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Abstract

The paper presents a new specific optimization framework that is directed at minimizing
seismic retrofitting intervention costs of reinforced concrete (RC) frame structures. A genetic
algorithm routine is developed to provide as outputs the individuation of the retrofitted col-
umns (topological optimization) and amount of steel-jacketing reinforcement. The major nov-
elty regards the framework's capacity to perform retrofitting optimization both for RC
structures with ductility-critical and shear-critical RC columns, also considering the addi-
tional shear demand due to infill-frame interaction. Modified genetic operators (population
generator, elitism, and mutation) are defined and calibrated to be effective and computation-
ally sustainable. The feasibility of each tentative solution is controlled by a static pushover
analysis in the framework of the N2 method, accomplished by a 3D fiber-section model im-
plemented in OpenSees. It is shown that the proposed procedure is sufficiently general and
robust to handle structural configurations having different structural deficiencies, significant-
ly reducing invasiveness, downtime, and costs.
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1 INTRODUCTION

Steel-jacketing (SJ) is one of the extensively used technique for retrofitting existing rein-
forced concrete (RC) structure designed prior to the entry into force of seismic guidelines.
The arrangement of a cage made of steel angles and battens provides additional confinement
and transverse reinforcement to the RC elements, also increasing the shear strength.

Even though steel-jacketing is quite effective as a seismic retrofitting technique, its appli-
cation is invasive because it also involves several related operations, including the demolition
and reconstruction of column-side masonries and plasters. This significantly affects the costs
and the downtime associated with the intervention.

In this context, one of the major issues that structural engineers face in the design of this
kind of interventions regard the determination of the optimal position and arrangement of the
retrofitting system. Nowadays the design of this kind of interventions is mainly based on en-
gineer’s intuition and experience that needs several trial-and-error attempts, requiring notice-
able time consumption.

In the last years, the scientific interest on the structural optimization was mainly focused
on sizing and shape optimization of new structures. On the contrary, the issue of the optimiza-
tion of seismic retrofitting of existing structures has not been investigated many times in the
past, while noticeable interest is emerging in the last years. Available studies have been ad-
dressed to the optimization of carbon fibre reinforcement of concrete slabs (Chaves and
Cuhna 2014 [1]) or FRP jackets (Chisari and Bedon 2016 [2], Seo et al. 2018 [3]). Other
applications of seismic engineering optimization are related to fluid viscous dampers (Pollini
et al. 2017 [4]), dissipative bracings (Braga et al. 2019 [5]) or both (Lavan and Dargush
2009 [6]) as seismic retrofitting devices for frame buildings.

More recent studies addressed the issue of pushover-based optimization of seismic retrofit-
ting. Among these, Falcone et al. 2019 [7] proposed a framework implementing the optimiza-
tion of FRP jacketing and steel X-bracings as possible reinforcements for existing RC
structures. Papavasileiou et al. 2020 [8] faced seismic retrofit optimization of encased steel-
concrete composite columns comparing three different retrofitting methods: concrete jacket-
ing, steel jacketing and steel bracing.

Regarding steel-jacketing of standard RC columns, a recent study by Di Trapani et al.
2020 [9] proposed an innovative framework aimed at minimizing seismic retrofitting costs
through genetic algorithm optimization. The framework provided both the optimization of the
position of the reinforced columns and the amount of reinforcement for RC structures present-
ing ductility deficiencies as major vulnerability, while having adequate capacity against local
shear failures.The current paper provides a significant step forward to the methodology pro-
posed by Di Trapani et al. 2020 [9].

An updated optimization framework with general validity is proposed and tested. Besides
the ductility issues, the new optimization framework can deal with steel-jacketing optimiza-
tion of potentially shear-critical RC columns, including also shear-induced mechanisms due to
frame-infill interaction. The optimization is carried with a genetic algorithm-based algorithm.
Novel genetic operators (population generator, elitism, and mutation) are defined by modify-
ing the standard MATLAB® GA tool. The optimization framework provides as output the
cheapest seismic retrofitting intervention among the feasible ones, defining the optimal con-
figuration of the steel jacketing reinforcement of columns in terms of reinforcement location
(topological optimization) and spacing between steel battens (sizing optimization). The feasi-
bility of each solution is verified by the results of static pushover analyses in the framework
of the N2 method from the results carried out a 3D fibre-section model, developed in the
OpenSees software (McKenna et al. 2000 [10]).
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2  DESIGN OPTIMIZATION FRAMEWORK

