the desired hazard level. The spectral accelerat
SaT1 , may be determined using procedures given in FEMA-2
~BSSC 1997!. They require values ofSs andS1 determined from
national maps developed by the United States Geological Sur
Alternatively, SaT1 andk, may be derived from the mean haza
estimate determined from a site-specific study.

The logarithmic slopek of the hazard curve at the desire
hazard level is used in the evaluation of the resistance fac
demand factors, and confidence levels. The hazard curve is a
of the probability of exceedance of a spectral amplitude va
versus the spectral amplitude for a given response period, an
usually approximately linear when plotted on a log-log scale.
Table 5. Default Drift Capacities and Resistance Factors as Limited by Local Connection Response—Brittle Type 2~Pre-Northridge! Welded
Connections~Roeder 2000!

Connection
type

Strength
degradation
limit drift
angle~rad!

uSD

Immediate occupancy Collapse prevention

Limit Drift
Angle
~rad!
u IO

Capacity
Reduction

Factor
f

Limit Drift
Angle
~rad!
uCP

Capacity
Reduction

Factor
f

WUFa

~,1980!
0.061–0.00013db 0.010 0.8 Larger of

0.053–0.0006db

or 0.061–0.00013db

0.8

WUFa

~.1980!
0.021 0.010 0.8 0.053–0.0006db 0.8

aWUF: welded unreinforced flange connection.
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such a scale a straight line fit in the range of hazard levels
interest will have the functional expression

HSi~Si !5k0Si
2k (6)

whereHSi(Si)5probability of ground shaking having a spectr
acceleration greater thanSi ; k05constant, dependent of the sei
micity of an individual site; andk5 logarithmic slope of the haz
ard curve.

If mapped spectral acceleration values at 10%/50 year
2%/50 year exceedance probabilities are available, for examp
provided with FEMA-273, the value ofk may be calculated as

k5

lnS Hs1~10/50!

Hs1~2/50!
D

lnS S1~2/50!

S1~10/50!
D 5

1.65

lnS S1~2/50!

S1~10/50!
D (7)

where S1(10/50)5spectral amplitude for 10/50 hazard leve
S1(2/50)5spectral amplitude for 2/50 hazard level;HS1(10/50)

5probability of exceedance for the 10/50 hazard level51/475
50.0021; andHS1(2/50)5probability of exceedance for the 2/5
hazard level51/247550.00040.

Default values ofk for various regions of the United States a
given in Table 8.

Determination of Drift Capacity and Resistance
Factors

Local Drift Capacity

The median drift capacities and resistance factors for connec
types tested under the FEMA/SAC Project are given in Table

Table 6. Uncertainty CoefficientbUT for Global Interstory Drift
Evaluation

Building height

Performance level

Immediate Occupancy Collapse Preventi

Type 1 connections
Low rise ~3 stories or less! 0.20 0.30
Mid rise ~4–12 stories! 0.20 0.40
High rise ~.12 stories! 0.20 0.50

Type 2 connections
Low rise ~3 stories or less! 0.20 0.35
Mid rise ~4–12 stories! 0.20 0.45
High rise ~.12 stories! 0.20 0.55

Note: Value ofbUT should be increased by 0.05 for linear static analy
and decreased by 0.05 for nonlinear dynamic analysis.

Table 7. Uncertainty CoefficientbUT for Local Interstory Drift
Evaluation

Building height

Performance level

Immediate Occupancy Collapse Preventi

Type 1 connections
Low rise ~3 stories or less! 0.30 0.30
Mid rise ~4–12 stories! 0.30 0.35
High rise ~.12 stories! 0.30 0.40

Type 2 connections
Low rise ~3 stories or less! 0.30 0.35
Mid rise ~4–12 stories! 0.30 0.40
High rise ~.12 stories! 0.30 0.40

Note: Value ofbUT should be increased by 0.05 for linear static analy
and decreased by 0.05 for nonlinear dynamic analysis.
s

