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Seismic metamaterials (SMs) are expected to assist or replace traditional isolation systems owing to their strong attenuation of seismic waves. In this work, a one-dimensional inverted T-shaped SM (1D ITSM) composed of arrays of inverted T-shaped structures on a half space is proposed, which have an ultra-wide first bandgap (FBG) from 6.7 to 17.2 Hz. We find that the FBG is composed of two parts; part 1 with surface evanescent waves from 6.7 to 11.0 Hz and part 2 with no surface modes from 11.0 to 17.2 Hz by using the complex band structures. The propagation of seismic surface waves in the 1D ITSM is different in these two frequency ranges of the FBG. In part 1, the seismic surface waves are significantly attenuated in the 1D ITSM because of the surface evanescent waves, while in part 2, the surface waves are converted into bulk waves because surface waves cannot exist in the ITSM. Finally, the ultra-wide FBG is verified by using a kind of the twodimensional ITSM in large-scale field experiments.

Introduction

Metamaterials [START_REF] Ding | Metamaterial with simultaneously negative bulk modulus and mass density[END_REF][START_REF] Liu | An elastic metamaterial with simultaneously negative mass density and bulk modulus[END_REF][START_REF] Deymier | Acoustic metamaterials and phononic crystals[END_REF][START_REF] Cao | Flexural wave absorption by lossy gradient elastic metasurface[END_REF][START_REF] Wickeler | Novel origami-inspired metamaterials: Design, mechanical testing and finite element modelling[END_REF][START_REF] Kollmann | Deep learning for topology optimization of 2D metamaterials[END_REF] are a kind of composite material composed of periodically arranged artificial unit cells. One of the most significant characteristics of metamaterials is the bandgap (BG). [START_REF] Meseguer | Rayleigh-wave attenuation by a semi-infinite two-dimensional elastic-band-gap crystal[END_REF][START_REF] Wu | Frequency band-gap measurement of two-dimensional air/silicon phononic crystals using layered slanted finger interdigital transducers[END_REF][START_REF] Laude | Full band gap for surface acoustic waves in a piezoelectric phononic crystal[END_REF][START_REF] Gao | Study of bandgap property of a bilayer membrane-type metamaterial applied on a thin plate[END_REF][START_REF] Yin | Bandgap characteristics of a tensegrity metamaterial chain with defects[END_REF] In the frequency range of the BG, waves cannot propagate in the metamaterials. This characteristic is used by physicists to control the propagation of seismic waves, thereby preventing casualties and property damage caused by the destruction of buildings. This kind of metamaterial used to control seismic waves is called seismic metamaterial (SM). [START_REF] Kim | Artificial seismic shadow zone by acoustic metamaterials[END_REF][START_REF] Finocchio | Seismic metamaterials based on isochronous mechanical oscillators[END_REF][START_REF] Brûlé | Experiments on seismic metamaterials: Molding surface waves[END_REF][START_REF] Aravantinos-Zafiris | Large scale phononic metamaterials for seismic isolation[END_REF][START_REF] Wang | Tunable and Active Phononic Crystals and Metamaterials[END_REF] The SM can be used to protect critical infrastructures and most buildings located in the mid-and far-fields of the earthquake source. It is worth noting that the natural frequency of these buildings is below 20 Hz. [START_REF] Kim | Artificial seismic shadow zone by acoustic metamaterials[END_REF][START_REF] Fema | Designing for Earthquakes[END_REF] Therefore, the realization of the SM with ultra-low BGs is an important step to push the SM to practical application.

The conjecture of the SM was proposed after the experiment of the phononic crystal in marble in 1999. [START_REF] Meseguer | Rayleigh-wave attenuation by a semi-infinite two-dimensional elastic-band-gap crystal[END_REF] The attenuation of the elastic surface waves in the two-dimensional crystals identified the existence of the bandgaps. However, a large amount of research on the SMs began in 2014. In this year, cylindrical holes arranged periodically in soil were experimentally proved to attenuate seismic waves at 50 Hz. [START_REF] Brûlé | Experiments on seismic metamaterials: Molding surface waves[END_REF] Previous works have demonstrated the propagation of seismic waves generated by the probe in the phononic crystals. Results show that it was consistent with the numerical simulation based on the approximate plate model. These large-scale experiments on the SM have

