International Journal of
Environmental Research

and Public Health

Article

Multi-Objective Optimization Applied to the Design of
Sustainable Pedestrian Bridges

Fernando Luiz Tres Junior 1%, Victor Yepes 2(, Guilherme Fleith de Medeiros ! and Moacir Kripka *

check for
updates

Citation: Tres Junior, EL.; Yepes, V.;
Medeiros, G.F.d.; Kripka, M.
Multi-Objective Optimization
Applied to the Design of Sustainable
Pedestrian Bridges. Int. ]. Environ.
Res. Public Health 2023, 20, 3190.
https://doi.org/10.3390/
ijerph20043190

Academic Editor: Paul B. Tchounwou

Received: 9 January 2023
Revised: 2 February 2023
Accepted: 9 February 2023
Published: 11 February 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Graduate Program in Civil and Environmental Engineering (PPGEng), University of Passo Fundo, Km 292,
BR 285, Passo Fundo 99052-900, RS, Brazil

Institute of Concrete Science and Technology (ICITECH), Universitat Politecnica de Valencia,

46022 Valencia, Spain

*  Correspondence: mkripka@gmail.com

Abstract: The demand for more sustainable structures has been shown as a growing tendency, and
engineers can use optimization techniques to aid in the design and sizing stage, achieving solutions
that minimize its cost and environmental and social impacts. In pedestrian bridges, which are
subjected to human-induced vibrations, it is also important to ensure the users” comfort, besides
the security verifications. In this context, the objective of this paper is to perform a multi-objective
optimization of a steel-concrete composite pedestrian bridge, minimizing cost, carbon dioxide emis-
sions, and vertical acceleration caused by human walking. For this, the Multi-Objective Harmony
Search (MOHS) was applied to obtain non-dominated solutions and compose a Pareto Front. Two
scenarios were considered with different unit emissions obtained from a life cycle assessment in the
literature. Results show that by increasing 15% the structure cost, the vertical acceleration is reduced
from 2.5 to 1.0 m/s2. For both scenarios, the optimal ratio for the web height and total span (L) lies
between L,/20 and L./16. The web height, the concrete strength, and the slab thickness were the
design variables with more influence on the value of the vertical acceleration. The Pareto-optimal
solutions were considerably sensitive to the parameters varied in each scenario, changing concrete
consumption and dimensions of the welded steel I-beam, evidencing the importance of carrying out
a sensitivity analysis in optimization problems.

Keywords: multi-objective optimization; pedestrian bridge; sustainability; harmony search;
carbon emissions

1. Introduction

The civil construction industry plays an important role in the economic and social
development of countries, while at the same time resulting in major environmental impacts.
The sector was responsible for 34% of energy consumption and 37% of total carbon dioxide
emissions worldwide in 2021 [1]. Therefore, the search for sustainable solutions in this
sector has been growing considerably, as can be seen by the number of items that civil
construction is involved in the sustainable development goals of the United Nations [2].
Bigger constructions, such as bridges, also have bigger scales of impact, hence the special
attention these types of structures receive in the literature [3].

For bridges, the sustainable performance of the structure is directly related to the
initial stages of the design, starting from the choice of which material will be used [4].
In the research of Milani, Yepes, and Kripka [5], steel-concrete composite bridges are
identified as the most suitable solution in terms of costs, lifespan, environmental impact,
architecture, and security sensation. The sizing phase also represents a major influence
on the sustainability of the structure. However, this process is traditionally performed by
a trial-and-error method, highly influenced by engineers’ previous experiences and with
no guarantee that the solution adopted is the best possible. In this situation, optimization
techniques can be useful tools for aiding in the decision-making process. Several studies
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were developed on this theme. Pedro et al. [6] minimized the cost of bridges in steel-
concrete composite beams. Kaveh and Zarandi [7] used three optimization techniques to
reduce the costs in the design of steel-concrete composite bridges. Orcesi, Cremona, and
Ta [8] performed a multiobjective optimization, considering the live cycle of the bridge.
Montoya, Herndndez, and Kareem [9] applied an aero-structural optimization to obtain
the optimal shape and size of a bridge deck. Yepes et al. [10] developed a program for the
optimization of steel-concrete composite pedestrian bridges.

In the case of pedestrian bridges, besides considering the cost and environmental
impacts, pedestrian comfort can be one of the objectives of the optimization problem. With
the growth in the slenderness of this type of structure, they became more susceptible
to human-induced vibrations [11-13]. The accelerations generated by the vibrations can
be uncomfortable for pedestrians and may cause structural damage in extreme cases.
Including criteria for limiting and controlling the accelerations originated by the dynamic
load can improve the comfort for those who use the structure.

Among the optimization techniques applied to structural engineering, the Harmony
Search is a metaheuristic inspired by jazz musical improvisation, and its algorithm is based
on memorization and improvisation. Although the original method was designed for
mono-objective optimization, some publications successfully implement a multiobjective
harmony search (MOHS). As examples, the research of Kougias and Theodossiou [14],
Jeddi and Vahidinasab [15], Geem [16], and Alkhadashi [17] can be cited. The MOHS was
also applied in the optimization of a post-tensioned concrete bridge in the publication
of Garcia-Segura and Yepes [18]. In multiobjective optimization, instead of obtaining a
single optimal solution, the result is a set of non-dominated solutions, i.e., solutions whose
objective values cannot be improved without trading off the worsening of another objective.
This set forms the Pareto front, which can be used as an aid in decision-making.

