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Abstract. This study investigates fatigue failure in drum shafts of bulk material handling systems using Finite Element Method simulations. A detailed 3D model under realistic conditions revealed critical stress concentrations at locking assemblies. Fatigue analysis showed safety factors below recommended thresholds. A redesign with geometric modifications and a higher-strength alloy is proposed to enhance structural reliability and operational safety.
Keywords: Finite Element Method, Shaft Fatigue, Bulk Material Handling.
Introduction
The structural reliability of components subjected to cyclic loading in bulk material handling equipment is a critical factor for ensuring safety and operational continuity in industrial environments. This paper presents a detailed investigation based on numerical simulations using the Finite Element Method (FEM), applied to the drum of a metal extractor installed on belt conveyor. The study was motivated by recurring shaft fractures, identified through visual inspections and predictive monitoring. The analysis revealed that the failure mechanisms are associated with rotational bending fatigue, exacerbated by stress concentrations in geometric transition regions and compressive loads from locking assemblies.
The developed three-dimensional model includes all relevant components like shaft, hubs, locking assemblies, bearings, and bolts, considers actual operating conditions such as self-weight, belt tension, and assembly torque. Based on the results, a redesign of the shaft was proposed, involving geometric modifications and the replacement of the original material with a higher-strength metal alloy. The study emphasizes the importance of accurate modeling and the consideration of real operating conditions for informed technical decision-making in industrial settings.

Theoretical Background
This section reviews the existing literature on fatigue failure in rotating shafts, with a focus on numerical modeling and design criteria based on international standards.
Fundamentals of Rotating Bending Fatigue  
Rotating bending fatigue is a common failure mode in shafts and rotating components subjected to cyclic loading. According to Shigley [1], this phenomenon occurs when a surface point on a rotating shaft experience alternating tensile and compressive stresses due to constant bending.
The alternating stress in a shaft under bending is given by:
		

Where:  = alternating stress (MPa), M = bending moment (N·mm), C = distance from the neutral axis (mm), I = moment of inertia (mm⁴).

To assess fatigue resistance, the Modified Goodman Criterion is applied:


Where:   = corrected endurance limit (Mpa),  = mean stress (Mpa),  = ultimate tensile strength (Mpa),  = safety factor.

The endurance limit ​ is corrected from the base value ​ using empirical factors:



Where:   = surface finish,  = size,  = reliability,  = temperature,  = environment,  = stress concentration.
Design Criteria According to Standards
The application of design standards and technical guidelines is essential to ensure the structural safety and reliability of components subjected to cyclic loading, such as drum shafts in bulk material handling systems. Three key references are particularly relevant:

The European standard EN 1993-1-9 (EUROCODE 3) focuses on the fatigue verification of steel structures and mandates that components subjected to cyclic loading must be designed for infinite life, typically exceeding 10⁶ cycles with a minimum safety factor of 1,35. It provides S-N curves for various structural details and explicitly recommends the use of principal stresses for fatigue assessment, ensuring that the design accounts for stress concentrations and cyclic durability under real loading conditions

According to ASME B106.1M, published by the American Society of Mechanical Engineers, this standard provides design guidelines for transmission shafts, addressing both static and fatigue strength criteria, emphasizing the use of the Modified Goodman criterion, and highlighting the importance of applying correction factors for surface finish, size, and reliability.

According to the CEMA 7th Edition, a technical guideline published by the Conveyor Equipment Manufacturers Association and widely used in belt conveyor design, “it sets limits for maximum shaft deflection (8 arcminutes for general applications) and provides design recommendations for drums, bearings, and related components,” while also emphasizing “the importance of shaft stiffness and alignment to prevent premature fatigue failures.”
Finite Element Method
The Finite Element Method (FEM) is widely used in engineering to solve structural equilibrium problems, particularly in static structural analyses, where the goal is to determine stress and deformation states under time invariant loads. The formulation is based on discretizing the continuous domain into finite elements, applying shape functions, and using the principle of minimum potential energy.

The global equation for linear structural analysis is:

Where:  = applied nodal force vector,  = global stiffness matrix,  = nodal displacement vector.

This approach assumes linear elastic behavior, small deformations, and geometric linearity. However, many real problems involve nonlinearities, which fall into three main categories:
1. Geometric nonlinearity: large displacements or rotations.
2. Material nonlinearity: plasticity, viscoelasticity, or time-dependent behavior.
3. Contact nonlinearity: opening, closing, and friction between surfaces.

