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Introduction:
The overlap strength of angle steel connection bolts significantly affects the change of node failure mode in the construction of 5G shared transmission towers, thereby affecting the bearing capacity of components. 
Methods:
This study conducted an in-depth exploration of this issue using a finite element model, involving model construction, boundary condition setting, and material property definition, to simulate various common bolt lap strengths.
Results and Discussion:
It was found that the optimized angle steel connection significantly improved the bolt lap strength, with the average result reaching 7900N, much higher than the traditional 2000N (an improvement of 5800N). Subsequently, the research showed that increasing the lap strength from 100 MPa to 500 MPa did not significantly enhance the torsional bearing capacity of angle steel connections, while in the range of 500-800 MPa, the torsional bearing capacity gradually increased. For various working conditions (e.g., Y-direction working conditions and peak wind load working conditions), the optimized bolt overlap of angle steel connections performed well: the stress-strain ratio values at all positions were greater than 2.4 GPa, and the maximum displacement of bolt overlap was 8.67 mm. When the tower height was above 180m, the bearing capacities such as material strength and tower joint strength fell within the range of 17.87-19.98 MPa, and the maximum lap strength of the bolt occurred at the central axis of the bolt, approximately 2.5 MPa.
Conclusion:
The optimized bolt overlap of angle steel connection has significant advantages in improving material bearing capacity and ensuring structural stability and safety. This will have practical significance for the design and construction of 5G shared transmission towers, helping to improve their operational efficiency and service life.
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1 INTRODUCTION
With the widespread application of 5G communication technology, the demand for efficient and stable transmission facilities is urgent. The world is undergoing a digital transformation, which has intensified the demand for high-quality network infrastructure and further increased the dependence of 5G on transmission towers. As an important component of transmission infrastructure, transmission towers face new challenges, especially in terms of the bolt overlap of their angle steel connections, which is a key link to ensure overall stability (Rong et al., 2021; Zhang Y. et al., 2023). Previous studies have explored this topic to some extent, but most of them are based on theoretical analysis and experimental testing, and there are still limitations in dealing with complex real-world conditions (Eom et al., 2021; Gao et al., 2021). For example, the impact of natural factors such as earthquakes and wind, as well as various load conditions during operation, on iron towers is often overlooked. Furthermore, existing research often fails to fully consider the actual physical characteristics of transmission towers. In this context, the introduction of a finite element model for analysis and research can more accurately represent and predict the performance of bolted lap joints in angle steel connections under complex load conditions. The research objective is to improve the understanding of bolted lap joint performance by constructing a more refined finite element model to guide tower design and optimization (Kim et al., 2022; Jiang and Zhao, 2022). To achieve this goal, a finite element analysis method based on actual physical properties is adopted. The innovation is mainly reflected in the proposal and implementation of a finite element model based on physical properties, which enables the model to more accurately reflect the real situation. Second, by applying the finite element model to the bolt overlap of 5G shared transmission tower angle steel connections, a new perspective and method are provided on how to ensure tower stability under complex conditions. This research contributes to the field by extending the finite element model from theory to the practical design and optimization of transmission towers. It also provides a new, more accurate method of analyzing the overlap of angle steel connection bolts, which is particularly relevant for 5G shared transmission towers. This helps to improve the stability and security of the iron tower, better serving the construction and operation of 5G communication networks. The research will be conducted in four sections. The first section is an overview of the bolt lap finite element model for 5G shared transmission tower angle steel connections. The second section is the study of the bolt lap finite element model for the angle steel connection of 5G shared transmission towers. The third section is the experimental verification of the second part. The fourth section is a summary of the research content and points out the shortcomings.
2 LITERATURE REVIEW
Against the backdrop of the increasing popularity of 5G communication technology, the design and stability of transmission towers have become a hot research topic. Among them, the bolt overlap of angle steel connections is a key factor in the stability of iron towers, and its performance and stability have received widespread attention. Hua et al. proposed a research method for the progressive collapse mechanism of transmission tower line systems based on fully coupled dynamic simulation in order to solve the stability problem of transmission tower line systems. The results showed that the movement path of the downwind center had a significant impact on the progressive collapse mode of the transmission tower line system. Sudden winds with the same intensity but different paths might cause one or three towers in the system to collapse. However, the simulation accuracy of this method for complex wind fields still needed to be improved (Zheng and Fan, 2022). Cahyono H S et al. conducted an analysis of the upper structure of transmission towers in high wind speed areas, aiming to explore their stability and strength under wind loads to support functional sustainability. The study used a steel profile composite structure to construct a media transmission tower, analyzed the influence of wind load on the tower, and discussed and analyzed the size and structure of anchor bolts, bottom plates, and various bolts of the tower based on factors such as tower height and wind speed. The results show that the optimized structural dimensions can meet the stability requirements of transmission towers in high wind speed areas. However, this study did not fully consider the dynamic effects under long-term wind loads, such as fatigue damage (Cahyono et al., 2024). Lashgari H R et al. conducted an in-depth analysis of the failure problem of carbon steel components in high-voltage transmission towers and found that high stress occurred at the welded joints due to wind-induced fatigue and loosening of bolt support plates, ultimately leading to sudden failure. The study determined through finite element analysis and failure surface observation that the root cause of the problem lies in local stress concentration caused by bolt loosening. Although the study has identified the failure mechanism, the shortcomings lie in the lack of a comprehensive assessment of the failure risk under different wind speeds and operating conditions, and only targeting individual components under specific operating conditions, lacking systematic analysis of the overall structure (Lashgari and Zangeneh, 2024). Wu H et al. conducted research on the insufficient safety inspection of transmission tower structures. To improve the detection effect of transmission towers in the distribution network, a multi-objective traveling salesman problem (TSP) optimization model based on unmanned aerial vehicles was proposed. This model took into account the speed of drones and priority access to towers with defects, and used simulated annealing algorithm for solving. The research results indicated that this technology could detect the safety of power grids and solve the problem of optimizing drone inspection trajectories. However, this method did not fully account for the effects of natural hazards, and detection in complex environments still faces challenges (Wu et al., 2023). Zhang et al. used ANSYS/LS-DYNA software to simulate the wind-induced response of angle steel transmission towers at different corrosion depths, aiming to improve the structural performance of transmission towers. Among them, the influence of corrosion on the natural vibration characteristics, collapse modes, and stress distribution of structures was studied. The results indicate that corrosion significantly reduces the vibration frequency and stability of the structure, and the greater the depth of corrosion, the worse the wind resistance performance of the structure. The study provides an important reference for evaluating the impact of corrosion on transmission towers, but the shortcoming is that it does not consider the long-term complex wind conditions and multi factor coupling on the stability of tower structures, which needs to be observed (Zhang L. et al., 2023).
