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Gas insulated metal enclosed transmission line (GIL) is a high voltage, high current power transmission equipment, widely used in large hydropower stations, large-scale energy hubs and other occasions. Aiming at the shock environment that GIL may face, such as earthquake shock and water flow shock, a mirror folded mechanical metamaterial based on the Miura-ori patterned is proposed in this paper, and its mechanical responses and shock resistance performance were studied through the numerical simulation and experiment. The results showed that compared with the single-layer folded structure, the mirror connection mode increased the plastic hinge in the deformation process of the structure, causing the better energy absorption. Moreover, the parameters research indicated that reducing the plane angle and increasing the dihedral angle can improve the energy absorption. Most importantly, the structure can achieve more than 60% energy absorption under the impact load, showing a good buffer energy absorption effect. This paper can provide some significant reference and guidance for the impact resistance of the GIL in the practical engineering.
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1 INTRODUCTION
GIL is a kind of high voltage and high current power transmission equipment insulated by SF6 gas or SF6/N2 mixed gas (Ruan et al., 2003). The common GILs and laying ways were shown in Figure 1 (Qi et al., 2015). Due to the use of compressed gas as the insulating medium, the size and layout spacing of the equipment are greatly reduced, which can minimize the footprint of the equipment and reduce the amount of civil engineering. With the construction of ultra-high voltage and ultra-high voltage power grids and the advancement of urbanization, the contradiction between ultra-high voltage power grids and urbanization development in urban areas has become increasingly prominent (Shang et al., 2011; Zhang et al., 2023). By applying GIL technology, overhead EHV (Extra High Voltage) and UHV (Ultra High Voltage) power grids can be relocated from above ground to underground through pipe gallery tunnels, thus solving the spatial contradiction between power grids and urban development (Xiang et al., 2022). However, changes in the laying methods of GIL make the service conditions more complex, and may encounter conditions such as water flow impact, seismic wave impact, and other impact loading conditions, which put forward higher requirements for the impact resistance of its structure. Generally speaking, when laying GILs, steel supporting structures will be added to fix them. When encountering impact loading conditions, these steel supports and the external cylinder of the GIL are vulnerable to impact damage. Therefore, it is necessary to consider adding other components to improve the impact resistance of these key components.
[image: Figure 1]FIGURE 1 | The common GILs and laying places. (A) lay on the underground (B) lay under the underground (C) lay in the tunnel.
In the existing research, the honeycomb porous structure is a common energy-absorbing structure (Zhao et al., 2021). With the rapid development of material science, various new materials and structures are constantly being created. Inspired by the art of origami, origami-based mechanical metamaterials has been proposed, which possess the negative Poisson’s ratio, programmability, and excellent energy absorption capability. The structure can be designed as a plane or curved surface, with a high designability and space compatibility. Origami-based mechanical metamaterial is a kind of porous structural metamaterial based on origami thinking design, which includes not only origami structures formed by folding a single layer, but also three-dimensional structures assembled by multiple origami structures (Turner et al., 2015; Lee et al., 2021; Wu et al., 2022). The metamaterial has a wide range of design, and different types of basic folding mode and assembly mode can be selected. With reasonable structural design, special mechanism and mechanical properties such as negative Poisson’s ratio and double (multiple) steady state can be realized (You et al., 2014; Zhang et al., 2018; Jeong et al., 2019; Yang et al., 2023). Combined with the geometric characteristics of origami patterns, the mechanical characteristics of origami patterns have been widely studied. Because of its specific topology, metamaterials based on Origami Design have anisotropy, and show different mechanical properties according to different loading directions. These properties can be adjusted by using different topologies. Filipov (Filipov et al., 2015) introduced a unique direction of coupling rigid folding origami tube by “zipper”, which greatly increases the stiffness of the system. The energy absorbed by metamaterials in quasi-static or dynamic compression process also changes with its mechanical properties.