The values corresponding to the local collapse were determ
from cyclic tests of full-size connection specimens. The cyc
tests are used to determine load-deformation hysteresis beh
of the system and the maximum drift for which gravity loads m
still be carried by the girders. This gravity-induced drift limit
reached when the shear tab is significantly damaged, a low-c
fatigue crack develops in the beam web, or the load-deforma
behavior of the moment connection has completely deteriora

A standard test protocol, based on ATC-24~ATC 1991! and
developed specifically for the SAC Project was used for mos
the tests. Instructions on loading sequence and required resp
measurements are given in Roeder~2000!. The moment versus
plastic rotation of a beam-column assembly for a reduced be
section~RBS! connection representative of a single test is sho
in Fig. 1. The hysteretic behavior is characterized by a grad
strength degradation with increasing plastic rotation. For the s
cific connection tested, it appeared that the shear-carrying ca
ity was reached at a plastic rotation of about 0.06. In order to
such data in the reliability framework, it is necessary to ha
several such tests, from which statistics on the likely distribut
of important design parameters, such as plastic rotation at p
load and plastic rotation at loss of capacity, can be obtain
Statistics that must be obtained include the median value of
parameter and the standard deviation of the logarithm of the
ues obtained from the testing,b. The analytical connection mode
used for analysis of buildings with RBS connections, represe
tive of median behavior, is also shown in Fig. 1.

Global Drift Capacity

The global drift capacity of a building is determined using t
incremental dynamic analysis~IDA ! procedure. This is based o
the use of nonlinear time history~NTH! analysis. It is important
that the analytical model used for determining the global d
demand reproduces the major features of the measured resp
such as sudden loss of strength. This means that the mea
hysteresis behavior must be modeled reasonably well and
model must include all significant components of building sti
ness, strength, and damping. Modeling recommendations
given by Foutch~2000! and Lee and Foutch~2000!. ~See Fig. 2.!

The incremental dynamic analysis~IDA ! technique was devel-
oped by Luco and Cornell~1998! and is described in detail in
Appendix A of theGuidelines~FEMA 2000a, b! and Vamvatsikos
and Cornell~2001!. It consists of a series of nonlinear analyses
a structure for a ground motion that is increased in amplitu
until instability of the structure is predicted. This analysis is
peated for multiple ground motions, so that statistics on the va
tion of demand and capacity with ground motion character can
attained. A suite of 20 ground motion records~Somerville et al.
1997! was used to determine the global drift capacities given
Table 4. Twenty model buildings~eight 3- and 9-story and fou
20-story! designed in accordance with the 1997 NEHRP pro

Table 8. Default Values of the Logarithmic Hazard Curve Slopek for
Probabilistic Ground Hazards

Region k

Alaska, California and the Pacific
Northwest

3

Intermountain Region, Basin &
Range Tectonic Province

2

Other U.S. locations 1

Note: For deterministic ground shaking demands, use a value ofk54.0.
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Fig. 1. Measured~Venti and Engelhardt 2000! and modeled~Lee and Foutch 2000! moment-rotation behavior of RBS connection
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sions ~BSSC 1998! were used for the post-Northridge building
~Type 1 connections!. Nine buildings designed using past UB
provisions~ICBO 1973, 1985, and 1994! were used for the pre
Northridge buildings~Type 2 connections!. All of the buildings
were very regular. The measured and modeled behavior of
Type 2 connections are shown in Fig. 3.

This procedure that was followed in doing this analysis is
follows:
1. Choose a suite of 10 to 20 accelerograms representativ

the site and hazard level. The SAC project developed typ
accelerograms for Los Angeles, Seattle, and Boston s
~Somerville 1997!. These might be appropriate for simila
sites.

