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A B S T R A C T   

Nowadays’ earthquake engineering is coping with the challenging task of providing low-cost seismic resilient 
structures. Among others, a viable solution for seismic resilient Steel Moment Resisting Frames (MRFs) is based 
on the use of Self-Centering Damage-Free (SCDF) joints at Column Bases (CBs) and Beam-to-Column Joints 
(BCJs), ensuring both the energy dissipation capacity and self-centering behavior of the structure. Past studies 
demonstrated the beneficial effects gained in damage and residual drifts reduction by including SCDF joints at all 
BCJs and CBs. However, this solution leads to the highest structural complexity, limiting the practical applica-
tion. Significant improvements can be obtained including a limited number of SCDF BCJs, but there is a lack of 
generalized recommendations on the number required and their effective placement. In this work, a Genetic 
Algorithm (GA) is proposed to define the optimal placement of SCDF BCJs in steel MRFs. The GA is implemented 
in Matlab, and non-linear time-history analyses are performed in OpenSees to calculate the Fitness-Function. The 
results of the GA are validated against a Brute-Force Approach. An 8-story 3-bays steel MRF and a type of SCDF 
joint are selected for case study purposes, non-linear Finite Element Models are developed in OpenSees, and the 
GA is applied. The results show that the proposed GA is an efficient methodology to solve the considered 
optimization problem.   

1. Introduction 

The 1994 Northridge (USA) and 1995 Kobe (Japan) earthquakes 
caused extensive damage to thousands of steel buildings impairing their 
reparability and leading, in some cases, to their demolition [1,2]. Since 
then, a significant effort has been made to improve the seismic design 
and detailing of steel constructions. Current procedures implemented in 
modern seismic design codes [3–5] allow meeting the life safety re-
quirements by seismic energy dissipation based on construction damage, 
hence leading to significant direct (i.e., casualties, repair cost) and in-
direct (i.e., downtime) losses [6]. Furthermore, the inelastic response of 
the structural components can lead to significant structural permanent 
displacements (i.e., residual deformations), which are often difficult and 
costly to reinstate so that the structure may be demolished, even though 
the collapse risk is remote [7]. 

Within this context, nowadays’ earthquake engineering is coping 
with the task of providing seismic resilient steel structures able to reduce 
post-earthquake losses due to damage and downtime and avoid post- 
earthquake buildings’ demolition [8–10]. As a result of the huge effort 

made in research, some seismic resilient technologies, such as supple-
mental damping devices [11–14] and base isolation systems [15–17], 
are nowadays implemented in international design codes and used in 
practice in many earthquake-prone regions [18,19]. Nevertheless, other 
technologies, such as self-centering systems [20–28], still require addi-
tional studies to advance the technical knowledge, enabling the transfer 
of academic research to policymaking and building codes. A typology of 
self-centering systems is based on gap opening mechanisms (e.g., rocking 
mechanisms) controlled by elastic restoring forces usually provided by 
high-strength post-tensioned (PT) steel bars (or strands) and have the 
main advantage of preventing both structural damage and residual 
deformations. 

For steel Moment Resisting Frames (MRFs), one viable solution is 
represented by the use of Self-Centering Damage-Free (SCDF) joints at 
Beam-to-Column Joints (BCJs) [29–31] and Column Bases (CBs) 
[32–34]. Most past studies [35–37] assumed the inclusion of SCDF joints 
in all BCJs and CBs demonstrating the beneficial effect gained in terms of 
reduced damage and residual deformations. However, the main chal-
lenge to the practical application of self-centering systems is related to 
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their structural complexity and cost, which could significantly exceed 
those of conventional solutions. 

To address this issue, current research studies are investigating the 
use of a limited number of SCDF joints within the structure. It has been 
demonstrated that the exclusive use of SCDF CBs effectively reduces 
residual story drifts and protects the first-story columns from damage 
[38]. However, the results suggested that this solution is particularly 
effective for low-rise buildings, while its effectiveness is reduced for 
medium- and high-rise buildings [39]. This outcome showed that a 
higher number of SCDF joints is needed to obtain the desired self- 
centering behavior in these structures. In this context, a qualitative 
understanding and some preliminary recommendations for the effective 
placement of SCDF BCJs are provided by a recent study based on the 
evaluation of several a priori-defined configurations [40]. Nevertheless, 
additional studies are required in this direction. Among others, one 
unresolved issue is related to the development of general procedures to 
define the optimal placement of a limited number of SCDF BCJs in steel 
MRFs, which can be considered an optimization problem. 

For this purpose, artificial intelligence techniques are becoming 
increasingly common in civil engineering thanks to the growing devel-
opment of computational power in modern digital devices [41]. In 
particular, heuristic theories and algorithms within the framework of 
‘soft computing’ can provide a rational and systematic way to approach 
and solve problems related to structural optimization [42]. Among 
others, Genetic Algorithms (GAs) are generation-based metaheuristic (or 
stochastic heuristic) algorithms initially proposed by Holland et al. [43] 
and built on Darwin’s theory of ‘evolution of species’. Due to their 
ability to explore the solution space and deal with mixed variables and 
objectives and due to their capacity to consider specific constraints, GAs 
are suitable for a wide variety of problems. The major advantage of GAs 
with respect to conventional optimization methods is that they do not 
require an initial estimation of the variables, and they do not differen-
tiate the objective functions. It is worth specifying that GAs define near- 
optimal solutions (i.e., Most-Fit solution), which can be different from 
the absolute solution (i.e., Best-Fit solution) and, being based on random 
processes, they do not necessarily provide the same solution if repeat-
edly applied. Moreover, the choice of some key parameters is crucial in 
the efficacy of the GA. Therefore, it is essential to appropriately select 
these parameters to ensure the capability of the GA to solve the 
considered problem. For example, if the population size is too large, the 
GAs may require considerable computational effort, while if it is too 
small, the solution may be far from the absolute solution. However, 
thanks to the ability to efficiently handle discrete variables, GAs repre-
sents a good choice for structural optimization problems. A summary of 
the main advantages and disadvantages of GAs’ method can be found in 
Falcone et al. [41]. 

One of the earliest applications of GAs in structural engineering 
focused on the optimization of a plane truss system [44]. Afterword, GAs 
have been widely used in several structural engineering optimization 
problems [45–52]. Specifically, several research studies have used GAs 
to define the optimal placement of supplemental damping devices 
within the structure to minimize the structural cost and maximize their 
efficiency. For example, Minafo’ et al. [48] applied GAs to optimize the 
retrofitting of reinforced concrete structures investigating the optimal 
placement of buckling-restrained-braces. The method showed the pos-
sibility to ensure the required seismic safety level reducing intervention 
cost and use of materials with an optimized and structured position of 
the buckling-restrained braces. In another study, Wongprasert et al. [49] 
proposed a systematic method, based on a GA, for identifying the 
optimal damper distribution to control the seismic response of a 20-story 
benchmark building. The results demonstrated that the optimal damper 
locations can vary significantly depending on the considered objective 
function, however, most of the dampers tend to be concentrated in the 
lowermost and uppermost stories. Singh et al. [50] used a GA to deter-
mine the optimal size and location of viscous and viscoelastic dampers to 
achieve the desired performance under earthquake-induced ground 

motions, while Movaffaghi et al. [51] developed a GA to study the 
optimal placement of a given number of passive viscoelastic dampers in 
a steel structure in order to reduce the cost function. 

