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In this paper, a novel radial seismic metamaterial (LRSM) based on layering theory is proposed. Compared with traditional seismic metamaterials, the structure of LRSM is a periodic array of multi-layer rings distributed along the radial direction. By using the finite element method, the dispersion relationship and displacement vector field of LRSM with different layers are studied, and the influence of structural geometric parameters and circumferential continuity on the band gap characteristics of LRSM is discussed. The frequency domain analysis of finite periodic structure and the three-dimensional transient wave propagation analysis are carried out. The results show that the LRSM has ultra-low frequency broadband characteristics, which is produced by the coupling between the local resonance of the LRSM and the surface wave mode. Comparing three LRSMs with different layers, the initial frequency and bandwidth do not change monotonically with the increase of the number of layers. There is an optimal bandgap characteristic in two layers, and the relative bandwidth can reach 83.9%. The increase of the number causes the change of the structural stiffness, which is caused by the change of the local resonance strength. The position and width of the band gap in the LRSM are very sensitive to the height of the structure. The increase of the height of the LRSM can move the first band gap to the low frequency, and the total bandwidth increases, which is mainly caused by the increase of the equivalent mass of the system with the increase of the height of the structure. Further, it is verified that LRSM can effectively attenuate seismic surface waves of 0.1–20 Hz, and its maximum amplitude attenuation can exceed 85%. The novel periodic structure proposed in this paper can provide new options for the fields of earthquake and low-frequency vibration reduction.
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INTRODUCTION
Earthquakes are violent events caused by the movement of the earth’s medium. According to statistics, millions of earthquakes occur every year on the earth, among which there are thousands of earthquakes with magnitudes above five (Reitherman, 2012; Wilson et al., 2014). Earthquakes propagate in the form of elastic waves radiating from the epicenter to the surrounding area. When they meet the earth’s surface, they will generate surface waves that only propagate along the earth’s surface (Dobrin and Savit, 1960; Telford et al., 1990). Its vibration can cause the resonance of urban buildings, especially high-rise buildings, and cause strong damage to the buildings (Lim and Reddy, 2019; Liu et al., 2020; Zeng et al., 2020). Recently developed metamaterials offer new ways to control seismic surface waves.
Metamaterials are periodic composite materials composed of subwavelength units, which have physical properties not found in natural materials, such as negative mass density (Wang et al., 2015; Wang et al., 2021) double negative modulus (Li and Chan, 2004), etc., which is an important research topic. The bandgap characteristics of metamaterials with wave regulation, the acoustic/elastic waves within the bandgap range are effectively attenuated and reflected, providing new ideas for shock absorption technology. Designing seismic metamaterials based on metamaterial theory has become an active research field (Chen and Wang, 2014; Krödel et al., 2015; Achaoui et al., 2016). S. Brûlé et al. (2014) periodically distributed holes in homogeneous soil to form a seismic metamaterial with soil as matrix and vertical holes as scatterers. Through numerical simulation and experimental verification, it was proved that its structure has a high effect on the center frequency. The 50 Hz seismic wave has obvious blocking effect; Miniaci et al. (2016) proposed a super-large two-dimensional seismic metamaterial, which can realize the isolation and shielding of 4.1–5.5 Hz seismic surface waves by burying periodic square steel piles in the soil.; Palermo et al. (2016) designed a seismic metamaterial with periodic arrangement of special resonators. Since each resonator in the array is designed to present a different eigenfrequency, it can effectively block seismic surface waves with a frequency of 4.9–7.5 Hz. Zeng et al. (Du et al., 2018) designed seismic metamaterials to expand the wide band gap based on the “fraction theory” (Norris et al., 2008); Sang-Hong Kim et al. (Kim and Das, 2012) designed a seismic wave with a cylindrical shell waveguide composed of multiple Holmhertz resonators Attenuator, which can block the transmission of seismic wave energy in a wide frequency range. Bogdan Ungureanu et al. (Ungureanu et al., 2015) designed a negative modulus metamaterial unit cell, which can effectively protect target buildings in a wide frequency range. Achaoui et al. (2017) proposed that the columnar seismic metamaterial is fixed on the bedrock, which can isolate seismic waves below 20 Hz. Although researchers at home and abroad have achieved a lot of research results on the low-frequency broadband characteristics of surface waves, the research work on ultra-low frequency (0.1–5 Hz) seismic surface waves is still very limited, and the current space of seismic metamaterials Periodicity is defined by lattice vectors in Cartesian coordinates.
