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Abstract. We propose a new approach for the performance-based seismic design of buildings 
using a deterministic and a reliability-based structural optimization framework. To overcome 
the increased computing cost of Incremental Dynamic Analysis (IDA) we adopt an approx-
imate seismic performance estimation tool, known as Static Pushover to IDA (SPO2IDA). The 
SPO2IDA tool is nested within the framework of a Genetic Algorithm resulting to an efficient 
seismic design procedure able to consider uncertainty. The Genetic Algorithm steps towards 
designs of improved performance, locating the most efficient design in terms of the minimum 
weight of the structure. Reliability-based constraints are considered in terms of the mean 
annual frequency of preset limit-states not being exceeded. A three-storey steel moment 
resisting frame is used to demonstrate the design algorithm proposed. The methodology 
presented leads to efficient real-world building designs within reasonable computing time, 
directly considering the seismic risk. 



Athanasia Zacharenaki, Michalis Fragiadakis and Manolis Papadrakakis 

 2

1 INTRODUCTION 

The design of a building structure is valued upon the extent to which regional design codes 
or guidelines are satisfied. This effort comes in hand with the designer’s need for reducing the 
cost in order to obtain a more efficient design solution. Nonlinear, static or dynamic, methods 
of analysis are expected to lead to less costly designs using high-level performance criteria, 
since the engineer is allowed to have a better insight on the system’s demand and capacity. 
Among the nonlinear performance estimation methods today available Incremental Dynamic 
Analysis (IDA) [1] is probably the most powerful and thorough approach.  

IDA as well as other nonlinear methods of analysis requires increased computing resources. 
For practical applications and for designing new structures, approximating methods based on 
IDA have recently appeared intending to provide a fast alternative to the original method. 
More specifically, Dolsek & Fajfar [2] proposed the IN2 method, which is a simplified proce-
dure that combines nonlinear static analysis with a design response spectrum. Vamvatsikos & 
Cornell [3,4] developed the Static Pushover to Incremental Dynamic Analysis (SPO2IDA) 
tool in an effort to approximate the IDA curve taking advantage information extracted from 
the static pushover backbone. Han & Chopra [5] proposed the MPA-based IDA method which 
in essence is a variation of the Modal Pushover Analysis (MPA) method. Azarbakht & Dolsek 
[6] proposed a method that uses a limited number of ground motions that have been appro-
priately selected to obtain the mean and the fractiles of the response. All the above procedures 
are approximate, but their results compare sufficiently to those of IDA while their cost and 
efficiency varies. 

Evolutionary-based optimizers can handle complicated structural problems at the expense 
of more optimization cycles. Their rapid development made possible the solution of complex 
and realistic nonlinear structural optimization problems. Evolutionary Algorithms (EA) do not 
require the calculation of gradients of the constraints, as opposed to mathematical program-
ming algorithms, and thus structural design code checks can be implemented as constraints of 
the optimization problem in a straightforward manner. Within this concept, different optimi-
zation-based seismic design procedures can be developed (Fragiadakis & Lagaros [7]).  

This study discusses the use of approximating performance-estimation methods within the 
framework of an optimization algorithm. The resource-demanding IDA method is replaced by 
the Static Pushover to Incremental Dynamic Analysis (SPO2IDA) approach. SPO2IDA is 
employed to provide fast estimates of the mean and the dispersion of the demand at various 
performance levels. The constraints of the optimization problem are introduced as the exceed-
ance of every performance level calculated either using deterministic or probabilistic design 
criteria. Deterministic design criteria refer to the exceedance of preset drift values that are set 
by the codes. Probabilistic criteria refer to the calculation of the mean annual frequency of 
exceedance of every limit state considering in this way the uncertainties. A Genetic Algorithm 
is used to handle the resulting optimum design problem. A three-storey, steel moment-
resisting frame (SMRF) is used to demonstrate the proposed methodology. 

