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Abstract: This article presents the application of the Multiple Objective Particle Swarm Optimization (MOPSO) 
method, enhanced with specifically tuned parameters using the Taguchi method, for optimizing bridge and 
viaduct designs. Unlike conventional approaches, the optimization in this study encompasses the entire structure 
rather than focusing solely on the deck. This approach is illustrated through case studies on two viaducts located 
in Atalaia and Mandaguaçu along the BR-376 highway in Paraná, Brazil. In Atalaia, the optimized solutions 
achieved reductions in construction costs by 10.5% to 22.7%, CO2 emissions by 8.9% to 21.2%, and extended 
the design service life by 24.0% to 540.7%. Similarly, in Mandaguaçu, the optimizations resulted in cost 
reductions ranging from 9.1% to 23.2%, decreases in CO2 emissions from 12.7% to 23.5%, and increases in the 
design service life by up to 540.7%. The study also revealed consistent patterns between the degrees of freedom 
and objective functions; specifically, larger cross-sectional dimensions tended to lower costs, while smaller 
dimensions were associated with reduced CO2 emissions. These findings illustrate the real-world performance 
improvements afforded by the optimization process, which not only reduces the global cost per year of service 
compared to the original designs but also enhances economic and environmental performance, thereby 
demonstrating the effectiveness of MOPSO in structural optimization for sustainable infrastructure development. 

Keywords: bridge, viaduct, multiple objective particle swarm optimization, structural optimization, 
sustainable infrastructure development. 

Resumo: Este artigo apresenta a aplicação do método de Otimização por Enxame de Partículas com Múltiplos 
Objetivos (Multiple Objective Particle Swarm Optimization, MOPSO), aprimorado com parâmetros 
especificamente ajustados pelo método de Taguchi, para a otimização de projetos de pontes e viadutos. 
Diferente das abordagens convencionais, a otimização neste estudo engloba toda a estrutura, em vez de se 
concentrar apenas no tabuleiro. Essa abordagem é ilustrada por meio de estudos de caso em dois viadutos 
localizados em Atalaia e Mandaguaçu ao longo da rodovia BR-376 no Paraná, Brasil. Em Atalaia, as soluções 
otimizadas alcançaram reduções nos custos de construção de 10,5% a 22,7%, emissões de CO2 de 8,9% a 
21,2%, e estenderam a vida útil do projeto de 24,0% a 540,7%. De forma similar, em Mandaguaçu, as 
otimizações resultaram em reduções de custo de 9,1% a 23,2%, diminuição das emissões de CO2 de 12,7% a 
23,5%, e aumentos na vida útil do projeto de até 540,7%. O estudo também revelou padrões consistentes entre 
os graus de liberdade e as funções objetivas; especificamente, dimensões transversais maiores tendiam a 
reduzir custos, enquanto dimensões menores estavam associadas a reduções nas emissões de CO2. Esses 
achados ilustram as melhorias de desempenho no mundo real proporcionadas pelo processo de otimização, 
que não apenas reduz o custo global por ano de serviço em comparação com os projetos originais, mas também 
aprimora o desempenho econômico e ambiental, demonstrando assim a eficácia do MOPSO na otimização 
estrutural para o desenvolvimento de infraestruturas mais sustentáveis. 
Palavras-chave: ponte, viaduto, otimização por enxame de partículas com múltiplos objetivos, otimização 
estrutural, desenvolvimento de infraestrutura sustentável. 
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1. INTRODUCTION 
The design of bridges and viaducts typically begins with a preliminary assessment, when engineers use their 

expertise to outline key structural features. This includes determining the dimensions and layout of elements such as 
columns and specifying the concrete's strength. Following this initial phase, the process moves on to the structural 
analysis and limit state design. With the broad range of possible configurations, multiple alternative designs can aid in 
choosing the best-performance solution requirements, considering aspects such as lower cost, shorter construction 
timelines, reduced environmental impacts, and longer service lives. 

The optimization process focuses on selecting an optimal set of parameters, known as Degrees of Freedom (DOF), 
to either maximize or minimize a defined objective function. These parameters define the characteristics of the 
structural solution, such as dimensions and material properties. Increasing the DOF within this process facilitates a 
more thorough exploration of potential solutions, thereby enhancing the overall outcomes. 

In the realm of multi-objective optimization, where different objectives may conflict with one another, it is 
misleading to label any solution as absolutely "optimal". As Hashimoto [1] notes, a solution may favor one objective 
at the expense of others, leading to inevitable trade-offs. The output of an optimization process is a set of compromise 
solutions, each evaluated and ranked based on the principle of Pareto dominance. 

The field of structural cost optimization is extensive, yet research specifically targeting bridges and viaducts is 
relatively scarce. The literature reviews by Hassasain and Loov [2] and Trentini [3] present a total of twenty-three studies. 

The foundational study by Torres et al. [4] introduced the use of linear programming to derive cost-optimal designs 
for single-span, prestressed, and precast bridges. They incorporated AASHO beams in their software database, 
concluding that optimal girder spacing is roughly 2.75 meters and lighter vehicle types can broaden the range of viable 
design solutions. Lounis and Cohn [5] applied a nonlinear optimization method using the GAMS/MINOS software, 
concluding that simply supported decks are cost-efficient up to 27 meters, while spans of 28 to 44 meters and 55 to 100 
meters are best served by two and three continuous spans, respectively. 

Olivieri [6] developed a genetic algorithm in Visual Basic to optimize the costs of prestressed concrete bridge decks, 
which included I-section, precast, prestressed, and simply supported girders. His analysis yielded cost savings ranging 
from 2.57% to 13.13%. Cortês [7] employed a genetic algorithm to optimize the same type of bridge decks, yielding 
significant cost reductions ranging from 13.6% to 26.8%. Ahsan et al. [8] expanded the scope by using an evolutionary 
optimization algorithm for I-section girder bridge decks and by increasing the number of degrees of freedom in the 
optimization process, yielding a substantial cost reduction of 35.4%. It should be noted that the extent of cost reduction 
depends on the quality of the solution used as a reference. 

