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SUMMARY 
 
Genetic and evolutionary algorithms (GA/EA) have been used extensively in recent years to solve 
complex optimization problems.  Advancements in the field of structural engineering have resulted in the 
development of performance-based design (PBD) methodologies for buildings.  Although at early stages 
in development, it is likely that PBD will see widespread practical implementation resulting from the 
common language used (e.g. performance expectation) by all stakeholders in the building process.  The 
current research effort is geared towards development of an automated PBD environment for steel 
structural systems using GA’s and nonlinear structural response analysis tools. 
 
The demand and resistance factor design (DCFD) methodology of FEMA-350 can be used to evaluate 
confidence levels associated with the probability of a structure exceeding a limit state (performance 
levels). The confidence levels obtained are then incorporated into a GA fitness function along with initial 
construction “cost” in a multi-objective design scenario.  The GA, through the processes of simulated 
natural evolution, creates generations of solutions that eventually adapt to the design criteria 
(environment).  In this study, these criteria are the minimum cost associated with maximum confidence in 
meeting structural seismic performance objectives of collapse prevention and immediate occupancy.  
Nonlinear response history analysis is used to evaluate seismic demand under different levels of hazard.   
 
The automated computational design platform was examined on several benchmark problems.  The 
classical ten-bar truss was used to verify the compatibility of the DRAIN-2DX [1] structural analysis 
engine and the GA [2].  A portal frame with fully- and partially-restrained (FR, PR) connections is 
designed using two sets of seven earthquake ground motion records.  Nearly equal weight designs for 
three frame and connection configurations are discussed.  Conclusions regarding seismic performance, the 
optimality of designs, and nonlinear pushover response characteristics are made.  
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INTRODUCTION 

 
Performance evaluation of a nonlinear dynamic system is a complex process [3-5].  Although analytical 
methodologies for computing response histories have been available for decades through the pioneering 
work of Newmark and his colleagues and improvements in computational power have been significant, 
second-order inelastic time-history analysis has yet to see wide application in practice as a design tool due 
to the following reasons.  

1. Interpretation of a system’s response is cumbersome due to the amount of information usually 
produced.  It requires sound technical knowledge and extensive experience. 

2. Reliable ground motion input records need to be available with different attributes at different 
locations with different probabilities of exceedance. 

3. Design usually comes with trial and error.  Therefore, it is time consuming and computationally 
intensive. 

  
One might argue that headway in overcoming these challenges has been made through three significant 
contributions: 

1. The development of probabilistic performance-based seismic design model codes with 
subsequent verification using computational simulations and experimental research.  FEMA-350 
[6] provides methods and recommended tools for performance-based design.  

2. A better understanding of the processes of earthquake ground motion generation and propagation, 
and probabilistic hazard analysis, made a large number of ground motion time series available to 
the structural engineer. 

3. Developments of soft computing constituents and their applications in structural engineering 
opened a new avenue in automating the design process by intelligently performing the time 
consuming trial and error design cycle(s) on the computer. 

 
Performance-based design optimization (PBDO), a research initiative between Marquette University and 
The University of Memphis, started two years ago to merge the state-of-the-art in performance-based 
design and evaluation into an automated design environment by using genetic/evolutionary computation.  
Although a lot is left to be discovered, especially in the areas of structural behavior on the verge of 
collapse, it is now safe to say that analytical techniques and computational power have facilitated the 
movement of designers’ concern from life safety to minimization of economic loss during a structure’s 
service life.  Interestingly, optimization techniques that traditionally received limited attention in 
structural design practice are being used to significantly simplify the design process. 
 
Structural design, by nature, is a “trial and error” process.  The complexities of geometry necessitated by 
modern architectural needs and a stakeholders’ right in knowing the systems’ behavior under different 
unexpected environmental loading scenarios challenges a skillful engineer to efficiently generalize the 
experience of previous designs into new projects.  An adaptive computational methodology that can be 
automated is analogous to the engineer’s experience-based trail and error procedures. Genetic algorithms 
(GA’s), which operate using computer simulation of natural evolution, have been applied successfully in 
recent years to structural design applications involving complex objectives with large numbers of discrete 
design variables.  The success of the GA is in no small part due to their power of adaptation and learning. 
 