shown that it has unlimited potential in controlling seismic waves. Later, researchers changed the shape of the holes, and filled different materials into the holes to obtain the SMs with a wide BG. [START_REF] Miniaci | Large scale mechanical metamaterials as seismic shields[END_REF][START_REF] Pu | A novel method for identifying surface waves in periodic structures[END_REF][START_REF] Pu | Surface-wave attenuation by periodic pile barriers in layered soils[END_REF] However, the structure of this kind of SM based on the Bragg scattering mechanism is very huge to control ultra-low-frequencies seismic waves, which makes it difficult for practical application.

Fortunately, the SMs based on local resonance can solve this problem, which can use small structures to control long waves. [START_REF] Liu | Locally resonant sonic materials[END_REF][START_REF] Sheng | Locally resonant sonic materials[END_REF][START_REF] Bigoni | Elastic metamaterials with inertial locally resonant structures: Application to lensing and localization[END_REF][START_REF] Achaoui | Experimental observation of locallyresonant and Bragg band gaps for surface guided waves in a phononic crystal of pillars[END_REF] Therefore, most of these SMs are also called subwavelength SMs. [START_REF] Colombi | Elastic wave control beyond band-gaps: shaping the flow of waves in plates and half-spaces with subwavelength resonant rods[END_REF][START_REF] Zeng | Subwavelength seismic metamaterial with an ultra-low frequency bandgap[END_REF][START_REF] Colquitt | Seismic metasurfaces: Subwavelength resonators and Rayleigh wave interaction[END_REF] The subwavelength SMs can be roughly divided into two categories. The first kind of subwavelength SMs can also be called the underground barrier of locally resonant metamaterial. [START_REF] Aravantinos-Zafiris | Large scale phononic metamaterials for seismic isolation[END_REF][START_REF] Krödel | Wide band-gap seismic metastructures[END_REF][START_REF] Achaoui | Seismic waves damping with arrays of inertial resonators[END_REF][START_REF] Zeng | A broadband seismic metamaterial plate with simple structure and easy realization[END_REF][START_REF] Xu | An underground barrier of locally resonant metamaterial to attenuate surface elastic waves in solids[END_REF] This kind of underground SMs with small scale is based on resonance characteristics to attenuate long-wavelength seismic waves. [START_REF] Liu | Locally resonant sonic materials[END_REF] However, their BGs are generally narrow. On the other hand, these resonant unit cells should be placed where the elastic waves propagate to better attenuate the seismic waves. For example, the depth of these SMs burial into the ground should be roughly equal to twice the wavelength of the seismic surface wave to better attenuate them [START_REF] Graczykowski | Finite element analysis of true and pseudo surface acoustic waves in one-dimensional phononic crystals[END_REF]. In this way, although the dimensions of every unit cells are very small, the depth of burial is isolating. The second kind of subwavelength SMs are usually composed of periodic pillar-like structure and substrate, which can be called the pillar-like SM (PSM). A major characteristic of the PSM is that it mainly attenuates the propagation of seismic surface waves, [START_REF] Colombi | A seismic metamaterial: The resonant metawedge[END_REF][START_REF] Colombi | Forests as a natural seismic metamaterial: Rayleigh wave bandgaps induced by local resonances[END_REF] especially in the low-frequency range of the first BG (FBG), and even if the PSM only has three rows. [START_REF] Colombi | Forests as a natural seismic metamaterial: Rayleigh wave bandgaps induced by local resonances[END_REF][START_REF] Zeng | Low-frequency broadband seismic metamaterial using I-shaped pillars in a half-space[END_REF] The PSM is found because seismic surface waves in a part of the frequency range cannot pass through forest. [START_REF] Colombi | Forests as a natural seismic metamaterial: Rayleigh wave bandgaps induced by local resonances[END_REF] When the seismic waves interact with a forest, some frequencies are strongly attenuated due to the resonance of trees. When trees are considered as steel pillars or pillars with different shapes, the attenuation of surface waves in the SMs still exists, and better results can be obtained. So, I-shaped, [START_REF] Zeng | Low-frequency broadband seismic metamaterial using I-shaped pillars in a half-space[END_REF] fractal structure [START_REF] Du | H-fractal seismic metamaterial with broadband lowfrequency bandgaps[END_REF] and Matrayoshka-like [START_REF] Zeng | A Matryoshka-like seismic metamaterial with wide band-gap characteristics[END_REF] PSMs are proposed to obtain a wider complete BG in the sound cone. However, the relative bandwidth of the FBG is currently too small to meet the needs of practical applications.

