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Abstract:

Earthquake prevention is of fundamental interest in seismic research area. Seismic
metamaterials proved very useful for this purpose, but because they are mainly based on resonant
structures, the working frequency bandwidth of these metamaterials is narrow. This work aims to
increase the bandwidth by improving cylindrical resonant structure. Two types of cylindrical
structures with four petals attached to the four sides of hollow and solid cylinders are proposed.
Their bandgap properties have been investigated by using the finite element method. Particularly,
considering more realistic site conditions for seismic surface wave propagation, we explored the
properties of the proposed structures for horizontally stratified soils, besides homogenous soil. The
results show that a low-frequency wide bandgap is provided in case of homogenous soil. Excitedly,
in case of a stratified substrate, an additional bandgap is obtained in lower frequency region.
Moreover, to confirm the feasibility of the proposed structures, the transmission coefficients for
the finite unit cells are calculated for both homogenous and horizontally stratified soils along with
the different directions. The finding substantiates that the finite system for stratified soils can
effectively attenuate seismic surface waves within the two low-frequency bandgaps occupying the
relative bandwidths of 154% and 81%.

Keywords: Seismic metamaterial, Earthquake prevention, Surface waves, Petal-cylindrical, Low

frequency wide bandgap, Relative bandwidth
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1. Introduction:

Preventive studies of earthquake engineering and Rayleigh surface waves have
demonstrated that the two seismic practices are very significant for civil infrastructures. When
earthquake waves come to the surface of the planet, energy spreads across the surface of the earth.
The Rayleigh wave, one of the surface waves, is particularly dangerous to civil structures, with
frequencies of 0.1 to 20 Hz, since the building or civil structure’s resonance frequency lies
precisely in this particular frequency range. Furthermore, it is difficult to monitor or separate these
low-frequency surface waves using traditional techniques. The recently developed metamaterials
are now opening up a new method for monitoring seismic waves in this century, followed by the
presentation of metamaterials for extinction of seismic waves for the fortification of civil
infrastructures [1].

Metamaterials, periodic or aperiodic composite structures, are manually developed or
engineered structures with some unique properties which are not occurring in natural materials.
With the proficiencies to deploy the waves propagation by their astonishing properties, i.e.
negative refraction [2], self-collimation [3], and bandgaps [4], metamaterials have developed
massive practical applications in optics, elastic mechanics and acoustic [5,6].

In previous studies, multiple types of waves have been under exploration like ultrasonic
[7], acoustic [8], elastic [9], thermal [10] and electromagnetic waves [11]. Elastic metamaterials,
particularly diminish and reflect elastic waves with distinctive bandgap property, and then bid a
fresh way for earthquake deterrence. Exploring seismic wave mitigation, metamaterials is a
successful technique owing to a fruitful tactic of wave manipulation at low frequencies. Seismic
metamaterials (SMs) are defined as the elastic metamaterial application of diminishing of seismic
waves. The seismic waves are attenuated as they pass to the SMs with bandgap properties. The
resultant bandgaps from developing SMs, should mask the seismic waves’ vital frequencies or
even the resonant frequencies of the large-scal structures to ensure effective protection of buildings
or other civil infrastructure.

In the earlier study, some researchers have confirmed that a periodic series of
resonators/barriers mitigates field vibration. R.D. Woods et al. [12] presented the primary concept
of periodically arranging the vertical holes for Rayleigh wave attenuation. F. Meseguer et al. [13]

suggested theoretically to attenuate seismic surface acoustic waves by band gaps (BGs) created by
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drilling enormous periodic holes in the ground. The projected holes had dimensions of the order
of hundreds of meters in diameter and thousands of meters in depth. A scaled-down experiment of
a marble quarry that was conducted in the kHz frequency range yielded the measurement of surface
acoustic wave attenuation, which led to the development of such a radical recommended solution.
A tentative progress of the seismic field test drives the excitement of research, which shows that
cylindrical holes can reflect and absorb the incident seismic waves, evidencing the practicability
of SMs as seismic shield. However, attenuation behavior of periodic arrangement of boreholes or
pillars is originated from Bragg scattering, so the large-scale structures are unfavorable for anti-
earthquake application in a low frequency range.