As the power grid evolves, transmission towers are moving toward long spans and high flexibility, and their stability in complex environments such as wind loads and earthquakes is critical. Among them, the bolt overlap of angle steel connections is a key factor in the stability of iron towers, and its performance and stability have received widespread attention. Meng X et al. focused on the corrosion problem of tower structure feet in ultra-high voltage transmission lines. To address this issue, research has begun to investigate its mechanisms. Firstly, conduct on-site investigation, take photos of tower foot corrosion, and collect corrosion products. Use SEM, EDS, XRD, XPS and other techniques to analyze its surface morphology and composition, and speculate that the corrosion is caused by soil corrosion caused by soil and dirt deposition. Then, using the newly developed soil corrosion monitoring sensor for on-site measurement, it was found that temperature and humidity significantly affect the soil corrosion rate, and this rate is higher than atmospheric corrosion, explaining the more severe corrosion at the tower foot. Based on the research results, a structural method was proposed to prevent corrosion of tower feet. The limitation is that the study did not mention the long-term stability of sensor monitoring and its applicability under different soil conditions (Meng et al., 2023). Shu Z et al. proposed a novel form of anti bending moment bonded structure connection to enhance the overall mechanical properties and stability of the structure. Research has shown that this connection can provide good bending moment resistance and energy dissipation capabilities, providing new ideas for the design of frame structural systems without shear walls or supports. However, the shortcomings of the research lie in the lack of testing of performance under extreme working conditions, and the lack of in-depth research on the degradation law of connection performance during long-term use (Shu et al., 2023). Liang Y et al. developed a vulnerability analysis method for transmission towers considering the interaction between saline soil environment and wind load, based on the Xinjiang ±800 kV Tianzhong Ultra High Voltage Direct Current Transmission Project. The study combined on-site investigation data and material degradation models to analyze the impact of durability damage on the wind resistance performance of tower structures, and explored time-varying fragility. The results indicate that the vulnerability to wind loads is closely related to the degree of material damage and wind speed. The shortcomings of the research lie in the limited parameter calibration and validation data of the model, and insufficient consideration of the complex coupling effects under extreme wind loads and special environments (Liang et al., 2025). Ke et al. found that adjusting the lateral spacing, edge distance, etc. could increase the tensile plane area and enhance the shear strength. Changing the number of bolt rows, longitudinal spacing, etc. could increase the shear plane area and also improve the shear strength. The evaluation showed that there were deviations in the existing specifications for the shear resistance design method of double row bolt connection angle steel, and it needs to be improved. This provides theoretical support for optimizing the shear resistance performance of angle steel. However, there were still deviations in the design method of double row bolt connections according to current standards (Ke et al., 2022). The testing study by Eom et al. showed that thickening the angle steel tensile joint end plate and flat gasket could improve the connection performance and avoid end plate yielding. The fracture mode of the connection was tensile fracture of high-strength bolts, and the thickness of the end plate and gasket affected the connection performance. The calculation of the minimum thickness was conservative, and the actual connection strength was approximately 85% of the bolt’s tensile strength. Flat washers helped improve force transfer. However, this technology did not take into account the impact of materials and connection methods in actual construction. In the future, it needed to be fully considered to improve the applicability of the technology (Eom et al., 2022).
In summary, the existing research provides valuable theoretical basis and experimental data for the analysis of the overlap of angle steel connection bolts in 5G shared transmission towers. However, the above research techniques still face problems such as limited applicability, low technical reliability, and large technical deviations in practical applications. It makes it difficult to meet the stability requirements of 5G shared transmission towers. The introduction of finite element models provides a new solution to this problem. This helps to improve the accuracy and practicality of the model, but also faces challenges in model construction and validation. However, further research and application of finite element models will undoubtedly have a profound impact on the design and optimization of 5G shared transmission towers. This provides strong support for ensuring stability and security under complex conditions, further promoting the development of 5G communication networks.
3 CONSTRUCTION OF BOLTED LAPPING FINITE ELEMENT MODEL FOR 5G SHARED TRANSMISSION TOWER ANGLE STEEL CONNECTION
It constructs a bolt lap finite element model for the angle steel connection of 5G shared transmission towers. Then it elaborates in detail on the modeling process, interface relationships, boundary conditions, and mesh generation scheme design of the finite element model. It also explores the design of bolt overlap based on 5G shared transmission tower angle steel connections, and analyzes the response of transmission towers under load. This can provide effective support for the improvement of connection methods and material properties. The research is expected to provide a new basis for designing bolt overlaps in angle steel connections for transmission towers and offer a new perspective on structural optimization design.
