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Abstract. We present the results of a numerical study on a seismic metasurface that achieves wide bandgap
for low frequencies and with relatively smaller resonators. The metasurface consists of periodic concrete
pillars with rigid caps supported on rubber between the caps and pillars and placed above ground. The
study shows that such a metasurface creates a barrier against elastic waves having frequencies in the seismic
frequency range. The results are further validated by a frequency-domain and time-transient study. The
proposed metasurface configuration is simple and can be realized with readily available materials.
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1. Introduction

Metamaterials emerged as the composite periodic medium exhibiting unusual electromagnetic
properties [1], about a couple of decades ago. Ever since they have given rise to a plethora of
different meta- concepts such as meta-materials, meta-structure [2], meta-mirror [3, 4], meta-
lens [5, 6], meta-surface [7, 8], meta-wedge [9], meta-barrier [10, 11], meta-damper [12], meta-
foundation [13], meta-lattice [14], etc. Based on this evolutionary path, they can be defined as
artificial materials which have been structurally engineered in such a way that their geometric
and topological properties overtake their chemical and atomic properties for dictating their be-
haviour when interacting with various physical phenomena. The phenomena for which they have
been most widely studied are the wave phenomena, be it electromagnetic [1, 15], acoustic [16],
elastic [17], and seismic waves [18–22] or water waves [23]. However, the scope of metamate-
rials has been expanded to other phenomena as well, such as heat [24]. In short, the concept
has a huge potential for innovative solutions for engineering and technological problems. One
such problem which has always needed new and cutting-edge solutions is the protection of
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man-made structures and infrastructure from seismic vibrations which result from seismic waves
and vibrations caused by earthquakes, explosions, volcanic eruptions, heavy vehicle movements,
etc. Hence, it has, in recent years, caught the attention of the seismic engineering community
as well.

Seismic metamaterials, currently, are a hot research area and the researchers have produced
many novel metamaterial concepts [25–44] that can provide passive protection of civil engi-
neering structures against seismic waves. Seismic metamaterials can be a type of elastic and/or
mechanical metamaterials which interact with seismic waves by the means of Bragg scattering
due to their periodic structure [45] and/or local resonance [46] phenomena. For seismic and
other mechanical waves, such materials can stop certain frequency ranges from propagating and
create what is known as bandgaps, analogous to the energy gaps of electrons in atoms [47]. Seis-
mic waves, due to earthquakes, travel at very low frequencies (in the range of 1–20 Hz) which
gives rise to its own set of design contradictions when designing a seismic metamaterial. Meta-
materials, which are desired to interact with seismic waves, might have to be of unfeasible sizes if
relying solely on Bragg scattering. It has been shown that this issue can be tackled by incorporat-
ing local resonance in the material [48]. However, even with the incorporation of the local reso-
nance in the metamaterial system, the required size of resonators may still be considerably large,
resulting in larger volumes and sizes if traditional building materials i.e., concrete, steel, etc. are
used. Moreover, the effectiveness of most such systems is limited to very narrow frequency bands.
Overall, the major design contradictions (using the TRIZ [49] terminology) involved in the seis-
mic metamaterial design are (i) smaller resonator or unit cell size to be more practical and fea-
sible (ii) wide frequency bandgaps (iii) effectiveness for low-frequency ranges of seismic waves
(iii) effectiveness for higher shear wave velocities and in turn Rayleigh wave velocities i.e., longer
wavelengths. Therefore, presently, efforts are being made to find solutions that can resolve all of
those contradictions simultaneously. For example, one such idea of an ultra-wide bandgap meta-
surface has been published recently [34] which uses destructive interference rather than local res-
onance to create ultra-wide bandgaps starting from lower frequencies and hence addresses the
abovementioned contradictions (ii) and (iii). Another concept using smaller resonators [27] has
also been presented recently which is effective in the range of 50–100 Hz, addressing contradic-
tion (i). In this research, we propose and study a meta-surface concept that attempts to address
simultaneously all of these contradictions, with the main focus on contradiction (i), (ii), and (iii)
and partially on (iv). Such a metamaterial can be constructed above-ground and can produce
wide bandgaps while consisting of resonators that are of feasible size at a human scale.

To present this new concept as a viable option, we have investigated the proposed metasurface
numerically using finite element simulations and studied their bandgap and frequency-domain
performance. This is the commonly and widely used simulation methodology for this kind of
study [11, 21, 40, 50–54]. We have also carried out a time-transient study for the seismic waves,
in the lowest end of the bandgap frequency range, to further validate and interpret the results
of bandgap and frequency-domain analysis. The prime objective of this study is the creation of
low-frequency, wide bandgaps for Rayleigh surface waves using relatively smaller and shorter
resonators periodically placed above ground in metasurface configuration.