2 STRUCTURAL PERFORMANCE ESTIMATION 

2.1 Incremental Dynamic analysis 

According to the Incremental Dynamic Analysis (IDA) method [1] the mathematical mod-
el of the structure is subjected to a suite of ground motion records incrementally scaled to dif-
ferent levels of seismic intensity. Recent researches show that the scaling practice is 
legitimate and introduces slight bias on the prediction of the structural response [10]. The 
building’s capacity is visualised with a curve of an Engineering Demand Parameter (EDP), 
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e.g. maximum interstorey drift ratio, versus an Intensity Measure (IM), e.g. the 5%-damped, 
first-mode spectral acceleration Sa(T1,5%), representing the seismic intensity. IDA allows cal-
culating the median (50% fractile) and also the dispersion (16%, 84% fractiles) of the build-
ing’s capacity. Performance limit-states are defined on these curves by appropriate limits 
which are set, preferably, on the EDPs. The results of IDA can be easily combined with prob-
abilistic seismic hazard analysis in order to estimate the mean annual frequency (MAF) of a 
limit-state being exceeded.  

2.2 Static Pushover To Incremental Dynamic Analysis (SPO2IDA) 

The Static Pushover to IDA (SPO2IDA) tool [3, 4] provides an approximate estimation of 
the IDA curve using the backbone of the static pushover (SPO). SPO2IDA has been verified 
for numerous SDOF systems and first-mode dominated structures and can be seen as a more 
elaborate R-µ-T relationship. More specifically, the static pushover is approximated with a 
trilinear or a quadrilinear envelope in order to extract the parameters that describe the SPO 
curve (Fig. 1). The extracted parameters are then given as input to the SPO2IDA tool to pro-
vide the fractile IDAs in normalized coordinates of the strength reduction factor R versus the 
ductility µ. The final approximate IDAs are obtained after a series of calculations on the 
available R-µ data [11].  

 
Figure 1. The SPO curve for the three-storey steel moment resisting frame and its approximation with a trilinear 

model. 

The necessary steps to obtain the approximate IDAs are briefly summarised as follows. 
The process begins with approximating the static pushover curve with a multilinear envelope. 
Having approximated the SPO capacity curve with a trilinear model, as can be seen in Figure 
1, the parameters that describe the backbone can be easily extracted. These parameters refer to 
the properties of the backbone curve, which initially allows for elastic behavior up to yF , then 

hardens at a non-negative normalized slope of ha while beyond this point, a negative stiffness 

segment starts having a normalized slope ca [11]. These parameters are given as input to 

SPO2IDA to produce the median capacities. Since the capacities of SPO2IDA are in dimen-
sionless R-µ coordinates, they have to be scaled to another pair of IM-EDP coordinates, such 
as the 5%-damped, first mode spectral acceleration, Sa(T1,5%), and the maximum interstorey 
drift ratio, θmax. 

The scaling from R-µ to Sa(T1,5%)-θmax is performed with simple algebraic calculations:  
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where θroof is the roof drift (displacement of the roof divided by the building height) and 
yield
roofθ is the roof drift at yield, respectively. Once yield

roofθ  is known, θmax can be extracted from 

the results of the SPO, since for every load increment the correspondence between the two 
EDPs is always available. To determine 1( ,5%)yield

aS T  and yield
roofθ  we assume that the yield roof 

drift is that of the trilinear approximation, while the 1( ,5%)yield
aS T  is related to the approxima-

tion of the elastic “stiffnesses” (or slopes) of the median IDA curves plotted with θroof as the 
EDP. The stiffness, denoted as kroof, is the median value obtained using elastic response his-
tory analysis with a few ground motion records, or alternatively by using standard response 
spectrum analysis. An approximate relationship for kroof can be found in [11]. Finally, 

1( ,5%)yield
aS T will be: 

                                                     1( ,5%)yield yield
a roof roofS T k θ=

                                                     (2)
 

In summary, the process of producing an approximate IDA curve from a single static 
pushover run involves the following steps. Initially perform a static pushover analysis with a 
first-mode lateral load pattern and then approximate it with a trilinear model. Next SPO2IDA 
will provide the IDA curves in normalized R-µ coordinates which have to be transformed in 
terms of Sa(T1,5%) versus θmax. This requires the elastic slope of the actual IDA, kroof when 
θroof is the EDP. With the aid of Equations (1) and (2) we obtain the IDAs in Sa(T1,5%)-θroof 

coordinates. The final IDAs are obtained using the mapping between θroof and θmax, available 
from the results of the static pushover. For a three-storey SMRF building the computing time 
comes down from 1.5÷2 hours required for a single IDA, to a couple of minutes, approxi-
mately two orders of magnitude less. 