3.1 Finite element modeling
The application of finite element in the field of communication towers is also of great significance, such as the structural analysis, vibration and noise analysis of 5G shared transmission towers, which penetrate into various aspects of communication tower research. The basic steps of the finite element analysis method for the bolt overlap problem of 5G shared transmission tower angle steel connections are generally divided into six steps. First, it is necessary to discretize the continuous structure and construct an effective displacement function. Second, it is necessary to establish an element stiffness matrix. The relationship between stress, strain, and position of a unit can be expressed using Equation 1.
ε=Bδe(1)
In Equation 1, B represents the strain matrix in the cell, and ε is the strain array of any node in the cell (Wang et al., 2021). It substitutes Equation 1 into the physical equation to obtain the relationship between node and element stress displacement, represented by Equation 2.
δ=DBδe=Dδ(2)
In Equation 2, D refers to the elastic matrix on the material, and δ represents the stress array at any node in the cell. By combining the principle of virtual work to calculate the relationship between displacement on a unit and node stress, the equilibrium equation on the unit can be obtained, as shown in Equation 3.
Kδe=Re(3)
In Equation 3, R represents the equivalent load array, and K represents the stiffness matrix. Second, after obtaining a discrete structure with continuous elasticity, it is still necessary to combine equivalence with the principle of virtual work. The next step is to assemble the stiffness matrix of each node and establish the equilibrium equation for the discrete structure, as shown in Equation 4.
Kδ=R(4)
The construction and analysis of a bolt lap finite element model for 5G shared transmission tower angle steel connections is a simplification of complex structures using discrete node methods. In a specific implementation, the continuous transmission tower structure is divided into discrete elements connected by nodes, and approximate tower structures are obtained by solving them separately. Error control is crucial in this process. Although increasing the number of discrete elements can improve the model’s approximation, computational efficiency must also be considered. Therefore, it is necessary to reasonably control the number of discrete elements. In theory, the smaller the unit’s basic size, the finer the mesh division and the higher the model’s accuracy. However, when the unit size is small, model accuracy can be disregarded. Therefore, it is necessary to strike a balance between ensuring maximum computational efficiency and model accuracy.
According to Table 1, the finite element mesh quality parameters include minimum angle, maximum angle, skewness, and curvature. For example, in the quadrilateral unit, the required curvature is < 15°, and the required maximum angle is < 130°. These parameters are crucial for the finite element model analysis of bolt overlap in 5G shared transmission tower angle steel connections. They can effectively ensure the accuracy of analysis and the reliability of the model. Through this finite element analysis method, this study can more accurately predict the performance of iron tower structures and provide effective references for practical engineering. The specific modeling process is shown in Figure 1. After the finite element modeling of the bolt overlap of the angle steel connection in the transmission tower is completed, alignment work still needs to be carried out. This is to make necessary preparations for optimizing the bolt overlap problem of angle steel connections for 5G shared transmission towers.
TABLE 1 | Mesh quality parameters of finite element model.	Mesh quality parameters	Jacob	Warpage	Skewness	Maximum angle	Minimum angle
	Triangular units	0.6	<15°	<40°	<100°	30°
	Quadrilateral units	0.6	<15°	<40°	<130°	45°


[image: Flowchart illustrating a modeling process. It begins with importing a model file, then proceeds to two branches: generating structural components and defining bolted connections. It continues through meshing, setting boundary conditions, checking grid quality, modeling the solution, setting material properties, and finishes with exporting results.]FIGURE 1 | Flow chart for performance analysis of bolted overlap finite element model of 5G shared transmission tower angle steel connection.3.2 Finite element model interface relationship, boundary conditions, and mesh generation scheme design
The mesh division is the primary step in the finite element model of bolt overlap for 5G shared transmission tower angle steel connections. Prior to this, it is necessary to establish a reference plane to ensure the uniformity and consistency of grid partitioning, thereby improving analysis accuracy. This study selected an equally large grid to minimize the overlap between the angle steel connection nodes and the main tower nodes, ensuring smooth calculation. By selecting the appropriate grid density, a balance between model computational efficiency and accuracy can be achieved. The study referred to industry practices and determined the grid density (Song et al., 2021; Fang et al., 2021). The result of grid partitioning is shown in Figure 2.
[image: Colored 3D mesh models in two parts: (a) a multicolored tower structure with intersecting beams and a gradient from red to blue; (b) a block shape with a cylindrical connection, displaying a color gradient from red to blue on both the blocks and cylinder.]FIGURE 2 | Grid division results of the finite element model for the overlap of angle steel connection bolts in 5G shared transmission tower. (a) Angle steel and iron tower. (b) Bolt and angle steel.The key interface relationships in this research model include angle steel and tower body, bolts and angle steel and tower body, etc. The simulation of these contact relationships needs to consider the contact characteristics and force transmission methods under actual force conditions. In the finite element software ABAQUS, “face to face contact” is used to simulate these force relationships. The interaction between contact surfaces is achieved through the orthogonal and tangent properties of the contact surfaces. In the normal direction of the contact surface between the angle steel and the main body of the tower, “hard contact” is used to describe the contact relationship between the angle steel and the main body of the tower. The Coulomb friction model is used to describe and calculate the frictional force in the contact relationship between bolts, angle steel, and the main body of the iron tower. According to the provisions of GB 50017-2017 on the anti slip coefficient of Q345 steel, the Coulomb friction coefficient is taken as 0.35. The setting of boundary conditions simulates the actual force conditions. In the model, a rigid rod is used to simulate the loading beam, and one end is subjected to a horizontal displacement to simulate the actual torsional loading conditions.
