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Abstract. The Finite Element Method (FEM) is widely used in industry to support product development, offering significant benefits such as the reduction of physical prototypes, identification of structural risks, and rapid evaluation of improvements in a computational environment. However, the advantages of FEM extend far beyond the initial development stages. The method is increasingly being applied in later phases of the asset's lifecycle, particularly in the operation and maintenance stages, where predictive insights and virtual validations can support decision-making and reduce risks associated with field activities. This study focuses on the application of FEM in the context of structural maintenance planning for a large-scale port equipment: a ship unloader. Specifically, it addresses the engineering analysis conducted during the full jacking procedure—an essential maintenance operation required for inspecting and servicing the bogies and wheelsets of the machine. A complete computational model of the asset was developed in Ansys software. To enhance accuracy in critical zones, submodeling techniques were applied, allowing for refined local stress and deformation evaluations. The integrated modeling strategy enabled the development of a detailed and safe maintenance plan, offering enhanced reliability during field execution. Additionally, the virtual environment allowed for the simulation and comparison of multiple operational scenarios prior to implementation. This process supported the selection of the most appropriate configuration and the definition of control variables, ensuring a safer and more predictable maintenance operation.
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Introduction
Finite element analysis (FEA) is widely applied across many product development industries. Its use enables optimization and improvement of products and structures during the design phase, aiming to enhance both performance and reliability. As a result, FEA is considered an essential step in product or structural design, helping to reduce costs, manufacturing efforts and the need for extensive physical testing. 
Many industries – including those responsible for the design of machines, cranes, buildings, bridges, airplanes and automobiles - develop finite element models and analyses that encompass, for example, stress, buckling, fatigue, impact or vibration in linear and nonlinear conditions. Consequently, the final structure or product can be optimized during the design phase by reducing stress concentrations or ensuring appropriate bracing conditions, among other improvements.
Moreover, FEA is also applied during other phases of an equipment’s or structure’s life cycle, particularly in operation and maintenance stages. Numerous examples of its use arise in maintenance-related analyses, such as failure investigation and root-cause assessment. For instance, a structural analysis may be performed to determine the origin of a crack that caused a failure in existent equipment. Giglio [1], for example, presented a finite element analysis to evaluate fatigue behavior in a complex helicopter component.
In these stages, developing a finite element model of the equipment or structure supports decision-making regarding operational condition, flaws assessment – such as fitness for service evaluations – and maintenance planning. Consequently, the concept of digital twin has become increasingly popular. Frazzi et al. [2], for example, presented the use of finite elements analysis results in the structural integrity management of steel structures at a Port in Brazil. In such scenario, structural inspections can be optimized by clearly identifying and highlighting critical areas, in terms of stress concentration, especially in large-scale machines.
The outputs or data generated from a finite element analysis are essential for business decisions and maintenance strategies.  However, the larger and more complex the structure or equipment, the greater the challenges involved in finite element modeling – particularly regarding meshing techniques, computation requirements, and mesh refinement – regardless of the asset’s lifecycle stage. To address these challenges, submodeling techniques can be adopted to simplify the analysis process. Wan et al. [3], for instance, applied submodeling in an analysis of a helicopter component.
Finally, this paper presents the application of FEA to support the planning of a maintenance activity involving the complete jacking operation of a ship unloader[footnoteRef:1], considering the use of submodeling techniques and other required analyses. The challenges encountered and the benefits achieved through the application of FEA are discussed. [1:  The shipunloader (SUL) assessed is a kind of ‘rope trolley shell’ equipment, designed in EUA in 1998, with 65 meters height and roughly 1500t of dead weight. The machine has 2200t/h capacity and operates 24hrs a day.] 

Methodology
As the replacement of the entire long travel system - including bogies, wheels and the rocker beams - was identified as necessary due to the end of its service life, a detailed study was carried out by the engineering team and maintenance team, at Tubarão Port.
The methodology adopted in this study was developed as follows:
· Development of the finite element model of the equipment using mainly shell and beam elements.
The complete model of the equipment was developed previously as part of an asset management strategy. However, because of its large dimensions, it was not feasible to refine the mesh throughout the entire structure. Therefore, a courser mesh was adopted for some structural components. In addition, to fully understand the mechanical and structural behavior of the equipment, the modelling was conducted by a specialist team. In this model, the following objectives were evaluated:
· Design of new jacking structures on one side of the shipunloader, including new structural elements integrated into the existing equipment structure.
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Figure 1. Structural modifications for jacking, highlighted in blue.