2. Perform an elastic time history analysis of the building
one of the accelerograms. Plot the point on a graph wh
vertical axis is the spectral ordinate for the accelerogram
the first period of the building and the horizontal axis is t
540 / JOURNAL OF STRUCTURAL ENGINEERING / APRIL 2002
f

maximum calculated drift at any story. Draw a straight li
from the origin of the axis to this point. The slope of this lin
is referred to as the elastic slope for the accelerogram. C
culate the slope for the rest of the accelerograms using
same procedure and calculate the median slope. The slop
this median line is referred to as the elastic slope,Se . ~See
Fig. 4.!

3. Perform a nonlinear time history analysis of the buildi
subjected to one of the accelerograms. Plot this point on
graph. Call this pointD1 .

4. Increase the amplitude of the accelerogram and repeat st
This may be done by multiplying the accelerogram by
constant that increases the spectral ordinates of the acce
gram by 0.1g. Plot this point asD2 . Draw a straight line
between pointsD1 and D2 . If the slope of this line is less
than 0.2Se then D1 is the global drift limit. This can be
thought of as the point at which the inelastic drifts are
Fig. 2. Measured~Liu and Astaneh-Asl 2000! and modeled~Lee and Foutch 2000! moment-rotation behavior of beams in gravity frame



Fig. 3. Measured~Lee et al. 2000! and modeled~Lee and Foutch 2000! moment-rotation behavior of pre-Northridge connection
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creasing at five times the rate of elastic drifts. The value
0.2 is an arbitrary number but calculated collapse drift
rather insensitive to this value.

5. Repeat step 4 until the straight-line slope between cons
tive points D i and D i 11 , is less than 0.2Se . When this
condition is reached,D i is the global drift capacity for this
accelerogram. IfD i 11>0.10 then the drift capacity is take
as 0.10.

6. Choose another accelerogram and repeat steps 3 throu
Do this for each accelerogram. The median capacity for g
bal collapse is the median value of the calculated set of d
limits. An illustration of an IDA analysis for two accelero
grams is shown in Fig. 4. The open circles represent the I
for an accelerogram where the 0.2Se slope determined the
capacity. The open triangles represent a case where the
fault capacity50.10 applies.

The factors that affect the curve of the incremental dynam
analysis~IDA ! are P-D effects, increment used for the analys
ground motions used, strain hardening ratio, shifting of fun
mental period due to nonlinearity, higher mode effects, and sh
ing of maximum story drift location.

A strain-hardening ratio of 0.03 was used for all of the analy
in this study. Ground motion intensity increment of 0.2g for
three-story and nine-story buildings was used, whereas 0.1g was
used for the 20-story buildings since sudden increases in

Fig. 4. Two IDA analyses for nine-story building
-

5.

-

t

were observed due to largerP-Delta effects. The ground motion
increment must be small enough so that drift increment is re
tively small for each step. The values given above should
considered as an upper bound. The use of a larger increm
would usually result in smaller drift capacity and larger variati
of the capacity. Therefore, it would give conservative resu
More discussion of how the global capacity is determined is giv
in Appendix A of theGuidelines~FEMA 2000a,b! and in Yun and
Foutch~2000!.

Determination of Resistance Factor f

The resistance factor,f, accounts for the fact that structural c
pacity has a distribution of values. In order to determine pr
abilities and confidence levels the sources of this variation
separated into ‘‘randomness’’ and ‘‘uncertainty.’’ Variation due
future factors that cannot be predicted are termed randomn
Variation due to factors that are fixed, but which are uncertain
to actual value, for example, material strength, are termed un
tainty. The principle portion of randomness in global capacity
due to the variation in the earthquake accelerograms the buil
may experience~as represented by the suite of accelerogra
used in the IDA analyses!. Estimation of capacity is also subjec
to uncertainty in the load-deformation behavior of the system
might in principle be determined from tests. The local collap
value is also affected by uncertainties in the response of the c
ponents due to variable material properties and fabricat
Throughout when the distinction is critical the relevant para
eters will be subscripted by aR or U for ‘‘randomness’’ and
‘‘uncertainty,’’ respectively.