Through the above settings, a bolt lap finite element model of the 5G shared transmission tower angle steel connection that can accurately simulate the actual situation is obtained. In the model, Q345 steel material is used for the experiment. Boundary conditions and contact relationship: The angle steel and the main body of the iron tower have “hard contact,” while the bolts, angle steel, and main body use the Coulomb friction model. Due to the type of steel and lack of galvanizing, according to the GB 50017–2017 standard, the Coulomb friction coefficient is taken as 0.32. The finite element single solid element type adopts SOLID95 element, which is suitable for three-dimensional solid simulation considering material and geometric nonlinearity. The reinforcement model adopts a bilinear isotropic reinforcement model, and the slope of the line in the reinforcement stage is 0.03E. Bolt connections are installed at the interface between the iron tower and the angle steel to ensure that the iron tower fully participates in the anti-torsion. In the model, the section connecting the iron tower and angle steel is simplified, only considering the bolted connection section. Meanwhile, consolidation constraints are set at the bolted connections to simulate the actual situation. To simplify the calculation, the model uses a rigid rod to simulate the loading beam. The rod’s length and placement are consistent with those of the loading beam in the static test. The loading beam is made of high-strength alloy steel, with a length of L = 1,420 mm and a diameter of 50 mm. One end is coupled to the column top through a hinged joint, and the other end is connected to an actuator to apply displacement load. Boundary condition setting: The angle steel tower body is in normal “hard contact”, and the axial pressure simulates the self weight of the tower body (200 kN constant). In the model, it is necessary to couple one end of the rigid rod with the surface of the tower and apply horizontal displacement at the other end. In this way, the finite element model can simulate the bending and torsional loading force of the specimen in static experiments, as shown in Figure 3.
[image: Illustration of a structural model using finite element analysis. A complex structure is depicted in colorful lines with annotations pointing to key features: the displacement vector, reference point, rigid rod, component finite element model, and boundary constraints at the base.]FIGURE 3 | Boundary conditions of the finite element model under bending and torsion loading.By adjusting the material characteristic parameters, model, and interface relationship parameters based on the finite element model of 5G shared transmission tower angle steel connection, a finite element model suitable for different scenarios can be obtained.
3.3 Bolt overlap design for angle steel connections of 5G shared transmission towers
The application of finite element analysis software in the research of bolt lap design of 5G common transmission tower angle steel connections has important practical significance. This design is a design approach that mainly considers the load and connection method, with the aim of ensuring the structural safety of transmission towers, reducing the stress and property damage on the tower body. In finite element analysis, the material characteristic parameters of angle steel and bolts are important considerations, which can simulate the response of angle steel and bolts under load and provide various design parameters. Among them, the stability, compressive strength, and tensile strength of angle steel and bolts are key calculation parameters (Gazman, 2023). The bolt overlap design process based on 5G shared transmission tower angle steel connection is shown in Figure 4.
[image: Flowchart detailing the finite element analysis process, starting with software login. Steps include determining bolt overlap, setting boundary conditions, loading scenarios, optimizing design plans, collision checks, and generating reports. Arrows indicate possible iterative steps like model stability analysis and adjustments to angle steel or bolt overlap. The process concludes with report refinement.]FIGURE 4 | Design process for bolt overlap based on 5G shared transmission tower angle steel connection.In Figure 4, the design process mainly consists of five steps. Firstly, the geometric modeling of the transmission tower structure needs to establish basic information such as spatial configuration, connection conditions, material properties, etc., to provide a prerequisite for subsequent finite element analysis. Second, it sets load parameters, and based on actual needs and working conditions, sets the size and distribution of loads as inputs for subsequent finite element analysis. Then, through finite element analysis software, the response of the iron tower structure under simulated load loading is obtained, including the stress and displacement of each part of the structure. Next, based on the analysis results, it evaluates the stability and safety of the structure and determines whether it meets the requirements of relevant design specifications. Finally, if the evaluation results do not meet the requirements, it is necessary to design optimization based on the analysis results. This is to improve the stability and safety of transmission towers.
When designing the lap joint of angle steel connecting bolts, it is necessary to calculate the load-bearing capacity of the angle steel and bolts, which will serve as the basis for the finite element analysis of the load response of the tower. The calculation formula is shown in Equation 5.
V≤1/γREηcfVEA−Ac+ςftAc+0.08fyAs(5)
In Equation 5, Ac represents the cross-sectional area of the angle steel. ft represents the design value of the tensile strength of the bolt. As represents the shear force area of the bolt. ς represents the working coefficient of the bolt. ηc represents the wall constraint correction coefficient. fVE shows the correction factor for angle steel constraint. γRE represents the design value of the shear strength of the overlapping part. The research on the lap joint design of angle steel connection bolts for transmission towers using finite element models mainly relies on the precise simulation and analysis capabilities of the model. Then it conducts an in-depth analysis of the response of transmission towers under load. Additionally, the finite element model can effectively support the optimization of lap joint design. This improves the stability and safety of transmission towers by enhancing connection methods and material properties. Therefore, the finite element model can assist in the entire process from theory to practice in the design research of angle steel connection bolt overlap in transmission towers. This has significant practical guidance value for lap joint design.
4 FINITE ELEMENT MODEL ANALYSIS OF BOLT OVERLAP FOR 5G SHARED TRANSMISSION TOWER ANGLE STEEL CONNECTION
The lap strength of angle steel connecting bolts is affected by factors such as material and geometric structure. Moreover, its strength directly affects the bearing capacity of the component. It also provides theoretical basis for optimizing the lap structure of angle steel connecting bolts. A systematic analysis is conducted on the performance of the bolt lap finite element model based on the 5G shared transmission tower angle steel connection. Then finite element model discussed in detail the structural characteristics and performance parameters of the model to enhance finite element model practical application value.
