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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 Satic 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.
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1 INTRODUCTION

The design of a building structure is valued ugmnédxtent to which regional design codes
or guidelines are satisfied. This effort comesandhwith the designer’s need for reducing the
cost in order to obtain a more efficient desigrusoh. Nonlinear, static or dynamic, methods
of analysis are expected to lead to less costhgdsausing high-level performance criteria,
since the engineer is allowed to have a bettegimsin the system’s demand and capacity.
Among the nonlinear performance estimation methioday available Incremental Dynamic
Analysis (IDA) [1] is probably the most powerful@gthorough approach.

IDA as well as other nonlinear methods of analysgglires increased computing resources.
For practical applications and for designing nemuctires, approximating methods based on
IDA have recently appeared intending to provideast falternative to the original method.
More specifically, Dolsek & Fajfar [2] proposed tié2 method, which is a simplified proce-
dure that combines nonlinear static analysis witlesign response spectrum. Vamvatsikos &
Cornell [3,4] developed the Static Pushover to dnoental Dynamic Analysis (SPO2IDA)
tool in an effort to approximate the IDA curve tadtiadvantage information extracted from
the static pushover backbone. Han & Chopra [5] psep the MPA-based IDA method which
in essence is a variation of the Modal Pushoverysiga(MPA) method. Azarbakht & Dolsek
[6] proposed a method that uses a limited numbegrofind motions that have been appro-
priately selected to obtain the mean and the feactf the response. All the above procedures
are approximate, but their results compare suffityeto those of IDA while their cost and
efficiency varies.

Evolutionary-based optimizers can handle complaatieuctural problems at the expense
of more optimization cycles. Their rapid developierade possible the solution of complex
and realistic nonlinear structural optimizationlgsems. Evolutionary Algorithms (EA) do not
require the calculation of gradients of the constsa as opposed to mathematical program-
ming algorithms, and thus structural design codeck$ can be implemented as constraints of
the optimization problem in a straightforward mamrwithin this concept, different optimi-
zation-based seismic design procedures can beapeee(Fragiadakis & Lagaros [7]).

This study discusses the use of approximating padaoce-estimation methods within the
framework of an optimization algorithm. The resaidemanding IDA method is replaced by
the Static Pushover to Incremental Dynamic AnalySBOZ2IDA) approach. SPO2IDA is
employed to provide fast estimates of the meanthadlispersion of the demand at various
performance levels. The constraints of the optitioneproblem are introduced as the exceed-
ance of every performance level calculated eittsemgideterministic or probabilistic design
criteria. Deterministic design criteria refer tetbxceedance of preset drift values that are set
by the codes. Probabilistic criteria refer to tladcalation of the mean annual frequency of
exceedance of every limit state considering inWay the uncertainties. A Genetic Algorithm
is used to handle the resulting optimum design lprab A three-storey, steel moment-
resisting frame (SMRF) is used to demonstrate thpgsed methodology.

2 STRUCTURAL PERFORMANCE ESTIMATION
2.1 Incremental Dynamic analysis

According to the Incremental Dynamic Analysis (IDdgthod [1] the mathematical mod-
el of the structure is subjected to a suite of gcbmotion records incrementally scaled to dif-
ferent levels of seismic intensity. Recent resezsckBhow that the scaling practice is
legitimate and introduces slight bias on the praalicof the structural response [10]. The
building’s capacity is visualised with a curve of Bngineering Demand Parameter (EDP),
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e.g. maximum interstorey drift ratio, versus arehsity Measure (IM), e.g. the 5%-damped,
first-mode spectral accelerati®(T,,5%), representing the seismic intensity. IDA akoeal-
culating the median (50% fractile) and also theelision (16%, 84% fractiles) of the build-
ing’s capacity. Performance limit-states are defim® these curves by appropriate limits
which are set, preferably, on the EDPs. The resdiltBA can be easily combined with prob-
abilistic seismic hazard analysis in order to eatarthe 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, 4ppides an approximate estimation of
the IDA curve using the backbone of the static push (SPO). SPO2IDA has been verified
for numerous SDOF systems and first-mode dominstiedttures and can be seen as a more
elaborateR-u-T relationship. More specifically, the static pusbovs approximated with a
trilinear or a quadrilinear envelope in order tdragt the parameters that describe the SPO
curve (Fig. 1). The extracted parameters are tiengas input to the SPO2IDA tool to pro-
vide the fractile IDAs in normalized coordinatestloé strength reduction fact®versus the
ductility . The final approximate IDAs are obtained after d@eseof calculations on the
availableR-y data [11].
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Figure 1. The SPO curve for the three-storey stewhent resisting frame and its approximation withleear
model.

