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Metamaterials have been widely studied for their advantage in the effective control of the propagation
of mechanical waves. However, existing methods are limited in controlling the propagation of seismic
surface waves and hardly are put in practical engineering applications. To overcome this limitation,
we introduce a new type of metasurface with ultra-wide band gaps for controlling the seismic surface
waves, which can be further applied to engineering applications. The metasurface is designed by
using an easy and simple method named the destructive interference, rather than the local resonance
observed in previous methods. Furthermore, the designed unit structure can construct a periodic
structure by using the functional gradient design and combination arrangement, which results in
hitherto better or even unprecedented performance in controlling the propagation of seismic surface
waves. Moreover, the proposed metasurface provides new opportunities for practical engineering
applications, as demonstrated by the metabridge can effectively protect the bridge from the damage
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of earthquakes.
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1. Introduction

To reduce structural damage and ensure personal safety, the
engineering community is constantly looking for cutting-edge
technology to control the adverse effects caused by seismic sur-
face waves. This research topic has been widely concerned re-
cently, as the increase of seismic sources that can generate seis-
mic surface waves, for example, but not limited to earthquakes,
pile driving in civil engineering and railway trains. To over-
come this problem, several methods have been developed, of
which the metamaterial opened up a new area for controlling the
propagation of seismic surface waves [1-3]. Metamaterials are
artificial engineering materials that derive their properties from
structure rather than composition, which exhibit auxetic physical
performance that hardly can be found in most natural materials,
such as the phononic crystal which prohibits the propagation
of mechanical waves [4-7]. Inspired by the previous work on
phononic crystal, a recently emerging soil-metamaterials was
developed to control the propagation of seismic surface waves,
which insert structured soil made of cylindrical voids or rigid
inclusions into the soil according to a predestinate arrangement,
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thereby creating a phononic crystal with a band gap. A detailed
description of the soil-metamaterials can be found in [8,9] and
references therein, recent related researches can be found in [10-
14]. Although soil-metamaterials can control the propagation of
seismic surface waves, further applications are limited due to
the following shortcomings: (1) narrowband is their common
characteristic, and (2) the inserted inclusions will destroy the soil
geology and cause hidden collateral damage.

On the other hand, the metasurfaces have received extensive
attention due to its auxetic physical performance of manipulat-
ing the wavefront [15]. Recently, metasurfaces with some new
properties have been developed and used in engineering ap-
plications, such as planar hologram [16], vortex generator [17],
and beam deflector [18], and also some other advances [19-23].
Here, focus on the progress of the metasurfaces in controlling
seismic surface waves. Metasurfaces are studied for manipulating
the propagation of surface waves [24-27], and large geophysical
experiments demonstrate that natural forest trees can be used
as metasurfaces [28,29]. Similar methods using metasurfaces for
manipulating surface waves can be found in [30,31]. However,
the existing methods are limited in controlling the propagation
of seismic surface waves for that a structure with low-frequency
and wide band gaps are required for practical engineering appli-
cations. Therefore, it is necessary to explore new mechanisms and
approaches to cope with this challenge.

Hence, we introduce a new type of metasurface with ultra-
wide band gaps for controlling the seismic surface waves, which
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Fig. 1. Seismic metasurfaces design and unit structure properties, (a) Repeated semicircle metasurfaces. (b) Gradient semicircle metasurfaces. (c) Combined semicircle
metasurfaces. (d) unit structure. (e) The band gap characteristic of the unit structure.

can be further applied to engineering applications. The metasur-
face is designed by using an easy and simple method named the
destructive interference, rather than the local resonance observed
in previous methods. We demonstrate the design of the periodic
structure with a simple unit structure by using the functional
gradient design and combination arrangement methods, which
results in hitherto better or even unprecedented performance in
controlling the propagation of seismic surface waves. Moreover,
we also show that the proposed metasurface provides new oppor-
tunities for practical engineering applications, as demonstrated
by the proposed metabridge can effectively protect the bridge
from the damage of earthquakes.