Researchers have applied optimization techniques in the design of pedestrian bridges
with distinct objectives. Ferenc and Mikulski [19] performed a parametric optimization of a
glass fiber-reinforced polymer aiming to minimize its self-weight. Ferreira and Simoes [20]
minimized the cost of a cable-stayed pedestrian bridge with control devices. Penadés-
Pla, Garcia-Segura, and Yepes [21] used a metamodel-aided optimization to minimize the
embodied energy of a concrete box-girder pedestrian bridge. In another research, Ferreira
and Simoes [22] optimized a cable-stayed steel pedestrian bridge with viscous dampers with
the objective of reducing costs while satisfying dynamic verifications. The sustainability of
a concrete box-girder pedestrian bridge is optimized in the publication of Garcia-Segura
et al. [23], minimizing the cost and CO, emissions. The optimization considering tuned
mass dampers in pedestrian bridges is a topic of interest in different publications [24-26].
Although several studies have been developed regarding the optimization of costs and
environmental impacts or the dynamic response of the pedestrian bridge, there is a lack of
publications that consider the three objectives simultaneously. This justifies the research
on the assessment of the interaction between the sustainability of the pedestrian bridge
and its vertical acceleration generated by human-induced vibrations in a multiobjective
optimization problem. Furthermore, the topic of optimization of steel-concrete composite
pedestrian bridges is barely explored, as also pointed out by Yepes et al. [10].

In this research, in addition to focusing on the sustainable design of pedestrian bridges,
pedestrian comfort is jointly evaluated in terms of vertical accelerations caused by human-
induced vibrations. The objective of this paper is to provide subsidies for decision-making
in the sustainable design of a pedestrian bridge with a steel-concrete composite structure,
aiming to minimize the vertical accelerations, as well as the cost and the emission of carbon
dioxide. For that, a Python program is developed, implementing an algorithm of the
multiobjective harmony search and verification routines regarding the structure’s ultimate
and serviceability limit states. Two scenarios for the CO, unit emission of the concrete
slab are studied, with different values obtained from a life cycle assessment presented
by Santoro and Kripka [27]. This sensitivity analysis aims to verify the influence of this
parameter in the Pareto-optimal solutions.
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2. Materials and Methods
2.1. Multiobjective Harmony Search

Among the various optimization methods applied to structural engineering, the
Harmony Search (HS) is an algorithm that has been showing competitive results. Proposed
originally in 2001 by Geem, Kim and Loganathan [28], the HS was conceived inspired by
jazz musical improvisation, where musicians search for the perfect harmony between the
notes of each instrument. In this analogy, each instrument represents a variable of the
optimization problem, and its notes are the assigned values that combine into a harmony,
i.e., a solution. These harmonies are evaluated by an aesthetic estimation based on an
objective function. Throughout the improvisations or iterations, the worst harmonies
are discarded and replaced by the best ones, seeking to reach the global optimum of
the problem.

Although the HS was designed to solve mono-objective optimization problems [29-31],
there are publications proposing and implementing algorithms for a Multiobjective Har-
mony Search (MOHS), with a growing interest in scientific research [32]. Two formal
proposals are presented by Ricart et al. [33], MOHS1 and MOHS2, which maintain the
main characteristics of the original method, but change the ranking of solutions in the
harmony memory. While the MOHSI1 keeps the improvisation of a single solution in each
iteration, the MOHS2 improvises a new harmony memory and then performs the ranking
of the solutions.

From MOHS?2, Sivasubramani and Swarup [34] published a similar algorithm, im-
plementing a dynamic variation in the values of the pitch adjustment rate (PAR) and the
bandwidth (bw) based on a well-known and accepted modification of the mono-objective
HS [35]. It is also proposed to consider the crowding distance in the ranking step using
the algorithm presented by Deb et al. [36]. This metric is used to increase the diversity and
avoid agglomeration of solutions, providing a Pareto front with better conformation. Given
these improvements, this is the algorithm implemented in this paper.

The algorithm of the MOHS used in this study can be described by the following
5 main steps, which are also illustrated in Figure 1.

Step 1. Initialize the objective functions, constraints, and parameters of the method:
harmony memory size (HMS), harmony memory considering rate (HMCR), maximum
and minimum pitch adjustment rate (PARpin and PARpax), maximum and minimum
bandwidth (bwpin and bwmay) and the maximum improvisation number (MI).

Step 2. Harmony memory (HM) initialization with random starting solutions gener-
ated within the discrete search space.

Step 3. Improvise a new harmony memory (HM;) with the same number of harmonies
as the HMS value. Each harmony can be generated in three different ways: random
selection, memory consideration, or pitch adjustment. If a random number rand; is equal
to or bigger than HMCR, the value of the variable is obtained by random generation;
otherwise, it is obtained by memory consideration. In this case, a new random number
rand, is compared to PAR, and if the rand, value is equal or bigger, the value of the variable
is randomly selected from harmony in the HM. If rand, is smaller than PAR, then the new
value is submitted to pitch adjustment, considering a value of the variable stored in HM
and performing a step based on the bw parameter.

Step 4. Harmony memory update, starting with the union of HM and HM, in a matrix
Hy, with 2*HMS harmonies. The solutions are ranked by a non-dominated sorting method
proposed by Fonseca and Fleming [37]. The ranking value of each solution is equal to the
number of solutions that dominate the solution evaluated plus one, so non-dominated
solutions have a rank equal to 1. Then, the solutions are transferred to HM by rank order
until the next rank has more solutions than the left space in HM. At this stage, the crowding
distance of the solutions is evaluated using the algorithm presented by Deb et al. [36]. The
harmonies with the greatest crowding distance are moved to HM until it is filled.
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Step 5. Stopping criterion check. If the maximum number of improvisations is
achieved, the procedure is ended, and the HM is returned, containing the Pareto-optimal
solutions that compose the Pareto Front. Otherwise, repeat steps 3, 4, and 5.

Start

STEP 1 - Problem and parameters startup
Objective functions, constraints and assignment of
values to HMS, HMCR, PAR., bw and MI
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Figure 1. Multiobjective Harmony Search algorithm.

Table 1 summarizes the values adopted for each parameter of the MOHS algorithm
implemented in this paper. Note that the HMS, in the multiobjective optimization, also
means the number of solutions that will compose the Pareto-optimal set of solutions.
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Table 1. Values for multiobjective harmony search parameters.

