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Since most of the UHV/EHV transmission lines pass through mountainous areas, the impact of rocks caused by landslides or collapses may cause partial deformation of the iron tower, or even collapse, seriously threatening the safety operation of transmission lines. To analyze the dynamic response characteristics and influencing factors of the rolling rock impacting the transmission line tower, a simulation model for the 500-kV steel suspension tower impacted by the falling rock was established by finite element analysis software LS-DYNA in this study, and dynamic response characteristics of the rolling rock impacting the steel tower were analyzed under different conditions. Results show that the stress on the tower foundation is closely related to the mass, volume, and initial velocity of the rolling stone. Under the same rolling stone speed, the stress on the tower foundation increases as the mass of the rolling stone increases. The maximum increase in peak stress generated between the two can reach 110%; when rolling stones of the same size collide with different initial velocities, the location and magnitude of the peak stress of the tower foundation are different. When the initial speed of the rolling stones is more remarkable than 15 m/s, the tower foundation of the hit area increased significantly, causing the tower base to be directly destroyed.
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1 INTRODUCTION
Rolling stones are often accompanied by instability of landslides. The so-called rolling stones refer to one of the movement methods such as falling, rebounding, jumping, rolling, or sliding after the rock of an individual geological mass is unstable for some reason. Alternatively, a dynamic evolutionary process that moves quickly down the slope and finally stops near a relatively gentle zone or obstacle (Zhang et al., 2004; Huang and Liu, 2009; Tang et al., 2019). Rolling stone incidents are generally sudden and random, so it is difficult to predict and control rolling stone disasters. At present, research practices on rolling stones impacting critical infrastructure have focused on following issues: influencing factors of the rolling stone motion characteristics, the impact response of rolling stones on the pier, the impact force of rolling stones on reinforced concrete slabs, and the impact characteristics of rolling stones on various cushioning materials. Through many experiments and simulation analyses, movement characteristics, impact force calculation theory, and the impact response of rolling stones on various cushioning materials were summarized (Garin, 1958; Yang and Guan, 1996; Pichler et al., 2005; Kawahara and Muro, 2006a; Yuan et al., 2014). However, due to the particularity of structures of the iron towers for power transmission lines and the complexity of the rolling stone movement path, the impact of the rolling stone on different types of parts of the tower will produce different dynamic responses. The trajectory of the rolling rock module along a sloped surface due to a landslide by rockfall, and jumping heights and kinetic energy of rolling rocks were calculated (Labiouse, 1996; Kawahara and Muro, 2006b; Pichler et al., 2006; Wang, 2016; Xiao, 2017; Li et al., 2021). Based on moving characteristics of rolling stones, the dynamic simulation model for the 500-kV suspension steel tower impacted by rockfall was established by LS-DYNA. The dynamic response of the tower foundation under different impacting conditions was calculated, and the tower deformation, the magnitude of the peak stress and the location of the peak occurrence, and the speed of the rolling stone were studied. Results provide a reference for the safety assessment of transmission towers and the design of protective structures.
2 MATERIALS AND METHODS
2.1 Problem description
This study used LS-DYNA software to study the impact response characteristics and process of a rolling stone impacting an iron tower. Generally, the impact position of a rolling stone mainly occurs at the tower’s base, and the relative stiffness of the tower base was relatively small. The speed changes, so this simulation assumed that the rolling stone was a rigid body, and the tower truss and the tower base adopted elastoplastic bodies. To reduce the calculation time, the actual rolling process of the rolling stone was simplified in the model, and the rolling stone was directly set at the contact point with the tower base.
2.2 Material model and parameter determination
The concrete material models commonly used for nonlinear dynamic analysis by LS-DYNA software include the HJC material model, concrete damage model, pseudo-tensor material model, the isotropic elastoplastic model with failure, and brittle damage model. Chen Cheng and Ou Bifeng et al. (Gu, 2015; Xingmin et al,; Zou et al., 2015) analyzed and compared these material models through numerical tests and concluded that the HJC model was the most suitable for low-speed collision. The strain rate effect was more comprehensive in consideration. The prediction of uniaxial dynamic compression power was closer to the actual strength. Therefore, the HJC model is used to simulate the structure of reinforced concrete tower foundation in dynamic analysis of the transmission tower impacted by a rolling stone.