2. Metasurface design

The metasurface studied in this research has been conceived as a periodic array of capped pillars
with pad footing placed on the ground. The capped pillars act as resonators and undergo local
resonance by their resonant frequencies when interacting with seismic surface waves (Rayleigh
waves in this case) and act as a barrier for a broad range of wave frequencies. Thus, each capped
pillar resonator (CPR) is a component of the metasurface unit cell, and such unit cells are the
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Figure 1. Assembly and schematic diagrams of CPR metasurface with necessary geometric
details (a) exploded view of the CPR (b) assembled view of the CPR along with the average
human dimensions to have an idea of size and scale (c) view of the CPR with a pie slice
removed to expose the inner assembly (d) top view of CPR (e) sectional view of CPR which
should be viewed in conjunction with Table 1 (f) CPR periodic arrangement for 15 × 15
resonators (g) complete unit cell for band structure analysis consisting of CPR and soil
block.

fundamental building blocks of this metasurface. Moreover, the CPRs are assumed to be perfectly
attached to the ground. For practical applications, such conditions can be achieved by anchoring
to the ground.

The CPR consists of a round concrete (which implies reinforced concrete in this article) pillar
supported on a rectangular concrete pad footing which in turn rests on the ground. The pillar
bears over itself a construction grade rubber [55] cap and concrete cap respectively. Moreover,
the gap between the two pads is filled with a layer of the same rubber. The details of this assembly
are shown in Figure 1(a–c) along with the geometric details in Figure 1(d,e) and Table 1. Material
properties are given in Table 2. A typical periodic arrangement of the resonators is shown in
Figure 1(f). The unit cell of this metasurface consists of CPR and a cuboidal soil block of sufficient
height to simulate surface waves.
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Table 1. Geometric parameters

Parameter Value (mm) Description
a 2500 Lattice parameter
b 2250 Size of pad
c 200 Concrete cap clearance from pad
d 500 Diameter of pillar

dc 1500 Outer diameter of concrete cap
H 24,700 Height of soil block
h 1500 Height of resonator above ground

hc 1300 Height of concrete cap
hr 700 Height of rubber cap
l 300 Unfilled height of concrete cap

tc 300 Thickness of concrete cap
tp 300 Thickness of pad
tr 125 Thickness of pad rubber
tr c 200 Thickness of cap rubber

Table 2. Material properties

Material property Concrete Rubber Soil

Density, ρ, (kg/m3) 2500 1300 1800
Young’s modulus, E , GPa 30 0.001375 20

Poisson’s ratio, ν 0.35 0.463 0.3

3. Modeling and simulation

To investigate the wave attenuation behavior of the proposed metasurface, a three-pronged
methodology has been adopted using finite element analysis. Firstly, the band structure analysis
is conducted for a single unit cell by applying the Floquet–Bloch theorem. Then, the transmission
loss is investigated by performing a 2D frequency sweep analysis in the frequency domain for
a model consisting of a finite number of unit cells arranged as an array and constrained using
Perfectly Matched Layer (PML) [56, 57]. Finally, the time-transient analysis is carried out to study
the wave propagation behavior of the system in the time domain. Of these three strategies, the
first one predicts the wave propagation behavior of a spatially infinite periodic medium based
on the behavior of a single unit cell which is an ideal case and not to be encountered in practice.
Hence, for practical purposes, a periodic medium consisting of a finite number of unit cells is
simulated in the latter two procedures. The modeling and simulation methodology has been
detailed in Sections 3.1 and 3.2. For all the analyses, COMSOL Multiphysics software has been
used. All the materials are assumed to be linear, elastic, homogeneous, and isotropic. However,
geometric nonlinearities have been taken into account for band structure and frequency-domain
analyses.

3.1. Modeling for bandgap analysis

The capped pillar metasurface (CPMS) studied in this article is a periodic structure that consists
of spatially periodic unit cells as shown in Figure 1(g). These unit cells are analogous to the
primitive unit cells of the crystal lattice (Bravais lattice) in solids. The primitive unit cells in
Bravais lattice, or simply the unit cells, are the smallest representation of the lattice structure
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Figure 2. Brillouin Zone (a) top view of the unit cell for Bravais lattice (b) First Brillouin
Zone (FBZ) showing the Irreducible Brillouin Zone (IBZ) as shaded.