4.1 Influence of overlapping form of angle steel connection bolts on the bearing capacity of components
On the basis of completing the finite element analysis of the lap strength of angle steel connection bolts in 5G shared transmission towers, the next step will further explore the influence of the lap strength of angle steel connection bolts on the load-bearing capacity of the components themselves. In the previous analysis, it is learned that bolt overlap strength, as the core element of the joint, will directly affect the material’s load carrying capacity. Therefore, the next step is to conduct material fatigue tests to verify the influence of bolt overlap strength of various angle steel joints on material fatigue. Three types of angle steel connections are established in the study, including traditional angle steel connections, reinforced angle steel connections, and optimized angle steel connections. The traditional angle steel connection uses the standard method of overlapping angle steel and securing it with bolts, without requiring additional reinforcement. Reinforced angle connections are used to improve the strength of the connection by increasing the number of bolts, optimizing the bolt layout, or locally thickening the angle. Based on the reinforcement foundation, the angle connection is systematically optimized by combining finite element models and physical experiments. Among them, 31 types of angle steels are selected for experiments, including aluminum alloys, galvanized alloys, and so on. The finite element parameters are set as follows: Grid convergence is controlled using the Jacobian matrix (Jacobian ratio ≥0.6). The element type is a SOLID95 eight-node hexahedral element, which is suitable for the nonlinear analysis of Q345 steel materials. The grid density has been validated for sensitivity. When the element size is 20 mm or less, the stress solution oscillation amplitude is less than 2%. Finally, the key area is selected with an encrypted size of 15 mm and the non key area is 25 mm. The finite element solver uses the ABAQUS/Explicit solver. The time integration uses an explicit, centered difference method with a step-size control of 1 × 10−6 s. Next, the study will analyze the relationship between the tower connection forms of different angle steel connection bolts and the bearing capacity of the components, as shown in Figure 5.
[image: Line graph comparing material bearing capacity in newtons for different types of angle steel connections. Enhanced connections fluctuate around 4,000 to 7,500 N, optimized connections range from 4,500 to 9,500 N, and traditional connections remain constant near 1,000 N.]FIGURE 5 | The influence of overlapping forms of different angle steel connection bolts on the bearing capacity of components.Figure 5 shows that the strength of the tower joint refers to the maximum load capacity that the joint can withstand under stress. This is usually used to describe the mechanical properties of fasteners, such as welding, riveting, or bonding. According to the results shown in the figure, the optimized angle steel joint bolt has a higher component bearing capacity. Its average result is 7,900 kN, which is higher than the traditional 2,000 kN and the reinforced 5,800 kN. The main reason why the optimized design of angle steel joint bolt components has a stronger bearing capacity is that the research adopts a multi bolt collaborative arrangement and local thickening strategy, which effectively disperses stress concentration and improves the yield strength of the material. This result indicates that the optimization scheme can improve the mechanical properties of materials. Next, the study continued to analyze the optimal bearing capacity results under different bolt overlap strengths, as shown in Figure 6.
[image: Two graphs compare the optimal bearing capacity against bolt lap strength for different steel connection types: traditional (red triangles), enhanced (orange squares), and optimized (blue circles). Graph (a) covers 100-450 MPa, showing a clear performance increase for optimized connections. Graph (b) covers 500-950 MPa, with optimized connections consistently outperforming the others.]FIGURE 6 | Optimal bearing capacity results under different bolt lap joint strengths. (a) Bearing capacity results of different angle steel connection schemes under low bolt overlap strength. (b) Bearing capacity results of different angle steel connection schemes under high bolt overlap strength.Figure 6 shows the optimum load-bearing capacity results under different bolt overlap strengths. According to the test results, there is a certain correlation between the bolt overlap strength and the load-bearing capacity of the three steel angle connection schemes. When the bolt overlap strength is high, such as when the bolt overlap strength is above 500 Mpa, the load-bearing capacity of the steel angle connection corresponding to the scheme increases with the increase of the bolt overlap strength. Further finite element analysis shows the influence of bolt overlap strength on the mechanical properties of 5G tower steel angle connections. As the overlap strength increases from 100 MPa to 500 MPa, the torsional load capacity of the angle steel connections does not increase significantly at low overlap strengths. However, there is a significant increase in torsional load capacity at high overlap strengths. In addition, when the torsion angle is large, the connection undergoes inelastic deformation, such as when the bolt overlap strength is 360 Mpa, all three methods show deformation. Through a comprehensive comparison, it is found that the optimized scheme has a stronger bearing capacity compared to the reinforced and traditional schemes. It indicates that the mechanical properties of the material are better under the optimized scheme. From this, it can be seen that the steel connection scheme has a non-linear growth trend, that is, at lower bolt overlap strengths such as 500 MPa, the bearing capacity of all three schemes slowly increases with the increase of bolt overlap strength. When it exceeds 500 MPa, the bearing capacity of all three methods is significantly improved, and the optimized scheme performs the best, indicating that the mechanical properties of the material under the optimized scheme are better. The torsion angle and torque corresponding to different bolt tower connection strengths are different, as shown in Table 2 for details.
TABLE 2 | Effect of bolt lapping strength on the torsion resistance of angle steel connections.	Bolt lap strength (MPa)	Torsion angle (°)	Torque (kNm)
	100	10.37	20.35
	200	12.36	36.24
	300	15.25	54.48
	400	18.57	72.28
	500	20.21	80.25


Table 2 shows the effect of bolt overlap strength on the torsional behavior of steel angle joints. According to the data in the table, as the bolt overlap strength increases, the corresponding torsion angle and torque also increase. When the bolt overlap strength is 500 Mpa, the corresponding torsion angle is 20.21° and the torque is 80.25 kNm. In addition, further analysis is conducted on the influence of bolt overlap strength on the bending capacity of angle steel connections, as shown in Table 3.