The equation for calculatingf is given by~Jalayer and Cornell
unpublished internal technical memo, 1998!

f5fRC•fUC (8)

fR5e2kbRC
2

/2b (9)

fU5e2kbUC
2

/2b (10)

wheref5resistance factor;fR5contribution tof from random-
ness;fU5contribution tof from uncertainties;bRC5standard
deviation of the natural logs of the drift capacities due to rando
ness.
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• Global: Based on variability observed in capacities deriv
from IDA;

• Local: Randomness. Assumed to be 0.20.bUC5the standard
deviation of the natural logs of the drift due to uncertainty;

• Global: buc5A3•bNTH
25A3•bNTH is defined below. The

A3• follows from assumed perfect negative correlation betwe
the uncertainties in demand and capacity~Cornell et al. 2001!;
and

• Local: Uncertainty. Assumed to be 0.25.
For local collapse,bUC accounts for the uncertainty in th

median drift capacity. This arises from uncertainties in the rep
sentativeness of the testing procedure, in the limited number
scope of tests, material, and weld properties, and other fac
The bRC term accounts for randomness in the drift capacity
sulting primarily from record-dependent differences in the st
drift ~or connection rotation! at collapse.

Determination of Demand Factors

Determination of g

The demand variability factorg is associated with the variation i
structural response to different ground motion records, each o
same intensity, as measured by the spectral response accele
at the fundamental period of the building. This randomness is
to unpredictable variation in the actual ground motion accele
gram and also due to variation in the azimuth of attack, term
orientation, of the ground motion. The orientation component
significant factor, only for near-fault site. For such sites, loca
within a few kilometers of the zone of fault rupture, the fau
parallel and fault-normal directions experience quite differ
shaking. For sites located farther away from the fault, there is
statistical difference in the accelerograms recorded in differ
directions.

The demand factorg is calculated as

g5ekbRD
2 /2b (11)

whereg5demand variability factor andbRD5A(b i
2 whereb i

2 is
the variance of the natural log of the drifts for each elemen
randomness.

Theb i values for each source of randomness as determine
the SAC project are based on studies of twenty building des
using the 1997 NEHRP provisions for the LA site. The notat
used is as follows:bacc, accelerogram;bor , orientation.bacc is
the standard deviation of the log of the maximum story dr
calculated for each of the 20 accelerograms referred to abov

Determination of ga

The demand uncertainty factorga is based on uncertainties re
lated to the determination of median demand,D. One significant
source of uncertainty is due to inaccuracies in the analytical p
cedure, termedba for analysis procedure. Theba is nominally
composed of five parts as follows:bNTH associated with uncer
tainties related to the extent that the benchmark, nonlinear
history analysis procedure, represents actual physical beha
bBF associated with uncertainty in the bias factor;bdamping asso-
ciated with uncertainty in estimating the damping value of
structure; b live load associated with uncertainty in live load
bmat. prop.associated with uncertainty in material properties.

ThebNTH is assumed to be 0.15, 0.20, and 0.25 for 3-, 9-, a
20-story buildings, respectively, based on judgment and on un
standing of the relative importance of strength degradation
542 / JOURNAL OF STRUCTURAL ENGINEERING / APRIL 2002
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p-delta effects, phenomena not well accounted for in the analy
to structures in these height ranges.b’s computed for the effects
on response of damping, live load, and material properties w
set to zero since the values were negligible when compare
bNTH .

The bias factor for each analysis procedure is calculated as
ratio of the median drift demand resulting from the nonlinear tim
history analysis of a building divided by the estimate of the d
demand using a particular analysis procedure. ThebBF for the
bias factor is the coefficient of variation of the bias factors amo
buildings of given height.