(periodic structure) and are constructed by studying the translational symmetry of their spatial
distribution. In a periodic structure, a square unit cell having the size a×a in the x–y plane will be
spatially repeated after every a distance in both directions of the plane. This a is called the lattice
constant or lattice parameter. In such periodic structures, the wave propagation can be studied
by applying Floquet–Bloch boundary conditions, that exploit the spatial periodicity of the lattice,
crystal, or periodic medium, and thus simplifying and reducing the problem to an eigenvalue
problem. The general mathematical form of the Floquet–Bloch theorem is [58]

ψK (r ) = eiK ·r uK (r ), (1)

where r is the position vector, ψk (r ) is the Bloch wave function or the Bloch wave, uk (r ) is a
periodic function having the same periodicity as the Bravais lattice and can vary depending on
the value of K , which is indicated by its appearance in the index. K is the wavevector in reciprocal
lattice having components kx and ky in x and y directions for a planar case. The periodic function
uk (r ) can be written as

uk (r ) = uk (r +R). (2)

Here, R is a lattice parameter that, in our case, equals a. Thanks to this theorem, now, we just need
to investigate the eigenfrequency dynamics of a single unit cell in reciprocal space i.e., Brillouin
Zone (usually the First Brillouin Zone or FBZ) and its results can be extrapolated to the whole
periodic domain using the theorem. This problem, computationally, can be further simplified
owing to the geometric symmetries of Brillouin Zone when we obtain Irreducible Brillouin Zone
(IBZ), as shown in Figure 2(b). Now, just by sweeping Bloch wavevector K along the perimeter of
IBZ, ΓXM, the eigenfrequencies can be determined.

To set up the model for bandgap analysis using the finite element method, the Floquet–Block
Boundary conditions are applied on the four lateral faces (i.e., in x and y directions) of the pad
rubber (tp ) and soil block (H) parts of the unit cell shown in Figure 1(e,g). The bottom face
is applied with fixed boundary conditions. Then, by parametrically sweeping the wavevector
along the perimeter of IBZ i.e., ΓXM, the eigenfrequencies are determined for each step value of
wavevector from (0, 0) to (π/a,0), (π/a,0) to (π/a,π/a) and (π/a,π/a) to (0, 0). The data from this
study is then used for dispersion analysis of the metamaterial which gives us the band structure
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Figure 3. Simulation model with a finite number (15) of CPRs for transmission/frequency-
domain analysis.

and bandgaps. The band structure is the plot of eigenfrequencies against the wavevector. To
separate surface waves from body waves, the sound cone method [40, 51, 59, 60] is used.

3.2. Modeling for attenuation analysis

3.2.1. Frequency-domain study

While band structure analysis predicts the behavior of infinitely periodic structures, in the
real-world, such systems have to be geometrically finite with a finite number of unit cells. Such
finite arrangement has to attenuate the transmission of bandgap frequencies up to the desirable
limits. Transmission and its loss for Rayleigh waves can be determined in the frequency domain
by modeling the system as shown in Figure 3. The 2D model consists of a 180a×30a soil domain
having a 10a wide PML layer on the left, right, and bottom sides. This PML makes sure that no
waves are reflected from the boundaries. Furthermore, the whole model has been restrained
by low-reflecting boundaries on the left, right, and bottom sides. To simulate the Raleigh wave
response, excitation in the form of unit prescribed displacement has been applied at a distance
10a from the top left corner of the soil domain, as shown in Figure 3.

The metasurface is placed at 110a from the excitation point. A typical such arrangement for
15 CPRs can be seen in Figure 2. Dimensions of the CPR are the same as for its 3D counterpart
in Section 3.1. For the transmission or transmittance analysis, a step-by-step frequency-domain
study has been carried out for the applied excitation and by sweeping the frequency from 0.01 Hz
to 20 Hz. The model has been meshed in such a manner that the maximum element size does
not exceed a/3. The input response in the form of displacement amplitude has been recorded at
99a from the excitation point and the output response has been probed at a distance 11a from
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the right-side edge of the metasurface. These responses are used to calculate transmission of the
wave amplitude through the region where metasurface has been applied and can give the idea
of metasurface performance in terms of transmission loss. The results of this analysis have been
presented in Section 4.2.

