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Development of performance-based design (PBD) methodologies for
buildings and a better understanding of the performance and damage to
nonstructural components during ground motion events give rise to design
problems that involve structural and nonstructural component performance.
The current research effort is geared toward development of an automated
PBD environment to optimize structural system performance. FEMA-350 and
HAZUS procedures are used to evaluate confidence levels associated with the
probability of a structure not meeting targeted performance levels. A genetic
algorithm (GA) is used to solve this complex optimization problem where
confidence levels are incorporated into a GA fitness function along with initial
construction cost in a series of optimal design scenarios. Inelastic time-history
analysis is used to evaluate the designs under different levels of hazard during
execution of the evolutionary algorithm. Different optimization formulations
are studied in order to explore the symbiotic relationship between seismic
hazard magnitude, initial construction cost, and confidence levels for damage
exceedance for structural and nonstructural components.
�DOI: 10.1193/1.2754002�

INTRODUCTION

There are significant sources of uncertainty with design for natural events (wind and
earthquake), which give rise to complex design problems that involve structural and non-
structural component performance, and the risk of exceeding damage states. Next-
generation structural design methodologies are intended to mitigate expected loss result-
ing from these hazards and performance-based engineering is destined to become the
basis for next-generation structural design.

The development of performance-based design specifications and model codes for
steel and concrete building structural systems (ATC 1996, FEMA 2000) has ushered in
new applications of evolutionary computation in optimized structural design (Alimoradi
2004, Liu 2004). Performance-based structural optimization (PBSO) formulations often
involve multiple-objective optimization problem statements. The constraints often in-
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volve target probabilities and/or confidence levels in meeting performance objectives.
Efforts that involve minimum life-cycle cost design also fall into this category of struc-
tural optimization efforts.

Life-cycle cost optimization for steel framing systems has been a very fertile area of
research that can be classified as PBSO. When the structural system life-cycle is in-
cluded in the optimization, various ground motion levels need to be considered. U.S.
design specifications and nonlinear pushover analysis have been used in conjunction
with a genetic algorithm to solve a performance-based structural optimization problem
that involved objectives related to initial construction expense (material weight), the
number of different steel sections used in the design (diversity), and future seismic risk
associated with interstory drift resulting from both frequent and infrequent ground mo-
tions (Liu et al. 2005). Lifetime seismic damage and initial material cost have also been
considered as objectives in a GA-based optimization algorithm using nonlinear pushover
analysis as the analytical basis for determining performance (Liu et al. 2003). Nonlinear
pushover analysis used as the fitness-evaluation engine for genetic algorithms (Liu et al.
2004) and evolution strategies (Fragiadakis et al. 2006) has been used to solve PBSO
problems involving objectives of minimum structure weight and confidence levels in
meeting performance objectives during frequent and infrequent ground motion events.

While static pushover analysis is a useful method for defining performance expecta-
tions during ground motion events, it is well known that this analytical method tends to
give inaccurate results for irregular structural systems. Inelastic time-history analysis
(THA) is a better predictor of performance during ground motion events when compared
to pushover analysis methodologies assuming ground motion characteristics, site char-
acteristics, and structural system characteristics are reasonably quantified. Inelastic THA
has been implemented as the foundation of multiple-objective PBSO for 2-D frame
structures using genetic algorithms (Alimoradi 2004, Alimoradi et al. 2004, Alimoradi
et al. 2007, Foley et al. 2007). In order to consider multiple objectives in the GA, a novel
radial fitness was defined (Alimoradi 2004, Foley et al. 2007). The objective in these
efforts for the PBSO statement was confidence in meeting performance objectives dur-
ing frequent and infrequent ground motion events.

Historical applications of performance-based optimal design have ignored nonstruc-
tural components in the evaluation of performance. Although the process toward under-
standing nonstructural component performance was begun some time ago (Algan 1982),
significant improvements in understanding nonstructural component performance have
been made only recently (Comerio et al. 2002, Filiatrault et al. 2002, FEMA 2003,
Holmes and Comerio 2003, Taghavi and Miranda 2003).

A risk-based structural design problem can be stated as: (1) minimize the initial cost
of construction for the structural system; (2) ensure a tolerable level of risk against col-
lapse for ground motions with less than 2% probability of exceedance in 50 years; and
(3) ensure a tolerable level of risk of not being able to immediately occupy a building
structure after an event with less than 50% probability of exceedance in 50 years. Re-
cent developments make automating design problems such as these feasible. Alimoradi
(2004) and Alimoradi et al. (2004) were among of the first researchers to consider the
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performance-based earthquake engineering (PBEE) methodology within the automated
and optimal design environment, and have laid the groundwork for algorithm develop-
ment in this regard. Foley (2002) laid out a schematic methodology for PBE optimiza-
tion within the realm of gravity load, wind load, and seismic loading. The objective of
the present research effort is to explore the symbiotic relationship between seismic haz-
ard magnitude, initial construction cost, and confidence levels for damage exceedance
for structural and nonstructural components using inelastic THA- and GA-based optimi-
zation methodologies to automate structural design.

The process used to achieve the objective begins with generation of acceleration time
histories for multilevel ground motion events. FEMA-350 procedures (FEMA 2000) are
used to define and assess structural component damage, and HAZUS methodologies
(FEMA 2003) are used to define and assess nonstructural component damage. These two
methodologies are synthesized to facilitate computation of confidence levels against
damage exceedance for structural and nonstructural components. A risk-based design
optimization problem with appropriate loading conditions and constraints is formulated.
The design problem is solved using an evolutionary computation that has seen a consid-
erable number of applications in the field of structural and earthquake engineering
(Pezeshk et al. 1997, Kim and Ghaboussi 1999, Pezeshk et al. 2000, Schinler and
Foley 2001, Alimoradi and Ahmadi 2002, Foley et al. 2002, Foley and Schinler 2003,
Alimoradi 2004, Naeim et al. 2004, Liu et al. 2006).

