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Abstract. Multi-objective optimization and surrogate modelling have become essential tools in the pursuit of sustainable and efficient structural design. This study investigates the optimization of pedestrian bridges steel girders, focusing on two key objectives: cost and natural frequency. The natural frequency is a critical parameter for the dynamic performance of the structure, directly influencing pedestrian comfort through its role in calculating structural accelerations. To address the high computational cost associated with structural analysis, the Kriging surrogate model is employed, offering accurate predictions while significantly reducing runtime. The optimization framework integrates the Kriging model with the Multi-Objective Harmony Search (MOHS) algorithm and high-fidelity finite element method (FEM) simulations in a Python-based environment. Results demonstrate the effectiveness of the surrogate model, achieving a predictive relevance of 97% with minimal error, while enabling a 98.79% reduction in optimization runtime compared to direct FEM simulations. The multi-objective optimization produced a Pareto front of non-dominated solutions, revealing valuable trade-offs between cost and natural frequency. For example, the lowest-cost solution achieved a natural frequency of 13.38 Hz, while a 3.87% increase in cost resulted in a frequency of 19 Hz, substantially improving dynamic performance and pedestrian comfort. These results underscore the potential of employing surrogate models to enable fast and efficient multi-objective optimization of structural systems. The optimization framework was also validated by comparing its results to existing literature, where the developed method provided competitive solutions. The lowest-cost solution identified is competitive with the reference benchmark, despite differences in constraints and assumptions. These findings highlight the effectiveness of combining surrogate models and multi-objective optimization for complex structural problems, demonstrating their potential to drive the adoption of sustainable and efficient design practices. 
Keywords: Kriging, metamodel-assisted structural design optimization (MASDO), multi-objective Harmony Search (MOHS), structural optimization, dynamic analysis.
Introduction
The sustainability potential of structures can be enhanced through structural optimization techniques, which systematically and rationally search for the best-performing solutions among possible design configurations [1]. By promoting the efficient use of natural resources, structural optimization has shown promising results in advancing sustainable development, especially when applied on a large scale [2]. However, a significant portion of studies on structural optimization focus on benchmark problems with limited practical relevance [3]. One of the main challenges in applying metaheuristic optimization methods is their high computational cost, as they require evaluating a large number of design solutions before converging to an optimal result [4]. This issue becomes even more pronounced in modern structural engineering, where analyses are increasingly complex and precise [5]. When using high-fidelity simulations, such as finite element method (FEM) analyses, evaluating thousands of candidate solutions can make optimization impractical.
To address this challenge, the use of metamodels as surrogate models for high-fidelity simulations has gained attention as a strategy to accelerate optimization [6]. Metamodels are artificial intelligence techniques that approximate expensive simulations by constructing response surfaces based on a reduced set of high-fidelity data points. Among the various metamodeling approaches, Kriging, also known as Gaussian Process Regression, is the most widely studied and applied in structural engineering optimization [4]. In this context, this paper presents a multi-objective optimization of a steel girder, considering cost and natural frequency, using the Kriging metamodel. The study evaluates the metamodel’s predictive accuracy, residual errors, and its effectiveness in reducing computational time. Furthermore, the optimized results are compared with those from the literature, demonstrating the potential of metamodel-assisted optimization to contribute to more sustainable structural design.
Metamodel-assisted structural design optimization (MASDO)
A major challenge in structural optimization is the high computational cost, as objective function evaluations often rely on time-consuming finite element method (FEM) simulations. While these analyses are essential for accurate structural assessment, their complexity can make optimization impractical, especially when thousands of evaluations are required to achieve an optimal design [4]. To address this issue, metamodels—also known as surrogate models—have emerged as a powerful artificial intelligence (AI) technique. These models create an approximate response surface by learning from a limited set of high-fidelity simulations, allowing rapid predictions of structural behavior without the need for repeated full-scale analyses [7]. 