In this paper, a one-dimensional inverted T-shaped SM (1D ITSM) composed of pillars and plates with ultra-wide FBG is proposed. The ITSM is just a simple modification based on the PSM: a plate is added at the bottom of each pillar. The FBGs of the two different SMs are compared. The effects of the ITSM's geometric and material parameters on the FBG are discussed. The complex band structure of the ITSM for surface waves is calculated and compared with that of the PSM. The propagation properties of seismic surface waves in the ITSM are also given. Finally, we propose a kind of the two-dimensional (2D) ITSM with the ultra-wide FBG.

Model of the 1D ITSM

In this section, the classical PSM and the proposed 1D ITSM are compared. As shown in Fig. 1, the PSM and the ITSM have the same steel pillar, i.e., l2 = l, w2 = w. But the bottom of every pillar in the ITSM is clamped by a steel plate marked as gray part in Fig. 1(b). The geometric and material parameters of the unit cells are given in Tables 1 and2, respectively. In numerical simulation, the left and right boundaries of the substrate of the unit cell are set as Bloch periodic boundaries, and the bottom of the substrate is set as a fixed boundary condition to avoid surface modes on the bottom. [START_REF] Pu | A novel method for identifying surface waves in periodic structures[END_REF][START_REF] Pu | Surface-wave attenuation by periodic pile barriers in layered soils[END_REF][START_REF] Zeng | A Matryoshka-like seismic metamaterial with wide band-gap characteristics[END_REF] It is worth noting that the calculation results will converge well at ultra-low frequency when the geometric parameter H is enough large. In this paper, the COMSOL Multiphysics is used to calculate the band structures and the propagation of Rayleigh waves in the SMs.

(a) (b) Although the FBG of the PSM is very low, it is extremely narrow (relative bandwidth is about 0.1) and thus unsuitable for seismic shielding. In contrast, although the minimum value of the FBG of the ITSM is 6.7 Hz, its relative bandwidth can reach an astonishing value as 0.88. We believe that this way of abandoning the BG with ultra-low frequency in exchange for the ultra-wide BG is desirable in the practical application of SMs. The vibration modes of the PSM and the ITSM at marked points are illustrated in Figs. 2 (c -d).

The marked points A1 and B1 (A2 and B2) are the lower and upper boundaries of the FBG of the PSM (ITSM), respectively. The direction of the arrows represents the direction of the particle movement, and the color indicates the normalized total displacement. It is easy to find that the vibration modes of the lower, upper boundaries of the two FBGs (points A1 and A2, points B1 and B2) are similar. This indicates that the generation mechanism of these two FBGs is also similar. On the first bands of two SMs, i.e., at points A1 and A2, the maximum displacement appears on the top of the steel structure. On the second bands of two SMs, i.e., at points B1 and B2, the displacement is on the entire steel structure and on the surface of substrate. The energy is evenly distributed on the entire structure. The pillar or the inverted T-shaped structure (ITS) can be considered as a whole this time. This shows that the structure of the ITS leads to a qualitative leap of the FBG. It is worth noting that although the second bandgap in Fig. 2 

Effects of geometric parameters

After comparing the band structures of the PSM and the ITSM, it is obvious that the appearance of the plate at the bottom of the pillar makes a huge change in the frequency range and relative bandwidth of the FBG. In this section, the effects of geometric parameters of the plate on the FBG are calculated, when the pillar is unchanged. In addition, the effect of the height of the pillar on the FBG is calculated to obtain the optimal geometric parameters of the ITSM, when the total volume of the pillar (i.e., l2 × w2) is constant. increase from 0.6a to 1.7a, the upper and lower boundaries of the FBG continue to decline, and its relative bandwidth continues to increase. But when the pillar height is greater than 1.8a, the upper boundary of the FBG drops rapidly, leading to the decrease of the relative bandwidth. Therefore, when the pillar height is about 1.7a, the relative bandwidth of the FBG of the ITSM is the largest, about 0.93.