In this study, a GA is developed to define the optimal placement of a 
given and limited number of SCDF BCJs in steel MRFs such that their 
effectiveness in reducing residual drifts is maximized. The proposed 
methodology combines artificial intelligence techniques (i.e., GAs) and 
seismic performance assessment methods (i.e., non-linear time-history 
analyses – NLTHAs) to solve the considered optimization problem. The 
procedure is based on the evaluation of several configurations with 
different placements of SCDF BCJs, to identify the configuration that 
Most-Fit a predefined numerical measure called Fitness-Function. For this 
purpose, a GA is implemented using a custom code written in Matlab, 
and NLTHAs are performed in OpenSees [53] to calculate the Fitness- 
Function. A sensitivity analysis is performed on the GA to provide the 
user with a qualitative understanding of how to select the GA’s input 
parameters such that a good compromise between computational effort 
and accuracy of the solution is guaranteed. A Brute-Force Approach, 
investigating all the possible configurations with different placements of 
the SCDF BCJs, is carried out, and the results are used to validate the 
effectiveness and efficiency of the GA. An 8-story 3-bays steel MRF is 
selected as a case study structure, and a type of SCDF joint is taken into 
account [33]. A detailed description of the methodology used in the 
study is reported in the following Section. 

2. Methodology 

The optimization problem considered in this study aims at defining 
the optimal placement of a given and limited number of SCDF BCJs 
(nBCJ) within steel MRFs. The following assumptions are considered for 
the placement: i) the inclusion of SCDF CBs in all configurations, ii) the 
symmetric placement of SCDF BCJs, iii) the inclusion of the same 
number of internal (nBCJ-INT) and external (nBCJ-EXT) SCDF BCJs. More-
over, to examine an additional aspect of the optimization problem, the 
Story-Restraint condition is defined and used at different steps of the 
study. The Story-Restraint consists of assuming that all the BCJs 
belonging to the same story are characterized by the same properties (i. 
e., all conventional or all SCDF BCJs). The Story-Restraint is considered 
an option to reduce the number of possible configurations with different 
placements of the limited number of SCDF BCJs. 

Fig. 1 shows the methodology used to solve the optimization problem 
which includes three steps (A, B, and C). 

Step A describes the properties, design, and modeling of the 
considered case study structure. In particular, an 8-story 3-bays steel 
MRF is selected for case study purposes, and the system proposed and 
experimentally investigated by Latour et al. [33] is considered as SCDF 
joint. Although a specific typology of SCDF joint is assumed, the pro-
posed methodology can be applied to any other SCDF system showing a 
similar moment-rotation behavior (i.e., flag-shape behavior). Two 
reference configurations are considered: the MRF with conventional CBs 
and full-strength BCJs (indicated as MRF), and the equivalent MRF with 
all SCDF CBs and BCJs (indicated as M-BCJ). Moreover, four scenarios 
are defined based on a given and limited number of SCDF BCJs (nBCJ) to 
be included in the case study steel MRF (indicated as S4, S8, S12, S16). 
The conventional MRF is designed according to Eurocode 8 [4] re-
quirements, while the SCDF joints are designed following a tailored 
design procedure previously proposed by the Authors [40]. Non-linear 
Finite Elements (FE) models are developed in OpenSees [53]. Further 
details are provided in Section 3; specifically, Subsection 3.1 describes 
the properties of the steel MRF and the SCDF joint, 3.2 describes the 
properties of the investigated scenarios, 3.3 illustrates the design pro-
cedure, and 3.4 presents the FE model. 

Step B describes the GA developed to solve the considered optimi-
zation problem and is divided into three parts: 1) implementation, 2) 
sensitivity analysis, and 3) validation. The GA is implemented using a 
custom code written in Matlab where the Fitness-Function is based on the 
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residual interstory drifts determined by performing NLTHAs in Open-
Sees [53]. A sensitivity analysis is performed on the GA to provide a 
qualitative understanding of how to choose the input parameters. Suc-
cessively, the GA is validated by comparison with the results of a Brute- 
Force Approach. Further details are provided in Section 4; specifically, 
Subsection 4.1 describes the implementation, 4.3 the sensitivity anal-
ysis, and 4.4 the validation. 

Step C describes the application of the GA to all the scenarios with no 
Story-Restraint. It is demonstrated that the GA defines a solution for the 
optimization problem by investigating a limited and small percentage of 
the possible configurations with different placements of the SCDF BCJs. 
Further details are provided in Section 5, which presents and critically 
discusses the application of the GA to the investigated scenarios. 

3. Case study and finite element model 

3.1. Description of the case study structure 

The following Subsections contain a synthetic description of the 
selected case study structure with the essential information. Additional 
details can be found in Pieroni et al. [40]. 

Fig. 2 (a) and (b) illustrate respectively the plan and elevation views 

of the 8-story, 3-bay steel MRF selected as case study structure. The 
current study focuses on one of the two perimeter MRFs in the x- 
direction. 

The SCDF joint proposed and experimentally investigated by Latour 
et al. [33] is considered. Fig. 3 shows the SCDF joint adopted for CBs and 
BCJs in their deformed shape, i.e., rocking mechanism. The SCDF joint 
consists of: i) a system of FDs composed of steel plates with slotted holes 
and friction pads fastened together by pre-loaded bolts to dissipate the 
seismic input energy through the alternate slippage of the surfaces in 
contact, ii) a system of PT bars and disk springs to control the self- 
centering behavior. Disk springs are placed in series and parallel to 
control the stiffness and resistance of the self-centering system. Fig. 3 
also shows the forces in the SCDF joints during the rocking mechanism, 
including the force in the web-FD (Fw), the force in the flanges-FDs (Ff), 
the force in the PT bars (FPT), the compression force (Fc) at the center of 
rotation (COR). It is worth clarifying that external and internal SCDF 
BCJs are slightly different. Fig. 3 (a) and (b) represent respectively a 
SCDF CB and an external SCDF BCJ. In the internal SCDF BCJs the PT 
bars cross the joint uninterruptedly from one side to the other, and the 
rocking mechanism happens at both sides of the beam-to-column 
intersection. 

Fig. 4 shows the moment-rotation behavior of the SCDF joint (i.e., 

Fig. 1. Methodology: Optimal placement of a limited number of Self-Centering Damage-Free Beam-to-Column Joints (SCDF BCJs) in steel Moment Resisting Frames 
(MRFs) through Genetic Algorithm (GA). 

Fig. 2. Case study structure. (a) Plan view. (b) Elevation view with columns’ and beams’ cross-sections (Adapted from Pieroni et al. [40]).  
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flag-shape hysteretic behavior) and the four fundamental values of the 
moment, i.e., the max and min moment at zero (M1, M4) and at target 
rotation θt (M2, M3). In the present study, the target rotation of the joint 
(θt) is assumed equal to 40 mrad, which is the benchmark rotation 
established by AISC 341–16 [3] for Special MRFs. The interested reader 
is referred to Latour et al. and Elettore et al. [33,38] for further details 
about the structural configuration of the SCDF joint, the expected forces 
in the components, and the moment-rotation behavior. 

3.2. Investigated scenarios 

Two reference configurations are considered: the MRF with con-
ventional CBs and full-strength BCJs (indicated as MRF), and the 
equivalent MRF with all SCDF CBs and BCJs (indicated as M-BCJ). Past 
studies [40] demonstrated that these two configurations do not repre-
sent optimal solutions. From one side, conventional steel MRFs experi-
ence large residual drifts; on the other side, including SCDF joints in all 
CBs and BCJs ensures a self-centering behavior but leads to the highest 
cost and structural complexity. 

Within this context, this study aims to solve the optimization prob-
lem by considering SCDF CBs and a limited number of SCDF BCJs (nBCJ) 
to be implemented in the structure such that their effectiveness is 
maximized, and their structural complexity and cost are minimized. 
Four scenarios are defined based on the number of SCDF BCJs (nBCJ): S4, 
S8, S12, and S16, characterized respectively by nBCJ equal to 4, 8, 12, 
and 16. It is worth recalling that the considered case study structure has 
32 BCJs (i.e., 16 external BCJs and 16 internal BCJs). Moreover, ac-
cording to the assumptions considered for the placement (Section 2), the 
same number of internal (nBCJ-INT) and external (nBCJ-EXT) SCDF BCJs are 
included in the MRF. Table 1 reports the main properties of each sce-
nario in terms of the number of SCDF BCJs to be included in the structure 
(i.e., nBCJ, nBCJ-INT, nBCJ-EXT). 