Metamodels offer an effective solution to mitigate this computational burden, serving as surrogate models that approximate high-fidelity simulations with significantly lower costs. Their application in metamodel-assisted structural design optimization (MASDO) has grown in recent decades [6], [8], enabling faster and more efficient structural design processes. Despite their potential, metamodel-assisted optimization remains underutilized in real-world structural projects. About 70% of studies in this field focus on benchmark problems, such as simple trusses, while a minority of publications address structures resembling actual engineering projects [4], highlighting the need for further research in this area. Recently, efforts have been made to apply MASDO in structures like bridges, as demonstrated in publications by Yepes-Bellver et al. [9], Penadés-Plà, Yepes, and García-Segura [10], and Ni et al. [11]. 
The Kriging metamodel, also known as Gaussian Process Regression, is a widely recognized and extensively used approximation technique. In a comprehensive review of the literature on metamodels applied to structural optimization, Negrin, Kripka, and Yepes [4] identified Kriging as the most studied and implemented method, appearing in 45% of publications. Due to its popularity and strong performance in metamodel-assisted structural optimization, this study adopts the Kriging metamodel.
Case study
The optimization problem addressed in this study was previously investigated by Tormen [12] and was selected to enable a comparative analysis of results and to assess the performance of both the optimization algorithm and the Kriging metamodel. The problem involves the optimization of secondary steel girders forming the floor structure of a commercial building storage area. The structure consists of welded I-section girders with solid webs, spaced 2.5 meters apart, spanning a single span of 17.5 meters with simple supports.
The steel used for the girders is ASTM A-572 Grade 50, with a yield strength of 350 MPa, an elastic modulus of 200 GPa, and a unit weight of γaço = 78,5 kN/m³. The structural design considers the self-weight of the steel girders, which varies for each profile configuration generated during the optimization process, as well as the self-weight of a 12 cm thick reinforced concrete slab with a 2.5-meter tributary width and a unit weight of γconc = 25 kN/m³. Additionally, a live load of 1.5 kN/m² is considered to account for occupancy loads.
Optimization Problem
The steel girders are mathematically represented by six discrete design variables, corresponding to the dimensions of their cross-sections, as depicted in Fig. 1. The range of values for each variable was defined to align with standard manufacturing practices while allowing for a broad diversity of feasible solutions. The web height can take integer values between 150 mm and 2000 mm, while the thicknesses of the web and flanges follow typical steel plate manufacturing dimensions, ranging from 4.75 mm to 50 mm. The flange widths are also constrained to integer values between 100 mm and 2000 mm.
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Figure 1. Design variables of the optimization problem.
The first objective of the optimization is to minimize the monetary cost of the structure (CT) which is determined by the sum of the unit costs (ci) of each material multiplied by the respective material consumption (qi(x)), as expressed in eq. (1). Following the approach of Tormen [14], the total cost includes both the cost of the steel girders and that of the 12 cm thick concrete slab. To ensure comparability with reference’s results, the same unit costs were adopted, despite being outdated. Specifically, the unit cost of concrete (CC) is set at 365.00 R$/m³, while the unit cost of steel (CS) is 6.80 R$/kg.
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The second objective is to maximize the natural frequency of the girder (ωn), which is estimated using the Kriging metamodel for each girder cross-section configuration. The metamodel itself is constructed based on high-fidelity simulations obtained through modal analyses using the Finite Element Method (FEM), performed with the academic version of ANSYS Mechanical APDL. In this study, the natural frequency is defined as the frequency of the first bending mode bending mode around the x-axis of the girder, as illustrated in Fig. 2. Although the optimization aims to maximize ωn, for implementation simplicity, the objective function was reformulated to minimize its inverse as shown in eq. (2). The transformed expression produces equivalent results while ensuring that both objective functions follow a minimization approach.
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Figure 2. First bending mode of vibration.
The solutions obtained through the optimization method are considered feasible only if they meet the relevant structural design criteria, which are implemented as inequality constraints in the optimization problem. These checks ensure the structural performance concerning ultimate limit states (ULS) and serviceability limit states (SLS), as well as constructability, in accordance with current Brazilian standards. Additional information about the restrictions can be found in the publication by Tormen [12]. If a solution is infeasible, it is penalized proportionally to the extent of the constraint violation.
Multi-Objective Harmony Search (MOHS)
To solve the optimization problem, the developed program implements the Multi-Objective Harmony Search (MOHS) method proposed by Sivasubramani and Swarup [13]. The algorithm draws an analogy to jazz improvisation, relying on memorization and the generation of new solutions. MOHS is governed by various internal parameters, whose values adopted in this study are presented in the Tab. 1. It is important to highlight that, in MOHS, the size of the harmony memory also determines the number of solutions that will be used to construct the Pareto frontier.
Table 1. MOHS internal parameters
	Parameter
	Value

