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Abstract: Seismic metamaterials (SMs) have gained significant attention for their ability to reduce seismic wave
energy. However, the majority of research on SMs has been dominated by numerical simulations, with
relatively few field experiments validating their effectiveness. Additionally, the focus has been primarily on
attenuating Rayleigh waves, with less attention given to Love waves. In this study, We first designed a seismic
metamaterial featuring a periodic and symmetric array of square holes using numerical simulations as our
research platform. We then explored its attenuation effects on Rayleigh waves, particularly Love waves,
through field experiments. The results revealed not only differences in energy attenuation between these wave
types but, more importantly, uncovered a phenomenon we termed Bandgap-Induced Attenuation Mode
Inversion within the ultra-broadband gap generated by SMs, where Love waves exhibited greater attenuation
than Rayleigh waves below 50 Hz, while Rayleigh waves exhibited greater attenuation above 50 Hz. These
findings highlight the necessity of considering both wave types when designing cost-effective seismic
metamaterials, providing valuable insights for the development and application of metamaterials that can
effectively mitigate the energy of different seismic wave modes.
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1. Introduction

The prevention of damage to human society caused by surface waves from earthquakes, traffic,
construction, explosions, and other factors has always been a serious challenge. Since 2012, seismic
metamaterials (SMs) have attracted great attention as an artificial material. In that year, Briilé and
colleagues conducted large-scale experiments demonstrating that a two-dimensional periodic and
symmetric array of vertical cylindrical holes in the ground could effectively shield seismic waves
around 50 Hz [1]. This groundbreaking work marked a milestone in the field of seismic resistance
and protection. Subsequently, Miniaci and Roux confirmed similar results through numerical
simulations and experiments, respectively [2,3]. However, due to the large structural dimensions of
these SMs, which are based on the Bragg scattering mechanism, controlling low-frequency seismic
waves proved challenging. Inspired by Liu et al.'s work on the generation of bandgaps in locally
resonant phononic crystals [4], Researchers have begun to focus on the development of locally
resonant seismic metamaterials (RSMs) [3,5]. RSMs utilize small-sized resonator units to manage
long-wavelength seismic vibrations. When the frequency of seismic waves resonates with that of the
resonator units, the seismic wave energy is effectively dissipated [6]. Typically, the resonant units in
RSMs are arranged in periodic arrays, forming configurations known as Buried RSMs or Above-
Surface RSMs. The periodic arrangement of these resonators leads to the formation of a bandgap,
while their interaction with surface waves causes both self-oscillation and scattering of the surface
waves. These factors thereby collectively suppress the propagation of the surface waves.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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To date, various structures of RSMs have been developed for attenuating the surface waves.
However, it is worth noting that most of the published literature primarily emphasizes the
performance evaluation of RSMs in terms of Rayleigh wave attenuation [7-38], while the impact of
seismic metamaterials on Love waves has received comparatively less attention [39-42]. In fact, Love
waves primarily cause horizontal shear motion, which can be particularly damaging to structures not
designed to withstand lateral forces. They include cracking or collapse of walls due to excessive
horizontal displacement and shear failure in columns and beams, especially in buildings with weak
lateral reinforcement. They travel faster than Rayleigh waves and can carry considerable energy over
long distances, causing substantial damage. Consequently, Love waves play a notable role in seismic
events. Therefore, understanding the attenuation of Love waves by seismic metamaterials is crucial
for advancing seismic protection strategies.

On the other hand, most of the SMs mentioned above are studied through simulations [8-18,26-
34,39-42] and laboratory experiments [19-23,35-38], with very few being investigated through field
experiments [1,7,24,25]. The advantage of simulation technology is that it can rapidly test SMs with
a variety of complex geometric shapes and material properties, which facilitates the optimization of
SMs for specific earthquake applications and significantly reduces the time and cost of SMs design.
However, the accuracy of simulations largely depends on the assumptions made in the models. The
complexity of the physical interactions between SMs and actual seismic environments makes it
challenging for simulation results to accurately reflect real-world conditions. For instance, due to soil
heterogeneity, "its theoretical and numerical analysis requires some simplified assumptions that can
lead to inaccurate wave simulations. This means experimental validation is absolutely necessary" [3].
Therefore, while simulation technology is a powerful tool for predicting the performance of SMs,
field experimental validation is crucial to ensure its reliability and effectiveness.