Torrent et al. (Torrent and Sánchez-Dehesa, 2009; Torrent and Sánchez-Dehesa, 2010a; Torrent and Sánchez-Dehesa, 2010b) first proposed radial metamaterials whose structures are periodically distributed in the radial direction. The existence of the acoustic band gap was verified through numerical and experimental studies. Li et al. (2014) combined elastic wave equation and finite element theory, proposed radial elastic metamaterials, studied the band gap characteristics of elastic waves in radial metamaterials, and proved that radial elastic metamaterials can effectively block elastic waves in the band gap. Researchers have found that radial metamaterials exhibit special omnidirectional wave shielding properties (Carbonell et al., 2011; Xu et al., 2012; Gao et al., 2016b; Shi et al., 2016), and have ultra-low frequency broadband characteristics (Ma et al., 2014; Shu et al., 2015; Gao et al., 2017; Jiang and He, 2017; An et al., 2018). Therefore, radial periodic structures are introduced into seismic metamaterials to study the propagation characteristics of seismic surface waves.
Furthermore, layered theory (Pennec et al., 2010; Elford et al., 2011; Neto et al., 2015) has been used to generate multi-order resonances to widen the acoustic/elastic wave band gap in metamaterials. In this paper, a layered radial seismic metamaterial (LRSM) is proposed, and its band gap characteristics are calculated by the finite element method. The effects of geometric parameters and the internal circumferential continuity of the structure on the shielding properties of radial seismic metamaterials are studied. Finally, the frequency response analysis and full-scale 3D transient wave propagation simulation are used to verify. In this paper, a high-performance, low-cost seismic metamaterial for engineering applications is realized by applying the periodic composite of steel and rigid foam, a common material in construction.
LAYERED RADIAL SEISMIC METAMATERIAL
Radial Seismic Metamaterial Model
As shown in Figure 1, the proposed model in this paper is a radial periodic array with layered structural features on the surface of a semi-infinite base, as shown in Figure 1A. The protection building is located in the center of the LRSM, and the schematic diagram of its array distribution cross-section is shown in Figure 1B.
[image: Figure 1]FIGURE 1 | Radial seismic metamaterials: (A) and (B) radial seismic metamaterials surrounding important buildings; (C) LRSM-1; (D) LRSM-2; (E) LRSM-3; (F) the formation mode of the radial seismic metamaterials and diagram of BZ wave vector (Gamma-R) in reciprocal space. The blue, orange and yellow represent steel, hard foam and soil, respectively.
In this paper, three radial seismic metamaterials (LRSMs) with different layers are studied, as shown in Figure 1C–E, respectively, and their structural radius parameter r remains unchanged. According to the survey data of different earthquakes, it is the most difficult to formulate protective measures for the long waves with the frequency distribution of seismic surface waves in the range of 0.1–20 Hz, and the corresponding wavelengths vary from several hundred meters to several meters (Zeng et al., 2019). Therefore, the lattice constant a = 2.5 m, which is much smaller than the wavelength of seismic waves (Du et al., 2018). The height of the LRSM is h = 4a. The depth of the basement is H = 20a to ensure that it is sufficient to separate body and surface waves in seismic waves. Figure 1C shows a radial seismic metamaterial unit cell composed of a single-layer steel ring, which is defined as LRSM-1, where the distance e = 0.1a between the outer diameter of the steel ring and the cell boundary, and the steel ring thickness ts = 0.2a. Figure 1D shows the second radial seismic metamaterial unit cell, which is defined as LRSM-2, which is based on the single-layer steel ring structure, which is a foam ring with a thickness of tf = 0.1a and a steel ring with a thickness of ts in turn in the radial direction. Figure 1E shows the third radial seismic metamaterial unit cell. On the basis of LRSM-2, a foam ring of thickness tf and a steel ring of thickness ts are successively nested in the radial direction, which is defined as LRSM-3. By periodically repeating the LRSM unit cell along the r-direction and rotating around the Z-axis, an infinite system of LRSMs is formed, as shown in Figure 1F. In order to consider the engineering application of the structure, conventional building materials are chosen as the raw material of LRSM, such as steel and rigid foam, and the material of the base is soil (Zeng et al., 2018). In this paper, the material is assumed to be linear elastic, homogeneous and isotropic (Du et al., 2017). The material properties of the unit cell and substrate are shown in Table 1. The following material parameters are common parameters in engineering applications.