The necessary steps to obtain the approximate l&Asbriefly summarised as follows.
The process begins with approximating the statghpuer curve with a multilinear envelope.
Having approximated the SPO capacity curve withliagar model, as can be seen in Figure
1, the parameters that describe the backbone ceaadily extracted. These parameters refer to

the properties of the backbone curve, which injtiallows for elastic behavior up t, , then
hardens at a non-negative normalized slopa, @fhile beyond this point, a negative stiffness

segment starts having a normalized slep§ll]. These parameters are given as input to

SPO2IDA to produce the median capacities. Sincecdpacities of SPO2IDA are in dimen-
sionlessR-u coordinates, they have to be scaled to anotheropdM-EDP coordinates, such
as the 5%-damped, first mode spectral accelerafigf,,5%), and the maximum interstorey
drift ratio, Omax.

The scaling fronR-u to S(T1,5%)-0max is performed with simple algebraic calculations:
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S, (T, 5%)=R Sgidd (T,,5%)

yield
9 roof (1)
where 0,001 IS the roof drift (displacement of the roof divideég the building height) and

6<% is the roof drift at yield, respectively. Onégs” is known,0max can be extracted from

roof

the results of the SPO, since for every load inemnthe correspondence between the two
EDPs is always available. To determi@&™ (T,,5%) and 8”5 we assume that the yield roof

roof

roof

drift is that of the trilinear approximation, whilee S'*° (T,,5%) is related to the approxima-

tion of the elastic “stiffnesses” (or slopes) oé tmedian IDA curves plotted withor as the
EDP. The stiffness, denoted lasy, is the median value obtained using elastic respdns-
tory analysis with a few ground motion recordsatiernatively by using standard response
spectrum analysis. An approximate relationship Kgss can be found in [11]. Finally,

ST, 5%)will be:

S;ﬂdd (r1’ 5%)= kroof Hrﬂgd (2)

In summary, the process of producing an approxini2#e curve from a single static
pushover run involves the following steps. Initygtlerform a static pushover analysis with a
first-mode lateral load pattern and then approxemiwith a trilinear model. Next SPO2IDA
will provide the IDA curves in normalize®-u coordinates which have to be transformed in
terms of§(T1,5%) versu¥max This requires the elastic slope of the actual IRfx: when
Oroot IS the EDP. With the aid of Equations (1) andW®) obtain the IDAS ir§y(T1,5%)-0r00t
coordinates. The final IDAs are obtained usingrtapping betweef, .o andbfmax available
from the results of the static pushover. For agfswrey SMRF building the computing time
comes down from 1.5+2 hours required for a sin@lé,lto a couple of minutes, approxi-
mately two orders of magnitude less.