2.1 Problem statement and general operating principles

The proposed optimization framework works by connecting the MATLAB® genetic algo-
rithm (GA) tool with a FE structural model developed with the OpenSees software platform.
The framework aims at minimizing an objective function that computes the steel-jacketing
retrofitting costs as a function of the design variables which define the retrofitting arrange-
ment. These are the position of the retrofitted columns (topological optimization) and the bat-
tens spacing (sizing optimization). The feasibility of each tentative solution is assessed by
evaluating the ductility capacity and demand ratio (&, = 4, / u,) after performing pushover

analysis of the structure in the framework of N2 method (Fajfar 2000 [11]). An adaptive pen-
alty function applied in the cases of unfeasible solutions.

The overall structure of the framework reflects the one proposed by Di Trapani et al. 2020
[9], for the optimization of the steel-jacketing retrofitting in case of structures with flexural
ductility-related lacks. However, a strong review of the algorithm has been provided to rede-
fine the genetic operators to generalize the framework for both flexural ductility-critical and
shear-critical RC structures. The reason behind the need to update the framework is that, dif-
ferently from RC structures with flexural ductility lacks, for shear-critical structures, a signif-
icant number of columns may need to be retrofitted. This is typical when the base shear
demand exceeds the shear capacity of a storey. If the number of columns needing retrofitting
is a high percentage of those included in the design space, a standard random selection of the
individuals defining the population may have reduced probability to find feasible solutions.
This condition may lead a GA to stall or to find a local minimum solution even in the unfeasi-
ble space (Fig. 1). The first remedy that could be thought to avoid this drawback is the expan-
sion of the population of individuals (P) belonging to the design space to have a major chance
to include feasible individuals. However, increasing the individuals means increasing the
number on nonlinear static analyses and this very easily brings to a huge computational effort.
Therefore, keeping a reduced population and a possibly restricted design space is fundamental
to get an effective and affordable optimization through a genetic algorithm associated with to
nonlinear structural analyses.

Reserach Space Reserach Space

Unfeasible solutions

Unfeasible solutions

Feasible Solutions

Unfeasible 3 Feasible . ) Unfeasible 3 Feasible
8 ! Feasible Solutions ] !
M 2y | W 2| \
> : S \ Optimal ;ol tion
3 | ‘ 3 3 pti ‘ uti
é’ ‘ Optimal solution E 1 \‘
iL A \ ! ic
o : |
Capacity / demand ratio &, (a) Capacity / demand ratio & (b)

Figure 1: Possible optimization outcomes in case of: (a) design space with prevalence of feasible solutions; (b)
design space with prevalence of unfeasible solutions.
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2.2 Encoding of the design vector

As mentioned in the previous sections, the design optimization variables are the position of
the retrofitted columns and the battens spacing (s»), assuming that:

i)  The angles are constituted by L-shaped steel profiles having fixed lateral length (/,) and
thickness (#,) for all the retrofitted columns.

ii) The battens are constituted by rectangular plates having fixed thickness (#5) and width
(wp) for all the retrofitted columns.

iii) Battens spacing is the same for all the retrofitted columns.

iv) The design space can be restricted to a reduced number of columns (e.g. those belong-
ing to the lower storeys).

A schematic representation of the design variables is illustrated in Fig. 2.

One of the possible
retrofitting configurations

7 (@) (b)

Figure 2: Representation of the optimization variables: (a) Generic column retrofitting configuration for an
RC structure; (b) Typical retrofitting arrangement for a column with generic batten spacing (sp).

The design vector collecting the design variable is formalized as follows:

S
b=|"" 1
b 0

where s, is a natural discrete number that represent the battens spacing (Fig. 4b), belong-

ing to the interval:
Sb € S = |_Sb,min Sb,maxJ (2)

where s, . and s, . are the respectively the minimum and maximum battens spacing al-

lowed. The element p is the vector so defined:

pz[... g ]T (3)

in which the generic element ¢, is a binary number assuming the value 1 if a column is

retrofitted and O if not. The subscript i denotes the position of a column in plan and ; the

storey. In this way, each individual (namely a model) generated by the GA is univocally de-
fined by the b vector, which characterizes position and battens spacing of the retrofitted col-
umns.
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2.3 Definition of objective function and penalty function