This paper presents and discusses recent results of the β-version of the computational design framework 
developed as a part of the automated performance-based optimal design project.  A one-story steel 
moment frame is designed for two performance objectives under two sets of SAC strong ground motion 
records.  The final design is to have a minimum weight while achieving a user-defined level of confidence 



in meeting Immediate Occupancy (IO) and Collapse Prevention (CP) performance objectives. The dual-
level design methodology was considered since it has been adopted by FEMA 350 [6].  However, any 
other number and type of performance-objectives could be implemented.  Fully- and/or partially-
restrained moment connections with different hysteretic behavior can be modeled and practical design 
constraints such as strong column-weak beam and telescoping of column sections over the height can be 
applied.  Global interstory drift is presently used as a measure of structural demand and capacity for 
performance evaluation.  Other response quantities (e.g. column compression forces) can and likely 
should be used [6].  Full inelastic second-order time-history analysis is implemented for response 
evaluation under sets of input motion with different probabilities of exceedance corresponding to each 
performance objective.  
 

 
PERFORMANCE-BASED DESIGN OPTIMIZATION FORMULATION 

 
FEMA-350 is a performance-based design methodology developed through the SAC Joint Venture for 
design of steel moment-frame buildings [6].  Its basic procedure includes probabilistic evaluation of 
demand and capacity (in terms of structural response parameters) for different hazard levels and 
performance objectives.  The ratio of demand to capacity calculated after incorporating uncertainty is 
used to evaluate confidence levels on the probability of experiencing performance worse than a specified 
level during an established period of time (e.g. the structure’s expected service lifetime).  The minimum 
level of confidence obtained through consideration of different response parameters will control the 
design for that specific objective. 
 
There are many parameters that can be used to characterize a steel frame’s response.  Interstory drift is 
chosen for the problems presented here since it is closely related to the plastic rotation demand on girders, 
columns and connections, and because it is directly related to P − ∆  instability. Total collapse of building 
structures is often attributed to gravity loading present on a structure with compromised strength and 
stiffness resulting from repeated lateral loading cycles.  The axial forces on columns and column tension 
forces at splices may be taken as other response parameters [6].  Further details regarding the design 
procedure are available [6,7].  Table 1 contains the uncertainty coefficients, capacities, capacity reduction 
factors, analysis uncertainty and demand variability factors considered for the present analyses.   
 

Table 1.   Confidence Evaluation Parameters for Special Moment Frames [6]. 

SMF Frames (FR Frames) OMF Frames (PR Frames) 
IO Performance CP Performance IO Performance CP Performance 

0.20UTβ =  0.30UTβ =  0.20UTβ =  0.35UTβ =  
0.02C =  0.10C =  0.01C =  0.10C =  
1.0φ =  0.9φ =  1.0φ =  0.85φ =  
1.5γ =  1.3γ =  1.4γ =  1.4γ =  

1.02aγ =  1.03aγ =  1.02aγ =  1.03aγ =  

 
 
Design Objectives and Constraints 
The underlying philosophy of FEMA 350 is used to formulate a multi-objective reliability-based 
optimization problem to: 

1. Minimize the initial cost of construction; 



2. Maximize the confidence level on the probability of damage to not exceed that associated with 
collapse prevention performance during the structure’s service life (50 years); 

3. Maximize the confidence level that damage will not be worse than associated with immediate 
occupancy performance during the structure’s service life. 

 
In mathematical form, minimization of these three competing objective functions can be written as: 

 1 2
1

initial IOF C F
q

= =     2
1
CPF

q
=       (1) 

where; IOq and CPq  are confidence levels associated with the IO and CP performance [6] and initialC  is the 
initial construction cost. 
 