The HJC material model is developed from the JC model and mainly includes three aspects: the equation of state, the yield surface, and the damage evolution equation (Jingcai et al., 2008).
① State equation
The HJC material model uses a piecewise equation of state to describe the relationship between the concrete hydrostatic pressure and volumetric strain. As shown in Figure 1, the first linear elasticity stage (OA) satisfies the linear relationship: k = p/μ; the next stage (AB) is the transition stage, and the elastic bulk modulus at any point in this stage can be calculated by the following interpolation; the final third stage (BC) is the complete compaction stage, in which the hydrostatic pressure and volumetric strain are expressed by a cubic polynomial.
[image: Figure 1]FIGURE 1 | Concrete pure water stress and volume strain curve.
② Yield surface equation
The HJC material model is described by equivalent stress; then, the yield surface equation can be expressed as follows:
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where
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where [image: image] is the real equivalent stress, [image: image] is the actual pressure, [image: image] is the reference strain rate, [image: image] is the strength parameter of the material, [image: image] is the material damage factor, and [image: image] is the static compressive strength of the concrete.
③ Damage evolution process
The damage factor of the material in the HJC model is obtained by the continuous accumulation of the equivalent plastic strain and plastic volume strain. The equation is as follows:
[image: image]
where [image: image] is the equivalent plastic strain increment, [image: image] is the plastic volume strain increment, and [image: image] is the fracture plastic strain under pressure, which can be obtained from the following formula:
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where [image: image] and [image: image] are the damage constants; [image: image] is the maximum tensile strength.
The HJC concrete material model contains 22 parameters in LS-DYNA. In this article, the reinforced concrete tower foundation adopts the Holmquist–Johnson–Cook concrete material model (Wu et al., 2010) parameters.
2.3 Calculation model
In this study, a 500-kV Zigzag angle tension tower is taken as the research object. The nominal height of the tower is 20 m, the total height is 33.8 m, the tower material is Q235 angle steel, the specification is L36 × 4, the tower foundation is made of concrete, and the size parameter is 60 × 60 × 160mm; the calculation model diagram is shown in Figure 2. The tower body is made of the beam element beam161, and the rolling stone and tower foundation are made of solid164. The specific parameters of each material model are shown in Table 1.
[image: Figure 2]FIGURE 2 | Calculation model of the stone impact tower.
TABLE 1 | Material parameters of the rolling stone impact tower.
[image: Table 1]Regardless of rain and snow weather, the main load the tower bears is the tower itself and the dead load and wind load of the wire. In the process of a rolling stone impacting the tower foundation, the deadweight load and wind load of the wire are mainly considered, and other limitations have little influence on them, so they are ignored. To simplify the calculation, the deadweight load and wind load of the line are directly applied to the relevant nodes of the simulation model in the way of the concentrated load (Holmquist et al., 2011).
Rolling stone settings: add the density, Poisson’s ratio, elastic modulus, and other parameters of the rolling stone in engineering data, create a rolling stone model in geometry, and set the rolling stone as a rigid body in the model.
Contact setting: LS-DYNA’s automatic contact is used between the rolling stone and the tower base.
Constraint settings: the overall model is set with gravity constraints, and the bottom of the hit tower base and the other three tower bases are restricted by three degrees of freedom, as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Constraint settings.
Analysis step setting: in the dynamic detailed analysis step setting (dynamic explicit), the analysis step time is set to 0.4 s, the time increment type is adaptive, and the maximum limit is 6 × 10-6s.
Output setting: in the time history output, in addition to the default output, contact stress, contact deformation, and speed change need to be added, that is, select deformation, stress, and velocity in probe, and the interval time of the field output and time history output is set to 0.02 s.