3 METHODOLOGY-ALGORITHM 

The aim of sizing optimization problems is to minimize an objective function which, usual-
ly, is proportional to the cost of the structure. The most common objective function for steel 
structures is the total weight, which is considered to be directly related to the cost. The design 
variables are chosen to be the cross sections of the members of the structure such that the ob-
jective function can be expressed as their linear, or nonlinear, combination. Due to engineer-
ing practice demands, the members are divided into groups of design variables, thus providing 
a trade-off between the use of more material and the need for symmetry and uniformity due to 
practical considerations. Moreover, due to fabrication limitations, the design variables are not 
continuous but discrete. A discrete deterministic-based structural optimization (DBO) prob-
lem is formulated as follows: 

                                                       min  F(s) 

                                                           
( ) 0,
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, 

i

d
j
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∈
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where F(s) is the objective function to be minimized and gi are the l deterministic constraints. 

dR is a given set of discrete values, and sj is the design variables that can take values from this 
set. In a similar way, a discrete reliability-based (RBO) structural optimization problem is 
formulated as: 
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where F(s) is the objective function to be minimized, dR is a given set of discrete values, sj 
represents the design variables that can take values from this set, hk are the n probabilistic 
constraints, v represents the MAF of exceedance of the kth performance level and finally EDP 
denotes a chosen engineering demand parameter (EDP) (here is the maximum interstorey 
drift maxθ ). 

3.1 Solving the optimization problem using Genetic Algorithms 

Genetic Algorithm (GA) [12] is the most widely used Evolutionary Algorithm. GA is a 
machine-learning algorithm that uses a genetic metaphor and imitates the evolution of a popu-
lation. The resulting numerical tool can be used for general purposes and does not need the 
calculation of gradients as traditional mathematical optimizers do. Implementations of GA, 
typically use fixed-length character strings (binary or real-valued) to represent their genetic 
information. Together with a population of individuals, which undergo mutation and crossov-
er, the GA guides the search process towards the optimum combination of the design va-
riables. The steps of the adopted GA-based algorithm are: 
1. Initialization step: Random generation of an initial population of the vectors of design va-

riables sj (j=1,…, npop). The variables are encoded as binary strings. 
2. Analysis step (Fitness evaluation): Firstly, perform checks that do not require analysis to 

ensure that the design complies with the “strong-column-weak-beam” philosophy and that 
other detailing requirements are met. Subsequently, perform linear elastic analysis to ob-
tain the demand for the non-seismic load combinations and then perform Static Pushover 
for the seismic actions. Use the SPO2IDA tool to obtain the EDP or its mean annual fre-
quency of exceedance for every limit-state considered. For every constraint that is violated, 
calculate the penalties and modify the objective function accordingly (section 3.2). 

3. Selection, Generation and Mutation step: Apply the operators of GA to create the mem-
bers of the next population tj (j=1,…, npop).  

4. Final check: If a prespecified number of generations has been reached stop, otherwise go 
back to step 2.  

3.2 Performance-based earthquake engineering constraints 

3.2.1   Design using deterministic criteria 

For structural optimization problems under earthquake loading, the constraints adopted fol-
low the performance-based design concept where the performance of the structure is eva-
luated at distinct levels of seismic intensity. Three performance levels are here considered: 
Immediate Occupancy (IO), Life Safety (LS) and Collapse Prevention (CP). Preliminary 
checks are performed on every candidate design. These checks include examining whether a 
soft storey mechanism produced by the hinges formed in the columns rather than the beams. 
Also, a check whether the sections chosen are of class 1, as EC3 suggests, is carried out. This 
check is important in order to ensure that the members are able to develop their full plastic 
moment and rotational ductility. Moreover, geometrical restrictions that ensure the correct 
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connection of the beams to the columns are performed. Another check ensuring that the bend-
ing capacity of the beams is adequate against gravity loads is also carried out. If the checks 
are not satisfied the design is slightly modified in order to meet the above restrictions. The 
capacity of the structure against seismic loads is subsequently assessed. For the three limit-
states considered the first-mode spectral acceleration is computed with the aid of the EC8 
elastic response spectrum. Afterwards, we determine using SPO2IDA the maximum intersto-
rey drift demand. The latter is compared to the drift threshold values of the corresponding 
limit-state.  