3 METHODOLOGY-ALGORITHM

The aim of sizing optimization problems is to mimgman objective function which, usual-
ly, is proportional to the cost of the structuré.eTmost common objective function for steel
structures is the total weight, which is consideiebe directly related to the cost. The design
variables are chosen to be the cross sectionseaht#timbers of the structure such that the ob-
jective function can be expressed as their lineanonlinear, combination. Due to engineer-
ing practice demands, the members are dividedgrdaops of design variables, thus providing
a trade-off between the use of more material aadchted for symmetry and uniformity due to
practical considerations. Moreover, due to fabracatimitations, the design variables are not
continuous but discrete. A discrete deterministisddl structural optimization (DBO) prob-
lem is formulated as follows:

min F(s)
(920,i=1,.../
s.t.{g'( ) ) (3

seR,j=1..,m

whereF(s) is the objective function to be minimized ag@re thel deterministic constraints.
R"is a given set of discrete values, anid the design variables that can take values ffos
set. In a similar way, a discrete reliability-bag@&BO) structural optimization problem is
formulated as:
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min F(s)
g(s)=0,i=1,..
stis eR!,j=1,..m @)

A (Vepp(S) < VIEEP(S)), k=1,..,n

whereF(s) is the objective function to be minimizeR! is a given set of discrete values,
represents the design variables that can take vdfoen this sethy are then probabilistic
constraintsy represents the MAF of exceedance ofkheerformance level and finally EDP
denotes a chosen engineering demand parameter (2R is the maximum interstorey
drift @

max)'

3.1 Solvingtheoptimization problem using Genetic Algorithms

Genetic Algorithm (GA) [12] is the most widely us&dolutionary Algorithm. GA is a
machine-learning algorithm that uses a genetic phetaand imitates the evolution of a popu-
lation. The resulting numerical tool can be useddgeneral purposes and does not need the
calculation of gradients as traditional mathematag@imizers do. Implementations of GA,
typically use fixed-length character strings (bynar real-valued) to represent their genetic
information. Together with a population of indivalg, which undergo mutation and crossov-
er, the GA guides the search process towards thismam combination of the design va-
riables. The steps of the adopted GA-based algoritte:

1. Initialization step: Random generation of an initial population of #eetors of design va-
riabless (j=1,..., npop). The variables are encoded as binary strings.

2. Analysis step (Fitness evaluation): Firstly, perform checks that do not require analys
ensure that the design complies with the “strongroa-weak-beam” philosophy and that
other detailing requirements are met. Subsequepdisiorm linear elastic analysis to ob-
tain the demand for the non-seismic load combinat@nd then perform Static Pushover
for the seismic actions. Use the SPO2IDA tool ttaobthe EDP or its mean annual fre-
guency of exceedance for every limit-state considieFor every constraint that is violated,
calculate the penalties and modify the objectivecfion accordingly (section 3.2).

3. Selection, Generation and Mutation step: Apply the operators of GA to create the mem-
bers of the next populatioh(jt=1, ..., Npop).

4. Final check: If a prespecified number of generations has beanhed 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 eartlkguaading, the constraints adopted fol-
low the performance-based design concept whergdnrmance of the structure is eva-
luated at distinct levels of seismic intensity. @dmperformance levels are here considered:
Immediate Occupancy (l0), Life Safety (LS) and @p#ie Prevention (CP). Preliminary
checks are performed on every candidate desigrselTtigecks include examining whether a
soft storey mechanism produced by the hinges forimékle columns rather than the beams.
Also, a check whether the sections chosen areaséd, as EC3 suggests, is carried out. This
check is important in order to ensure that the nmemlare able to develop their full plastic
moment and rotational ductility. Moreover, geoneatirestrictions that ensure the correct
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connection of the beams to the columns are perfdrieother check ensuring that the bend-
ing capacity of the beams is adequate againsttgrbads is also carried out. If the checks
are not satisfied the design is slightly modifiedorder to meet the above restrictions. The
capacity of the structure against seismic loadsulssequently assessed. For the three limit-
states considered the first-mode spectral accelar& computed with the aid of the EC8
elastic response spectrum. Afterwards, we deternmsiegg SPO2IDA the maximum intersto-
rey drift demand. The latter is compared to thdt dhnreshold values of the corresponding
limit-state.

