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Introduction Structural properties may differ from those intended or assumed
by the designer, or may change substantially during the earth-
The performance of a building during an earthquake depends onquake(e.qg., local fracture of connection#nalysis methods may
many factors including: the structure’s configuration and propor- not accurately capture the actual behavior due to necessary sim-
tions, its dynamic characteristics, the hysteretic behavior of the plifications and approximations in the analysis procedlirear
elements and joints, the type of nonstructural components em-versus nonlinear for instancand modeling of the structure. Our
ployed, the quality of the materials and workmanship, adequacy knowledge of the behavior of structures during earthquakes is not
of maintenance, the site conditions, and the intensity and dynamiccomplete which introduces other uncertainties. Consequently,
characteristics of the earthquake ground motion experienced.seismic performance prediction must consider the inherent uncer-
Consequently, seismic performance prediction for buildings, ei- tainties and randomness in the process.
ther as part of a design or evaluation, should consider, either  These inherent uncertainties in prediction of probable future
explicitly or implicitly, all of these factors. loading and response are not unique to seismic behavior and

Prediction of seismic response of structure is complex, due nmmany of these issues are covered to a greater or lesser extent in
only to the large number of factors that affect performance but ¢, rent codes through the use of load and resistance factors. How-

also the basic complexity of the physical behavior. In addmon_, ever, in the case of seismic loading, there has not until recently,

due to impreciseness in_our ability to accurately moc_jel the phy_S|- been any systematic evaluation of the inherent uncertainty and
cal .b.e'hawor, as well as |’nherent Iack qf knowlgdge in the precise variability and consequently, provision of adequate design margin
definition of the structure’s characteristics and inherent variability has largelv been iudamental. based on adiustment of various de-
in the nature of future ground shaking, estimation of seismic per- _. gely jucgm : . ! . )

. ST . sign parameters following observation of unsatisfactory perfor
formance inherently entails significant uncertainty. Clearly the mance in earthquakes. In responding to the problems in steel mo-
characteristics of future earthquakes can only be approximated L ’ 7
leading to very large uncertainties in the structural demands. grigtr;r:rzzi bul\l/lltzjalrr:g;ear:g;;[heA’\gl]c()errgkc]:;/l;ngt(rea?:gr;tizquzli(res g]:r:rig?l:jal
(FEMAJ/SAC) program to reduce earthquake hazards in moment-
resisting steel frame€SAC Project has attempted to develop a
comprehensive understanding of the capacity of various moment-
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Structural failures observed after the 1994 Northridge and mance level. The important difference is that the approach taken
1995 Kobe earthquakes have exposed the weakness of the prevan SAC (20002 recognizes that there is some potential that
lent design and construction procedures for steel moment framesground shaking having a higher probability of occurrence than
and shown the need for new approaches for evaluation of building 2/50 could result in damage exceeding the CP level and similarly,
performance and design. A central issue is proper treatment andhere is some potential that ground shaking that is less probable
incorporation of the large uncertainty inherent in defining seismic than 2/50 could result in less damage than 2/50 shaking. SAC
demands and building resistance in the evaluation and design pro{2000a seeks to provide a total 2/50 probability, considering all
cess. The state of the art of statistical and reliability methods thatlevels of ground shaking that may occur, that damage will exceed
can be used for this purpose has been reviewed, and several critithe CP level. The commentary to the NEHRP Recommended Pro-
cal issues directly related to the mission of the SAC project have visions (BSSC 1998b suggests that 10 performance should be
been discussed in the report “Critical Issues in Developing a Sta- attained for an earthquake that has less than a 50% chance of
tistical Framework for Evaluation and Desigf¥Wen and Foutch being exceeded in 50 yeaf50/50. Under SAC (20003, this
1997. Based on the review, a statistical and reliability-based would correspond to a 50% probability of damage more severe
framework for the purpose of comparing and evaluating predic- than the immediate occupancy level in a 50 year period.
tive models for structural performance evaluation and design was The probability that a building will experience greater damage
developed. This was further advanced by Hambu(4686; Ja- than desired depends on the vulnerability of the building and the
layer and Cornellunpublished 1998, 2000From this basis, the  seismic hazard to which it is exposed. Vulnerability is related to
demand and resistance factor approach described below has beethe capacity of the building, which may be a function of the
adopted by the SAC project and incorporated into recommendedglobal or interstory drift, plastic rotations, or member forces.
design criteria published by FEMESAC 2000a, b, tas a pos- Ground accelerations associated with an earthquake cause build-
sible basis for future code provisions. Technical details and justi- ing response resulting in global and interstory drifts and member
fications of the proposed framework can be found in papers by forces, all of which may be classified as demands. If both the
Luco and Cornell(1998; Hamburger et al(2000; and Cornell demand over time produced by ground motion and the capacity of
et al. (2001. the structure to resist this demand could be predicted with cer-

tainty, then the design professional could design a building and

have 100% confidence that the building would achieve the desired
Performance Levels and Objectives performance objectives. Unfortunately, neither the capacity nor

demand can be precisely determined because of uncertainties and

Consistent with the FEMA-302 “1997 Edition: NEHRP recom- fandomness inherent in our prediction of the ground motion, the
mended provisions for seismic regulation for new buildings and Structure’s response to this motion, and its capacity to resist dam-
other structures” [Building Seismic Safety Council(BSSC age, given these demands. One of the important advancgmerjts in
19983] and the FEMA-273 NEHRP guidelines for seismic reha- Performance evaluation developed under the SAC project is a
bilitation of buildings(BSSC 1997, two performance levels are p_rocedure for associating a level of co_nfldence with the con(_:lu-
considered. These are termed Immediate Occupdi®y and sion that a building is capable of meeting a performance objec-
Collapse PreventiofCP). The Immediate OccupandyO) level tive. . . .