The results show that the geometric parameters of the plate and pillar in the ITS have an obvious effect on the relative bandwidth of the FBG. With the appearance of the plate and the increase in its length, although the center frequency of the FBG of the ITSM continues to increase, its relative bandwidth increases linearly. However, there is an optimal value for the thickness of the steel plate, about 0.05a. When the height of the pillar continues to increase within a certain range, the center frequency of the FBG continues to decrease, but the relative bandwidth continues to increase.

However, when the pillar is too high and its width is too small (l2 × w2 is constant), the decrease in the flexural resonance frequency of the pillar causes the relative bandwidth to decrease continuously.

Effects of material parameters

In this section, the influence of material parameters of the ITS on the FBG is analyzed. Material parameters of the ITS are swept only for qualitative comparison. [START_REF] Wang | Wave propagation in two-dimensional viscoelastic metamaterials[END_REF] Only one parameter is changed at a time, and other parameters are consistent with those in Fig. 1(b).

The effect of mass density of the ITS (ρITS) on the FBG is shown in Fig. 4 

Complex band structure

In order to deeply explore the wide FBG of the ITSM, the complex band structures shown in Fig. 5(a), are calculated by using the PDE module of the COMSOL. The complex band structures of seismic metamaterials are considered when the wave vector is complex. The negative wave vector means that the amplitude of elastic wave is attenuated in the space, i.e., there is a surface evanescent wave. [START_REF] Wang | Wave propagation in two-dimensional viscoelastic metamaterials[END_REF][START_REF] Cai | Propagation and attenuation of Rayleigh and pseudo surface waves in viscoelastic metamaterials[END_REF] In order to draw only the surface modes in the complex band structure, the following parameter ξ is introduced, [START_REF] Pu | A novel method for identifying surface waves in periodic structures[END_REF][START_REF] Graczykowski | Finite element analysis of true and pseudo surface acoustic waves in one-dimensional phononic crystals[END_REF] 

ξ = ∫ |𝒖|𝑑𝑠 !(#$) / ∫ |𝒖|𝑑𝑠 !(&) , (1) 
that is, in the displacement fields of the ITSM, the ratio of the integral of the displacement (u) in the range of depth of twice the Rayleigh wave wavelength (2λ) below the surface to the integral of the displacement over the entire depth (H) of the substrate. The parameter ξ can be used to filter all surface modes from the complex band structure by using the displacement fields calculated with the finite element method (COMSOL Multiphysics). In this paper, the surface mode is defined as ξ > 0.9. This is because when the parameter ξ > 0.9 in one mode, i.e., more than 90% of the energy in a unit cell all exists near the surface, this mode can be deemed as a surface mode. In Fig. 5(a), the color bar on the far right represents the value of ξ. The black dotted line is the boundary of the sound cone.

In the complex band structure of the ITSM, the FBG can be divided into two completely different parts: part 1 with surface evanescent waves (light gray); part 2 with no surface mode (heavy gray).

From the real part of the complex band structure of the ITSM, there is a surface band in the FBG in part 1, with a frequency range from 6.7 Hz to 11.0 Hz. This band partially overlaps with the first band at about 6.7 Hz. In the imaginary part of the surface band in part 1 are all greater than zero.

They are surface evanescent waves in this frequency range and cannot be displayed in the classical band structure. The vibration mode at the end of the band is plotted. It can be found that most of the vibration exists in the substrate and decreases with increasing depth. We speculate that as the frequency increases, most of the vibration is transferred to the substrate thus the surface mode disappears. In part 2 with the frequency range of 11.0 Hz to 17.2 Hz, there is no surface band in the complex band structure of ITSM. Similar phenomenon is currently only found in the inverse dispersion SMs (Notes A and B in Supplementary Information (SI)). We speculate that in this frequency range, the steel structure can be equivalent to a layer of uniform medium on the substrate due to its longitudinal resonance (vibration perpendicular to the surface of the substrate). The layered media structure composed of this medium and the substrate has an inverse dispersion BG.

In this frequency range of the BG, the surface waves will be converted into bulk waves (Note B of SI).