Load setting: in the initial analysis step, set the initial velocity to the reference point of the rolling stone. See the following text for the initial rate.
In the mesh division, the sphere of the tower base is divided by the multi-zone division mode, and the tower body is divided by the automatic division mode. The grid size of the sphere is 0.03 m, and the grid size of other parts is 0.04 m. After the grid is divided, the total number of nodes is 254929, and the number of grids is 201007.
2.4 Model validation
In order to verify the accuracy and rationality of the numerical model and its parameters in this study, the impact test, as shown in Figure 4, is carried out in this study, and then, the working conditions of the test are simulated by the simulation model introduced in 2.3, the maximum impact force at the impact point is extracted, and the simulation results are compared with the experimental data.
[image: Figure 4]FIGURE 4 | Experimental setup diagram.
The test device includes an artificially constructed slideway, an impact force test device, and a high-speed camera. The slideway can be adjusted to different slopes through an angle adjuster to obtain different impact speeds; the impact force test device includes a rolling stone baffle, a force sensor, and a collection device. The device is used to collect the test data on the impact force of the rolling stone; the high-speed camera is used to record the test process, and the image analysis is used to obtain the speed of the rolling stone movement after the test.
The test site diagram is shown in Figure 5. The specific test steps are as follows: the rolling stones are spheres made of steel-mixed materials, with weights of 2, 4, and 6 kg, respectively. The 60° slope is released naturally. The high-speed camera is used to record the sliding process of the rolling stone in real time. The peak impact force data when the rolling stone hits the sensor are manually collected, and then, the speed of the rolling stone when it hits the sensor is analyzed through image recognition.
[image: Figure 5]FIGURE 5 | Field experiment map.
According to the data in Table 2, it can be seen that the peak value of the impact force of the rolling stone has a positive correlation with the impact speed and mass of the rolling stone. The variation law of the simulated data results is basically the same as that of the test results, and the peak impact force of the rolling stone is basically positively linear with the relationship between the speed and mass of the rolling stone. Relationship, but the whole is larger than the test data; this is because the air resistance is ignored in the simulation, and the rolling stone is set as a rigid body, which will increase its impact force. Through calculation and analysis, the maximum error after comparing all data is 11.69%. It is proved that the simulation results of the numerical model are reasonable to a certain extent within the allowable error range of the simulation in the “DYNA Nonlinear Dynamic Analysis Method and Engineering Application.”
TABLE 2 | Comparison of rolling stone impact force results.
[image: Table 2]3 RESULTS
In order to make the simulation results more valuable, this study takes the statistical data on the rolling rock conditions near the iron tower after the collapse and the rolling rock disaster simulated in the literature (Li et al., 2021) as the reference value for simulation analysis, and through simulation verification, it is found that when the horizontal impact occurs, the stress peak value is the largest, so the control variable method is adopted, the speed is kept at 7 m/s, the horizontal impact is set, the rolling stones of different masses are set, the diameter of the rolling stone is kept at 1.0 m, the horizontal impact is set, and the rolling stones with different speeds are set, as shown in Table 3.
TABLE 3 | Distribution of rolling stone conditions with different masses and speeds.
[image: Table 3]3.1 Analysis of the dynamic response process of a rolling stone impacting a tower with different masses
With the increase of the mass of the rolling stone, the maximum deformation position of the tower body is transferred from the lower cross arm to the tower legs, and the deformation of the tower foundation is changed from tilt to collapse, and in the process of collapse, there will be some broken stones flying out of the tower foundation. The position of the maximum stress of the tower mainly concentrates on the contact with the rolling stone and the connection with the tower legs and the right lower part of the tower foundation.
When the diameter of the rolling stone is less than 0.8 m, the maximum deformation of the tower body is concentrated at the cross arm, which is mainly due to the deformation of the tower body in the process of gravity overwhelming the tower foundation after the tower foundation is tilted. When the diameter of the rolling stone is more than 1.4 m, the maximum deformation occurs at the tower legs. There is considerable angle steel bending, particularly because the sliding of the tower leg of the impacted tower foundation leads to the deviation of the whole tower to the impacted side, and the diagonal tower legs suffered severe instability. The deformation cloud chart (t = 0.4 s) of working condition I2 is shown in Figure 6, and the stress cloud chart (t = 0.02 s) is shown in Figure 7.