is defined as the post-earthquake damage state where only minor A demand and capacity factor desigdCFD) format is used
structural damage has occurred with no substantial reduction in{© @ssociate a level of confidence one might have that a building
building gravity or lateral resistance. Damage in this state could will satisfy the performance opjectlve. It features full integration
include some localized yielding and limited fracturing of connec- OVer the three key stochastic models: ground motion hazard
tions. Damage is anticipated to be so slight that if not found CUrve, nonlinear dynamic displacement, and displacement capac-
during inspection there would be no cause for concern. For pre-ity: This process requires the calculation of a confidence param-
Northridge buildings, fewer than 15% of the connections on any €terx which may then be used to determine the confidence level

floor may experience connection fractures without exceeding the that exists with regard to the performance objective. The confi-

1O level. dence parametex, is calculated as
The Collapse Preventiof€CP) performance level is defined as y-va-D
the post-earthquake damage state in which the structure is on the A= ——— 1)

verge of experiencing either local or total collapse. Significant $-C
damage to the building has occurred, including significant degra- whereC= median estimate of the capacity of the structure. In the
dation in strength and stiffness of the lateral force resisting sys- FEMA/SAC design criteria this estimate may be obtained from
tem, large permanent deformation of the structure, and possiblydefault values specified therein or by a more rigorous direct cal-
some degradation of the gravity load carrying system. However, culation of capacity described belo®;= median demand on the

all significant components of the gravity load carrying must con- structure for a specified ground motion level obtained from struc-
tinue to function. tural analysidEq. (2)]; y=demand uncertainty factor that prin-

A performance objective consists of the specification of a cipally accounts for uncertainty inherent in prediction of demand
structural performance level and a corresponding probability that arising from variability in ground motion and structural response
this performance level may be exceeded. For example, buildingsto that ground motiony,=analysis uncertainty factor that ac-
designed in accordance with SA@0003a are expected, with high  counts for bias and uncertainty associated with specific analytical
confidence, to provide less than a 2% chance in 50 years of damprocedures used to estimate structural demand as a function of
age exceeding CP performance. This is similar, but subtly differ- ground shaking intensity$ = resistance factor that accounts for
ent than the approach taken in BS$I9983, in which new the uncertainty and randomness inherent in prediction of struc-
buildings are anticipated to be capable of resisting earthquaketural capacity;\ =confidence parameter from which a level of
ground shaking demands with that has less than a 2% chance otonfidence can be determined by reference to Tab[&ttictly,
being exceeded in 50 yeaf8/50), while meeting the CP perfor-  the resulting confidence level is “conditional on the mean esti-
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Table 1. Confidence Parametar, as a Function of Confidence Level, Hazard Parametand Uncertainty

Confidence 2% 5% 10% 20% 30% 40% 50% 60% 70% 80% 90% 95% 99%
Bur=0.1

k=1 1.23 1.18 1.14 1.09 1.06 1.03 1.01 0.98 0.95 0.92 0.88 0.85 0.80

k=2 1.24 1.19 1.15 1.10 1.06 1.04 1.01 0.98 0.96 0.93 0.89 0.86 0.80

k=3 1.25 1.20 1.15 1.10 1.07 1.04 1.02 0.99 0.96 0.93 0.89 0.86 0.80

k=4 1.25 1.20 1.16 1.11 1.08 1.05 1.02 0.99 0.97 0.94 0.90 0.87 0.81

Bur=0.2

k=1 1.54 1.42 1.32 1.21 1.13 1.07
k=2 1.57 1.45 1.34 1.23 1.16 1.09
k=3 1.60 1.48 1.37 1.26 1.18 1.12
k=4 1.63 151 1.40 1.28 1.20 1.14
Bur=0.3
k=1 1.94 1.71 1.54 1.35 1.22 1.13
k=2 2.03 1.79 1.61 1.41 1.28 1.18
k=3 2.12 1.87 1.68 1.47 1.34 1.23
k=4 2.22 1.96 1.76 1.54 1.40 1.29
Bur=0.4
k=1 2.46 2.09 1.81 1.52 1.34 1.20
k=2 2.67 2.27 1.96 1.64 1.45 1.30
k=3 2.89 2.45 2.12 1.78 1.57 1.41
k=4 3.13 2.66 2.30 1.93 1.70 1.52
Bur=0.5
k=1 3.16 2.58 2.15 1.73 1.47 1.29
k=2 3.59 2.92 2.44 1.96 1.67 1.46
k=3 4.06 3.31 2.76 2.22 1.89 1.65
k=4 4.60 3.75 3.13 251 2.14 1.87
Bur=0.6
k=1 4.11 3.21 2.58 1.98 1.64 1.39
k=2 491 3.85 3.09 2.37 1.96 1.67
k=3 5.88 4.60 3.70 2.84 2.35 2.00
k=4 7.04 5.51 4.43 3.40 2.81 2.39