(a) (b) Similarly, as shown in Fig. 5(b), as a comparison, the complex band structure of the FBG of the PSM shown in Fig. 1(a) is calculated. It is easy to find that the situation in these two FBGs is almost identical. So, we believe that the formation mechanism of these two FBGs is almost the same.

Frequency domain analysis

The transmission spectrum is calculated in this section. The finite model used for calculation is shown in Fig. 6(a), and consisting of two parts: the substrate represented by the yellow part, and the periodic ITSs represented by the gray part and the green part. The material and geometric parameters of the ITS are consistent with those in Fig. 1(b). The boundaries of the left, right, and bottom of the substrate are set as low reflection boundary condition to eliminate the reflection of elastic waves. [START_REF] Pu | A novel method for identifying surface waves in periodic structures[END_REF][START_REF] Pu | Surface-wave attenuation by periodic pile barriers in layered soils[END_REF] The number of rows of the ITSM is 10. Point A is set as the source to generate Rayleigh waves.

The polarization direction of the source is the xz direction. [START_REF] Zeng | Subwavelength seismic metamaterial with an ultra-low frequency bandgap[END_REF][START_REF] Rayleigh | On waves propagated along the plane surface of an elastic solid[END_REF][START_REF] Brule | Experimental evidence of auxetic features in seismic metamaterials: Ellipticity of seismic Rayleigh waves for subsurface architectured ground with holes[END_REF] Accordingly, the data is collected at point B from the right side of the ITSM. Similarly, in order to obtain an accurate transmission spectrum at a sufficiently low-frequency range, the height of the substrate is set as H = 300a. The acceleration at point B is collected with and without the ITSM. When there is the ITSM, the acceleration at point B is A1. When there is no ITSM, the acceleration at point B is A0. The transmission is defined as T = 20 × log10 (A1 / A0).

As shown in Fig. 6(b), the ITSM has a very significant attenuation effect on the Rayleigh waves in the frequency range of the FBG. There is a huge attenuation zone from 6.7 Hz to 17.2 Hz, consistent with the range of the FBG in Fig. 2(b). This result shows that the ITSM can drastically attenuate the Rayleigh waves at a sufficiently low frequency and in a wide range. In addition, it is easy to find that in the FBG's two different parts identified in complex band structure (Fig. 5 As shown in Fig. 6(c), the distribution of displacement amplitude in the ITSM is given at two different but representative frequencies in the FBG: 7.0 Hz and 12.0 Hz. In the frequency range of part 1, for example, at 7.0 Hz, the violent resonance of the ITSM causes the surface waves to be significantly attenuated and almost unable to propagate to the third unit cell. In the frequency range of part 2, for example, at 12.0 Hz, after the surface waves enter the ITSM, we can observe that the surface waves are converted into bulk waves. These two results are easily reminiscent of the literature, [START_REF] Colombi | A seismic metamaterial: The resonant metawedge[END_REF] where surface waves are incident from two ends of the metawedge. When the surface wave is incident from the short edge, the surface waves first encounter part 1 of the FBG of the shorter PSM. So, the surface wave is quickly attenuated because of the evanescent waves. When the surface wave is incident from the taller end, the surface waves first encounter part 2 of the FBG of the taller PSM. So, the surface waves are converted into bulk waves because of the inversedispersion effect (Note A in SI). This also indirectly proves that the formation mechanism of the FBG of the PSM and the ITSM is almost the same. So, in this work, the bandgap from 6.7 to 11 Hz is used to stop the propagation of the Rayleigh waves. And the bandgap from 11 to 17.2 Hz is used to convert Rayleigh waves into bulk waves. In conclusion, the ultra-wide bandgap from 6.7 to 17.2

Hz is useful to attenuate Rayleigh waves to protect the aimed buildings. Moreover, the propagation of the Rayleigh waves is studied when the bottoms of the steel structures are buried in the substrate.

The result is shown in Note C of SI.