	Harmony Memory Size (HMS)
	20

	Harmony Memory Consideration Rate (HMCR)
	0.5

	Minimum Pitch Adjustment Rate (PARmin)
	0.1

	Maximum Pitch Adjustment Rate (PARmax)
	0.9

	Minimum Bandwidth (bwmin)
	0.1

	Maximum Bandwidth (bwmax)
	0.5

	Maximum Improvisations (MI)
	500,000


Kriging metamodel implementation
Because it consists of several parameters, the metamodel must be appropriately configured to create a mathematical approximation, or response surface, capable of making accurate predictions. The Kriging metamodel has two main parameters: the trend basis, which defines the mathematical model used to calculate the average of the high-precision data used to create the mathematical approximation, and the covariance model, which defines the mathematical function used to calculate the covariance between the samples, which governs the metamodel's behaviour. In this study, the metamodel is constructed using Universal Kriging with a quadratic polynomial trend basis and a Matérn covariance model. The sample used to build the surrogate model is composed of 1,000 high-fidelity simulations using FEM, generated by Latin Hypercube Sampling (LHS) within the solution space.
Results and discussions
Following the implementation of the optimization framework integrating the Multi-Objective Harmony Search (MOHS) algorithm with the Kriging surrogate model, the steel girder optimization was conducted. The multi-objective optimization results, considering cost and natural frequency, are represented by the Pareto front shown in Fig. 3. In addition to the non-dominated solutions (rank 0), solutions with rank 1 and 2 are also illustrated for reference. The Pareto front comprises 128 non-dominated solutions, demonstrating the ability of the MOHS algorithm to generate a diverse and well-distributed set of optimal solutions, thereby validating its effectiveness.
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Figure 3. Pareto front obtained by the metamodel-assisted optimization of the steel girder.
As expected, the cost of solutions increases exponentially with higher natural frequencies due to the additional material consumption required to enhance the girder’s stiffness. However, the results indicate that a substantial improvement in natural frequency can be achieved with only a marginal increase in cost. The lowest-cost solution, priced at R$1001.71 per meter, has a natural frequency of 13.38 Hz. In comparison, a solution with a natural frequency of 19 Hz incurs only a 3.87% cost increase, while a solution with a natural frequency of 26 Hz costs just 28% more than the least expensive option. These findings highlight that significant enhancements in dynamic performance can be obtained at a relatively low additional cost, particularly for solutions within the lower frequency range.
The cross section of the three selected Pareto-optimal solutions is illustrated in Fig. 4, along with their corresponding objective function values. A notable observation is the unconventional configuration of the lowest-cost solution (a), which features a significantly narrower bottom flange compared to the top flange but compensates with a considerably thicker bottom flange plate. This results in a larger bottom flange area than the top flange. Since the study by Tormen [12] does not provide detailed dimensions of the solutions, a direct comparison with the optimal configuration identified in her work is not possible. Despite its unconventional design, solution (a) meets all design constraints and achieves a lower cost than more conventional configurations, such as solution (b) in Fig. 4. A comparative analysis reveals that the optimization algorithm attained the lower-cost solution (a) by trading-off stiffness relative to solution (b), which has a taller web, a wider bottom flange, and a considerably thinner bottom flange thickness. Due to its structural configuration, solution (b) achieves a 43% higher natural frequency with only a slight cost increase. Lastly, solution (c) has a significantly taller web, leading to a near 100% increase in natural frequency compared to solution (a), while still maintaining a cost increase of less than 30%. 