1.02 0.97 0.92 0.86 0.79 0.73 0.64
1.04 0.99 0.94 0.88 0.81 0.75 0.65
1.06 1.01 0.96 0.90 0.82 0.76 0.67
1.08 1.03 0.98 0.92 0.84 0.78 0.68

1.05 0.97 0.89 0.81 0.71 0.64 0.52
1.09 1.01 0.93 0.85 0.74 0.67 0.54
1.14 1.06 0.98 0.89 0.78 0.70 0.57
1.20 111 1.02 0.93 0.82 0.73 0.60

1.08 0.98 0.88 0.77 0.65 0.56 0.43
1.17 1.06 0.95 0.84 0.70 0.61 0.46
1.27 1.15 1.03 0.91 0.76 0.66 0.50
1.38 1.24 112 0.98 0.82 0.71 0.54

1.13 1.00 0.87 0.74 0.60 0.50 0.35
1.28 1.13 0.99 0.84 0.68 0.56 0.40
1.45 1.28 1.12 0.96 0.77 0.64 0.45
1.65 1.45 1.27 1.08 0.87 0.72 0.52

1.20 1.03 0.87 0.72 0.55 0.45 0.30
1.43 1.23 1.05 0.87 0.66 0.53 0.35
1.72 1.47 1.25 1.04 0.80 0.64 0.42
2.05 1.76 1.50 1.24 0.95 0.77 0.51

mate of the ground motion hazard,” e.g., that provided by USGS,

because, as will be seen below, only structural response and ca-

pacity uncertainties are incorporated in this procedure; see Cor-
nell et al.(2001).]

A simplified performance evaluation procedure is first pre-
sented. This procedure employs default values of the above pa-
rameters selected from tables. A detailed procedure for deriving
these parameters is next outlined which includes a discussion of
how the default values were determined. Only the local and glo- 2,
bal collapse conditions and the CP performance level are dis-
cussed here.

The simplified procedure for performance evaluation is de-
scribed in chapter 4 of FEMA2000D. This procedure requires
only that the design professional calculate the structural demand,
D, in the form of interstory drift and column axial forces. The
other parameters given in E@.) are selected from tabulated pre-
determined values. The simplified procedure includes the follow-
ing steps:

1. Determine the performance objective to be evaluated. This
requires the selection of one or more performance levels,
that is, either 10 or CP, and the appropriate hazard level, that 3.
is exceedance probability desired for this performance. The
guidelines recommend that design solutions that provide a
90% level of confidence that the building satisfy desired per-
formance from a global perspective and a 50% level of con-
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fidence that it satisfy the performance at a local level. For
new buildings, consistent with the approach taken in the
NEHRP ProvisiondBSSC 1998 it is recommended that a
minimum design objective of collapse prevention at a 2%/50
year exceedance probability be selected. Selection of hazard
level for the immediate occupancy level is optional. For ex-
isting buildings, any combination of performance levels and
objectives may be selected.

Determine the ground motion characteristics for the perfor-
mance objective chosen. The ground motion intensity for
each performance level should be chosen to have the same
probability of exceedance as the hazard level of the design
objective, e.g., 2/50 for the CP case. Under the NEHRP Pro-
visions (BSSC 1998 ground motion is characterized by two
mapped, elastic response spectral ordinates, one for short
periods,S,, and one for a one second peri&@], at a 2%/50
year exceedance probability. These are modified by factors
to account for the soil conditions at the site to define the
design response spectrum. FEMA-273 provides an equation
for determiningS; and S, for other hazard levels.

Calculate the structural demand for each earthquake inten-
sity. The demand is computed using standard methods of
structural analysis. Either linear methods or nonlinear meth-
ods may be used. Once calculated, demand parameters such
as the maximum interstory driff\ ., are adjusted for bias



Table 2. Default Bias Factor€g

Analysis procedure

Linear Nonlinear
Linear Static Dynamic Nonlinear Dynamic
Performance level 10 CP 10 CP 10 CP 10 CP
Type 1 connections
Low rise (3 stories or less 0.90 0.65 1.00 0.80 1.10 0.85 1.00 1.00
Mid rise (4—12 storiep 1.10 0.85 1.10 1.15 1.40 0.95 1.00 1.00
High rise (>12 storie$ 1.05 1.00 1.15 1.00 1.30 0.85 1.00 1.00
Type 2 connections
Low rise (3 stories or less 0.75 0.90 1.00 1.20 0.90 1.25 1.00 1.00
Mid rise (4—12 storiep 0.80 1.00 1.050 1.30 1.08 1.35 1.00 1.00
High rise (>12 storie$ 0.75 0.70 1.30 1.20 1.30 1.30 1.00 1.00
inherent in the analytical procedure using the equation a product of the integratioitCornell et al. 2001 used to
D=CgAmax ) determine the total probability that demand will be greater

where Cg=analysis procedure-dependent bias coefficient
andA ,,,=maximum calculated interstory drift. The bias co-
efficients are calculated by performing a series of analyses,
using representative building structures and the selected
methodology, and by comparing the median of the results
obtained to the median of results obtained from nonlinear
time history analyses of the same structures for the same
ground motions. In essence, the bias coefficient when ap-
plied to the results of a group of analyses should result in the
same median value of demand as obtained from the more
accurate, nonlinear time history benchmark method. Table 2
presents the bias factors calculated using this procedure for
four different analytical procedures, where Type 1 connec-
tions are representative of ductile behavior, similar to those
developed following the Northridge earthquake and Type 2
connections are more brittle assemblies, representative of
practice prior to the Northridge earthquake.