In such cases, the global equation becomes displacement-dependent:

The solution is obtained iteratively, typically using Newton-Raphson methods, with continuous updates to the stiffness matrix.
Theory of Contacts Modeling
Contact modeling is fundamental for structural simulations involving mechanical interfaces. The most used contact types in Finite Element Method (FEM) analyses are frictional and fixed contacts, each suited to specific physical behaviors.
Frictional contact simulates surface interaction with limited sliding governed by Coulomb’s law:


Where:   = tangential friction force,  = coefficient of friction,  = ultimate tensile strength (Mpa),  = normal contact force.

Fixed contact represents a rigid bond between surfaces, with no relative motion or separation. It is used when the interface is assumed to be fully constrained, such as welded joints or interference fits. The fixed contact is computationally efficient and ensures fast convergence, making it suitable for regions where friction or separation is not relevant to the system’s behavior.
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The contact formulation in numerical simulation aims to enforce realistic physical conditions between interacting surfaces by preventing penetration and enabling the transfer of normal and tangential forces. This treatment is crucial for accurately capturing nonlinear behaviors at interfaces. In Ansys, two primary contact formulations are commonly used: the Penalty-Based method and the Normal Lagrange Multiplier approach.
 
The Penalty-Based method applies contact forces proportionally to the penetration depth between contacting surfaces through a penalty factor acting as a virtual stiffness. This approach preserves the original degrees of freedom of the system, leading to higher computational efficiency. Although it allows a small amount of penetration, this slight compliance often helps stabilize the system under high compressive loads.
 
In contrast, the Normal Lagrange Multiplier formulation enforces the no-penetration condition exactly by introducing Lagrange multipliers as additional variables. Incorporating these constraints into the global stiffness matrix increases computational demands in terms of processing time and memory usage. However, it eliminates surface penetration, making it especially suitable for analyses requiring high precision in contact interfaces.
 
Beam elements are widely employed to represent bolts in Ansys because they provide a lightweight and efficient modeling strategy while accurately capturing axial, bending, and torsional stiffness. This approach facilitates the realistic application of axial preload, simplifies connections between components, and is well-suited for structural analyses where detailed thread geometry is not critical.
 
Converting bolts into beam elements requires precise definition of the equivalent cylindrical geometry to replicate the stiffness of the bolt. The beam element diameter is calculated to maintain the effective tensile cross-sectional area, ensuring an accurate representation of its load-bearing capacity.
 
Similarly, converting applied torque into pretension force is essential to simulate the axial clamping effect realistically. When torque is applied to a bolt, a portion of the energy dissipates due to friction, while the remainder generates axial pretension. This axial force provides the necessary clamping load to compress joint components, ensuring structural rigidity and stability during operation.
Discussions and Results
The focus of the analysis is investigating fatigue in drum shaft. The finite element method was employed for modeling and simulation using Ansys® software, followed by verification based on applicable standards and technical recommendations. The modeling of contact interactions and boundary conditions will be presented in the following sections.
Equipament and Failure
Drums are structural components of critical importance in conveyor belt systems, performing essential roles in both the propulsion and directional guidance of the belt throughout its operational path. Typically classified as drive, return, or snub pulleys, these elements are engineered to ensure stability, efficiency, and continuity of material transport. Their proper specification and maintenance are key factors in the overall performance of the system, directly influencing belt longevity and the safety of industrial operations.
The failure under investigation was caused by shaft fatigue in a drum assembly. The failure mode can be observed in figure 1, which identifies the equipment under analysis and highlights the specific failure mechanism.
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Figure 1. The failure mode investigated in this study compared for model proposed for Shigley to Low-cycle fatigue without stress concentration
Model and Contacts for FEM Analysis
The drum model is composed of bearings, locking assemblies, a shaft, hubs, and a cylinder. These components were modeled in Ansys®, and the contact regions are identified in figure 2.
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Figure 2. Contacts used in the finite element model 
Nonlinear contact definitions were employed to ensure that the model behavior closely approximates real conditions, allowing for the identification of deformation patterns and local stress concentrators resulting from component interactions, particularly the locking assemblies. This component operates based on the displacement of inner and outer rings, generating compression on the hub and shaft. Consequently, stress concentrations may arise due to the load distribution at the torque application points of the bolts.
The contacts in the expansion ring were defined as frictional, with a coefficient of friction of 0,2 to represent metal-to-metal interaction. The contact formulation was specified as Penalty-Based (Pure Penalty) to ensure stable contact behavior. The numerical penetration observed was negligible relative to the component dimensions, thus ensuring the accuracy and reliability of the simulation results.