The 2D ITSM and large-scale field experiments

For the SM, a 1D periodic model is a general choice for exploring mechanism of the BGs. [START_REF] Pu | Surface-wave attenuation by periodic pile barriers in layered soils[END_REF][START_REF] Zeng | Subwavelength seismic metamaterial with an ultra-low frequency bandgap[END_REF][START_REF] Graczykowski | Finite element analysis of true and pseudo surface acoustic waves in one-dimensional phononic crystals[END_REF] This is because it is a common method to study the SMs for surface waves, especially for Rayleigh waves, whose displacement components on the surface only exist in the x and z directions [START_REF] Rayleigh | On waves propagated along the plane surface of an elastic solid[END_REF]. These two directions are both considered in the 1D simulations. Therefore, the 1D simulation is the basic study of the elastic metamaterials for surface waves. We can easily investigate the bandgap characteristic and the mechanism of bandgaps to easily design the 2D elastic metamaterials.

However, in practical applications, the design of the 2D periodic SM is more important and necessary. [START_REF] Miniaci | Large scale mechanical metamaterials as seismic shields[END_REF][START_REF] Zeng | A Matryoshka-like seismic metamaterial with wide band-gap characteristics[END_REF][START_REF] Chen | Harnessing multi-layered soil to design seismic metamaterials with ultralow frequency band gaps[END_REF] In addition, due to some uncontrollable factors in actual situations, such as the difficulty of achieving perfect continuity between different materials, large-scale field experiments are still needed to verify the SMs with ultra-wide and low-frequency bandgaps for surface waves. Therefore, based on the design concept and the mechanism of the above-mentioned 1D ITSM, a kind of 2D ITSM and a large-scale field experiments are designed for isolating Rayleigh waves in this section. It is worth noting that due to the experimental equipment and test site, the 2D ITSM with smaller dimensions than the 1D ITSM are chosen. However, the operating frequency and frequency range of the 2D ITSM are lower and much wider than the SMs that has been experimentally verified. [START_REF] Brûlé | Experiments on seismic metamaterials: Molding surface waves[END_REF][START_REF] Colombi | Forests as a natural seismic metamaterial: Rayleigh wave bandgaps induced by local resonances[END_REF] 3.1 Designs of the 2D ITSM and experimental setup Fig. 7(a) shows the unit cell of the 2D ITSM designed according to the structure of the 1D ITSM.

In order to facilitate field experiments and attenuate seismic surface waves in the lower frequency range, the lattice constant a1 of the unit cell is set as 0.25m. And the unit cell is composed of a thumbtack-shaped structure (purple part) and a soil substrate (gray part). Among them, the thumbtack-shaped structure (TS) is composed of a steel tube and a steel plate. The geometric parameters of the unit cell are shown in Table 3. As shown in Fig. 7 [START_REF] Pu | Surface-wave attenuation by periodic pile barriers in layered soils[END_REF], where AA and AB are the accelerations in the vertical direction of points A and B, respectively. The material parameters of the tests is referenced in these literatures [START_REF] Krödel | Wide band-gap seismic metastructures[END_REF][START_REF] Zeng | A broadband seismic metamaterial plate with simple structure and easy realization[END_REF],

which is same as in Tables 2. It is worth noting that in the tests, the TS is simply placed on the substrate. But in the simulation mentioned above, the TSs and soil are perfectly continuous.

Results of the 2D ITSM and field experiments

The band structure of the 2D ITSM only in the ГX direction is calculated to facilitate comparison with the experiments, as shown in Fig. 8(a). [START_REF] Miniaci | Large scale mechanical metamaterials as seismic shields[END_REF][START_REF] Zeng | A Matryoshka-like seismic metamaterial with wide band-gap characteristics[END_REF][START_REF] Badreddine Assouar | Dispersion curves of surface acoustic waves in a twodimensional phononic crystal[END_REF] The sound cone is clearly surrounded by . This is consistent with the results in Fig. 6(c): the attenuation in the bandgap generated by the local resonance is stronger than that by inverse-dispersion characteristics when the rows of the unit cell are fewer (5 rows in this work). Regarding the application, the ITSM is proposed for a metropolis with different buildings. The ITSM with an ultra-wide bandgap can be used around the metropolis to strongly attenuate seismic surface waves to protect almost all the buildings in the metropolis. If the number of the rows of the ITSM is large, for example, the ITSM with 30 rows can theoretically attenuate the energy of seismic waves hundreds of times. Also, the ITSM can be used to protect critical infrastructures, like nuclear power station.