The objective function evaluates retrofitting cost intended as the material cost and the
manpower cost to realize columns steel jacketing (C;, ) and necessary works for demolition
and reconstruction of plasters and masonry (C,, ). The general expression of the objective
function is therefore:

Cc=C, +C,, 4)

The cost C,, is estimated considering a fixed amount (¢, ) of 2000€ per column. Assum-
ing n_ as the number of retrofitted columns and all the potentially retrofitted columns have
the same cross-section dimension, one obtains:

{CM =n,-c,

5
CSJ :chVscs ( )

where W, is the total weight of steel used to arrange a steel jacketing cage, c, is the man-

power and material cost per unit weight, which is estimated as 4.5€/ kg and W is the weight
of each steel jacketing cage. The latter can be computed as:

VI/SZVS'(VA+VB) (6)

in which y,_ is the specific weight of steel (78.5kN /m’), V, is the total weight of the steel
angles applied at the corners of a columns and ¥, is the total volume of the battens belonging
to a cage (on the assumption of column of square cross section), that are:

V,=81 -t -1

VB=2-zb-lb-((b+h)—2-1a)~[i] (7)

By

2

where [ , ¢, are the width and the thickness of an angle, /,, ¢, are the width and the thickness
of the batten, b, & are the dimension of the cross section of the column and /, is the length of

a column.
The feasibility of a solution is known by the evaluation of the capacity/demand ratio (&,).

To effectively manage unfeasible cases a dynamic penalty approach is developed by summing
to the objective function ( C ) above defined the penalty function (/7) into the new objective
function ( /) so defined:

F=C+11 (8)
where /7 is defined as:
0 if 5# >1
3
17 = 9
C...: L if§#<1 ©)
¢,

in which C__ is the maximum possible retrofitting cost evaluated by considering retrofitting
all the columns included in the design space with the minimum battens spacing. In this way, if
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a solution is not feasible, the current cost is fictitiously increased by C . multiplied by the

factor (1/ fz) which takes into account the distance of the current solution from the feasibility
condition (&, =1).

3 DEFINITION OF THE GENETIC OPERATORS

3.1 Population generator and elitism

The control of the population in terms of the selection of individuals is essential to the
optimization effectiveness. As defined in Eq. 1, the genotype of each individual is a vector
composed of one natural number representing the battens spacing sv, and a sub-vector (p) col-
lecting a number of binary variables which represent the retrofitted columns. In the selection
phase, the parameter s, is randomly selected by the S interval, which includes all possible
spacing values as a multiple of a fixed minimum spacing variation As.

As mentioned in previous sections, and depicted in Fig. 1, in case of structures having
shear-related deficiencies, the number of unfeasible solutions belonging to the design space
can be relevant. In order to avoid algorithm stall into unfeasible design subspace, the popula-
tion generator operator has been modified by introducing two subspaces in the definition of
initial population (Fig. 3). The first subspace (prana sSpace) collects randomly created individu-

al. The second subspace ( pp, space) is defined by a specified percentage ( pp, ) of individuals
having an assigned probability of retrofitting (P,). The percentage of randomly selected indi-
viduals (p,,., ) is the complement to 100%. The probability P- is typically high (e.g. 90%),
this means that an individual included the p,, space is an individual with a high number of

retrofitted column. The introduction of the p,, space within the initial population increases

from the beginning the number of feasible solutions. This allows reducing population dimen-
sion and increasing the exploration efficiency of the algorithm.

Population
) |
Individuals with P, Individuals with random
probability to be selection
retrofitted
‘ J\ 4
Y h |
Pp,-Space Prand -Space

Figure 3: Definition of the population (population generator).

To further improve the algorithm performance, the elitism function is used. This genetic
operator involves copying a small number of the fittest candidates, unchanged, into the next
generation. In fact, the fittest individuals of a population can be lost during the crossover op-
erations of consecutive generation analysis. Then, the use of the elitism function allows not
losing good genetic heritage and consequently speeds up convergence.
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3.2 Mutation and crossover

The crossover operator is employed to improve the genes of the individuals at the end of
each generation. This is done by mixing chromosomes from parent better individuals. A uni-
form scatter crossover function is used in the proposed framework. The operating principle
provides randomly selection of pairs of parent individuals from the previous generation. Their
genomes are mixed with the generation of a random binary string of the same dimension of
the parents. Base on the binary value (0 or 1) associated with each position, the gene is trans-
ferred to the child from the parent 1 or 2 (Fig. 4a).