For the energy absorption device, high specific energy absorption, stable deformation mode and lower initial peak load are required (Ma et al., 2014; Xiang, et al., 2020). As one of the most common origami patterns, the energy absorption and dissipation ability of Miura-ori have been studied and explored by many scholars (Rodrigues et al., 2017; Chen et al., 2018). Miura-ori can be applied to folded core materials to obtain new structures with excellent mechanical properties (such as specific rigidity, strength) and multi-functions (such as heat insulation and sound insulation). The mechanical properties of sandwich plate with folded metamaterial as the core body have also attracted extensive attention. Miura (1975) proposed that Miura-origami could be used to make sandwich core, and studied the shear modulus and strength of this core using theoretical and experimental methods. Pydah et al. (2017) found that under low to medium load strength, the sandwich plate with Miura-ori core is always superior to the corresponding honeycomb core in terms of plastic energy dissipation. Basily et al. (2004); Elsayed et al. (2004) prepared multi-layer sandwich plates and studied their impact resistance in three orthogonal directions. Schenk et al. (2014) believe that the equivalent blasting mitigation effect can be achieved by changing the folding form and sheet thickness of the core without changing the core density or the mass distribution of the sandwich beam. At the same time, these origami structures have better energy absorption capacity (Zhang et al., 2019). Ma et al. (2017) designed a hierarchical structure based on Miura-ori mode. The gradient structure can be adjusted by its Angle and side length parameters to achieve multi-level stiffness. The absorption efficiency of SEA is three times higher than that of uniform structure. Gattas et al. (2014) study the failure mode and response of the indented folding core under the quasi-static impact load were studied. The literature points out that only five models are established for each geometric parameter, so the parameter study has limitations. Karagiozova et al. (2019) proposed the analytical models of dynamic strength enhancement, impact velocity attenuation and energy absorption for materials with uniform initial density and positive density gradient. However, the models have not been verified by experiments.
So far, the research on porous folded metamaterials has made a lot of achievements, but there are still some problems to be solved. For example, the energy absorption mechanism of the structure under compression was not further explored. The research on the compression performance of the metamaterial mainly focuses on the quasi-static compression. The energy absorption characteristics of the complex combination folding structure under dynamic conditions have not been fully studied. Therefore, in order to further improve the energy absorption capacity of folded metamaterials, to be applied to solve the related problems in the impact protection of the GIL, the compression performance and energy absorption of the mirror-based folding mechanical metamaterial were studied on the basis of Miura folding mode.
Firstly, the deformation modes of Miura-ori and mirror folded metamaterials under quasi-static loading are studied by FE (Finite element) method, and the reason for the enhanced energy absorption of mirror folded metamaterials are discussed. Then, the deformation and mechanical responses of the structure under different loading velocities were also analyzed, and the effects of impact forces and velocities on the dynamic responses of the structure are studied. Finally, the validity of the FE model is verified by experiments. This paper proposed a novel mirror-based folding mechanical metamaterial and proved the excellent mechanical performance and impact resistance, which can provide a reference of protecting the critical components in the GIL from the impact loading, and guide the optimal design of related structures of the GIL, like sliding support in Figure 2.
[image: Figure 2]FIGURE 2 | The installation schematic diagram of the structure in the critical components of GIL.
2 GEOMETRICAL DESIGN
Porous materials are usually characterized by their relative density, stress-strain (force-displacement) relationship and densification strain. When analyzing porous materials with regular structure, a unit is usually selected to obtain these characteristics. The basic folding mode of folded metamaterials constructed in this chapter is Miura-origami, which was proposed by Japanese astronomer Miura in 1975 (Miura, 1975). Due to the characteristics of cell periodicity, easy to control and unfold, Miura-origami is one of the most concerned folding modes.
The plane crease of Miura-origami is shown in Figure 3. As shown in Figure 3A, its geometry is a herringbone pattern formed by a series of protruding mountain lines and concave valley lines. The mountain line and valley line in the figure are represented by solid lines and dashed lines. The pattern shown in Figure 3A can be folded along a given crease to form the three-dimensional folding state in Figure 3B. The basic Miura-ori unit is shown in Figures 3C, D. Figure 3C is the plane state of the basic element. It is composed of four identical parallelograms, where a, b and [image: image] respectively represent the side length and angel of the parallelogram.
[image: Figure 3]FIGURE 3 | Miura-ori folding patterns: (A,B) the planar unfolding and folding state of Miura-ori folding patterns; (C,D) plane expansion and folding state of Miura-ori unit.