In order to intuitively show the novelty of the 2D ITSM, a comparison table ( 

Conclusion

In this research, an 1D ITSM with an ultra-wide FBG has been proposed by improving the pillarlike SM. With the total mass of the pillar unchanged, the relative bandwidth of the FBG of the ITSM is about 1 at maximum. This result is much better than that of the PSM. The effects of the geometrical and material parameters of the ITSM on the FBG have been also discussed. It is found that the appearance of the plate obviously increases the center frequency and relative bandwidth of the FBG of the ITSM. The complex band structure of the ITSM has been calculated to analyze the attenuation mechanism of surface waves. It can be found that the FBG of the ITSM is composed of two parts: part 1 with surface evanescent waves and part 2 with no surface mode. We also found that this result is consistent with the PSM. The propagation of seismic surface waves in the ITSM has been also investigated. It was found that the propagation modes of surface waves in the ITSM are completely different in different parts of the FBG. In the frequency range of part 1, the seismic surface waves are significantly attenuated and almost unable to propagate to the third unit cell in the ITSM. In the frequency range of part 2, the surface waves are converted into bulk waves. Finally, we have proposed a kind of the 2D ITSM with 25 unit cells in large-scale field experiments, which can attenuate Rayleigh waves in a ultra-wide frequency range. Moreover, the lattice constant in this work is much smaller than the wavelength of the surface waves in the ultra-low frequency range. A lower-frequency FBG can be obtained by appropriately increasing the lattice constant of the ITSM.

This work not only provides new options for controlling seismic surface waves at ultra-low frequency, but also provides new design ideas for steering surface wave.

Figure 1 :

 1 Figure 1: The unit cells of (a) the PSM and (b) the 1D ITSM.

Figure 2 :

 2 Figure 2: The classical band structure of (a) the PSM and (b) the 1D ITSM, the vibration modes of (c) the PSM and

  (a) is similar to the FBG in Fig.2(b), these two bandgaps have different generation physical mechanisms, which have been identified by many experiments and numerical simulations.[START_REF] Achaoui | Experimental observation of locallyresonant and Bragg band gaps for surface guided waves in a phononic crystal of pillars[END_REF][START_REF] Zeng | Low-frequency broadband seismic metamaterial using I-shaped pillars in a half-space[END_REF][START_REF] Zeng | A Matryoshka-like seismic metamaterial with wide band-gap characteristics[END_REF] 

Figures 3 (Figure 3 :

 33 Figures3(a -b) show that the variation of geometric parameters of the plate with the position and

Figure 3 (

 3 Figure 3(c) shows the effect of the pillar height on the FBG. When the pillar height continues to

Figure 4 :

 4 Figure 4: Variation of the upper and lower frequency boundaries, and the relative bandwidth of the FBG (a) the mass

Figure 5 :

 5 Figure 5: The complex band structures of (a) the 1D ITSM and (b) the PSM. The first bandgap composes of two

Figure 6 :

 6 Figure 6: (a) Schematic model of the 1D ITSM with 10 unit cells for transmission calculations. (b) Transmission

Table 3 :

 3 (b), the central garden of the Department of Mechanics on the Beiyangyuan Campus of Tianjin University (China) was selected for a large-scale field experiments in August 2020. The geometric parameters of the TS used in large-scale filed experiments are consistent with those in Fig. 7(a). Among them, the steel tube and steel plate are rigidly connected by high-strength bolts. 25 identical TSs are customized and periodically arranged on the substrate. The geometric parameters of the unit cell in Fig. 7(a)

Figure 7 :

 7 Figure 7: (a) Schematic of the unit cell and (b) top view of the experimental setup. Points A and B are signal

  the light gray areas. The whole band structure along Γ-X-M-Γ direction in the first Brillouin zone can be found in the Note D of SI. The vibrating mode of the highest point of the first band is given in the insert of Fig.8(a). The displacement is in x direction and mainly concentrated on the top of the steel tube. The vibrating mode of the second band exhibits also a displacement distribution mainly concentrated on the top of the steel tube but in y direction. It is worth noting that these two bands exist in all directions shown in the Note D of SI. The surface waves considered in this work are Rayleigh waves, whose displacement components on the surface only exist in the x and z directions[START_REF] Rayleigh | On waves propagated along the plane surface of an elastic solid[END_REF]. The Rayleigh waves can excite the ITSM to vibrate in the frequency range of the first band, but not the second band, i.e., they can propagate in the ITSM in the frequency range of the first band, but not the second band[START_REF] Du | H-fractal seismic metamaterial with broadband lowfrequency bandgaps[END_REF][START_REF] Khelif | Locally resonant surface acoustic wave band gaps in a two-dimensional phononic crystal of pillars on a surface[END_REF]. Therefore, the bandgap starts from the highest point of the first band. The bandgap of the ITSM for Rayleigh waves is in the range of 34-130 Hz, which is marked by the light gray part in Fig.8(a).

