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Abstract

:

The impact effect can cause structural damage to a transmission tower’s foundation and affect its overall stability. In order to study the influence of the impact effect on the stability of transmission tower foundations, a three-dimensional finite element numerical simulation method was used to investigate the variations in the extent of damage, displacement, and inclination degree of a transmission tower foundation under different impact velocities, impact durations, impactor shapes, and impact locations. The results show that as the impact velocity increases, the damage value of the transmission tower foundation continuously increases, and the damaged area expands. The lateral displacement value increases continuously with the duration of the impact effect, and the variation in lateral displacement follows a linear function distribution. The inclination degree of the transmission tower foundation increases continuously with increased impact duration and can lead to overturning failure. A smaller impact contact area results in a larger compressive damage value for the transmission tower foundation, and different impact contact areas lead to different modes of failure for the transmission tower foundation. The damage value and damaged area of the transmission tower foundation vary with the location of the impact. By comparing the deformation of the transmission tower foundation before and after reinforcement, it is evident that the reinforcement design can significantly improve the deformation resistance and anti-overturning capacity of the transmission tower foundation.
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1. Introduction


In order to keep up with the rapid development of the national economy and the ever-increasing demand for electricity and achieve wider implementation of optimized resource allocation and the construction of modern intelligent power grid, the construction of transmission engineering infrastructure needs to continue at a fast pace [1]. As a carrier for high-capacity power transmission and a crucial lifeline project which is part of the lifeblood of national economic construction and development [2,3], the safe and stable operation of transmission engineering infrastructure is vital for the country’s economic growth and the normal needs of people’s lives. Once failure or damage occurs, it will cause significant economic losses and trigger various secondary disasters [4,5,6,7,8,9,10]. Transmission tower foundations, which play the role of pillar in the transmission engineering infrastructure, have an irreplaceable role in maintaining the stability of transmission towers and transferring load. Ensuring the safety and stability of transmission tower foundations under adverse external factors is the key focus of engineering design and operational maintenance. Therefore, it is of great engineering significance to study the deformation and stability of transmission tower foundations under adverse effects.



With the increasing number of transmission tower foundations installed on the Earth’s surface, the safety and stability of transmission tower foundations have drawn significant attention from scholars. Relevant research on the stability of transmission tower foundations has been carried out by some scholars [11,12,13]. For example, Gao et al. [14] studied the failure location of transmission towers and the stress characteristics of key components through a full-scale experiment. Taking a transmission tower in a coal-mining subsidence area as an example, Shu et al. [15] adopted finite element numerical simulation to analyze the deformation resistance of the transmission tower under the action of foundation displacement, wind load, and ice cover load. Zhou et al. [16] studied the influence of the number, distribution characteristics, and development model of soil caves on the stability of transmission tower foundations using a numerical simulation method. Based on the construction project of a double-line loess tunnel near a transmission tower, Yao et al. [17] established a finite element numerical model with the ABAQUS software (https://www.hindawi.com/journals/ace/2023/2533212/, accessed on 16 October 2023) to study the influence of different tunnel construction methods on the deformation and stress of transmission tower foundations. Wang et al. [18] studied the dynamic response of tunnels in the surrounding rock and a high-voltage transmission tower under an explosion load by numerical analysis in a FLAC finite difference program. In order to analyze the frost heave characteristics of a prefabricated cone column foundation, Xin et al. [19] carried out physical experiments on the frost heave characteristics of a prefabricated cone column foundation under different temperature conditions and studied the temperature field distribution characteristics and the frost heave displacement mode. Yuan et al. [20] studied the failure mode of transmission tower foundations under large spans and then proposed improvement measures to enhance the stability of transmission tower foundations. In summary, the above studies have investigated the stability of transmission tower foundations under conditions such as soil cave development, construction disturbance, and ultimate loads and revealed the variations in the stability of transmission tower foundations under adverse effects to some extent. However, transmission tower foundations often suffer various impact effects in practical engineering, yet there is a lack of research on the influence of impact loading on the deformation and stability of transmission tower foundations. In particular, for transmission tower foundations installed in farmland areas, due to the popularization of automation of farming operations such as sowing and harvesting, agricultural equipment and agricultural vehicles frequently appear in such farmland areas. Due to limited visibility and improper handling of personnel, incidents of agricultural equipment and agricultural vehicles hitting transmission tower foundations occur frequently. The impact effect in such a case will cause certain structural damage to and displacement of a transmission tower foundation, which will seriously affect the overall stability of the foundation. There is even a risk of instability and collapse of the upper transmission tower, which would result in the paralysis of the power grid system and serious economic losses.