Figure 3D is the three-dimensional geometry and size representation of Miura folding basic unit, in which the angle between face [image: image] and face [image: image] is defined as dihedral angle [image: image], the angle between side [image: image] and side [image: image] is defined as side angle [image: image], and the angle between side [image: image] and side [image: image] is defined as side angle [image: image]. The geometric relationship among the parameters of Miura-ori cell presented in Figure 3D are:
[image: image]
[image: image]
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[image: image]
Space angles [image: image] and [image: image], dihedral angle [image: image] and plane angle [image: image] satisfy the following relations:
[image: image]
[image: image]
The unit schematic diagram of the mirror folded metamaterial is shown in Figure 4A, and it is constructed by symmetrically connected along the surface ACE. Figure 4B shows the spatial structure of the mirror folded metamaterial.
[image: Figure 4]FIGURE 4 | Schematic diagram of the mirror folded metamaterial: (A) folding unit; (B) spatial structure.
The overall length [image: image], width [image: image], height [image: image] of the Miura-ori folding structure can also be obtained:
[image: image]
[image: image]
[image: image]
where, m represents the number of units in either x, y or z directions. It can be seen from the above formulas that the length parameters [image: image] of folding structure can be determined by the dihedral angle [image: image] or [image: image] after determining the shape of the basic parallelogram unit. In addition, the relative density of the structure has an important influence on its energy absorption capacity. It can be defined as:
[image: image]
[image: image]
where, [image: image] and [image: image] are respectively the density of the matrix material and the relative density of the metamaterial.
3 SIMULATION RESULTS AND DISCUSSION
The FE software ABAQUS/Explicit is used to simulate the mechanical properties and energy absorption characteristics of the folded structure. As shown in Figure 5, the structure is located between two rigid plates and the boundary condition is that the lower rigid plate is fixed and the top rigid plate is loaded along the y direction. The mechanical properties and energy absorption characteristics of the structure under uniform and quasi-static impact loads are simulated by imposing constraints on the top rigid plate.
[image: Figure 5]FIGURE 5 | FE model of the folded structure.
The aluminum alloy material is selected for the folded structure with isotropic elastic-plastic material properties of density [image: image] = 2710 kg/m3, Young’s modulus E = 69 GPa, Poisson’s ratio [image: image] = 0.33, yield strength [image: image] = 36.8 MPa. The strain hardening data of aluminum alloy are given by Table 1(Gattas et al., 2014).
TABLE 1 | Aluminum alloy material’s true plastic stress-strain data.
[image: Table 1]The general contact is used for the upper panel contact, the lower panel contact and the contact of the cell-thickness, in which the friction coefficient is 0.25. Reduced integration points shell elements SR4 are used for the cellular material, and the mesh element size is approximately 1 mm. Through the study of grid convergence, the crushing stress of the structure is convergent under the grid density.
First, the quasi-static compression simulation analysis is carried out for the monolayer Miura-ori unit in Figure 3D and the mirror metamaterial unit in Figure 4A. The geometric parameters of the structure are as follows: [image: image], [image: image], [image: image], [image: image], [image: image]. The top rigid plate compresses the structure downward at the speed of 1 m/s. In this case, the kinetic energy and internal energy ratio of the model are less than 0.5%, which can be seen as quasi-static compression. Other settings of the simulation model, such as material parameters, are described in the above.
The quasi-static compression force of the top rigid plate on the single-layer folded structure and the mirror folded structure is extracted respectively, and the equivalent stress is obtained by dividing it by the equivalent compression area of the structure. The equivalent strain is obtained by dividing the compression deformation distance of the structure by the length in the compression direction. The equivalent stress-strain curves are shown in Figure 6. In this case, strain is a dimensionless physical quantity. The quasi-static compression process can be divided into three stages according to the stress-strain variation law. In the first elastic stage, the stress increases rapidly to a peak with the increase of strain. In the second plastic stage, the stress platform appears and all the elements of the mirror folded metamaterial are compressed. Until all elements of the structure cannot be compressed again, the densification stage is entered, and the stress of the structure increases rapidly. The plastic yield stage of the structure corresponds to a large range of strain, high and stable stress, which is the main stage of energy absorption. The peak stress and platform stress of the mirror folded metamaterial are higher than that of single layer Miura-ori, which helps to improve the energy absorption ability.
[image: Figure 6]FIGURE 6 | The equivalent stress-strain curves under in-plane quasi-static compression.
The specific energy absorption (SEA) is the energy absorbed per unit mass of the structure and it is an important index to measure the energy absorption capacity of the structure. According to the calculation of stress-strain curve, the SEA of the mirror folded metamaterial and Miura-ori is shown in Table 2. It can be seen that through the combination of mirror symmetry, the platform stress of the structure increased by 73% and the specific energy absorption value increased by 60%.