Determination of global and local collapse capacity and re-
sistance factor. Table 3 provides interstory drift capacities
and associated resistance factors computed for a series 016'
model buildings representative of regularly configured struc-
tures, as limited by global behavior. Capacities were deter-
mined using an incremental dynamic analysis approach, re-
ported by Foutch(2000; Lee and Foutch2000, and Yun

and Foutch(2000. Local connection capacities were devel-
oped by Roedef2000 and are provided in Tables 4 and 5
for Type 1 and Type 2 connections. The resistance factors are

than capacity. Resistance factors are given by the equation
p=el2B” )

wherek=logarithmic slope of the hazard curve, i.e., a mea-
sure of the rate of change of ground motion intensity with
probability of exceedancdy=similar coefficient that repre-
sents the change in demaffdr example interstory driftas
a function of ground motion intensitgset to unity for the
default cases andb=standard deviation of the natural loga-
rithm of the variation in capacity resulting from variability in
ground motion and structural characteristics. These are de-
scribed in more detail in a later section.
Determine the factored-demand-to-capacity rati®nce the
demand is calculated and the demand and capacity factors
are determined, the factored-demand-to-capacity ratio is cal-
culated using Eq(1). The demand and analysis uncertainty
factors, like the resistance factors, are products of the inte-
gration to obtain the total probability that demand is greater
than capacity, and are discussed in a later section.
Evaluate the confidence level. The confidence in the ability
of the building to meet the performance objective is deter-
mined, using the\ value determined in accordance with Step
5 above, by a back calculation to obtdiy from the equa-
tion

A=g Bur(Kx—kBuyr/2b) 4)
where k and b=coefficients previously described
=logarithmic standard deviation of the distribution of both

Table 3. Global Interstory Drift Angle Capacitf and Resistance Factodsfor Regular Buildings

Performance level

Immediate Occupancy

Collapse Prevention

INTERSTORY DRIFT RESISTANCE INTERSTORY DRIFT RESISTANCE
Building height ANGEL CAPACITY FACTOR ¢ ANGEL CAPACITY FACTOR ¢
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 storie$ 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 storie$ 0.01 0.85 0.06 0.60
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Table 4. Default Drift Capacities and Resistance Factors as Limited by Local Connection Response—Ductile Type 1 Cori{Resters2000D

Immediate occupancy

Collapse prevention

Strength

degradation Limit Drift Angle Capacity Limit Drift Angle Capacity

limit drift (rad) Reduction (rad) Reduction
Connection angle(rad) 010 Factor Ocp Factor
type 0sp ¢ ¢
WUF-B* 0.031-0.00031, 0.015 0.9 0.060—-0.0006, 0.9
WUF-WP 0.051 0.020 0.9 0.064 0.9
FFe 0.077-0.0012,, 0.020 0.9 0.10-0.0016y, 0.9
RBS 0.060-0.00031, 0.020 0.9 0.08-0.0008, 0.9
WFP® 0.12-0.02, 0.020 0.9 0.10-0.0014,, 0.9

except that should used
Osp if w14 or less

BUEP 0.071-0.00134, 0.015 0.9 0.081-0.0014, 0.9
BSEP 0.071-0.00134, 0.015 0.9 0.081-0.001&, 0.9
BFP’ 0.12—-0.002}, 0.015 0.9 0.10-0.00d}, 0.9
DST 0.12—-0.0034}, 0.015 0.9 0.14-0.003@, 0.9

AVUF-B: welded unreinforced flange-bolted connection.
PWUF-W: welded unreinforced flange-welded web connection.
°FF: free flange connection.

9RBS: reduced beam section connection.

‘WFB: welded flange plate connection.

'BUEP: bolted unstiffened end plate.
9BSEP: bolted stiffened end/plate
"BFP: bolted flange plate.

'DST: double split tee.

demand and resistance, considering all sources of uncer-more detailed description of the basis for these procedures and the

tainty; andK,=standard Gaussian variate associated with
probability x of not being exceeded found in conventional
probability tables, e.g., iK,=1.28 thenx=90%.

The values of the uncertainty coefficigdyr used are de-

calculation of the default values is reported in Yun and Foutch
(2000 and Appendix A of theGuidelines(FEMA 2000a, b.

pendent on a number of sources of uncertainty in the estima- Determination of Hazard Parameters

tion of structural demands and capacities. Sources of uncer-

tainty include, for example, the effective damping, the actual
material properties, and the effective structural period and
others each contain uncertainties. The uncertainty associate
with each sourcéi) may be identified ag ;. Then

Bur= \/Ei BE (5)

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

Determine the confidence level. Once the confidence factor
and the uncertainty coefficiefdt,; are determined, the con-
fidence level can be found in Table 1. An example is given
below.

Two ground motion parameters are required for performance
evaluation. These are the intensity as defined by the spectral ac-

OcelerationSaTl at the first period of the building, corresponding to

the hazard level of interest, and the logarithmic slope of the haz-
ard curvek, at the desired hazard level. The spectral acceleration,
S.t1, may be determined using procedures given in FEMA-273
(BSSC 1997. They require values db; andS,; determined from
national maps developed by the United States Geological Survey.
Alternatively, S,t; andk, may be derived from the mean hazard
estimate determined from a site-specific study.

