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In the past two decades, in the fields of applied physics, mechanics and civil engineering, the use of metamaterials and/or metasurfaces to control wave propagation has attracted great attention. [1][2][3][4][5][6][7][8][9][10][11][12][13] Regarding surface waves, the lowest-frequency attenuation zone (LFAZ) of the elastic metasurfaces composed of an array of artificial structures on a substrate is the most appealing and interesting, since their working wavelengths are well above their characteristic size. 11,[14][15][16][17] In the LFAZ, a number of experiments 15,18,19 and numerical studies 11,12,14,16 have demonstrated that surface waves can be strongly attenuated because of the local resonance of the artificial structures on the substrate. It is worth mentioning that this conclusion is always valid whether the materials of the substrate and the artificial structures are the same or not. 11,[14][15][16] However, the width of the LFAZ is usually narrow. Therefore, the second attenuation zone (SAZ) whose frequency is slightly higher than the LFAZ attracted our attention. In the frequencies of the SAZ, Achaoui et al. 15 experimentally demonstrated that surface waves are almost reflected in the elastic metasurface and the transmission is similar to the case of phononic crystals constituted of periodic holes in a substrate. In addition, the attenuation capacity of the elastic metasurfaces made of pillar-shaped artificial structure on a substrate significantly increases as the number of rows of the artificial structure increases. 11,16 However, the frequency range of the SAZ is high. The problems in these two attenuation zones are the biggest bottleneck encountered in the current research on seismic metasurfaces (SMS). In 1999, phononic crystals composed of a periodic array of holes in a marble experimentally reported the existence of bandgap to attenuate elastic surface waves. 20 It showed a possibility of application of the SMS on attenuation of seismic waves. In 2014, SMS composed of cylindrical holes arranged periodically in soil has been demonstrated in large-scale experiments to attenuate seismic waves at 50 Hz. 21 However, the lower-frequency attenuation zones of the SMS require the local resonance mechanism 22,23 . Therefore, the SMS composed of periodic pillars on a substrate has attracted more attention, especially the LFAZ and the SAZ of the SMSs.

These two attenuation zones are both located at low frequencies, i.e., the elastic metasurfaces are the subwavelength structures used to control surface waves. However, these two attenuation zones have both their own limitations. As mentioned earlier, although the LFAZ is at a lowest frequency, its relative bandwidth is usually very small.

The SAZ has, on the other hand, a larger relative bandwidth than the LFAZ, but is located at a higher frequency range. Therefore, the shape of the pillars have been optimized to enlarge the relative bandwidth of the LFAZ and the SAZ. 16,24 It also worth mentioning that hue and complex artificial structures have been introduced to achieve other attenuation zones in lower frequency range. [24][25][26] Hence, the attenuation zone which can produce an ultra-low-frequency range of the LFAZ and a wide bandwidth of the SAZ at the same time, is worth to investigate.

On the other hand, the "rainbow trapping effect", i.e., using frequency selective structures with graded geometry or properties to filter waves in wide frequency ranges, has been observed in optics 27 and acoustics 28 . Now, it has been extended to elastodynamics 17,[29][30][31][32] . The broadband attenuation effect was experimentally demonstrated by using a scaled experimental model with an array of different resonant structures. 17 In addition, by using the longitudinal-resonance bandgaps of pillars with varying heights, the proposed elastic metasurface not can only strongly attenuate surface waves in a wide frequency range, but the mode conversion of surface waves to bulk waves can also be found. 29,30 Recently, a kind of metabridge made of bridges of various sizes was proposed to protect bridges from earthquake efficiently by using destructive interferences and "rainbow trapping effect". 31 However, the manufacturing process becomes complicated because of various resonance units or structures. In the present research, we propose alternative approaches to overcome these challenges.

We report the properties of the LFAZ of a pillar-shaped elastic metasurface. Then, we experimentally demonstrate the "rainbow trapping effect" of the SAZ of an elastic metasurface composed of one kind of pillars with various lattice constants on a substrate. These two features of these two attenuation zones allow us to connect lower bound of the SAZ and the upper bound of the LFAZ, and design elastic metasurfaces using one kind of artificial structures to attenuate surface waves over a wide low-frequency range.

Figure 1 shows the schematic diagram of the elastic metasurface. Finally, we design a seismic metasurface (SMS) just using one kind of artificial structure on a half-space to attenuate Rayleigh waves in a wide frequency range.

An elastic metasurface composed of steel pillars (width w = 0.3 m, height l = 0.75 m) periodically arranged with a lattice constant of 1.5 m on a soil substrate is taken as an example to investigate the properties of the LFAZ. The depth of the substrate is H = 500a, which is much larger than two times of the wavelength (2λ) of the surface waves.