When a performance criterion is violated, a penaitys calculated which gives a measure
of the deviation of the value obtained with anaysom the acceptable threshold value. In
this work the objective function is penalised dtofos:

o= { F(©s), if se R

F(s)- max(p), otherwis

(5)

where maxg) is the maximum value of the violated constraim&nalty parameter ane(s)
is the value of the penalized objective functioheBelection of the penalty parameter is sig-
nificant, since a large penalty will force the dgsprocedure to work away from the region
where the global optimum is located while a smatadty will make the algorithm converge
to an infeasible solution. Moreover, the penaltyapzeter adjusts the weight of the penalty
imposed on the objective function during the optiation process.

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

max lim
elim (6)
is the maximum interstorey drift demand and iteshiold, respectively.

0 -6

pemax =

and 9!

lim

whered!

max

3.2.2 Design using probabilistic criteria

From another point of view, the use of probabtistiiteria posess the advantage of consi-
dering uncertainties through the use of probaeéditiin this way, the seismic design checks
are applied on the mean annual frequency of ewmii-$tate instead of being applied directly
on the EDP. Therefore, every performance objectivealized as the exceedance probability
of exceeding a specified performance level. Foltgnihis concept, for every performance
level we calculate its mean annual frequency (MAfFgxccedancev(s). The calculation of
the MAF can be derived using the total probabilitgorem:

+0

v,<(edp < EDP)= j P(edp < EDP|IM = im)

0

—d:j’l(:\'/\l/')‘dl M @)

P(edp < EDP|IM = im)is the probability of limit-state being exceedexinted also as fragili-
ty or vulnerability function, angtiv(IM )/dIM| is the slope of the hazard curve. The absolute

value is used to prevent from the negative valuthefslope of the hazard curve. Equation 7
convolves the ground motion uncertainty, given tigtothe hazard curve of the site, with un-
certainties regarding the structural performanpeasented by the building’s fragility curve.
The equation is calculated numerically since thdyéioal integration is not always possi-
ble. There are two ways to calculate the MAF [13]e Tihst way is calculating the probability
that the demand exceeds the capacity of the stejatalled the direct or EDP-based method,
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or by alternatively using the indirect or IM-basmgproach. The IM-based approach refers to
calculating the probability that the IM will be althe random IM capacity of the structure.
In this work the latter method is used, where:

P(edp < EDP|IM = im)= P(IM. < IM | IM = im) (8)

The mean annual frequency of exceedance of a laie-$s estimated using the statistics
of the responses calculated with the aid of SPO2IBRO2IDA gives an estimate of the
mean value and the standard deviation of the regpand may be used to calculate equation
7, for given EDP value. This is based on the assiomphat the IM values are lognormally
distributed. The probability of exceeding the IM aeajy of the structure is thus calculated

and multiplied with the slope of the hazard cureeg equation 8. Ifn(émax) and3 are the
logarithmic mean and the standard deviatior@gﬁfor given intensitySy(T1,5%), J is calcu-
lated as = 0.5-( In§™* -In$*) [14].
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Figure 2 (a) Hazard curve forT0.93 sec, and (b) median SPO2IDA curve and ifsahé 84 fractiles.

The seismic hazard at a site can be obtained thrpugpabilistic seismic hazard analysis
(PSHA) and is represented by a hazard curve (FigayeThe performance levels correspond
to exceedance probabilities equal to 50%, 10% &ad250 years (briefly denoted hereafter
as 50/50,10/50 and 2/50). For example, the 1O Iguplies very light damage with minor lo-
cal yielding and negligible residual drifts withenperiod of 50 years corresponding to a level
of 50% probability of exceedance. Using the firsiela spectral acceleration of the structure
and its period it is possible to obtain the meamuaih frequency of exceedance of the ground
motionv(IM).

The probabilistic constraints are applied on thauah rate of the drift value being ex-
ceeded for every limit-state considered. In paldéicthe rates used for the 50/50, 10/50 and
2/50 hazard levels are related to the return peovioithe limit-state being exceeded with the
relationship7, =1/ v,s. The corresponding return periods are 72, 4755 34ars respective-

ly. This leads to the following probabilistic corants:
T, = 12yrs
7.5 2 475yrs (9)
Tep = 2474yrs
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The penalty adopted for the i-th limit state of tie&ability-based formulation of the opti-
mization problem is:
— Tliim +7

o1

T

Tliim
wheret;  is the return period of the i-th limit state sgttbe codes and'is the return period
of the design given by the optimization algorithm.

