

  buildings-15-04006




buildings-15-04006







Buildings 2025, 15(21), 4006; doi:10.3390/buildings15214006




Article



Study on Blast Mitigation Protection of Underground Station Structures Using Phononic Crystals



Jihu Wu 1, Chuqiao Bo 2, Dai Wang 3,*, Zhongxian Liu 4, Filip Broniewicz 5,* and Miroslaw Broniewicz 5





1



China Railway Design Corporation, Tianjin 300308, China






2



School of Civil Engineering, Tianjin Chengjian University, Tianjin 300384, China






3



Tianjin Key Laboratory of Civil Structure Protection and Reinforcement, Tianjin 300384, China






4



Tianjin Key Laboratory of Soft Soil Properties and Engineering Environment, Tianjin 300384, China






5



Department of Building Structures and Structural Mechanics, Faculty of Civil Engineering and Environmental Sciences, Bialystok University of Technology, 15-351 Bialystok, Poland









*



Correspondence: wgd@tcu.edu.cn (D.W.); f.broniewicz@pb.edu.pl (F.B.)







Citation: Wu, J.; Bo, C.; Wang, D.; Liu, Z.; Broniewicz, F.; Broniewicz, M. Study on Blast Mitigation Protection of Underground Station Structures Using Phononic Crystals. Buildings 2025, 15, 4006. https://doi.org/10.3390/buildings15214006



Academic Editors: Antonio Formisano and Yong Tan



Received: 10 August 2025 / Revised: 21 October 2025 / Accepted: 31 October 2025 / Published: 6 November 2025



Abstract


Urban subways, as critical strategic spaces, require underground structures with sufficient blast-resistant capabilities. To evaluate the blast resistance performance of underground station structures under ground-level nuclear explosion air shock waves, a three-dimensional finite element model of an underground station was developed using LS-DYNA. The blast mitigation effects of phononic crystals are primarily analyzed and the influence of parameters such as spatial arrangement, buried depth, and material properties of phononic crystals on the blast resistance of underground station structures is systematically examined. The results indicate that a denser configuration of phononic crystals enhances the blast mitigation effect, while the maximum displacement of the structure is increased. Considering the structure’s maximum response and economic feasibility, a spacing of 2 m between phononic crystals is recommended. Additionally, the blast mitigation effect stabilizes when the number of phononic crystal layers exceeds a certain threshold, with two layers being optimal. The buried depth of the phononic crystals has a limited effect on blast mitigation; therefore, positioning them midway between the ground surface and the structure at a depth of 2 m is advised. The material properties of the phononic crystals also have a significant impact on the blast protection. Rubber was found to yield the lowest dynamic response of the station structure, providing the best protective effect. These findings offer insights for designing phononic crystal-based blast protection in underground station structures.
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1. Introduction


Urban subways and utility tunnels, which serve both civil defense and public infrastructure functions, are regarded as essential spatial resources for enhancing urban resilience and promoting sustainable urban development. These underground spaces face various uncertain disaster risks, including explosions and earthquakes, which place significant demands on a city’s response and recovery capabilities. With the spread of international terrorism and the increasing frequency of chemical explosion incidents, the accuracy and destructive power of modern airstrikes have improved significantly. Consequently, underground structures such as subway stations and tunnels must possess comprehensive protection capabilities for both peacetime disaster mitigation and wartime air defense. Due to high population density, evacuation difficulties, and susceptibility to attacks, any explosion that induces vibrations or collapses can lead to transportation paralysis, mass casualties, and significant social and economic impacts. These factors make underground structures prime targets for terrorist attacks. To mitigate the risk of accidental explosions from industrial incidents or terrorist attacks, underground structures must have adequate blast resistance. Therefore, research on blast protection for underground station structures is crucial for enhancing urban safety and resilience.



In general, the impact of explosions on underground structures can be categorized into surface explosions and internal explosions. For internal explosions, factors such as distance from the blast, the location of the explosion, and the presence of nearby underground structures can significantly influence the degree of damage. In recent years, scholars worldwide have conducted extensive experimental and numerical studies on the dynamic response of underground structures to internal explosions and have examined various factors, including the shape of the lining [1,2], material properties [3], soil type [4], soil parameters [5], explosive placement [6], explosive mass [7], and standoff distance [8], to understand their effects on internal explosion responses.



A primary focus in current research is protecting existing tunnels by reducing the effective intensity of shock waves. According to Kasilingam’s review [9], appropriate blast resistance and blast mitigation measures can significantly reduce damage from internal explosions to underground structures. Under explosive loads, damage often occurs in columns or lining structures. Various strategies have been proposed to protect these vulnerable areas, including the use of blast-resistant materials [10], blast-resistant components [11,12,13,14,15,16,17], blast-resistant structures [18,19,20,21,22,23,24], and blast-resistant configurations [25,26,27,28,29,30].



Comparative studies of internal and external explosions have shown that surface explosions pose a significantly higher risk than internal explosions due to their larger target areas and higher peak blast loads. Experimental research on surface explosions has been conducted by scholars, but full-scale tests are costly and challenging to control. Therefore, scaled-down experiments have been widely employed [31,32], and the influence of various factors, such as structural type [33,34,35,36,37,38,39,40,41,42], structural shape [43,44,45,46], and blast location [47,48], on the dynamic response of structures to surface explosions has been examined.



A review of previous research indicates that appropriate blast mitigation measures can significantly reduce the impact of external explosions. Effective blast resistance and mitigation strategies for surface explosions can be categorized into structural protection and environmental protection measures. In terms of structural protection, the installation of protective doors can effectively block blast waves from entering and reduce damage [49,50]. For environmental protection, protective structures such as ultra-high-performance reinforced concrete panels [51,52], aluminum foam materials [53], and geotechnical foam barriers [54] applied to linings have proven effective in resisting explosive impacts.



The installation of blast mitigation layers is also an effective approach. Dadkhah et al. [55] validated that the peak blast pressure can be reduced by using layers of shredded tire mixtures of varying thicknesses through simulations with ABAQUS software. Peng et al. [56] demonstrated through shake table tests that rubber–sand isolation layers can reduce the peak acceleration and strain increments in tunnel linings. Ichino et al. [57] incorporated expanded polystyrene (EPS) boards into soil as a blast mitigation layer, showing that appropriate thicknesses of sand and EPS layers effectively reduced blast wave intensity and peak structural pressure. Zhao et al. [58] proposed a sacrificial foam cementitious layer made of expandable polystyrene (EPS) particles and a cement matrix for tunnel linings, which provided significant blast mitigation. Wang [59] discovered that embedding a foam concrete layer over buried structures effectively reduced the impact of restrained explosions, with protection improving as foam concrete strength and thickness increased. Wang [60] further investigated metakaolin-based foam geopolymer (MKFG) as a sacrificial protective coating through experiments and numerical simulations, finding that sacrificial layers lowered peak lining pressure and that MKFG density correlated positively with protective performance. Mohammad Momeni et al. [61] present an improved calculation method, based on structural reliability analysis, to evaluate the minimum SSD for steel columns under dynamic blast loads. A parametric study is thus carried out to obtain curves of probability of low damage for a range of H-shaped steel columns with different sizes and boundaries.



In summary, many scholars have conducted experimental research and computational analyses on the blast resistance and protection of underground structures. The impact of explosions on structures can be categorized into external and internal explosions based on the point of load application. The influence of structural forms, soil conditions, and types of explosives have been examined in existing studies. Blast mitigation measures are generally divided into structural protection and environmental protection approaches. Under high peak loads, such as those from nuclear blasts, installing blast mitigation layers in the surrounding environment has been proven effective in countering blast effects. However, research on blast response analyses and blast mitigation measures remains limited, with many potential areas for further investigation concerning different structures and mitigation techniques under nuclear blast conditions.