The bottom surface of the unit cell is set as fixed boundary condition. The considered material parameters of steel and soil are same as the literature 33,34 .

Figure 2(a) shows the complex band structures of the elastic metasurface calculated by the PDE module of the COMSOL Multiphysics software. The dotted line of cs is the shear wave speed of the substrate material, i.e., the boundary of the sound cone. 14,26 To draw all the surface modes in the band structure, the parameter ξ is introduced, i.e.

ξ = ∫ |𝒖|𝑑𝑠
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which is the ratio of the displacement (u) in a depth of twice (2λ) of the Rayleigh wave wavelength to the entire depth (H) of the substrate. 11,35 The full complex band structure (1 > ξ > 0) is shown on the left of the Fig. 2(a). Surface mode is defined as having parameter ξ > 0.9. The complex band structure for surface modes (ξ > 0.9) is shown on the right of the Fig. 2(a). The first bandgap is found from 5.0 to 5.4 Hz. Although there is a band of surface modes from 5.0 to 5.2 Hz, the surface waves are continuously attenuated as the distance traveled increases in this frequency range. Because the imaginary part of the wave vector of this band is positive, i.e., the wave mode of this band is evanescent 36,37 with strong attenuation. The surface vibration mode, which falls before the cs line on this band, is shown in the far-right of Fig. 2 Table 1: The geometric parameters of the metasurface in Fig. 3. The LFAZ generated by the elastic metasurfaces composed of an array of pillars on substrate is usually narrow. 11,22,38,39 Therefore, to obtain a wider attenuation zone in the low-frequency range, the SAZ with a higher frequency than the LFAZ is investigated and discussed by using numerical simulations and experiments. Figure 3(a) shows the unit cell of the elastic metasurface whose band structure can be numerically simulated by using the solid module of COMSOL Multiphysics. In this work, the bandgaps only in the ΓX direction of the first irreducible Brillouin zone are investigated. The numerical computations are described in Refs. [ 14,26 ]. The material of the unit cell is PLA (its Young's modulus is 3.4398 GPa, density is 1086.3 kg/m 3 , Poisson's ratio is 0.35) 40 and the geometric parameters are shown in Table 1. The characteristics of the first and second bandgaps are always valid and do not change, whether the materials of the substrate and the artificial structures are the same or not. 11,[14][15][16] Therefore, the proposed PLA models can accurately explore the basic properties of the bandgaps.

The effect of lattice constant a on the upper and lower frequency bounds of the first and second bandgaps is shown in Fig. 3(b). The first bandgap is quite stable with various lattice constants, which is consistent with the previous results. However, the central frequency of the second bandgap keeps decreasing as the lattice constant increases.

Therefore, this feature of the second bandgap is suitable to be used to obtain a wide attenuation zone at frequencies higher than the LFAZ through the "rainbow trapping effect" 17,29,41,42 .

Metasurface samples composed of three rows of PLA pillars with different lattice constants of 13.2, 12.2 and 11 mm on a PLA substrate have been considered for simulations and fabricated for experiments. Supplementary Information (S2) shows the detail information of the used geometric model in the simulation and experiment, and the setup of the experimental platform. From Fig. 3(b), it can be found that the SAZ of the considered sample extends from 37 kHz to 50 kHz due to the "rainbow trapping effect" of the second bandgap. observe that in the range of 37 -50 kHz, the elastic metasurface can significantly attenuate surface waves. We observe that there is a transmission peak at around 45 kHz.

We do believe that the experimental transmission peak at around 45 kHz is due to the imperfect absorption of the damping material covered the substrate for elastic waves. Indeed, when an artificial structure on the substrate is determined, the LFAZ is immobile even if the distances between the structures are changed. However, the SAZ whose frequency is higher than the LFAZ becomes wider when choosing the suitable distances between the structures due to the "rainbow trapping effect". Therefore, for a properly designed elastic metasurface, there is an opportunity to connect lower bound of the SAZ and the upper bound of the LFAZ. It is possible to propose an elastic metasurface with a wide attenuation zone from an ultra-low frequency for surface waves just using one kind of artificial structures on a substrate.

For instance, in this work, a kind of SMS with a wide attenuation zone for seismic Rayleigh waves is designed. Considering the wide range of the evanescent waves in the LFAZ of the seismic metasurface, the inverted T-shaped structure is chosen. 43 As shown in Fig. 5 of the structures and distances can also be selected. This paper only gives one possibility. The figure in Supplementary Information (S4) shows the schematic illustration of one possible three-dimensional configuration of the unit cell of the SMS.