The logarithmic slopek of the hazard curve at the desired
hazard level is used in the evaluation of the resistance factors,
demand factors, and confidence levels. The hazard curve is a plot
of the probability of exceedance of a spectral amplitude value

The procedures used for determining the default values givenversus the spectral amplitude for a given response period, and is
in the tables are summarized in the remainder of the paper. Ausually approximately linear when plotted on a log-log scale. On

Table 5. Default Drift Capacities and Resistance Factors as Limited by Local Connection Response—RBrittle (RneeNorthridge Welded

ConnectiongRoeder 200D

Immediate occupancy

Collapse prevention

Strength
degradation Limit Drift Capacity Limit Drift Capacity

limit drift Angle Reduction Angle Reduction
Connection angle(rad) (rad) Factor (rad) Factor
type 0sp 010 ¢ Ocp ¢
WUF? 0.061-0.000131, 0.010 0.8 Larger of 0.8
(<1980 0.053-0.0008,,

or 0.061-0.00018l,

WUF? 0.021 0.010 0.8 0.053-0.00@k, 0.8
(>1980

AWUF: welded unreinforced flange connection.
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Table 6. Uncertainty Coefficient3; for Global Interstory Drift
Evaluation

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

Performance level Region k

Building height Immediate Occupancy Collapse Prevention Alaska, California and the Pacific 3

Type 1 connections Northwest _ '
Low rise (3 stories or less 0.20 0.30 Intermountain Region, Basin & 2
Mid rise (4—12 stories 0.20 0.40 Range Tectonic Province
High rise (>12 stories 0.20 0.50 Other U.S. locations 1

Note: For deterministic ground shaking demands, use a valle=df0.

Type 2 connections
Low rise (3 stories or less 0.20 0.35 . .
Mid rise (4—12 stories 0.20 0.45 The valugs correspondlng to the Iocql coIIaps_e were determlr_led
High rise (>12 stories 0.20 055 from cyclic tests of full-size connection specimens. The cyclic

Note: Value off3 1 should be increased by 0.05 for linear static analysis

and decreased by 0.05 for nonlinear dynamic analysis.

tests are used to determine load-deformation hysteresis behavior
of the system and the maximum drift for which gravity loads may
still be carried by the girders. This gravity-induced drift limit is

such a scale a straight line fit in the range of hazard levels of reached when the shear tab is significantly damaged, a low-cycle

interest will have the functional expression
Hsi(S)=koS (6)

where Hg(S;) = probability of ground shaking having a spectral
acceleration greater th&; ko= constant, dependent of the seis-
micity of an individual site; andk=Ilogarithmic slope of the haz-

ard curve.

fatigue crack develops in the beam web, or the load-deformation
behavior of the moment connection has completely deteriorated.
A standard test protocol, based on ATC-@II'C 1991 and
developed specifically for the SAC Project was used for most of
the tests. Instructions on loading sequence and required response
measurements are given in Roed2000. The moment versus
plastic rotation of a beam-column assembly for a reduced beam

If mapped spectral acceleration values at 10%/50 year andsection(RBS) connection representative of a single test is shown
2%/50 year exceedance probabilities are available, for example asn Fig. 1. The hysteretic behavior is characterized by a gradual

provided with FEMA-273, the value df may be calculated as
H
In( 51(10/50)

K= Hs1 (2150 _ 1.65 e
In( S1(2/50)) In( S1(2/50))
Si(1050 Si(1050

where S, (1050~ Spectral amplitude for 10/50 hazard level;

Sy (2150=Spectral amplitude for 2/50 hazard leve g, (1050
=probability of exceedance for the 10/50 hazard leveM75

=0.0021; andHg; (,50= probability of exceedance for the 2/50

hazard levet 1/2475=0.00040.

Default values ok for various regions of the United States are

given in Table 8.

Determination of Drift Capacity and Resistance
Factors

Local Drift Capacity

strength degradation with increasing plastic rotation. For the spe-
cific connection tested, it appeared that the shear-carrying capac-
ity was reached at a plastic rotation of about 0.06. In order to use
such data in the reliability framework, it is necessary to have
several such tests, from which statistics on the likely distribution
of important design parameters, such as plastic rotation at peak
load and plastic rotation at loss of capacity, can be obtained.
Statistics that must be obtained include the median value of the
parameter and the standard deviation of the logarithm of the val-
ues obtained from the testing, The analytical connection model
used for analysis of buildings with RBS connections, representa-
tive of median behavior, is also shown in Fig. 1.

Global Drift Capacity

The global drift capacity of a building is determined using the
incremental dynamic analys{$DA) procedure. This is based on
the use of nonlinear time histoffNTH) analysis. It is important
that the analytical model used for determining the global drift

The median drift capacities and resistance factors for connectiondemand reproduces the major features of the measured response
types tested under the FEMA/SAC Project are given in Table 3. such as sudden loss of strength. This means that the measured

Table 7. Uncertainty Coefficientyr for Local Interstory Drift
Evaluation

Performance level

Building height

Type 1 connections

Low rise (3 stories or less 0.30 0.30

Mid rise (4—12 storiep 0.30 0.35

High rise (>12 storie$ 0.30 0.40
Type 2 connections

Low rise (3 stories or less 0.30 0.35

Mid rise (4—12 storiep 0.30 0.40

High rise (>12 storie$ 0.30 0.40

Note: Value off3 41 should be increased by 0.05 for linear static analysis

and decreased by 0.05 for nonlinear dynamic analysis.