Subway stations, as large underground structures with enclosed environments and complex designs, have been minimally studied in the context of blast response analysis. Current studies often use polymer composite materials or concrete layers as blast mitigation covers. Phononic crystal structures, which exhibit low-frequency attenuation due to their periodic foundation, can suppress seismic waves from propagating to upper structures. Yet, there has been limited research on using phononic crystals as blast protection structures. Hirsekorn et al. [62,63] investigated wave propagation characteristics and localized resonant attenuation properties in two-dimensional periodic structures, verifying their vibration reduction characteristics and bandgap behavior through finite element models. Kushwaha et al. [64,65,66] introduced the theoretical concept of phononic crystal periodic structures and presented the theoretical and experimental findings on one-, two-, and three-dimensional periodic isolation foundations, eventually extending the bandgap theory of periodic structures to the civil engineering field, proposing new structural mitigation and isolation foundations.



Given the current international situation marked by increased global conflicts and escalating military tensions worldwide, the study of the dynamic performance and nuclear blast resistance of underground subway stations under nuclear blast loads holds significant implications for civil defense. This study employs the LS-DYNA software (version R9.2.0) to conduct numerical simulations and parameter analysis on the nuclear blast resistance of underground subway stations equipped with phononic crystal protection measures, contributing to blast mitigation research for underground structures.




2. Physical Model


2.1. Establishment of the Finite Element Model


A three-dimensional finite element model of a double-layer underground subway station structure is created using LS-DYNA. The structure has a width of 22 m, a height of 15 m, and is buried under a 5 m thick overburden (buried depth) D = 5 m. Figure 1 shows the standard cross-sectional frame diagram of the underground station, while Figure 2 illustrates the finite element model of subway station–surrounding soil structure system. In the station–soil finite element model, both the soil and the structure are modeled using the three-dimensional solid element SOILD164, with a computational domain of 100 m × 55 m × 20 m and all units expressed in the m-kg-s system.



In the finite element model with the phononic crystal arrangement, the crystals are positioned with the following parameters: radius R = 0.25 m, center-to-center distance L = 2 m, and buried depth (distance from the center to the surface) d = 2 m. The arrangement includes two rows covering twice the width of the structure.



Following the approach detailed in reference [67], extensive trial calculations are performed to strike a balance between computational accuracy and efficiency, which leads to the specific mesh element sizes used throughout our model.



The underground subway station is discretized using hexahedral elements with dimensions of 250 mm × 250 mm × 1000 mm or 250 mm × 300 mm × 1000 mm. Each phononic crystal is modeled as a quarter-circle with a 250 mm radius in the XY plane, extending 1000 mm along the Z-axis. To improve calculation speed through mesh alignment, the soil domain is divided into different regions. The soil adjacent to the station’s sides and below its base slab is meshed with hexahedral elements measuring 250 mm × 1000 mm × 1000 mm or 300 mm × 1000 mm × 1000 mm. For the far-field soil, the cubic elements of 1000 mm × 1000 mm × 1000 mm are used. The mesh sizes in the soil layer above the station roof varied due to the presence of complex, circular phononic crystals. In the XY plane, we refined the mesh near these units, using triangular or quadrilateral soil elements with side lengths ranging from 80 mm to 300 mm. The rest of the soil in this layer is meshed with triangular or quadrilateral elements with side lengths from 250 mm to 1000 mm.



The interaction between the soil and the structure is modeled using shared node contact. In LS-DYNA, discontinuous media interfaces are commonly modeled using methods such as shared-node contact, fluid–structure coupling, and cohesive elements [68,69,70]. The shared-node model is chosen for its ease of use and computational efficiency. This method requires the meshes of the two adjacent media at the interface to be coincident, ensuring that both forces and deformations are completely equal across the interface [71].



The upper surface of the model is treated as a free boundary, while all other surfaces are simulated with non-reflective boundaries to model the semi-infinite soil domain. Since the soil surrounding underground structures is a semi-infinite medium, it is computationally impractical to model the entire domain. However, when analyzing soil–structure interaction under load, the effect of the load on the soil far from the structure is negligible. Therefore, a virtual boundary at a sufficient distance is introduced to truncate the soil into a finite region for simulation. Artificial boundary conditions, such as artificial transmitting or damping boundaries, are then applied to this virtual boundary. The damping coefficient is calculated based on the soil’s material properties, enabling the truncated finite soil domain to exchange energy with the external infinite medium. This ensures that outward-propagating waves can either penetrate the boundary and radiate to infinity or be dissipated at the boundary without reflecting back into the simulated finite domain.



In LS-DYNA, a transmitting boundary is implemented by applying normal and tangential viscous forces. The *BOUNDARY_NON_REFLECTING keyword command is used to set this condition, which eliminates stress wave reflections and effectively simulates the response of an infinite soil medium.



Reinforced concrete can be modeled through three approaches: the smeared model (integral model), embedded model (composite model), and discrete model (separated model). In this study, we adopt the integral modeling technique, which applies the principle of equivalent strength to homogenize the effects of the steel reinforcement throughout the concrete matrix. This method effectively simulates the overall material properties of the reinforced concrete element. To better simulate the actual conditions, the finite element model employs the Plastic Kinematic model (*MAT_PLASTIC_KINEMATIC) within LS-DYNA’s blast simulation analysis framework to simulate the material properties of reinforced concrete, a model widely utilized in engineering practice [72,73,74,75,76,77]. The soil medium is modeled using the Drucker–Prager model (*MAT_DRUCKER_PRAGER), which employs a generalized von Mises yield criterion. The main parameters for the soil are provided in Table 1. For the phononic crystal, steel is selected as the material, with its primary material parameters detailed in Table 2.



In structural calculations, the overpressure waveform of the surface air shockwave from a nuclear explosion can be simplified either as a tangent waveform at the peak pressure (t1) or as a triangular waveform with no overpressure rise, based on equivalent impulse (t2) (Figure 3) [79]. According to the Chinese national standard “Design Code for Civil Air Defense Engineering” (GB50225-2005) [80], the maximum overpressure for the nuclear explosion’s surface air shockwave is set at 1.5 MPa in this model. The duration of the effect, t, is taken as 0.1 s for the tangent simplified waveform (t1), with the total calculation time set to 1 s.




2.2. Validation of the Finite Element Model


To validate the chosen material models, element types, the existing literature is consulted to ensure the accuracy of numerical model.



This study first refers to the method validated using theoretical formulas. For instance, Zhang [5] referenced the U.S. Air Force Manual TM5-1300 [81] to calculate the effects of ground contact explosions on underground structures. The LS-DYNA finite element model’s numerical results for the peak pressure wave in soil showed good agreement with the theoretical calculations.



Based on the selection of mesh size in the previous section, this section validates the correctness of the three-dimensional numerical modeling, material selection, and mesh generation by comparing with the experiment conducted by Zeng et al. [82]. The structure has a height of 2.25 m and a width of 3.1 m. The arrangement of the experimental setup is shown in Figure 4. In this experiment, a 10 kg TNT charge was buried underground at a distance of 20 m from the structure and at a buried depth of 2 m. Sensors were installed on the ground and the structure to measure the vibration velocity. The finite element model was established as shown in Figure 5, and the results at the corresponding reference points were examined and compared with the experimental results, as presented in Table 3. Through the comparative analysis with the experimental data, it can be observed that the numerical simulation results agree well with the experimental findings, thereby validating the modeling approach, mesh generation, and the materials adopted.



Based on these validations, the modeling approach, mesh division, and material selection were thereby verified. Consequently, the finite element model can be used to simulate the dynamic response of underground structures subjected to ground blast loads, thereby providing a reliable representation of real-world engineering conditions.