Currently, SMs can overcome this delinquent, based on the local resonance phenomenon,
which can attenuate long-wavelength waves using small structures [14]. The mainstream of these
SMs is often called the SMs of the subwavelength [15]. The first type of sub-wavelength SM can
be referred to as the underground barrier of locally resonant metamaterials [16]. This type of small-
scale underground SM is based on the resonance properties for long-wavelength seismic bulk wave
attenuation. The second type of SMs consists typically of a periodic pillar-like structure on
substratum, which primarily attenuate seismic surface waves in particular within the low-
frequency spectrum. In the geophysical sense, the resonances in trees have been examined by
Colombi et al. [17], which acts as locally resonant metamaterials for Rayleigh surface waves, and
it indicates that the Rayleigh waves are attenuated strongly around 40 Hz and 110 Hz. The major
seismic frequency spectrum are outside the bandgaps, but the observed results are still fascinating.
The bulk waves transformed from Rayleigh surface waves due to the existence of local resonance
phenomenon in an established meta-barriers, infiltrate the ground deeply [18]. Pu and Shi [19]
have recently investigated many forms of periodic barriers to alleviate train-induced surface waves.
The practicability of the H-fractal resonance for seismic wave attenuation was explored by [20].
Du et al. [20] and Miniaci et al.[21] examined the viability of a novel structure with a self-similar
geometry repeated at various scales based on hierarchical design of the unit cell. The findings
demonstrated how the addition of hierarchy enables the conception of unit cells with reduced size
relative to wavelength while keeping the same or better isolation effectiveness at frequencies of
importance for earthquake engineering. The SMs in these studies have achieved influential
protection of buildings for attenuating the low-frequency seismic waves. However, the seismic

wave attenuation region is comparatively small, and our research aims to increase the bandwidth
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by optimizing the section shape of the resonators. Inspired by previous work [22, 23] we for the
first time make attempt to introduce petal-like section into SM instead of ordinary cylinder, and
investigate the bandgap characteristics of petal-like SM adopting three-dimensional (3D) modeling.
Meanwhile, we consider the conditions of the site to be more practical because the soil is critical
in the propagation and coupling of surface waves with resonators. In this paper, we propose two
different types of cylindrical resonators on both homogenous [20] and six-layered soil [24]
substrates, respectively. Geometrically, the two resonant unit cells are hollow and solid cylinders
with four petals attached to their four sides.

Numerical simulation is used for the proposed model to study the bandgap properties and
generation mechanism. In particular, the bandgap structures of both proposed samples for
homogenous and stratified soils are discussed and their comparison is explained. A larger
impedance mismatch for stratified soils between the resonators and substrate results in a wider
bandgap, and the values imply the low-frequency regime. Furthermore, through a frequency
domain analysis, the transmission of finite SMs is calculated, and verify the feasibility of the
proposed model’s effective attenuation of surface waves. A detailed analysis of geometrical and

material parameters is explained in the last section.

I1I. Models and method

An improved hollow cylindrical unit cell by uniformly adding four petals to its four sides,
termed petal-cylindrical unit here, is proposed as an SM unit, shown in Figs. 1(a-d). The unit cells
(homogenous and layered substrate) in Figs. 1(c) and 1(d) are placed in a square lattice on the
surface of a semi-infinite substrate. We chose a lattice constant of @ = 2.5m and a height of the unit
h= 5a corresponding to the seismic surface waves of 0.1-20 Hz that destruct structures, leading to
a wavelength range of several hundred meters. Figures 1(a) and (b) show a three-dimensional (3D)
illustration as well as a y-z cross-section diagram of the hollow petal-cylindrical unit cell. For the
inner hollow cylindrical part, ; and > are the inner and outer radii, respectively, and its thickness
is w = r;-r;. The outer radius and thickness of the petals are R and d, respectively. The geometric
parameters of the hollow petal-cylindrical structure are enlisted in Table 1. In the simulation, a
plate under the petal-cylindrical structure is installed as a substrate for a half-space setting. The

depth of substrate is sufficient enough for the surface wave to be separated from the Lamb waves,
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while the waves are diminished exponentially alongside the depth. In view of the practical
application, steel is considered to be the structure, and soil is considered to be the substrate, shown

in Table 2 and Table 3.