Immediate Occupancy Collapse Prevention

hysteresis behavior must be modeled reasonably well and the
model must include all significant components of building stiff-
ness, strength, and damping. Modeling recommendations are
given by Foutch2000 and Lee and Foutcf2000. (See Fig. 2.

The incremental dynamic analygi®A ) technique was devel-
oped by Luco and Cornell1998 and is described in detail in
Appendix A of theGuidelines(FEMA 2000a, b and Vamvatsikos
and Cornell(200J). It consists of a series of nonlinear analyses of
a structure for a ground motion that is increased in amplitude,
until instability of the structure is predicted. This analysis is re-
peated for multiple ground motions, so that statistics on the varia-
tion of demand and capacity with ground motion character can be
attained. A suite of 20 ground motion recor@omerville et al.
1997 was used to determine the global drift capacities given in
Table 4. Twenty model buildingéeight 3- and 9-story and four
20-story designed in accordance with the 1997 NEHRP provi-
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sions(BSSC 1998 were used for the post-Northridge buildings
(Type 1 connections Nine buildings designed using past UBC
provisions(ICBO 1973, 1985, and 1994vere used for the pre-
Northridge buildings(Type 2 connections All of the buildings

were very regular. The measured and modeled behavior of the
Type 2 connections are shown in Fig. 3.

This procedure that was followed in doing this analysis is as

follows: 3

1.

Choose a suite of 10 to 20 accelerograms representative of
the site and hazard level. The SAC project developed typical
accelerograms for Los Angeles, Seattle, and Boston sites4.
(Somerville 1997. These might be appropriate for similar
sites.

Perform an elastic time history analysis of the building for
one of the accelerograms. Plot the point on a graph whose
vertical axis is the spectral ordinate for the accelerogram at
the first period of the building and the horizontal axis is the

maximum calculated drift at any story. Draw a straight line
from the origin of the axis to this point. The slope of this line

is referred to as the elastic slope for the accelerogram. Cal-
culate the slope for the rest of the accelerograms using the
same procedure and calculate the median slope. The slope of
this median line is referred to as the elastic slope, (See

Fig. 4)

Perform a nonlinear time history analysis of the building
subjected to one of the accelerograms. Plot this point on the
graph. Call this point\; .

Increase the amplitude of the accelerogram and repeat step 3.
This may be done by multiplying the accelerogram by a
constant that increases the spectral ordinates of the accelero-
gram by 0.3. Plot this point asA,. Draw a straight line
between points\; andA,. If the slope of this line is less
than 0.2S, then A, is the global drift limit. This can be
thought of as the point at which the inelastic drifts are in-
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creasing at five times the rate of elastic drifts. The value of were observed due to largErDelta effects. The ground motion
0.2 is an arbitrary number but calculated collapse drift is increment must be small enough so that drift increment is rela-
rather insensitive to this value. tively small for each step. The values given above should be
5. Repeat step 4 until the straight-line slope between consecu-considered as an upper bound. The use of a larger increment
tive points A; and A;, 4, is less than 0.25,. When this would usually result in smaller drift capacity and larger variation
condition is reachedy; is the global drift capacity for this  of the capacity. Therefore, it would give conservative results.
accelerogram. IA;,;=0.10 then the drift capacity is taken  More discussion of how the global capacity is determined is given

as 0.10. in Appendix A of theGuidelines(FEMA 2000a,b and in Yun and
6. Choose another accelerogram and repeat steps 3 through S=outch(2000.

Do this for each accelerogram. The median capacity for glo-

bal collapse is the median value of the calculated set of drift

limits. An illustration of an IDA analysis for two accelero- Determination of Resistance Factor &

grams is shown in Fig. 4. The open circles represent the IDA .

for an accelerogram where the 082 slope determined the The resistance factod, accounts for the fact that structural ca-

capacity. The open triangles represent a case where the dePacity has a distribution of values. In order to determine prob-

fault capacity=0.10 applies. abilities and confidence levels the sources of this variation are

The factors that affect the curve of the incremental dynamic separated into “randomness” and “uncertainty.” Variation due to

analysis(IDA) are P-A effects, increment used for the analysis, future factors that cannot be predicted are termed randomness.
ground motions used, strain hardening ratio, shifting of funda- Variation due to factors that are fixed, but which are uncertain as
mental period due to nonlinearity, higher mode effects, and shift- to actual value, for example, material strength, are termed uncer-

ing of maximum story drift location. tainty. The principle portion of randomness in global capacity is
A strain-hardening ratio of 0.03 was used for all of the analysis due to the variation in the earthquake accelerograms the building

in this study. Ground motion intensity increment of @.%or may experienceas represented by the suite of accelerograms

three-story and nine-story buildings was used, whereas ®ds used in the IDA analys¢sEstimation of capacity is also subject

used for the 20-story buildings since sudden increases in drift to uncertainty in the load-deformation behavior of the system, as
might in principle be determined from tests. The local collapse
value is also affected by uncertainties in the response of the com-

1.0 7 ponents due to variable material properties and fabrication.
- Throughout when the distinction is critical the relevant param-
08 S e eters will be subscripted by R or U for “randomness” and

“uncertainty,” respectively.