Building on the exhaustive search approach, Trentini [3] developed an optimization method implemented using 
MATLAB to optimize the cross-sections of bridge decks featuring multiple precast and post-tensioned I-section girders. 
El Mourabit [9] extended the optimization to encompass the entire bridge structure, specifically focusing on single-
beam bridge decks, and achieved a 12.8% cost reduction. This methodology did not include the costs associated with 
the foundations, which could potentially alter the reported cost savings. Yepes et al. [10] applied multi-objective 
optimization specifically to the bridge decks of I-section beams, achieving a 233% improvement in service life and an 
11% reduction in CO2 emissions, with only a 4% increase in optimal cost. 

García-Segura et al. [11] conducted a multi-objective optimization study on cellular bridge decks, focusing on cost, 
CO2 emissions, and safety factors. They used a harmony search algorithm and an artificial neural network trained with 
CSiBridge data to efficiently estimate structural analysis results, balancing precision with computational speed. 

Table 1 provides a summary of key studies in the field of structural optimization for bridge structures. This overview 
highlights the structure types, the number of degrees of freedom (DOF) considered in each study, the optimization 
methods employed, the specific objectives targeted, and the key results obtained from each research. 

The progression of research in deck optimization has seen a consistent increase in the number of DOFs, from the 
early studies by Torres et al. [4] to the more comprehensive approaches by Ahsan et al. [8]. This has led to a 
progressively finer refinement of the optimal solution. El Mourabit [9] extended the scope of optimization beyond the 
deck to encompass the entire bridge structure, including the position of the columns. García-Segura et al. [11] identified 
a correlation between the initiation of corrosion and construction costs, a dynamic yet to be investigated in the context 
of precast post-tensioned I-girder bridges and viaducts. 
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Table 1. Summary of studies 

Researcher(s) Structure Type DOF Optimization 
Method 

Objective  
function Key Results 

Torres et al. [4] Precast I-girders bridge 
deck 2 Linear 

Programming Cost Optimal girder spacing of 2.75 
meters 

Lounis and Cohn 
[5] 

Bridge with precast post-
tensioned I-girders deck 4 Nonlinear 

Optimization Cost Cost-effective decks for spans up 
to 100 meters 

Olivieri [6] Precast prestressed  
I-girders bridge deck 4 Genetic Algorithm Cost Cost reductions between 2.57% 

and 13.13% 

Cortês [7] Precast prestressed  
I-girders bridge deck 7 Genetic Algorithm Cost Cost reductions from 13.6% to 

26.8% 

Ahsan et al. [8] Precast post-tensioned  
I-girders bridge deck 11 

Evolutionary 
Optimization 

Algorithm 
Cost 35.4% cost reduction 

Trentini [3] Precast post-tensioned  
I-girders bridge deck 5 Exhaustive Search Cost 16.42% cost reduction 

El Mourabit [9] Reinforced concrete  
beam bridge 9 Genetic Algorithm 

and Pattern Search Cost 12.8% cost reduction 

Yepes et al. [10] Reinforced concrete  
I-beam 20 Simulated 

Annealing 
Cost, CO2 
emission, 

Service life 

Service life increased by 233%, 
CO2 reduction by 11%, with a 4% 

increase in optimal cost 

García-
Segura et al. [11] 

Post-tensioned concrete 
box-girder bridge deck 34 Multi-objective 

harmony search 
Cost, CO2 

emission, Safety 
factor 

With a small cost increment, the 
safety and durability can be 

significantly improved 

This research focuses on metaheuristic methods for solving multi-objective optimization problems. According to 
Blum and Roli [12], these methods use high-level strategies to guide heuristics in the search for near-optimal solutions. 
Zavala et al. [13] found that NSGA-II, SPEA2, and MOPSO were the most commonly studied algorithms, with 20, 7, 
and 5 papers, respectively. 

The No-Free-Lunch theorem, proposed by Wolpert and Macready [14], states that no single optimization method is 
superior for all problems, meaning algorithms must be tested and calibrated for each specific case. 

Recently, Trentini et al. [15] developed a methodology for the optimization of bridges and viaducts composed of 
post-tensioned, precast I-girders, rectangular crossbeams, circular columns, and deep caisson foundations, integrating 
criteria of structural efficiency and sustainability. The research focuses on optimizing cost, environmental impact and 
service life in structural design. The proposed methodology generates a set of multi-objective compromise solutions, 
identifying the optimal geometry, concrete type, and level of post-tensioning. Various metaheuristic algorithms were 
evaluated, including Multiple Objective Particle Swarm Optimization (MOPSO), Nondominated Sorting Genetic 
Algorithm II (NSGA-2), and Strength Pareto Evolutionary Algorithm 2 (SPEA2), with MOPSO proving to be the most 
effective for this problem. Calibration of parameters plays an important role in optimization techniques, as the settings 
of these parameters markedly affect the method's performance and efficacy. The MOPSO parameters were calibrated, 
for this specific problem, using the Taguchi method, increasing the average hypervolume. 

The objective of this research is to assess the effectiveness of MOPSO, calibrated by Trentini et al. [15], for 
optimizing bridge and viaduct designs in real-world settings and to explore the trade-off relationships among objective 
functions at the Pareto optimal front. Additionally, the study aims to identify patterns in the relationships between the 
degrees of freedom of optimal solutions across different areas of this front. To achieve these goals, the methodology 
will be applied in two case studies involving actual viaducts constructed on the BR-376 highway in Paraná, Brazil. The 
first case study focuses on a viaduct at the entrance of Atalaia city, and the second in Mandaguaçu city. The paper is 
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organized as follows: Section 2 outlines the optimization problem that will be addressed; Section 3 details the 
methodology applied to solve this optimization problem; Section 4 presents the case studies and discusses the findings; 
finally, Section 5 provides a summary of the results and outlines their conclusions. 