A simplified form of the initial construction cost can be taken as the sum of three components: 

 conninitial col beamC Wt Wt Nα β χ= ⋅ + ⋅ + ⋅       (2) 

in which α is a cost per pound for column members, β is a cost per pound for beam members, and χ  is a 
cost multiplier for each connection at the beam ends (will vary depending upon the required fixity.) In 
this study 1.0  and  0α β χ= = =  and initialC W= .  Other more complicated initial cost functions can 
certainly be formulated. 
 
Inelastic time-history analysis is used in the present study.  Therefore, there is no need to explicitly 
introduce strength-based design equations of specifications [8] in the form of constraints.  The first group 
of constraints considered ensures a minimum user-defined confidence level for collapse prevention 
performance.  These constraints are evaluated using the following load combination [6]: 

 2/501.0 0.25 1.0D L E+ +         (3) 
2 / 50E is intended to denote application of 2/50 ground motion time histories with the defined dead loading 

and live load companion action. Confidence levels can also be expressed as constraints: 

0.70 0.0
CPglobal

driftq  − ≤         (4) 

The second group of constraints considered ensures a minimum confidence level for immediate 
occupancy performance.  These constraints are evaluated using the following load combination: 

 50/501.0 0.25 1.0D L E+ +         (5) 
50 / 50E indicates the use of 50/50 ground motion records with dead loading and corresponding live-load 

companion actions.  The confidence level constraints on attaining IO performance can be expressed as: 

 0.40 0.0
IOglobal

driftq  − ≤          (6) 

FEMA 350 [6] recommends a minimum level of 90% for attaining collapse prevention performance and 
50% for confidence in attaining immediate occupancy performance when global behavior is defined by 
interstory drift.  The minimum confidence levels were relaxed slightly to ensure better interstory drift 
angle demand resolution in the Pareto fronts during the evolution. 
 
Both structural and non-structural damage can be considered in the present formulation.  FEMA-350 
provisions consider only structural damage.  The HAZUS methodology [9] could be utilized to generate 



constraints and/or objectives associated with collapse prevention performance for non-structural 
components (both acceleration sensitive and displacement sensitive). 
Provisions to study designs satisfying strong column-weak beam criteria and telescoping of column 
sections are provided in the computational platform. A penalty function adjusts the fitness of individuals 
based on the relative plastic moment capacity of girders and columns at every joint; 

1.2Columns girders
P PM M≥∑ ∑         (7) 

It should be noted that when PR connections are involved, the strong-column weak-beam criteria evolves 
to, 

 1.2Columns conn
P PM M≥∑ ∑  

where conn
pM  is the plastic moment capacity of the connection at the end(s) of the connected girders. 

Optimization Statement and GA Fitness Function 
A steel portal frame is to be designed in Los Angeles for minimum weight (estimate of initial construction 
cost) and maximum confidence on collapse prevention and immediate occupancy structural performance.  
The optimization problem is formulated as: 

1
min

N

i i i
i

W Al ρ
=

 
= 

 
∑  max CPq    max IOq        (8) 

where iA  is the cross sectional area of the ith member, il is the length of the ith member, iρ is the density 
of the ith member, N is the total number of members, and ,CP IOq q  are the confidence levels for collapse 
prevention and immediate occupancy performance, respectively. 
 
This optimization problem is solved using a GA.  The fitness of an individual is conceptualized as a radial 
distance in objective space.  The confidence levels for immediate occupancy and collapse prevention 
performance can be restated as interstory drift magnitudes using the FEMA-350 methodology [6].  The 
drift limits corresponding to lim 0.40IOq =  and lim 0.70CPq =  for special moment frames (ACN-1, ACN-2) are 
6.6% and 1.5%, respectively.  For ordinary moment frames (ACN-3), the drift limits are 5.9% and 0.78% 
for collapse prevention and immediate occupancy performance, respectively.  The strong-column weak-
beam criterion is implemented as a penalty on any individual’s radial distance from the origin in objective 
space.  The fitness of the j individual at any generation during the evolution can then be written as, 

limit limitmax
IO

limit limit

1 1 1
1.2

1 1 1

jk
jk CP CP IO IO bm col

jk jk p p
CP col

p

R
Fitness

d d d dR M M
d d M

     = ⋅ ⋅ ⋅     − − ⋅ −     + + +
          

∑ ∑
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in which: 
 