TABLE 1 | Material properties of LRSM cell and substrate.
[image: Table 1]Theoretical Method
Due to the particularity of the structure, the two-dimensional axisymmetric finite element method based on cylindrical coordinate system is used to study the band gap characteristics of the metamaterial structure. The elastic wave equation in cylindrical coordinate system is established to calculate the dispersion relation curve in infinite system. Where u, v, w are the displacement components of the cylindrical coordinate system, ρ is the density, t is the time, λ and μ are the elastic wave constants of the material, r, θ, z are the coordinate components of the cylindrical coordinate system.
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The volume strain θt and rotational components (w′r, w′θ, w′z) are defined as:
[image: image]
Since the periodic structure of the lattice unit is infinite along the radial direction, according to Bloch’s theorem, only a single lattice unit is considered. Its lattice boundary condition equation is:
[image: image]
where r is the radial position, a is the lattice constant, and kr is the component of the Bloch wave vector Kr in the radial direction.
By Eq. 3, applying a periodic boundary condition on r, the dispersion relation curve of the radial metamaterial structure can be obtained by sweeping the Bloch wave vector Kr across the boundary of the first irreducible Brillouin zone.
According to finite element theory (Li et al., 2014), Eq. 1a can be transformed into a generalized eigenvalue equation with discrete form:
[image: image]
where K is the stiffness matrix of the metamaterial structure, M is the mass matrix of the metamaterial structure, and u is the eigenvector.
After obtaining the finite element generalized eigenequation Eq. 4, by giving a set of Bloch wave vectors Kr, the eigenfrequency ω of each order of a single lattice unit is calculated under the condition of the wave vector, and substituted into the finite element equation, namely Eigenvectors of all orders [image: image] can be obtained. Then, according to the eigenvectors, the displacement value of each point in the lattice unit is established, and the eigenmode displacement vector field of a single lattice unit can be obtained through the differentiated color display (Gao et al., 2016a). In this paper, this efficient finite element method (Achaoui et al., 2017; Gao et al., 2017) will be used to study the band gap properties of seismic radial metamaterial structures.
LAYERED RADIAL SEISMIC METAMATERIAL ULTRA-LOW FREQUENCY BROADBAND CHARACTERISTICS
Ultra-Low Frequency Broadband Characteristics and Its Mechanism Analysis
The dispersion curves of three different LRSMs are shown in Figures 2A, 3A, 4A. In the dispersion graph, the sound cone surrounded by the gray area is important for separating surface and bulk waves, all bulk modes are located outside the sound cone, and surface wave modes are inside the sound cone (Colombi et al., 2016). In this paper, the relative band gap bandwidth (NRBW), which is the ratio of the total band gap width to the acoustic cone height (Zeng et al., 2018), is introduced to evaluate the LRSM surface wave band gap characteristics. For LRSM-1, it can be seen from Figure 2A that below 12 Hz, LRSM-1 has only one energy band curve, the complete band gap of surface wave is 3.12–11.96 Hz, and its NRBW is 73.9%, which is much higher than that of Miniaci (Miniaci et al., 2016), Palermo (Palermo et al., 2016) and Colombi (Colombi et al., 2016), etc. (NRBW is less than 20%).
[image: Figure 2]FIGURE 2 | Dispersion curve, eigenmode and displacement vector field of LRSM-1: (A) dispersion curves; (B) eigenmode and displacement vector field at point A1. Colors represent the displacement amplitude, and black arrows represent the displacement direction.
[image: Figure 3]FIGURE 3 | Dispersion curve, eigenmode and displacement vector field of LRSM-2: (A) dispersion curves; eigenmode and displacement vector field at (B) point A2 and (C) point B2. Colors represent the displacement amplitude, and black arrows represent the displacement direction.