2. OPTIMIZATION: PROBLEM DESCRIPTION 
As this study aims to optimize multiple objectives simultaneously, it falls under the category of multi-objective 

optimization problems. Such problems are formally defined as follows: 
minimize the Equation 1 

𝒚𝒚 = 𝑭𝑭(𝒙𝒙) = [𝑓𝑓1(𝒙𝒙),𝑓𝑓2(𝒙𝒙), … , 𝑓𝑓𝑚𝑚(𝒙𝒙)] (1) 

subject to the constraint of Equation 2 and Equation 3 

𝑔𝑔𝑗𝑗(𝒙𝒙) ≤ 0, 𝑗𝑗 = 1,2, … , 𝑝𝑝 (2) 

ℎ𝑘𝑘(𝒙𝒙) = 0, 𝑘𝑘 = 1,2, … , 𝑞𝑞 (3) 

where: 
𝒚𝒚 = (𝑓𝑓1,𝑓𝑓2, … , 𝑓𝑓𝑚𝑚) ∈ 𝑌𝑌: denotes the objectives vector with dimension 𝑚𝑚 and 𝑌𝑌 is the objective space ; 
𝑓𝑓𝑖𝑖(𝒙𝒙)(1 = 1,2, … ,𝑚𝑚): denotes the 𝑖𝑖-th objective function among a total of 𝑚𝑚 functions in the problem. 

In this context, the vector 𝒙𝒙 encapsulates the design characteristics of bridges or viaducts, including parameters like 
the number of girders, slab height, and the characteristic concrete strength of the columns. Detailed descriptions of the 
decision vector, which has a dimension 𝑛𝑛 based on the number of spans 𝑁𝑁𝑣𝑣, are provided in section 2.2 and defined by 
Equation 5. The objectives vector 𝒚𝒚 comprises functions such as construction cost, environmental impact, and design 
service life, as discussed in section 2.1. Finally, the constraint inequalities 𝑔𝑔𝑗𝑗 and the equality constraints ℎ𝑘𝑘 are 
established according to standards ensuring structural safety and performance, detailed in section 2.3. 

2.1. Objective functions 
This study examines multi-objective optimization, which optimizes multiple objective functions concurrently. The 

focus is on optimizing three specific objectives: construction cost, environmental impact via CO2 emissions, and design 
service life, which often conflict. For example, enhancing the service life of a structure might require more concrete 
cover, increasing both costs and CO2 emissions. On the contrary, cost-reduction efforts might promote using more 
concrete with less reinforcement, which, while cost-effective, boosts CO2 emissions. Meanwhile, minimizing CO2 
emissions may involve using less concrete and more reinforcement, potentially raising costs and affecting the service 
life negatively. This showcases the intricate conflicts within the optimization problem, as efforts to improve one 
objective could deteriorate others. 

The cost function in this study specifically seeks to minimize the total cost, which is calculated by summing the unit 
costs for all required materials, manufacturing services, and installations, each multiplied by its respective quantity. 
Unit costs are obtained from the Sistema de Custos Referenciais de Obras (SICRO) [16] and expert firms. Updates to 
these costs are regularly provided by the Departamento Nacional de Infraestrutura de Transportes (DNIT), which 
organizes the data by state and date. As specified in DNIT's publication [16], the service compositions used for 
estimating costs, particularly for São Paulo as of April 2022, are detailed in [15]. 

The function for CO2 emissions aims to minimize the total emissions from all construction-related inputs and 
services, thereby evaluating the environmental impact. This assessment specifically measures the total CO2 emissions 
associated with the construction process. To estimate these emissions, this study employs the Carbon Emissions 
Quantification Method (QE-CO2 Method) proposed by Costa [17]. This approach accounts for emissions from the 
extraction of raw materials, their transportation, and the production stages prevalent in the Brazilian construction 
industry. Total CO2 emissions are determined by applying the emission factor to each input or service used, as specified 
in Costa's method. The emission factors employed in this study are defined in [15]. 
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The design service life, which is intended to be maximized, is determined a priori by the time required for depassivation 
of the reinforcement. This criterion was chosen due to its relatively low computational cost, considering the large number 
of evaluations of this function during the optimization process. Additionally, more elaborate methods for estimating design 
service life are unlikely to significantly alter the relative service life outcomes among the solutions being compared during 
the optimization process. This, in turn, would not materially affect the resulting set of optimal solutions. 

The methodology of Possan et al. [18] is used to estimate the carbonation depth at age 𝑡𝑡, with the design service life 
defined by the semi-probabilistic method using Monte Carlo simulation; more details about the probability distribution 
functions used can be found in [15]. The depassivation time of the reinforcement 𝑡𝑡𝑑𝑑 for each simulation is defined by 
Equation 4, obtained by equating the carbonation depth of the concrete to the cover of the structural element 𝑐𝑐. 

where: 

𝑡𝑡𝑑𝑑  = 20⋅𝑐𝑐2

�𝑘𝑘𝑐𝑐⋅�
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2  (4) 

𝑡𝑡𝑑𝑑: design service life; 𝑐𝑐: cover; 𝑓𝑓𝑐𝑐𝑐𝑐: characteristic resistance of concrete; 𝑘𝑘𝑐𝑐: factor referring to the cement type; 𝑘𝑘𝑐𝑐𝑐𝑐: 
factor related to exposure to rain; 𝑘𝑘𝑓𝑓𝑓𝑓: factor referring to the resistance of concrete; 𝑈𝑈𝑈𝑈: relative humidity in average; 
𝑘𝑘𝑈𝑈𝑈𝑈: factor related to relative humidity; 𝐶𝐶𝑂𝑂2: content of CO2 in the atmosphere; 𝑘𝑘𝐶𝐶𝑂𝑂2: factor referring to the CO2 
content; 𝑎𝑎𝑎𝑎: content of pozzolanic addition in concrete; and 𝑘𝑘𝑎𝑎𝑎𝑎: factor referring to pozzolanic additions. The necessary 
factors of Equation 4 are detailed in [18]. 

2.2. Degrees of freedom of the optimization problem 
Developing a candidate structural solution entails establishing a set of parameters that characterize the object of 

study, referred to as the DOF for the optimization problem. These DOFs include parameters related to the positioning 
of supports, dimensions and material properties of structural elements such as columns, caissons, and girders, among 
others. The list of these parameters, detailing each specific DOF and their roles in the structural configuration, can be 
found in [15]. 