3. Numerical Analysis


3.1. Influence of Phononic Crystal Presence on the Dynamic Response of Underground Stations


The dynamic response of an underground station structure with and without phononic crystals is analyzed, with a buried depth of 5 m. The arrangement of the phononic crystals is as follows: radius R = 0.25 m, center-to-center distance L = 2 m, buried depth d = 2 m, and two rows of crystals. The comparison is made under the impact of a surface nuclear explosion load.



Figure 6 shows the effective stress clouds of the underground station structure. From the figure, it is evident that the effective stress contour map accurately reflects the overall structural variation, allowing identification of weak regions under nuclear explosion effects. The map reveals that, without phononic crystals, the peak stress occurs at the roof slab, reaching 1.413 × 108 Pa. In contrast, with the phononic crystals, the peak stress gradually spreads towards the corners, with the stress peak shifting to the junction of the roof and side walls and decreasing to 4.057 × 107 Pa.



Figure 7 shows the displacement comparison of the underground station structure. From the figure, it can be observed that when phononic crystals are absent, the overall displacement of the structure is large, with the maximum displacement concentrated at the center of the roof slab reaching 11.08 cm. Displacements at the side walls and floor are slightly smaller than at the roof slab, and the displacement at the edge columns of the first platform is minimal.



When phononic crystals are present, the displacement of the roof slab spreads more uniformly outward, with the largest displacement now occurring at the side walls and the peak displacement reducing to 5.40 cm. The overall peak displacement of the structure is reduced by 50%.



The reason for this behavior can be analyzed as follows: without phononic crystals, the surface blast force is concentrated in the soil, causing the structure to bear most of the load. However, with phononic crystals in place, these crystals are able to absorb a significant portion of the load above the structure, resulting in a considerable reduction in the displacement. Therefore, in practical engineering, it is essential to reinforce the region above the structure to reduce the propagation of the explosion wave and ensure the safety of the entire structure.



Figure 8 shows the effective plastic strain clouds of the underground station structure. From the figure, the failure locations and extent of damage to the structure can be observed. Without the protection of phononic crystals, the plastic deformation primarily occurs at the corner points of the middle columns on the second floor. With the phononic crystal protection in place, the plastic zone gradually spreads to the corner points of the roof and floor slabs, and the plastic damage significantly decreases. However, the damage remains concentrated around the structural corner points.



The reason for this behavior can be analyzed as follows: The surface load has a direct impact on the station structure, and without any protective measures, the roof slab is the first to experience damage. With the introduction of protection above the structure, the corner points, being more vulnerable, become the primary locations for damage transfer. In such cases, both local and overall damage may occur in the structure. Therefore, reinforcement of the structure, particularly at the corners, is necessary in engineering practice.



The results above indicate that the phononic crystal reinforcement can provide effective blast protection for the structure. From the clouds, it can be seen that with the presence of phononic crystals, the maximum displacement and maximum stress of the structure gradually shift from the roof slab to the junction between the roof and side walls. In the subsequent discussion of the impact of the spatial arrangement of the phononic crystals, the observation point is uniformly selected at the junction between the roof and side walls, node A, for further analysis (Figure 9).




3.2. Influence of Phononic Crystal Density on the Dynamic Response of Underground Stations


The effect of phononic crystal density on the dynamic response of the underground station structure is primarily investigated by varying the center-to-center distance of the phononic crystals. The trends observed in the contour maps are similar to those discussed previously and will not be elaborated further. Instead, the analysis focuses on the time history curves. The peak load and structural buried depth are consistent with those discussed earlier.



For this study, the radius of the phononic crystals is fixed at R = 0.25 m, with the center-to-surface distance d = 2 m, and two rows of crystals are arranged. The center-to-center distance between the crystals is varied from sparse to dense with values of L = 1 m, L = 2 m, and L = 3 m to compare the structural response of the underground station under nuclear explosion loading.



Figure 10 presents a comparison of the effective stress in the underground station structure under different conditions. It can be seen that the stress in the structure increases as the center-to-center distance of the phononic crystals increases. Specifically, when the center-to-center distance is 1 m, the maximum effective stress is 4.039 × 107 Pa; when the distance is 2 m, the maximum effective stress is 4.057 × 107 Pa; and when the distance is 3 m, the maximum effective stress is 4.202 × 107 Pa. In this case, the stress propagates more rapidly, and the diffusion effect is more pronounced, covering a larger area.



The reason is that a larger center-to-center distance (i.e., a more sparse arrangement) is less effective at blocking the propagation of the explosion wave. When the center-to-center distance is set to 1 m, the closer arrangement offers better protection to the structure, allowing it to share the explosion load more effectively.



Figure 11 shows the displacement comparison of the underground station structure under different conditions. From the figure, it can be observed that when the center-to-center distance is 1 m, the maximum displacement is 6.583 cm; when the distance is 2 m, the maximum displacement is 5.403 cm; and when the distance is 3 m, the maximum displacement is 5.86 cm. The smallest structural deformation occurs when the center-to-center distance is 2 m, and the displacement is nearly the same as when the distance is 3 m. In this case, the maximum displacement occurs at the side walls and central columns. The displacement distribution is similar for all three conditions, with the structure being more prone to localized damage and losing stability. Therefore, in engineering practice, the center-to-center distance of the phononic crystals should be kept as small as possible. However, considering the overall economic efficiency, the spacing should not be too dense. To ensure the safe operation of the underground station, the optimal phononic crystal spacing is determined to be 2 m.



Figure 12 shows the time history curves at point A for different phononic crystal spacing configurations. From subfigures (a) and (b), it can be seen that the maximum stresses for L = 1 m, 2 m, and 3 m are 38.2 MPa, 38.3 MPa, and 38.2 MPa, respectively, indicating that the maximum stress is nearly the same for all three cases. However, the overall response of the structure for L = 1 m is noticeably greater than for L = 2 m and 3 m. The maximum displacements for L = 1 m, 2 m, and 3 m are 6.58 cm, 5.37 cm, and 5.81 cm, respectively, with L = 1 m exhibiting the largest displacement, which is 1.23 times that of L = 2 m. This indicates that the denser the arrangement of the phononic crystals, the more impact wave energy can be absorbed, making the underground station safer. Given the minimal difference between the three cases and considering the economic efficiency, L = 2 m is selected as the optimal center-to-center distance. The subsequent discussion will build on this configuration.




3.3. Influence of Phononic Crystal Arrangement on the Dynamic Response of Underground Stations


The impact of varying the number of phononic crystal layers on the structural response is studied. The phononic crystals have a radius of R = 0.25 m, with a center-to-center spacing of L = 2 m and a distance from the crystal center to the ground surface of d = 2 m. The number of rows varies from one to three, and the structural responses of the underground station under nuclear blast loading are compared accordingly.



Figure 13 shows a comparison of the effective stress in the underground station structure under different configurations. The results indicate that when there is one row, the maximum effective stress reaches 4.638 × 107 Pa. With two rows, the maximum effective stress decreases to 4.065 × 107 Pa, and with three rows, it remains at approximately 4.063 × 107 Pa. The stress propagation becomes slower as the number of rows increases. It is suggested that varying the number of phononic crystal rows, while maintaining the same crystal size and spacing, can effectively impede the propagation of blast waves. When arranged in three rows, the phononic crystals provide better structural protection by sharing the blast load. However, with larger spacings, the blast load from the nuclear explosion can more uniformly fill the structure, leading to higher stress levels.