When a performance criterion is violated, a penalty, p, is calculated which gives a measure 
of the deviation of the value obtained with analysis from the acceptable threshold value. In 
this work the objective function is penalised as follows: 

dF( ), if s  R  
F( ) =

F( ) max( ), otherwisep

 ∈


⋅

s
s

s
                                         (5) 

where max(p) is the maximum value of the violated constraint’s penalty parameter and F(s) 
is the value of the penalized objective function. The selection of the penalty parameter is sig-
nificant, since a large penalty will force the design procedure to work away from the region 
where the global optimum is located while a small penalty will make the algorithm converge 
to an infeasible solution. Moreover, the penalty parameter adjusts the weight of the penalty 
imposed on the objective function during the optimization process. 

The penalty adopted for the i-th limit state of the deterministic-based formulation of the 
optimization algorithm takes the form:  

                                                  

max

i i
lim

θmax i
lim

-
=p
θ θ

θ                                                               (6) 
where max

i
θ  and lim

i
θ is the maximum interstorey drift demand and its threshold, respectively. 

     3.2.2    Design using probabilistic criteria 

From another point of view, the use of probabilistic criteria posess the advantage of consi-
dering uncertainties through the use of probabilities. In this way, the seismic design checks 
are applied on the mean annual frequency of every limit-state instead of being applied directly 
on the EDP. Therefore, every performance objective is realized as the exceedance probability 
of exceeding a specified performance level. Following this concept, for every performance 
level we calculate its mean annual frequency (MAF) of exccedance (vLS). The calculation of 
the MAF can be derived using the total probability theorem: 

 

                          d
+

LS

0

dv(IM)
ν (edp EDP)= P(edp EDP | IM = im) IM

dIM

∞

≤ ≤∫                             (7) 

 
P(edp EDP | IM = im)≤ is the probability of limit-state being exceeded, termed also as fragili-

ty or vulnerability function, and d ( ) dv IM IM  is the slope of the hazard curve. The absolute 

value is used to prevent from the negative value of the slope of the hazard curve. Equation 7 
convolves the ground motion uncertainty, given through the hazard curve of the site, with un-
certainties regarding the structural performance represented by the building’s fragility curve.  

The equation is calculated numerically since the analytical integration is not always possi-
ble. There are two ways to calculate the MAF [13]. The first way is calculating the probability 
that the demand exceeds the capacity of the structure, called the direct or EDP-based method, 
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or by alternatively using the indirect or IM-based approach. The IM-based approach refers to 
calculating the probability that the IM will be above the random IM capacity of the structure. 
In this work the latter method is used, where: 

 

CP(edp EDP | IM = im)= P(IM < IM | IM = im)≤                               (8) 

 
The mean annual frequency of exceedance of a limit-state is estimated using the statistics 

of the responses calculated with the aid of SPO2IDA. SPO2IDA gives an estimate of the 
mean value and the standard deviation of the response and may be used to calculate equation 
7, for given EDP value. This is based on the assumption that the IM values are lognormally 
distributed. The probability of exceeding the IM capacity of the structure is thus calculated 

and multiplied with the slope of the hazard curve using equation 8. If max
ˆln( )θ and δ̂  are the 

logarithmic mean and the standard deviation of maxθ̂ for given intensity Sa(T1,5%), δ̂  is calcu-

lated as ( )84% 50%
a aδ̂ = 0.5 lnS - lnS⋅ [14].  

Figure 2 (a) Hazard curve for T1= 0.93 sec, and (b) median SPO2IDA curve and its 16th and 84th fractiles. 