PROBABILISTIC PERFORMANCE-BASED DESIGN

Buildings are composed of both structural and nonstructural systems. While damage
to the structural system is the most important measure of building damage affecting ca-
sualties and catastrophic loss of life, damage to nonstructural systems and contents can
result in significant economic and human loss through building-facility downtime, con-
tent damage, and injury or death. Typically, the structural system represents about 25%
of the building’s worth (FEMA 2003). Relatively recent urban earthquakes proved that it
is very important to consider nonstructural damage in the design phase rather than ex-
clusively targeting structural performance. Therefore, the formulation used in this paper
attempts to predict separately the performance of: (1) the structural system; (2) non-
structural drift-sensitive (NSD) components, such as partition walls, that are primarily
affected by building interstory displacement; and (3) nonstructural acceleration-sensitive
(NSA) components, such as suspended ceilings, that are primarily affected by building
shaking. FEMA-350 (FEMA 2000) and HAZUS (FEMA 2003) procedures allow both
structural and nonstructural damage to include confidence levels for attaining expected
performance.

STRUCTURAL COMPONENTS

The FEMA-350 (FEMA 2000) procedure is defined as demand and resistant factor
design (DRFD). The basic premise of the DRFD procedure is to establish a confidence
parameter,
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� =
� · �a · D

� · C
�1�

where D is the calculated median-value demand obtained via structural analysis, C is the
median capacity estimate for the corresponding demand quantity, � is the demand vari-
ability factor, �a is the analysis uncertainty factor, and � is the capacity reduction factor.
A thorough discussion of the technical framework for DRFD is available (Jalayer and
Cornell 2003).

Global interstory drift is presently used as a measure of structural demand and ca-
pacity for evaluating Equation 1 at each performance level. A confidence parameter ob-
tained for a given design is used to back-calculate the design’s confidence level as
follows:

� = e−b�UT�Kx−k�UT/2� �2�

where b is a coefficient relating the incremental change in demand to an incremental
change in ground motion intensity (b=1.0 implies linear relationship); �UT is an uncer-
tainty measure equal to the vector sum of the logarithmic standard deviation of the varia-
tions of demand and capacity; k is the slope of the hazard curve in natural logarithm
coordinates at the hazard level of interest (its magnitude is taken to be 3.00 for this
present study); and Kx is the standard Gaussian variate associated with the probability of
x not being exceeded as a function of number of standard deviations above or below the
mean, from standard probability tables.

Table 1 contains the uncertainty coefficients, capacities, capacity reduction factors,
analysis uncertainty, and demand variability factors considered for each performance
level used in the present analyses. If � is calculated using Equation 1 for a given series
of ground motion records corresponding to a performance objective, the standard nor-
mal variable, Kx, can be computed using Equation 2 and a corresponding confidence

Table 1. Confidence evaluation parameters for spe-
cial moment frames (SAC 2000)

IO Performance CP Performance

�UT=0.20 �UT=0.30
C=0.02 C=0.10
�=1.0 �=0.9
�=1.5 �=1.3

�a=1.02 �a=1.03
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level for that performance being met can be computed using

q = ��Kx� =
1

2
erfc�− Kx

�2
� �3�

where erfc� 	 is the complementary error function; and ��Kx� denotes the normal cu-
mulative distribution function value corresponding to Kx.

FEMA 350 (FEMA 2000) presents procedures for two discrete structural perfor-
mance levels: immediate occupancy (IO) and collapse prevention (CP). IO-level design
is responsible for controlling the functionality of facilities and economic loss after an
earthquake, while CP-level design mainly controls the loss of life and number of casu-
alties. For the present study, the confidence of a design meeting the CP performance ob-
jective is met though evaluating confidence parameters for a suite of seven ground mo-
tions with 2% probability of exceedance in a 50-year exposure period. Confidence in
meeting IO performance is evaluated using a suite of seven ground motion–acceleration
time histories with 50% probability of exceedance in a 50-year exposure period.

NONSTRUCTURAL COMPONENTS

The HAZUS earthquake loss-estimation methodology is a complex collection of
components that work together to estimate casualties, loss of function, and economic im-
pacts on a region due to a scenario earthquake. Despite its reliance on expert opinion
rather than experimental results for its fragility functions, HAZUS is widely known and
still represents something of a U.S. and international standard. One of the main compo-
nents of the methodology is estimating the probability of various states of structural and
nonstructural damage to buildings (FEMA 2003). The structural-engineering community
has recently conducted research seeking to define fragility functions for specific non-
structural components similar to those used by the HAZUS methodology (Taghavi and
Miranda 2003). The completeness of the HAZUS methodology makes it attractive for
the present research effort even though one may consider its fragility curve formulations
to be not as complete as the newly proposed methods.

HAZUS damage functions for ground shaking have two basic components: (1) ca-
pacity curves and (2) fragility curves. The capacity curves are based on engineering pa-
rameters that characterize the nonlinear behavior of a building type. The fragility curves
describe the probability of damage to the building’s: (1) structural system, (2) NSD
components, and (3) NSA components.

Building fragility curves are lognormal functions that describe the probability of
reaching, or exceeding, structural and nonstructural damage states, given median esti-
mates of spectral response quantities such as spectral displacement (FEMA 2003). In
this study, damage to nonstructural components is described by five discrete damage
states: none, slight, moderate, extensive, or complete. Therefore, for a given level of
building response, fragility curves distribute damage among these five physical damage
states. Each fragility curve is defined by a median value of the demand parameter (e.g.,
spectral displacement) that corresponds to the exceedance threshold and variability as-
sociated with a damage state (FEMA 2003).
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The conditional probability of being in, or exceeding, a particular damage state, ds,
given any engineering demand parameter, EDP, is computed using the normal cumula-
tive distribution function, �, given by Equation 4:

P�ds
EDP� = �� 1

�ds
· ln

EDP

EDPds
� �4�

where EDPds is the median value of the EDP considered (e.g., interstory drift, floor ac-
celeration) at which the threshold of a damage state, ds, is reached, and �ds is the log-
normal standard deviation of the EDP and ds considered.