· Evaluation of structural integrity and stability of the equipment during jacking operation.
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Figure 2. Finite Element Model of the equipment in Ansys.
· Identification of the failure modes, load combinations, and required analyses.
The main failure modes considered in the static analysis included stress, buckling, joints and global stability verifications. The primary loads relevant to the maintenance activities were also identified - dead load, jacking loads and wind loads. For wind loading, data from the equipment’s sensors were used to record wind velocity, and analyses were carried out in accordance with recommendations of ABNT NBR 6123 and FEM 2.131/2.132.
· Evaluation of the submodel application.
Because the mesh of global model is course due to the equipment’s complexity, certain regions were selected for submodelling to allow for local mesh refinement and improved result accuracy. The following figure illustrates the adopted strategy, in terms of the analyses performed.
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Figure 3. Evaluation of submodel applications.
· Development of submodels.
Displacement-based submodeling was used in Ansys, therefore, displacement fields from the global model were directly applied to the boundaries of the local model. This technique is most effective when the submodel does not significantly change the stiffness of the structure and shares a similar layout with the global model. 
This approach relies on the Dirichlet principle, which states that displacements must be prescribed along part of the boundary to define a well-posed boundary value problem. Practically, this means that the nodal displacements, obtained from the global model, are imposed on the submodel boundary. This enforces kinematic compatibility between the global and local models, allowing the submodel to replicate the deformation behavior of the global structure at their interface.
[image: ]Figure 4 illustrates the nodal displacements transferred from global to local models, as an example, while Figure 5 shows the region selected for mesh refinement, enabling the proper design of beams, stiffeners, and welds.
Figure 4. Nodal displacements transferred from global to local models, as an example of cut boundary constraints.
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Figure 5. Area for mesh refinement.
· Analysis of the equipment during maintenance activities.
Finally, the finite element model was used to assess the structural integrity of the equipment during maintenance operations. The analyses included stress, buckling and jacking simulations with imposed vertical displacement, evaluated across different operational steps.
Results
Buckling and Stress Design
The entire model was evaluated for stress design in accordance with standard FEM 1001. Accordingly, structural modifications and the design were developed to ensure that the structure remains within the elastic regime. The safety factor was defined based on the Allowable Stress Design methodology (ASD), as specified in FEM 1001. The following figure presents one of the results obtained from this analysis.
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Figure 6. Stress Design.
It was observed that the most critical condition occurred under lateral wind loading, as shown in the following figures. Therefore, the machine was properly anchored to minimize critical displacements. Only during the jacking operation were some anchoring devices temporarily detached. 
Figure 7 illustrates the reaction forces that occurred under lateral wind loading, as an example, while Figure 8 shows the results, in terms of displacements, obtained from this analysis.
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Figure 7. Example of force reactions under lateral wind loading.
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Figure 8. Displacements.
Moreover, global and local buckling, as well as their interactions, were evaluated. For local buckling, linear elastic buckling analyses were performed and the buckling eigenvalues were corrected to account for material and geometrical imperfections, in accordance with DNV RP C208 and EN 1993 1 5. The following figure illustrates some of the local buckling modes observed in the structural components most affected by horizontal wind loads.
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Figure 9. Buckling Analyses.
Jacking Simulation
Following the stress and buckling design analyses, the jacking simulation was performed by applying vertical displacements in multiple steps. The loads resulting from these imposed displacements were used to calibrate the hydraulic cylinders pressures and, consequently, to control the operation in terms of pressure (derived from reaction forces) and vertical displacement.
The following figure presents one of the results of jacking analysis. These results were used to choose the jacking strategy that would minimize the structural impact on the equipment and pier. Furthermore, the loads obtained were reintroduced into static and buckling analyses when necessary.
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Figure 10. Jacking simulation.
Conclusions
Based on the results obtained, it can be concluded that the application of finite element method (FEM) and finite element analysis (FEA) to support the planning of critical maintenance operations is essential for ensuring structural safety and effective risk management. In this study, the jacking simulation was performed for a ship unloader; however, the same methodology can be applied to other large-scale machinery undergoing jacking operations.
Moreover, to overcome mesh refinement limitations in large equipment models, submodelling techniques can be employed to ensure the required level of technical accuracy in the structural analyses. Nevertheless, the interaction between global and local analyses must always be carefully considered.
Finally, the use of Ansys finite element software also enabled control of the operation in terms of vertical displacements and hydraulic cylinder pressure, thereby facilitating proper management and planning of the entire maintenance procedure.
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