The crossover function here used has a standard form, while modifications are made in the
mutation operator. Mutation is used to bring about random changes in the population.

The standard MATLAB® mutation operator cannot handle heterogeneous vectors (e.g.
vectors made of natural numbers and binaries as the vector b), and this made necessary the
definition of a new mutation function. The latter works by fixing first a suitable mutation ratio
(Pm). Then a real number u (u €[0,1]< R ) is randomly selected for each gene. If u > P, the
gene is maintained unchanged, otherwise if u < P,, the gene is mutated. For the Boolean vari-
ables included in the design vector, the mutation of a gene is simply a switch from 0 to 1 or
vice-versa. For the natural variables (the battens spacing s5) the same procedure is applied, but
in the cases in which a gene has to change (# < P,) a further random number v (ve[0,1]cR)

is chosen in order to decide if mutation will increase or decrease the battens spacing.

The new random temporary parameter v leads the mutation toward an increase or decrease
of s, if v<0.5 or v>0.5 respectively. Increases and decreases of s, have the magnitude of
the minimum spacing variation (Asy). A flow-chart example of the proposed mutation func-
tion is illustrated in Fig. 4b.

The application to the current case, in which a limited dimension of the population is used,
require to increase the mutation to values which are larger than 1%. The relatively high value
of mutation ratio helps in avoiding the stall of the analysis into local optimal solution.

Parent #1
Lalbfcfd]e]/]

Crossover string Child
|l|r)|0|l|l|ﬂ‘ alh|j|ld|le|m

Parent #2

Lelelifw]t]m]

:

[.\,, is increased by As,

- /-

[ 5, 1s reduced by 4s, ]

(@ (b)

Figure 4: Example flow-charts of the: (a) uniform scatter crossover function; (b) proposed mutation function.

4 REFERENCE STRUCTURAL MODEL

The proposed optimization framework can work with any finite element program handling
nonlinear static analysis. Tests and application presented in the current study are carried out
using the OpenSees software platform and the structural modelling assumptions below de-
scribed.
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4.1  Modelling of RC elements with and without steel-jacketing

Frame elements are modelled adopting distributed plasticity force-based elements with
five Gauss-Lobatto integration points available in OpenSees (Fig. 5). Fiber-section elements
are modelled using a Concrete()2 uniaxial material model for the cross-section fibers. It is as-
sumed that the effect of confinement is extended to the whole cross-section (Fig. 5) both for
the cases of columns with and without steel jacketing reinforcement. This simplified assump-
tion allows a formal consistency with the confinement model in the case of concrete confined
by stirrups and steel jacketing (Campione et al. 2017 [12]) which provides uniform confine-
ment over the cross-section. In order to simulate the crushing of the cross-section fibers, Con-
crete02 material is combined with MinMax material. For the current case, it is assumed that
crushing of fibers occurs in correspondence of the compressive strain (&) attained at a 30%
reduction of the peak strength (Fig. 8).

Eecer Eeier [

S — 7 7 o o R,

fcco’gcé‘o“-\

fcﬂ c0

fccor €cco

F

Retd column
Figure 5: Definition of the frame fiber-section elements with and without steel-jacketing reinforcement.

Confined concrete for RC elements confined only by stirrups will be characterized by pa-
rameters feo, fou, &0, Eu (Fig. 5), while these parameters are changed into feco, fecu, &cco, Eceu for
RC elements confined by stirrups and steel jacketing (Fig. 5). Confined concrete parameters
for the RC elements confined only by stirrups are evaluated using the stress-strain model by
Razvi and Saatcioglu 1992 [13]. As for the columns with steel jacketing retrofitting, con-
fined concrete parameters are obtained using the procedure already presented by Di Trapani
et al. 2020 [9], which is based on the model by Campione et al. 2017 [12].

Steel rebars are modelled using the Steel(2 (Giuffrée-Menegotto-Pinto) material model
(elasto-plastic with linear strain hardening). Finally, rigid diaphragm behaviour is imposed at
the floor nodes.