The number of DOFs, 𝑛𝑛, defining a solution is influenced by the number of spans, 𝑁𝑁𝑣𝑣. This problem includes eight 
fixed DOFs that do not depend on the number of spans; examples include reinforcement covers and the characteristic 
strengths of concrete. Additionally, the problem incorporates variable number of DOF that are dependent on the number 
of spans in different ways: one DOF is influenced by 𝑁𝑁𝑣𝑣 − 1, which relates to the position of each intermediate support. 
Sixteen DOF directly correspond to the number of spans, such as the height of the slab and the dimensions of the 
girders. Seven DOF are determined by 𝑁𝑁𝑣𝑣 + 1, examples of which include the foundation depth at each support and the 
dimensions of the pier caps. Consequently, the total number of DOFs for the optimization problem is calculated using 
the Equation 5. 

𝑛𝑛 = 14 + 24𝑁𝑁𝑣𝑣 (5) 

2.3. Constraints 
In Brazil, the guidelines for this type of structure, often referred to as constraints in optimization processes, are 

delineated by NBR 7187 [19]. According to this standard, the design of bridges and viaducts must meet all ultimate 
and service limit states as outlined in NBR 6118 [20], covering all potential action combinations during their 
construction and usage. 

2.3.1. Structural Analysis 
Structural analysis is conducted in two primary stages, starting with a specific geometric configuration defined by 

the pre-set degrees of freedom. Initially, the analysis focuses on the deck’s transverse load distribution using the 
Fauchart process, considering variations in the positioning of the NBR 7188 [21] design vehicle. This is followed by 
applying these results to a three-dimensional beam model representing the entire structure and its foundations, using 
the Winkler approach [22] to model soil-structure interactions. The AMEBP3D algorithm, designed for 
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computationally efficient analysis of beam structures, uses the stiffness method to accommodate hinges, deformation 
constraints, and flexible supports under various loading conditions. Inputs for the algorithm include the analytical model 
and load cases, producing outputs such as displacement vectors, support reaction vectors, internal force vectors, and 
force and moment vectors needed to maintain zero displacement under load. This algorithm, which incorporates Barros 
and Martha’s methodology [23] for handling rigid and inextensible members through the direct stiffness method, 
optimizes the total potential energy minimization problem with detailed aspects handled by separate pre-processing and 
processing subroutines to reduce redundancy. Further details about AMEBP3D can be found in Trentini [24]. 

2.3.2. Structural component design 
The bridge deck slabs are classified into end slabs (pined-fixed) and center slabs (fixed-fixed) based on their 

supports. These moments are calculated using Rüsch tables 14 and 27 for end and center slabs, respectively. 
Coefficients 𝛼𝛼0 and 𝛼𝛼 are then used to adjust these moments for continuity, following the method proposed by [25]. 

The shear forces in the slabs are evaluated using the concept of effective width for point loads. In addition to the 
ultimate combination forces, the forces from the frequent combination are also determined to verify the fatigue limit 
state for the slabs. The longitudinal reinforcement of the slabs is designed based on the simplified rectangular stress 
block model of NBR 6118 [20], ensuring the limit 𝑥𝑥𝐿𝐿𝐿𝐿/𝑑𝑑 is checked. Once the flexural reinforcement is designed, the 
stress variation under the frequent combination is calculated and, if necessary, iteratively adjusted to comply with the 
fatigue limit state as specified in section 23.5.5 of NBR 6118 [20]. 

Regarding the shear force ultimate limit design, the process begins with checking the concrete strut compressive 
strength limit. If additional reinforcement is necessary, a rebar truss ribbed slab is selected and its spacing is then 
evaluated such that the resistant shear force equals the shear force demand, 𝑉𝑉𝑅𝑅𝑅𝑅3 = 𝑉𝑉𝑆𝑆𝑆𝑆. 

The deformation service limit verification of the girders is assessed according to the approach proposed by El Debs [26]. 
Assuming that the girder meets the cracking limit state, the cross-sectional properties are calculated considering the uncracked 
section. Time-dependent effects are accounted for using multipliers on the elastic deflection as in PCI [27]. 

The stability of girders is assessed through a two-stage process prior to their permanent placement on the deck. 
Initially, girders are examined under only their self-weight without rotational restraints. Subsequently, their stability is 
checked with additional loads and rotational restraints from transverse members during slab casting. According to NBR 
7187 [19], lateral stability of precast beams must also be verified, particularly in transient conditions, utilizing a non-
linear analytical approach as described by [28] to ensure stability on elastic supports. 

Precast elements, such as girders and slabs, are often bonded on-site to form a monolithic connection, defined as composite 
members under NBR 9062 [29]. Unlike previous studies that modeled the girder-slab assembly as a single-stage cast, this 
research considers a two-stage casting process to address strain discontinuities at the interface, aligning with [30]. 

Pier caps, designed to withstand bending and torsion, have their design forces calculated based on the force 
envelope. Their design follows the principles for bending and torsion as specified in NBR 6118 [20], section 17.5.1.3. 

Columns are analyzed under axial and bending loads, considering second-order effects. According to NBR 7187 [19], 
cantilever columns are treated as isolated elements using methods from NBR 6118 [20] section 15.8.3. 

This methodology utilizes columns and caisson shafts with circular cross-sections of varying diameters, 
necessitating a foundation block for transition. This transition creates tensile stresses counteracted by horizontal stirrup 
reinforcement, calculated based on [31]. The caisson shafts are designed for flexural compression using the same 
methods applied to the columns. 

It is common practice to assume no lateral resistance along the caisson shaft, with the entire column load transferred 
to the ground through the caisson base [32]. The base's allowable resistance is determined by multiplying the allowable 
soil stress by the area of the caisson's bell bottom. The allowable stress can be calculated using an empirical expression 
correlating soil penetration resistance with soil stress [33]. 