The seismic hazard at a site can be obtained through probabilistic seismic hazard analysis 
(PSHA) and is represented by a hazard curve (Figure 2a). The performance levels correspond 
to exceedance probabilities equal to 50%, 10% and 2% in 50 years (briefly denoted hereafter 
as 50/50,10/50 and 2/50). For example, the IO level implies very light damage with minor lo-
cal yielding and negligible residual drifts within a period of 50 years corresponding to a level 
of 50% probability of exceedance. Using the first-mode spectral acceleration of the structure 
and its period it is possible to obtain the mean annual frequency of exceedance of the ground 
motion v(IM). 

The probabilistic constraints are applied on the annual rate of the drift value being ex-
ceeded for every limit-state considered. In particular the rates used for the 50/50, 10/50 and 
2/50 hazard levels are related to the return period of the limit-state being exceeded with the 
relationship τ LS =1/νLS. The corresponding return periods are 72, 475, 2475 years respective-

ly. This leads to the following probabilistic constraints: 

IO

LS

CP

72yrs

475yrs

2474yrs

τ

τ

τ

≥

≥

≥

                                                         (9) 
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The penalty adopted for the i-th limit state of the reliability-based formulation of the opti-
mization problem is:  

   

i i
lim

i
lim

+
=

τ

τ τ

p
τ

                                                 (10)   

where i
limτ  is the return period of the i-th limit state set by the codes and iτ is the return period 

of the design given by the optimization algorithm. 

4 NUMERICAL RESULTS 

The proposed methodology is demonstrated on a three-storey steel moment-resisting frame 
(SMRF) (Figure 3(a)). The frame has been designed for a Los Angeles site according to the 
1997 NEHRP (National Earthquake Hazard Reduction Program) provisions. All analyses 
were performed on the OpenSees platform [15]. The modulus of elasticity was assumed equal 
to 200GPa and the yield stress fy=235MPa. All sections are W-shaped, taken from the tables 
of the American Institute of Steel and Construction (AISC). The frame is assumed to have 
rigid connections and fixed supports. The permanent load is taken as G=5KN/m2 and the live 
load is considered equal to Q=2KN/m2.  The EDP adopted is the maximum interstorey drift, 
θmax, and the thresholds were 0.6, 1.5, and 3% for IO, LS and CP levels, respectively. This 
building is a first-mode dominated structure. 

  
Figure 3 (a) Three-storey, steel moment resisting frame, and (b) optimization history of the three-storey frame 

using the deterministic-based and the reliability-based procedure. 

The optimum designs obtained are shown in Table 1. As can be seen, the MAF of exceed-
ance of the optimum design for the reliability-based optimization case satisfies the probabilis-
tic constraints. The MAF of the optimal design using deterministic-based criteria only is given 
as well additionally. Figure 3(b) shows the best objective function value as the generations 
converge to the optimum design. It can be seen that the optimum weight reduces from 58m3 
to 29.64m3 in the case of deterministic-based design, while for the reliability-based case, the 
optimum weight reduces from 65m3 to 37.55m3. 

 
Case 
study 

Volume 
(m3) 

Optimal design 
 

MAF 

DBO 29.64 W33×201, 
W27×94,W21×50, 
W14×30, W14×38 

IO   1×10-2 
LS  2.8×10-2 
CP  4.7×10-4 

RBO 37.55 W33×263, 
W27×94,W21×68, 

IO   1.7×10-3 
LS  0.9×10-3 
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W14×48,W14×26 CP  0.1×10-3 

                         Table 1. Optimal design results for the two buildings used. 

Figure 4 compares the capacity curves of IDA and SPO2IDA for the optimal design of the 
three storey considered using the reliability-based design procedure. For the reliability-based 
design of the three-storey SMRF (Fig. 4) the two curves seem to be in good agreement in the 
elastic range. The capacity is overestimated for limit states between the elastic range and until 

maxθ̂ =0.054 while beyond this value as the frame approaches collapse, SPO2IDA underesti-

mates the capacity. These discrepancies introduce a small error in curve calculations, which is 
sufficient for an automatic design algorithm. 

 
Figure 4 Median IDA curve and its SPO2IDA approximation. The curves refer to the optimal design of the three 

storey frame obtained by the reliability-based procedure.  