(a) (b) (©) (@)

Fig. 1: Schematic illustration of the hollow petal-cylindrical unit cell (a) 3D view, (b) y-z or 2D view, (c) and (d) on the substrate
for dispersion curve calculation. Note the yellow and multi-colored areas represent the homogenous and stratified substrates, and
the grey color represents steel.

In Figs. 2(a-d), the second proposed sample called as solid petal-cylindrical structure is
shown. The structure units are arranged in a square lattice on semi-infinite homogenous and
layered substrates as shown in Figs. 2(c) and (d), having the same geometrical and material
parameters as the hollow petal-cylindrical structure. We continue to use the structure's lattice
constant ¢ = 2.5m and height 2 = 5a. The 3D and y-z cross-section views of the solid petal-
cylindrical unit cell are seen in Figs. 2(a) and (b), respectively. The second sample is a steel-filled
petal-cylindrical structure. Of course, the filling material can also be other common materials, such

as concrete.
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(a) (b) (©) (d)

Fig. 2: Schematic illustration of the solid cylindrical unit cell (a) 3D view (b) y-z or 2D view, (c) and (d) on the substrate for
dispersion curve calculation. Note the yellow and multi-colored areas represent the homogenous and stratified substrates,
respectively, and the grey color represents steel.

Table 1: Geometrical parameters of the proposed unit cells

a h H 7 R 123 d w

25m S5a 20a a/8 al4 al6 al5 12-r1

Table 2:Material parameters of the hollow and solid cylindrical unit cells

Material type ~ Density p (kg/m*)  Young’s modulus (Pa) Poisson’s ratio

Steel 7784 2.07x 10" 0.3

To check the feasibility of the proposed unit models on two different substrates, the
homogenous and multiple-layered soil substrates are used for the propagation of surface waves.
The properties of both selected substrates are shown in table 3. All components, including soils

and steel, are considered linear elastic, iaotropic and homogeneous.
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Table 3:homogenous and stratified soil properties

Properties of multiple layered soils [24]
No. Soil type ~ Thickness(m) Density(kg/m®) Young’s modulus E Poisson’s

(Pa) ratio
1 Fill 3 1840 3.7x107 0.4
2 Clay Silt 2 1849 4.4x107 0.4
3 Sandy Silt 10 1898 5.3x107 0.4
4 Silt 10 1908 1.41x108 0.45
5 Sandy Silt 15 1847 9.0x107 0.45
6 Silty Clay 10 1857 1.55%10% 0.45
Properties of homogenous soil [20]
1 Homogenous 30 1800 3.0x10!" 0.3
soil layer

I11. Method:

We suppose the surface waves propagation along the x-y plane, while the z-axis is taken

along height direction, so the governing equation can be written as follows
pi—V -(C:vu)=0 (1)

Where p is the density of constituent material, the displacement vector u = [ux,uy,u:]*, where uy, u,
and u are the displacement components in three directions of the Cartesian coordinate system, and
the superimposed point above the vector u is the time derivative. V is the inverted trigonometric
operator and C represents the elastic tensor.