3. METHODOLOGY 
Particle Swarm Optimization (PSO) is a heuristic technique inspired by the behavior of birds flocking together in search 

of food. Kennedy and Eberhart [34] highlighted its effectiveness in various optimization problems. Coello et al. [35] adapted 
this method for multi-objective problems, resulting in the MOPSO algorithm. 

The MOPSO algorithm works by evaluating a swarm of potential solutions in each iteration, where each solution is 
represented by a particle. The position of each particle corresponds to a set of parameters, or DOF, defining that 
solution. The algorithm tracks two key positions: the personal best, which is the best result a particle has achieved, and 
the global best, which is the top result among all particles. Particle movement is influenced by a velocity vector, which 
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is updated in each iteration. This velocity is controlled by the inertia factor 𝑊𝑊 and learning factors that dictate how 
much a particle is drawn towards either its personal best 𝐶𝐶1 or the global best 𝐶𝐶2. 

In the MOPSO algorithm, let 𝒙𝒙𝑖𝑖(𝑡𝑡) represent the position vector of particle 𝑝𝑝𝑖𝑖 at iteration 𝑡𝑡. The position of 𝑝𝑝𝑖𝑖 is 
updated by adding the velocity 𝒗𝒗𝑖𝑖(𝑡𝑡) to the current position, i.e. 

𝒙𝒙𝑖𝑖(𝑡𝑡) = 𝒙𝒙𝑖𝑖(𝑡𝑡 − 1) + 𝒗𝒗𝑖𝑖(𝑡𝑡) (6) 

The velocity vector, which conveys the socially transmitted information among particles in the swarm, is defined by 

𝒗𝒗𝑖𝑖(𝑡𝑡) = 𝑊𝑊 ⋅ 𝒗𝒗𝑖𝑖(𝑡𝑡 − 1) + 𝐶𝐶1 ⋅ 𝑟𝑟1 ⋅ �𝒙𝒙𝑚𝑚𝑚𝑚𝑖𝑖 − 𝒙𝒙𝑖𝑖(𝑡𝑡 − 1)� + 𝐶𝐶2 ⋅ 𝑟𝑟2 ⋅ �𝒙𝒙𝑚𝑚𝑚𝑚 − 𝒙𝒙𝑖𝑖(𝑡𝑡 − 1)� (7) 

where: 
𝒙𝒙𝑚𝑚𝑚𝑚: global best position of the swarm; 
𝒙𝒙𝑚𝑚𝑚𝑚𝑖𝑖: personal best position of particle 𝑖𝑖; 
𝑟𝑟1, 𝑟𝑟2: random values between 0 and 1. 

The algorithm starts by creating a swarm of particles, each assigned a random position, ensuring that all initial 
positions are feasible solutions. Each particle's performance is then evaluated based on the objective functions, and its 
initial personal best is set to its starting position. MOPSO maintains an archive of non-dominated solutions, populated 
with the best solutions from the first swarm. Figure 1 presents the pseudocode for MOPSO. 

During each iteration, the best global position from the particles in the archive is identified, starting the update 
process. This involves recalculating the velocity vector based on Eq. (7), adjusting the position using Eq. (6), and 
applying the polynomial mutation operator. The parameter 𝜂𝜂𝑚𝑚 regulates the mutation operator's range. If the new 
position meets all constraints, its performance is evaluated, and the personal best 𝑥𝑥𝑚𝑚𝑝𝑝𝑖𝑖 is updated. Otherwise, if the 
position violates constraints or is infeasible, the personal best remains unchanged. 

Figure 1. pseudocode for MOPSO 

The personal best position is updated when the new position dominates the previous one, or if their performances 
are incomparable, meaning neither dominates the other. In such cases, there is a 50% probability that the personal best 
will change to the new position. Once all particle movements are completed and their performances have been 
evaluated, the archive of non-dominated solutions is updated. This cycle continues for a set number of iterations. 

When selecting the best particle from the archive, it is important to consider a density measure that reflects the 
distance of particles within the archive, given that all archived particles are non-dominated. In MOPSO, this density 
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measure is the crowding distance. The crowding distance 𝛼𝛼𝑖𝑖 of solution 𝑖𝑖 represents the estimated size of the largest 
cuboid encompassing 𝑖𝑖 without including any other solutions. Further details on the evaluation of crowding distance 
can be found in the original article proposing it [36]. During the selection of the global best particle from the archive, 
particles with the highest crowding distance values are chosen to ensure that the swarm moves towards sparser regions 
of the search space. 

MOPSO relies on a set of tunable parameters to optimize performance. Key parameters such as population size, 
mutation polynomial index 𝜂𝜂𝑚𝑚, particle inertia 𝑊𝑊, and the learning factors (𝐶𝐶1 and 𝐶𝐶2) must be adjusted to ensure proper 
convergence. The Taguchi method, a fast experimental optimization technique, is used to fine-tune these parameters, 
aiming to identify robust solutions even in the presence of noise from stochastic processes. 

The parameters of MOPSO will follow those calibrated by Trentini et al. [15], as they are specifically fine-tuned 
for this type of problem and offer superior performance in hypervolume and pure diversity. The calibration performed 
by Trentini et al. [15] utilized the Taguchi method to optimize the parameters. The calibrated parameters are presented 
in Table 2 and will be used in the case studies. 

Table 2. Calibrated Parameters for MOPSO 

MOPSO Parameters 
𝑾𝑾 𝑪𝑪𝟏𝟏 𝑪𝑪𝟐𝟐 𝜼𝜼𝒎𝒎 Swarm size 

0.40 0.75 1.00 20 130 

4. RESULTS AND DISCUSSION
In this section, two case studies are detailed, applying the previously proposed and calibrated optimization

methodology to two actual viaduct designs that have been constructed. The case studies focus on viaducts located on the 
BR-376 highway in Paraná, Brazil. The first is situated in the City of Atalaia, and the second in the City of Mandaguaçu. 