Figure 14 illustrates the displacement comparison of the underground station structure under different configurations. It can be observed that when only one row is arranged, the maximum displacement reaches 7.049 cm, occurring at the side walls, with noticeable displacement also affecting the central column. For two rows, the maximum displacement decreases to 5.404 cm, and for three rows, it further reduces slightly to 5.195 cm, with the maximum displacement still occurring at the side walls, similar to the results for center distances of 1 m and 2 m. Comparing these scenarios reveals that the two-row configuration results in slightly larger displacement than the three-row setup. However, considering economic efficiency, it is essential to minimize the number of phononic crystal units. To ensure the structural safety of the underground station, the optimal configuration is recommended as the use of two rows of phononic crystals.



Figure 15 illustrates the time history curve at Point A under different numbers of phononic crystal rows. From subfigures (a) and (b), it can be observed that the maximum stress for configurations with one, two, and three rows are 45.6 MPa, 38.3 MPa, and 37.8 MPa, respectively. The maximum stress when three rows are arranged is 1.21 times higher than when only one row is used. The maximum displacements for one, two, and three rows are 7.05 cm, 5.37 cm, and 4.53 cm, respectively, with the largest displacement occurring in the one-row configuration, which is 1.56 times greater than the three-row configuration. The structural analysis shows that the underground station enters a plastic state in all cases, with the three-row arrangement exhibiting the highest plastic strain. However, the extent of damage is similar for the one-row and two-row setups. Considering displacement responses, this section concludes that the optimal configuration is a two-row arrangement, which will be used as the basis for further discussion in subsequent sections.




3.4. Influence of Phononic Crystal Buried Depth on the Dynamic Response of Underground Stations


The impact of the buried depth of phononic crystals on the structural response is primarily investigated. The radius of the phononic crystals is fixed at R = 0.25 m, with an inter-center distance of L = 2 m, and the number of rows is set to two. Buried depths of d = 1 m, d = 2 m, and d = 3 m are considered to compare the structural responses of the underground station under nuclear blast loading.



Figure 16 shows the peak effective stress distribution for the underground station structure at different buried depths. From the figure, it is observed that the effective stress initially appears at the corner of the underground station structure and gradually diffuses outward the entire structure. The effective stress accurately reflects the overall trend of the structural changes, which helps identify the weak zones in the structure under explosive load and guide engineering reinforcement. It can also be seen that, despite changes in buried depth, the overall effective stress of the structure does not vary significantly. The reason for this is that, under the same protective structure and load conditions, the intensity of the shockwave affecting the structure remains roughly constant. When d = 1 m, the maximum effective stress is 33.829 × 107 Pa, when d = 2 m, it is 4.057 × 107 Pa; and when d = 3 m, it is 5.094 × 107 Pa. This shows that as the buried depth of the phononic crystals increases, the peak effective stress also increases.



Figure 17 shows the displacement distribution of the underground station structure with phononic crystals at different buried depths. From the figure, it can be seen that the maximum displacement occurs at the two side walls and their vicinity. Specifically, when d = 1 m, the maximum displacement is 5.336 cm; when d = 2 m, it is 5.403 cm; and when d = 3 m, it is 5.496 cm. The displacement is similar across all three scenarios. Based on the analysis of the structure’s effective stress and displacement, it can be concluded that, under the condition of a reasonable phononic crystal density arrangement, the buried depth has a negligible impact on the explosive effects on the underground station structure. This arrangement typically does not lead to significant damage. Therefore, phononic crystals can be placed at an intermediate position between the surface and the structure, with a buried depth of 2 m from the surface.



Figure 18 presents the time history curves at point A for phononic crystals at different buried depths. From panels (a) and (b), it can be observed that the maximum stress values are 31.5 MPa, 38.3 MPa, and 48.8 MPa for buried depths of d = 1 m, d = 2 m, and d = 3 m, respectively. As the buried depth increases, the stress gradually increases, with the stress at d = 3 m being 1.55 times higher than that at d = 1 m. The maximum displacements at these depths are 5.19 cm, 5.37 cm, and 5.52 cm, with the maximum displacement occurring at d = 3 m. However, the maximum displacements are similar across all three scenarios. Given the relatively shallow buried depth and minimal difference in damage levels between d = 1 m and d = 2 m, this study prioritizes d = 2 m as the optimal buried depth for further analysis.




3.5. Influence of Phononic Crystal Materials on the Dynamic Response of Underground Stations


Since phononic crystals serve as the medium for the propagation of explosive loads, they can influence the transmission of such loads. The effect of different materials (concrete, steel, and rubber) for phononic crystals on the propagation of explosive loads is explored, with the finite element model being the same as in previous sections (structure buried depth of 5 m). The material parameters for the phononic crystals using concrete, steel, and rubber are as follows:



The steel material parameters are as provided in Table 2.



Rubber, as an elastic material, has a Young’s modulus of 4.38 × 106 MPa, a Poisson’s ratio of 0.461, and a density of 1300 kg/m3 [83].



For the concrete structure, C40 concrete is used, and the H-J-C material model (material number 111) available in LS-DYNA is applied. The material parameters are provided in Table 4.



Figure 19 presents the displacement contour maps of the underground station structure under different materials. From the figure, it can be observed that significant displacement occurs around the two sidewalls of the station, gradually spreading outward. When the phononic crystal material is concrete, the displacement is the largest, reaching 10.82 cm, followed by steel, with a maximum displacement of 5.403 cm. The smallest displacement occurs when the material is rubber, at 4.93 cm. This indicates that concrete as the phononic crystal material provides the weakest protection against explosions, while rubber offers the best mitigation of structural damage. The reason for this is that the material used for protective structures affects the explosion impact on the structure. Among the materials, the soft and elastic rubber is most effective, demonstrating significant reflection and attenuation of the shockwave. This allows more energy to be dissipated into the surrounding soil, minimizing structural damage. To optimize the protective effect, it is important to reinforce the structure where possible. In the absence of ideal conditions, appropriate protective measures should be implemented to ensure the overall safety of the underground station.



Figure 20 shows the time history curves at point A for different materials used in the phononic crystal. From panels (a) and (b), it can be observed that the maximum stress values for concrete, steel, and rubber are 69.3 MPa, 38.3 MPa, and 26.3 MPa, respectively. The stress for concrete is the highest, 2.63 times greater than that for rubber. Similarly, the maximum displacement for concrete, steel, and rubber is 7.41 cm, 5.37 cm, and 3.44 cm, respectively, with concrete causing the largest displacement, which is 2.15 times greater than rubber. As seen in panel (c), the underground station structure enters a plastic state when concrete and steel are used, while no plastic deformation occurs when rubber is used. This indicates that the structure experiences minimal damage when rubber is used, demonstrating its superior ability to absorb impact energy and providing the best protective effect for the structure.





4. Conclusions


This study utilized an LS-DYNA-based 3D finite element model of the underground station–soil system to investigate the dynamic response of the underground station under nuclear explosion loads. The following conclusions can be drawn:



(1) Plastic Zone Behavior: The cloud plot results indicate that the plastic zone of the underground station structure first appears at the corner of the middle platform. As the nuclear explosion load increases, the plastic zone gradually expands from the corner of the second-floor platform towards the corners of the top and bottom slabs, with the area of the plastic zone gradually increasing. However, the plastic damage primarily concentrates around the structural corner points.



(2) Effect of Phononic Crystal Configuration: When considering different phononic crystal configurations, the maximum displacements for circle center distances L = 1 m, 2 m, and 3 m are 6.58 cm, 5.37 cm, and 5.81 cm, respectively. The displacement is greatest when L = 1 m, being 1.23 times greater than at L = 2 m. For different numbers of rows (one, two, and three), the maximum displacements are 7.05 cm, 5.37 cm, and 4.53 cm, respectively, with the maximum displacement occurring when one row is used, which is 1.56 times greater than for three rows. The maximum displacements for distances d = 1 m, 2 m, and 3 m are 5.19 cm, 5.37 cm, and 5.52 cm, respectively, with the largest displacement occurring at d = 3 m. Based on a comprehensive evaluation of economic considerations, the optimal configuration is L = 2 m, two rows, and d = 2 m.