[image: Figure 4]FIGURE 4 | Dispersion curve, eigenmode and displacement vector field of LRSM-3: (A) dispersion curves; eigenmode and displacement vector field at (B) point A3, (C) point B3 and (D) point C3. Colors represent the displacement amplitude, and black arrows represent the displacement direction.
In order to study the generation mechanism of LRSM-1 ultra-low frequency broadband, the eigenmodes and displacement vector fields at point A1 in the single dispersion curve of Figure 2A are calculated, as shown in Figure 2B. The black arrows represent the direction of the vibrational displacement, and the color represents the magnitude of the vibrational displacement. At point A1, it appears as the coupling mode of the in-phase vibration of the steel ring along the axial direction and the Rayleigh wave mode. The elastic stiffness of the structure is provided by the soil base, and its local vibration mode can be equivalent to a typical “mass-spring” system. The frequency of the resonance bandgap can be determined by the natural frequency of the local resonance and can be evaluated in terms of the equivalent mass that provides the mass part (LRSM) and the equivalent stiffness that provides the elastic part (soil base) for this vibration mode:
[image: image]
where Ke is the equivalent stiffness of the system and Me is the equivalent mass of the system.
It can be seen from Eq. 5 that due to the circumferential continuity of LRSM-1, its equivalent mass Me is much higher than its equivalent stiffness Ke, so the initial frequency of the structural resonance band gap is in the ultra-low frequency range, and due to the structural sound The cone height is fixed (Zeng et al., 2018), so that the LRSM-1 exhibits very low frequency broadband characteristics.
The dispersion curve of LRSM-2 is shown in Figure 2B, it has two energy band curves below 12 Hz, and produces two complete band gaps, namely 2.72–4.21 Hz and 4.38–11.96 Hz, and its NRBW is 75.5%. Compared with LRSM-1, the onset frequency of the first band gap is shifted down and a new resonance band appears at 4.38 Hz. Further, by calculating the eigenmodes and displacement vector fields of the special points A2 and B2 on the two energy band curves, as shown in Figures 3B,C, respectively, to study the physical mechanism of the change of the band gap structure. The vibration mode of point A2, similar to point A1, is the overall axial in-phase vibration of the multilayer structure, but the initial frequency of the first band gap is lower than that of point A1 due to the increase of the equivalent mass of the structure. The vibration mode at point B2 is shown as the axial anti-phase resonance of the two-layer steel ring, and the energy is concentrated in the inner steel ring layer.
The dispersion curve of LRSM-3 is shown in Figure 4A. It can be seen from the figure that there are three energy bands below 12 Hz, forming three complete band gaps, which are 2.84–3.32 Hz, 4.02–4.85 Hz, and 4.98–11.96 Hz respectively., its NRBW is 69.3%. Compared with LRSM-2, the starting frequency of the first band gap is increased, while the starting frequency of the second band gap is decreased, and a new resonance band appears around 5 Hz. Figure 4B,C,D are the eigenmodes and displacement vector fields of the special points A3, B3 and C3 of the dispersion curve, respectively. At point A3, although the multi-layer structure exhibits axial in-phase vibration as a whole, its amplitudes are different, which is manifested as different amplitude resonance in the same phase of the structure’s axial direction. The vibration energy is concentrated in the foam ring and steel ring in the middle, and the vibrational energy of the inner steel ring is the smallest, which is manifested as a decrease in the onset frequency of the first bandgap of LRSM-3. This is caused by the coupling resonance of the three-layer steel rings with different amplitudes due to the small stiffness of the foam rings on both sides of the middle steel ring. In order to further study the effect of the foam ring on the initial frequency of the first band gap of LRSM-3, the vibration modes of point A3 under different elastic modulus Ef states of the foam ring were calculated, as shown in Figure 5. As the elastic modulus Ef of the rigid foam ring decreases, the stiffness provided by the foam ring in the middle decreases, and the structure gradually changes from the overall axial resonance with the same amplitude to the coupled resonance with different amplitudes for each layer. The eigenmodes and displacement vector field of point B3 are shown in Figure 4C, which is similar to the eigenmodes of point B2, showing the anti-phase resonance of the inner two-layer steel ring and the outer steel ring. Figure 4D shows the eigenmode and displacement vector field at point C3. At point C3, a more complex axial in-phase coupling resonance is presented, and the vibration energy is mainly concentrated in the middle steel ring. Therefore, as the number of layers in the system increases, more and more complex surface wave vibration modes will appear, resulting in new energy bands. As the number of layers of steel rings increases, the initial frequency of LRSM does not decrease monotonically, and the total bandwidth does not increase monotonically. The intensity of the resonance changes, so that the structure exhibits a complex axial resonance mode. When LRSM-2, it presents the lowest onset frequency and the largest bandwidth of the band gap, which is different from the traditional layered seismic metamaterial (MSM) (Zeng et al., 2020).