Since �� � denotes the normal cumulative distribution function, the confidence level,
qEDP

ds , that a certain damage state or worse will not occur given an EDP can be computed
using the complimentary probability

qEDP
ds = 1 − P�ds
EDP� . �5�

The interstory drift angle (ISDA) and the peak floor acceleration (PFA) are used to
characterize the response of NSD and NSA components, respectively. The median val-
ues of these parameters (ISDAds and PFAds) as well as the damage-state lognormal stan-
dard deviation, �ds, for a high-code seismic design level (based on 1994 UBC lateral
force design requirements of Seismic Zone 4) and a building type S1L (steel moment
frames) according to FEMA 2003 are presented in Table 2.

OPTIMIZATION STATEMENT AND GA-BASED SOLUTION

In this research effort, a 50-year service life for the building is assumed. Two levels
of ground motion are assumed to be important in characterizing structural and nonstruc-
tural damage and, therefore, building performance. The first is a relatively large event
that is used to assess the CP performance objective. It is assumed to have a 2% prob-
ability of being exceeded in this 50-year window. The second is characterized by lower
peak ground acceleration and is used to assess meeting the IO performance objective
and to generate estimates for nonstructural damage. It has a much lower mean recur-
rence interval and it has a 50% probability of being exceeded in 50 years.

Table 2. Fragility curve parameters for nonstructural components for S1L
building type and high-code seismic design level (FEMA 2003)

Nonstructural
Component

Curve
Parameter

Damage State

Slight Moderate Extensive Complete

NSD ISDAds 0.004 0.008 0.025 0.050
�ds 0.50 0.50 0.50 0.50

NSA PFAds (g) 0.30 0.60 1.20 2.40
�ds 0.60 0.60 0.60 0.60



PERFORMANCE-BASED OPTIMIZATION CONSIDERING STRUCTURAL AND NONSTRUCTURAL COMPONENTS 691
Using this two-level ground motion–magnitude approach, and maintaining the as-
sumption of a 50-year service life for a building structure, a risk-based optimization
problem can be described as follows:

1. Minimize the initial construction cost for the structural system, which is ap-
proximated by minimizing the total structural weight �W�.

2. Seek a user-defined confidence level in meeting the CP performance objective
for structural components.

3. Seek a user-defined confidence level in meeting the IO performance objective
for structural components.

4. Seek user-defined confidence levels such that damages to NSD and/or NSA
components will not be worse than those associated with a specified damage
state (i.e., slight, moderate, extensive, and complete).

5. Adhere to strong-column weak-beam (SCWB) criteria of AISC (2005).

Minimizing the weight of a structural steel building system (such as that considered
here) does not necessarily minimize the cost of the structural steel skeleton. Recent re-
searchers (Liu et al. 2006) implemented fabrication complexity in their optimization for-
mulation in recognition that fabrication cost is essential when evaluating economy of the
structural steel system. Fabrication complexity in the form of penalty schemes has also
been implemented (Foley et al. 2002, Foley and Schinler 2003). These other formula-
tions intended to more accurately reflect that the initial construction cost can easily be
incorporated into the present formulation.

Several constraints are considered in the optimization problem formulation. The first
ensures a minimum user-defined confidence level for CP performance. FEMA-350
(FEMA 2000) recommends a minimum level of 90% for attaining CP performance. The
second ensures a minimum confidence level for meeting IO performance. FEMA-350
(FEMA 2000) recommends a minimum level of 50% for confidence in attaining IO per-
formance. HAZUS (FEMA 2003) is utilized to generate constraints that ensure user-
defined levels of confidence in not exceeding damage states for nonstructural compo-
nents. The constraints will be described in much greater detail in subsequent sections.

The fundamental probabilistic performance-based design optimization problem
statement for frames considering structural and nonstructural damage is written as:

min�W	 �6�

subject to:

qCP = qlimit
CP = 0.95 �7�

qIO = qlimit
IO = varies �8�

qNSD
ds = qNSD,limit

ds = varies �9�

qNSA
ds = qNSA,limit

ds = varies �10�
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�
 Mp,col �
 Mp,beam�limit = 1.20. �11�

Performance has been included in the optimization statement through confidence
levels. The confidence levels in meeting IO and CP performance for structural compo-
nents are denoted as qCP and qIO, respectively. The confidence in meeting nonstructural
performance at a desired damage state, ds, is defined as qNSD

ds and qNSA
ds for NSD and

NSA components, respectively. Finally, qlimit
CP , qlimit

IO , qNSD,limit
ds , and qNSA,limit

ds are the design-
er’s limit on CP, IO, NSD, and NSA confidence levels, respectively.

This optimization problem is solved using a GA with the fitness of individual j at
generation k during the evolution evaluated as:

Fjk = �w�Wmax − Wjk

Wmax
� + �CP · fjk

CP + �IO · fjk
IO + �NS · fjk

NS,ds + �SCWB · fjk
SCWB �12�

where the coefficients �W, �CP, �IO, �NS, and �SCWB are the weights for each objective
function, which should satisfy 
�=1. Their values for the present study were set using
a trial-and-error procedure and are presented in Table 4; Wmax is the maximum possible
weight for the topology; Wjk is the weight of design j in generation k; and fjk

CP, fjk
IO, fjk

NS,ds,
and fjk

SCWB are fitness components for ensuring minimum user-defined confidence levels
in meeting performance and for ensuring strong column-weak beam frame designs.

The fitness expressed in Equation 12 evolves from the inclusion of equality con-
straints in the optimization statement. The fitness is composed of one objective that is
maximized and four objectives that are minimized. The maximized component of the
fitness is the difference in the weight of an individual from the maximum weight that
exists in the design space. The general form of the minimized components is given by:

fj = �1 +

�plimit − pj�


plimit
��

where �� = − 3 if pj 	 plimit

� = − 1 if pj 
 plimit
� �13�

where plimit is a user-defined limiting (or target) quantity, and pj is the value of that quan-
tity for individual j. The exponent, �, helps to aid in convergence of solutions.

The values of p and the limits depend upon the constraint considered. If CP and IO
performance-level constraints are considered, the values are:

plimit = qlimit
CP , pj = qj

CP and plimit = qlimit
IO , pj = qj

IO.