In this study, we aim to harness a structurally simple SMs and conduct field experiments to
observe and compare its attenuation effects on Rayleigh and Love waves. This includes examining
bandgap width, energy variation, and frequency dependence. The research is motivated by the
limited attention given to Love waves in existing studies. We first designed a SMs consisting of a
periodic and symmetric array of holes based on elastic wave propagation theory and numerical
simulation techniques as the subject of investigation. Five sensors were strategically and
symmetrically positioned behind the metamaterials to measure vibration velocity signals in the x, y,
and z directions. Their performance was assessed by comparing scenarios with and without SMs.
The experimental results reveal that an ultra-wide bandgap exists for Rayleigh waves within the
range of 40 Hz to 60 Hz, and for Love waves within 43 Hz to 56 Hz. Moreover, a wave attenuation
reversal point occurs at 50 Hz: below this frequency, the attenuation of Love waves surpasses that of
Rayleigh waves, whereas above 50 Hz, Rayleigh waves experience greater attenuation. These
findings demonstrate that even a simple-structured hole-type SMs exhibits differing attenuation
effects on Rayleigh and Love waves and underscore the importance of considering the attenuation
capacity for Love waves when designing and evaluating seismic metamaterials for surface wave
mitigation. Our work not only deepens the understanding of surface wave mechanics from an
experimental perspective but also provides valuable insights for the design strategies and
applications of metamaterials aimed at attenuating surface waves.

2. Theoretical

2.1. Elastic Wave Propagation Equation

Considering the propagation of elastic waves in the shallow subsurface, with displacements
being small deformations, the elastic wave propagation equation based on the thin-plate model is
used as follows [1]

VV-[V(V-U)]—a)Zp—hu=O
D D

Where w is the angular frequency, o is the soil density, u is the displacement field in vector form,
h is the thickness of elastic plate, and D is the plate rigidity expressed by
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where E is the Young's modulus and v is the Poisson's ratio. The solution of an elastic wave
propagating in a periodic potential field can be written as

_ i(ker—at)
U(r’t) = Uy (r)eI ' (3

Where r is the space coordinate vector, k is the Bloch wave vector, and uk(r) is a periodic
function as follows

uk(r+a):uk(r) (4)

Where a is the lattice vector. Accordingly, the Bloch periodic boundary conditions can be
expressed as
u(r +a,t) =u(r,t)e'®? (5

Substituting equation (5) into equation (1), we can obtain the eigenvalue equation
[D(k) - M]u(r,t) =0 (6)

Where D(k) is the lattice stiffness matrix, M is the lattice mass matrix and k is the Bloch wave
vector. By calculating the wave vectors under different structures along the first Brillouin region M-
I'-X-M, the dispersion relationship between k and @ can be obtained.

2.2. Numerical Simulation

The design of seismic metamaterials is typically based on periodic structures and symmetry.
Periodic structures possess translational symmetry, which allows for effective control over the
propagation of seismic waves. Here, the SMs structure designed by using COMSOL Multiphysics
consists of a 6x7 periodic and symmetric square hole array, with a lattice constant of a =1m. The cell
of the structural unit is a square hole with a side length of L1 =0.27m and a depth of Ho=0.35m. The
vibration source and five sets of sensors are symmetrically placed in the front and rear of the periodic

structure, as shown in Figure 1.
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Figure 1. Schematic of the SMs structure: (a) Top view; (b) Section view.

The band structure of SMs is shown in Figure 2, where the simulation parameters used are
density o = 1500 kg/m3, Young's modulus E = 100 MPa, and Poisson's ratio v = 0.3, respectively. It can
be observed that there is a localized bandgap in the MI" direction, ranging from 34 Hz to 50 Hz, and
another localized bandgap in the XM direction, ranging from 70 Hz to 82 Hz.
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Figure 2. Band structure of SMs.