[image: Figure 5]FIGURE 5 | Eigenmode and displacement vector field at point A3 in rigid foam ring with different elastic modulus Ef.
In conclusion, all three LRSM structures exhibit ultra-low frequency broadband characteristics, and the vibration mode in the low frequency band is only the axial vibration mode, which is caused by the unique large-mass annular structure of LRSM. The LRSM barrier is fixed on the soil surface, and the unit cell is a large-mass annular structure, not only the resonance frequency is ultra-low frequency, but also the annular structure fixed on the soil surface has special stability in the circumferential direction (Budiansky and Hutchinson, 1966), so the LRSM band structure It is simple, and only presents as an axial vibration mode, showing ultra-low frequency broadband characteristics.
Influence of Geometric Parameters on Band Gap Characteristics
The ultra-low frequency broadband characteristics of LRSM are caused by the local resonance coupling between Rayleigh mode and the LRSM structure. The structural parameters of LRSM have an important influence on the ultra-low frequency broadband characteristics. In this section, the influence of geometric parameters on the complete band gap is analyzed while keeping other parameters unchanged. This study was conducted on LRSM-2.
Figure 6 shows the effect of the steel ring thickness ts on the change of the band gap characteristics. In Figure 6A, as ts/a increases, the first full bandgap bandwidth gradually decreases, and the second bandgap bandwidth increases and moves to low frequencies. The first band gap of LRSM-2 is caused by the overall axial in-phase resonance of the structure, and the change of the thickness ts of the steel ring has a great influence on the equivalent mass and equivalent stiffness of the structure. When ts/a < 0.2, the increase of the resonance mass in the structure will be dominant, with the increase of the parameter ts/a, the equivalent mass increases, and the initial frequency of the first band gap moves rapidly to the low frequency; when ts/a = 0.2, the change of the steel ring thickness ts makes the equivalent mass of the structure and the equivalent stiffness increase close to each other. Therefore, the initial frequency of the first band gap remains basically unchanged, and the cut-off frequency moves to the low frequency. The band gap is then narrowed. For the second band gap, with the increase of ts/a, the axial resonance coupling between the structure and the soil base gradually increases, and the initial frequency gradually shifts to the low frequency. Since the height of the sound cone of the structure is fixed, its bandwidth increases and shifts to low frequencies. With the increase of ts/a, the NRBW shows a trend of first increasing and then decreasing. When ts/a = 0.2a, the NRBW is the largest, reaching to 75.8% (as shown in Figure 6B).
[image: Figure 6]FIGURE 6 | Relationship between bandgaps characteristics and parameter ratio ts/a: (A) the upper and lower frequency bounds of bandgaps; (B) the relative band width of bandgap (NRBW).
Figure 7 shows the effect of the rigid foam ring thickness tf of LRSM-2 on the band gap characteristics (the position parameter e remains unchanged). It can be seen from Figure 7A that with the increase of tf, the center frequencies of the first and second band gaps are both moved down, and the bandwidth is gradually narrowed. When tf = 0.125a, the third band gap begins to appear. Figure 7B shows the effect of rigid foam ring thickness tf on the NRBW. It can be seen from the figure that with the increase of rigid foam ring thickness tf, the NRBW shows an overall decreasing trend. When tf/a = 0.01a, the NRBW achieves the optimal value of 78.3%.
[image: Figure 7]FIGURE 7 | Relationship between bandgaps characteristics and parameter ratio tf/a: (A) the upper and lower frequency bounds of bandgaps; (B) the relative band width of bandgap (NRBW).