If nonstructural drift-sensitive and acceleration-sensitive constraints are considered,
these values are:

plimit = qNSD,limit
ds , pj = qNSD

ds and plimit = qNSA,limit
ds , pj = qNSA

ds

where damage states, ds, are defined as slight, moderate, extensive, and complete
(FEMA 2003). Therefore, the fitness components described by Equation 13 seek to
minimize the difference between the user-defined target confidence levels and the con-
fidence levels for any individual design.
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The SCWB equality constraint is handled through the final component of the indi-
vidual’s fitness. The value of plimit for this equality constraint is 1.2. The value of p for
individual j now is the ratio for each beam-to-column joint i in the structural system:

pj
i =


 Mp,col


 Mp,beam

�14�

where Mp,col and Mp,beam are the plastic moment capacity of a column and a beam at
joint i, respectively. The fitness for individual j at joint i is calculated using Equation 13;
then the SCWB fitness component, used in Equation 12 to compute the total fitness for
the individual j at generation k, is computed using:

fjk
SCWB = �

i=1

Njts

fj
i �15�

where Njts is the number of beam-to-column joints in the structure. This fitness compo-
nent seeks to minimize the difference between the beam-to-column moment capacity ra-
tios and 1.20.

It should be noted that the fitness components that address the equality constraints
tend to penalize from both sides of the user-defined target. In other words, Equation 13
will establish a fitness component that is more favorable for those individuals where the
value of p is close to the user-defined target. If the value is below the user-defined target,
the fitness component is reduced more relative to a case where the value is above the
user-defined target. The fitness component is maximized when the difference between p
and the user-defined target is zero.

The computation of confidence levels, penalty functions, and fitness of an individual
in the population is done using suites of ground motions and median values of maximum
response quantities. The algorithm used to implement the GA in the solution to the op-
timization problem considered is given below.

1. Start with a randomly generated population of candidate solutions (possible de-
signs) from the search space, which includes 256 AISC steel W sections.

2. For each individual (design) in a GA population, perform a nonlinear second-
order THA of the structural model. Find the maximum response (e.g., peak in-
terstory drift, peak floor accelerations) at each story level.

3. Repeat step 2 for each ground motion record in the 2/50 and 50/50 suites of
ground motions considered.

4. Compute the median of the maximum response quantities (demands) for each
set of ground motion records at each story level.

5. Find the maximum of median response demands over the whole structure and
use it for confidence levels and fitness evaluations.

The confidence levels for IO and CP performances as well as the confidence level for
any damage state for NSD components can be restated as interstory drift magnitudes
using the FEMA-350 (FEMA 2000) and HAZUS (FEMA 2003) methodologies. Also,
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the confidence level for any damage state for NSA components can be restated as peak
floor acceleration magnitudes using the HAZUS methodology (FEMA 2003). The drift
and acceleration limits corresponding to 50%, 75%, and 95% confidence levels are
shown in Table 3.

TWO-STORY FRAME EXAMPLE

The focus of the present effort will be on a planar structural steel moment-resisting
frame with the topology shown in Figure 1. A special moment-resisting (SMR) frame
will be considered. This frame is modeled using four design variables: one each for the
columns and beam of the first floor, and one each for the columns and beam of the sec-
ond floor. The structural steel used in the framework is A992 Grade 50-ksi. This material
is used for all beams and columns. The lumped masses have a magnitude equal to
0.085·k ·sec2 / in.

The DRAIN-2DX computer program (Prakash et al. 1993) is used to carry out the
inelastic THA required to evaluate the designs during execution of the evolutionary al-
gorithm. DRAIN-2DX steel beam-column–type yield surface is used for columns and a
beam-type surface (no P-M interaction) is used for the girder (Powell 1993). The yield
surfaces for the beams and beam-columns in the frame used in the present study are
shown in Figure 2. The axial tensile yield capacity of a beam-column in the absence of
bending moment is defined as Pyt. This tensile force capacity is based upon the gross
cross-sectional area and AISC (2005). The axial compression capacity of the beam col-
umn in the absence of bending moment is defined as Pnc

minor (AISC 2005). This axial load
magnitude is the flexural-buckling capacity of the member about the minor axis of bend-
ing assuming that the unbraced length is the story height �150 inches� and the effective
length factor is 1.0. Mp

+ and Mp
− are the positive and negative plastic moment capacities

of the cross-section computed assuming no axial loading is present.

Table 3. Interstory drift and floor acceleration limits corresponding to 50%, 75%, and 95%
confidence

Ground Shaking
Level Performance Level

EDP Limit (ISDAlimit or PFAlimit [g])

qlimit=50% qlimit=75% qlimit=95%

2/50 CP 0.04696
IO 0.01388 0.01213 0.00999

NSD Slight 0.00400 0.00284 0.00175
Moderate 0.00800 0.00572 0.00352
Extensive 0.02500 0.01784 0.01099

50/50 Complete 0.05000 0.03569 0.02197
NSA Slight 0.30 0.20 0.11

Moderate 0.60 0.40 0.22
Extensive 1.20 0.80 0.44
Complete 2.40 1.60 0.88
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STRONG GROUND MOTION INPUT RECORDS

Seven pairs of strong ground motion records representing 2% and 50% probabilities
of exceedance in 50 years for the city of Los Angeles were chosen from the records de-
veloped in the SAC steel project (Somerville et al. 1997). The selected records represent

Figure 1. Two-story frame topology used in design example.

Figure 2. Yield surfaces assumed in the nonlinear response-history analysis: (a) beam member,

and (b) beam-column member.
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the target design spectra of NEHRP site category D (firm soil) with deaggregation of
hazards of M6.75–7.5 at closest distance of 2–20 km, and M5–7 at 5–15 km for 2%
and 50% probabilities of exceedance in 50 years, respectively (Somerville et al. 1997).
These records, shown in Figure 3, are used as input for the analytical model to compute
the median of maximum response quantities (i.e., interstory drift, floor acceleration) for
the performance levels associated with the record probabilities.