Based on the above problems, in this paper, a three-dimensional finite element numerical simulation method was used to investigate the influence of impact loading on the stability of transmission tower foundations, and then the variations of damage degree, displacement, and inclination degree of transmission tower foundations under different impact speeds, different impact durations, different impactor shapes, and different impact positions are analyzed. Further comparative analysis of the deformation characteristics and damage values of transmission tower foundations before and after reinforcement and the influence law of the impact effect on the deformation and stability of transmission tower foundations are revealed. Based on this paper, this research enriches the study of the stability of transmission tower foundations under adverse conditions and provides references for the assessment and safety analysis of the stability of transmission tower foundations under impact effects in practical engineering.




2. Numerical Modeling


The ABAQUS software is used in this study to conduct three-dimensional finite element numerical simulation, and the model is established according to the specifications of a specific transmission tower in practical engineering. The transmission tower foundation has a length of 6.8 m, a height of 3.5 m, and a column width of 0.8 m. The concrete grade used for the transmission tower foundation is C30, and the load borne by the transmission tower foundation is determined based on the actual conditions. The numerical model includes the soil mass, impactor, transmission tower, and transmission tower foundation, in which a tie constraint between the transmission tower foundation and soil mass is adopted. Constraints are applied to the surrounding boundaries of the soil mass in the form of normal displacement, while three-directional displacement constraints are imposed at the bottom of the soil mass. The top surface of the soil mass is a free boundary. A vertical displacement constraint is applied to the bottom of the impactor, and the horizontal velocity is applied to the impactor to realize the impact to the transmission tower foundation. A dynamic implicit step is used for impact analysis in the numerical simulation process. In order to eliminate the influence of boundary constraints and enhance the computational efficiency, the horizontal distance between the boundary of the numerical model and the edge of the transmission tower foundation is 3 times the width of the transmission tower foundation, and the vertical distance is 7 times the height of the transmission tower foundation. A solid element is adopted for the model of the impactor, transmission tower foundation, and soil mass. The grid adopts the solid reduction integration C3D8R element, including the Mohr–Coulomb model of soil mass, and the concrete damaged plasticity (CDP) model is used for the transmission tower foundation. It has been proven that the CDP model can effectively simulate the stress state, damage degree, and failure form of concrete materials [21,22], and its uniaxial compression and tensile stress–strain relationships are determined by referencing existing literature [23]. The numerical model is divided into 78,252 grid cells, as shown in Figure 1. The detailed parameters of the numerical model are shown in Table 1, and the parameters of the CDP model are shown in Table 2.



In the actual farmland areas, it is often agricultural equipment and agricultural vehicles that impact transmission tower foundations. However, due to the diverse and complex specifications of agricultural equipment and agricultural vehicles and the difficulty of modeling, simplified impactors are adopted to simulate actual agricultural equipment and agricultural vehicles; three different shapes of impactors are used to simulate the different impact surfaces of agricultural equipment and agricultural vehicles. The authors of [24] conducted numerical simulation studies on the direct impact of impactors on a transmission tower structure. The focus of this study is to analyze the deformation and stability of a transmission tower foundation under the impact effect, which means the impactor does not directly impact the transmission tower structure; that is, the influence of the impact effect on the upper transmission tower structure cannot be considered, so the transmission tower structure is not considered in the calculation and analysis process. In order to further improve the calculation efficiency of the numerical model, an equivalent force is applied to the top of the transmission tower foundation to replace the self-weight of the transmission tower structure and the load transmitted by the transmission lines. The vertical force and horizontal force applied to the transmission tower foundation are 1000 kN and 150 kN, respectively.