4.2 Modelling of masonry infills

Masonry infills (if any) are modelled as equivalent diagonal struts resisting only in com-
pression. The equivalent strut model by Di Trapani et al. 2018 [14] is used for the fiber-
section struts. The model provides a concrete-type compression-only stress—strain relationship

defined by the four parameters, peak stress ( f,,;,), ultimate stress ( f,,, ), peak strain (€,,,)

and ultimate strain (&,

) obtained by empirical equations. The infill is supposed to collapse

in correspondence of the axial strain ¢,, =2-¢,, .
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5 STRUCTURAL ANALYSIS AND POSTPROCESSING

5.1 Pushover curve post-processing for feasibility assessment

The feasibility of each solution is assessment by a pushover analysis of the individual.
Pushover analysis is carried out in the framework of the N2 method (Fajfar 2000 [11]), also
provided by Eurocode 8 [15]. The feasibility of each solution is assessed by evaluating the
ductility capacity / demand ratios defined by:

£, =te (10)
Hy

Where the ductility capacity (i) is obtained as the ratio between the ultimate displacement
capacity (d,) and the yielding displacement (d;) of the single degree of freedom bilinear

equivalent curve (Fig. 6), while the ductility demand (4, ) of an inelastic SDOF system is
evaluated as:

¥ T *
=g -1)=%+1 ifT <T,
Hy (q ) T* 1 c (1 1)
u, = q it 7" > 1,
where 7" is the period of the equivalent SDOF system having mass m", and stiffness &~ and
reduction factor ¢* evaluated as:

. . F ., S (T )m (12)
=21 k= Z;q:#
k d, F,

The coefficient &, is the final output of the processing of pushover curves and is used as a

discriminating factor in the optimization process in order to establish the feasibility of each a
single individual (&, 21).

bilinear equivalent curve

‘ F‘ bilinear equivalent curve ‘ F
( SDOF capacity curve SDOF capacity curve
R N : -
H 1 i \ Shear failure
F '
il
ko
R . .
;! L d : d
r — ('1. —
d, A (@) g (b)

Figure 6: Typical equivalent SDOF capacity curve and bilinear equivalent curve for: (a) shear-resistant structure;
(b) shear-critical structure.

5.2 Shear verification of RC elements with and without steel-jacketing

Shear verification of columns is carried out in the post-processing phase in terms of
strength. The ultimate displacement capacity of assumed for the SDOF system is the one as-
sociated with the first shear failure of a column. Therefore, if shear failure of a column occurs,
the capacity curve is cut in correspondence of that event (Fig. 6b). Shear verifications are
carried out according to the model by Biskinis et al. 2004 [16], also included in Eurocode 8
[15] and in the Italian Technical Code [17] for the evaluation of shear strength of element
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subjected to seismic loads. Still according to Italian Technical Code [17], the contribution of
the steel-jacketing to the shear strength is evaluated.

5.3  Additional shear demand caused by infill-frame interaction

Masonry infills induce significant increase of shear in adjacent columns. In case of single
concentric strut, the additional shear demand due to infills (7, ) can be estimated as (Di

Trapani and Malavisi 2019 [18]):

P

Ve > ~cosa—u-P, -sina (13)

Jinf

where, referring to the Fig. 9, P, is the current value of the axial force acting on the equiva-
lent strut, « is the angle of inclination of the strut with respect to horizontal direction, and

the friction coefficient associated with the infill-mortar-frame interface and assumed as 0.7 in
absence of more detailed evaluations. The total shear demand on a column of the frame adja-
cent to and infill (Vp) will be the evaluated as the sum of shear force currently acting on the
column (V¢,s) and the additional shear demand (Vc,iry) so that:

Vo =Ve y + Ve (14)

6 TEST OF THE PROPOSED FRAMEWORK

As illustrated in previous sections, modified genetic operators have been introduced in the
optimization framework. Their effectiveness is here tested in comparison with the standard
ones, also providing some remarks on the most suitable calibration of parameters. The tests
are carried out on a reference reinforced concrete frame case study structure having column
with shear deficiencies in a high seismic hazard zone.

6.1 Details of the reference structure

The case study building consists of a five-storey reinforced concrete structure designed to
resist only gravity loads. The building is supposed being located in Cosenza (Italy), soil type
C. The reference nominal life (V) is of 100 years. The resulting return period is 7z=975
years. The structure (Fig. 7) has double symmetry in plan and is regular in elevation. Model-
ling assumptions are those illustrated in Section 4. Reinforced concrete elements are sup-
posed to be made of concrete having average unconfined strength f,, =20 MPa and steel

rebars with nominal average yielding strength f, = 455MPa . Reinforcement details of beams

and columns are shown in Fig. 12b and Table 1.