slope=0.2 S, The equation for calculating is given by(Jalayer and Cornell

0.6

5 unpublished internal technical memo, 1998
<
w
04 b=dre duc (8)
— a—kBad2b
o2 . br=e "R 9
TS slope=0.2 S, bu= e—kBoc/2b (10)
0.0 — . . .
0.00 0.05 0.10 015 0.20 025 0.30 whered =resistance factorpr=contribution to¢ from random-
Drift ratio ness; o, = contribution tod from uncertainties3 gc= standard
deviation of the natural logs of the drift capacities due to random-

Fig. 4. Two IDA analyses for nine-story building ness
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* Global: Based on variability observed in capacities derived p-delta effects, phenomena not well accounted for in the analyses,

from IDA; to structures in these height rang@% computed for the effects
* Local: Randomness. Assumed to be 02Qc=the standard on response of damping, live load, and material properties were
deviation of the natural logs of the drift due to uncertainty; set to zero since the values were negligible when compared to

* Global: By= 3 Bnth= 3 Bny is defined below. The  Bnrh-
\J3- follows from assumed perfect negative correlation between  The bias factor for each analysis procedure is calculated as the

the uncertainties in demand and capadiBornell et al. 200}, ratio of the median drift demand resulting from the nonlinear time
and history analysis of a building divided by the estimate of the drift
* Local: Uncertainty. Assumed to be 0.25. demand using a particular analysis procedure. Bhe for the

For local collapseBc accounts for the uncertainty in the bias factor is the coefficient of variation of the bias factors among
median drift capacity. This arises from uncertainties in the repre- buildings of given height.
sentativeness of the testing procedure, in the limited number and A number of options are available to the design professional
scope of tests, material, and weld properties, and other factorswho wants to use other parameters than the default values given
The Brc term accounts for randomness in the drift capacity re- in the tables included here. For design of steel moment frames the
sulting primarily from record-dependent differences in the story slope of the hazard curvg for the building site is easily calcu-

drift (or connection rotationat collapse. lated using Eq(7). If the building is not near a known fault, the
Bor is not considered s@rp=Pacc @and thereforey value will
Determination of Demand Factors decrease. Additional reduction #nvalue is achievable by calcu-

lating dynamic demands using appropriate ground motions for the
site. If the connection is not a prequalified connection then testing
is required. This will provide a local collapse val@and, per-
The demand variability factay is associated with the variation in  haps, a different value af. However, usually there will not be
structural response to different ground motion records, each of theenough tests performed to determiie so the default value of
same intensity, as measured by the spectral response acceleratiofype 1 connections should be used. In all cases, the demand
at the fundamental period of the building. This randomness is duemust be calculated using E@®). Other parameter calculations are
to unpredictable variation in the actual ground motion accelero- outlined above and described in detail in Yun and Folg900.
gram and also due to variation in the azimuth of attack, termed For other structural systems and materials, calculation of all pa-
orientation, of the ground motion. The orientation component is a rameters is required. Details may be found in Yun and Foutch
significant factor, only for near-fault site. For such sites, located (2000.

within a few kilometers of the zone of fault rupture, the fault-

parallel and fault-normal directions experience quite different

shaking. For sites located farther away from the fault, there is no Performance Evaluation Example

statistical difference in the accelerograms recorded in different A short example is given here. Two nine-story buildings with

Determination of

directions. _ perimeter moment frames, one designed for the 1997 NEHRP
The demand factoy is calculated as provisions with Type 1 connections and one designed for the 1994
y=ek3§o’2b (11) UBC with Type 2 connections, are used. Each building has five
9.14-m(30-ft) bays in both directions. Both of the buildings have
wherey=demand variability factor anflgp= \/ZB? wherep? is four and a half moment-resisting bays in each perimeter frame.
the variance of the natural log of the drifts for each element of All story heights are 3.96-nG13-ft) except for the first floor and
randomness. basement which is 5.49-nil8-ft) and 3.66-m(12-ft), respec-

The B, values for each source of randomness as determined fortively. The columns are pinned at the basement level and transla-
the SAC project are based on studies of twenty building designstion of the first floor is assumed to be restrained by basement
using the 1997 NEHRP provisions for the LA site. The notation walls. The plan and elevation are shown in Fig. 5. For an actual
used is as followsp ..., accelerogramp,,, orientation.p s is case, the designer would calculate the demBniesign drify
the standard deviation of the log of the maximum story drifts using Eq.(2). For this example, the demand is the median drift
calculated for each of the 20 accelerograms referred to above. demand calculated for twenty LA ground motions. The results are
given in Table 9.

The results show that the confidence level that the post-
Northridge building will satisfy the CP performance level for the
The demand uncertainty facter, is based on uncertainties re- 2/50 hazard are 99% for the global collapse and 94% for local
lated to the determination of median demabd,One significant collapse. For the 1994 building, the confidence levels are 59 and
source of uncertainty is due to inaccuracies in the analytical pro- 19% for the global and local collapse performance, respectively.
cedure, terme@, for analysis procedure. Thg, is nominally The main reasons that a lower confidence level is calculated for
composed of five parts as follow8yry associated with uncer-  the 1994 building is that it is more flexible which increaBgsnd
tainties related to the extent that the benchmark, nonlinear timehas Type 2 connections which decrea€e#\Ithough the results
history analysis procedure, represents actual physical behaviorfor the 1994 building are discouraging they are representative of
Bgr associated with uncertainty in the bias fact®famping 25S0- the poor confidence associated with buildings representing pre-
ciated with uncertainty in estimating the damping value of the Northridge design and construction practice. For buildings de-
structure; Bive0ag @ssociated with uncertainty in live load; signed prior to 1979, the confidence level for satisfying local
B mat. prop.@SSOCiated with uncertainty in material properties. collapse is particularly low, at less than 10% for 3-, 9- and 20-

The Bty IS assumed to be 0.15, 0.20, and 0.25 for 3-, 9-, and story buildings. This is because prior to that time, the codes did
20-story buildings, respectively, based on judgment and on under-not specify lateral deflection limits. As a result, such buildings
standing of the relative importance of strength degradation andtend to be quite flexible.