TABLE 2 | Energy absorption values of the mirror folded metamaterial and Miura-ori cells.
[image: Table 2]The corresponding deformation modes of mirror folded metamaterial and Miura-ori in the stress platform stage are shown in Figure 7. It can be seen from (a) and (b) that the stress is concentrated at the creases of mirror folded metamaterial and Miura-ori, and the rhomboid plane rotates around the creases, forming plastic hinges at the creases. As can be seen from Figure 7B, two new plastic hinges (dashed blue lines) appear in mirror folded metamaterial during the compression deformation compared with Miura-ori in Figure 7A. The plastic hinge bears a large stress in the compression process, which is the main way of structural deformation and energy absorption. Therefore, the corresponding platform stress of the structure increases, so does the energy absorption. Compared with Miura, the energy absorption capacity of the mirror folded metamaterial is significantly improved. Through mirror symmetry connection, plastic hinge in the deformation process is increased, which is beneficial to improve the energy absorption capacity of the structure.
[image: Figure 7]FIGURE 7 | Deformation patterns in stress platform stage: (A) Miura-ori; (B) mirror folded metamaterial.
In order to ensure the periodicity of the structure and simplify the calculation, a 3 × 3 × 3 cell number model is adopted in the FE simulation. The overall dimensions in x, y and z directions are as follows: [image: image], [image: image], [image: image]. Figures 8, 9 respectively show the deformation cloud images when the strain reaches 18% and 76%. In the two figures, (a) and (b) represent views of structure in the x-y and y-z plane respectively. It can be seen from Figure 8 that in the initial stage of deformation, plastic hinge is formed at the junction of rhombic plane, i.e., the red area in the figure. The stress on each rhombic plane is very small, and it remains approximately undeformed. The whole structure folds along the crease, and the structure dissipates energy mainly through the formation and folding of plastic hinge.
[image: Figure 8]FIGURE 8 | Deformation cloud images of the mirror folded metamaterial compressed in y direction, [image: image]: (A) x-y plane; (B) y-z plane.
[image: Figure 9]FIGURE 9 | Deformation cloud images of the mirror folded metamaterial compressed in y direction, [image: image]: (A) x-y plane; (B) y-z plane.
As shown in Figure 9, when the strain reaches 76%, the whole structure is completely folded along the crease. The stress in the crease and diamond surface increases sharply, and the mirror folded metamaterial is finally compressed into a flat plate. The blue solid line in Figure 9 shows the state of the structure after compression. Comparing the state of the structure before and after compression, it can be seen that when the structure is compressed along the y direction, the x direction shrinks inward, showing a negative Poisson’s ratio effect, while the z direction expands outward, and the Poisson’s ratio is positive. The basic folding unit of the mirror folded metamaterial is Miura-ori element. The mirror connected mode makes it maintain the deformation mode of single-layer Miura-ori structure when compressed in the y direction. Therefore, the mirror folded metamaterial presents negative Poisson’s ratio effect in one direction.
Next, the influence of geometric parameters on structural mechanics and energy absorption characteristics is further studied. With other parameters unchanged and plane angle [image: image] changed, the stress-strain curves of the structure under quasi-static loading is shown in Figure 10. With the increase of [image: image], the corresponding peak stress in the elastic stage and mean stress in the plastic stage decrease. However, the decrease trend of the peak stress and mean stress decreases with the equidistance increase of [image: image]. When [image: image] increases to [image: image], the peak stress and the mean stress no longer change significantly with the increase of [image: image]. The stress-strain curves of [image: image] and [image: image] are almost overlapping. As we can see from Figure 11, the SEA and the mean stress have the same trend with the change of [image: image]. The maximum value of SEA is 4000 J/kg when [image: image].
[image: Figure 10]FIGURE 10 | Influence of [image: image] on mirror folded metamaterial’s stress-strain curve.
[image: Figure 11]FIGURE 11 | Influence of [image: image] on average stress and specific energy absorption.
The influence of changing the dihedral angle [image: image] on the stress response and energy absorption of the structure is shown in Figures 12, 13. With the increase of [image: image], the corresponding peak stress in the elastic stage and the mean stress in the plastic stage increase. In addition, the increased amplitude of stress increases. When [image: image] increases to [image: image], the peak stress in the elastic stage is much larger than the platform stress, which leads to the decrease of stress uniformity, so it is not conducive to the stable energy absorption of the structure. As seen from Figure 13, the SEA can reach 6400 J/kg when [image: image].