GENETIC ALGORITHM PARAMETERS

An existing driver (Carroll 2004) is used for front-end GA operations in this project
because of its reliability and capability in modeling different GA operations. A compre-
hensive background on GAs can be found in Golberg (1989). The examples presented in
this paper were executed using a simple GA with population size of 30, probability of
crossover of 60%, and probability of mutation of 3.5%. Chromosomes of parents repro-
duce two child chromosomes in offspring generations with 4.0% probability of creep.
New generations of chromosomes are produced until there is no increase in the fitness
value of the best-fitted individual over the past 20 generations or the program stops at
maximum number of generations equal to 300. It should be noted that intelligent GA
operators (e.g., mutation, crossover) similar to the adaptive strategies used in this work
have been introduced many years prior (Voss and Foley 1999, Schinler and Foley 2001,

Figure 3. Input strong ground motion record sets used in the analyses (Somerville et al. 1997).
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Foley et al. 2002, Foley and Schinler 2003) and have been shown to be robust tools to
solve very complicated optimization problems (Pezeshk et al. 2000, Foley and Schinler
2001, Alimoradi et al. 2004).

OPTIMIZATION FORMULATIONS

To study the influence of including the performance of nonstructural components in
the design process, several optimization formulations were considered. In addition, the
impact that elevating confidence levels for meeting nonstructural performance has on the
weight (cost) of the structure was examined through these formulations. All of the cases
studied have the same (high) level of confidence in meeting CP performance for the
structural components based upon interstory global drift. In this manner, life safety of
the structure is preserved.

Five fundamental, optimal design problem statements were formulated to evaluate
the interaction between confidence in meeting structural component performance objec-
tives and nonstructural component performance objectives. The fundamental optimiza-
tion statements were formulated according to Equations 6–11 with the fitness evaluated
as shown in Equation 12; the target damage state, the target confidence level, and the
weight coefficients for each case are presented in Table 4.

Cases 1A through 1C facilitate evaluating the impact of increasing the confidence in
meeting the slight damage state for NSD components on the structural weight (initial
construction cost). Cases 2A through 2C are used to evaluate the impact of increasing
confidence in meeting moderate damage to NSD components on the initial construction
cost. Table 3 illustrates that drift limits for extensive and complete damage states for
nonstructural components are larger than those for structural IO performance. This
means that very high confidence levels need to be assured for IO performance when
compared to those that would be considered to meet extensive and complete damage
states. As a result, if all of these performance levels were considered in the same opti-
mization problem, extensive and complete damage-state constraints would be inactive
and design would be controlled solely by structural component performance. Therefore,
nonstructural components were not considered in Cases 3A through 3C, and CP and IO
performance levels were used instead. These cases allow the impact of elevating expec-
tations in IO performance on the initial construction cost to be evaluated.

The economic impact of letting more damage to NSD components occur is evaluated
using Cases 4A through 4D. Confidence levels in meeting NSD performance are main-
tained at 95% and the damage states considered for NSD components are elevated from
slight to complete. As these damage states elevate, the resulting optimized design will
give an indication of the premium that must be paid for reducing expected damage dur-
ing the 50/50 events considered.

The impact of maximizing the confidence in meeting performance levels for NSA
components required formulation of the optimization problem in an alternate manner.
The median peak ground acceleration for the set of seven ground motions with 50%
probability of exceedance in 50 years is 0.32 g. This would be the smallest peak floor
acceleration (PFA) that the structure would experience, which results in low confidence
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levels for the performance of the NSA components (i.e., qNSA
slight=45%, qNSA

moderate=85%,
qNSA

extensive=98%, and qNSA
complete=99%). However, the design needs to be constrained to sat-

isfy the required confidence in meeting CP and IO performance, which implies that
higher floor accelerations need to be allowed in the formulation and, as a result, lower
confidence levels in meeting PFA constraints must be expected. Therefore, Cases 5A
through 5C attempt to find designs that minimize floor acceleration in the structure with
inclusion of constraints for CP and IO performance. In this manner, the maximum pos-
sible confidence level for the performance of NSA components is calculated through an
added objective of minimizing PFA during a set of events with 50% probability of ex-
ceedance in 50 years.

DISCUSSION OF RESULTS

The final designs for all five cases considered are summarized in Table 5. This table
identifies the study case, and presents the weight of the structure, the column and beam
cross-sections determined through application of automated design through the GA, and

Table 4. Probabilistic optimal design problem statements

Case dstarget
a �W �CP qlimit

IO �IO qNSD,limit
ds �NSD qNSA,limit

ds �NSA �SCWB

A 0.50
1 B Slight 0.3 0.3 Ib NAc 0.75 0.3 NA NA 0.1

C 0.95
A 0.50

2 B Moderate 0.3 0.3 I NA 0.75 0.3 NA NA 0.1
C 0.95
A 0.50

3 B NA 0.3 0.3 0.75 0.3 NA NA NA NA 0.1
C 0.95

4 A Slight 0.3 0.3 NA NA 0.95 0.3 NA NA 0.1
B Moderate
C Extensive
D Complete
A 0.50 1.00

5 B Extensive 0.3 0.2 0.75 0.2 I NA 1.00 0.2 0.1
C 0.95 1.00

a Target damage state for evaluating the performance of nonstructural components.
b I stands for inactive, meaning that such objective does not contribute to the fitness of the individual because the
design is controlled by another performance.
c NA=Does not apply (e.g., an objective is not included in a given case, so the weight coefficient is zero).
Notes:
(i) All cases have a constant limit for confidence level at CP performance, qlimit

CP =0.95.
(ii) All cases have a constant limit for SCWB criteria, �
Mp,col /
Mp,beam�limit=1.20.
(iii) Case 3 does not include performance of nonstructural components in the design.
(iv) In Case 5, maximization of confidence level for performance of NSA components is intended so the
qNSA,limit

ds =1.00.
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the relative plastic moment capacity of girders and columns at every joint, to validate
that the strong column-weak beam constraints are active. These columns of plastic mo-
ment capacity ratios also allow the impact of the problem formulation on column sizing
to be evaluated.