Figures 8A,B show the eigenmode and displacement vector field of band structure and special points when tf = 0.125a, respectively. By comparing Figure 3B, it can be found that the vibration mode of point A2 in Figure 3 is consistent with that of point A4 in Figure 8, both of which are axial in-phase local resonances, and the resonance intensity is similar, indicating that the increase in the thickness of hard foam ring tf has little effect on the axial in-phase resonance mode of the system, so the initial frequency of the first band gap remains basically unchanged. The mode shape of point B4 in Figure 8 is stronger than that of point B2 in Figure 3, which indicates that with the increase of the thickness tf of the rigid foam ring, the local resonance effect is enhanced, resulting in the onset of the second band gap. The initial frequency is shifted to lower frequencies. In addition, with the further increase of the thickness tf of the rigid foam ring, the system stiffness of the resonant structure decreases, which makes the structure appear a new local resonance mode, that is, the anti-phase resonance between the inner and outer steel rings and the central foam ring, as shown at point C4 in Figure 8B, so the third band gap is opened.
[image: Figure 8]FIGURE 8 | Band structure and displacement vector field of special points at tf = 0.125a: (A) band structure; (B) displacement vector field of special points.
Figure 9 shows the effect of height h and center radius r on the complete bandgap characteristic, where the height h and center radius r are generally considered to vary in the range of 1a-10a and 10a-100a, respectively. Figure 9A shows the relationship between the initial frequency (f1) of the first band gap and the height h and the center radius r. As the height h increases, fl shifts to low frequencies, which is caused by the constant increase in the equivalent mass of the LRSM-2. In addition, it is worth noting that when the LRSM-2 center radius is greater than 75a, for the lower height steel ring (h < 1.5a), f1 does not shift to high frequencies with decreasing height h, but remains at 3.6 Hz nearby, this is due to the fact that the LRSM-2 gradually equalizes the increment of the equivalent mass and the equivalent stiffness of the system with the increase of the center radius r, therefore, f1 remains almost unchanged. In addition, with the increase of the height h, the NRBW showed a trend of rapid increase; the increase of the center radius r also caused the increase of the NRBW. It can be observed that the structure height h has a more significant effect on NRBW. When the parameter h/a = 10, the NRBW can reach 83.9% (as shown in Figure 9B). The above results will better guide the design of LRSMs to obtain the desired bandgap properties in different geophysical environments.
[image: Figure 9]FIGURE 9 | Relationship between bandgaps characteristics and parameter ratio h/a and r/a: (A) the lower frequency bounds of the first bandgaps (fl); (B) the relative band width of bandgap (NRBW).
RESEARCH ON THE SEISMIC SHIELDING PERFORMANCE OF LAYERED RADIAL SEISMIC METAMATERIAL
Frequency Domain Response Analysis
In order to verify the shielding performance of LRSM-2, five periodic systems are designed in the transmission calculation as shown in Figure 10A. The base is soil, and the height of 20a is enough to ensure the separation of the body wave and the surface wave in the seismic wave, so that only the surface wave can reach the LRSM (Zeng et al., 2018). To prevent unwanted reflections caused by boundary wave scattering from the substrate region and bring the results closer to realistic conditions, a perfectly matched layer (PML) with a thickness of 3a was placed on the bottom and sides of the substrate. At line A, a line source is set up to simulate an incident wave as a generator of surface waves, where the line source vibrates at a monochromatic frequency with sagittal polarization characteristics that excite seismic waves on a uniform surface. The transmission quantities of seismic surface waves without LRSM and with LRSM in the range of 0.1–12 Hz are shown in Figure 10B, and complete attenuation areas are found in the ranges of 2.72–4.21 Hz and 4.38–11.96 Hz, which is consistent with Figure 3 The band gaps in (a) are consistent, and it can be found that within the band gap range, the amount of transmission with LRSM is significantly lower than that without LRSM.
[image: Figure 10]FIGURE 10 | (A) Finite period system; (B) transmission curve.