4.1. Case study of the viaduct in Atalaia 
The Atalaia case study involves a viaduct that spans 31 meters, divided into two spans, and measures 14 meters in 

width, with a level road grade as shown in Figure 2. The 𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠 used in Figure 2 refers to the Standard Penetration Test 
N-value. Additional details necessary for defining the problem are provided in [24].

Figure 2. Optimization problem of the first case study – Atalaia 
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The details of the constructed solution were sourced from the structural design provided by the original engineer of 
the project. This design incorporates two symmetric spans, each with five girders measuring 1.53 meters in depth and 
two columns per pier cap, each 100 cm in diameter. The shafts are of the same diameter and reach a depth of 16 meters. 
Full specifications of this constructed solution are detailed in [24], Figure 3 illustrates this configuration. 

Figure 3. Original configuration of the first case study – Atalaia 

For the original design, the values of the objective functions, including construction cost, CO2 emissions, and design 
service life, were evaluated as described in section 2.1. The results for these objective functions, based on the design 
proposed by the project's author, are presented in Table 3. 

Table 3. Objective functions for the original solution of the first case study – Atalaia 

Construction cost Environmental impact Design service life 
R$ 1,126,932.29 258.06 tCO2 51.3 years 

The optimization process for this case study was executed on the cluster at the Federal University of São Carlos 
(Universidade Federal de São Carlos, UFSCar) and completed after 24 hours of analysis. The objective function values 
of the optimal solutions resulting from this process are depicted in Figure 4. 

In the visual representations, such as the objective function values and parallel coordinate plots, each solution is 
color-coded using a blend of red, green, and blue. Each color corresponds to a specific objective function: red for cost, 
green for CO2 emissions, and blue for service life. The intensity of each color increases with the improvement in 
performance for its corresponding objective: higher intensities of red indicate lower costs, greater intensities of green 
signal lower CO2 emissions, and stronger shades of blue denote longer service lives. This method visually 
communicates the performance of each solution across the various objectives. 

When analyzing the solutions, it is observed that the entire optimal set outperforms the original proposal across all 
objective functions. The optimal solutions achieve a reduction in construction costs ranging from 10.5% to 22.7%, 
decrease CO2 emissions by 8.9% to 21.2%, and extend the design service life by 24.0% to 540.7%. 

Further analysis of solutions 20, 41, 80, 88, and 122, which all share similar design service lives, reveals a clear 
relationship between cost and CO2 emissions, as illustrated in Figure 5. For instance, when comparing the objective 
functions of solution 88 with solution 41, it is possible to reduce environmental impact by 4.8% for an additional cost 
of only 1.0%. However, this relationship is not consistently proportional; for example, comparing solution 20 with 
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solution 122 results in a 4.3% cost reduction but only a 0.5% increase in CO2 emissions. These solutions have an 
average project lifespan of 251 years, but these proportions hold true for any range of design service life. 

Figure 4. Objective function values of the optimal solutions – Atalaia 

Figure 5. Cost - CO2 Emission relationship – Atalaia 

The relationship between cost and service life of the solutions can vary according to the emissions range they belong 
to. To better understand this relationship, two samples of solutions were selected. The first sample included solutions 
1, 9, 99, 124, and 130, with an average emission of 225 tCO2. The second sample included solutions 27, 53, 68, 82, and 
120, with an average emission of 210 tCO2. These data are available in Figure 6. 
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Figure 6. Cost - Design service life relationship – Atalaia 

When analyzing these data through linear regression, it was observed that each additional decade of service life corresponds 
to a cost change for the solutions. In the first sample, an increase of one decade in service life correlates with a cost increase of 
R$ 829.88. In contrast, for the second sample, the cost increase per decade is substantially higher, at R$ 4,681.65. 

Examining specific cases is useful to better understand the relationship between service life and cost. For instance, when 
comparing solution 1 with solution 99, a 150% increase in service life is associated with only a 1.5% increase in cost. In a 
different comparison, solution 120 versus solution 27 shows a 206% increase in service life, accompanied by a 12% increase 
in cost. These comparisons highlight the variable cost implications of extending service life in structural designs. 

To assess the relationship between CO2 emissions and service life, two sets of solutions were selected for analysis. The 
first set includes solutions 10, 17, 26, 30, and 73, with an average cost of R$ 0.88 million. The second set comprises 
solutions 2, 37, 64, 77, and 126, with an average cost of R$ 0.94 million. Details of these data are illustrated in Figure 7. 

Figure 7. Emissions - Design service life relationship – Atalaia 

By applying linear regression to these solutions, it was noted that the relationship between CO2 emissions and 
service life correlates with the average cost of the solutions. Specifically, for solutions costing an average of R$ 0.88 
million, there is a change of 0.896 tCO2 per decade of service life. In contrast, solutions with an average cost of R$ 
0.94 million show a change of 0.646 tCO2 per decade of service life. 

Comparing solution 64 with solution 2 reveals that a 76.1% increase in service life can be achieved with only a 
9.0% increase in CO2 emissions. Similarly, comparing solution 30 with solution 73 shows that service life can be 
increased by 70.7% with a corresponding 6.2% increase in emissions. 

Figure 8 illustrates the degrees of freedom for the optimization solutions through a parallel coordinate plot. In this 
visualization, the degrees of freedom are displayed as parallel vertical axes, intersected by lines representing individual 
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solutions. The symbols denoting the DOF correspond to those defined in section 2.2. Additionally, the color coding of 
the lines follows the same scheme used in Figure 4, aiding in consistent interpretation across figures. 

Using this representation for the DOF, along with the consistent color scheme, simplifies the process of identifying 
behavioral patterns within different regions of the solution space. The analysis of the parallel coordinates plot reveals that 
solutions with lower construction costs often achieve better fitness by opting for smaller concrete covers for columns and 
pier caps, combined with higher concrete strength. These solutions generally employ a contrasting approach for the deck, 
where a larger concrete cover is paired with lower concrete strength. Conversely, solutions with lower environmental 
impact reverse this arrangement. To optimize fitness, they incorporate larger concrete covers with lower concrete strength 
for columns and pier caps, while the deck utilizes higher concrete strength coupled with smaller concrete covers. 