(3) Impact of Buried depth on Dynamic Response: The study on the effect of different buried depths on the dynamic response of the underground station shows that the maximum stresses for depths d = 1 m, 2 m, and 3 m are 38.3 MPa, 40.6 MPa, and 50.9 MPa, respectively, with the stress at d = 3 m being 1.33 times greater than at d = 1 m. The maximum displacements at depths d = 1 m, 2 m, and 3 m are 5.18 cm, 5.37 cm, and 5.55 cm, respectively, with the largest displacement occurring at d = 3 m. The buried depth has a significant effect on the underground station’s response to a nuclear explosion. Therefore, a reasonable buried depth should be considered in practical engineering to minimize damage, based on the most favorable economic conditions.



(4) Influence of Phononic Crystal Materials: The material used in the phononic crystal has a considerable impact on the structure’s performance. The maximum displacements for concrete, steel, and rubber are 7.41 cm, 5.37 cm, and 3.44 cm, respectively. The use of rubber as the material results in the best protection for the structure, followed by steel, while concrete provides the least effective protection. Compared to concrete, rubber greatly reduces structural damage, and it is recommended to prioritize the use of rubber in the phononic crystal design for enhanced structural protection in practical engineering.







Author Contributions


Conceptualization, D.W. and Z.L.; Data curation, J.W.; Formal analysis, C.B.; Funding acquisition, D.W.; Investigation, C.B.; Methodology, J.W. and F.B.; Software, Z.L.; Visualization, F.B. and M.B.; Writing—original draft, J.W. and C.B.; Writing—review & editing, D.W., F.B. and M.B. All authors have read and agreed to the published version of the manuscript.




Funding


This study is supported by the Tianjin Municipal Science and Technology Bureau (Grant Nos. 23JCYBJC00390, 23YDTPJC00670), which is gratefully acknowledged.




Data Availability Statement


Some or all the data supporting this study’s findings are available from the corresponding author upon reasonable request.




Conflicts of Interest


Author Jihu Wu was employed by the company China Railway Design Corporation. The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.




References


	



Tiwari, R.; Chakraborty, T.; Matsagar, V. Dynamic Analysis of Underground Tunnels Subjected to Internal Blast Loading. In Proceedings of the World Congress of Computational Mechanics (WCCM XI), Barcelona, Spain, 20–25 July 2014. [Google Scholar]

	



Zhu, Y.; Wang, D.; Shao, Z.; Zhu, X.; Xu, C.; Zhang, Y. Investigation on the Overpressure of Methane-Air Mixture Gas Explosions in Straight Large-Scale Tunnels. Process Saf. Environ. Prot. 2020, 135, 101–112. [Google Scholar] [CrossRef]

	



Zaid, M.; Sadique, M.R. Numerical Modelling of Internal Blast Loading on a Rock Tunnel. Adv. Comput. Des. 2020, 5, 417–443. [Google Scholar]

	



Goel, M.D.; Verma, S.; Panchal, S. Effect of Internal Blast on Tunnel Lining and Surrounding Soil. Indian Geotech. J. 2021, 51, 359–368. [Google Scholar] [CrossRef]

	



Zhang, Q. The Dynamic Response of Subsurface Structures under the Ground Explosion. Master’s Thesis, Chang’an University, Xi’an, China, 2015. (In Chinese). [Google Scholar]

	



Liu, J.; Chen, W. Dynamic Response Study of Buried Pipeline Subjected to Blast Loads. Eng. Blasting 2008, 14, 20–24. (In Chinese) [Google Scholar]

	



Zhang, L.; Yang, X. Soil-Tunnel Interaction under Medium Internal Blast Loading. Procedia Eng. 2016, 143, 403–410. [Google Scholar] [CrossRef]

	



Li, Y.; Yao, A.; Zhao, S.; Yao, H.; Huang, Z.; Zeng, X. Analysis on Dynamic Response and Extreme Loads of Buried Gas Pipeline under Blast Loading. Weld. Pipe Tube 2009, 32, 63–69. (In Chinese) [Google Scholar] [CrossRef]

	



Kasilingam, S.; Sethi, M.; Pelecanos, L. A Review on the Performance of the Underground Tunnels Against Blast Loading. J. Struct. Eng. Appl. Mech. 2021, 4, 1–17. [Google Scholar] [CrossRef]

	



Rose, T.A.; Smith, P.D.; Mays, G.C. The Effectiveness of Walls Designed for the Protection of Structures Against Airblast from High Explosives. Proc. Inst. Civ. Eng. Struct. Build. 1995, 110, 78–85. [Google Scholar]

	



Sun, Y. Analysis of Explosion-Proof Performance of Underground Station with Explosion-Proof Hanging Plate. Master’s Thesis, Shenyang Jianzhu University, Shenyang, China, 2021. (In Chinese). [Google Scholar]

	



Kong, D.; Xu, Y.; Song, C. Dynamic Response of Composite Steel Lining Structure under Blast Loading. Shock Vib. 2020, 2020, 2693659. [Google Scholar] [CrossRef]

	



Song, C. Study on the Explosive Impact Characteristics of Composite Steel Plate Lining Structure in Subway Tunnel. Master’s Thesis, Shandong University of Science and Technology, Qingdao, China, 2017. (In Chinese). [Google Scholar]

	



Fu, X. Study on the Protective Properties of Subway Column and Tunnel Lining Subjected to Blast Loading. Master’s Thesis, Tianjin University, Tianjin, China, 2010. (In Chinese). [Google Scholar]

	



Xie, S.; Jiang, C.; Wang, Z.; Lu, G. Analysis of Similarity Law of Explosion in Multi-Layer Concrete Medium. Acta Armamentarii 2019, 40, 1198–1206. (In Chinese) [Google Scholar] [CrossRef]

	



Liu, Z.; Wu, J.; Yu, J.; Feng, X. Numerical Study on the Scaling Effect of Reinforced Concrete Members under Blast Load. Struct. Eng. 2022, 38, 16–28. (In Chinese) [Google Scholar]

	



Wahab, M.M.; Mazek, S.A. Performance of Double Reinforced Concrete Panel Against Blast Hazard. Comput. Concr. 2016, 18, 807–826. [Google Scholar] [CrossRef]

	



Zhang, Z.; Song, E.; Lu, X.; Chen, Z. Effects of Concrete Masonry Walls on Structures under Nuclear Blast Loadings. Eng. Mech. 2008, 25, 73–78. (In Chinese) [Google Scholar]

	



Xu, R.; Chen, L.; Fang, Q.; Zheng, Y.; Li, Z.; Cao, M. Protective Effects of Gabion Wall Against Blast Waves from Large TNT-Equivalent Explosions. Eng. Struct. 2021, 249, 113389. [Google Scholar] [CrossRef]

	



Chen, L.; Xu, R.; Fang, Q.; Zheng, Y.; Li, Z.; Cao, M. Response Characteristics of Gabion Wall under Large TNT-Equivalent Explosives. J. Struct. Eng. 2022, 148, 04022104. [Google Scholar] [CrossRef]

	



Zhang, H.; Liu, G.; Liu, W.; Chen, Z.; Liu, Q.; Xu, G. Experimental study on failure mode and mechanical characteristics of gabion material. Constr. Build. Mater. 2022, 344, 128119. [Google Scholar] [CrossRef]

	