Parameter Value

HMS 20
HMCR 0.5
PARpmin 0.1
PARmax 0.9
bwmin 0.1
bWmax 0.5

MI 500,000

2.2. Problem Formulation and Implementation

The geometry of the pedestrian bridge consists of a steel-concrete composite structure
with two welded I-beams, a concrete slab, and headed stud shear connectors to ensure
the interaction between both materials. The choice of using two steel beams is based on
previous research that points to this configuration as the lowest environmental impact
solution for bridge-type structures [4]. It is considered a steel ASTM A572 grade 50 for the
I-beams, with 350 MPa of yield tensile strength and 200 GPa of modulus of elasticity. The
dimensions of the headed welding stud adopted are a nominal diameter of 19 mm and a
height of 135 mm. The pedestrian bridge is simply supported, with a single span of 17.5 m
to be surpassed. During the construction phase, it was considered that the steel beams
were unpropped. As illustrated in Figure 2, the total width of the structure is 3 m, with
the beams spaced by 1.8 m and external cantilevers 0.6 m in length. In the same figure, d is
the total depth of the welded I-beams sections, and /; is the concrete slab thickness, both
defined by the optimization process. The longitudinal section, as well as the span of the
structure, are illustrated in Figure 3.

j
0.6 m 1.8m | 06m

Figure 2. Pedestrian bridge cross-section.

ht

O

17.5m |

Figure 3. Longitudinal section of the pedestrian bridge.
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2.2.1. Design Variables

The optimization problem variables (x;) are the characteristic strength of concrete (f.),
the concrete slab thickness, the steel beam dimensions, and the interaction degree («) of
the composite beam, as shown in Figure 4. In the illustration, &, is the web height, t,, t5,
and f are, respectively, the thickness of the web, of the superior and inferior flanges, and
b, and by; are the width of the superior and inferior flanges. In total, 9 design variables
are considered, and their values are discrete to ensure that the solutions are feasible and
represent a real design. The possible intervals for each variable are shown in the following
equations, which form the lateral constraints of the optimization problem. These discrete
intervals also limit the minimum and maximum dimensions of the structural elements, as
well as consider the manufacturing standard of Brazilian metallurgists.

x1 € [25; 30; 35; 40; 45; 50] in MPa 1)

xp € [100; 110; - --; 190; 200] in mm (2)

x3 € [150;160; -- - ; 1990; 2000] in mm 3)

X4, X6, Xg € [4.75; 6.35; 8.0; 9.5; 12.5; 16.0; 19.0; 22.4; 25.0; 28.5; 31.5; 37.5; 44.5; 50.0] in mm 4)
x5, x7 € [100; 110; - - - ; 1990; 2000] in mm, (5)

%9 € [0.4; 0.5; 0.6; 0.7; 0.8; 0.9; 1.0]. ©)

X5 = bfs /7X1=fck
= xe=he I R

X6 = ffs
Xo=0a
X3=hw X4—tW
X8 = tfi
X7 = bsi

Figure 4. Variables of the optimization problem.

2.2.2. Objective Functions and Emissions Scenarios

The proposed optimization problem aims to minimize both the cost and the CO,
emissions associated with the construction phase of the pedestrian bridge. Equation (7)
is used to evaluate the monetary cost of the structure (C), in the function of the unit costs
(¢;) and the respective quantity of material consumed (g;), the elements (ec) considered
and their unit is the volume of concrete, the mass of the slab’s reinforcement steel and
the steel beam mass, which also considers the mass of the headed studs. Unit costs were
obtained from the SINAPI report [38], made available by the Brazilian Federal Savings
Bank. These values are given in Table 2, where the monetary costs are expressed in real
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(R$), the Brazilian currency. As a reference, on 22 January 2023, the exchange rate against
the US dollar is R$ 1.00 for $ 0.19 (or $ 1.00 for R$ 5.21).

inimize C(x) = i ci-gi(x). (7)
i=1

Table 2. Unit costs and emissions of each material.

. . Emission A1 Emission B 2
Material Unit Cost (R$) (kgCOy) (kgCO)
Concrete 30 MPa m3 533.88 157.65 348.76
Concrete 45 MPa m3 591.15 194.70 381.72
Concrete 50 MPa m3 631.60 225.78 508.63
Reinforcement kg 9.68 1.05 2.10
Steel I-beam kg 14.56 191 1.91

1 Values used in scenario A optimization, where concrete and reinforcement emissions are from the LCA performed
by Santoro and Kripka [27] to a city in the south of Brazil. 2 Values used in scenario B optimization, with emissions
evaluated by Santoro and Kripka [18] using the SimaPro software, with adjustments in processes and quantities
to match the same region.

The environmental impact of the structure construction is measured in terms of CO,
emissions (E) and evaluated similarly to the cost, as can be seen in Equation (8). The
elements (ee) are the same as in the cost evaluation but consider a unit emission of CO; (¢;).
For the steel I-beam, the value of unit emission adopted was provided by Worldsteel [39].
On the other hand, the unit emissions of each concrete strength and the steel reinforcement
rebars are those published by Santoro and Kripka [27] and are summarized in Table 2.

minimize E(x) = iei-qi(x). 8)
i=1

This paper proposes two optimization scenarios, which consider different unit emis-
sion values for the concrete and its reinforcement, based on results obtained by Santoro and
Kripka [18]. In the research, the authors performed a cradle-to-gate Life Cycle Assessment
(LCA) of concretes with different strengths, reinforcements, and formworks in a city in
the south of Brazil. As a result, the authors quantify the CO; emissions, considering the
acquisition of raw materials, transport to the concrete plant, production in the concrete
batch, and the concrete transport to the building site. More details are presented in the
original publication.

The scenarios studied in this research are:

e  Scenario (A)—unit emissions obtained from the on-site survey for the study region. In
Table 2, emission A shows the values considered in this scenario.

e  Scenario (B)—unit emissions calculated using the SimaPro software, with Ecoinvent 3.5
database and ReCiPe 2016 method, with adjustments in the processes and quantities
to make the values compatible with the same region. These values are displayed as
emission B in Table 2.