Case 1 illustrates that there is a premium for elevating the confidence in meeting
NSD components for the slight damage state. In other words, if one would like to have
high confidence in the damage to NSD components being slight, then there appears to be
a 78% increase in structural weight required to meet these expectations. Case 2 illus-
trates similar behavior when moderate damage confidence levels are elevated. Case 3
suggests that demanding increased confidence in meeting IO performance results in a
moderate increase in weight. Case 4 confirms that when the damage state elevates (with
consistent confidence in not exceeding), there is a corresponding reduction in the weight
of the structural system. All this means is that if one allows more damage, one can pay
less on the front end during construction. As expected, the first-floor columns (pinned
bases) tend to drive the weight of the structural system chosen, as the first floor drift
constraints will be very strict and difficult to satisfy without significant column moment
of inertia.

Table 6 presents the weight of the structure, the median interstory drift for the two-
level suites of ground motions considered, and the corresponding confidence levels for
IO and CP performance of structural components as well as the performance of NSD
components at each damage state. Case 1 illustrates that when confidence in not exceed-
ing the slight NSD damage state elevates, confidence levels in not exceeding moderate,

Table 5. GA-generated designs for the different cases in study

Case
W

kips

1st Floor 2nd Floor

Columns Beam Mpc /Mpb Columns Beam Mpc /Mpb

1A 11.4 W33�152 W30�132 1.28 W30�108 W24�62 2.25
1B 17.5 W36�256 W36�160 1.67 W24�192 W21�132 1.68
1C 20.3 W40�331 W40�215 1.48 W30�132 W21�132 1.31
2A 9.0 W30�132 W24�104 1.51 W24�55 W10�68 1.58
2B 12.5 W36�160 W24�131 1.69 W21�57 W16�40 1.77
2C 17.3 W36�210 W21�122 2.71 W40�183 W24�176 1.53
3A 6.9 W36�135 W24�76 2.55 W14�43 W14�22 2.10
3B 7.3 W14�120 W21�73 1.23 W21�57 W16�40 1.77
3C 7.5 W21�132 W18�71 2.28 W24�55 W18�40 1.72
4A 20.3 W40�331 W40�215 1.48 W30�132 W21�132 1.31
4B 17.3 W36�210 W21�122 2.71 W40�183 W24�176 1.53
4C 7.3 W14�120 W16�89 1.20 W16�67 W16�36 2.06
4D 6.9 W14�145 W21�44 2.73 W10�60 W12�40 1.31
5A 9.9 W14�132 W14�90 1.49 W18�106 W16�67 1.74
5B 8.7 W12�190 W16�89 1.76 W10�60 W14�30 1.58
5C 7.8 W30�124 W16�67 3.09 W18�76 W21�44 1.71
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extensive, and complete damage states remain very high. It appears that the slight dam-
age states for NSD components can lead to improved IO performance as well. This was
expected. Case 2 illustrates that while elevating levels of confidence in not exceeding the
moderate damage state result in virtual assurance of not exceeding extensive and com-
plete damage, there remain significant probabilities that slight damage will take place
(i.e., 92% for Case 2A, 76% for Case 2B, and 40% for Case 2C). Case 3 illustrates that
elevating levels of confidence in meeting IO performance does not guarantee acceptable
confidence levels for not exceeding damage states for NSD components.

Case 4 illustrates rather interesting behavior. First of all, if slight and moderate NSD
damage confidence levels are set high (i.e., 95%), then there will be a premium to be
paid. There is a significant reduction in weight in the cases where extensive and com-
plete damage-state confidence levels are high. It is also interesting to note that when
confidence in meeting slight and moderate damage is high, there is 100% confidence in
not exceeding the extensive and complete damage states for NSD components. However,
if high confidence in not exceeding moderate damage is desired, there is a 40% chance
that the slight damage state would be exceeded. Similarly, if 95% confidence in not ex-
ceeding extensive damage of NSD components is desired, there is a 75% probability that
the moderate damage state will be exceeded. The results for Case 5 illustrate that elevat-
ing confidence in IO performance does not guarantee high levels of confidence in not
exceeding NSD component damage states of moderate, extensive, and complete. How-
ever, as confidence in meeting IO performance exceeds 75%, confidence in not exceed-
ing extensive and complete damage states for NSD components exceeds 90%.

Table 6. Performance information of structural and NSD components

Case
W

kips
ISDA

2POE50y
qCP

(%)
ISDA

50POE50y
qIO

(%)

qNSD (%)

Slight Moderate Extensive Complete

1A 11.4 0.011705 99 0.003861 99 53 93 100 100
1B 17.5 0.006219 99 0.002862 99 75 98 100 100
1C 20.3 0.003088 99 0.001751 99 95 100 100 100
2A 9.0 0.019711 99 0.007967 99 8 50 99 100
2B 12.5 0.016068 99 0.005734 99 24 75 100 100
2C 17.3 0.011782 99 0.003533 99 60 95 100 100
3A 6.9 0.045437 96 0.013461 56 1 15 89 100
3B 7.3 0.046789 95 0.012130 75 1 20 93 100
3C 7.5 0.047224 95 0.009981 95 3 33 97 100
4A 20.3 0.003088 99 0.001751 99 95 100 100 100
4B 17.3 0.011782 99 0.003533 99 60 95 100 100
4C 7.3 0.045489 96 0.010977 88 2 26 95 100
4D 6.9 0.047668 94 0.021991 1 0 2 60 95
5A 9.9 0.047047 95 0.013818 51 1 14 88 99
5B 8.7 0.044560 97 0.012114 75 1 20 93 100
5C 7.8 0.046970 95 0.009948 95 3 33 97 100
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Table 7 summarizes the weight of the structure, the confidence levels for IO and CP
performance of structural components, the median PFA under a set of seven ground mo-
tions with 50% probability of exceedance in 50 years, and the corresponding confidence
levels for not exceeding each damage state for NSA components. As can be seen in the
table, the final designs satisfy the constraints that were formulated in order to achieve
the confidence required in the performance of every case in study. The results in the
table indicate that constraints on CP and IO performance have relatively little bearing on
confidence in not exceeding NSA component damage states.