3. Result Analysis


3.1. Different Impact Velocities


In practical engineering, agricultural vehicles will impact a transmission tower foundation at different speeds. Considering that these vehicles do not travel at high speeds in farmland areas, impact velocities of 10, 20, and 30 km/h are selected to analyze the deformation and damage to the transmission tower foundation under different impact velocities. The simulation results indicate that the stress and lateral displacement of the transmission tower foundation at the initial impact time are different under different impact velocities, and the values increase with increasing impact velocity. Taking the type I impactor as an example, Figure 2 shows the compression damage contour of the transmission tower foundation at the initial impact time under different impact velocities. From Figure 2, it can be observed that the transmission tower foundation exhibits a certain degree of damage at the initial impact time, and the damage values are different for different impact velocities. When the impact velocity is taken as 10 km/h, the maximum damage value is 0.265; when the impact velocity is taken as 20 km/h, the maximum damage value is 0.318, which is an increase of 20% compared with the impact velocity of 10 km/h; when the impact velocity is taken as 30 km/h, the maximum damage value is 0.601, which is an increase of 131% compared with the impact velocity of 10 km/h. It is evident that with the increase of the impact velocity, the damage value of the transmission tower foundation increases significantly. It can also be found from Figure 2 that with the increase of the impact velocity, the damage area of the transmission tower foundation expands continuously, which indicates that the damage degree of the transmission tower foundation is more serious under high-velocity impacts.



In order to further investigate the variations in the lateral displacement of the impacted area under different impact velocities, a unit node of the transmission tower foundation numerical model was selected for analysis (point A in Figure 2), and the lateral displacement time history curves of unit node A under different impact velocities within the time range of 20 ms after the initial impact time were extracted, as shown in Figure 3. Under different impact velocity conditions, the lateral distance between the impactor and the transmission tower foundation remains unchanged, and it takes a certain time for the impactor to impact the transmission tower foundation after the velocity is given to the impactor. The difference in the given velocity causes the moment of impact on the transmission tower foundation to be different. It can be seen from Figure 3 that within the time range of 20 ms after the initial impact time, when the impact velocity is taken as 10, 20, and 30 km/h, the lateral displacement increases from 0 mm to 64 mm, 122 mm, and 186 mm respectively. The results show that with the increase of the impact velocity, the incremental value of the lateral displacement within the same impact duration increases continuously. At the same impact velocity, the lateral displacement value of unit node A increases with the duration of the impact effect. It can be found through function fitting that the growth trend of the lateral displacement value conforms to linear function distribution, and the slopes of the fitting curves are 2.91, 2.96, and 8.90 when the impact velocity is taken as 10, 20, and 30 km/h, respectively. The different slopes of the lateral displacement numerical fitting curves at different impact velocities indicate that the varying rate of the lateral displacement is different, which indicates that the varying rate of the lateral displacement of the transmission tower foundation increases with increasing impact velocity.




3.2. Different Impact Durations


Agricultural equipment and agricultural vehicles often stop when impacting a transmission tower foundation in practical engineering; that is, the impact duration is an instant. In some cases, agricultural equipment and agricultural vehicles still maintain a certain speed after impacting a transmission tower foundation, causing sustained damage to the transmission tower foundation. Therefore, it is necessary to study the deformation responses of a transmission tower foundation under different impact durations. Figure 4 illustrates the lateral displacement contours of the transmission tower foundation under different impact durations of the type I impactor.