Mohammadi, P.K.M.; Khalilpour, S.H.; Parsa, H.; Sareh, P. Protective water curtains as wave attenuators for blast-resistant tunnels. Sci. Rep. 2022, 12, 20463. [Google Scholar] [CrossRef]

	



Hassan, A.; Amin, M.S.; Esa, M. Comparing diverse arrangements of rows of blast wave fences by criterion of mitigation percent. Innov. Infrastruct. Solut. 2022, 7, 6. [Google Scholar] [CrossRef]

	



Keshavarz Mirza Mohammadi, P.; Khalilpour, S.H.; Parsa, H.; Sareh, P. Computational performance evaluation of sacrificial protective walls composed of lightweight concrete blocks: A parametric study of blast loads in a tunnel. Mech. Adv. Mater. Struct. 2024, 31, 880–894. [Google Scholar] [CrossRef]

	



Eslami, M.; Keshavarz MirzaMohammadi, P.; Khalilpour, S.H.; Parsa, H.; Kodure, V. Experimental and numerical investigation of blast wave attenuation by using barriers in different configurations and shapes. J. Struct. Eng. 2023, 149, 04022224. [Google Scholar] [CrossRef]

	



Keshavarz MirzaMohammadi, P.; Khalilpour, S.H.; Sareh, P. Multi-layer configurations of modular protective walls for enhancing the shielding performance of blast shelters. Mech. Adv. Mater. Struct. 2024, 31, 9812–9825. [Google Scholar]

	



MirzaMohammadi, P.K.; Khalilpour, S.H.; Parsa, H.; Sareh, P. Symmetric multipath branching as a layout design strategy for blast-resilient tunnel structures. Structures 2023, 58, 105616. [Google Scholar] [CrossRef]

	



Ivanov, A.; Fassardi, N.; Scafidi, C.; Shemen, T.; Eliasson, V. Shock wave attenuation using rigid obstacles with large-and small-scale geometrical features. Multiscale Multidiscip. Model. Exp. Des. 2019, 2, 269–279. [Google Scholar]

	



Berger, S.; Ben-Dor, G.; Sadot, O. Numerical investigation of shock wave attenuation by geometrical means: Double barrier configuration. J. Fluids Eng. 2015, 137, 041203. [Google Scholar] [CrossRef]

	



Berger, S.; Ben-Dor, G.; Sadot, O. Experimental and numerical investigation of shock wave attenuation by dynamic barriers. J. Fluids Eng. 2016, 138, 031103. [Google Scholar] [CrossRef]

	



De, A.; Zimmie, T.F.; Vamos, K.E. Centrifuge experiments to study surface blast effects on underground pipelines. In Proceedings of the Pipelines 2005: Optimizing Pipeline Design, Operations, and Maintenance in Today’s Economy, Houston, TX, USA, 21–24 August 2005. [Google Scholar]

	



De, A.; Zimmie, T.F. Centrifuge modeling of surface blast effects on underground structures. Geotech. Test. J. 2007, 30, 427–431. [Google Scholar] [CrossRef]

	



Xin, K.; Zhang, T.; Gao, Y.; He, W.; Huang, X.; Gao, T. Study of induced stress wave load distribution law in soil for separate multi-layer basement under blast traveling waves. Prot. Eng. 2020, 42, 11–15. (In Chinese) [Google Scholar]

	



Zhou, Q.; Zhou, J.; Zhou, Y.; Chen, X.; Jin, F.; Fan, H. Field test and elastic dynamic response analysis of shallow-buried utility tunnel under explosion load. Sci. Sin. Phys. Mech. Astron. 2020, 50, 65–77. (In Chinese) [Google Scholar] [CrossRef]

	



Qian, H.; Zong, Z.; Wu, C.; Li, J.; Gan, L. Numerical study on the behavior of utility tunnel subjected to ground surface explosion. Thin-Walled Struct. 2021, 161, 107422. [Google Scholar] [CrossRef]

	



Luo, J.; Liu, H.; Fu, A.; Lin, Z.; Wei, L. Study on anti-explosion performance of large-span underground cavern under top-explosion load. Chin. J. Undergr. Space Eng. 2022, 18, 1630–1638. (In Chinese) [Google Scholar]

	



Li, Z.; Li, J.; Wang, M.; Jiang, H.; Wu, H.; Pan, Y.; Wang, D. Theoretical and experimental study on ground impact damage effect under large equivalent explosion. Part I: Field measurement analysis of ground impact failure phenomenon of deep buried caverns. Chin. J. Rock Mech. Eng. 2022, 41, 865–876. (In Chinese) [Google Scholar] [CrossRef]

	



Li, J.; Wang, D.; Li, Z.; Jiang, H.; Xiong, Z.; Gao, L.; Wang, M. Theoretical and experimental study on ground impact damage effect under large equivalent explosion. Part II: Development of a simulation test system for ground impact effect of deep buried caverns. Chin. J. Rock Mech. Eng. 2022, 41, 1552–1566. (In Chinese) [Google Scholar] [CrossRef]

	



Li, Z.; Li, J.; Wang, M. Theoretical and experimental study on ground impact damage effect under large equivalent explosion. Part III: Experimental simulation research of ground impact effect on deep buried caverns. Chin. J. Rock Mech. Eng. 2023, 42, 1162–1174. (In Chinese) [Google Scholar] [CrossRef]

	



Yu, S.; Wu, H.; Zhang, G.; Wang, Z.; Yao, J.; Li, H.; Liu, C. Experimental study on anti-shallow-buried-explosion capacity of a corrugated steel–plain concrete composite structure. Int. J. Impact Eng. 2023, 172, 104393. [Google Scholar] [CrossRef]

	



Papanikolaou, V.K.; Kappos, A.J. Practical nonlinear analysis of unreinforced concrete tunnel linings. Tunn. Undergr. Space Technol. 2014, 40, 127–140. [Google Scholar] [CrossRef]

	



Liu, F.; Wang, H.; Yan, L.; Li, H. Damage Effect of Shallow Buried Civil Air Defense Engineering Structures under Nearby Blast Loading. Acta Armamentarii 2021, 42, 625–632. (In Chinese) [Google Scholar]

	



Liu, G.; Liu, R.; Wang, W.; Wang, X.; Zhao, Q. Blast Resistance Experiment of Underground Reinforced Concrete Arch Structure under Top Explosion. Chin. J. Energetic Mater. 2021, 29, 157–165. (In Chinese) [Google Scholar]

	



Liu, Y.; Zhao, Y.; Luo, K.; Zhao, P. Analytical solution of dynamic response of underground box structure under explosion seismic wave. J. Vib. Shock 2023, 42, 306–315. (In Chinese) [Google Scholar] [CrossRef]

	



Li, S.; Liu, J.; Bao, X.; Chen, Y.; Zhu, Q.; Wang, D. Model test of deep buried underground structure under ground shock induced by explosion. J. Build. Struct. 2023, 44, 89–100. (In Chinese) [Google Scholar] [CrossRef]

	



Tian, Z.; Qian, Q.; Wu, B. Study on underground composite circular structure under dynamic loading of high-pressure explosion. Spec. Struct. 1997, 14, 40–43. (In Chinese) [Google Scholar] [CrossRef]

	



Mandal, J.; Agarwal, A.K.; Goel, M.D. Numerical modeling of shallow buried tunnel subject to surface blast loading. J. Perform. Constr. Facil. 2020, 34, 04020106. [Google Scholar] [CrossRef]

	



Gao, G.; Li, Y.; Yao, L.; Pang, Y. Test study on cavity structure’s defense effect against nuclear explosion loadings. China Civ. Eng. J. 2010, 43, 490–494. (In Chinese) [Google Scholar] [CrossRef]

	