The displacement field distribution of surface wave propagation shown in Figure 3 indicates
that the designed SMs have a damping effect on the waves and can change the direction of wave
propagation, leading to the formation of a bandgap. Actually, the bandgap of periodic structures is
essentially a result of symmetry, characterized by time-reversal symmetry and spatial translational
symmetry.

Max
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Figure 3. Schematic of surface wave propagation at f=50 Hz: (a) without SMs structure; (b) with SMs
structure.

3. Experimental

3.1. Set up

The experimental site, as shown in Fig. 4(a), where the 6x7 periodic and symmetric square hole
array was arranged based on the simulation, is located in the North Campus of the Institute of
Disaster Prevention. From the perspective of the SMs structure, the square holes here are somewhat
innovative, as they differ from the circular holes designed by previous researchers [1,24]. The soil
type is stiff clay, with a relative humidity of 60%-70%. The Love wave velocity in the soil is 105 m/s.
The vibration source is an eccentric wheel vibrator (XDP-80DC-24, Fig. 4(b)) powered by a 24V DC
power supply, with a frequency adjustment range of 20 Hz to 70 Hz. A 24-bit data acquisition system
was used to record the signals. During the experiment, the vibration source was placed 0.5 meters
below the ground, and the set frequency ranged from 40 Hz to 60 Hz with an interval of 2 Hz. Five
sets of sensors (velocity range: low-frequency cutoff at -3 dB, bandwidth of 0.5 Hz to 150 Hz) were
symmetrically positioned on the ground at the rear end of the SMs structure, spaced 1 meter apart,
labeled Si to Ss (Fig. 1(a)). Compared to measuring wave attenuation only at the position directly
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facing the wave source [7,25], observing at five different locations provides insights into the
attenuation information of SMs for waves propagating in different directions.

Figure 4. Photos of experimental site (a), eccentric vibrator (b), and sensors (c).

In addition, each set consists of three unidirectional sensors (x, y, z) used to measure three signal
components along the horizontal inline (x-component), horizontal crossline (y-component) and
vertical directions (z-component), as shown in Fig. 4(a). In contrast to the existing literature which
typically focuses only on the attenuation of the z-direction vibration component [7], measuring the
attenuation of the x, y, and z vibration components can provide a comprehensive understanding of
how SMs impact wave propagation in all spatial directions.

3.2. Data Processing

First, start the data acquisition instrument and wait for 5-10 seconds, then start the vibrator.
During the experiment, record data for 120 seconds and calculate the average energy per unit time
from the data collected between 40 seconds and 80 seconds, i.e.

mi

- jtzimv.zdt
t2_t’1

2 !
E=YE

In which, Ei represents the components of energy in x, y and z directions, E is the total energy,
t2 and t1 are the upper and lower limits of time, vi represents the corresponding velocity components,
and m means the mass of sensor.

During the experimental process, the background noise signal is measured first. Only when the
energy of the received vibration source signal per unit time is at least five times greater than that of
the background noise, and the fundamental frequency matches the signal frequency, can the signal
be considered valid and recorded. To analyze the energy attenuation, we define the total energy of

(i=x,y,2) (7

the structure without SMs as Eo and that of the structure with SMs as En, along with their

respective components Eoi and Ewi (i=1x, y, z), and the corresponding attenuation coefficients
as ki and ki, respectively. We have,

E.,
K, =10x1g(=")

0

TN
E, (8)
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3.3. Energy Attenuation of Surface Waves

Figure 5 provides an example of the attenuation of three vibration components of surface waves
at the position directly opposite (Ss). The black square dots represent the x-component (P-wave), the
red circular dots represent the y-component (SH-wave), and the blue triangular dots represent the z-
component (SV-wave). It can be seen that the SMs generate ultra-wide bandgaps for all three
components of the surface waves, with the narrowest ultra-wide bandgap from 43 Hz to 56 Hz.
Additionally, the SMs exhibits a more pronounced attenuation effect on SH-waves and P-waves
within the bandgap range, while the attenuation of SV-waves is relatively weaker. This may be
attributed to the localized resonance mechanism of the hole structure. Obviouslly, observing the
attenuation of various vibration components of surface waves helps in designing SMs that selectively
attenuate specific vibration components.