Boundary Condition
The loads applied to the model include the self-weight of all assembly components, which was automatically considered based on the defined material densities. In addition, a tensile force of 22.95 kN was applied to each bolt, corresponding to the recommended tightening torque for the locking assembly bolts. These components are highlighted in the figure below. This preload value is not arbitrary but is based on established design principles.
According to the VDI 2230 standard for bolt design, the applied preload should be a conservative fraction of the material yield strength to avoid plastic deformation. For the M8 class 12.9 bolts used here, 60% of the yield strength was selected as the safe preload fraction. By multiplying this fraction by the tensile stress area of the bolt, the allowable stress is converted into a maximum safe axial preload, which aligns with the 22.95 kN force applied in the model.
Another key load is the belt tension, defined as 23.80 kN, which is applied over a wrap angle of 43.7°. This configuration results in a distributed load equivalent to 18.26 kN acting on the cylindrical surface, accurately representing the mechanical interaction between the belt and the pulley system.
The system was constrained at the bearing locations, where the outer ring was fixed using the 'Body-Ground Fixed Joint' feature. This approach enabled the simulation of operational conditions representative of a self-aligning roller bearing.
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Figure 3. Loads applicated in the bolts of locking assemblies
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Figure 4. Tensile load of the belt and gravitational force
Results
Based on the simulation it was possible to identify the maximum stress values in the inner and outer rings of the locking assemblies. These values were then compared with the component's tabulated data to assess the model's accuracy and behavior. For the pressure results on the outer ring, derived from the bolt torque and disregarding bending loads in this initial analysis, an average pressure of 192 MPa on the shaft and 149 MPa on the hub was observed. According to the supplier's data for this model, the corresponding values are 181 MPa and 121 MPa, respectively, with the highest pressure occurring on the shaft. These findings indicate a convergence between the simulation results and the experimental values provided by the supplier, thereby validating the model's reliability.
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Figure 5. Equivalent stress in locking assemblies
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Figure 6. Equivalent stress in drum
Once the locking assembly model was validated, a comprehensive evaluation of the complete drum assembly was conducted, with a focus on the critical region where component failure is likely to occur. It was observed that the highest stress concentrations were in the bolts of the locking assemblies. This phenomenon is attributed to the bending loads acting on the shaft, which increases the tensile forces on the bolts. Although the maximum bending moment is provided by the supplier, this effect was also captured in the finite element model, which indicated the potential for failure in the locking assemblies prior to failure in the shaft.
Upon analyzing the shaft, the maximum and minimum stress were identified in the region of interest, particularly near the contact area with the inner ring of the locking assembly. These stress values were subsequently used in the fatigue analysis, which is the failure mode under investigation. The principal maximum and minimum stresses in the highlighted region were evaluated. The corresponding stress values and the identified region are illustrated in the figures 6 and 7:
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Figure 6. Maximum principal stress shaft
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Figure 7. Minimum principal stress shaft

According to the finite element model (FEM), the principal tensile stresses acting on the shaft were 316.14 MPa and -72.72 MPa. Regarding the principal compressive side, the minimum principal stresses identified were -111.72 MPa and -704.8 MPa.

For the fatigue analysis, the correction factors were adopted as recommended by Shigley, where:  = 0,820,  = 0,794,  = 0,814,  = 1,009,  = 1,000,  = 1,000. By applying the values to Equations 02 and 03, it is possible to determine the safety factor for each region and applied load, as shown in table 1.
Table 1. Values and safety factors of the regions of interest
	Stress
	 
	 
	
	
	 - safety factor

	Maximum principal
	164,37 Mpa
	130,85 Mpa
	185,25 Mpa
	621 Mpa
	0,7

	Minimum principal
	164,37 Mpa
	-376,00 Mpa
	328,8 Mpa
	621 Mpa
	0,8



It can be observed that, in both cases, the safety factor falls below the recommended threshold of 1.35 established by the EN 1993-1-9 standard and even drops below 1.0. This indicates the occurrence of fatigue failure at the evaluated location.

Conclusion
This study investigates fatigue failure in drum shafts used in bulk material handling systems. The research was motivated by recurring shaft fractures identified through visual inspections and predictive monitoring. Numerical simulations were conducted using the Finite Element Method (FEM), with a detailed 3D model comprising the shaft, hubs, locking assemblies, bearings, and bolts, all under realistic operating conditions.
Results revealed critical stress concentrations at the locking assembly interfaces, which are prone to fatigue failure. The simulation results aligned with supplier data, and fatigue analysis showed safety factors below the recommended threshold. A redesign of the shaft and the use of a higher-strength metal alloy are proposed to enhance structural reliability and operational safety.
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