5 CONCLUSIONS 

A new seismic design procedure for steel moment frames has been developed. The pro-
posed design procedure is expressed with the aid of deterministic and/or probabilistic design 
criteria. Both types of criteria can be imposed within the performance-based design concept as 
suggested by the FEMA guidelines with the latter enabling the engineer to define the return 
periods of preset performance levels. In this way, a common language can be used within the 
engineers and stakeholders during the building design procedure. The proposed algorithm 
uses approximate performance-estimation methods and in particular the SPO2IDA method. 
We have shown that the implementation of structural design code checks is possible and de-
signs that meet the code provisions can be obtained in a straightforward manner. The mean 
annual frequencies of the limit-states considered are compared to preset values in order to 
decide whether each candidate design is acceptable. A Genetic Algorithm (GA) was imple-
mented for the solution of the design problem leading to efficient optimal solutions through 
an iterative procedure. The results obtained reveal the efficiency of the proposed approach for 
first-mode dominated structures reducing considerably the computing time. 

REFERENCES 

[1] D. Vamvatsikos, C.A Cornell, Incremental Dynamic Analysis. Earthquake Engineering 
& Structural Dynamics, 31, 491–514, 2002. 



Athanasia Zacharenaki, Michalis Fragiadakis and Manolis Papadrakakis 

 10

[2] M. Dolsek, P. Fajfar, Simplified probabilistic seismic performance assessment of plan-
asymmetric buildings, Earthquake Engineering & Structural Dynamics, 36, 2021–2041, 
2007. 

[3] D. Vamvatsikos, C.A Cornell, Direct estimation of the seismic demand and capacity of 
oscillators with multi-linear static pushovers through Incremental Dynamic Analysis. 
Earthquake Engineering & Structural Dynamics, 35, 1097–1117, 2006. 

[4] D. Vamvatsikos, C.A Cornell, Direct estimation of the seismic demand and capacity of 
MDOF systems through Incremental Dynamic Analysis of an SDOF Approximation. 
ASCE Journal of Structural Engineering, 131, 589–599, 2005. 

[5] S.W. Han, A.K. Chopra, Approximate incremental dynamic analysis using the modal 
pushover analysis procedure. Earthquake Engineering & Structural Dynamics, 35, 
1853–1873, 2006. 

[6] A. Azarbakht, M.Dolsek, Prediction of the median IDA curve by employing a limited 
number of ground motion records.  Earthquake Engineering & Structural Dynamics, 
36, 2401-2421, 2007. 

[7] M. Fragiadakis, N. Lagaros, An overview to structural seismic design optimization 
frameworks, Computers & Structures, 89, 1155-1165, 2011. 

[8] M. Liu, S.A. Burns, Y.K. Wen, Genetic Algorithm Based Construction-Conscious Min-
imum Weight Design of Seismic Steel Moment-Resisting Frames. Journal of structural 
engineering 132, 50-58, 2006. 

[9] N.D Lagaros, M. Fragiadakis, M. Papadrakakis, Y. Tsompanakis, Structural Optimiza-
tion: A tool for evaluating seismic design procedures. Engineering Structures, 28, 1623-
1633, 2006. 

[10] A. Zacharenaki, M. Fragiadakis, D. Assimaki, M. Papadrakakis, Bias introduced in the 
Incremental Dynamic Analysis method due to record scaling, Bulletin of earth. Engi-
neering, 2011 (submitted for publication). 

[11] M. Fragiadakis, D. Vamvatsikos, Fast performance uncertainty estimation via pushover 
and approximate IDA. Earthquake Engineering & Structural Dynamics, 39, 683-703, 
2010. 

[12] D.E. Goldberg, Genetic Algorithms in Search, Optimization, and Machine Learning. 
Addison-Wesley Longman Publishing Co, 1989. 

[13] D. Vamvatsikos, M. Dolsek, Equivalent constant rates for performance-based seismic 
assessment of ageing structures, Structural Safety, 33, 8-18, 2010. 

[14] D. Vamvatsikos, M. Fragiadakis, Incremental dynamic analysis for estimating seismic 
performance uncertainty and sensitivity. Earthquake Engineering and Structural Dy-
namics, 39, 141-163, 2010. 

[15] F. McKenna, G.L Fenves, The OpenSees Command Language Manual, 1.2, Edition, 
2000. 

 