LT T T

40 42 44 46 48 50 52 54 56 58 60

Frequency/Hz

Figure 5. Energy attenuation of the vibration components of surface waves at different frequencies.

If we consider the vector sum of the energies of the x, y, and z components of vibration as the
total energy of the vibration, we can obtain the attenuation of the total energy of surface waves
measured at different frequencies by five sensor sets (S1 - Ss) located at different positions, as shown
in Figure 6. It is evident that there is a significant ultra-wide bandgap between 43 Hz and 58 Hz,
indicating that the SMs structure can effectively attenuate surface waves within this frequency range.
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Figure 6. Attenuation of the total energy of surface waves at different positions.
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3.4. Attenuation of Rayleigh and Love Waves

Now, we use the recorded results from the Ss sensor to further examine the attenuation effects
of the RMs on Rayleigh and Love waves. Considering that both Rayleigh and Love waves result from
the interaction between the incident waves and the RMS, Rayleigh waves are the superposition of
horizontal inline waves (P-waves) and vertical waves (SV-waves) after passing through the SMs
structure, they should be included in the sum of the measurement results in the x and z directions. In
contrast, Love waves are the superposition of horizontal crossline waves (SH-waves) that undergo
multiple reflections after encountering the SMs structure, and they should be included in the
measurement results in the y direction. Therefore, we can define the attenuation coefficients of
Rayleigh and Love waves as kr and ki, respectively. That is

EHy
k :1OXI —_
L Q(EOy
kR :lOXIQ(E_HX+EHZ)

Eox + Eoz (9)

Figure 7 illustrates the attenuation effects of surface waves at the position directly opposite (Ss).
The red square dots represent the attenuation of Love waves, while the blue circular dots represent
the attenuation of Rayleigh waves. From the figure, it can be observed that the bandgap for Rayleigh
waves is approximately 40 Hz to 60 Hz, while the bandgap for Love waves is around 43 Hz to 56 Hz.
Additionally, there is a point of reversal in wave attenuation at 50 Hz: below this frequency, the
attenuation of Love waves exceeds that of Rayleigh waves, whereas above 50 Hz, Rayleigh waves
experience greater attenuation. This may be because, below 50 Hz, the shear motion of Love waves
within the horizontal plane interacts more strongly with the periodic holes of the structure, leading
to increased scattering and energy loss. In contrast, above 50 Hz, the vertical component of high-
frequency Rayleigh waves induces vibrations in the air within the holes, resulting in localized
resonance, which enhances wave scattering and energy dissipation. This phenomenon also highlights
the complex interactions between wave types, frequencies, and the SM structure, providing insights
for the development of advanced strategies to manipulate seismic waves within specific frequency
ranges to enhance attenuation.
V77T 77T T T T
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Figure 7. Attenuation of Love waves and Rayleigh waves.

4. Conclusions

The innovation of this work lies indemenstrating the necessity of incorporating Love wave
attenuation into the design of metamaterials through field experimental validation, as this
improvement could enhance their overall effectiveness in earthquake protection. A key finding of
this study is the phenomenon of wave type inversion during attenuation. The square hole-shaped
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SMs we designed serve primarily as a platform for conducting field experiments to assess their
responses to Rayleigh and Love waves. From the perspective of the SMs structure, the square holes
we used are an innovation, as they differ from the circular holes designed by previous
researchers.The experimental methods and data processing used in this research provide valuable
reference samples for related studies. In contrast to numerical simulations, our field experiments
closely mimic real-world scenarios, lending greater reliability to our conclusions. By measuring
attenuation effects in the x, y, and z directions employing five sensors placed at different locations,
we achieve a more comprehensive and accurate assessment of the seismic performance of the SMs,
and enhancing our understanding of their overall control over complex wave fields.

In summary, our work highlights the importance of considering the attenuation of Love waves
when designing seismic metamaterials, as well as the complexity of the interaction between the SMs
and surface waves. The relationship between the attenuation wave types and their frequency
dependence is a topic worthy of further investigation.
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