A number of options are available to the design professio
who wants to use other parameters than the default values g
in the tables included here. For design of steel moment frames
slope of the hazard curvek, for the building site is easily calcu
lated using Eq.~7!. If the building is not near a known fault, th
bor is not considered sobRD5bacc and thereforeg value will
decrease. Additional reduction ing value is achievable by calcu
lating dynamic demands using appropriate ground motions for
site. If the connection is not a prequalified connection then tes
is required. This will provide a local collapse valueC and, per-
haps, a different value off. However, usually there will not be
enough tests performed to determinef, so the default value of
Type 1 connections should be used. In all cases, the demanD
must be calculated using Eq.~2!. Other parameter calculations a
outlined above and described in detail in Yun and Foutch~2000!.
For other structural systems and materials, calculation of all
rameters is required. Details may be found in Yun and Fou
~2000!.

Performance Evaluation Example
A short example is given here. Two nine-story buildings w
perimeter moment frames, one designed for the 1997 NEH
provisions with Type 1 connections and one designed for the 1
UBC with Type 2 connections, are used. Each building has
9.14-m~30-ft! bays in both directions. Both of the buildings hav
four and a half moment-resisting bays in each perimeter fra
All story heights are 3.96-m~13-ft! except for the first floor and
basement which is 5.49-m~18-ft! and 3.66-m~12-ft!, respec-
tively. The columns are pinned at the basement level and tran
tion of the first floor is assumed to be restrained by basem
walls. The plan and elevation are shown in Fig. 5. For an ac
case, the designer would calculate the demandD ~design drift!
using Eq.~2!. For this example, the demand is the median d
demand calculated for twenty LA ground motions. The results
given in Table 9.

The results show that the confidence level that the po
Northridge building will satisfy the CP performance level for th
2/50 hazard are 99% for the global collapse and 94% for lo
collapse. For the 1994 building, the confidence levels are 59
19% for the global and local collapse performance, respectiv
The main reasons that a lower confidence level is calculated
the 1994 building is that it is more flexible which increasesD, and
has Type 2 connections which decreasesC. Although the results
for the 1994 building are discouraging they are representativ
the poor confidence associated with buildings representing
Northridge design and construction practice. For buildings
signed prior to 1979, the confidence level for satisfying lo
collapse is particularly low, at less than 10% for 3-, 9- and 2
story buildings. This is because prior to that time, the codes
not specify lateral deflection limits. As a result, such buildin
tend to be quite flexible.



Table 9. Calculation of Confidence Level for the Post- and Pre-Northridge 9-Story Building

C f D g ga l bUT Kx C.L. ~%!

Collapse prevention against 2/50 hazard level
1997 NEHRP 9-story~global! 0.10 0.85 0.034 1.2 1.06 0.51 0.40 2.29 99
1997 NEHRP 9-story~local! 0.07 0.90 0.034 1.2 1.06 0.69 0.40 1.54 94
1994 UBC 9-story~global! 0.08 0.70 0.043 1.5 1.06 1.22 0.45 0.23 59
1994 UBC 9-story~local! 0.054 0.70 0.043 1.5 1.06 1.81 0.40 20.88 19

Collapse prevention against 2/50 hazard level
1997 NEHRP 9-story~global! 0.02 1.00 0.008 1.4 1.02 0.57 0.20 3.10 99
1997 NEHRP 9-story~local! 0.02 0.90 0.008 1.4 1.02 0.63 0.30 1.97 98
1994 UBC 9-story~global! 0.01 0.90 0.009 1.3 1.02 1.33 0.20 21.11 13
1994 UBC 9-story~local! 0.01 0.80 0.009 1.3 1.02 1.49 0.30 20.88 19

Fig. 5. Plan and elevation view of nine-story building
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The IO performance levels were checked for each building
the 50/50 hazard. IO capacity for Type 1 connections is 0.02
and it is 0.01 rad for Type 2 connections. The confidence lev
are 98% for the new building and 13% for the 1994 building.