Figures 11A,B show the propagation states of surface waves along the X direction in the soil without LRSM and with LRSM at 8 Hz, respectively. It can be seen from the figure that when there is no LRSM, the incident surface wave covers the soil matrix with almost no energy loss; while for the homogeneous soil with LRSM, the incident surface wave is effectively shielded. The X and Y components of the vibration displacement at the boundary line B are shown in Figures 11C,D, respectively. It can be observed from Figure 11C that the overall vibration displacement amplitude presents a maple leaf-shaped distribution, and the X component of the vibration displacement at the edge line B has a large difference in the circumferential distribution. The maximum vibration displacement value is 12.5 mm, located at 0°. The vibration displacement value is only 0.9 mm at the 135° position, so the LRSM dissipates energy differently around the circumference in resisting seismic waves. In Figure 11D, the vibration displacement of the Y component presents a butterfly-shaped symmetrical distribution as a whole in polar coordinates, and the displacement values are the largest at the positions of 45° and 315°. In actual construction, the position with large displacement can be reinforced, which can effectively improve its ability to resist seismic waves.
[image: Figure 11]FIGURE 11 | Schematic diagram of surface wave propagation in XY plane: (A) Without LRSM; (B) with LRSM-2; (C) vibration displacement value of X component at line B; (D) vibration displacement value of Y component at line (B)
Figures 12A,B show the XZ plane propagation states of surface waves in soils without and with LRSM, respectively. In Figure 12A, when the surface wave propagates in a half-space homogeneous medium, the energy is hardly attenuated, and it can carry energy for a long distance; in Figure 12B, the LRSM-2 band gap Surface waves are converted into body waves, and their vibrational energy is effectively dissipated, which is consistent with the “rainbow trap” effect (Colombi et al., 2016). The X and Z components of the vibrational displacement at line C are shown in Figures 11C,D, respectively. As shown in Figure 12C, the minimum value of the vibration displacement of line C on the X component appears at the inflection point of 2.9a, and its value is only 0.01 mm, the maximum displacement at the bottom is 12.5 mm, and the maximum displacement at the top is 11.7 mm, This shows that the line C presents a concave shape, and if its bottom is reinforced, such as burying the LRSM in the soil, its stability will be improved. In Figure 12D, due to the stable characteristics of the radial structure (Budiansky and Hutchinson, 1966), the vibration displacement of the Z component of line C is almost kept at around 2.7 mm, which is much smaller than that of the seismic metamaterial arranged based on Cartesian coordinates (Zeng et al., 2020), which is only 19.2% of its value, which indicates that the LRSM has better stability than the seismic metamaterial based on Cartesian coordinate arrangement (Miniaci et al., 2016).
[image: Figure 12]FIGURE 12 | Schematic diagram of surface wave propagation in XZ plane: (A) Without LRSM; (B) with LRSM-2; (C) vibration displacement value of X component at line C; (D) vibration displacement value of Z component at line (C)
Seismic Time History Analysis
To investigate the effect of the LRSM system on the surface wave amplitude variation, a transient harmonic analysis was performed on a finite LRSM system with five periods. In this paper, the classical EI seismic wave signal (1940, El Centro Site, Vertical, Peak = 0.2468 g, Duration = 53.78 sec) and Taft seismic wave signal (Kishida et al., 2021) (1952, Taft Lincoln School, Peak = −0.1793 g, Duration = 54.40 s) are used respectively, as shown in Figures 13A,C, the acceleration spectrum of the seismic wave signal intercepts its first 30 s data, this range already contains the most intense part and main energy of the seismic record. Among them, the main frequency range of the seismic wave are concentrated in the frequency range of 0.1–10 Hz, as shown in Figures 13B,D. At line A, the Taft seismic wave excitation signal is input, and a transient explicit response with a duration of 35 s is performed to ensure that the seismic wave excitation signal emitted by line A can reach and pass through the LRSM. Apply low-reflection boundary conditions on the sides and bottom of the soil to simulate half-space and reduce reflections caused by the bottom and surrounding boundaries of the model.
[image: Figure 13]FIGURE 13 | Seismic excitation signal: (A) time evolution of El Centro seismic signal; (B) frequency content of El Centro seismic wave signal; (C) time evolution of Taft seismic wave signal; (D) frequency content of Taft seismic wave signal.