For a comprehensive parametric picture, this analysis has been further expanded for 30 CPRs
and for the 2× and 3× increase in concrete cap mass to investigate the effect of these variations
on the transmission. Moreover, analysis has also been repeated to study the performance of
metasurface for different shear wave speeds.

3.2.2. Time-transient study

For the time-transient study, the same geometry of 2D model as shown in Figure 3 has been
used. In this case, waves have been generated using a Ricker wavelet [61] as the excitation force
which is commonly used in seismology for simulation seismic wave loadings. The time function
of this wavelet is

g (t ) = A0[2(π f0(t − t0))2 −1]e−[π f0(t−t0)]2
, (3)

where A0 is the amplitude and the parameter t0 = 1, whereas, f0 is the dominant frequency of
the signal and has been chosen from the lower bound of the bandgap from bandgap analysis
i.e., 8 Hz. The maximum size of the mesh elements has been selected as a/4 while time step size
has been chosen as 1/(60× f0), where f0 is the central frequency of the wavelet. The results of this
analysis are discussed in Section 4.3. This analysis also gives a picture of wave propagation modes
and their interaction with the metasurface. The same has also been discussed in Section 4.3.

4. Results and discussions

4.1. Band structure

Analysis of the unit cell under Floquet–Bloch boundary condition as detailed in Section 3.1
determines the band structure of the metasurface which can be depicted graphically by plotting
the eigenfrequencies of the unit cell against the Bloch wavevector. In this analysis, we have used
a reduced wavevector (obtained by multiplying the wavevector K with the factor a/π) with an
incremental step of 0.05 and analyzed for the first 20 eigenfrequencies. The plot between the
reduced wavevector and eigenfrequencies shows all the eigenmodes of the metasurface unit cell
for the respective eigenfrequencies. However, it is to be mentioned that the applied excitation
load generates both the body waves and surface waves. And these waves excite different modes
in the unit cell. To correctly gauge the performance of the unit cell, it is important to separate
the surface modes from the body modes. In other words, it is required to filter the frequencies
which only excite the resonant frequencies of CPR (the surface waves). For the extraction of
these modes, the sound cone method has been used in which a curve is plotted for the lowest
elastic wave velocity in the soil domain which is the shear wave velocity. The sound cone curve
partitions the dispersion or band structure plot into a region that inhabits surface wave modes
(region below the red-lined curve) and a region in which the body wave modes exist (shaded
region above the curve as shown in Figure 4). If f is the frequency, v s

soil is the velocity of shear
wave in the soil, the sound cone curve is obtained as

f = (K · v s
soil)/2π (4)

K =
√

kx +ky (5)

v s
soil =

√
Gsoil/ρsoil, (6)

where ρsoil is the density and Gsoil is the shear modulus of soil.
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Figure 4. Band structure diagrams for (a) CPR with full rubber cap (b) CPR with reduced
rubber cap.

Periodic placement of the CPRs causes wave dispersion which can be understood by studying
the band structure of the metasurface, which was shown in Figure 4. Figure 4(b) shows the results
of our bandgap analysis on the proposed unit cell in Figure 1. For comparison, an analysis of the
unit cell having the rubber cap up to the rim of the cap has also been carried out. It can be seen
that the CPR with a full rubber cap has two bandgaps. One is very thin at 7.37 Hz and a wider
one starting from 9.80 up to 18.61 Hz. However, the CPR with reduced cap rubber height shows
a single wide bandgap from 7.43 to 18.58 Hz. This is because of the reduction in stiffness of the
system. The system essentially behaves like a mass-in-mass system [62, 63] but with additional
degrees of freedom due to the configuration of cap mass around the pillar. This can be seen from
the mode shape of the CPR in Figure 4b. The is the eigenmode shape of the CPR which is invoked
at the eigenfrequency of 7.43 and causes the wide bandgap for frequencies up to 18.58. It is to
be emphasized that the main bandgap mechanism for this system, in this case, is the energy
trapping [64,65] and not the damping. Changes in the topology of cap rubber can further improve
the bandgap performance which, however, is outside the scope of this article.

4.2. Transmission

To test the validity of the bandgap results for the finite CPMS (15 CPRs), a comprehensive
transmission analysis comprising of a frequency sweep study is carried out in the frequency
domain. The results in the form of the response of the system for the frequency range from 0.01
to 20 have been presented as transmission plots, as shown in Figures 5 and 6. The transmission
can be calculated as

Transmission (dB) = 10log10

(
doutput

dinput

)
, (7)

where doutput is the displacement amplitude at output point (Figure 3) and dinput is the displace-
ment amplitude at the input point shown in Figure 3. For a comprehensive parametric investi-
gation of wave attenuation performance of the metasurface, the transmission analysis has been
carried out for different number of CPRs, different concrete cap mass, and different seismic shear
and longitudinal wave speeds.
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Figure 5. Transmittance plots for (a) 15 CPRs (b) total displacement at different frequencies
(c) 30 CPRs (d) different concrete cap masses.