Finally, the third objective function is to minimize the vertical accelerations gener-
ated by human-induced vibrations, according to Equation (9). With this objective, it is
sought to increase the comfort of the pedestrians using the structure. The formulation is
provided by the Brazilian code ABNT NBR 7187 [40], where K 959, C, K1, Ky e Kyare tabled
constant values from the same code, d is the pedestrian density (with a value adopted of
1.0 pedestrian/ m?), L is the structure length, b is the width of the pedestrian bridge, and
M,; is the modal mass, associated to mode i.

d-L-b
minimize apay(x) = K“’%%'WW /C~KJ%-K1-8K2. )
1
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2.2.3. Verifications and Constraints

The stresses, displacements, and dynamic parameters of the structural model are
analytically calculated through the implementation of the formulas in the Python program
developed in this study. The analysis considered a linear behavior of the steel I-beams and
concrete slab. As permanent loads, it was taken into account the self-weight of the structure
and shear connectors (automatically calculated for each solution), a concrete regularization
(0.3 kN/m?), and railing (1 kN/m). As variable actions, there is the constructive live load
(1 kN/m?), the pedestrian live load (5 kN/m?) [41], as well as horizontal actions, such as
wind [42] and a 100 kN punctual load in the most unfavorable situation to the structure.

The verifications of the ultimate limit state refer to the shear stress and the bending
moment acting on the composite beam [43], as well as the bending moment on the concrete
slab [44]. The steel beams are also verified for the bending moments acting before the
concrete hardening, and because the I section beams are unpropped during the structure
construction, the lateral buckling in the construction phase is verified as well [43], consider-
ing a bracing length of 2.5 m. It is also considered requirements regarding constructability
and the geometry [43,45] of the welded steel beam, such as I section slenderness and ratios
between depth, width, and web thickness. The depth of the beam must be 50% bigger than
the inferior flange width, and the thickness of the flanges must be bigger than the web
thickness. The interaction degree should meet a minimum value, calculated in function of
the span and the ratio between the superior and inferior flanges areas, and is always bigger
than 40%. The serviceability limit state is also verified, restricting displacements to 1/350 of
the span. In addition to that, the natural frequency of the structure must be outside of the
interval from 1.0 to 2.6 Hz, and the vertical accelerations generated by pedestrians should
be below 2.5 m/s? [41].

All the verifications above must be met for the solution to be considered feasible. In the
optimization problem, this is handled by constraints in the form of normalized inequations
created from the verifications. Solutions that fail any of the constraints are penalized by
an increase in the objective function (in the case of minimization), turning the solution
less efficient for the optimization algorithm. In this paper, the penalization is obtained by
the sum of the products of the constraint by a penalty factor. This value was determined
based on a series of previous tests, where the lowest penalty factor that resulted in feasible
solutions after the optimization end was adopted, with a value of 10* in this research.

3. Results and Discussion

The Pareto-optimal solutions for each scenario are presented in Figure 5, arranged
by vertical acceleration versus cost and emission. These are the solutions whose value of
an objective cannot be improved without worsening at least one of the other objectives.
In both scenarios, the costs of non-dominated solutions are very similar and stay within
the range of R$ 1400.00 ($ 268.82) and R$ 1600.00 ($ 307.23) per meter of the pedestrian
bridge, with a singular exception that costs approximately R$ 2000.00 ($ 384.03) per meter.
As expected, the cost is inversely proportional to the vertical acceleration, given the need
to increase the structural stiffness to reduce the accelerations generated by vibration, which
increases material consumption. However, a slight increase in the cost can provide a
significant improvement in the comfort for pedestrians, e.g., to reduce the acceleration
from 2.5 to 1.0 m/s?, it is necessary to invest R$ 200.00 ($ 38.40) per meter of the structure,
which corresponds to an increase of 15% in the cost. To reduce the acceleration from 2.5 to
1.5 m/s?, it is necessary an increase of only 7% in the structure cost.
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Figure 5. Pareto front for vertical acceleration versus cost and emission.

Optimization results for emission and cost are shown in Figure 6, with the Pareto-
optimal solutions from scenarios (A) and (B). As expected, the Pareto front correspondent to
scenario (A) has, in general, solutions with lower CO, emissions due to the unit emissions
being considerably lower in comparison to Scenario (B). It is also possible to notice that for
Scenario (A), solutions are distributed almost linearly, with the emissions growing as the
cost increases. On the other hand, in Scenario (B), the solutions are more dispersed, without
a clear tendency between the two objectives. However, the cost and the CO, emissions of
the pedestrian bridge are not conflicting objectives, with solutions that are at the same time
efficient in terms of costs and environmental impacts.

2100.00

2000.00

1900.00
1800.00

1700.00

1600.00 A ‘ ° Ay
1500.00

Cost (R$/m)

00
o
>
>
>
>
>

1400.00

"
1300.00 A
AAA A

1200.00

1100.00 T v T T .
200.00 250.00 300.00 350.00 400.00 450.00

Emission (kgCO ,/m)

O Scenario (A) A Scenario (B)

Figure 6. Pareto front for emissions and cost of the structure.

This behavior for Scenario (B) can be mainly explained by a difference in the Pareto-
optimal cross-section configuration. Some solutions showed a preference for bigger web
heights and smaller slab thickness and concrete strength, being the ones with the best
performance in terms of pedestrian comfort and CO, emissions. In contrast, other solutions
adopted smaller web heights, bigger slab thickness, and higher concrete strengths, reducing
the costs but trading off a poorer performance in terms of environmental impacts.
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Still, this can be evidence that the reduction in the cost of the structure is also an
effective way to achieve environmentally cleaner designs in terms of CO, emissions. A
possible explanation for this is that to minimize costs, the optimization algorithm favors
solutions that reduce material consumption, which also reduces the environmental impact
of the structure. Therefore, minimizing costs and emissions are not conflicting objectives,
as the literature also points out [10,46,47], for different types of structures and materials.