[image: Figure 6]FIGURE 6 | Deformation cloud chart under working condition I2.
[image: Figure 7]FIGURE 7 | Stress cloud chart under working condition I2.
The stress-time history curves of the tower foundation under different operating conditions are shown in Figure 8, which can be obtained by combining with Figure 5. The changing trend of the stress curve under each working condition is the same, but the amplitude and time of the peak value are different. After the impact, the first stress peak of each working condition all appears within 0.02 s. Then, it falls back within 0.06 s. The impact process is very short.
[image: Figure 8]FIGURE 8 | Stress−time history curve of the tower foundation under working condition I.
1) The peak value of the stress borne by the tower foundation increases with the increase in the mass of the rolling stone, but I2 and I3 have the largest increase between different working conditions. The peak value of I2 is 9.01 MPa, and the peak value of I3 is 18.91 MPa, with an increase of 110%.
2) The second peak value of I1∼I3 occurs because when the diameter of the rolling stone is small, the tower foundation is slightly tilted by the rolling stone at first, and then, the tower foundation is crushed by the weight of the tower body due to the instability of the tower legs, so there are two peak values of stress. However, the stress of the tower foundation is mainly concentrated on the connection between the tower foundation and the tower legs. This shows that the impact force of the small rolling stones is not as big as the pressure when the tower legs overpower the tower foundation.
3) As the diameter of the rolling stone increases to more than 1.0 m, the peak stress of the tower foundation appears at the contact point with the rolling stone and the fracture at the lower right of the tower foundation. At this time, the tower foundation shows the trend of fracture or tipping, indicating that the rolling stone with a diameter greater than 1.0 m poses a great risk to the tower.
3.2 Analysis of the dynamic response process of a rolling stone with different initial velocities impacting a tower
When the rolling stones exhibit different speed impact ranges, the deformation position of the tower is similar to that of the rolling stones with different masses. The maximum deformation position of the tower body is still transferred from the lower cross arm to the leg of the tower. In contrast, the deformation of the tower foundation is slightly different. When the speed of the rolling stones is greater than 15 m/s, the tower foundation will be smashed directly.
When the initial speed of the rolling stone is less than 5 m/s, it just hits the tower foundation at a slight tilt, and then, the tower body is slowly crushed by gravity. When the initial speed of the rolling stone is 7–12 m/s, the rolling stone can knock down the tower foundation, and the rubble blocks of the tower foundation increase with the increasing speed of the rolling stone. The maximum deformation occurs at the tower legs. When the initial speed of the rolling stone reached 15 m/s, the tower foundation was completely damaged, and the tower was unstable as a whole, with a large tendency to collapse. The deformation cloud chart (t = 0.4 s) and stress cloud chart (t = 0.02 s) of II6 are taken as examples, as shown in Figure 9 and Figure 10.
[image: Figure 9]FIGURE 9 | Deformation cloud chart under working condition II6.
[image: Figure 10]FIGURE 10 | Stress cloud chart under working condition II6.
The stress–time history curves of the tower foundation under different working conditions are shown in Figure 11, from which it can be obtained:
1) The occurrence time of the first stress peak in each working condition is the same, which is about 0.02 s. However, the stress peak falling back is different under different working conditions, and only the stress curve variation trend of II2∼II5 remains consistent.
2) On the whole, with the increase of the speed of the rolling stone, the peak stress of the tower foundation is also increasing. However, the stress curve of II1 falls back after some time after the peak. It was obvious that the 3 m/s rolling stone takes longer to knock down the tower foundation due to its lower speed. Due to the high speed of the rolling stone of II6, it directly crashed through the whole tower, so the stress remained basically the same in the process of impact, and the stress curve only began to fall back after impact.