Figure 5 shows the wave amplitude transmission for all the CPMS material parameters men-
tioned in Table 2. We can call this CPMS the default CPMS. From these soil parameters, the shear
wave and longitudinal wave frequency can be determined as approximately 65 and 122 m/s,
respectively, and Rayleigh wave frequency as 60 m/s. Figure 5(a) is the transmission plot for
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Figure 6. Transmittance plot at various shear wave speeds for (a) 15 CPRs (b) 30 CPRs
(c) Cap I configuration (d) Cap 2 configuration.

the default CPMS having 15 CPRs only. The plot overlays the bandgap diagram from Figure 5(b).
We can see that the wave transmission suddenly drops at 7.5 Hz as predicted in the band structure
analysis. From 9 Hz onwards in the bandgap region, we can see that there is more than 90% trans-
mission loss. Overall, there is at least a 65% transmission loss for this whole attenuation zone. The
results can be further interpreted in the light of Figure 5(b) which shows the dispersion of waves
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in terms of total displacement. At 7 Hz, just before the initiation of the attenuation zone, most
of the wave energy transmits through the metasurface and amplitude decay is very small. A very
small content of wave energy, however, transforms into body waves and can be seen propagating
within the soil domain. At 7.5 Hz, just after the start of the bandgap, there is a sudden drop in the
displacement amplitude beyond the right side of the metasurface. Here, almost all of the surface
waves have transformed into body waves. However, we see some scattering of the body waves on
the right side of the metasurface also which caused the reflection of some surface wave content
back toward the source as surface waves. At 10 Hz, we observe that there is more body wave con-
tent propagation on the left side of the metasurface as compared to the 7.5 Hz waves. As the wave
frequency changes, such backscattering also decreases, and at 18 Hz, it is minimal.

4.2.1. Attenuation performance for increase in number of resonators

To investigate the effect of an increase in the number of CPRs, transmission studies are carried
out for 30 resonators. The transmission plot for this case has been shown in Figure 5(c). The
plot shows that with the increase in the number of resonators, there is an overall increase in
transmission loss (decrease in transmission). As the bandgap analysis is carried out for infinite
medium, there should be further loss in transmission with a further increase in the number of
resonators.

4.2.2. Attenuation performance for concrete cap mass

The natural frequencies of a system depend on the mass and stiffness. An increase in the
resonating mass is expected to lower the resonant frequencies and bandgaps are supposed to
start at lower frequencies.

To study this effect, the analysis was carried out for three different cap masses. Cap 1 has the
default mass according to the default material and geometric parameters selected in Section 2.
Cap 2 and Cap 3 have 2× and 3× the mass of Cap 1, respectively. To simulate this mass increase,
the density of the cap material is varied. However, the same effect can be achieved by varying
the geometry of the cap. Figure 5(d) shows the effect of this mass variation. The effect with the
increase in resonating mass can be seen.

4.2.3. Attenuation performance for different shear wave speeds

The performance of the seismic metamaterial system also depends upon the shear wave speed
in the soil which in turn depends on the mechanical properties of the soil and dictates the velocity
of Rayleigh waves. The metasurface system has also been simulated for different shear wave
speeds i.e., 100 m/s, 200 m/s, 300 m/s, 400 m/s, and 500 m/s. The corresponding longitudinal
wave speeds are calculated as 1.88× shear wave speeds based upon the ratio of soil density and
Poisson’s ratio of 1.88 which is assumed to remain constant. The results are shown in Figure 6.
For a CPMS with 15 CPRs, we see in Figure 6(a) that as the shear wave speed increases, the
transmission loss decreases for the same system specifications.