The web height (1) is a design variable that notoriously influences the cost, the envi-
ronmental impact, and the vertical acceleration generated by human-induced vibrations.
This occurs due to the influence of the variable in the structure’s resistance and stiffness. For
Scenario (A), Pareto-optimal solutions with smaller /,, have lower cost and environmental
impact but perform poorer in comfort for the pedestrians, as Figure 7 shows. For the
problem studied in this paper, the optimal values to /i, for Scenario (A) are in the range of
900 mm and 1100 mm. The figure also shows that increasing this variable is an effective
way to reduce the vertical accelerations from 2.5 m/ s2 to 1.0 m/s%. However, to reduce
accelerations further, other variables should be considered, such as the superior and inferior
flange width, slab thickness, and concrete strength. The change in the behavior occurs as
an attempt to satisfy the constraints regarding slenderness and the bending moment about
the weak axis of the I-beam.

1150 -
1100 A
o © A, 4 A
1050 P © % ° o Q °
AOO (5}
’é‘lOOO o
900 4 o
o A A M ,A A Ay
800 T T T . .
0 0.5 1 1.5 2 2.5

Vertical Acceleration (m/s?)

O Scenario (A) A Scenario (B)
Figure 7. Web depth of I-beam versus vertical acceleration of pedestrian bridge.

Again, Scenario (B) presented a quite different behavior, although the interval of
optimal values for hy, is very similar. Two groups of Pareto-optimal solutions stand out
in Figure 7. The first remains practically constant around the value of 850 mm, while the
second is grouped near the value of 1050 mm. For this scenario, variables such as slab
thickness, concrete strength, and superior and inferior flange width played a bigger role
in obtaining solutions with lower vertical accelerations. The solutions with #, close to
850 mm have, in general, a slab thickness bigger than 14 cm and a preference for concrete
strength of 50 MPa. The other configurations, with bigger /1, have the minimum slab
thickness and concrete strength. For both cases, the optimal ratio for /;, and total span (L)
lies between L, /20 and L,/16.

Regarding the constraints of the optimization problem, the ones that govern the
structure sizing are, in the vast majority, the displacement, the I-beam slenderness, and the
horizontal bending moment that acts in the weak axis of the steel beam. As displacement
is the active restriction in almost every solution, the algorithm shows a preference for
adopting the biggest h, that complies with the maximum slenderness, given that this is
an effective way to increase the beam’s stiffness. However, solutions that increase only
the slenderness ratio can have a lower resisting capacity in the weak axis of the I-beam
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profile, and because of that, the constraint related to the verification of horizontal loads is
also important in the sizing of the beam. For this restriction to be satisfied, solutions must
also increase the flanges width and thickness of the I beam cross-section.

In cost terms, the welded I-beam is the element with the vast majority contribution to
the value, as shown in Figure 8, for the lowest cost solution. On the other hand, the concrete
slab shares a considerable part of the structure’s emissions, as illustrated in Figure 9, for
the lowest emission configuration. While the slab represents less than 5% of the total cost
of the structure, 26% of the CO; released in its construction is due to the structural element.
In Scenario (B), the concrete slab contribution of emissions increases to almost 46%. For this
reason, the results show a certain preference for solutions with the minimum slab thickness,
reducing the volume of concrete consumed.

Scenario (A) Scenario (B)
4.34% 4.58%
= Concrete Slab = Steel Beam = Concrete Slab ~ # Steel Beam

Figure 8. Contribution to the cost of each structural element.

Scenario (A) Scenario (B)
= Concrete Slab = Steel Beam = Concrete Slab = Steel Beam

Figure 9. Contribution in emissions of each structural element.

Varying the unit emissions of the concrete and its reinforcement caused changes in the
optimal values for the design variables. The average value of each variable is presented in
Figure 10. In scenario (B) optimization, there is a preference for higher resistance concretes
and bigger slab thickness, while the opposite happens in scenario (A). Concerning the
I-beam, the web height and thickness are bigger in scenario (A) optimization, while the
inferior flange thickness is bigger in scenario (B). This increase in steel consumption can be
explained as an attempt to compensate for the low consumption of concrete. In both cases,
the complete interaction is the optimal degree in all solutions.
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Figure 10. Average optimal values for design variables in each scenario * Values in the y axis divided
by 10 ** Values in the y axis divided by 100 *** Values in the y axis multiplied by 10.

As can be noticed from the above, the values adopted for unit emissions can signifi-
cantly change the results, both in terms of quantifying the environmental impact and in
the optimal configuration of the solutions. This shows the importance of ensuring the
reliability of the LCA study so that its practical applications are valid and represent reality
as faithfully as possible. Regarding the impacts on the optimization results, it becomes
clear the need to carry out sensitivity analyses to better understand the behavior of the
results under possible changes in the parameters of the problem. It is also important to
emphasize that the optimal solutions are intrinsically linked to the problem modeling and
its limitations, and special care must be taken when extrapolating such results to different
situations and applications.

Finally, the program developed in this research proved to be capable of obtaining a
Pareto front of non-dominated solutions, which can aid in the decision-making process
during the design of a steel-concrete composite pedestrian bridge. In addition, the MOHS
algorithm proved to be applicable in the optimization of three distinct objectives for the
structural engineering problem studied. It is worth mentioning that both the methodology
of this work and the developed program are adaptable for different types of structures,
given that certain changes in the code are made, such as in the structural analysis and the
pertinent verifications. This allows the study of other structural problems focused on their
sustainability, and the efficiency of the optimization algorithm in different situations.

4. Conclusions

This paper presented a multiobjective optimization of a pedestrian bridge of steel-
concrete composite structure, considering the cost, the emissions of carbon dioxide, and the
comfort of the pedestrians. The set of Pareto-optimal solutions was obtained through the
implementation in Python of a multiobjective Harmony Search algorithm, which uses non-
dominated ranking and crowding distance metrics to classify the solutions. The program
developed also performs the structural analysis of the structure and verifies the ultimate
and serviceability limit states of the composite beam and concrete slab, according to the
respective Brazilian codes. Two scenarios were studied, considering different values for the
unit CO, emission of the concrete. The first (A) uses unit emissions of a cradle-to-gate LCA
from the on-site survey for the study region, while the second (B) are values obtained from
the SimaPro software. The program developed was able to successfully obtain a Pareto
front of non-dominated and feasible solutions, considering the three distinct objectives.
With the analysis of the results, several conclusions are drawn which can be of aid during
the decision-making in the design of sustainable pedestrian bridges of composite structure,
taking into account the user’s comfort.