Summary and Conclusions

A performance-based procedure for seismic performance eva
tion of steel moment frames is presented that allows the desi
to estimate the confidence level of satisfying the performa
objectives. This is an important step forward since it accounts
uncertainties and randomness in the seismic demand and bui
capacity. A numerical example indicates that buildings desig
in accordance with the 1997 NEHRP provisions and construc
with SAC prequalified connections have a confidence leve
greater than 90% for satisfying the collapse prevention per
mance level for a hazard that has less than a 2% probabilit
being exceeded in 50 years. A 1994 building constructed w
pre-Northridge welded connections has only a 59% confide
level for satisfying global collapse performance and 19% for lo
collapse performance for the same hazard level. The confid
levels for satisfying the immediate occupancy performance le
for the 50%-in-50 year hazard level are 98% for the new build
and 13% for the 1994 building. This leads to the following co
clusions:
1. Randomness and uncertainty in the calculation of seis

demand and structure capacity are important effects
must be accounted for in seismic performance evaluatio
,

-
r

g

f

e
l

t

2. The new performance evaluation procedure developed by
SAC project is a powerful tool, but simple to apply.

3. Steel moment frame buildings designed in accordance w
the 1997 NEHRP provisions and constructed with SA
prequalified connections are expected to perform much
ter during major earthquakes than existing buildings d
signed and built with older technologies.
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Notation

The following symbols are used in this paper:
b 5 coefficient relating incremental change in demand

to incremental change in ground shaking intensity
at hazard level of interest;
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C 5 median estimate of capacity of structure;
CB 5 analysis procedure-dependent bias coefficient;
CP 5 collapse prevention performance level;
D 5 median demand on structure for specified

ground motion level obtained from structural
analysis;

HSi(Si) 5 probability of ground shaking having a spectral
acceleration greater thanSi ;

HS1(10/50) 5 probability of exceedance for the 10/50 hazard
level51/47550.0021;

HS1(2/50) 5 probability of exceedance for the 2/50 hazard
level51/247550.00040;

IO 5 immediate occupancy performance level;
k 5 slope of hazard curve expressed in log-log coor-

dinates at the hazard level of interest;
k0 5 constant, dependent of seismicity of individual

site;
Kx 5 standard Gaussian variate associated with prob-

ability x of not being exceeded as function of
number of standard deviations above or below
mean;

S1(10/50) 5 spectral amplitude for 10/50 hazard level;
S1(2/50) 5 spectral amplitude for 2/50 hazard level;

bBF 5 associated with uncertainty in bias factor;
bdamping 5 associated with uncertainty in estimating damp-

ing value of structure;
b live load 5 associated with uncertainty in live load;
bmat. prop.5 associated with uncertainty in material proper-

ties;
bNTH 5 associated with uncertainties related to extent

that benchmark, nonlinear time history analysis
procedure, represents actual physical behavior;

bRC 5 standard deviation of natural logs of drift ca-
pacities due to randomness;

bRD 5 A(b i
2 whereb i

2 is variance of natural log of
drifts for each element of randomness;

bUC 5 standard deviation of natural logs of drift ca-
pacities due to uncertainty;

bUT 5 uncertainty measure equal to vector sum of
logarithmic standard deviation of variations in
demand and capacity;

g 5 demand uncertainty factor that principally ac-
counts for uncertainty inherent in prediction of
demand arising from variability in ground mo-
tion and structural response to that ground mo-
tion;

ga 5 analysis uncertainty factor that accounts for bias
and uncertainty associated with specific analyti-
cal procedures used to estimate structural de-
mand as a function of ground shaking intensity;

Dmax 5 maximum calculated interstory drift;
l 5 confidence parameter;

fR 5 contribution tof from randomness of earth-
quake accelerogram;

fU 5 contribution tof from uncertainties in mea-
sured connection capacity;

f 5 resistance factor that accounts for uncertainty
and randomness inherent in prediction of struc-
tural capacity; and

f 5 resistance factor.
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