( ) ( ) ( )

( ) ( ) ( )

2 2 2

limit limit max

2 2 2
max limit limit max

IO IO CP CP
jk jk jk jk

IO CP

R d d d d W W

R d d W

= − + − + −

= + +
     (11) 

 
where:  k indicates the generation number; limit limit,IO CPd d are the interstory drift ratio corresponding to the 
specified IO and CP confidence levels, respectively; ,IO CP

jk jkd d are the mean interstory drift demand of 



design j in generation k under IO and CP level records, respectively; maxW is the maximum possible 
weight for the topology; and jkW  is the weight of design j in generation k.   maxW  with IO and CP 
thresholds gives a maximum “radius” that is used for fitness scaling.  A design that is located virtually 
anywhere on maxR  is on the Pareto front. 
 
Confidence level computation based on member’s strength and non-structural displacement-sensitive and 
non-structural acceleration-sensitive damage components are not considered in the algorithm at present. 
Further discussions of genetic algorithm procedures and computational issues are available [10,15]. 

 
 

EXAMPLES 
 
Several examples were designed using the GA implementation described previously.  All designs were 
based upon the portal frame topology shown in Figure 1. 
 

Figure 1.   Frame model topology used in design example. 
 
This frame is modeled using two design variables: one for the columns and one for the beam.  Depending 
on the type of nonlinear model used, each element requires a number of parameters by which inelastic 
behavior is defined. These parameters are positive and negative plastic moment capacities, Euler 
elastic/inelastic buckling load, and the type of yield surface (force-moment interaction relationships).  
Nonlinear parameters are in general related to each other and can be defined once the geometry and the 
material of the sections are known.  The case of partially-restrained connections is introduced into the 
framework through user-defined connection characteristics that are related to the flexural rigidity and 
plastic moment capacity of the connected beam. 
 
Inelastic Modeling Considerations 
The structural steel assumed in the framework is A992 with 50-ksi yield stress.  This material is used for 
both columns and the beam. The stress-strain response is considered to be bilinear (elastic-plastic with 
small magnitude strain-hardening). 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 [1].  Figure 2 shows the yield 
surfaces assumed for the structural analysis. 
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Figure 2.  Yield surface shapes used for beam and columns. 

 
It should be noted that yM +  and yM −  in the interaction surface are defined to be the yield moment 
capacity of the members in DRAIN-2DX.  For the present implementation, these quantities are input as 
plastic moment capacities of the cross-section.  ytP is the tensile yield stress using gross cross-section.  

ycP is the out-of-plane inelastic axial buckling capacity of the member assuming pin-pin connections [8].  
The coordinates of A, B, C, and D in the beam-column interaction surface are defined by assuming: 

0.2
y

P
P

=  and 0.85
p

M
M

=        (12) 

The structure has eight degrees of freedom with fully-restrained connections and 10 degrees of freedom 
with partially-restrained connections. Floor masses are lumped at each end of the girder for horizontal and 
vertical degrees of freedom, as indicated schematically in Figure 1.  The rotational mass is ignored by 
assuming small longitudinal (axial) deformation of columns.  
 
Frame Configurations Considered 
DRAIN-2DX has the capability of modeling inelastic second-order (material and geometry) behavior and 
rotational springs with inelastic unloading, elastic unloading, and inelastic unloading with gap. The 
strength and stiffness of partially-restrained connections are, in general, functions of the connecting 
member’s.  In most cases, these two connection characteristics are defined using the properties of the 
connecting girder [12].  In the present study, two beam-end connection configurations are considered and 
the confidence levels are based upon special moment frame behavior for FR-connections and ordinary 
moment frame behavior for PR-connections.  The frames configurations and details are provided below: 