The results show that, for both scenarios, it is possible to significantly increase the
comfort of pedestrians by a slight increase in the structure cost and emission. A structure
can have its vertical acceleration reduced from 2.5 m/s? to 1.5 m/s? by an increase of 7% in
its cost and to 1.0 m/s? by an increase of 15%. For Scenario (A), an efficient way to reduce
the vertical acceleration down to 1.0 m/s? is to increase the web height of the I-beam,
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although further minimization must also increase superior and inferior flange width, slab
thickness, and concrete strength. Scenario (B) showed a preference for changing the slab
thickness, concrete strength, and flanges width, with solutions maintaining similar web
heights while the acceleration is still reduced. For both cases, the optimal ratio for the web
height and the total span (L) is from L,/20 and L. /16. For Scenario (A), the web height
grows from 850 mm while the vertical acceleration decreases until 1.0 m/s?, and from then
on, the values stabilize at around 1050 mm. The optimal web heights for Scenario (B) are
concentrated in both extremes in an almost constant behavior along vertical acceleration,
with no values in the middle of the range.

In terms of costs, the steel I-beam is the main contributor to the total budget in both
scenarios, with a 95% share of the value. On the other hand, the contribution of the concrete
slab in the total emissions was raised from 26.42% to 45.57% in scenarios (A) to (B), given
the bigger concrete unit emissions considered in the last scenario. In the first scenario,
the costs and emissions grow together with the increase of the web height, trading off for
lower vertical accelerations. However, in scenario (B), solutions with bigger web heights,
minimum concrete strength, and slab thickness perform better in terms of CO, emissions
and vertical acceleration but with higher monetary costs. The web height is also important
for the structure sizing since it is directly related to the displacements, the active constraint
in most solutions. Nevertheless, the width of superior and inferior flanges is crucial to
satisfy restrictions regarding the slenderness ratio and moments acting in the weak axis of
the I-beam section. These results indicate that other design variables other than web height
can play an important role in the vertical acceleration and sizing of the structure, evidencing
the importance of them being considered in the decision-making process by engineers.

The behavior of the Pareto-optimal solutions suffered a considerable change for each
scenario when analyzing the CO, emissions and the cost of the pedestrian bridge. For the
first scenario, the solutions presented a clear tendency of linear growth between the cost
and emission, while in the second, the Pareto-optimal solutions were more dispersed. The
optimal values of the design variables were also affected, with scenario (B) presenting a
bigger consumption of concrete when compared to scenario (A). Therefore, two broader
conclusions can be drawn from the variations in the results of the sensitivity analysis.
First, the importance of considering different scenarios in optimization problems, as the
results can be highly sensitive to changes in certain parameters. Second, the necessity of
guaranteeing the reliability of the life cycle assessment is to make sure the results will be
representative and applicable in practical ways, especially when raising sizing parameters
for project development.

In spite of the fact that Brazilian Standards were considered in the computational
implementation of the formulation and subsequent optimization, this aspect does not influ-
ence the results or the conclusions obtained once the same considerations and hypostasis
were adopted in all the structures analyzed.

Author Contributions: Conceptualization, FEL.T.J., V.Y., GEd.M. and M.K.; Methodology, FL.T.J.,
VY., G.Ed.M. and M.K;; Software, EL.T.J; validation, EL.T.J., G.Ed.M. and M.K,; writing—original
draft preparation, EL.T.J., GEd.M. and M.K.; writing—review and editing, M.K,, V.Y. and GEd.M,;
supervision, M.K., G.Ed.M. and V.Y. All authors have read and agreed to the published version of
the manuscript.

Funding: The authors received funding through grant PID2020-117056RB-100 funded by MCIN/AEI/
10.13039/501100011033 and by “ERDF A way of making Europe”; and the Brazilian National Council
for Scientific and Technological Development (Grant CNPq306578 /2020-4).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.



Int. |. Environ. Res. Public Health 2023, 20, 3190 14 of 15

References

1. UNEP. 2022 Global Status Report for Buildings and Construction: Towards a Zero-Emission, Efficient and Resilient Buildings and
Construction Sector; UNEP: Nairobi, Kenya, 2022; ISBN 978-92-807-3984-8.

2. UN. Transforming our World: The 2030 Agenda for Sustainable Development; UN: New York, NY, USA, 2015; Available online:
https:/ /documents-dds-ny.un.org/doc/UNDOC/GEN/N15/291/89/PDF /N1529189.pdf (accessed on 9 August 2022).

3. Navarro, L].; Yepes, V.; Marti, ].V.; Gonzalez-Vidosa, F. Life cycle impact assessment of corrosion preventive designs applied to
prestressed concrete bridge decks. J. Clean. Prod. 2018, 196, 698-713. [CrossRef]

4. Milani, CJ.; Yepes, V.; Kripka, M. Proposal of Sustainability Indicators for the Design of Small-Span Bridges. Int. . Environ. Res.
Public Health 2020, 17, 4488. [CrossRef] [PubMed]

5. Kripka, M.; Yepes, V.; Milani, C.J. Selection of Sustainable Short-Span Bridge Design in Brazil. Sustainability 2019, 11, 1307.
[CrossRef]

6. Pedro, R.; Demarche, J.; Miguel, L.; Lopez, R. An efficient approach for the optimization of simply supported steel-concrete
composite I-girder bridges. Adv. Eng. Softw. 2017, 112, 31-45. [CrossRef]

7. Kaveh, A ; Zarandi, M.M.M. Optimal Design of Steel-Concrete Composite I-girder Bridges Using Three Meta-Heuristic Algorithms.
Period. Polytech. Civ. Eng. 2019, 63, 317-337. [CrossRef]