3.3. Design of the case study structure 

The conventional MRF (i.e., the reference configuration with con-
ventional CBs and full-strength BCJs – indicated as MRF) is designed 
according to Eurocode 8 [4], considering steel grade S355 for columns 
and S275 for the beams, and plan and elevation regularity. The design 
earthquake at the Ultimate Limit State (ULS [4] – probability of ex-
ceedance of 10% in 50 years) is defined considering Type 1 elastic 
response spectrum with a peak ground acceleration of 0.35 g, soil type C, 
and an importance class II (i.e., ordinary buildings). The behavior factor 
(q) is assumed equal to 6.5, according to the provisions of Eurocode 8 
[4] for MRFs in high ductility class. The non-structural elements are 
assumed ‘fixed in a way so as not to interfere with structural de-
formations’; therefore, the interstory drift limit for the Damage Limit 
State (DLS [4] – probability of exceedance of 10% in 10 years) is 
assumed as 1%, accordingly with the Eurocode 8 [4]. Fig. 2 (b) shows 
beams’ and columns’ profiles obtained from the design. 

The self-centering MRFs (i.e., the reference configuration with all 
SCDF CBs and BCJs – indicated as M-BCJs – and all the configurations 
with different placements of SCDF BCJs investigated in each scenario – 
indicated as S4, S8, S12, S16) are obtained by including SCDF CBs and 
BCJs at specific locations within the conventional MRF. The SCDF CBs 

Fig. 3. Self-Centering Damage-Free (SCDF) Joints for: (a) Column Bases (SCDF CBs); (b) External Beam-to-Column Joints (SCDF BCJs) (Adapted from Pieroni 
et al. [40]). 

Fig. 4. Moment-rotation behavior of the Self-Centering Damage-Free joints (Adapted from Pieroni et al. [40]).  

Table 1 
Properties of the four investigated scenarios (i.e., S4, S8, S12, S16): number of 
total (nBCJ), internal (nBCJ-INT = nBCJ/2), external (nBCJ-EXT = nBCJ/2) Self- 
Centering Damage-Free Beam-to-Column Joints (SCDF BCJs) to be included.  

S nBCJ nBCJ-INT nBCJ-EXT 

S4 4 2 2 
S8 8 4 4 
S12 12 6 6 
S16 16 8 8  
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and BCJs are designed following a tailored design procedure proposed 
by Pieroni et al. [40], which takes into account the random variability 
related to the properties of the joint’s elements (i.e., the friction coeffi-
cient of the FDs, the post-tensioning forces in the PT bars). The design’s 
objectives are: i) no yielding of the structural element (i.e., M2 < My), ii) 
self-centering behavior of the structure (i.e., M4 < 0), iii) bending 
moment at the gap opening higher than the one under the ULS seismic 
combination of Eurocode 8 [4] (i.e., M1 > MEd). The design procedure is 
applied for SCDF CBs and BCJs. 

Fig. 5 (a) shows a schematic representation of the locations of the 
different moment-rotation behaviors designed for SCDF CBs and BCJs. 

For SCDF BCJs three different types of moment-rotation behavior are 
defined based on the beams’ cross-section as represented in Fig. 5 (a). 
Fig. 5 (b) shows the three moment-rotation behaviors and the corre-
sponding beam’s yielding moments (My). The maximum moment of the 
moment-rotation behavior (M2) is reduced while reducing the dimen-
sion of the beams’ sections, thus the yielding moment. t1–4, t5–6, and 
t7–8 are characterized by a similar self-centering capacity, while the 
dissipative capacity significantly decreases from t1–4 to t7–8. 

For SCDF CBs two different types of moment-rotation behavior are 
defined for external and internal CBs. Fig. 5 (a) and (b) show the 
moment-rotation behavior obtained respectively for the external and 
internal SCDF CBs. In both figures, the dashed black lines represent the 
yielding moment of the column cross-section (My) strengthened with 
steel plates welded to the flanges, while the dot-dashed corresponds to 
the bending moment occurring in the column under the ULS seismic 
combination of Eurocode 8 [4] (MEd). It is worth mentioning that during 
the seismic event the external columns (Fig. 5 (a)) are subjected to high 
variability of the axial force (i.e., NEd,min [tension] << NEd,max 
[compression]), while internal columns (Fig. 5 (b)) are subjected to very 
similar values of compression (i.e., NEd,min ~ NEd,max). 

3.4. Finite element modeling 

Two-dimensional non-linear FE models are developed in OpenSees 
[53] for the MRF and self-centering MRFs. The ‘Steel01’ material [53] 
with 275 and 355 MPa yield strength is used for beams and columns, 
respectively, and a 0.2% post yield stiffness ratio is used in both cases. 
Columns are modeled as non-linear elements with distributed plasticity 
(‘nonlinearBeamColumn element’ [53]), and the ‘Scissor’ model [54] is 
used for the panel zones. Beams are modeled based on a lumped plas-
ticity approach. Specifically, for the conventional MRF, zero-length non- 
linear rotational springs (‘zeroLength element’ [53]) are placed at 
beams’ ends to simulate the formation of plastic hinges. The rotational 
springs are defined with a bilinear hysteretic moment-rotation behavior 
(‘uniaxialMaterial Bilin’ [53]) based on the modified Ibarra–Krawinkler 
deterioration model [55] implemented as suggested by Lignos and 
Krawinkler [56]. Contrary, for the self-centering MRFs, the beams’ ends 
and the CBs are implemented with SCDF joints. Fig. 6 (a) shows a 
schematic representation of the advanced modeling strategy adopted for 
SCDF CBs previously used by the Authors [38,39,57]. It consists of a 
sophisticated two-dimensional non-linear FE model where each 
component is modeled independently and has the main advantage of 
taking into account the variability of the axial force in columns during 
the seismic event. Conversely, Fig. 6 (b) shows a schematic represen-
tation of the simplified modeling strategy adopted for SCDF BCJs 
implemented following a simplified modeling strategy used in Pieroni 
et al. [40]. It consists of a non-linear rotational spring allocated at 
beams’ ends and characterized by the flag-shape moment-rotation 
behavior of the SCDF joint. Further details on the FE models of the 
conventional MRF and self-centering MRFs can be found in Pieroni et al. 
[40]. 

It is worth reminding the reader that in the M-BCJ (i.e., the reference 
configuration with all SCDF CBs and BCJs) all BCJs are modeled with the 
SCDF strategy. Conversely, in the other self-centering MRFs (i.e., the 
configurations with different placements of SCDF BCJs investigated in 

Fig. 5. Design of the Self-Centering Damage-Free Column Bases (SCDF CBs) and Beam-to-Column Joints (SCDF BCJs). (a) Location of the joints. Moment-rotation 
behaviors of: (b) SCDF BCJs at stories 1–4, 5,6 and 7,8 (i.e., t1–4, t5–6, t7–8), (c) external SCDF CBs, (d) internal SCDF CBs (Adapted from Pieroni et al. [40]). 
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each scenario), the BCJs are implemented with the conventional or 
SCDF strategy based on the placements of the SCDF joints. 