2. Design of the metasurfaces for controlling seismic surface
waves

2.1. Metasurfaces and unit structure properties

A conceptual illustration of the proposed metasurface is shown
in Fig. 1a-c, and the figure inset shows the unit structure (Fig. 1d)
that can be independently designed to control wave propagation.
More precisely, the band gap characteristic of the unit struc-
ture can control the wave propagation in a specific frequency
range, and the theoretical method for achieving a band gap
characteristic is the destructive interference. Here, in terms of
the unit structure, the mathematical expression of destructive
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Fig. 2. Snapshots of Rayleigh wave propagating at different times, (a) without and (b) with repeated semicircle metasurfaces.

interference is defined as
§=40,—0l,=(k+1/2Ak=0,1,2,... (1)

where, ¢; and ¢, are long and short sides of the unit struc-
ture, as shown in Fig. 1d, A is the wavelength that satisfies
the relationshipc = A - f, c is the wave speed propagating
in structure. Here, to illustrate the band gap characteristics of
the unit structure, we take the shear wave as an example, and
the wave speed ¢ = /E/[2(1+ u)p], where E, u, and p are
elastic modulus, Poisson’s ratio, and density of unit structure,
respectively. Based on the mechanism described in Eq. (1), a unit
semicircle structure was designed with £, =6 m, 1 = {,/2 =
9.42 m, and the thickness is 1 m. By performing finite element
analysis using the COMSOL Multiphysics package, the band gap
characteristic of the unit semicircle structure was obtained, as
shown in Fig. le. Details on the design and characteristics of
the unit structure can be found in Supplementary Note 1 and
Fig. 1. According to the steps of the proposed method, readers
can design and combine different unit structures to obtain meta-
materials with different application requirements. In the present
work, utilizing the unit structure shown in Fig. 1d, three types of
metasurfaces for controlling the propagation of Rayleigh waves
can be designed. Among them, the RSCM is a simple periodic
arrangement of the unit structure, as shown in Fig. 1a. The GSCM
(Fig. 1b) is a gradient semicircular metasurface composed of unit
structures with different sizes, which are to obtain different §,
that is, to obtain band gaps ranging in different frequencies which
satisfies Eq. (1). In addition, the varying way in CSCM (Fig. 1c)
is to combine the GCSM presented in this paper and the RSCM
composed of the unit structure which scaled by 0.4 times.

2.2. Mode-conversion characteristics of the proposed metasurface

As mentioned in the previous methods [24,28,32], metasur-
faces can exhibit mode-conversion characteristics for controlling
the propagation of surface waves, i.e., the ability to convert sur-
face waves into a harmless shear wave. Moreover, the downward
propagation angle satisfies generalized Snell’s law [15], as follows.

o
T 27 dx )

where 6; is the angle of refraction, and 6; is the angle between the
incident wave and the normal plane of the propagation medium,;

sin(6; )n; — sin(6;)n;

n; and n; are the refractive indices of the two media; A, is
the vacuum wavelength and ¢ is the position where the inci-
dent wave crosses the medium plane. In this paper, considering
that the Rayleigh wave and shear wave propagate in the same
medium, i.e., earth, we can obtain n; = c¢/cg, n = c/cs, and
6; = 90°, d¢/dx = 0, as shown in the following Fig. 1. In short,
combined with wave propagation conditions in this paper, Eq (2)
can be transformed into sin (6;) = c;/cg, therefore the downward
propagation angle # = 90° — arc sin(cs/cg).

In the following, to demonstrate the mode-conversion charac-
teristics of the proposed metasurface, the finite element analysis
was conducted on the 2D half-space model of the RSCM and
GSCM. Throughout the paper, the finite element analysis was
performed using finite element software COMSOL Multiphysics,
and the simulation frequency used in Figs. 2-5 is the central
frequency of the band gap range for the unit structure, that is,
the central frequency of the range marked in each figure. All
simulations were conducted on the 2D half-space model. The
specific settings are as follows: As shown in Fig. 1a-c, where F is
a force along the y-direction, which simulates a source that pro-
duces Rayleigh wave and using F = 1e - sin(27fyt). The ground
properties in 2D half-space are characterized by a homogeneous
material, that is, ground properties: v, = 900 m/s, v; = 500 m/s,
and p = 1200 kg/m>, a similar method for simulating ground
properties can be found in Refs. [24,28]. As for the material of
the unit semicircle structure, we select the concrete material with
p = 2300 kg/m>, E = 25 GPa, n, = 0.2, which is the built-in
material of software COMSOL Multiphysics. Besides, to reduce the
influence of reflected waves on the analysis results, the bottom
and vertical boundaries are set as low reflection boundaries (LRB).
Furthermore, to better show the Rayleigh wave propagation pro-
cess, the mesh settings for finite element analysis are defined as
the minimum mesh element size, i.e., 'yin = Cr/fmax, Where fiqy is
the maximum frequency of the controllable Rayleigh waves. The
snapshots of Rayleigh waves propagating at different times are
shown in Figs. 2-4.