As can be seen from Figure 4, a 4.4 mm lateral displacement occurred at the central point of the transmission tower foundation at the initial impact time. With the increase of the impact duration, the lateral displacement value increased continuously, and the area where the lateral displacement occurred gradually expanded. When the impact duration is taken as 10 ms, 20 ms, 30 ms, and 40 ms, the lateral displacement values of the impact center are 96.8 mm, 186.2 mm, 278.8 mm, and 368.8 mm, respectively. The lateral displacement values of individual points along the longitudinal center line of the connected beam under the impact effect were extracted (as shown in Figure 5). It can be found that the lateral displacement value increases with a smaller distance from the impact center point, and the lateral displacement values exhibit a parabolic shape along the longitudinal center line of the connected beam. In addition, it can be seen that with the increase of the impact duration, the lateral displacement curves of individual points along the longitudinal center line of the impacted connected beam move to the right continuously, and the bending degree of the impacted connected beam increases with the increase of the impact duration.



Figure 6 shows the vertical displacement contours of the transmission tower foundation under different impact durations with the type I impactor. It can be observed that with increasing impact duration, the left side of the transmission tower foundation will uplift to a certain extent, while the right side will sink to a certain extent, indicating that the transmission tower foundation has an obvious tendency to overturn in the rightward direction. Overturning failure is a common mode of instability failure in transmission tower foundations. The inclination degree index is defined as the ratio of the vertical maximum displacement difference between the near and far ends of the transmission tower foundation to the length of the transmission tower foundation. According to the maximum inclination degree rate of 6‰ stipulated in the Technical Code for Design of Overhead Transmission Line Foundation (DL/T519-2014) [25], the inclination degrees of the transmission tower foundation under different impact durations with the type I impactor are calculated. When the impact duration is taken as initial impact time plus 10, 20, 30, and 40 ms, the inclination degrees of the transmission tower foundation are 0.2‰, 1.7‰, 4.0‰, 5.9‰, and 7.8‰, respectively, indicating that the continuous impact effect will have a serious influence on the inclination degree of the transmission tower foundation. It is also found that when the impact duration exceeds 30 ms, the inclination degree of the transmission tower foundation surpasses the prescribed limit value, which indicates that the transmission tower foundation will sustain an obvious overturning failure under the continuous impact of the type I impactor.




3.3. Different Shapes of Impactor


In practical engineering, there are various shapes and specifications of agricultural equipment and agricultural vehicles, resulting in a variety of different shapes of impact surfaces. In this study, these are simplified into a square impact surface, triangular impact surface, and semi-circular impact surface, corresponding to the type I, type II, and type III impactors, respectively. Figure 7 shows the pressure damage contours of the type I, type II, and type III impact objects on the transmission tower foundation at an impact speed of 30 km/h and an impact time of 5 ms.



It can be seen from Figure 7 that the damage position distributions and damage degrees of the transmission tower foundation are different under the impact effects of differently shaped impactors. The damage degree of the type I impactor is small in the front position, and there are two obvious damage areas at the corner position of the type I impactor. The obvious damage areas of the transmission tower foundations using the type II and type III impactors appear at the front positions of the impactors; that is, the obvious damage areas are mainly concentrated at the end positions of the impactors. It can also be seen from Figure 7 that under the impact effects of the type I, type II, and type III impactors, the compression damage values of the transmission tower foundation are 0.784, 0.956, and 0.911, respectively, which indicates that at the same impact time, the sharper the impactor is—that is, the smaller the impact contact area—the greater the compression damage value of the transmission tower foundation. With the continuation of the impact, the compression damage value of the transmission tower foundation under the Impact of the type II impactor reaches 0.99 first, which indicates that the sharper the impact object, the more likely the transmission tower foundation is to experience structural failure at an earlier stage.