4. Genetic Algorithm (GA) 

Genetic Algorithms (GAs) are random processes that simulate Dar-
win’s evolutionary theory of individuals based on a selection principle 
that follows the ‘survival of the strongest’ rule. The search for the so-
lution begins with an initial generation of individuals who are evaluated 
relative to a given measure of fitness (i.e., the Fitness-Function). The Most- 
Fit individuals are selected, and they give rise to the next generation 
using operations such as Random Mutation and Cross-Over. The basic 
components of all GAs are the following:  

i) An initial generation of individuals. The individuals are the 
candidate solutions that the GA seeks and evaluates at each 
generation. Generations are often represented by matrixes where 
columns represent the individuals.  

ii) Random Mutation and Cross-Over operators. Random Mutation and 
Cross-Over are the two operators used to create new individuals in 
the new generations. They are both based on the Most-Fit in-
dividuals of previous generations (i.e., Parent-Individuals). The 
Random Mutation produces random changes to some chosen in-
dividuals to create new individuals. The Cross-Over swaps a 
subsequence of two chosen individuals to create new individuals.  

iii) A Fitness-Function. The Fitness-Function is the function that the GA 
tries to optimize. It is one of the most decisive parts of the GA, and 
it is used to quantify how Fit each individual is.  

iv) A selection criterium for which individuals will reproduce. The 
selection operator selects the Most-Fit individuals to be used as 
Parent-Individuals to generate new individuals in the new gener-
ations. It is based on the Fitness-Function, and it is thought such 
that the fitter an individual is, the more likely it is to be selected. 

In the present study, a GA is developed to define the optimal place-
ment of a given and limited number of SCDF BCJs (nBCJ) in steel MRFs. 
Within this context, the individuals represent the configurations with 
different placements of the SCDF BCJs, and the Fitness-Function repre-
sents the effectiveness of the placement in terms of self-centering 
capability. 

This Section is divided into three Subsections; specifically, Subsec-
tion 4.1 describes the implementation and hence the steps and proper-
ties of the developed GA, 4.3 presents a sensitivity analysis performed on 
the GA, and 4.4, presents the validation of the GA by comparison with 
the results obtained from the Brute-Force Approach. 

4.1. Description of the Genetic Algorithm (GA) 

Fig. 7 shows a schematic representation of the six main steps of the 
GA developed in this study. 

The developed GA requires the following input parameters: the 
number of internal and external SCDF BCJs to be included in the 
structure (nBCJ-INT, nBCJ-EXT), the number of generations (G) to be 
analyzed, the number of new individuals generated by random mutation 
in each generation (I). 

The individuals represent the configurations with different place-
ments of the SCDF BCJs. Thanks to the symmetric placement of the SCDF 
joints within the structure, the implementation of the GA can be 
simplified by considering only half of the structure (i.e., 16 BCJs instead 
of 32 BCJs). Therefore, the number of internal and external SCDF BCJs 
used in the GA refer to half structure (i.e., nBCJ-INT-h = nBCJ-INT/2, nBCJ-EXT- 

h= = nBCJ-EXT/2). The individuals are implemented by column vectors 
with 16 rows where each element represent a specific position. Partic-
ularly, rows 1 to 8 refer to external BCJs from story 1 (i.e., row 1) to story 
8 (i.e., row 8), and rows 9 to 16 refer to internal BCJs from story 1 (i.e., 
row 9) to story 8 (i.e., row 16). Vectors are composed of decimal 
numbers between 0 and 1. The generations are represented by matrixes 
where each column represents a single individual with 16 rows. It is 
worth mentioning that when the Story-Restraint is used, the GA can be 
further simplified. The Story-Restraint assumes that in each story, 
external and internal BCJs have the same properties (i.e., all conven-
tional BCJs or all SCDF BCJs); therefore, it is possible to consider only 
the external BCJs in half of the structure (i.e., 8 BCJs instead 32 BCJs) 
and assuming that the internal BCJs and the other half part of the 
structure have the same properties. 

Step 1 of the GA consists of two independent operators (i.e., Random 
Mutation and Cross-Over), which create new individuals for every new 
generation based on Parent-Individuals. The new individuals generated in 
this step are then merged in Step 2 of the GA. The Random Mutation 
generates a number of new individuals (I) based on a Parent-Individual 
(ip1). For generation 1, ip1 is an initial random individual, while for the 
following generations, ip1 is the Most-Fit individual selected from the 
previous generations (see Step 6 of the GA). In the Random Mutation, the 
elements of ip1 are altered by adding random quantities between − 0.5 
and 0.5 (i.e., variation 1) to create new individuals, referred as imi (i=1:I). 
Successively, the elements of the new individuals are rounded into 
Boolean values (i.e., 0 or 1), where 0 stands for ‘conventional BCJ’ and 1 
stands for ‘self-centering BCJ’. It is worth specifying that if negative 
numbers occur, they are rounded to 0, while numbers exceeding 1 are 
rounded to 1. Assuming a random variation of the initial element equal 
to 1 (i.e., ± 0.5), each element of ip1 (i.e., each specific position) 

Fig. 6. Finite Element Modeling of the Self-Centering Damage-Free (SCDF) joints. (a) Advanced modeling strategy for SCDF CBs. (b) Simplified modeling strategy for 
SCDF BCJs (Adapted from Pieroni et al. [40]). 
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Fig. 7. Main steps of the Genetic Algorithm (GA).  
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potentially has the chance to change from 0 (i.e., absence of SCDF joint) 
to 1 (i.e., presence of SCDF joint) and vice-versa. The Cross-Over is 
performed from generation 2 and generates 10 new individuals based on 
two Parent-Individuals (ip1 and ip2) selected from the previous genera-
tions as the two Most-Fit individuals (see Step 6). This operation (i.e., 
single-point Cross-Over) consists in splitting ip1 and ip2 (i.e., 16 × 1 col-
umn vectors) into two strings (i.e., 2 strings of 8 × 1 column vectors) and 
shuffling them to create 10 new individuals. Successively, the elements 
of the new individuals are rounded into Boolean values (i.e., 0 or 1) as 
discussed for the Random Mutation. The new individuals generated by 
the Cross-Over are referred as ici (i=1:10). A graphical representation of 
Cross-Over is shown in Fig. 7. 

Step 2 of the GA merges the new individuals generated indepen-
dently from the Random Mutation (im) and the Cross-Over (ic) to create a 
(16 × dimm+c) generation matrix. 

Step 3 of the GA applies the Selection-1 operator. The Selection-1 is 
applied after the Random Mutation and Cross-Over when the individuals 
are represented by Boolean vectors of 0s and 1s. It has two main ob-
jectives: i) selecting the individuals with a number of internal and 
external SCDF BCJs equal to the assumed input parameters (i.e., the sum 
of 1s from rows 1 to 8 is equal to nBCJ-INT-h, and the sum of 1s from rows 9 
to 16 is equal to nBCJ-EXT-h), ii) selecting the unique individuals by 
removing the individuals which are repeated in the current generation 
or already investigated in the previous generations. The criteria of the 
Selection-1 operator can be summarized as follows: 

Selection − 1→

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(
∑8

ri=1
i(ri)

)

= nBCJ− EXT h

(
∑16

re=9
i(re)

)

= nBCJ− INT h

no duplicates (in the current and previous generations)
(1)  

where ri and re are the number of rows representing respectively the 
internal and external joints, i are the individuals in the generation ma-
trix, nBCJ-EXT-h and nBCJ-INT-h are the number of internal and external 
SCDF BCJs to be included in half structure. Therefore after Selection-1, 
the generation matrix is a 16 × dims matrix and contains the selected 
individuals, which are referred as isi (i=1:dims). 

It is worth highlighting that the second dimension of the generation 
matrix (i.e., number of columns) varies during the GA. It is equal to 
dimm+c after Random Mutation and Cross-Over and dims after the Selec-
tion-1. They can be calculated as follows: 

dimm+c = I + 10; dims = dimm+c − e (2)  

where I and 10 are the numbers of new individuals generated respec-
tively by the Random Mutation and Cross-Over, while e is the number of 
individuals removed by the Selection-1 operator. 