[image: Figure 12]FIGURE 12 | Influence of [image: image] on mirror folded metamaterial’s stress-strain curve.
[image: Figure 13]FIGURE 13 | Influence of [image: image] on average stress and specific energy absorption.
On the basis of the research on the quasi-static compression performance, the buffering energy absorption effect and impact resistance under the dynamic impact loading were studied. The deformation and stress clouds of the mirror folded metamaterial under impact load ([image: image]) is shown in Figure 14. The mass of the impact plate is 0.033 kg and the impact velocity is 75 m/s. As shown in Figure 14 respectively represent the stress and deformation nephogram when the impact time are 0.02, 0.1, 0.2, and 0.5 ms. When subjected to impact load, the maximum stress occurs at the junction of the structure that has been compacted and the part that has not been deformed. With the beginning of the impact, the maximum stress first appears at the top of the structure, and the stress propagates downward along the deformation of the structure. Before the structure is compacted, the stress at the impact end is always greater than the stress at the bottom. The structure is completely compressed in a short period of time under the impact load. Observing its deformation mode, it can be found that the structure does not deform in the rhombic plane, and the rhombic surface of each layer folds in turn along the crease. Therefore, the structure mainly absorbs and dissipates energy through the generation and movement of plastic hinge. When the structure is subjected to the impact load in the y direction, the structure shrinks in the x direction and retains the same negative Poisson’s ratio property as in the quasi-static compression.
[image: Figure 14]FIGURE 14 | Deformation and stress nephogram of the mirror folded metamaterial during impact.
The buffering and energy absorption characteristics of the structure under low-speed impact v = 50 m/s and high-speed impact v = 150 m/s are studied respectively. Figure 15 shows the force-displacement curves of the proximal (blue solid line) and distal (red dotted line) end of the structure under two kinds of impact loading. In Figure 15A, when v = 75 m/s, the impact force at the proximal end of the structure reaches its peak soon at a displacement equal to 5 mm. With the increase of structural deformation, the velocity is weakened, and the impact force at the proximal end drops rapidly between 5 and 20 mm displacement, and then steadily decreases. Finally, the impact force at the proximal end and the distal end tends to be the same when the structural deformation is 62%. Due to the buffering effect of the structure, the impact force at the far end is much smaller than that at the near end. When the displacement is between 0 and 2 mm, the impact force at the far end is equal to 0, indicating that the impact load has not been propagated from the impact end to the bottom. In Figure 15B, when v = 150 m/s, due to the large impact velocity, the peak value of impact force increases significantly, and it decreases rapidly after appearing at 5 mm displacement, indicating that a higher impact velocity will accelerate the deformation of the structure, thus rapidly weakening the impact velocity.
[image: Figure 15]FIGURE 15 | Force-displacement curves at both ends of the structure under different impact velocities: (A) v = 75 m/s; (B) v = 150 m/s.
The numerical values of velocity buffer and energy absorption in the impact process of the mirror folded metamaterial are shown in Table 3. The energy absorption rate can be calculated by [image: image], where v1 and v2 represent the initial impact velocity and the remaining velocity after buffering. The peak force at the impact end corresponding to the higher speed impact is much larger than that of the lower speed impact, but the peak force at the buffer end is similar. This is because the greater the impact velocity is, the greater the structure deformation is, and the greater the corresponding platform stress is, which weakens the more impact force. However, the energy absorption rate of the structure is basically the same under the two speeds, indicating that different impact velocities have little influence on the energy absorption effect of the structure.
TABLE 3 | Structure buffer energy absorption value.
[image: Table 3]The energy absorption rate of the structure can reach more than 60% as shown in Table 3. Usually the propagation rate of the shock wave on the formation surface is between 120–260 m/s. The structure designed in this paper can effectively absorb the external shock wave. So, it will have great application value in the improvement of the anti-vibration and shock performance of GIL.
4 EXPERIMENT
In order to validate the accuracy of the above analysis based on the FE simulation, the quasi-static compression experiment of mirror folded metamaterial is carried out. The traditional manufacturing method of folding structure is progressive stamping. The cost of folding structure made by stamping method is low, but the manufacturing process is complex and the production cycle is long. The model made by this method is easy to separate in the compression process, which affects the continuity of the experiment and the accuracy of the results. Therefore, the aluminum alloy 3D printing method is selected to make the model. The model produced by 3D printing has high precision and does not need to be glued. The model produced is shown in Figure 16, where [image: image], [image: image], [image: image], [image: image], [image: image].