8. Orcesi, A.; Cremona, C.; Ta, B. Optimization of Design and Life-Cycle Management for Steel-Concrete Composite Bridges. Struct.
Eng. Int. 2018, 28, 185-195. [CrossRef]

9.  Montoya, M.C.; Hernandez, S.; Kareem, A. Aero-structural optimization-based tailoring of bridge deck geometry. Eng. Struct.
2022, 270, 114067. [CrossRef]

10.  Yepes, V.; Dasi-Gil, M.; Martinez-Muiioz, D.; Lopez-Desfilis, V.J.; Marti, ].V. Heuristic Techniques for the Design of Steel-Concrete
Composite Pedestrian Bridges. Appl. Sci. 2018, 9, 3253. [CrossRef]

11.  Van Nimmen, K; Verbeke, P.; Lombaert, G.; De Roeck, G.; Broeck, P.V.D. Numerical and Experimental Evaluation of the Dynamic
Performance of a Footbridge with Tuned Mass Dampers. J. Bridg. Eng. 2016, 21, 8. [CrossRef]

12.  Jiménez-Alonso, ].F,; Sdez, A. Motion-based optimum design of a slender steel footbridge and assessment of its dynamic behavior.
Int. |. Steel Struct. 2017, 17, 1459-1470. [CrossRef]

13. Kilikevicius, A.; Bac¢inskas, D.; Selech, J.; Matijosius, ].; Kilikevi¢iené, K.; Vainorius, D.; Ulbrich, D.; Romek, D. The Influence of
Different Loads on the Footbridge Dynamic Parameters. Symmetry 2020, 12, 657. [CrossRef]

14. Kougias, L.P.; Theodossiou, N.P. Multiobjective Pump Scheduling Optimization Using Harmony Search Algorithm (HSA) and
Polyphonic HSA. Water Resour. Manag. 2013, 27, 1249-1261. [CrossRef]

15. Jeddi, B.; Vahidinasab, V. A modified harmony search method for environmental/economic load dispatch of real-world power
systems. Energy Convers. Manag. 2017, 78, 661-675. [CrossRef]

16. Geem, Z.W. Multiobjective Optimization of Water Distribution Networks Using Fuzzy Theory and Harmony Search. Water 2015,
7,3613-3625. [CrossRef]

17.  Alkhadashi, A.; Mohammad, F.; Zubayr, R.O.; Klalib, H.A; Balik, P. Multi-objective design optimisation of steel framed structures
using three different methods. Int. ]. Struct. Integr. 2022, 13, 92-111. [CrossRef]

18. Garcia-Segura, T.; Yepes, V. Multiobjective optimization of post-tensioned concrete box-girder road bridges considering cost, CO2
emissions, and safety. Eng. Struct. 2016, 125, 325-336. [CrossRef]

19. Ferenc, T.; Mikulski, T. Parametric optimization of sandwich composite footbridge with U-shaped cross-section. Compos. Struct.
2020, 246, 112406. [CrossRef]

20. Ferreira, F; Simoes, L. Least Cost Design of Curved Cable-Stayed Footbridges with Control Devices. Structures 2019, 19, 68-83.
[CrossRef]

21. Penadés-Pla, V.; Garcia-Segura, T.; Yepes, V. Accelerated optimization method for low-embodied energy concrete box-girder
bridge design. Eng. Struct. 2019, 179, 556-565. [CrossRef]

22. Ferreira, F; Simoes, L. Optimum design of a cable-stayed steel footbridge with three dimensional modelling and control devices.
Eng. Struct. 2019, 180, 510-523. [CrossRef]

23. Garcia-Segura, T,; Yepes, V.; Alcals, ].; Pérez-Lopez, E. Hybrid harmony search for sustainable design of post-tensioned concrete
box-girder pedestrian bridges. Eng. Struct. 2015, 92, 112-122. [CrossRef]

24. Tubino, F; Piccardo, G. Tuned Mass Damper optimization for the mitigation of human-induced vibrations of pedestrian bridges.
Meccanica 2015, 50, 809-824. [CrossRef]

25. Jimenez-Alonso, J.E; Saez, A. Robust Optimum Design of Tuned Mass Dampers to Mitigate Pedestrian-Induced Vibrations Using
Multi-Objective Genetic Algorithms. Struct. Eng. Int. 2017, 27, 492-501. [CrossRef]

26. Wang, Z.; Zhou, L.; Chen, G. Optimal design and application of a MTMD system for a glulam footbridge under human-induced
excitation. Eur. J. Wood Wood Prod. 2022, 1-17. [CrossRef]

27. Santoro, ].E; Kripka, M. Minimizing environmental impact from optimized sizing of reinforced concrete elements. Comput. Concr.
2020, 25, 111-118. [CrossRef]

28. Geem, Z.W.; Kim, ].H.; Loganathan, G.V. A new heuristic optimization algorithm: Harmony search. Simulation 2001, 76, 60—68.
[CrossRef]

29. Medeiros, G.F,; Kripka, M. Modified harmony search and its application to cost minimization of RC columns. Adv. Comput. Des.

2017, 2, 1-13. [CrossRef]


https://documents-dds-ny.un.org/doc/UNDOC/GEN/N15/291/89/PDF/N1529189.pdf
http://doi.org/10.1016/j.jclepro.2018.06.110
http://doi.org/10.3390/ijerph17124488
http://www.ncbi.nlm.nih.gov/pubmed/32580444
http://doi.org/10.3390/su11051307
http://doi.org/10.1016/j.advengsoft.2017.06.009
http://doi.org/10.3311/PPci.12769
http://doi.org/10.1080/10168664.2018.1453763
http://doi.org/10.1016/j.engstruct.2022.114067
http://doi.org/10.3390/app9163253
http://doi.org/10.1061/(ASCE)BE.1943-5592.0000815
http://doi.org/10.1007/s13296-017-1215-8
http://doi.org/10.3390/sym12040657
http://doi.org/10.1007/s11269-012-0236-5
http://doi.org/10.1016/j.enconman.2013.11.027
http://doi.org/10.3390/w7073613
http://doi.org/10.1108/IJSI-07-2021-0080
http://doi.org/10.1016/j.engstruct.2016.07.012
http://doi.org/10.1016/j.compstruct.2020.112406
http://doi.org/10.1016/j.istruc.2018.12.004
http://doi.org/10.1016/j.engstruct.2018.11.015
http://doi.org/10.1016/j.engstruct.2018.11.038
http://doi.org/10.1016/j.engstruct.2015.03.015
http://doi.org/10.1007/s11012-014-0021-z
http://doi.org/10.2749/222137917X14881937844685
http://doi.org/10.1007/s00107-022-01885-5
http://doi.org/10.12989/cac.2020.25.2.111
http://doi.org/10.1177/003754970107600201
http://doi.org/10.12989/acd.2017.2.1.001

Int. |. Environ. Res. Public Health 2023, 20, 3190 15 of 15

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.
43.