In Fig. 2, we show the numerical results demonstrating the
mode-conversion characteristics of the RSCM. Remarkably, one
can find that the RSCM exhibits the ability to control the prop-
agation of Rayleigh waves. More importantly, as shown in the
snapshot of T = 0.5 s in Fig. 2b, the propagating Rayleigh wave is
converted into a shear wave with a downward refraction angle of
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Fig. 3. Snapshots of Rayleigh wave propagating at different times, (a) without and (b) with gradient semicircle metasurfaces (classic metasurfaces).
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Fig. 4. Snapshots of Rayleigh wave propagating at different times, (a) without and (b) with gradient semicircle metasurfaces (inverse metasurfaces).

~ 25°, which is consistent with the modal-conversion character-
istics described in [24], here, the dynamic numerical results see
Supplementary Fig. 2. On the other hand, the numerical results
of mode-conversion characteristics exhibited by GSCM are shown
in Figs. 3 and 4, which correspond to the two types of incident
waves entering the GSCM, namely the classic metasurface and
inverse metasurface. As shown in Figs. 3 and 4, for both types of
incident waves, GSCM shows the mode-conversion characteristics
for controlling the propagation of Rayleigh waves. It should be
noted that the frequency ranges marked in Figs. 2-4 are the band
gap frequency ranges of the first unit structure in the proposed
metasurface, which is located in the direction of the incident
waves. The dynamic results of Rayleigh wave propagation in the
full frequency range see Supplementary Fig. 3, Fig. 4, and Fig. 5.
Another thing to note here is that the incident wave frequency is

not within band gap frequency ranges of the first unit structure
in GSCM, but within that of GSCM, GSCM can exhibit the “seismic
rainbow” as described in [28], as shown in Fig. 5.

2.3. Metasurfaces for ultra-wide band gap

As described above, controlling the adverse effects caused by
seismic surface waves has been widely concerned in recent years.
However, to the best of our knowledge, existing methods cannot
simultaneously take into account the performance requirements
of low-frequency and wide band gap. To address this issue, we
design and numerically demonstrate that CSCM exhibits unprece-
dented performance in both low-frequency and ultra-wide band
gap for controlling the propagation of Rayleigh waves. However,
before the numerical verification of the designed CSCM exhibits
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Fig. 5. Snapshots of Rayleigh wave propagating at different times, (a) without and (b) with the rainbow effect exhibited by gradient semicircle metasurfaces.

ultra-wide band gaps, the details of why the proposed metasur-
face exhibits ultra-wide band gap characteristics are explained.
First of all, RSCM exhibits the wide band gap characteristics for
Rayleigh waves above the lowest frequency controlled by the
unit structure. On the other hand, the GSCM exhibits a wider
band gap characteristic, Owning to that it is composed of unit
structures with different sizes, and each unit structure obtains
a specific band gap corresponding to a specific frequency range.
GSCM combines the band gap characteristics of all unit structures,
thus having the ultra-wide band gap characteristic. Details on the
ultra-wide band gap characteristic of the proposed metasurface
can be found in Supplementary Note 2 and Fig. 6. The investi-
gations show the evidence of the ultra-wide band gap exhibited
by the CSCM which combines RSCM and GSCM. To facilitate the
comparison and verification of the ultra-wide band gap character-
istics of CSCM, five frequency values are used as the simulation
frequencies, i.e., 30 Hz and 70 Hz for the central frequencies of
the band gap range of the unit structures and 15 Hz, 50 Hz and
90 Hz are the frequencies that cannot be controlled by each unit
structure. Fig. 6 shows the snapshots of Rayleigh wave propagat-
ing at different frequencies with T = 0.5 s. Of them, Fig. 6a,
b describes the capability of CSCM to control the propagation
of Rayleigh waves from two directions (see Supplementary Figs.
7 and 8), correspondingly, the displacement spectrum analysis
results are shown in Fig. 6¢, d. As shown in Fig. 6a, b, regardless
of the central frequency and direction, the propagating Rayleigh
waves can be well controlled by CSCM, which means the ability
of CSCM to control the propagation of Rayleigh waves is not
restricted by unit structure properties. In this regard, it can be
clearly explained by three well-controlled Rayleigh waves with
the central frequencies of 15 Hz, 50 Hz, and 90 Hz. Note that
waves with these frequencies are hard to be controlled by each
unit structures in CSCM. In addition, Fig. 6¢, d further verify that
CSCM performs well for the controlling of the surface amplitude
response caused by Rayleigh waves propagating at different fre-
quencies. It is worth noting that, as shown in Fig. 6¢c, d, as the
frequency of Rayleigh wave increases, CSCM exhibits excellent
control capabilities, which further proves the ultra-wide band gap
characteristics of CSCM to a certain extent.