Another noteworthy observation is that degrees of freedom that increase the cross-sectional dimensions tend to yield 
solutions with lower costs, whereas those involving smaller cross-sectional dimensions typically lead to solutions with 
lower CO2 emissions. The exception to this pattern is the width of the girder's upper flange, where larger values lead to 
lower CO2 emissions and smaller values correspond to lower costs. A sensitivity analysis on this variable shows that 
reducing the width of the girder's upper flange extends the span of the slab, thereby increasing its cost. However, this 
increase in slab span impacts the overall cost less significantly in solutions with thicker slabs, which explains the 
divergent behavior observed with other degrees of freedom. 

Figure 8. Parallel coordinates plot of the degrees of freedom – Atalaia 

All solutions derived from the optimization process are non-dominated, indicating that improvements in one objective 
function invariably lead to compromises in another. This characteristic affords decision-makers the flexibility to select a 
solution that aligns best with their specific criteria. The authors recommend using the global cost per year of service as the 
selection criterion, denoted by 𝐶𝐶𝑔𝑔 𝑡𝑡⁄  and evaluated with Equation 8. This metric is computed by summing the construction 
costs and the costs associated with carbon credits, then dividing the total by the design service life of the project. 
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𝐶𝐶𝑔𝑔/𝑡𝑡 = 𝐶𝐶𝑐𝑐+𝐸𝐸𝑡𝑡𝑡𝑡𝑂𝑂2⋅𝐶𝐶𝑡𝑡𝑡𝑡𝑂𝑂2
𝑡𝑡𝐷𝐷𝐷𝐷𝐷𝐷

 (8) 

where: 
𝐶𝐶𝑐𝑐: construction cost; 𝐸𝐸𝑡𝑡𝑡𝑡𝑂𝑂2: environmental impact measured in tCO2 emissions; 𝐶𝐶𝑡𝑡𝑡𝑡𝑂𝑂2: cost of carbon credits, 153.53 
R$/tCO2 in the American market, according to [37]; and 𝑡𝑡𝐷𝐷𝐷𝐷𝐷𝐷: design service life in years. 

The original project solution incurs a global cost per year of service amounting to 22,739.81 R$/year. All solutions 
within the optimal set demonstrate a reduction in this cost, showing improvements ranging from 36.5% to 87.7% 
compared to the original project proposal. Based on the criterion of selecting the solution with the lowest global cost 
per year of service, solution 4 is recommended, which offers a significantly reduced cost of 2,794.79 R$/year. 

4.2. Case study of the viaduct in Mandaguaçu 

The second case study, located in Mandaguaçu, features a 45.74 meters long viaduct divided into three spans, with 
a width of 12.4 meters and a road grade elevation as illustrated in Figure 9. The 𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠 used in Figure 9 refers to the 
Standard Penetration Test N-value. Additional details necessary for defining the problem are provided in [24]. 

Figure 9. Optimization problem of the first case study – Mandaguaçu 

The details of the constructed structure were obtained from the structural design provided by the original project's 
author. The design includes three spans measuring 17.10 m, 15.92 m, and 12.72 m, each supported by five girders with 
a height of 1.53 m. Each pier cap is supported by two columns; the first two supports have a diameter of 100 cm, while 
the last two supports are 120 cm in diameter. The shafts match the diameter of their corresponding columns and have 
a depth of 16 m, except for the fourth support, which is 14 m deep. Comprehensive details of the constructed solution 
are available in [24], and Figure 10 visually depicts this configuration. 

For the original solution, the construction cost, CO2 emissions, and design service life have been evaluated as 
outlined in section 2.1. The values for these objective functions, calculated based on the solution proposed by the 
project's author, are presented in Table 4. 

The optimization for this case study was conducted using the UFSCar cluster and completed after 48 hours of 
analysis. The objective function values of the optimal solutions derived from this process are depicted in Figure 11. 

Analysis of the solutions reveals that nearly the entire optimal set outperforms the original proposal across all 
objective functions. Exceptions include solutions 13, 38, 42, 45, and 70, which, despite offering lower cost and 
environmental impact, exhibit shorter service lives than the original solution. The optimal solutions demonstrate a 
reduction in construction cost ranging from 9.1% to 23.2%, a decrease in CO2 emissions from 12.7% to 23.5%, and an 
increase in project service life by up to 540.7%. 
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Figure 10. Original solution of the second case study – Mandaguaçu 

Table 4. Objective functions for the original solution of the second case study – Mandaguaçu 

Construction cost Environmental impact Design service life 
R$ 1,556,206.74 372.90 tCO2 51.3 years 

Figure 11. Objective function values of the optimal solutions – Mandaguaçu 

Caption: 
•  Lower cost
•  Lower CO2 emission 
•  Highest service life 
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By analyzing solutions 14, 62, 66, 102, and 116, which share similar service lives, a relationship between cost and CO2 
emissions becomes apparent, as shown in Figure 12. For instance, when comparing the objective functions of solution 62 
to solution 66, it is possible to reduce environmental impact by 5.2% with only a minimal cost increase of 0.74%. However, 
this relationship is not linear; for example, comparing solution 14 to 102, the proportion is almost reversed, resulting in a 
cost reduction of 3.6% and a CO2 emissions increase of only 1.4%. Although these solutions have an average design 
service life of 290 years, these cost-emission trade-offs remain consistent across other service life ranges. 

Figure 12. Cost - CO2 Emission relationship – Mandaguaçu 

The relationship between cost and service life of solutions can vary according to the emissions range to which they 
belong. To explore this relationship further, two groups of solutions were selected for analysis. The first group consists 
of solutions 10, 21, 103, 111, and 120, with an average emission of 326 tCO2. The second group includes solutions 78, 
82, 99, 100, and 102, with an average emission of 290 tCO2. These data are illustrated in Figure 13. 