Figure 4 illustrates the variation of the structural weight, the confidence level for the
performance of structural components, as well as the discrete probabilities of damage
for each damage state for NSD components. Figure 5 illustrates the variation of the
structure weight and the discrete probabilities of damage for each damage state for NSA
components. The confidence levels in meeting any damage state, which are shown in
Tables 6 and 7, can be inferred from the probabilities of damage in Figures 4 and 5 as
follows:

qslight = 1 − �P�Slight� + P�Moderate� + P�Extensive� + P�Complete��

qmoderate = 1 − �P�Moderate� + P�Extensive� + P�Complete��

qextensive = 1 − �P�Extensive� + P�Complete��

qcomplete = 1 − �P�Complete�� . �16�

Table 7. Performance information of structural and NSA components

Case
W

kips
qCP

(%)
qIO

(%)
PFA (g)

50POE50y

qNSA (%)

Slight Moderate Extensive Complete

1A 11.4 99 99 0.856 4 28 71 96
1B 17.5 99 99 1.175 1 13 51 88
1C 20.3 99 99 0.804 5 31 75 97
2A 9.0 99 99 0.903 3 25 68 95
2B 12.5 99 99 0.926 3 24 67 94
2C 17.3 99 99 0.832 4 29 73 96
3A 6.9 96 56 1.153 1 14 53 89
3B 7.3 95 75 0.725 7 38 80 98
3C 7.5 95 95 0.758 6 35 78 97
4A 20.3 99 99 0.804 5 31 75 97
4B 17.3 99 99 0.832 4 29 73 96
4C 7.3 96 88 0.744 6 36 79 97
4D 6.9 94 1 1.141 1 14 53 89
5A 9.9 95 51 0.685 8 41 82 98
5B 8.7 97 75 0.767 6 34 77 97
5C 7.8 95 95 0.752 6 35 78 97
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The discrete probabilities of damage for NSD components corresponding to Case 4D
as illustrated in Figure 4 are 2%, 58%, 35%, and 5% for slight, moderate, extensive, and
complete damage states, respectively. Therefore, for Case 4D, the confidence level in
meeting each damage state can be inferred from Figure 4 and read from Table 6 as
qNSD

Slight=0%, qNSD
Moderate=2%, qNSD

Extensive=60%, and qNSD
Complete=95%.

As expected, Figure 4 and Table 6 illustrate that the weight of the structure increases
as the confidence level in meeting performance increases. This is seen by considering
the weight moving from Case 1A to 1C, Case 2A to 2C, and Case 3A to 3C. For the
NSD components, the high variability of each damage state ��ds=0.5� results in small

Figure 4. Performance of structural and NSD components: Cases 1 through 5.
Figure 5. Performance of NSA components: Cases 1 through 5.
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increases in the confidence level leading to a very large reduction in the drift limit and,
therefore, a large increase in the stiffness of the structure. There is an average weight
increase of 45% as the confidence in meeting NSD performance increases from qNSD

=50% to qNSD=95%. On the other hand, increasing the confidence level for IO perfor-
mance of structural elements from qIO=50% to qIO=95% required just a slight incre-
ment of the weight of the structure for Case 3A to 3C. These results suggest that if the
structural-engineering community can understand damage to nonstructural drift-
sensitive components more thoroughly (i.e., reduce the variability in damage state
thresholds), it can have significant economic impact on designs that will result through
application of the performance-based design methodologies currently under develop-
ment. Furthermore, the HAZUS NSD fragility curves have a much greater impact on
initial construction cost than the IO structural performance fragility curves.

Through examination of the floor accelerations for the cases where the confidence
level was fixed at 95% for each NSD damage state (Case 4A through 4D), the ability for
target NSD performance objectives indirectly resulting in good NSA component perfor-
mance can be evaluated. The results shown in Tables 6 and 7 and Figures 4 and 5 illus-
trate that the NSA components will have a high probability that slight or moderate dam-
age will occur even though high confidence in meeting NSD performance is expected. If
one looks at Case 4A and 4B in Tables 6 and 7 and Figures 4 and 5, it can be seen that
even though there is 95% confidence in meeting slight and moderate performance levels
for NSD components, there is only 5% and 29% confidence in meeting NSA component
performance at these same states of slight and moderate, respectively. The disparities in
NSD and NSA performance tend to reduce when extensive and complete damage states
are considered.

Figure 4 and Table 6 also illustrate that when the extent of damage to NSD compo-
nents elevates (Case 4A through 4D), the confidence level in meeting CP and IO per-
formance for structural components decreases. This means that for slight (point a) and
moderate (point b) damage states, the design can be controlled by the performance of
nonstructural drift-sensitive components. However, for extensive (point d) and complete
(point e) damage states, the design would be controlled by the IO (point c) performance
of the structural components. This behavior can be seen clearly in Figure 6, where for
any given confidence level the drift limit to meet slight damage, dNSD

slight, is less than
dNSD

moderate�dIO�dNSD
extensive�dNSD

complete�dCP (i.e., for q=75%, a�b�c�d�e). In other
words, when the design requires maximizing the confidence in the NSD component per-
formance for slight or moderate damage, the constraint to assure IO performance would
be inactive. Moreover, when the design requires maximizing the confidence in the per-
formance of NSD components for extensive or complete damage, the constraint to as-
sure IO performance would be active and the one for NSD components would be inac-
tive. This demonstrates that there can be a reduction in the number of performance
objectives for immediate occupancy–type performance, and also that slight and moder-
ate NSD component performance objectives along with IO structural performance ob-
jectives are sufficient to capture design needs.

As explained earlier, since the median peak ground acceleration for the set of seven
ground motions with less than 50% probability of exceedance in 50 years is 0.32 g, no
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design would provide a high confidence level in meeting CP performance and slight or
moderate damage for nonstructural acceleration-sensitive components at the same time.
However, by analyzing the results obtained for Case 5 (Tables 5 and 6, Figures 4 and 5),
a design can be achieved that satisfies the constraints for the IO and CP performance and
provides high confidence levels for the performance of NSD and NSA components
meeting the extensive damage state. Figures 4 and 5 indicate that with confidence in
meeting CP and IO structural performance objectives very high (qCP=50% and qIO

=95%), there is very high confidence in meeting the extensive damage state for NSD
components �dNSD

extensive=96% � and high confidence in meeting NSA component perfor-
mance �dNSA

extensive=78% �.