1. ACN-1:  Fully-restrained connections and strong-column weak-beam (SCWB) criteria. 
2. ACN-2:  Fully-restrained connections and omission of SCWB criteria. 
3. ACN-3: Partially-restrained moment connection including SCWB criteria (using connection 

plastic moment capacity).  The connection’s hysteretic behavior includes inelastic unloading with 
gap (pinching) [1].  The connection used includes the following initial stiffness and plastic 
moment capacity; 

  10cK EI L=  0.66cp pbM M=  

Strain hardening effects were modeled using a connection bending strength of 1.4 cpM at a rotation 

of 0.03 radians.  pbM is the plastic moment capacity of the beam, and EI L  is the flexural 
rigidity of the connecting beam. 



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 developed in the SAC project [12].  These 
records are shown in Figure 3. 

 
Figure 3.  Input strong ground motion record sets used in the analyses. 

 
A newly developed GA-based ground motion search and scaling program [13] can also be used to 
perform the task of ground motion selection.   
 
The selected records represent the target design spectra of NEHRP site category SD, 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. The horizontal components of SAC time 
histories are provided in strike-normal and strike-parallel components.  For 2% in 50 years, time histories 
are from near-fault recordings or simulations, with the scale factor close to one. The simulated time 
histories are for magnitude 7.1 earthquakes on the Elysian Park fault (a blind thrust fault whose 
shallowest depth is 10 km) [12]. 
 
For 50% in 50 years, records are from crustal earthquakes on soil category SD with scaling factors of 
smaller than three. In the near fault bin, records are presented such that they cover a balance of faulting 
mechanisms such as strike-slip, oblique and dip-slip among the strongest near-fault recordings available 
at intermediate and long periods ranges [12]. 
 
These records are used as input for the analytical model to compute the median response quantities for the 
performance-levels associated with the record probabilities.  



Genetic Algorithm Parameters 
A well-written driver [2] is used for front-end GA operations in this project because of its reliability and 
capability in modeling different GA operations.  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 reproduce two child chromosomes in offspring generations 
with 4.0% probability of creep. New generations of chromosomes are produced until there is no 
improvement in the maximum fitness over the past 20 generations or the program stops at maximum 
number of generations equal to 300. 
 

RESULTS 
 
Fitness evolution curves obtained from the GA operations in finding a solution in ACN 1 to 3 shows rapid 
convergence.  These trajectories are shown in Figure 4. 
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Figure 4.  Fitness evolution for the three frame configurations considered. 
 
No significant epistatic behavior was observed in the fitness trajectories.  Therefore, the GA parameters 
appear to have been appropriately chosen for this small problem.  The designs in the final generation of 
the GA are plotted in objective space for ACN-1 in Figure 5.  Since 30 chromosomes are competing in 
tens of generations, the figure represents thousands of different designs performed by nonlinear time 
history analyses. 
 
As expected, as the total weight of structural material decreases, the median IO and CP ground motion 
drifts increase.  These plots illustrate the competing objectives of weight and median drift irrespective of 
ground motion intensity.  Also, the plot in the lower-right of Figure 5 illustrates that the mean estimates 
of global drift demand under CP and IO input records are correlated at lower interstory drift ratios.  
Higher dispersions are usually observed at different runs at higher ranges of nonlinear response demand. 



 
Figure 5.  Distribution of designs in objective space for frame ACN-1. 

Optimal and near-equal weight designs in each case are tabulated in Table 3.  As can be seen in this table, 
the final designs satisfy the constraints of equations (4) and (6).    

Table 3. GA-generated designs and performance information for the frame configurations 
considered. 

ACN 
V  

3( )in  
Column 
Section 

Beam 
Section 

pc

pb

M
M

CP
mediand
(%) 

CPq  
IO
mediand  
(%) 

IOq  
residd  

(% - *) max

R
R

 

1 14,010 W27x102 W21x57 2.36 2.06 99.99 0.70 99.97 0.12 76.3 
2 13,830 W24x55 W21x101 0.53 2.04 99.99 0.69 99.97 1.09 76.6 
3 13,890 W27x84 W21x73 1.42 3.71 99.78 0.78 42.1 0.08 76.4 

 
 * - Residual drift after Tabas (1974) ground motion record. 
 