3) The maximum impact peak value between the rolling stones with different velocities is only 38.18 M Pa, indicating that the change of velocity has less impact on the stress peak than the change of mass.
4) On the whole, the rolling stone with small initial velocity has little influence on the tower foundation, and the stress on the tower foundation mainly comes from the self-weight of the tower body. However, damaging force of the rolling stone with large initial velocity on the tower foundation is very significant. When the rolling stone speed reaches 15 m/s, the peak stress is only 11.99 M Pa, but the damaged area is large, and the tower foundation in contact with the rolling stone is all broken.
[image: Figure 11]FIGURE 11 | Stress−time history curve of the tower foundation under different working conditions.
3.3 Relationship between the impact speed of the rolling stone and time
The analysis of the speed change during the impact of the rolling stone on the iron tower is of great significance for the study of the anti-collision measures of the rolling stone. Figure 12 shows the speed change curve of the rolling stone under the impact of different masses of the rolling stone and the curve of the falling speed of the rolling stone between various working conditions. It can be seen from the figure that the velocity curves of rolling stones of different masses basically follow the same trend. First, they decelerate due to the collision with the tower base. After the collision is over, the total velocity begins to increase slowly, while the horizontal velocity basically remains unchanged. After decelerating, the rock speed of I1 is only 2.05 m/s, and the speed drop is 70.17%; however, the rock speed of I6 is still 6.04 m/s after being decelerated, and the speed drop is only 13.89%. Therefore, the higher the mass of the rock, the lower the deceleration effect is and the greater the degree of danger is, which is basically consistent with the results of the on-site rock impact structure and iron tower investigation.
[image: Figure 12]FIGURE 12 | Rolling stones speed variation curve under impacting stones with different weights.
Figure 11 shows the speed change curve of the rolling stone under different speeds and the curve of the decrease of the rolling stone speed between various working conditions. It can be seen from the figure that the rock impact conditions under II1∼II2 are slightly different from those of II3∼II6. The speed is greatly reduced after hitting the tower base, but it does not knock down the tower base. The speed of the rolling stone is 3 m/s; after hitting the tower base, the speed drops by 54.07%, and the speed drops 35.62% after the tower base is installed with a rolling stone with a speed of 5 m/s. Therefore, a rolling stone with a speed below 5 m/s poses little threat to the tower; For II3∼II6, under working conditions, the changing trend of the rolling stone velocity is basically the same. After hitting the tower base, it decelerates and then gradually accelerates under the action of gravitational acceleration. The smaller the deceleration effect is, combined with the deformation diagram, it can be seen that the rolling stone with a speed of 15 m/s is likely to hit another tower foundation, which is a great threat to the tower to fall.
[image: Figure 13]FIGURE 13 | Rolling stones speed variation curve under impacting stones with different initial speeds.
4 CONCLUSION

1) As the mass or initial velocity of the rolling rock increases, that is, the momentum of the rolling rock increases, the maximum deformation position of the tower body gradually shifts from the lower cross arm to the tower leg, while the deformation of the tower base changes from tilting to collapse, and flying. The tower base crushed stones released have also increased; when the diameter of the rolling stone is greater than 1 m and the initial velocity is greater than 15 m/s, the tower base is directly hit by the rolling stone, causing a tower collapse accident.
2) During the impact of the rolling stone, the rolling stone with the greater mass or initial velocity will receive a lower deceleration effect. The horizontal velocity after impact deceleration is greater, and the rolling stone with larger mass and initial velocity will crash into the tower foundation. It may continue to hit the tower and threaten the stability of the tower.
3) The law of the stress–time history curve of the rolling stone hitting the iron tower is basically the same. The greater the mass or speed of the rolling stone, the greater the peak stress is. The peak stress increase in impact of different mass rolling stones is much greater than that of different speed rolling stones. Therefore, the prevention and control of large mass rolling stones is more important than the prevention and control of high-speed rolling stones.
4) The protection design of the iron tower should focus on the contact between the tower foundation and the rolling stone and the connection with the tower leg and the bottom right fracture of the tower foundation.
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