TABLE 3 | Effect of bolt lapping strength on the bending resistance of angle steel connections.	Bolt lap strength (MPa)	Bending moment (kNm)
	100	25.87
	200	45.57
	300	65.24
	400	85.68
	500	90.24


According to the results in Table 3, the variation pattern of the flexural load-bearing capacity of steel angle joints is approximately the same as the variation pattern of the torsional load-bearing capacity of steel angle joints. Among them, the larger the bolt overlap strength, the larger the corresponding bending moment. However, when the bolt overlap strength increased from 100 MPa to 300 MPa in the early stage, the corresponding bending moment increased from 25.87 kNm to 65.24 kNm, with a significant increase. After the increase of bolt overlap strength exceeds 300 MPa, the increase of bending moment slows down.
4.2 Performance analysis of bolt lap finite element model based on 5G shared transmission tower angle steel connection
Next, a study is conducted on the influence of bolt overlap strength on the bearing capacity of the components themselves, and a finite element model of bolt overlap for the angle steel connection of 5G shared transmission towers is further analyzed. This model exhibits stability and safety under specific operating conditions. The optimized angle steel connection design shows significant advantages in improving bolt overlap strength and bearing capacity. The stress-strain ratio reflects a material’s Young’s modulus, which is a physical quantity that represents the material’s ability to resist deformation within the elastic range. The larger its value, the smaller the degree of deformation of the material when subjected to external forces. To measure the stress-strain ratio, strain gauges, and displacement gauges must be installed in the angle steel joints of the power tower. Then, according to Hooke’s law, the measured stress (calculated by load) and strain data are used, and the operating conditions are analyzed by a finite element model. The stress-strain results under working conditions are shown in Figure 7.
[image: Two line graphs compare stress-strain ratios in gigapascals (GPa) under bolt overlap conditions. Graph (a) shows stress-strain ratios versus structure position, highlighting X-direction overlaps. Graph (b) plots stress-strain ratios over time, highlighting Y-direction overlaps. Both graphs use box plots for negative overlaps and dashed lines for positive overlaps, with a red limit line at 2.4 GPa.]FIGURE 7 | Stress and strain results of the bolted overlap finite element model for the angle steel connection of 5G shared transmission tower under various operating conditions. (a) Stress strain ratio of bolt overlap under various working conditions. (b) Stress-strain ratio of each working condition over time.In Figure 7, the experiment selects 5 positions from the inside to the outside for bolt overlap and conducts stress-strain ratio analysis from 0:00 a.m. to 12:00 noon. In the angle steel connection of 5G transmission towers, stress-strain is an important parameter for evaluating structural stability. These parameters can predict the possible behavior and stability of transmission towers under various working conditions. According to the relevant “Design Specification for Transmission Towers,” for 5G shared transmission towers, the maximum stress-strain coefficient of the bolt overlap of angle steel connections should be 0.12. Meanwhile, the stress-strain ratio of bolt overlap, i.e., the ratio of stress to strain, should not be less than 2.4 Gpa. According to the results in Figure 7a, the stress-strain ratio gradually decreases as the structural position expands in the X direction, but all are greater than 2.4 Gpa. According to this, the material has high stiffness, which means strong elastic deformation resistance. This indicates that under optimized design, the deformation of the structure can be controlled (with small strain) under wind load and other working conditions, avoiding plastic failure and meeting the stability requirements of the iron tower. In Figure 7b, as time increases, the stress-strain ratio at each position under the Y-direction condition gradually increases, and all are greater than 2.4 Gpa, meeting the requirements of the tower design specifications. The maximum displacement and maximum stress distribution diagram of its bolt overlap is shown in Figure 8.
[image: Chart (a) shows displacement over time for X and Y-direction mounting bolts; Y displacement stops by 0.5 ms, while X increases to 9 mm. Chart (b) displays stress versus time, with a stress limit line at 600 MPa; Y and X-direction bolts increase time significantly beyond this stress level.]FIGURE 8 | Schematic diagram of maximum displacement and maximum stress distribution for bolt overlap. (a) Maximum displacement diagram. (b) Maximum stress diagram.Figure 8 shows that maximum displacement and maximum stress are two important indicators for the stability and safety of bolt overlap. Figure 8a is the maximum displacement value that increases with time under peak wind load conditions. The data shows that the maximum overlap displacement of the bolt is 8.67 mm, occurring in the X-axis, while the maximum displacement value in the Y-axis is 8.54 mm. According to the limit value of GB50017-2017 specification (standard ≤12 mm), it indicates that the optimized angle steel connection has not undergone instability or plastic deformation under extreme wind loads, meeting the requirements of structural elastic deformation. Figure 8b shows the maximum stress situation at the connection point of the model under the change of visibility, and the maximum stress in the Y direction is 582 MPa, indicating that the research design fully utilizes the plastic properties of the material while retaining about 20% safety margin. That is, the maximum stress of the reinforced Q345 steel can reach 630 MPa, which is within an acceptable range and meets the requirements of relevant specifications. The distribution of material strength is shown in Figure 9.