It’s important to clarify that dims corresponds to the number of in-
dividuals investigated in a generation. Therefore, the total number of 
individuals (i.e., configurations with different placements of the SCDF 
BCJs) investigated in the GA (CGA) can be calculated as follows: 

CGA =
∑G

i=1
dims (3)  

where G is the number of analyzed generations and dims is the number of 
individuals after Selection-1 in each generation. 

Step 4 of the GA creates the FE models in OpenSees [53]. For each 
individual selected in Step 3 of the GA (is), a non-linear FE model is 
developed in OpenSees [53], including SCDF CBs and SCDF BCJs at 
specific locations according to the information contained in the in-
dividuals’ vector. 

Step 5 of the GA consists of evaluating the selected individuals 
through the Fitness-Function. The Fitness-Function is defined as the 

median value of the residual interstory drifts (θres) obtained at each story 
performing seven NLTHAs, hence accounting for the influence of the 
uncertainty related to the earthquake input (i.e., record-to-record vari-
ability). For each individual, seven NLTHAs are performed on the cor-
responding FE model developed in Step 4 of the GA, story-level 
Engineering Demand Parameters, such as residual interstory drifts (θres), 
are monitored, and the Fitness-Function (f(θres)) is calculated as follows: 

f (θres) = median
[
(θres)1:s

]

1:GM (4)  

where s is the number of stories, and GM is the number of NLTHAs (i.e., 7 
ground motions records in the present study, see Subsection 4.2). Ac-
cording to this definition, in the present study, the smaller the Fitness- 
Function f(θres) is (i.e., smaller residual interstory drifts), the more fit an 
individual is (i.e., more effective placement of the SCDF BCJS). 

Step 6 of the GA consists of the application of the Selection-2 oper-
ator. This operator selects, among the individuals investigated in the 
current and previous generations, the two Most-Fit individuals (i.e., with 
the smaller values of f(θres)). These two individuals are referred to as 
Parent-Individuals (ip1 and ip2) and are used in the next generation by the 
Random Mutation and the Cross-Over to generate a new matrix of new 
individuals (Step 1 of the GA). 

The just described Steps are repeated for each generation, and the GA 
stops when a number of generations equal to G are analyzed. The so-
lution of the GA is represented by the Most-Fit individual among all the 
investigated individuals, and its Fitness-Function is referred to as f 
(θres)MF. Therefore, given a limited number of SCDF BCJs (nBCJ) to be 
included in the structure, the solution of the GA is the configuration with 
the optimal placement of the SCDF BCJs, which minimizes the residual 
interstory drifts maximizing the self-centering capability of the 
structure. 

4.2. Ground motion records 

A set of 7 ground motion records is selected from the SIMBAD 
Database using REXEL [58] to perform the NLTHAs in Step 5 of the GA 
(Fig. 7). The configurations are characterized by slightly different values 
of the fundamental vibration period due to the different stiffness of the 
joints. Therefore, the mean fundamental period among all configura-
tions (T1m = 1.27 s) is considered. The following input parameters are 
used for the selection: moment magnitude (Mw) ranging from 6 to 7, 
epicentral distance R ≤ 30 km, and spectrum compatibility in the range 
of periods between 0.2T1m and 2T1m, where T1m = 1.27 s represents the 
mean fundamental period among all configurations. The mean elastic 
spectrum of the records is kept between 75% and 130% of the corre-
sponding Eurocode 8 [4] elastic response spectrum considered for the 
design. The results of the ground motion selection are shown in Fig. 8 
(a). A large number of zero acceleration points (i.e., 40 s) have been 
added at the end of each record to allow the free vibrations to stop and 
correctly capture the residual deformations. The spectral acceleration 
(Sa) at T1m is considered as Intensity Measure (IM). The selected ground 
motion records are scaled to an IM equal to 0.6 g, corresponding to the 
ULS seismic intensity (Fig. 8 (b)), and applied to the different configu-
rations performing NLTHAs. 

4.3. Input parameters and sensitivity analysis of the Genetic Algorithm 
(GA) 

Some input parameters of the GA are chosen by the user and need 
careful consideration. The number of internal and external SCDF BCJs to 
be included in the structure (nBCJ-INT, nBCJ-EXT) are chosen based on the 
investigated scenario and are a function of the geometry of the structure. 
Conversely, the number of generations (G) to be analyzed and the 
number of new individuals generated by Random Mutation in each 
generation (I) need further discussion since they significantly affect the 
number of investigated configurations (CGA) and the solution (Most-Fit 
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individual with f(θres)MF) of the GA. 
Due to its dependence on G and I and its randomness, the GA cannot 

ensure that the obtained Most-Fit individual is the Best-Fit individual (i. 
e., f(θres)MF can be different from f(θres)BF) and provide the same solution 
if repeatedly applied (i.e., different values of f(θres)MF). Choosing large 
values of G and I such that a large number of individuals are evaluated, 
on one side is convenient because it allows for a higher likelihood of 
finding a Most-Fit individual who is close or equal to the Best-Fit indi-
vidual (i.e., f(θres)MF ~ f(θres)BF), but on the other side it leads to a higher 
computational effort. Therefore, the values of G and I need to be 
appropriately selected. 

Within this context, a sensitivity analysis is performed on the GA 
with the following objectives: i) analyze the effects of the input pa-
rameters G and I, ii) evaluate the effect of the intrinsic randomness, iii) 
provide the user with a qualitative understanding on how to select the 
input parameters G and I. 

Scenario S16 with no Story-Restraint is used for the sensitivity anal-
ysis. Given a limited number of SCDF BCJs (nBCJ) to be included in the 
MRF with no Story-Restraint, the number of possible individuals (CP), i.e., 
configurations with different placements, can be calculated using the 
following equation (i.e., the product of the combinations of permuta-
tions without repetition for internal and external BCJs): 

CP =
(

n!
r!(n − r)!

)

EXT
⋅
(

n!
r!(n − r)!

)

INT
(5)  

where n is the number of internal or external BCJs in half structure (i.e., 
8) and r is the number of internal or external SCDF BCJs to be included in 
half structure (i.e., nBCJ-INT_h, nBCJ-EXT_h). For S16, nBCJ-INT_h and nBCJ-EXT_h 
are equal to 4 (i.e., n = 8, r = 4), therefore the number of possible in-
dividuals (CP) is 4900. 

Different values of G and I are considered, and for each (G, I) couple, 
the GA (Subsection 4.1) is repeated 10 times (i.e., 10 simulations) to 
account for its randomness. Two sets of values are selected for both G 
and I (i.e., 5, 10, 15, 20 and 25, 50, 75, 100), and then combined into 
thirty-two different couples of (G, I) reported in Table 2. It is worth 
highlighting that this part of the study required a total of 271,887 
NLTHAs. To provide a more detailed understanding of the sensitivity 
analysis, the results are firstly shown for two values of G (i.e., 15 and 75), 
and successively considerations on the whole sets of results are made. 

Fig. 9 shows the results obtained for G equal to 15, and I equal to 5, 
10, 15, and 20, and for G equal to 75, and I equal to 25, 50, 75, and 100. 
Each descendent trend refers to one of the 10 simulations of a specific 
(G, I). The values of the Fitness-Function (f(θres)) for all the investigated 
individuals are reported on the y-axis, while the x-axis shows the pro-
gressive number of investigated individuals. The bigger dots represent 
the solution of the GA, hence the Most-Fit individual (f(θres)MF) and the 
total number of investigated individuals (CGA). The descendent trends 
obtained in each simulation show how the GA is able to create pro-
gressively more fit individuals characterized by smaller values of f(θres). 

In this regard, the analyses show that for each (G, I), the GA is able to 
find a Most-Fit individual with f(θres)MF between 0.01% and 0.04%, 
starting from a random initial individual. With respect to the Less-Fit 
individual with f(θres)LF equal to 0.095%, the GA leads to a reduction of f 
(θres) between 60% and 90%. 