Under the seismic wave excitation signal, the acceleration amplitude of the response signal at the axisymmetric center point with or without LRSM was recorded respectively (as shown in Figure 14A), in order to analyze the amplitude change of the surface wave in the region with or without LRSM. It can be observed from Figure 14 that due to the existence of LRSM, the vibration of the surface wave is effectively suppressed, and its maximum amplitude can be attenuated by more than 85% (wherein, the blue solid line represents the seismic wave amplitude signal without LRSM, and the red dotted line represents the seismic wave amplitude signal with LRSM. seismic wave amplitude signal). Subsequently, the acquired signal is Fourier transformed and the frequency content is compared to evaluate the damping performance of the LRSM, as shown in Figure 14B. The results show that the LRSM effectively attenuates seismic waves in the 0.1–20 Hz range, providing a virtually undisturbed region.
[image: Figure 14]FIGURE 14 | Excitation signal response: (A) excitation signal response of El Centro seismic wave; (B) fourier spectrum of El Centro seismic excitation signal response; (C) excitation signal response of Taft seismic wave; (D) fourier spectrum of Taft seismic excitation signal response.
Influence of Layered Radial Seismic Metamaterial Circumference Continuity
The LRSM-2 designed in this paper is a circular ring with a larger diameter, but it is still inconvenient to arrange in engineering. Therefore, this section studies the effect of the internal circular continuity of the LRSM on the attenuation of surface waves. In the LRSM structure shown in Figure 11B, a thin PML layer is added every 60° (angle θ = 1°), and by changing the scale factor s of the PML, the energy propagation in the LRSM is controlled, which can be equivalent to Change the LRSM inner circumference continuity. As shown in Figure 15, when the internal circumferential continuity of the structure is changed, the local resonance effect of the LRSM is strengthened, and with the continuous increase of the scale factor s, the ability of the LRSM to attenuate surface waves is gradually enhanced. This is because the single period of LRSM is transformed from a single local oscillator resonance to a coupling resonance of multiple local oscillators. This means that in the construction of LRSM, the implementation scheme of block splicing can be adopted, which reduces the engineering difficulty and cost, and has better shielding characteristics.
[image: Figure 15]FIGURE 15 | Transmission spectrum of LRSM under the influence of different scale factor s.
CONCLUSION
In this paper, a novel layered radial seismic metamaterial is proposed to block the effects of seismic surface waves on protected building areas. Using the finite element method, the dispersion curves of LRSMs with different layers in half space as seismic barriers are studied. Through the calculation of the displacement vector field, the ultra-low frequency broadband mechanism of the LRSM is discussed, and the influence of the geometric parameters and the circumferential continuity of the LRSM on the bandgap characteristics is discussed. Finally, dispersion analysis and full-scale 3D transient wave propagation simulations are performed in a finite-period system to evaluate its damping performance.
The results show that the LRSM has ultra-low frequency broadband characteristics and can effectively attenuate seismic surface waves in the range of 0.1–20 Hz, and the maximum amplitude attenuation exceeds 85%. For LRSM, the increase of the number of layers will generate new band gaps, but the initial frequency and total bandwidth do not show monotonic changes like traditional seismic metamaterials, but show optimal band gap characteristics when the structure is LRSM-2 (The band gap relative bandwidth NRBW can exceed 80%). Compared with traditional seismic metamaterials, LRSMs have only a single axial resonance, which is caused by the circumferential stability of LRSMs. Further, by observing the dispersion curve of the LRSM, when the number of layers of the steel ring increases, new flat bands will appear. The stiffness will affect the local resonance strength. By analyzing the vibration displacement of LRSM in the circumferential and axial directions, it is shown that the energy dissipation of RSM is mainly concentrated in the circumferential direction, and the distribution is different; the vibration displacement value along the axial direction is only 2.7 mm, which is much lower than that of traditional seismic metamaterials. It is shown that LRSM has better stability in resisting seismic waves. The position and width of the band gap in the LRSM are very sensitive to the structure height, and the increase of the LRSM height can move the first band gap to the low frequency, and the total bandwidth increases, mainly due to the increase of the system equivalent mass Me with the increase of the height h. With the decrease of the circumferential continuity of the LRSM, the LRSM gradually transforms from the overall ring oscillator resonance to the coupling of multiple sector oscillator resonances, and the ability to attenuate surface waves is continuously enhanced. This paper demonstrates the feasibility of radial periodic structures as seismic wave shielding. The proposed radial metamaterials provide new design guidelines for solving engineering problems such as vibration and noise in half space.
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