[image: (a) Line graph showing the relationship between tower height and bearing capacity. It compares high quality, lap strength, and material strength, with all increasing as height increases. (b) Line graph depicting stress-strain ratio versus tower height, with an intensity ratio plotted and a limit line at 45 meters. Both graphs have measurements in meters and megapascals.]FIGURE 9 | Partial results of material strength, lap strength, bearing capacity and strength ratio. (a) Material strength, lap strength, and bearing capacity distribution curve. (b) Strength ratio distribution curve.In the analysis of bolt overlap in Figure 9, the measurement and control of parameters such as material strength, overlap strength, bearing capacity and strength ratio are important criteria for evaluating the stability and safety of the structure. In Figure 9a shows the relationship between the height of the tower and its bearing capacity. According to the curve in the figure, as the height of the iron tower increases from 20 m to 160 m, the material strength and mass show an increase. The main reason is that the material strength (yield strength of steel) increases due to the increase in the cross-section of the component. The bearing capacity gradually decreases with the height of the tower, mainly due to the prominent geometric nonlinear effect. Compared with lower height towers, the overall bearing capacity of high towers will decrease by about 10%. The overlap strength increases with the height of the tower. Among them, when the tower height is above 180 m, the material strength, tower joint strength, and other bearing capacities are maintained within the range of 17.87 MPa–19.98 MPa. Figure 9b shows the relationship between tower height and strength ratio. The strength ratio is mainly distributed in the range of 0 m–30 m for tower height, while for tower height above 45 m, the overall strength ratio is lower, maintaining a strength ratio of 0 Gpa to 2 Gpa. Further analysis reveals that in high towers greater than 45 m, the strength ratio drops to 0–2 GPa, indicating that the structural turning flexibility control (geometric nonlinearity enhancement) needs to focus on suppressing wind-induced vibrations. The thermal effect analysis of the finite element model is shown in Figure 10.
[image: Four 3D models of cylindrical objects illustrate carrying strength, measured in megapascals, with color gradients from blue (0 MPa) to red (3.0 MPa). Each sub-image, labeled (a) through (d), shows different internal patterns of strength distribution.]FIGURE 10 | Thermal effect analysis of finite element model. (a) Positive thermal effect diagram. (b) Negative thermal effect diagram. (c) High altitude thermal effect diagram. (d) Low heat effect diagram.Figures 10a–d show the positive thermal effect map, negative thermal effect map, high-altitude thermal effect map, and low thermal effect map, respectively. The lap strength of the bolt is a key factor affecting its stability and lifespan, and this microscopic characteristic has received widespread attention. In the positive heating effect diagram of Figure 10a, observing the bolts, it is found that the lap strength distributed radially from the center to the periphery of the bolts. The maximum lap strength of the bolt occurs at the central axis of the bolt, approximately 2.5 MPa. This result indicates that the main load transmission core area here (bearing more than 60% of mechanical stress) conforms to the axial force transmission theory of bolted connections. As the distance from the central axis increases, the lap strength gradually decreases, reaching the outer wall position of the bolt, and the lap strength drops to 0.8 MPa. This result reflects the stress diffusion effect and verifies the accuracy of the Coulomb friction model (μ = 0.35). In the negative thermal effect diagram of Figure 10b, observing the bolt from the opposite side, the overlapping strength also shows a radial distribution around the bolt’s central axis, but the strength gradient is more pronounced than before. At the central axis, the lap strength of the bolt can reach 2.7 MPa, while at the outer wall of the bolt, the lap strength decreases to 0.7 MPa. This result reveals uneven contact surface pressure, which may be due to manufacturing tolerances or installation deviations, and local micro motion wear risks need to be monitored. In the analysis of the high-altitude thermal effect diagram and low thermal effect diagram in Figures 10c,d, the strength at all positions is less than 345 MPa of the yield strength of Q345 steel, proving that the design meets the elastic safety criteria. The study is finally conducted using a finite element model to quantitatively analyze the performance of the lap joint of angle steel connection bolts for 5G shared transmission towers. Multiple disaster coupling tests are conducted to simulate actual working conditions. Seismic condition: El Centro waves with 0.3 g PGA are input and loaded in stages from 0.1% to 1.0% depending on the interstory displacement angle, with boundary conditions for fixed connections at the base of the columns and semi-rigid constraints at the angle nodes. Strong wind condition: CFD generates a fluctuating wind field with a peak wind pressure of 1.5 kPa and a turbulence intensity of 15%. Icing condition: The equivalent ice thickness is 30 mm, the density is 900 kg/m3, and the ice is subjected to 24-h freeze-thaw cycles in a low-temperature cabin at −15°C ± 2°C. Long term stability: Through 3 million high-frequency cyclic loads and synchronous salt spray of 5% NaCl solution to accelerate simulation for 30 years of service, the pre tightening force attenuation rate is monitored in real-time by piezoelectric sensors. Among them, earthquakes shall comply with GB 50011-2010. Wind load is equivalent to ASCE 7-22 wind tunnel. According to the IEEE 738 standard for icing, the critical value for bolted connections is set at 1.5 to distinguish between shear failure and net section failure modes. The test results of the overlap performance of angle steel connection bolts under multiple disaster scenarios are shown in Table 4.
TABLE 4 | Test results of overlapping performance of angle steel connection bolts in multiple disaster scenarios.	Test field	Duration	Technical type	Stress -strain (GPa)	Bolt displacement (mm)	Strength degradation rate (%)	Destruction mode	p-value
	Reference condition	Short-term	Traditional	2.41	12.34	-	punching failure	-
	Enhanced type	2.68	9.87	-	Localized punching and cutting damage	-
	Optimized type	3.12	8.67	-	Bending failure	-
	Earthquake (0.3 g PGA)	Short-term	Traditional	1.85*	18.92*	23.2	Node fracture	0.003
	enhancement mode	2.31*	14.56*	13.8	Bolt slippage	0.018
	Optimized type	2.89*	10.24*	7.4	Slight cracks	0.041
	Strong wind (peak wind pressure 1.5 kPa)	Mid-term	Traditional	1.92*	16.73*	20.3	Twisted angle steel	0.001
	enhancement mode	2.45*	12.05*	8.6	Plastic deformation of bolts	0.009
	Optimized type	2.94*	9.13*	5.8	No visible damage	0.032
	Ice cover (30 mm equivalent load)	Long-term	Traditional type	1.78*	20.15*	26.1	fracture	<0.001
	Enhanced type	2.22*	15.87*	17.2	Peel off the connection surface	0.007
	Optimized type	2.76*	11.42*	11.5	Microcrack propagation	0.026
	Multi hazard coupling (wind + ice)	Long-term	Traditional	1.65*	22.47*	31.5	Overall collapse	<0.001
	Enhanced type	2.08*	18.34*	22.4	Multi node failure	0.004
	Optimized type	2.63*	13.05*	15.7	Local pressure	0.011


Note: * indicates a significant difference from the baseline condition (p < 0.05). Intensity degradation rate=(baseline intensity-post disaster intensity)/baseline intensity×100%.