In order to further compare the inclination degrees of the transmission tower foundation under the impact effects of the differently shaped impactors, the inclination degrees of the transmission tower foundation under different impact durations of the type I, II, and III impactors are shown in Figure 8. It can be seen that at the initial impact time, the inclination degrees of the transmission tower foundation for the different shapes are, from largest to smallest: type II, type III, and type I. This indicates that the smaller the impact contact area, the more susceptible the transmission tower foundation is to deformation under the impact effect. The inclination degree of the transmission tower foundation increases with increasing impact duration, and the variation law approximately follows a linear relationship. With the continuation of the impact, the inclination degree of the transmission tower foundation with the type I impactor exceeds the prescribed critical value of instability. Although the inclination degrees of the transmission tower foundation with the type II and type III impactors do not reach the prescribed critical values of instability, the small impact contact area causes the phenomenon of stress concentration, and the affected beam will take the lead in a structural failure during the impact process. The above results show that different impact contact areas will lead to different damage forms of the transmission tower foundation. When the impact contact area is small, structural failure is more likely to occur, while when the impact contact area is large, the transmission tower foundation is prone to overturning failure.




3.4. Different Impact Positions


When the position of the impact is different, the damage to the transmission tower foundation is also different. The center points of impacts are selected as the mid-span, quarter-span, and edge positions of the connecting beams of the transmission tower foundation. Figure 9 shows the compression damage contours of the transmission tower foundation when the type I impactor impacts different positions at the initial impact time.



As can be seen from Figure 9, there are significant differences in the damage to the transmission tower foundation when it is impacted at different locations at the initial impact time, and the maximum damage value is 0.60 when the impact position is the mid-span point; the maximum damage value is 0.91 when it is impacted at the quarter-span position; the maximum damage value is 0.15 when it is impacted at the edge position. A comparison reveals that when impacted at the edge position, the damage area of the transmission tower foundation is the smallest; that is because the impact load is shared by the connecting beam and the column foundation, and the impact load can be transmitted to the adjacent connecting beam. However, when impacted at the quarter-span position, the damage value and damage area of the transmission tower foundation are the largest, and certain damage areas also appear at the column position, among which the edge of the connecting beam connected to the column foundation is the most seriously damaged. With the continuation of the impact, the damage value of this position first reaches 0.99, indicating that this position is the weakest position of the transmission tower foundation and should be paid special attention in engineering design and protection.



During the impact process, the deformation and failure of the soil mass are observed at the same time. Because the deformation and failure of the soil mass can easily lead to rainwater infiltration and decrease the bearing capacity of the foundation, the deformation and failure of the soil mass are related to the stability of the foundation and can further affect the long-term stability of the transmission tower foundation. The variation curves of the uplift values of unit node B at the left front corner of the transmission tower foundation during the impact process were extracted, as shown in Figure 10. It can be observed that the uplift values of unit node B increase with continuous impacting, and the increase rates of the uplift values of unit node B are different when different positions are impacted. At the same impact time, the uplift value of unit node B is the largest when the impact occurs at the edge position; the uplift value of unit node B at the quarter-span position is the second largest; the uplift value of unit node B is the smallest when the impact occurs at the mid-span position, and the uplift value of unit node B when the impact occurs at the edge position is significantly greater than the uplift values of element node B in the other two impact cases. It can be seen that an impact at the edge position has a significant influence on the deformation of the surrounding soil of the transmission tower foundation.





4. Comparative Analysis before and after Reinforcement Design


Longitudinal reinforcement bars and stirrups installed inside the transmission tower foundation can improve the bearing capacity and resistance to external loads of the transmission tower foundation and increase its overall stability, as shown in Figure 11. The density of the rebars in the model is 7800 kg/m3, the elastic modulus is 2.06 × 105 MPa, and Poisson’s ratio is 0.3. The element was the three-dimensional truss element T3D2, and an ideal elastic–plastic model was used to simulate the stress and deformation characteristics of the rebars. Then, the rebar model was built into the transmission tower foundation model by embedding command [26,27].