  between the TSs and the soil in the field test is weaker than the perfect connection in the simulation. In addition, it is worth noting that in the bandgap, experimental and simulated results all show that the attenuation of Rayleigh waves is stronger at the band of 34-70 Hz than the one of 70-130 Hz. In the cross-sectional and top views of simulation results with PC, it is easy to find that the propagation of Rayleigh waves in the ITSM is completely different at 44 and 100 Hz, respectively. (The propagation of Rayleigh waves without the ITSM is shown in Note E of SI)

  

  

  

Table 2 :

 2 The material parameters used in this paper[START_REF] Miniaci | Large scale mechanical metamaterials as seismic shields[END_REF][START_REF] Krödel | Wide band-gap seismic metastructures[END_REF][START_REF] Zeng | A broadband seismic metamaterial plate with simple structure and easy realization[END_REF] 

	a	H	l1	w1	l2(l)		w2(w)
	1.5 m	300 a	0.95 a	0.05 a	1.4285 a	0.07 a
	Table 1: The geometric parameter of the PSM and the 1D ITSM		
	Material	Density (kg/m 3 )	Young's modulus (Pa)	Poisson's ratio
	Steel	7784		2.07 x 10 11			0.3
	Soil	1800		2 x 10 7			0.3

2. Results and Discussion of the 1D ITSM 2.1 Classical band structure

  

	Figures 2 (a -b) show the classical band structures of the PSM and the ITSM, respectively. The
	classical band structures are calculated by using the Solid Mechanics module of COMSOL. The
	sound cones are clearly surrounded by the light gray areas. There are only surface waves inside the
	sound cone. Therefore, surface waves cannot exist in the SMs in the frequency range where no band
	appears, i.e., the bandgap for surface waves. Moreover, the bandgaps at the lowest frequency, i.e.,
	the FBGs, are marked by the dark gray areas in Figs. 2 (a -b). In this work, the frequency range of
	the FBG is from 0.72 Hz to 0.80 Hz for the PSM, and from 6.7 Hz to 17.2 Hz for the ITSM.

Table 4 )

 4 is prepared based on the relative widths of the first attenuation zone of the 2D ITSM we are reporting in this work, and the existing similar designs in literature. It is easy to find that the 2D ITSM has a largest relative width of the first attenuation zone just by using one kind of man-made structure. It is worth noting that the low height of the 2D ITSM makes it more competitive.

		First attenuation zone	
	Structures		Remarks
		(Relative width)	
	2D ITSM	34 -130 Hz (1.17)	Height less than 1 m
	Trees in forest [34]	32 -40 Hz (0.22)	Trees with an average height of 14 m

Table 4 :

 4 The comparison of the ITSM with the existing similar designs in literatures
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In Fig. 8(b), the black line is the simulation results when there is perfect continuity (PC) between the man-made structures and substrate. The red dash line is the simulation results when there is imperfect continuity (IPC) between the man-made structures and substrate. And blue dot line experimental results. The model used in the simulation is the same as the experimental site.

Moreover, the influence of the continuity between the man-made structures and the substrate on the attenuation of Rayleigh waves is analyzed. A very thin PML (t = 0.02a) with the scaling factor s = 0.1 is added underneath all man-made structures. [START_REF] Zeng | A Matryoshka-like seismic metamaterial with wide band-gap characteristics[END_REF] In the range of 34-130 Hz, Rayleigh waves are attenuated significantly. It can be found that the attenuation effect in the simulated results with the PC is generally stronger than the results of the field test. However, the simulated results with the IPC are closer to the experimental results, especially in the range from 40 to 60 Hz. This is because