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Fig.1 Metamaterial model
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Tab.1 Geometric parameters of metamaterial
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Fig. 9 Attenuation effect of structure induced by the nor-
mal and oblique incident waves
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Tab. 4 Layered soil material parameters
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Abstract:

Objective Earthquakes generate seismic waves that cause significant damage to buildings on the ground. At present, the metamaterial isolation
barrier represents an emerging seismic reduction technology for building structures. However, existing research frequently encounters challenges
such as excessive ground space requirements and limited band gaps in metamaterial isolation barriers. Therefore, this study proposes a buried
point-vibration-type metamaterial encased in steel plates, with an internal structure composed of alternating steel blocks and rubber columns. The
fundamental principle of seismic metamaterial isolation is to dissipate the energy of incoming seismic waves through local resonance, providing
effective protection to buildings located within the barrier.

Methods The fundamental principle for calculating the dispersion relationship of periodic structures was derived from the theory of elastic
waves. The band structure of the metamaterial and the mode shapes at specific points were calculated using the finite element method. The accu-
racy of the dispersion curve calculation method was validated by the simulation results of previous studies. A frequency-domain analysis model
was developed, and displacement excitations in the frequency range of 0.1 to 20.0 Hz were applied at the excitation points. The frequency re-
sponse curve was plotted using the transfer spectrum, and the filtering effect of the metamaterial barrier under 6.0 Hz excitation was analyzed
based on the mode and displacement distribution. The filtering characteristics of multi-layer barriers on oblique incident waves were then calcu-
lated. Then, the optimal material parameters and number of buried layers were determined through parameter analysis by filling various layers of
soil and rubber with different densities and elastic moduli inside the metamaterial structure. A model consisting of 6 layers of soil and metamateri-
als with different parameters was constructed to calculate the band gap and frequency response curve of metamaterials under layered soil condi-
tions, considering the gradual variation of soil parameters with depth in real scenarios. In addition, the arrangement of the metamaterial structure
in a 4x5 array was examined to enhance the attenuation effect of elastic waves. Finally, artificial sine waves with a wave period of 10 and center
frequencies of 0.7, 5.0, and 8.0 Hz were constructed using the Heaviside step function. The 0.7 Hz sine wave was outside the band gap, while the
5.0 and 8.0 Hz sine waves were inside the band gap. Representative seismic waves were selected from the Peer ground motion database to simu-
late the filtering effect of metamaterials when encountering actual seismic waves.

Results and Discussions The results demonstrated that metamaterials generated a wide low-frequency band gap, with a band gap range of
0.87~12.57 Hz and a band gap width of 11.70 Hz. The mechanism behind the formation and closure of the gap was analyzed using the mode
theory of specific points on the band structure, revealing that the gap was formed through the local resonance of the structure. The displacements
at the response points were computed under three conditions: no super barrier, a 10-element structure, and a 20-element structure, and the fre-
quency response curves were plotted based on the transfer spectrum. The results showed that the attenuation range of the frequency response
curve was consistent with the gap, verifying the accuracy of deriving the gap from the dispersion curve. The displacement field and displacement
distribution diagrams under 6.0 Hz excitation indicated that the displacement minimally decreases after the elastic wave passes through without
the metamaterial barrier. However, the displacement significantly decreases with the addition of the metamaterial barrier, confirming the filtering
effect of the metamaterial barrier. The metamaterial barrier also provided strong attenuation for oblique incident waves. As the number of soil lay-
ers increases, the midpoint frequency (f;,) gradually increases, and the relative band gap width (f,) reduces, shifting the gap toward higher fre-
quencies with a smaller bandwidth. Similarly, an increase in rubber density led to a gradual decrease in f;, and a gradual increase in f, resulting in
lower frequencies with a larger bandwidth in the gap. In addition, an increase in rubber elastic modulus causes a gradual increase in f; and a
gradual decrease in f;, shifting the gap toward higher frequencies with a smaller bandwidth. Under stratified soil conditions, the structure gener-
ated a gap with a range of 0.87~17.61 Hz and a width of 16.74 Hz, which was 5.04 Hz wider than the gap width of uniform soil layers. The fre-
quency response curve showed a significantly enhanced attenuation effect of the metamaterial barrier with a 4x5 array structure. When an artifi-
cial sine wave with a frequency outside the gap range of 0.7 Hz was input, the average attenuation effect reached about 13%. Even when the main
frequency of the signal wave was outside the gap range, the metamaterial barrier still produced a smaller acceleration at the response point com-

pared to the structure without the super barrier, indicating that the metamaterial did not amplify the signal wave outside the gap. In addition, when
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5.0 and 8.0 Hz artificial sine waves were input, the average attenuation effect reached about 65% and exceeded 96%, respectively. The accelera-
tions of two seismic waves (Imperial Valley and EI-Centro) were attenuated by about 46% and 74% in the Z direction.

Conclusions The structure with a metamaterial barrier possesses a broad low-frequency band gap generated through local resonance. The meta-
material demonstrates effective attenuation of elastic waves within the gap range, and the barriers retain strong attenuation capability even for
oblique incident waves. It is recommended to utilize metamaterial barriers with one, two, or three layers of buried soil to ensure structural stabil-
ity. Employing rubber with a higher friction coefficient helps minimize the impact on the gap while maintaining other parameters constant,
whereas the use of rubber with a higher elastic modulus still preserves a favorable gap range. The gap width in stratified soil conditions increases,
making the metamaterial barrier more suitable for practical applications. A 4x5 array or similar arrangement structures are recommended to en-
hance the attenuation effect. The metamaterial barrier effectively attenuates sine waves with frequencies within the gap without producing adverse
effects on sine waves with frequencies outside the gap. It also demonstrates effective attenuation of recorded seismic waves and verifies the capac-
ity to absorb low-frequency seismic wave energy. The findings presented in this study can provide valuable references for the practical applica-
tion of seismic metamaterials and the design of vibration isolation structures with broader band gaps, stronger feasibility, and improved stability.

Key words: seismic waves; metamaterials; band gap; local resonance
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