Rebars of different types, that is, of different strengths, are used to reinforce the transmission tower foundation. Table 3 shows the deformation and damage values of the transmission tower foundation strengthened with rebars of different strengths when the impact velocity is 30 km/h and the impact duration is 20 ms. It can be seen that with the increase of the reinforcement strength, the maximum lateral displacement, maximum vertical displacement, inclination degree, and damage value of the transmission tower foundation decrease continuously. The reinforcement design using rebars of type HRB400 is taken as an example. Figure 12 shows the lateral displacement and vertical displacement contours of the reinforced transmission tower foundation when the impact velocity is 30 km/h and the impact duration is 20 ms. It can be seen that only the impacted beam of the reinforced transmission tower foundation deforms to a certain extent under the impact effect, while the impact has minimal effect on the other parts of the transmission tower foundation. In order to compare and analyze the deformation characteristics of the transmission tower foundation before and after reinforcement, Figure 12a,b are compared with Figure 4c and Figure 6c. It can be found that the maximum lateral displacement and vertical displacement of the transmission tower foundation before reinforcement are 186.2 mm and 19.6 mm, respectively, at the same impact time, while the maximum lateral displacement and vertical displacement of the transmission tower foundation after reinforcement are 138.7 mm and 12.7 mm, respectively, and the lateral displacement and vertical displacement of the transmission tower foundation after reinforcement have been reduced by 25.5% and 35.2%, respectively. This indicates that the lateral displacement and vertical displacement of the transmission tower foundation are significantly reduced, and the deformation area is significantly reduced after reinforcement. It is further calculated that the inclination degree of the transmission tower foundation after reinforcement is reduced by 47%, indicating that the reinforcement design can significantly improve the anti-deformation and anti-overturning ability of the transmission tower foundation. The main reason for the above phenomenon is that the steel skeleton participates in resisting the external impact load during the impact process. It can also be seen from the stress contours of the steel skeleton (Figure 12c) that the rebars built into the connecting beam generate a large resistance to stress and share the stress of the original concrete structure. In addition, during the impact, the steel skeleton dissipates a portion of the impact energy through plastic deformation, thereby reducing the overall deformation of the structure, which can better prevent the expansion of cracks and the occurrence of fractures.




5. Conclusions


In response to engineering accidents involving impacts on transmission tower foundations by agricultural equipment and agricultural vehicles in practice, a finite element numerical simulation method is used to study and analyze the variations in the damage degree, displacement, and inclination degree of a transmission tower foundation under different impact velocities, different impact durations, different shapes of impactor, and different impact positions. An exploratory study was conducted to investigate the influence of impacts on the stability of the transmission tower foundation. This study provides guidance for assessments of the stability and safety analyses of transmission tower foundations under impact loads in actual engineering applications. The main conclusions can be drawn as follows:




	(1).

	
With increasing impact velocity, the damage value of the transmission tower foundation increases, and the damage area expands. The lateral displacement value of the transmission tower foundation increases with continuous impacting, the variation trend of the lateral displacement accords with a linear function distribution, and the lateral displacement of the transmission tower foundation increases with increasing impact velocity.




	(2).

	
With the increase of the impact duration, the lateral displacement curves of individual points along the longitudinal center line of the impacted connected beam move to the right continuously, and the lateral displacement values show a parabolic shape along the longitudinal center line of the connected beam. The inclination degree of the transmission tower foundation increases with increasing impact duration, which indicates that continuous impacting will seriously affect the inclination degree of the transmission tower foundation and even cause overturning failure.




	(3).

	
Different shapes of impactors have different damage position distributions and damage degrees for the transmission tower foundation under the impact effect. The sharper the impactor is—that is, the smaller impact contact area—the greater the compression damage value of the transmission tower foundation, and the more likely the transmission tower foundation is to experience structural failure at an earlier stage. The study also indicates that different impact contact areas lead to different modes of failure in transmission tower foundations. When the impact contact area is small, structural failure is more likely to occur, while when the impact contact area is large, a transmission tower foundation is prone to overturning failure.




	(4).