In summary, the mechanical property of the LFAZ of the elastic metasurface made of pillars on a substrate has been investigated numerically. We found that the LFAZ is immobile with the changed distances between pillars. The "rainbow trapping effect" in the SAZ has then been demonstrated by numerical simulation and experiments. We have observed that the SAZ becomes wider when suitable distances between pillars are selected. Therefore, for a properly designed elastic metasurface, there is an opportunity to connect lower bound of the SAZ and the upper bound of the LFAZ. We then can obtain a wide attenuation zone from an ultra-low frequency for surface waves by just using one kind of artificial structures on a substrate. In the case of the seismic Rayleigh waves, these two characteristics of the LFAZ and the SAZ are used to design a seismic metasurface by just using one kind of artificial structure on a substrate. The proposed seismic metasurface can attenuation the Rayleigh waves from 5 to 22 Hz. Different with the interplay of the local resonance and Bragg bandgaps 44,45 , the LFAZ and the SAZ of the SMS hardly interfere with each other and together create a common attenuation zone.
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 1 Figure 1 The schematic diagram of a kind of the elastic metasurface for surface waves. The

  (a). Most of the vibration exist in the substrate and decrease with increasing depth. The vibration mode of the pillars on substrate is similar as the one on the first band below 5.0 Hz.11 It is worth noting that the curve of the imaginary part should start from the end of the real part at the high symmetry Brillouin points from 5 to 5.15 Hz. However, the ideal results are difficult to calculate because the results are extremely dense at the junction.The most interesting feature of the first bandgap is its immobility nature. The system composed of the substrate and an artificial structure is regarded as a spring-mass model.The resonance frequency of the spring-mass model is fixed if the substrate and the artificial structure are both not changed. So, the first bandgap due to the resonance of the spring-mass models is unchanged, even if the distribution of the artificial structures in the elastic metasurface varies. Figure 2(b) shows the upper and lower frequency bounds of the first bandgap when only the lattice constant of the elastic metasurface is changed. It is found that the first bandgap is absolutely unchanged due to the immobility of the lower frequency bound at 5.0 Hz. The effects of other material parameters on the first bandgap are all calculated and shown in Supplementary Information (S1).
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 2 Figures 2(c) shows a part of the elastic metasurfaces composed by 30 steel pillars
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 2 Figure 2 (a) The complex band structures of the elastic metasurface around the first bandgap.
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 3 Figure 3 (a) The unit cell of the elastic metasurface for surface waves, (b) the effect of the lattice
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 4 Figure 4 (a) The transmissions of surface waves on the prepared samples in simulations and
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 4 Figure 4(a) illustrates the simulation and experimental measurements of the
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 4 Figures 4 (b)-(c) show the out-of-plane acceleration fields on the surface of the samples
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 5 Figure 5 (a) Schematic picture of the finite system used for transmission calculations of the
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 2 The geometric parameters of the inverted T-shaped structure As shown in Fig. 5(b), when Rayleigh waves are incident from left to right (LTR) or from right to left (RTL), the SMS can all attenuate the energy well from 5.0 to 22.0 Hz. The attenuation of the Rayleigh waves in the SMSs is complex because the attenuation zone includes the frequency ranges of the first and second bandgaps. There are two mechanisms of the attenuation of the Rayleigh waves in the seismic metasurface. The first one is the attenuation due to the local resonance of the artificial structures, while the second one is due to the conversion of the Rayleigh waves to bulk waves in the SMS. These two mechanisms of the attenuation of the Rayleigh waves in the SMS are shown in Supplementary Information (S3). Comparing with the SMS consisted of a periodic arrangement of inverted T-shaped steel structures with a lattice constant of 1.5 m on soil substrate, the "rainbow trapping effect" of the SMS works well to block the passband from 8.0 to 16.0 Hz. It is worth noting that there are many kinds of threedimensional configurations coming from the two-dimensional one as shown in Fig. 5(a).

  (a), 15 identical inverted T-shaped steel structures are used. The geometric parameters are given in Table2. In the numerical simulation, the ideally perfect

	continuity is assumed between the inverted T-shaped structure and the substrate. The
	15 steel structures are placed with appropriate distances. The distances between the
	symmetry axes of each steel structure in this research are 4.9, 4.7, 4.5, 4.3, 4.1, 3.9, 3.7,
	3.5, 3.3, 3.1, 2.8, 2.4, 2, 1.65 m. Of course, other suitable artificial structures, number
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