Figure 13. Cost - Design service life relationship – Mandaguaçu 

Analysis of these data, fitted to linear equations, revealed that each decade of service life impacts the cost of 
solutions. For the first sample of solutions, every additional decade of service life correlates with a cost increase of R$ 
1,932.37. In contrast, for the second sample, the increase per decade is more substantial, amounting to R$ 2,856.33. 
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Comparing specific solutions allows for establishing the relationship between service life and cost. For instance, 
the comparison between solution 10 and solution 103 shows that a 73.6% increase in service life results from a cost 
increase of only 3.6%. Similarly, the comparison between solution 78 and solution 102 indicates that a 72.8% extension 
in service life accompanies a 4.7% increase in cost. 

To investigate the relationship between CO2 emissions and design service life, two groups of solutions were selected 
based on their costs. The first group, consisting of solutions 49, 52, 81, 111, and 119, averages a cost of R$ 1.21 million. 
The second group, including solutions 50, 82, 87, and 121, has an average cost of R$ 1.29 million. These data are 
presented in Figure 14. 

Figure 14. Emissions - Design service life relationship – Mandaguaçu 

Upon fitting these solutions to linear equations, it was noted that the relationship between CO2 emissions and service 
life correlates with the average cost of the solutions. Specifically, solutions with an average cost of R$1.21 million are 
associated with a change of 2.258 tCO2 per decade of service life, whereas those costing R$1.29 million experience a 
smaller change, amounting to 0.394 tCO2 per decade. 

To highlight the differences in trade-offs between objective functions, a comparison between solution 119 and 
solution 52 shows an 81.9% increase in service life, accompanied by a 15.3% rise in CO2 emissions. In contrast, 
comparing solution 50 with solution 87 demonstrates a service life increase of 65.4%, but with a smaller increase in 
emissions of only 2.7%. These comparisons illustrate the variability in the relationship between service life extension 
and CO2 emissions across different regions of the solution space. 

The parallel coordinates plot, shown in Figure 15, depicts the degrees of freedom for the optimization solutions. 
This visualization, along with the utilized color scheme, aids in identifying behavioral patterns across various regions 
of the solution space. 

Analysis of the parallel coordinates plot reveals that the pattern observed in the Atalaia case study, which leads to 
the highest service life values, is also evident in the Mandaguaçu case study. Additionally, it is consistently observed 
that degrees of freedom increasing the cross-sectional areas tend to yield solutions with lower costs, whereas smaller 
cross-sectional dimensions are associated with lower CO2 emissions. The exception concerning the width of the top 
flange of the girder, as noted in the earlier result, persists in these results as well. 

The original design solution incurs a global cost per year of service amounting to 31,451.42 R$/year. All solutions 
in the optimal set, except for those with a shorter service life than the original design, demonstrate a reduction in this 
cost, with improvements ranging from 29.8% to 87.7% compared to the original design. Based on the criterion of 
selecting the solution with the lowest global cost per year of service, solution 46 is recommended, as it presents a 
significantly reduced cost of 3,877.38 R$/year. 
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Figure 15. Parallel coordinates plot of the degrees of freedom – Mandaguaçu 

5. CONCLUSIONS
This paper presents the MOPSO method, with parameters calibrated by [15], to optimize viaducts, assessing two

real case studies. Both case studies yielded similar results, demonstrating that the optimized solutions significantly 
outperformed the original designs across all evaluated objective functions. 

For the Atalaia viaduct, the optimization process resulted in: 
• reduction of construction costs by 10.5% to 22.7%;
• decrease in CO2 emissions by 8.9% to 21.2%;
• extension of the design service life by 24.0% to 540.7%.

Similarly, the Mandaguaçu viaduct showed:
• cost reductions ranging from 9.1% to 23.2%;
• decrease in CO2 emissions from 12.7% to 23.5%;
• increase in design service life by up to 540.7%.
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The relationship between cost and CO2 emissions in both Atalaia and Mandaguaçu case studies is non-linear, 
showing that this relationship is relatively the same regardless of the service life. In Atalaia, reducing environmental 
impact by 4.8% required only a 1.0% increase in cost, whereas in Mandaguaçu, a 5.2% emissions reduction was 
achieved with a minimal 0.74% cost increase. These findings illustrate that cuts in emissions can be achieved with 
modest increases in costs, aligning with the findings of [11]. 

The design service life represented the objective function with the greatest performance gain compared to the original 
project design. These gains are due to the initially low service life of the original design and, although substantial, should 
be considered purely theoretical. This is because the top-performing solutions indicate a durability that exceeds 300 years, 
an estimate that surpasses the practical usage expectations of most structures. Similar to reference [11], we did not limit 
the value of service life in our analyses, allowing for a broader comparison of potential improvements. Moreover, the 
relationships between cost and service life, as well as CO2 emissions and service life, appear to be linear. Importantly, the 
addition of cost per year of service proves to be justified, because, in both cases, the solutions that offered the best global 
cost per year of service were those that exhibited the longest service life. By implementing an upper limit for the design 
service life, the performance of the optimal solutions in terms of global cost per year of service would be reduced. 
However, even with this limitation, these values would still be higher than those of the original design. 

Analysis of the degrees of freedom in relation to the objective functions in the Atalaia and Mandaguaçu case studies 
revealed clear patterns. For instance, solutions that minimized construction costs tended to opt for smaller concrete 
covers combined with higher concrete strength for columns and pier caps, while the deck construction utilized larger 
concrete covers paired with lower concrete strength. Conversely, solutions aiming to lower environmental impact 
adopted the opposite approach, highlighting the strategic manipulation of concrete cover and strength to achieve 
specific cost or environmental objectives. Additionally, it was observed that increasing the cross-sectional dimensions 
generally led to cost reductions, while smaller dimensions favored lower CO2 emissions. 

The analysis of the global cost per year of service clearly demonstrates the advantage of optimized solutions over the 
original designs in both the Atalaia and Mandaguaçu case studies. The optimized solutions not only showed a significant 
reduction in the global cost per year of service compared to the original designs but also aligned these economic benefits 
with enhanced environmental performance. This finding supports the effectiveness of the optimization methodology in 
improving the sustainability and cost-efficiency of infrastructure projects, offering a compelling argument for its broader 
application. 
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