44.
45.
46.

47.

Molina-Moreno, F.; Garcia-Segura, T.; Marti, ].V.; Yepes, V. Optimization of buttressed earth-retaining walls using hybrid harmony
search algorithms. Eng. Struct. 2017, 134, 205-216. [CrossRef]

Tormen, A.F; Pravia, Z.M.C.; Ramires, F.B.; Kripka, M. Optimization of steel-concrete composite beams considering cost and
environmental impact. Steel Compos. Struct. 2020, 34, 409-421. [CrossRef]

Molina-Pérez, D.; Portilla-Flores, E.A.; Vega-Alvarado, E.; Calva-Yafiez, M.B.; Septlveda-Cervantes, G. A novel multi-objective
harmony search algorithm with pitch adjustment by genotype. Appl. Sci. 2021, 11, 8931. [CrossRef]

Ricart, J.; Hiittemann, G.; Lima, J.; Baran, B. Multiobjective Harmony Search Algorithm Proposals. Electron. Notes Theor. Comput.
Sci. 2011, 281, 51-67. [CrossRef]

Sivasubramani, S.; Swarup, S. Multi-objective harmony search algorithm for optimal power flow problem. Int. |. Electr. Power
Energy Syst. 2011, 33, 745-752. [CrossRef]

Lee, K.S.; Geem, Z.W. A new structural optimization method based on the harmony search algorithm. Comput. Struct. 2004, 82,
781-798. [CrossRef]

Deb, K.; Pratap, A.; Agarwal, S.; Meyarivan, T. A fast and elitist multiobjective genetic algorithm: NSGA-II. IEEE Trans. Evol.
Comput. 2002, 6, 182-197. [CrossRef]

Fonseca, C.M.; Fleming, PJ. Genetic algorithms for multiobjective optimization: Formulation, discussion and generalization. In
Proceedings of the Genetic Algorithms—Fifth International Conference, San Mateo, CA, USA, 17-22 July 1993; pp. 416—423.
Brazilian Federal Savings Bank (CAIXA). Price and Costs References. National System of Survey of Civil Construction Costs
and Indexes (SINAPI). 2022. Available online: https://www.caixa.gov.br/Downloads/sinapi-a-partir-jul-2009-rs /SINAPI_ref
Insumos_Composicoes_RS_112022_Desonerado.zip (accessed on 26 December 2022).

Worldsteel Association. Sustainability Indicators: 2022 Reports. Available online: https://worldsteel.org/steel-topics/
sustainability /sustainability-indicators/ (accessed on 26 December 2022).

NBR 7187; Design of Concrete Bridges, Viaducts, and Footbridges. ABNT: Rio de Janeiro, Brazil, 2021.

NBR 7188; Road and Pedestrian Dynamic Loads on Bridges, Viaducts, Footbridges and Other Structures. ABNT: Rio de Janeiro,
Brazil, 2013.

NBR 6123; Forces due to Wind on Buildings. ABNT: Rio de Janeiro, Brazil, 1988.

NBR 8800; Design of Steel Structures and Composite Structures of Steel and Concrete for Buildings. ABNT: Rio de Janeiro,
Brazil, 2008.

NBR 6118; Design of Concrete Structures—Procedure. ABNT: Rio de Janeiro, Brazil, 2014.

NBR 5884; Electric Arc Welded Steel Structural I Profile—General Requirements. ABNT: Rio de Janeiro, Brazil, 2013.

Yepes, V.; Gonzalez-Vidosa, F.; Alcala, ].; Villalba, P. CO,-Optimization Design of Reinforced Concrete Retaining Walls Based on a
VNS-Threshold Acceptance Strategy. . Comput. Civ. Eng. 2012, 26, 378-386. [CrossRef]

de Medeiros, G.F,; Kripka, M. Optimization of reinforced concrete columns according to different environmental impact
assessment parameters. Eng. Struct. 2014, 59, 185-194. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.engstruct.2016.12.042
http://doi.org/10.12989/scs.2020.34.3.409
http://doi.org/10.3390/app11198931
http://doi.org/10.1016/j.entcs.2011.11.025
http://doi.org/10.1016/j.ijepes.2010.12.031
http://doi.org/10.1016/j.compstruc.2004.01.002
http://doi.org/10.1109/4235.996017
https://www.caixa.gov.br/Downloads/sinapi-a-partir-jul-2009-rs/SINAPI_ref_Insumos_Composicoes_RS_112022_Desonerado.zip
https://www.caixa.gov.br/Downloads/sinapi-a-partir-jul-2009-rs/SINAPI_ref_Insumos_Composicoes_RS_112022_Desonerado.zip
https://worldsteel.org/steel-topics/sustainability/sustainability-indicators/
https://worldsteel.org/steel-topics/sustainability/sustainability-indicators/
http://doi.org/10.1061/(ASCE)CP.1943-5487.0000140
http://doi.org/10.1016/j.engstruct.2013.10.045

	Introduction 
	Materials and Methods 
	Multiobjective Harmony Search 
	Problem Formulation and Implementation 
	Design Variables 
	Objective Functions and Emissions Scenarios 
	Verifications and Constraints 


	Results and Discussion 
	Conclusions 
	References