In order to examine the computational demand of the GA, Fig. 10 (a) 

Fig. 8. (a) Ground motions selection. (b) Ground motions records scaled at a spectral acceleretion corresponding to the Ultimate Lilim State (i.e., Sa(T1m) = 0.6 g).  

Table 2 
Couples of (G, I) investigated in the sensitivity analysis.  

Values of 
G 

Values of I Investigated couples (G, I) 

5 5, 10, 15, 20 (G5, I5) (G5, I10) (G5, I15) (G5, I20) 
10 (G10, I5) (G10, I10) (G10, I15) (G10, I20) 
15 (G15, I5) (G15, 

I10) 
(G15, 
I15) 

(G15, I20) 

20 (G20, I5) (G20, I10) (G20, I15) (G20, I20) 
25 25, 50, 75, 

100 
(G25, I25) (G25, I50) (G25, I75) (G25, 

I100) 
50 (G50, I25) (G50, I50) (G50, I75) (G50, 

I100) 
75 (G75, 

I25) 
(G75, 
I50) 

(G75, 
I75) 

(G75, 
I100) 

100 (G100, 
I25) 

(G100, 
I50) 

(G100, 
I75) 

(G100, 
I100) 

Note: The bold characters represent the (G, I) couples described in the first part 
of the Subsection. 

Fig. 9. Results of the sensitivity analysis for G = 15 and I = 5, 10, 15, 20, G =
75 and I = 25, 50, 75, 100. Values of the Fitness-Function f(θres) for the inves-
tigated individuals. 
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and Fig. 11 (a) show the ascending order of CGA for each simulation with 
G equal to 15 and 75. Consequently, Fig. 10 (b) and Fig. 11 (b) show the 
corresponding values of f(θres)MF and their mean values for each (G, I) (i. 
e., black dotted lines). As a reference, the Fitness-Function is also calcu-
lated for the two reference configurations (i.e., MRF and M-BCJ), 
providing values of 0.174% and 0.0006% ~ 0, respectively, for the MRF 
and M-BCJ. 

The results in Fig. 9, Fig. 10 (a), and Fig. 11 (a) show that increasing 
the number of G or I leads to higher CGA, hence higher computational 
effort. Nevertheless, Fig. 9, Fig. 10 (b), and Fig. 11 (b) show that a higher 
CGA leads to smaller values of f(θres)MF hence a higher chance of 
obtaining a Most-Fit individual who is closer to the Best-Fit individual (i. 
e., f(θres)MF ~ f(θres)BF). For example, the mean values of f(θres)MF are 
0.027%, 0.018%, and 0.014%, respectively with (G15, I5), (G15, I15), 
and (G75, I25). Additionally, it is possible to observe that for G equal to 

15, increasing the values of I leads to smaller values of f(θres)MF; 
conversely, for G equal to 75, the results obtained with I equal to 25, 50, 
75, and 100 are very close. This is due to the fact that with (G75, I25), 
CGA is already large enough to investigate a number of individuals such 
that the solution is reliable and effective. Therefore, increasing the 
values of I does not significantly affect the definition of the solution. 

Fig. 12 (a) and (b) show the results of the thirty-two (G, I) investi-
gated in the sensitivity analysis (Table 2). In Fig. 12 (a) and (b), each 
vertical stripe refers to a specific (G, I). In Fig. 12 (b), the black dots 
represent the values of f(θres)MF obtained in the 10 simulations, the red 
dash represents the mean value of f(θres)MF among the 10 simulations, 
and the grey bar shows the mean value of CGA among the 10 simulations. 
Fig. 12 (a) shows the standard deviation of f(θres)MF among the 10 
simulations. 

The results obtained from the sensitivity analysis and presented in 

Fig. 10. Results of the sensitivity analysis for G = 15 and I = 5, 10, 15, 20. (a) Number of investigated individuals (CGA). (b) Fitness-Function of the Most-Fit in-
dividuals (f(θres)MF) and mean values of for each (G, I) (mean[f(θres)MF]). 

Fig. 11. Results of the sensitivity analysis for G = 75 and I = 5, 10, 15, 20. (a) Number of investigated individuals(CGA). (b) Fitness-Function of the Most-Fit individuals 
(f(θres)MF) and mean values for each (G, I) (mean[f(θres)MF]). 
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Fig. 12, show that increasing the values of the input parameters G and I 
leads to i) a less efficient solution with more computational effort (i.e., 
higher numbers of investigated configurations (CGA)), ii) a more effec-
tive solution (i.e., Most-Fit individual closer to the Best-Fit individual), iii) 
more reliable solution with smaller values of uncertainties related to the 
randomness (i.e., smaller values of std[f(θres)MF]). Additionally, it is 
possible to observe for higher values of G and I, the values of the mean[f 
(θres)MF] and std[f(θres)MF] are asymptotically tending to f(θres)BF and 0, 
respectively. This means that, once this condition is reached, increasing 
the values of G and I has no advantages since it leads to a higher 
computational effort (CGA) without any beneficial effects on the 
solution. 

In conclusion, the values of G and I have to be chosen based on a 
compromise of: i) efficiency of the GA (i.e., computational effort 
expressed in terms of number of investigated configurations), ii) reli-
ability of the solution (i.e., influence of the randomness on the GA’s 
solution), iii) effectiveness of the solution (i.e., how close is the Most-Fit 
solution to Best-Fit solution). The sensitivity analysis developed for this 
case study demonstrates that for the couple (G25, I25), the solution of 
the GA results in being stable, efficient, reliable, and effective. 

4.4. Validation of the Genetic Algorithm (GA) 

Validation of the GA is developed by solving the considered opti-
mization problem with two different approaches: a Brute-Force Approach 
and the GA. The two approaches are applied to all the investigated 
scenarios (i.e., S4, S8, S12, S16) with Story-Restraint, and the results are 
compared. 

4.4.1. Brute-Force Approach 
The Brute-Force Approach is used to investigate all the possible con-

figurations with different placements of a given number of SCDF BCJs 
(nBCJ) (referred to as individuals) and allows the definition of the best 
placement (referred to as Best-Fit individual). 

The Brute-Force Approach is applied to all the investigated scenarios 
(i.e., S4, S8, S12, S16) with Story-Restraint. Given a limited number of 
SCDF joints (nBCJ) to be included in the MRF with Story-Restraint, the 

number of possible individuals (CP.R), i.e., configurations with different 
placements, can be calculated using the following equation (i.e., the 
formula for the combinations of permutations without repetition:): 

CP.R =
n!

r!(n − r)!
(6) 

The number of possible configurations (CP.R) for each scenario is 
reported in Table 3. 

Fig. 13 shows the results of the Brute-Force Approach applied to S12 
with Story-Restraint. According to Eq. (6), 56 possible individuals are 
defined and then evaluated through the Fitness-Function. Fig. 13 (a) 
shows the values of f(θres) for the 56 possible individuals and some of the 
corresponding configurations. From here follows the configurations 
with all SCDF BCJs at specific stories are referred to as ‘C’ followed by 
the stories; for example, C134 is the configuration with all SCDF BCJs at 
stories 1, 3, and 4. The Best-Fit individual has f(θres)BF equal to 0.0298% 
and corresponds to C134. Conversely, the Worst-Fit individual has f 
(θres)WF equal to 0.15% and corresponds to C168. Fig. 13 (b) shows the 
configuration corresponding to the Best-Fit individual for S12. 

Table 3 reports the results obtained from the Brute-Force Approach for 
each scenario with Story-Restraint, i.e., the number of possible in-
dividuals (CP.R), the configurations, and the values of the Fitness-Function 
(f(θres)BF and f(θres)WF) corresponding to the Best- and Worst-Fit in-
dividuals. Moreover, to highlight the effect of the placement on the re-
sidual interstory drifts, Table 3 shows, for each scenario, f(θres) 
reduction of the Best-Fit with respect to the Worst-Fit individual. These 
results demonstrate that both the number of SCDF BCJs and their 
placement have a significant effect on the residual interstory drifts. 