[image: Figure 16]FIGURE 16 | Mirror symmetric folding model.
In order to obtain the properties of structural matrix materials, standard tensile specimens are prepared and tested by INSTRON Universal Testing machine. The elastic modulus E = 70.41GPa, and the average true stress-strain data are calculated as shown in the Table 4.
TABLE 4 | True stress strain of aluminum alloy material.
[image: Table 4]The same as the tensile test, the quasi-static compression experiment of the model was carried out on Instron universal test machine, and the experimental device is shown in Figure 17. In order to ensure static loading, the loading rate of compression load was set as 1 mm/min, and the end time of loading was set as the collapse of the model. The direction of compression was vertically downward along the arrow in Figure 17A. The results of the quasi-static compression experiment of the mirror-folded structure are shown in Figure 17B. When subjected to quasi-static load in y direction, the structure as a whole is compressed and deformed. Each layer element folds along the crease at the rhomboid plane connection, and basically no deformation occurs in the plane. The stress concentrates at the crease, and is finally pressed into the flat plane. The structure fracture occurred at the crease, and cracks appeared in part of the rhombus plane.
[image: Figure 17]FIGURE 17 | Experimental results: (A) Before compression; (B) After compression.
During quasi-static compression, the simulation results of the deformation mode are shown in Figure 18. Figures 18A, B are the views in the x-y and x-z planes respectively. Figure 18A is the front view before compression. As can be seen from Figure 18A, in the process of in-plane compression, the mirror folding structure in the panel basically does not deform, each layer of rhombus plane folds around the crease, and the stress is concentrated at the crease. As can be seen from Figure 18B, the structure is fully compacted, the red area represents the stress concentration part, and the blue area represents the position that bears less stress. The stress is concentrated at the herringbone crease. Therefore, after the compression experiment, the structure is subjected to greater stress at the crease and breaks. The simulation results of the deformation mode of the mirror folding structure in the quasi-compression process are basically consistent with the experimental results.
[image: Figure 18]FIGURE 18 | Simulation results: (A) Before compression; (B) After compression.
Considering that the 3D-printed aluminum alloy model broke at the crease when compressed, the finite element model is modified to simulate the crack of thin-walled element. Set the triaxial stress of aluminum alloy as 0.33 and the input fracture strain as 0.045. In order to simulate the damage evolution process, the linear softening displacement is selected, and the failure displacement is set at 0.001. The stress and strain of the aluminum alloy material in the plastic stage are obtained by the matrix material parameters obtained from the tensile test. Boundary conditions of the structure are as follows: the upper panel moves downward for compression, the lower panel is fixed, the contact type is a universal tangential friction model with friction coefficient of 0.25.
The stress changes of the structure during compression obtained from the experiment and simulation are shown in Figure 19. It can be seen that the stress-strain curve has a peak value at the original platform stage since the model is fractured at the crease, and the peak value of the stress fluctuates up and down near the stress platform.
[image: Figure 19]FIGURE 19 | The stress-strain curve of the structure under compression.
5 CONCLUSION
In this paper, based on Miura’s folding mode, a mirror symmetric folded metamaterial is designed by combining single-layer folded metamaterials with mirror symmetry. The compression performance and energy absorption effect of the material under static and dynamic loading conditions are studied theoretically and numerically. The results show that: 1) The number of plastic hinges in compression is increased by mirror symmetry connection, and the appearance of plastic hinge is beneficial to improve the platform stress of structure. Compared with Miura-ori, the platform stress and energy absorption of mirror folded metamaterial are increased by 73% and 60% respectively. 2) The geometric angle parameters of mirror folded metamaterial have influence on the energy absorption effect. The specific performance is as follows: reducing the plane angle or increasing the dihedral angle can improve the specific energy absorption of the structure. 3) Under the impact load, the larger the impact velocity, the greater the deformation of the structure, so the more impact force is weakened. The energy absorption rate of the structure is basically the same under different impact speeds, which indicates that the impact speed has little impact on the energy absorption effect of the structure. 4) The structure designed in this article can provide some significant reference and guidance for the impact resistance of the GIL in the practical engineering.
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