Xiao, L.; Zhang, Q. Study on Nuclear Blast Damage to River-Crossing Tunnel in Shanghai. J. Shanghai Jiaotong Univ. 2011, 45, 643–647. (In Chinese) [Google Scholar] [CrossRef]

	



Xu, S. Study on the Anti-Nuclear Explosion Impact of Yuejiang Tunnel. Ph.D. Thesis, Tongji University, Shanghai, China, 2009. (In Chinese). [Google Scholar]

	



Yang, Y.; Wu, C.; Liu, Z.; Du, J.; Zhang, H.; Xu, S.; Zhou, S. Protective effect of unbonded prestressed ultra-high performance reinforced concrete slab against gas explosion in buried utility tunnel. Process Saf. Environ. Prot. 2021, 149, 370–384. [Google Scholar] [CrossRef]

	



Chen, L.; Li, S.; Chen, Y.; Zhu, Q. Influence of reinforcement diameter and spacing on implosion resistance of ultra-high performance concrete. Eng. Mech. 2023, 40, 98–107. (In Chinese) [Google Scholar]

	



Li, Z.; Liu, Y.; Tian, L. Dynamic Response and Blast-Resistance Analysis of Double Thick Subway Tunnel Subjected to Blast Loading Within One Side of Tunnel. J. Beijing Univ. Technol. 2006, 32, 173–181. (In Chinese) [Google Scholar]

	



De, A.; Zimmie, T.F. Effects of surface explosion on underground tunnel and potential mitigation measures. Transp. Infrastruct. Geotech. 2016, 3, 74–90. [Google Scholar] [CrossRef]

	



Dadkhah, H.; Kalatehjari, R.; Hajihassani, M.; Kharghani, M.; Asteris, P.G. Sand–Tire Shred Mixture Performance in Controlling Surface Explosion Hazards That Affect Underground Structures. Appl. Sci. 2021, 11, 11741. [Google Scholar] [CrossRef]

	



Peng, S.; Liu, Y.; Fan, L.; Zeng, Y.; Wang, G.; Xun, Z.; Chen, G. Dynamic Response of Tunnels with a Rubber-Sand Isolation Layer under Normal Fault Creep-Slip and Subsequent Seismic Shaking: Shaking Table Testing and Numerical Simulation. Appl. Sci. 2023, 13, 6440. [Google Scholar] [CrossRef]

	



Ichino, H.; Beppu, M.; Williamson, E.B.; Haraguchi, N. Performance and evaluation of an EPS plate to mitigate blast on underground protective structures. Int. J. Impact Eng. 2021, 148, 103758. [Google Scholar] [CrossRef]

	



Zhao, H.; Yu, H.; Yuan, Y.; Zhu, H. Blast mitigation effect of the foamed cement-base sacrificial cladding for tunnel structures. Constr. Build. Mater. 2015, 94, 710–718. [Google Scholar] [CrossRef]

	



Wang, X.; Zhang, X.; Song, L.; Zhou, H.; Wang, Y.; Zhang, H.; Cong, P. Mitigating confined blast response of buried steel box structure with foam concrete. Thin-Walled Struct. 2021, 169, 108473. [Google Scholar] [CrossRef]

	



Wang, W.; Zhou, H.; Mao, J.; Zhang, Y.; Wang, S.; Chen, S.; Yan, D. Study on the protective performance of metakaolin-based foam geopolymer (MKFG) as a sacrificial cladding under internal blast mitigation. Int. J. Impact Eng. 2024, 189, 104969. [Google Scholar] [CrossRef]

	



Momeni, M.; Bedon, C.; Hadianfard, M.A.; Baghlani, A. An Efficient Reliability-Based Approach for Evaluating Safe Scaled Distance of Steel Columns under Dynamic Blast Loads. Buildings 2021, 11, 606. [Google Scholar] [CrossRef]

	



Hirsekorn, M.; Delsanto, P.P.; Leung, A.C.; Matic, P. Elastic wave propagation in locally resonant sonic material: Comparison between local interaction simulation approach and modal analysis. J. Appl. Phys. 2006, 99, 124912. [Google Scholar] [CrossRef]

	



Wang, P.; Yi, Q.; Zhao, C.; Xing, M.; Tang, J. Wave propagation in periodic track structures: Band-gap behaviours and formation mechanisms. Arch. Appl. Mech. 2017, 87, 503–519. [Google Scholar] [CrossRef]

	



Kushwaha, M.S.; Halevi, P.; Dobrzynski, L.; Djafari-Rouhani, B. Acoustic band structure of periodic elastic composites. Phys. Rev. Lett. 1993, 71, 2022. [Google Scholar] [CrossRef]

	



Shi, Z.; Cheng, Z.; Mo, Y.L. Theoretical and experimental studies of periodic foundations. Earthq. Eng. Eng. Dyn. 2014, 34, 763–768. (In Chinese) [Google Scholar] [CrossRef]

	



Cheng, Z.; Shi, Z. Application of periodic structures: A new type of isolation foundation. In Proceedings of the 8th National Conference on Earthquake Engineering, Editorial Department of Journal of CAEE Volume II, Chongqing, China, 24–25 December 2010. (In Chinese). [Google Scholar]

	



Sun, R. Dynamic Response Analysis of Typical Upper Cover Structure under Explosion in Subway Station. Master’s Thesis, Tianjin University, Tianjin, China, 2019. (In Chinese). [Google Scholar]

	



Wang, F. Numerical Study on the Interaction Between Marine Structures and Smooth Ice Based on Cohesive Element Model. Ph.D. Thesis, Shanghai Jiao Tong University, Shanghai, China, 2019. (In Chinese). [Google Scholar]

	



Li, H. Damage Analysis of Concrete Slabs Under Rockfall Impact Based on ANSYS/LS-DYNA Simulation. Value Eng. 2023, 42, 109–111. (In Chinese) [Google Scholar]

	



Mafachowski, J.; Bukala, J.; Damaziak, K.; Tomaszewski, M. LS-DYNA Contact Procedure Analysis for Selected Mechanical Systems. J. KONES 2015, 22, 193–202. [Google Scholar]

	



Graf, T.; Haufe, A.; Andrade, F. Adhesives Modeling with LS-DYNA: Recent Developments and Future Work. In Proceedings of the Nordic LS-DYNA Forum, DYNAmore GmbH, Stuttgart, Germany, 6–8 October 2014. [Google Scholar]

	



Hu, Q.; Yu, H.; Yuan, Y. Numerical Simulation of Dynamic Response of an Existing Subway Station Subjected to Internal Blast Loading. Trans. Tianjin Univ. 2008, 14, 563–568. (In Chinese) [Google Scholar] [CrossRef]

	



Qi, H.; Li, Q. Research on Crush of Reinforced Slabs in Progressive Collapse. Build. Struct. 2010, 40, 358–364. (In Chinese) [Google Scholar] [CrossRef]

	



Zhou, Z. Research on Dynamic Response of Subway Tunnel Lining Structure under Explosive Loading. Master’s Thesis, Xi’an University of Technology, Xi’an, China, 2019. (In Chinese). [Google Scholar] [CrossRef]

	



Lu, Z.; Liu, M. Analysis of Dynamic Response and Structure Damage of Yangtze River Tunnel Subjected to Different Explosion Loading. Blasting 2013, 30, 5–9+74. (In Chinese) [Google Scholar]

	



Gao, R. Dynamic Response and Damage Assessment of Blast Resistant Chamber under Large Explosive Equivalent Blast Load. Master’s Thesis, Xi’an University of Architecture and Technology, Xi’an, China, 2023. (In Chinese). [Google Scholar] [CrossRef]

	