According to Table 4, seismic loads cause a 23.2% decrease in stress in traditional nodes, which is primarily manifested as a shift from shear failure to brittle fracture. This is due to the seismic dynamic amplification effect, which causes the loss of bolt preload force and leads to contact surface slip. The optimized scheme controls displacement at 10.24 mm (below the 12 mm specification limit) by adding bolt shear elements and thickening the end-plate design. This changes the failure mode to ductile bending. In strong wind scenarios, the strength degradation rate of the optimized scheme is only 5.8%, significantly lower than that of the traditional scheme (20.3%). Moreover, the stiffening rib design of the angle steel flange reduces the stress concentration factor from 3.2 to 1.8, avoiding local buckling. This result validates the applicability of Chen Fubo’s typhoon load theory. Over the long term, the strength of traditional type nodes degrades by 26.1% due to low-temperature brittleness and ice load cycling. The optimized scheme uses Q420 high-strength steel, which has an impact energy of 54 J at −40°C. This suppresses low-temperature crack propagation and reduces displacement by 43.3%. In extreme wind ice coupling disasters, the optimized type still maintains a stress-strain ratio of 2.63 GPa (higher than the lower limit of 2.4 GPa in the specification). Finally, in the analysis of long-term stability and degradation laws, the optimized type still exceeds the design value by 115% at 25 years, meeting the durability requirements of GB 50135-2019. In addition, ANOVA statistical tests shows that disaster type has the most significant impact on displacement (F = 38.72, p < 0.001), followed by technical type (F = 29.15, p < 0.001). The Tukey HSD test of the optimized model in various earthquake conditions rejects the null hypothesis (p < 0.05), indicating that it has good performance advantages. In addition, the study introduces multi-source data cross validation to verify the experimental analysis results. The results are shown in Table 5.
TABLE 5 | Cross validation of multi-source data.	Parameters	Types of disasters	Finite element prediction value	Reference value	Absolute error	Relative error (%)
	Bolt displacement (mm)	Strong wind (1.5 kPa)	9.13	9.85 ± 0.42	0.72	7.30%
	Stress and strain (GPa)	Earthquake (0.3 g PGA)	2.89	2.68 ± 0.15	0.21	7.80%
	Strength degradation rate (%)	Icing (30 mm equivalent)	11.5	12.1 ± 0.9	0.6	5.00%


Table 5 shows the cross-validation results of the multi-source data. In the bolt displacement inspection, the predicted value (9.13 mm) under strong wind conditions is slightly lower than the mean of the experiments (9.85 mm). The error occurred due to the incomplete simulation of the transient effects of turbulent flow in the wind field. In stress-strain testing, the reference value for seismic conditions is 2.89. The predicted value is also 2.89. The absolute error range is 0.21, which meets the requirements. In terms of the strength degradation rate, the error in the icing condition is only 5.0%. This indicates that the low-temperature material brittleness model is highly accurate (refer to the Johnson-Cook constitutive model).
5 CONCLUSION
In the context of the rapid development of 5G communication networks, transmission towers, as an important physical carrier, their structural stability and security are particularly critical. Among them, the bolt lap strength of angle steel connections directly affects the bearing capacity of transmission towers. The research aimed to explore the relationship between bolt lap strength and angle steel connection bearing capacity through finite element modeling, providing a basis for the design of transmission towers. It used a finite element model to simulate angle steel connections under different bolt lap strengths to understand their impact on bearing capacity. As a result, it was found that the fluctuation of bearing capacity increased when the overlap strength of bolts was increased. The optimized angle steel connection had the highest bearing capacity and was significantly better than other schemes. In addition, the stress-strain ratio of bolt overlap, i.e., the ratio of stress to strain, should not be less than 2.4 Gpa. Meanwhile, in the analysis of the maximum stress distribution of bolt overlap, the experimental results showed that the maximum stress at the bolt overlap joint was 582 MPa, which met the requirements of relevant specifications. The research provides a new theoretical basis and technical support for the design and construction of 5G shared transmission towers. However, this study also has some limitations, including limitations in model simplification and assumptions. In practical engineering, node connections are typically semi-rigid, while in models, they may be simplified as rigid connections. This results in discrepancies between actual force transmission and theoretical calculations. In addition, due to the uncertainty of long-term performance, although the optimized bolt overlap performs well in short-term tests, the fatigue performance and corrosion effects in long-term service have not been fully investigated. Engineering practice suggestion: Strengthen the design of weak areas. Tower leg components are the weak points of transmission towers. It is recommended to focus on their load-bearing role in the design and to use reinforcing measures (such as box section reinforcement) to improve their load-bearing capacity. For towers over 180 m, it is recommended to increase the redundancy design of material strength and lap strength. Furthermore, the optimization of node connection design to enhance its longevity is imperative. This can be achieved by incorporating semi-rigid characteristics into node connections to circumvent errors stemming from oversimplified assumptions. Future research endeavors should prioritize the investigation of the repercussions of extreme weather conditions, such as intense winds and ice disasters, on transmission towers. Concurrently, the evaluation of the long-term service performance of materials must be strengthened. This includes studying the fatigue performance and corrosion effects of bolt overlap during long-term service, establishing a long-term monitoring system, evaluating the health status of structures, and improving the application effect of technology.
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