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

C b D ¥ Ya N Bur Ky C.L. (%)
Collapse prevention against 2/50 hazard level
1997 NEHRP 9-storyglobal) 0.10 0.85 0.034 1.2 1.06 0.51 0.40 2.29 99
1997 NEHRP 9-storylocal) 0.07 0.90 0.034 1.2 1.06 0.69 0.40 154 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 —-0.88 19
Collapse prevention against 2/50 hazard level
1997 NEHRP 9-storyglobal 0.02 1.00 0.008 1.4 1.02 0.57 0.20 3.10 99
1997 NEHRP 9-storylocal) 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 -1.11 13
1994 UBC 9-story(local) 0.01 0.80 0.009 1.3 1.02 1.49 0.30 —-0.88 19

The 10 performance levels were checked for each building for 2. The new performance evaluation procedure developed by the
the 50/50 hazard. 10 capacity for Type 1 connections is 0.02 rad, SAC project is a powerful tool, but simple to apply.
and it is 0.01 rad for Type 2 connections. The confidence levels 3. Steel moment frame buildings designed in accordance with
are 98% for the new building and 13% for the 1994 building. the 1997 NEHRP provisions and constructed with SAC
prequalified connections are expected to perform much bet-
ter during major earthquakes than existing buildings de-
Summary and Conclusions signed and built with older technologies.

A performance-based procedure for seismic performance evalua-

tion of steel moment frames is presented that allows the designerAcknowledgments

to estimate the confidence level of satisfying the performance

objectives. This is an important step forward since it accounts for This research was sponsored by the SAC Joint Venture with funds
uncertainties and randomness in the seismic demand and buildingprovided by the Federal Emergency Management Agency. This
capacity. A numerical example indicates that buildings designed support is gratefully acknowledged. Opinions and advice pro-
in accordance with the 1997 NEHRP provisions and constructedvided by the Technical Advisory Panel were also very helpful.
with SAC prequalified connections have a confidence level of Any findings, results, or conclusions are solely those of the writ-
greater than 90% for satisfying the collapse prevention perfor- ers and do not represent those of the sponsors. The writers would
mance level for a hazard that has less than a 2% probability oflike to thank Dr. Norman Abrahamson and Dr. Robert Kennedy
being exceeded in 50 years. A 1994 building constructed with for review, discussion, and recommendations regarding categori-
pre-Northridge welded connections has only a 59% confidence zation and estimation of the components of randomness and un-
level for satisfying global collapse performance and 19% for local certainty.

collapse performance for the same hazard level. The confidence

levels for satisfying the immediate occupancy performance level

for the 50%-in-50 year hazard level are 98% for the new building Notation

and 13% for the 1994 building. This leads to the following con-

clusions: The following symbols are used in this paper

1. Randomness and uncertainty in the calculation of seismic b = coefficient relating incremental change in demand
demand and structure capacity are important effects that to incremental change in ground shaking intensity
must be accounted for in seismic performance evaluation. at hazard level of interest;
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Hs(S) =
H s (1050) =

Hsi(2m0) =

10 =

S1(10150)
Si(250) =
Ber =

Bdamping

Biive load =
Bmat. prop.

BNTH -

Brc =
Bro =
Buc =

Bur =

Amax =
br =
by =

¢ =

= median estimate of capacity of structure;
= analysis procedure-dependent bias coefficient;

collapse prevention performance level;

= median demand on structure for specified

ground motion level obtained from structural
analysis;

probability of ground shaking having a spectral
acceleration greater the® ;

probability of exceedance for the 10/50 hazard
level=1/475=0.0021;

probability of exceedance for the 2/50 hazard
level=1/2475=0.00040;

immediate occupancy performance level;

= slope of hazard curve expressed in log-log coor-

dinates at the hazard level of interest;

constant, dependent of seismicity of individual
site;

standard Gaussian variate associated with prob-
ability x of not being exceeded as function of
number of standard deviations above or below
mean;

= spectral amplitude for 10/50 hazard level;

spectral amplitude for 2/50 hazard level;
associated with uncertainty in bias factor;
associated with uncertainty in estimating damp-
ing value of structure;

associated with uncertainty in live load,;
associated with uncertainty in material proper-
ties;

associated with uncertainties related to extent
that benchmark, nonlinear time history analysis
procedure, represents actual physical behavior;
standard deviation of natural logs of drift ca-
pacities due to randomness;

\/W whereB? is variance of natural log of
drifts for each element of randomness;
standard deviation of natural logs of drift ca-
pacities due to uncertainty;

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

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;

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;
maximum calculated interstory drift;

confidence parameter;

contribution to¢ from randomness of earth-
quake accelerogram;

contribution to¢ from uncertainties in mea-
sured connection capacity;

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

resistance factor.
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