4 NUMERICAL RESULTS

The proposed methodology is demonstrated on a-Htoeey steel moment-resisting frame
(SMRF) (Figure 3(a)). The frame has been desigoed fLos Angeles site according to the
1997 NEHRP (National Earthquake Hazard Reductiomgfam) provisions. All analyses
were performed on the OpenSees platform [15]. Thdulus of elasticity was assumed equal
to 200GPa and the yield strefgs235MPa. All sections are W-shaped, taken fromtaitdes
of the American Institute of Steel and Construct{iSC). The frame is assumed to have
rigid connections and fixed supports. The permafuat is taken a&=5KN/m’ and the live
load is considered equal @2KN/m?. The EDP adopted is the maximum interstodeijt,
fmax and the thresholds were 0.6, 1.5, and 3% forLl®and CP levels, respectively. This
building is a first-mode dominated structure.

10 20 30 40 50 60
number of GA generations

Figure 3 (a) Three-storey, steel moment resistiamé, and (b) optimization history of the threersydframe
using the deterministic-based and the reliabiliagdd procedure.

The optimum designs obtained are shown in Tablsslcan be seen, the MAF of exceed-
ance of the optimum design for the reliability-bdheptimization case satisfies the probabilis-
tic constraints. The MAF of the optimal design gstieterministic-based criteria only is given
as well additionally. Figure 3(b) shows the begective function value as the generations
converge to the optimum design. It can be seenthigabptimum weight reduces from 58m
to 29.64niin the case of deterministic-based design, whitettie reliability-based case, the
optimum weight reduces from 65no 37.55m.

Case Volume Optimal design MAF
study (m°)
DBO 29.64 W33x201, 0 1x10°

W27x94,W21x50, LS 2.8x1(
W14x30, W14x38 CP 4.7x1d
RBO 37.55 W33x263, IO 1.7x10°
W27x94,W21x68, LS 0.9x1C°
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W14x48,W14x26 CP 0.1x10
Table 1. Optimal desigauiés for the two buildings used.

Figure 4 compares the capacity curves of IDA an@&BPA for the optimal design of the
three storey considered using the reliability-badesign procedure. For the reliability-based
design of the three-storey SMRF (Fig. 4) the twoves seem to be in good agreement in the
elastic range. The capacity is overestimated foit Istates between the elastic range and until

6,...=0.054 while beyond this value as the frame appresicollapse, SPO2IDA underesti-

mates the capacity. These discrepancies introdsogadl error in curve calculations, which is
sufficient for an automatic design algorithm.
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Figure 4 Median IDA curve and its SPO2IDA approxilma. The curves refer to the optimal design ofttiree
storey frame obtained by the reliability-based prhae.

5 CONCLUSIONS

A new seismic design procedure for steel momemhdésahas been developed. The pro-
posed design procedure is expressed with the aidterministic and/or probabilistic design
criteria. Both types of criteria can be imposedhimtthe performance-based design concept as
suggested by the FEMA guidelines with the lattesdimg the engineer to define the return
periods of preset performance levels. In this véagpmmon language can be used within the
engineers and stakeholders during the buildinggdeprocedure. The proposed algorithm
uses approximate performance-estimation methodsiraparticular the SPO2IDA method.
We have shown that the implementation of structdesign code checks is possible and de-
signs that meet the code provisions can be obtamadstraightforward manner. The mean
annual frequencies of the limit-states considemedcampared to preset values in order to
decide whether each candidate design is acceptabBenetic Algorithm (GA) was imple-
mented for the solution of the design problem legdb efficient optimal solutions through
an iterative procedure. The results obtained retieaéfficiency of the proposed approach for
first-mode dominated structures reducing considgrde computing time.
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