In the study by Tormen [12], steel girders were optimized solely for cost. Therefore, the relevant comparison in this study is the lowest-cost solution obtained from the multi-objective optimization. The cost of this study’s lowest-cost solution is slightly higher than the reference result, with a difference of R$43.07 per meter (4.3%). This confirms that the MOHS algorithm is capable of producing cost-competitive solutions comparable to those obtained using single-objective optimization approaches. However, further tuning of the MOHS parameters could enhance its performance, potentially improving its competitiveness against well-established optimization algorithms.
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Figure 3. Pareto optimal solutions.
Regarding the Kriging surrogate model, its validation yielded a predictive capability (q²) of 0.97245, confirming its high accuracy. The model’s residuals were also satisfactory, with a root mean square error (RMSE) of 0.00262. The precision of the surrogate model is further demonstrated by comparing the natural frequency predictions with high-fidelity finite element method (FEM) simulations. For instance, the lowest-cost solution has a true natural frequency of 13.81 Hz according to FEM, while the Kriging model estimates it at 13.39 Hz, reflecting a minimal error of 0.42 Hz (3.06%).
The most significant advantage of the Kriging metamodel lies in its substantial reduction in computational time for optimization, particularly in the evaluation of the objective function, where natural frequency calculations are required. In the case of the 1000-sample Kriging model used in this study, the computational time was reduced by 98.79% compared to direct high-fidelity FEM simulations in every iteration of the optimization, while still achieving a predictive accuracy of 97.37%. This highlights the powerful potential of surrogate models as an aid in structural optimization, enabling the study of more complex problems that require higher precision analyses and are computationally expensive. Furthermore, it is important to emphasize that this reduction in optimization runtime may be essential for the widespread adoption of optimization techniques, facilitating their application in real-world engineering projects.
Conclusions
This paper presents a multi-objective optimization framework for steel girders in pedestrian bridges, integrating the Multi-Objective Harmony Search (MOHS) algorithm with the Kriging surrogate model. The proposed approach successfully balances cost and dynamic performance, producing a Pareto front of optimal solutions. The results indicate that substantial increases in natural frequency can be achieved with minimal cost increments, demonstrating the efficiency of the optimization strategy in improving structural performance. For instance, the lowest-cost solution, with a natural frequency of 13.38 Hz, can be improved to an alternative with a 19 Hz frequency at only a 3.87% cost increase or a 26 Hz frequency at a 28% increase.
A key contribution of this study is the validation of Kriging as a powerful tool for structural optimization. With a predictive relevance of q² = 0,97, it accurately approximates high-fidelity FEM simulations while achieving a 98.79% reduction in computational time. This substantial efficiency gain makes optimization feasible for complex engineering problems that would otherwise be computationally prohibitive. Moreover, the optimization achieved competitive solutions, with the lowest-cost design differing from existing benchmarks by only 4.3%. These findings highlight the potential of surrogate-based optimization to improve structural design, enabling more efficient, cost-effective, and computationally accessible solutions for real-world engineering applications.
The framework implemented in this study is highly adaptable and can be extended to optimize different types of structures beyond steel beams. By modifying the design variables, constraints, and loading conditions, the methodology can be applied to various structural elements, such as trusses, frames, and composite systems. Additionally, the optimization objectives can be tailored to incorporate broader sustainability criteria, including environmental and social impacts. By integrating Life Cycle Assessment (LCA) into the framework, it is possible to evaluate the environmental and social impact, enabling a more comprehensive assessment of structural sustainability. This flexibility makes the proposed approach a valuable tool for engineers and researchers aiming to develop optimized designs that balance cost, performance, and sustainability across diverse structural applications.
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