RC Longitudinal rein- Transverse re-
members b x h (mm) forcement inforcement
Beams 400 x 500 4+4 $18 $6 /200 mm
Columns 500 x 500 12 ¢18 $6 /200 mm

Table 1: Reinforcement details of beams and columns.

1377



Antonio P. Sberna, Fabio Di Trapani, Giuseppe C. Marano

6,00 6,00 6,00 +*——500 mm——
~ 32 g 11 T 10 9

“Columns
i| 50x50

+——500 mmr—=

Columns

! 8 il7 6  /aoxs0 fils T
[+ : e o +—400 mm—s

+—4,00——3,00——3,00——3,00—3,00—~
6,00

N

6,00

+——500 mm——

Y] x < ) . ‘:}r.—..;—; el ;..—l.};.—.;—;—..—.,.—;..—;—...{“_} TrEEE T T — | B—
% X / 44018

e @ (v

Figure 7: Geometrical dimensions of the case study structure: (a) 3D frame view; (b) dimensions in plan.

Vertical loads are modelled as point loads applied to the top node of each column as function
of the respective tributary areas in plan. Pushover analyses are carried out by considering only
a uniform profile for lateral loads acting along the softer direction of the structure.

A regards steel-jacketing retrofitting, it is supposed that angles and battens are made of
steel having nominal yielding strength £, =275 MPa and the same dimension for angles and

battens (Table 2), while the battens spacing (s») range of optimization is 150-400 mm.

Angles Battens
Lateral length la Thickness Width Thickness Spacing
(mm) Wa (mm) Wb (mm) th (mm) Sb (mm)
Columns 5 50 5 150400

Table 2: Steel-jacketing arrangement details.

Moreover, to reduce the computational effort the following restriction have been applied to
the design space:

i) Retrofitted columns can be only located within the first the second floor.

ii) Battens spacing optimization can vary with a minimum step size As, of 50 mm

6.2  Case study structural configurations description

An application of the proposed framework is carried out for a case study structure suppos-
ing two different configurations of the infills. The reference reinforced concrete frame struc-
ture is the same as the one described in the previous section. Infills are supposed made clay

hollow masonry having thickness 7 =250 mm, elastic modulus E, = 6400 MPa compressive

strength f, =8.6 MPa and shear strength f, =1.07 MPa. Equivalent strut properties defined
according to the model by Di Trapani et al. 2018 [14] are reported in Table 3.

t w Jfmdo Smdo Emdo Emdu
(mm) (mm) (MPa) (MPa) ) )
250 1053 1.88 0.86 0.010 0.073

Table 3: Geometric and mechanical details of the equivalent struts.
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In the first infilled frame configuration (IFC-1), infills are located on the side frames with
symmetric arrangement (Fig. 8a). In this configuration, infills are not provided on the ground
floor. In the second configuration (IFC-2), infills are provided only in one of the external side
frames and extended to the ground floor (Fig. 8b). The reason for the choice of these two in-
fills configurations is related to the fact that they tend to induce a significantly different seis-
mic demand to structures in terms of shear and ductility. Furthermore, the optimization of the
two structures is carried out supposing the RC frame columns being shear-critical (SC) or
shear-resistant (SR). In the first case, shear reinforcement of columns is supposed to be as de-
scribed in Table 1. In the second case, columns are supposed to have adequate shear re-
sistance to carry seismic loads. This further test allows examining the general efficacy of the
proposed algorithm to work with both the typologies of structures.

Moreover, to reduce the computational burden, the design space of retrofitted columns is
limited to the first two floors (24 columns), where the maximum seismic demand is expected
in terms of shear and ductility. Optimization tests are carried out considering a pushover anal-
ysis with a uniform distribution of lateral forces along z direction.

The adopted settings for the GA optimization framework are summarized in Table 4.

Infills”
Infills
position

Figure 8: Case study structures: (a) IFC 1: symmetric positioning of infills with pilotis storey; (b) IFC2:
asymmetric positioning of infills.

Dimension of the Population Dimension of Prob. of retrofitting of an Probability of  No. of indiv. subject
design vector size the pp, space element in the pp, space mutation to Elitism per gen.
dim (b) P per 3 P E
25 80 50% 90% 10 5%

Table 4: GA framework settings used for the case studies.