3. Practical engineering application-metabridge

The above analysis has shown that the capability of the pro-
posed metasurface in controlling the propagation of seismic sur-
face waves. To further explore its potentially rewarding applica-
tions, we extend the characteristics of the proposed metasurface
to practical engineering applications. As an example, the applica-
tion prospects of the proposed metasurface in bridge engineering
was explored, which has always been the focus of research, for
example, structural design, vibration mitigation, and fatigue life
analysis [33-36]. The focus of this work is to apply the proposed
metasurface to the bridge for achieving the advantages of vi-
bration mitigation, thereby reducing the damage caused by the
earthquake. Accordingly, we take the Jinsha river bridge in China
(Fig. 7a) and the Dongjak bridge in Korea (Fig. 7b) as prototypes
to construct the Metabridge, and then the finite element analysis
was performed to verify the important role of the metabridge in
controlling the propagation of seismic surface waves. Snapshots
of Rayleigh waves (f = 15 Hz) propagating at T = 0.5 s
is shown in Fig. 7c, d (see Supplementary Note 3 and Figs. 9-
12), and the displacement spectrum analysis results are shown
in Fig. 7e, f. As shown in Fig. 7c, d, one can find that there is
wave propagation at the left end of the bridge (near the source),
and almost no waves pass through the middle and right ends of
the bridge, which shows that the propagating surface waves are
well controlled. Furthermore, comparing the amplitude response
curve of the bridge surface in Fig. 7e, f, one can find that the
displacement of the bridge surface caused by vibration is well
controlled, especially the metabridge with CSCM, which effec-
tively realizes vibration isolation and protects the bridge from
damage caused by earthquakes. Here, it is worth noting that
there are two other advantages of the proposed metasurface that
cannot be reflected in this bridge engineering case: (1) the simple
semicircular structure significantly reducing the implementation
complexity, and (2) the proposed metasurface can be flexibly
applied to the design and maintenance stage of the bridge.

4. Conclusion and future work
In conclusion, we introduced a new type of metasurface for

controlling the seismic surface waves, which can realize excellent
performance in both low-frequency and wide band gap. The
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Fig. 6. Snapshots (T = 0.5 s) of Rayleigh wave propagating at different frequencies, (a) and (b) Snapshots of Rayleigh waves propagating in two directions controlled
by CSCM. (c) and (d) Amplitude response curve of ground surface caused by Rayleigh waves propagating at different frequencies controlled by CSCM.

proposed metasurface is designed by using an easy and simple
method named the destructive interference, rather than the local
resonance observed in previous methods. We demonstrate that
even with simply designing the unit structure and arrange the
unit structure in the form of periodicity by using functional gra-
dient design and pattern combination, which results in hitherto
better or even unprecedented control effect on the propaga-
tion of seismic surface waves. The mode-conversion character-
istic of the proposed metasurface in controlling the propagation
of Rayleigh waves is demonstrated. Then, the performance of
the combined semicircular metasurfaces is shown for controlling
the propagation of Rayleigh waves with both low-frequency and
ultra-wide band gap. Moreover, the proposed metabridge can
effectively protect the bridge from the damage of earthquakes.
With the above characteristics and merits, we believe that the
proposed metasurface provides new opportunities in practical
engineering applications, such as seismology, civil engineering,
and transportation engineering.

Future research to build upon this work will explore the
control of shear wave propagation under uncertain conditions,
for example, the control of wave propagation speed for structures
whose mechanical properties change with time. In addition, the

influence of the connection properties between the metasurface
and the ground is also worthy of further study.
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Appendix A. Supplementary data

Supplementary material related to this article can be found
online at https://doi.org/10.1016/j.em1.2020.101018. Summary of
Supplementary Files. Details on the design and characteristics
of the unit structure, see Supplementary Note 1; on the ultra-
wide band gap characteristic of the proposed metasurface can
be found in Supplementary Note 2; on the numerical simulation
of the proposed metasurface in practical bridge engineering, see
Supplementary Note 3. Moreover, Supplementary Figs. 1-12 de-
scribe the corresponding dynamic results of numerical simulation
in our work.
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