Xue, K. Research on Multi-Dimensional Coupled Static and Dynamic Characteristics of Adjacent Pile Foundations under Blasting of Subway Station Foundation Pit. Master’s Thesis, Southwest Jiaotong University, Chengdu, China, 2023. (In Chinese). [Google Scholar] [CrossRef]

	



Qu, S. Structural Response and Damage and Ground Vibration of Subway Station under Internal Explosion. Ph.D. Thesis, Tianjin University, Tianjin, China, 2012. (In Chinese). [Google Scholar]

	



Wang, L. Study on the Basement’s Property of Resisting Nuclear Explosion and the Functions Conversion during Wartime and Peacetime. Master’s Thesis, Wuhan University of Technology, Wuhan, China, 2003. (In Chinese). [Google Scholar]

	



Ministry of Construction of the People’s Republic of China. Code for Design of Civil Air Defense Engineering (GB50225-2005), 1st ed.; China Building Industry Press: Beijing, China, 2005. (In Chinese) [Google Scholar]

	



Department of Army, the Navy and the Air Force. Structures to Resist the Effects of Accidental Explosions; TM5-1300; U.S. Army Armament Research, Development and Engineering Center: Picatinny Arsenal, NJ, USA, 1990. [Google Scholar]

	



Zeng, Y.; Bai, C.; Wang, Z. Vibrating Response of a Residential Structure to Blast Based on HHT. J. Vib. Shock 2014, 33, 71–75. (In Chinese) [Google Scholar]

	



Wang, H.; Zhou, M.; Fan, Y.; Zhang, Z. The Mechanism and the Sound Insulation Performance of Locally Resonant Phononic Crystals: Demonstration and Analysis. In Proceedings of the 2009 National Environmental Acoustics Conference, Guangxi, China, 1 December 2009. (In Chinese). [Google Scholar]








[image: Buildings 15 04006 g001] 





Figure 1. Typical cross-section dimensions of subway station structure (unit: mm). 
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Figure 2. Finite element model of subway station–surrounding soil structure system. 
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Figure 3. Simplified waveforms of ground-level air shock waves from nuclear weapon explosions. 
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Figure 4. Test equipment arrangement [82]. In (b), W1–W4 represent acceleration sensors installed on the wall, while P1–P3 are acceleration sensors mounted on the columns. Reproduced with permission from Zeng, Y., Bai, C., & Wang, Z., Vibrating Response of a Residential Structure to Blast Based on HHT, J. Vib. Shock; published by Journal of Vibration and Shock, 2014. 
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Figure 5. Finite Element Model in LS-DYNA. In the finite element model, the blue regions represent the soil, while the black regions represent the structure. 
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Figure 6. Effective stress clouds of underground stations with and without protection. 
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Figure 7. Clouds of peak displacements of underground stations with and without protection. 
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Figure 8. Effective plastic strain clouds for underground stations with and without protection. 
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Figure 9. Underground Station Observation Point A Location. 
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Figure 10. Effective stress clouds at different sparsity levels of phononic crystals. 
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Figure 11. Displacement clouds of phonon crystals at different degrees of sparsity. 
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Figure 12. Time history curves of observation points at different sparsities of phonon crystals. 
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Figure 13. Effective stress clouds for phononic crystals with different row numbers. 






Figure 13. Effective stress clouds for phononic crystals with different row numbers.



[image: Buildings 15 04006 g013]







[image: Buildings 15 04006 g014] 





Figure 14. Displacement clouds of phononic crystals with different row numbers. 
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Figure 15. Time history curves of observation points at different rows of phononic crystals. 
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Figure 16. Effective stress clouds at different spacings of phonon crystals from the surface. 
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Figure 17. Displacement clouds when phonon crystals are spaced differently from the surface. 
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Figure 18. Time history curves of observation points at different spacings of phonon crystals from the ground surface. 
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Figure 19. Displacement clouds of subway structures at different materials. 
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Figure 20. Time history curves of observation points at different materials of phononic crystals. 
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Table 1. Material parameter values [67].
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reinforced concrete

	
RO (Kg/m3)

	
E

(Pa)

	
PR

	
SIGY

(Pa)

	
ETAN (Pa)

	
BETA

	
SRC

	
SRP

	
FS




	
2500

	
3.78 × 1010

	
0.2

	
3.5 × 107

	
3.78 × 109

	
1.0

	
99.3

	
1.94

	
1 × 1020




	
soil

	
RO (Kg/m3)

	
GNOD (Pa)

	
RNU

	
RKF

	
PHI

	
CVAL

	
STR LIM

	

	




	
2050

	
1.3 × 107

	
0.28

	
1.0

	
0.56

	
1.3 × 107

	
0.005

	

	








Here: RO is the material density; E is the elastic modulus; PR is Poisson’s ratio; SIGY is the yield strength; ETAN is the tangent modulus; BETA is the hardening parameter; SRC and SRP are strain rate parameters, corresponding to C and P in the Cowper–Symonds model; FS is the failure strain; GNOD is the shear modulus; RKF is the shape parameter; PHI is the friction angle; CVAL is the cohesion; and STR LIM is the minimum shear strength. Reproduced with permission from Sun, R., Dynamic Response Analysis of Typical Upper Cover Structure under Explosion in Subway Station; published by Tianjin University, 2019.













 





Table 2. Values of steel material model parameters [78].
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	RO (Kg/m3)
	E (Pa)
	PR
	SIGY (Pa)
	ETAN (Pa)
	BETA
	SRC
	SRP
	FS





	7830
	2.08 × 1011
	0.3
	2.92 × 108
	2.1 × 109
	0
	40
	5
	0.2







Here: RO is the material density; E is the elastic modulus; PR is Poisson’s ratio; SIGY is the yield strength; ETAN is the tangent modulus; BETA is the hardening parameter; SRC and SRP are strain rate parameters, corresponding to C and P in the Cowper–Symonds model; and FS is the failure strain. Reproduced with permission from Qu, S., Structural Response and Damage and Ground Vibration of Subway Station under Internal Explosion; published by Tianjin University, 2012.













 





Table 3. Comparison of Numerical Simulation and Experimental Results for Peak Vibration Velocity.
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	Reference Point Identification
	Numerical Simulation Results (mm/s)
	Experimental Results (mm/s)
	Relative Error (%)





	P1
	58.7
	68.6
	14.43



	P2
	25.9
	30.8
	15.91



	P3
	22.1
	25.6
	13.67



	W1
	99.2
	113.7
	12.75










 





Table 4. H-J-C model parameters [78].
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	RO
	G (MPa)
	A
	B
	C
	N
	FC (MPa)
	T (MPa)
	EPSO
	EFMIN





	2400
	14,860
	0.79
	1.6
	0.007
	0.61
	40
	4
	0.001
	0.01



	SFMAX (MPa)
	PC (MPa)
	UC
	PL (MPa)
	UL
	D1
	D2
	K1 (MPa)
	K2 (MPa)
	K3 (MPa)



	7
	16
	0.001
	800
	0.1
	0.04
	1.0
	8.5 × 104
	−1.71 × 105
	2.08 × 105







Here: RO (material density), G (shear modulus), A (normalized viscosity strength), B (normalized hardening coefficient), C (strain rate coefficient), N (hardening exponent), FC (quasi-static uniaxial compressive strength), T (maximum tensile hydrostatic pressure), EPSO (reference strain rate), EFMIN (total plastic strain before failure), SFMAX (normalized equivalent maximum strength), PC (crushing pressure), UC (crushing volumetric strain), PL (compaction pressure), UL (compaction volumetric strain), D1 and D2 (damage parameters), and K1, K2, and K3 (pressure parameters). Reproduced with permission from Qu, S., Structural Response and Damage and Ground Vibration of Subway Station under Internal Explosion; published by Tianjin University, 2012.
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