6.3 Optimization results and discussion

As previously mentioned, four optimization tests have been carried out with the aim of as-
sessing first the responsiveness of the proposed framework in finding optimal retrofitting so-
lution under different potential damage scenarios (IFC-1 and IFC-2 configurations). Secondly,
the general validity of the framework, and in particular of the modified genetic operators, has
been tested by considering both shear-critical (SC) and shear resistant (SR) configurations for
the columns. This allows understanding the algorithm performance as a function of the variety
of the population.
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Figure 9: Convergence history for: (a) IFC1 structure; (b) I[FC2 structure.

The convergence histories of the tests are depicted in Figs. 9. As it can be observed, the
proposed framework is able to pinpoint an optimal solution for each examined cases efficient-
ly. The performances of the optimal retrofitting configurations in terms of capacity curves are
displayed in Figs. 10.

The consistency of the optimal retrofitting arrangements with the expected structural defi-
ciencies is very clear from Figs. 11, showing the structural deformed shapes un-
der z+ pushover loads and depicting in red the retrofitted columns. In fact, for both IFC-1 and
IFC-2 shear resistant structures, retrofitting was provided for central columns that have re-
duced ductility because of the significant axial force, and leeward columns subjected to axial
force increases because of the base moment. The significant amount of retrofitted columns for
the IFC-1.SR configuration is related to the more severe damage mechanism (soft storey) in-
duced by lateral loads. For what concerns shear-critical configurations IFC-1.SC and IFC-
2.SC, more retrofitted columns were found. The shear deficiency of columns and the associat-
ed retrofitting demand is more evident observing Figs. 11b, 11d. This highlights that the addi-
tional shear demand due to the pushing action of infills plays a relevant role. In fact,
retrofitting was requested to every leeward column adjected to the equivalent struts.

For all the retrofitting configurations low battens spacing was found (s,=150+200 mm).
This can be justified considering that fixed costs influenced more than steel cage related costs.
Therefore, the framework tends to prefer solutions providing the minimum possible number
of columns even with redlgcing the spacing of bsazlogtens.
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Figure 10: Optimal solutions capacity curves for: (a) IFC1.SR; (b) IFC1.SC; (c) IFC2.SR; (d) IFC2.SC

= S

NS = M=l

D= i M=

Ne=P=S L=

N =S N,%uf

i L JHfld
X ;)

Figure 11: Optimal retrofitting arrangements for: (a) IFC1.SR; (b) IFC1.SC; (c¢) IFC2.SR; (d) IFC2.SC
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Results of the optimization test in terms of cost, performance and arrangement are summa-
rized in Table 5. Based on the previously discussed results the proposed framework has
demonstrated to be sufficiently robust against the heterogeneity of the populations.

The advantages in terms of economical cost savings can certainly justify the application of
a retrofitting optimization framework in the current practice. Of course, this is even more true
for larger reinforced concrete frames structures, where retrofitting and downtime costs be-
come a crucial issue.

Structural Sh Nc C Md 7 &

configuration (mm) ) (O ) ) )
IFCI1.SR 150 7 21171 3.92 4.63 1.179
IFC1.SC 150 16 47 402 2.75 3.90 1.419
IFC2.SR 200 5 14 239 4.56 4.86 1.065
IFC2.SC 150 13 38 823 3.15 3.93 1.244

Table 5: Results of the optimization.

7 CONCLUSIONS

The paper presented a new genetic algorithm-based framework aimed at the optimization
of steel-jacketing retrofitting interventions costs in reinforced concrete frame structures sub-
jected to seismic loads. The proposed optimization framework can effectively handle both in
the cases of shear resistance and flexural ductility lacks, providing as output the retrofitted
columns' position and the amount of reinforcement associated with the minimum cost.

The development of the optimization framework was based on the MATLAB® GA tool,
addressing special effort in revising the standard genetic operators (population generator, elit-
ism, and mutation) to effectively handle retrofitting optimization of RC frame structures in the
cases of lacks in ductility, shear or combined shear and ductility.

The proposed framework has been tested with a reference structure with different infills
configurations and assuming the columns to be shear-critical or shear-resistant. Results have
shown that the optimization algorithm is sufficiently general and robust both for the cases of
shear-deficient or ductility-deficient structures. Economic and downtime gains are not clearly
evident for structures with reduced size (as the ones examined in the paper); however substan-
tial savings can be expected for larger RC structures with a noticeable number of columns.
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