Assuming the shear wave speed in the upper 20 to 30 m of soil as 100 to 300 m/s [27], we
can see that the effectiveness of metasurface decreases considerably when shear wave speed is
above 200 m/s. Moreover, the threshold of the lowest frequency bandgap also rises. In this case,
for a 60% transmission loss, the bandgap width for 300 m/s is about 1.4 Hz, for 200 m/s it is
3 Hz and for 100 m/s, it is a very wide band. If we increase the number of resonators to 30, as in
Figure 6(b), we see that the transmission loss increases for all wave speeds. The bandgap width
for 60% transmission loss for 300 m/s is now about 1.8 Hz in the range of 14.1 to 15.5 Hz, and
12.4 to 12.8 Hz. For 200 m/s, the total bandgap width for 90% transmission loss is now about
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Figure 7. Time-domain plots at dominant excitation frequency of 8 Hz for (a) total normal-
ized displacement (b) total normalized acceleration.

2 Hz while for 60% transmission loss, it has widened up to 4.5 Hz in the ranges 12.1–12.5 Hz and
12.9–16.9 Hz.

A study on the increase in the cap mass shows that the threshold resonant frequency lowers
with the increase in this mass, resulting in an attenuation zone starting at a lower level. The results
for Cap I and Cap 2 are shown in Figure 6(c) and (d), respectively. In this case, we see that while
the threshold lower frequency is reduced, the transmission performance of lower speed shear
waves i.e., 65 m/s and 100 m/s also get affected negatively.

4.3. Time-transient behavior

Based on the simulation model discussed in Section 3.2.2, a time-transient analysis has been
carried out for the dominant excitation frequency of 8 Hz for the simulation time of 10 s.
The results are presented in the form of normalized total displacement and normalized total
acceleration against time in Figure 7. The 2D wave propagation screengrabs at various times have
been shown in Figure 8.

We can see in Figure 7(a) that there is up to 70% decrease in the total displacement while
Figure 7(b) shows up to 90% reduction in the total acceleration due to CPMS placement. If
we see these plots in conjunction with Figure 8 (for qualitative comparison and clarity, see
Figure A1 in the Appendix which has been plotted using smaller color range and hence shows
more enhanced propagation pattern), we see that the Rayleigh wave created by wavelet reaches
the metasurface after 5.5 s (at about 5.65 s). At 6 s, we see that the metasurface deflects some of
the wave energy towards the soil as body waves while the remaining energy is trapped by each
successive resonator and re-released, thus causing the decay in the amplitude. This behavior is
more pronounced at 7 s. Now we can see that some of the waves have been reflected back towards
the source while the metasurface resonators trap the energy and re-release it as body waves and
Rayleigh waves which go through the same process at the next resonator. The capture and re-
release mechanism are the main reasons for the attenuation at the lower end of the frequency
spectrum. We see this re-release mechanism with reduced amplitude waves continuing till about
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Figure 8. Instant total displacement at various wave propagation times (also see Figure A1
in Appendix).
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8.5 s. It is also to be noted that the waves reflected towards the source are also of low amplitude.
Moreover, Figure 8 shows that the value of total displacement has significantly reduced, in
agreement with Figure 7(a), after transmission through the CPRMS.

5. Conclusions

Keeping in view the seismic metamaterial design contradiction introduced in Section 1, a meta-
surface with CPRs was proposed, designed, and analyzed numerically for bandgaps, transmis-
sion, and time-transient wave propagation at low frequency. The following conclusions have
been drawn from the analysis:

(i) CPMS with the relatively smaller resonators (CPRs) produces wide bandgaps for the
frequencies in the range of 7.5–18.5 Hz and thus can be used as seismic metasurface to
protect the civil engineering structures against the low-frequency seismic vibrations.

(ii) A metasurface consisting of just 15 resonators can cause wave transmission loss of up to
90% for low-velocity Rayleigh waves in a wide-frequency band. Increasing the number of
resonators can decrease transmission even further.

(iii) Increasing the mass of the resonator cap can lower the threshold frequency of bandgap
initiation. Thus, it can be optimized according to the natural frequencies of the structures
to be protected.

(iv) With the increase in the shear wave speed and in turn Rayleigh wave speed, the perfor-
mance of the same metasurface is affected negatively. However, it still can offer sufficient
attenuation for a limited number of resonators for the wave speeds in the top layer of soil.

(v) The analysis shows that for the effectiveness against higher velocity waves for wide
bandgaps, lower attenuation frequencies, and greater wave energy transmission loss, the
CPR metasurface can be designed by tuning the cap rubber geometry, the mass of the
cap, and the number of resonators to achieve the desirable results.

This research addressed all the four design contradictions and showed that concepts similar to
the one proposed in this article can be promising for the feasible design of seismic metasurfaces.
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Appendix

Figure A1. Qualitative wave propagation behavior at various propagation times (left) with-
out metasurface, (right) with CPR metasurface.
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