Fig. 14 shows for scenarios S4, S8, S12, and S16 the configurations 
corresponding to the Best-Fit individuals. 

4.4.2. Genetic Algorithm (GA) 
The GA is applied to all the investigated scenarios (i.e., S4, S8, S12, 

S16) with Story-Restraint. The number of generations (G) and individuals 
(I) are chosen according to the results of the sensitivity analysis of 
Subsection 4.3. In particular, G and I are assumed respectively equal to 
75 and 25, which are identified as the upper-bound values for the GA. 

Fig. 12. Results of the sensitivity analysis for each (G, I). (b) Left axis - mean values of the number of investigated configurations (mean(CGA)). Right axis - Fitness- 
Function of the Most-Fit individuals (f(θres)MF), mean values (mean[f(θres)MF]) and (a) standard deviations (std[f(θres)MF]) among the 10 simulations. 
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Fig. 15 shows the results of the GA applied to S12 with Story-Re-
straint. The GA investigates 36 (i.e., CGA) out of the 56 (i.e., CP.R) possible 
individuals. Fig. 15 (a) shows the values of the Fitness-Function (f(θres)) 
for the 36 investigated individuals. It is possible to observe that with 
respect to the Less-Fit individual with f(θres)LF equal to 0.15%, the GA 
finds a Most-Fit individual with f(θres)MF equal to 0.0298%, leading to a 
reduction of f(θres) of about 80%. Fig. 15 (b) reports the vector of the 
Most-Fit individual, while Fig. 15 (c) shows the corresponding 
configuration. 

Table 4 reports the results obtained from the GA for each scenario 

with Story-Restraint, i.e., the number of investigated individuals (CGA) 
which can be compared to the number of possible individuals (CP.R) 
calculated according to Eq. (6), the configurations and the values of the 
Fitness-Function (f(θres)MF and f(θres)LF) corresponding to the Most- and 
Less-Fit individuals. 

4.4.3. Comparison of the results 
The results obtained from the Brute-Force Approach (Subsection 

4.4.1) and the GA (Subsection 4.4.2) are compared. For each scenario, 
both the approaches find the same solution for the optimization problem 

Table 3 
Results of the Brute-Force Approach with Story-Restraint.  

S nBCJ n r CP.R Best-Fit f(θres)BF [%] Worst-Fit f(θres)WF [%] f(θres) reduction [%] 

S4 4 8 1 8 C5 0.1069 C8 0.2032 47 
S8 8 8 2 28 C34 0.0518 C78 0.1769 71 
S12 12 8 3 56 C134 0.0298 C168 0.1512 80 
S16 16 8 4 70 C1234 0.0154 C1578 0.0901 83  

Fig. 13. Results of the Brute-Force Approach for scenario S12 with Story-Restraint. (a) Values of the Fitness-Function f(θres) for all possible individuals (CP.R). (b) 
Configuration corresponding to the Best-Fit individual. 

Fig. 14. Results of the Brute-Force Approach for scenarios with Story-Restraint. For each scenario representation of the configurations corresponding to the Best-Fit 
individuals. (a) S4, (b) S8, (c) S12 and (d) S16. 
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(Best-Fit and Most-Fit individuals are the same, respectively in Table 3 
and Table 4). These results demonstrate the efficiency, reliability, and 
effectiveness of the GA and validate the proposed methodology. Addi-
tionally, it is observed that, while the Brute-Force Approach investigates 
all the possible configurations with different placement of the SCDF 
BCJs (CP), the GA analyses a smaller number of configurations (CGA), 
leading to a smaller computational effort. In scenario S4, the GA in-
vestigates 75% of the possible configurations (i.e., 6 out of 8), in S8 the 
89% (i.e., 25 out of 28), in S12 the 64% (i.e., 36 out of 56), in S16 the 
90% (i.e., 63 out of 70). It is worth mentioning that the advantage of the 
GA in finding the solution with less investigated configurations is more 
significant when the number of possible configurations is higher. This 
can be seen from the sensitivity analysis when the GA is applied to S16, 
with no Story-Restraint (Subsection 4.3). In this case, the possible 

configurations with different placements of SCDF BCJs are 4900 (CP), 
and the GA investigates a different percentage of CP based on the input 
values of G and I (Fig. 12). With (G5, I5) the GA investigates the 0.04% of 
the possible configurations (i.e., 2 out of 4900), with (G20, I15) the 0.4% 
(i.e., 22 out of 4900), with (G50, I50) the 3% (i.e., 160 out of 4900), with 
(G100, I100) the 10% (i.e., 160 out of 4900). This demonstrates the ef-
ficiency of the GA in finding a Most-Fit individual close to the Best-Fit 
individual, minimizing the computational effort. 

5. Application of the Genetic Algorithm (GA) 

The GA is applied to all the investigated scenarios (i.e., S4, S8, S12, 
S16) with no Story-Restraint. The input parameters are chosen as 
described in Subsection 4.4.2 when the GA is applied with the Story- 
Restraint. 

Fig. 16 shows the results of the GA applied to S4 with no Story-Re-
straint. The GA investigates 11 (i.e., CGA) out of the 64 (i.e., CP.R) possible 
individuals. Fig. 16 (a) shows the values of the Fitness-Function (f(θres)) 
for the 11 investigated individuals. Fig. 16 (b) and (c) show the vector 
and the configuration corresponding to the Most-Fit individual. Simi-
larly, Fig. 17, Fig. 18, and Fig. 19 show the results for scenarios S8, S12, 
and S16. 

Table 5 reports the results obtained from the GA for each scenario 

Fig. 15. Results of the GA for scenario S12 with Story-Restraint. (a) Values of the Fitness-Function f(θres) for all the investigated individuals (CGA). (b) Vector and (c) 
configuration corresponding to the Most-Fit individual. 

Table 4 
Results of the GA with Story-Restraint.  

S nBCJ CP.R CGA.R Most-Fit f(θres)MF [%] Less-Fit f(θres)LF [%] 

S4 4 8 6 C5 0.1069 C8 0.2032 
S8 8 28 25 C34 0.0518 C68 0.1601 
S12 12 56 36 C134 0.0298 C168 0.1512 
S16 16 70 63 C1234 0.0154 C1368 0.0732  

Fig. 16. Results of the GA for scenario S4 with no Story-Restraint. (a) Values of the Fitness-Function f(θres) for all the investigated individuals (CGA). (b) Vector and (c) 
configuration corresponding to the Most-Fit individual. 
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with no Story-Restraint, i.e., the number of investigated individuals (CGA) 
which can be compared to the number of possible individuals (CP) 
calculated according to Eq.(5), the configurations and the values of the 

Fitness-Function (f(θres)MF and f(θres)LF) corresponding to the Most- and 
Less-Fit individuals. 

The no Story-Restraint assumption is equivalent to including an 

Fig. 17. Results of the GA for scenario S8 with no Story-Restraint. (a) Values of the Fitness-Function f(θres) for all the investigated individuals (CGA). (b) Vector and (c) 
configuration corresponding to the Most-Fit individual. 

Fig. 18. Results of the GA for scenario S12 with no Story-Restraint. (a) Values of the Fitness-Function f(θres) for all the investigated individuals (CGA). (b) Vector and (c) 
configuration corresponding to the Most-Fit individual. 