Time history of global interstory drift demand in optimal design of case one is plotted in Figure 6 along 
with Fourier amplitude spectra of both ground motion and response.  Frequency time-history plots for the 
ground motion and the structure response are also provided in the figure.  These spectrograms are simply 
a plot illustrating changes in the natural frequency of the building as it responds to the input ground 
excitation.  
 



The limit state interstory drift threshold corresponding to 95% confidence level is +/- 4%.  The interstory 
drift time history (upper right plot in Figure 6) indicates that this framework does not come near the 4% 
interstory drift limit for the Tabas (1974) record. Therefore, the observed response is of a confidence level 
much higher than 95% with slight nonlinearities.  

Figure 6.  History of drift at roof level of the solution for ACN-1 (under Tabas 1974). 
 

The Fourier analysis of the portal frame response shows that response is mainly uni-modal around the 
natural frequency of the final design (approximately 2.5 Hz for all three analysis cases).  This was used to 
check the natural frequencies and the modal contribution factors that we get from the eigenvalue solution 
of the frame in DRAIN-2DX.  This allows changes in the design’s modal frequencies and equivalent 
damping ratios to be monitored as convergence to a near optimum solution occurs. 
 
The Fourier amplitude spectrum also shows that the excitation is filtered out for frequencies beyond 5 Hz 
(smaller than 0.2 sec. period) although the input motion is quite significant between 5-10 Hz.  This means 
that the structure tends to respond mainly to longer periods.  This is expected for Tabas (1974) because it 
can be classified as a near-fault record. 
 
The change in natural frequency has been used as a measure of response (or damage).  The frequency 
spectrograms at the bottom of Figure 6 indicate that at approximately 12 seconds from the beginning of 
the input record (during the built-up phase of the ground motion), the response has more contribution 
from high-frequencies.  Then, due to limited plastification in the frame, the response frequency drops to 
smaller values (close to 4 Hz).  Overall, there is not a significant difference between the natural frequency 
of the design at the beginning and at the end of the record.  This indicates the structure has experienced 
limited non-linearity during the response (as can be seen in the lower plot, the residual drift angle is 
0.12% at the end of the record). 



To evaluate static nonlinear capacities of the near-equal weight designs, pushover curves (displacement-
control) are presented in Figure 7.    
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Figure 7.   Lateral force-displacement behavior of equal weight designs form displacement-control 
pushover analysis. 

 
A lateral force equivalent to 10%g PGA multiplied by the total mass at roof level was applied 
horizontally.   Pushover analyses were performed using a displacement-based procedure.   Gravitational 
loads (companion actions) were present on the frame.  The frame was pushed to a collapse mechanism or 
10” of lateral displacement. 
 
Since strong column-weak beam constraint is active in cases ACN-1 and ACN-3, the final designs exhibit 
beam-type collapse mechanisms with P − ∆  effect after drift ratio of about 1.3% (the drift angle capacity 
of low-rise ordinary moment frames at the IO performance level is 1%).  The pushover curves for ACN-1 
and ACN-3 exhibit a robust monotonic behavior.  The lack of available redundancy in the simple portal 
framework considered is shown in the response as well. 
 

CONCLUDING REMARKS 
 
The process of using GAs in a design automation process of steel moment frames was explained through 
designing a simple portal frame with different beam to column connections.  The optimization statements 
were evaluated using different sets of constraints to model real-life conditions.  It was observed that the 
median drift demand and the structural performance under CP could generally be enhanced by improving 
the response under IO (and visa versa).  The algorithm is capable of presenting designs with minimum 
weight that satisfy predefined ranges of preferred seismic performance.  A full nonlinear time-history 
analysis engine embedded in the program executes the designs using sets of input ground motion records 
for maximum accuracy.  The computational platform is flexible, relatively fast, and easy to use for 



practical purposes.   Research providing additional features and application of the methodology to multi-
story frameworks is currently in progress. 
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