	
The damage values and damage areas of the transmission tower foundation are different when the positions of the impactors are different. The damage value and damage area of the transmission tower foundation are the largest when the impact occurs at the quarter-span position, and the edge of the beam connected with the column foundation is the most seriously damaged, which means that this position is the weakest position of the transmission tower foundation. At the same impact time, the uplift value of unit node B is the largest when the impact occurs at the edge position, which means that an impact at the edge position has a significant influence on the deformation of the surrounding soil of the transmission tower foundation.




	(5).

	
By using reinforcement bars of different strengths, the maximum lateral displacement, maximum vertical displacement, inclination degree, and damage values of the transmission tower foundation are continuously reduced. During the impact process, the steel skeleton participates in resisting the external impact load and shares the stress of the original concrete structure. Additionally, the steel skeleton dissipates a portion of the impact energy through plastic deformation. The reinforcement design significantly improves the deformation resistance and overturning resistance of the transmission tower foundation.
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Figure 1. Schematic diagram of the numerical model of the transmission tower foundation. 
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Figure 2. Compression damage contours of the transmission tower foundation at initial impact time under different impact velocities: (a) v = 10 km/h; (b) v = 20 km/h; (c) v = 30 km/h. 
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Figure 3. Lateral displacement time history curves of unit node A under different impact velocities. 
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Figure 4. Contours of the lateral displacement of the transmission tower foundation under different impact durations: (a) initial impact time; (b) 10 ms; (c) 20 ms; (d) 30 ms; (e) 40 ms. 
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Figure 5. Lateral displacement values of individual points along the longitudinal center line of the impact beam. 
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Figure 6. Vertical displacement contours of the transmission tower foundation under different impact durations: (a) initial impact time; (b) 10 ms; (c) 20 ms; (d) 30 ms; (e) 40 ms. 
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Figure 7. Contours of the compression damages of the transmission tower foundation under different impactor shapes: (a) type I; (b) type II; (c) type III. 
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Figure 8. Inclination degrees of the transmission tower foundation under different impactor shapes. 
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Figure 9. Compression damage contours of the type I impactor at different locations at the initial impact time: (a) impact mid-span position; (b) impact quarter-span position; (c) impact edge position. 
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Figure 10. Variation curves of the uplift value of unit node B at the left front corner of the transmission tower foundation. 
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Figure 11. Schematic diagram of the numerical model of the reinforced transmission tower foundation. 
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Figure 12. Contours of the lateral displacement, vertical displacement, and rebar cage stress of reinforced transmission tower foundation: (a) lateral displacement; (b) vertical displacement; (c) steel skeleton stress contour. 
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Table 1. Material parameters of individual components of the numerical model.
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	Component
	Density (kg/m3)
	Elastic Modulus (MPa)
	Poisson’s Ratio
	Friction Angle (°)
	Cohesive Force (kPa)





	Clay
	1700
	28
	0.35
	20
	20



	Limestone
	2100
	56
	0.32
	25
	17



	Transmission tower structure
	7850
	206,000
	0.30
	-
	-



	Transmission tower foundation
	2500
	30,000
	0.15
	-
	-



	Impactor
	7850
	206,000
	0.30
	-
	-










 





Table 2. Parameters of the concrete damage plastic model.
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	Parameter
	Dilation Angle
	Eccentricity
	fb0/fc0
	Invariant Stress Ratio K
	Viscosity

Parameter





	Value
	30
	0.1
	1.16
	0.6667
	0.001










 





Table 3. Deformation and damage values of the transmission tower foundation after reinforcement with rebars of different strengths.






Table 3. Deformation and damage values of the transmission tower foundation after reinforcement with rebars of different strengths.





	Rebar Type
	Maximum Lateral Displacement (mm)
	Maximum Vertical Displacement (mm)
	Inclination

Degree (‰)
	Damage Value





	HRB335
	152.3
	15.8
	2.6
	0.836



	HRB400
	138.7
	12.7
	2.1
	0.818



	HRB500
	127.9
	11.2
	1.9
	0.792
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