Fig. 19. Results of the GA for scenario S16 with no Story-Restraint. (a) Values of the Fitness-Function f(θres) for all the investigated individuals (CGA). (b) Vector and (c) 
configuration corresponding to the Most-Fit individual. 
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additional variable and hence leads to a higher number of possible in-
dividuals. The results show that for each scenario, the values of f(θres) 
with and with no Story-Restraint are very close and lead to a very similar 
reduction of f(θres) with respect to the MRF. For example, for S4 the 
configuration with the optimal placement leads to a reduction of f(θres) 
with respect to the MRF respectively of 37% and 42%, for S8 the per-
centage reductions are 70% and 66%, while 82% and 83%, and 91% and 
93% are obtained for S12 and S16. Nevertheless, the number of inves-
tigated individuals with no Story-Restraint is significantly larger, leading 
to high computational demand. Therefore, using the Story-Restraint 
could result in a better strategy allowing the definition of optimal 
placements ensuring both easier design and lower structural complexity. 

In order to provide the reader with a better understanding of the 
benefit and drawbacks of including a limited number of SCDF BCJs at 
specific locations, the following Section describes the deterministic 
response of scenario S12 under ground motion records considering both 
global and local Engineering Demand Parameters. Consistent results are 
obtained for all the other scenarios. 

Fig. 20 shows a comparison between the conventional MRF and 
C134. Fig. 20 (a) shows the displacement time history with a single 
ground motion record for stories 3 and 4 which have all SCDF BCJs. 
Fig. 20 (b) and (c) show the height-wise distribution of the peak (θpeak) 
and residual (θres) interstory drifts considering their median value 
among the seven ground motion records. The results highlight that 
including SCDF BCJs leads to higher peak interstory drifts, in particular 
on the stories where the SCDF BCJs are placed, but allows significantly 
reducing the residual interstory drifts with respect to the conventional 

structure [40]. 
Fig. 21 shows the comparison between the conventional MRF and the 

S12 configuration with the optimal placement obtained from the GA 
with no Story-Restraint (see Subsection 5). The damage status of both 
structures is monitored and compared to provide a qualitative inter-
pretation of the problem from the mechanism analysis perspective. 
Fig. 21 (a) and (c) show the position of the plastic hinges respectively in 
the conventional MRF and the optimal configuration. Fig. 21 (b) shows 
the moment rotation behavior at specific locations. In the considered 
case study, it is assumed that the plastic hinges can form in specific 
critical locations (i.e., at the beams’ end and at the first story column’s 
bases). In the conventional MRF (Fig. 21 (a)) 83% of the critical loca-
tions experience plastic deformations, while the remaining 17% have an 
elastic behavior. In the optimal configuration (Fig. 21 (c)) 42% of the 
critical locations are equipped with SCDF joints and show a flag-shape 
moment rotation behavior. The remaining critical locations have 
different behaviors depending on their position: 12% behave elastically 
and the remaining 46% have a hysteretic plastic behavior leading to the 
local damage of the structure. These results show that the optimal 
placement of a limited number of SCDF BCJs does not guarantee a full 
‘no damage’ behavior but leads to a significant reduction of structural 
damage (i.e., a lower number of plastic hinges) and significant benefits 
for the reparation (i.e., small residual drifts). 

6. Conclusions 

The optimization problem considered in this study aims at defining 
the optimal placement of a given and limited number of Self-Centering 
Damage-Free (SCDF) Beam-to-Column Joints (BCJs) in steel Moment 
Resisting Frames (MRFs) such that their effectiveness in reducing re-
sidual drifts is maximized. The proposed methodology combines artifi-
cial intelligence techniques (i.e., Genetic Algorithms) and seismic 
assessment methodologies (i.e., non-linear time-history analyses) to 
solve the optimization problem. A Genetic Algorithm (GA) is imple-
mented using a custom code written in Matlab, and non-linear time- 
history analyses are performed in OpenSees to calculate the Fitness- 
Function. A sensitivity analysis is performed on the GA to provide the 
user with a qualitative understanding of how to select the GA’s input 
parameters such that a good compromise between computational effort 
and accuracy of the solution is guaranteed. A Brute-Force Approach, 
investigating all the possible configurations with different placements of 
the SCDF BCJs, is applied, and the results are used to validate the pro-
posed GA. An 8-story 3-bays steel MRF is selected as a case study 

Table 5 
Results of the GA with no Story-Restraint.  

S nBCJ CP CGA Most-Fit 
SCDF BCJs 
at stories 

f(θres)MF 

[%] 
Less-Fit 
SCDF BCJs 
at stories 

f(θres)LF 

[%] 

S4 4 64 11 6-EXT; 4- 
INT 

0.099 3-EXT; 8- 
INT 

0.1682 

S8 8 784 60 3,7-EXT; 
1,2-INT 

0.057 2,8-EXT; 
7,8-INT 

0.1760 

S12 12 3136 101 2,3,4-EXT; 
4,5,6-INT 

0.029 3,6,7-EXT; 
1,6,7-INT 

0.1250 

S16 16 4900 141 1,2,5,6- 
EXT; 
2,3,4,7- 
INT 

0.011 3,5,7,8- 
EXT; 
2,6,7,8- 
INT 

0.0708  

Fig. 20. Comparison between the dynamic response of the conventional MRF and C134. (a) Displacement time history with a single ground motion record for stories 
3 and 4. (b) and (c): height-wise distribution of the peak (θpeak) and residual (θres) interstory drifts (median value among the seven ground motion records). 
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structure, and a type of SCDF joint is taken into account. Two reference 
configurations are considered: the MRF with conventional CBs and full- 
strength BCJs, and the equivalent MRF with all SCDF CBs and BCJs. 
Moreover, four additional scenarios are defined based on the given 
number of SCDF BCJs to be included in the case study steel MRF. The 
conventional MRF is designed according to Eurocode 8 requirements, 
and the SCDF BCJs and CBs are designed following tailored design 
procedures already proposed and used in n previous studies by the Au-
thors. Non-linear Finite Element Models are implemented in OpenSees 
and the GA is applied to the investigated scenarios. The following con-
clusions can be drawn:  

• The proposed Genetic Algorithm represents an efficient procedure to 
define the optimal placement of a limited number of Self-Centering 
Damage-Free Beam-to-Column Joints in Self-Centering Steel 
Moment Resisting Frames.  

• Although its intrinsic randomness, the Genetic Algorithm shows 
effectiveness, efficiency, and reliability in finding the solution to the 
optimization problem.  

• The input parameters of the Genetic Algorithm can be chosen by the 
user as a compromise of reliability, effectiveness, and efficiency. The 
sensitivity analysis developed for the considered case study shows 
that considering a number of generations and new individuals larger 
than 25, the advantages in terms of reliability and effectiveness are 
negligible.  

• The Genetic Algorithm finds the solution by investigating a limited 
percentage of the possible configurations requiring less computa-
tional effort than a Brute-Force Approach.  

• Including a limited number of Self-Centering Damage-Free Beam-to- 
Column Joints is an effective strategy to ensure the self-centering 
capability of the structure hence controlling both the structural 
complexity and the construction cost.  

• Given a number of SCDF BCJs to be included in the steel MRF 
employing their optimal placement leads to a significant improve-
ment in terms of the self-centering capability with respect to a casual 
placement.  

• Differentiating the properties of the Beam-to-Column Joints 
belonging to the same story may not be a convenient option with 
respect to the case where all Beam-to-Column Joints are character-
ized by the same properties (i.e., all Self-Centering Damage-Free or 
all conventional). In fact, it leads to negligible improvements in 
terms of self-centering capability but significantly higher computa-
tional effort for the identification of the optimal placement. 

• The results obtained in the present study refer to an earthquake in-
tensity corresponding to the Ultimate Limit State in Eurocode 8 (i.e., 
probability of exceedance of 10% in 50 years). The obtained results 
are coherent with a previous study from the Authors which demon-
strated the efficiency and robustness of including a limited number of 
SCDF BCJs in steel MRFs for a wide range of intensities. 
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