PARETO FRONT

The previous discussion illustrates that confidence in meeting confidence levels for
NSD and NSA performance is a conflicting objective. As a result, a true two-objective
optimization problem was formulated and Pareto fronts were defined using the dynamic
weighted aggregation method. The two objectives to be minimized are the ISDA and the
PFA. This optimization problem is solved using a GA with the fitness of individual j at
generation k during the evolution, evaluated as:

Fjk = w1�t� · � ISDAmax − ISDAjk

ISDAmax
� + w2�t� · �PFAmax − PFAjk

PFAmax
� �17�

where ISDAmax and PFAmax are the maximum expected values for the topology and
ground motion records used in this study; and ISDAjk and PFAjk are the values corre-
sponding to design j in generation k. w1�t� and w2�t� are weights that are changed gradu-
ally according to Equation 18 in order to force the GA to keep moving on the Pareto
front:

Figure 6. Confidence level curves for structural and NSD components.
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w1�t� = 
sin�2
t/F�


w2�t� = 1.0 − w1�t� �18�

where t is the number of runs of the GA, and f is a constant to adjust the change
frequency.

For every combination of weights, the GA will find a stable minimum with the same
stopping criteria explained before; next, the weights are changed gradually until all the
solutions on the front are obtained. Figure 7 shows a Pareto front for the two design
objectives. The interstory drift and floor acceleration limits corresponding to a 75% con-
fidence in meeting slight and moderate damage for NSD components and IO perfor-
mance for structural components are also indicated.

It can be seen that if the design constraints require qNSD
slight�75% and qNSA

slight�75% or
qNSD

moderate�75% and qNSA
moderate�75% there would not be a solution possible for the struc-

tural topology and ground motions used in this study. However, there are some designs
that have qIO�75% and qNSA

extensive�75%. In these cases, alternate structural systems that
include supplemental damping and/or base isolation technologies may be required. This
is the natural response that structural engineers would utilize in this situation, but it is
very encouraging to realize that the automated design algorithm presented would facili-
tate this type of decision making automatically. Furthermore, with the Pareto fronts used
for decision-making purposes, the structural engineer would have a graphical way to ex-
plain these decisions to clients.

CONCLUDING REMARKS

The formulation of a performance-based optimization problem that included target
confidence levels in meeting structural and nonstructural component performance objec-

Figure 7. Pareto front for floor acceleration and interstory drift for 50POE50.
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tives was discussed. Several optimization problems designed to explore the synergy be-
tween initial construction cost (simulated through weight) and performance were out-
lined. These optimization problems were solved using a genetic algorithm, and the GA-
based designs were discussed in great detail. A multiple-objective optimization problem
was also formulated to include competing objectives of confidence in meeting perfor-
mance objectives for nonstructural drift-sensitive and nonstructural acceleration-
sensitive components. This optimization problem was also solved using a GA-based
methodology.

The algorithm used in this study was capable of presenting designs with minimum
weight that satisfy predefined ranges of preferred seismic performance. The weight of
the structure seemed to be very sensitive to an increment in the target confidence level
for the performance of nonstructural components. Even though it was possible to
achieve high confidence levels for the performance of both structural and NSD compo-
nents, NSA components had high probabilities of damage in most cases. Floor accelera-
tions, interstory drift, and weight of the structure are three competing objective func-
tions. While high confidence levels for the performance of both structural and NSD
components require a stiffer structure, high confidence levels for the performance of
NSA components require a softer structure. The designs obtained for Case 5 have the
best performance obtained for the structure and ground motions in study. Those designs
have confidence levels of 95% for IO and CP performance of structural components, and
95% and 78% that NSD and NSA components, respectively, will not have extensive
damage.

As stated previously, the results obtained for the two-story frame and ground mo-
tions considered suggest that if the structural-engineering community can understand
damage to nonstructural drift-sensitive components more thoroughly (i.e., reduce the
variability in damage state thresholds), it can have significant economic impact on de-
signs that will result through application of the performance-based design methodolo-
gies currently under development. Furthermore, the NSD fragility curves have a much
greater impact on initial construction cost than the IO structural performance fragility
curves.

Optimization problems that include objectives of confidence in meeting NSD perfor-
mance and confidence in meeting NSA performance appear to present unique challenges
for the structural engineer. In these cases, alternate structural systems that include
supplemental damping and/or base isolation technologies may be required. As stated,
this is the natural response that structural engineers would utilize in this situation, but it
is very encouraging to realize that the automated design algorithm presented would fa-
cilitate this type of decision making automatically. Furthermore, with the Pareto fronts
used for decision-making purposes, the structural engineer would have a graphical way
to explain these decisions to clients.

The design examples considered demonstrate that there may be opportunity to re-
duce the number of performance objectives used in a design effort. For example, when a
design requires maximizing the confidence in meeting NSD component performance for
the damage states of slight and moderate, constraints related to confidence in meeting IO
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structural performance are not necessary. These were shown to be inactive during the
GA runs. In a similar manner, if IO structural performance objectives are implemented,
then there is no need to include constraints on maximizing the confidence in seeing dam-
age states for NSD components less than extensive or complete.

The present effort is not without minor shortcomings. A limited number of ground
motions and a relatively small structural system were considered. Also, the HAZUS fra-
gility curves are approximate. The algorithms described in this study are scalable to any
structural system provided the structural engineer can describe fragility functions for
structural and nonstructural component performance. As the structural-engineering pro-
fession develops more accurate fragility curves for structural systems, structural com-
ponents, NSD components, and NSA components, the algorithms described are ready-
made to incorporate these relationships as they evolve. Furthermore, as long as the
structural engineer can define ground motions with the needed characteristics to de-
scribe the seismic hazard at a building’s location, and provided the analytical engine to
analyze the structural system exists, the algorithms developed can easily be used as the
basis for algorithms that involve more complex analysis approaches and as many ground
motions as desired.
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