To determine the band structure diagram of the metamaterial with infinite period structure,
we set Bloch periodic boundary conditions on the four lateral sides of the unit cell along the x- and

y- axis directions to solve the equation (1), namely the displacement amplitude condition[20].
u(r + a) = e %u(r) (2)
Where r denotes the position vector, i = V=1, k is the Bloch wave vector specified in the
first irreducible Brillouin zone (FIBZ), and a represents the lattice constant. The standard

eigenvalue problem is obtained by removing the displacement amplitude condition from the

governing equation.
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(K — w*’M)u=0 (3)
where K and M are the global stiffness and mass operators related to the wave vector &, and o is
the angular frequency. For this investigation, we use the finite element method to scan the wave
vector k along with /-X-M-I"directions in the FIBZ, and then we solve the unknowns @ and u. The
solution of eigenvalue problems results in the eigenvectors for the displacement field modes. The
FIBZ for periodic composition with square lattice is shown in Fig. 3. The Brillouin zones are
primitive Wigner-Seitz cells in the reciprocal lattice. The first Brillouin zone is the smallest volume
completely encompassed by planes that are the perpendicular bisectors of the sketched reciprocal

lattice vectors [25].

ky
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Fig. 3: Brillouin Zones and the first IBZ for the periodic components of a square lattice.

IV.  Results and discussion
We compute the band structures of the considered SMs using the Floquet-Bloch theory and
the finite element method. The band structures and eigenmodes for the models presented in Figs.

1(c) and (d) and Figs. 2 (c) and (d) are discussed below. The periodic conditions are applied at four
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lateral boundaries, the cell's top contains a free boundary condition and the base is with a fixed
boundary condition. The individual eigenfrequencies and eigenmodes as described in Figs. 4(a)
and (b), are obtained by sweeping the wave vectors along the I'-X-M-I" path in the FIBZ. The
surface wave modes can be sorted using the sound cone, while the green area represents the
radiated field beyond the sound cone, which includes the bulk and high-frequency pseudo surface
wave modes [26].

From the band structure of the hollow petal-cylindrical SM on a homogenous soil substrate,
we find a wide bandgap with a width of 6.38Hz appearing from 6.62 Hz to 13.0 Hz, as shown in
Fig. 4(a). The relative bandwidth is a significant parameter to estimating the property of the
bandgap, which is well defined as 2(f>—f1)/(fi+f2), where f> and fi are the upper and lower edge
frequencies of the bandgap. This proposed SM has a relative bandwidth of up to 64.6%.

Frequency(Hz)

=

LS
=
B
/
! . o {
r X M T

Reduced wavevector(k)

O N W

(a) (b)

Fig. 4: (a) The band structure of hollow petal-cylindrical SM on a homogenous soil substrate and (b) A-F are the corresponding
vibrational modes.

From the band structure of the solid petal-cylindrical SM on a homogenous soil layer, we
also find a wide bandgap as shown in Fig. 5(a). The bandgap with a width of 7.41 Hz appears from
5.59 Hz to 13.0 Hz corresponding to a relative bandwidth of up to 80%, which is relatively larger
as compared to the hollow petal-cylindrical structure as shown in Fig. 4.

The vibrational modes of the lower and upper edges, highlighted by the black points in
Figs. 4(a) and 5(a) demonstrate the generation mechanism of the above bandgaps. The
displacement fields of the eigenmodes (A—F) for both hollow and solid petal-cylindrical SMs are
shown in Figs. 4(b) and 5(b). The color and arrow schemes show the magnitude and direction of

the displacement vectors of the eigenmodes. The resonant modes are observed to be the same for
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both types of SMs. A larger impedance malfunction between soil media and unit cells for the solid
cylindrical case leads to a stronger local resonance which yielded a broader low-frequency

bandgap.

Frequency(Hz)

COFFNNWW

1 p— — 1
r X M IF

Reduced wavevector(k)

(a) (b)

Fig. 5: (a) The band structure of a solid petal-cylindrical SM on a homogenous soil substrate (b) A-F are the corresponding
vibrational modes.

After the band structures are discussed on the homogenous soil substrate, we replace the
soil medium with six-layered soils, while the geometric parameters are kept the same as reported
in Table 1. And we calculate the band structures for hollow and solid petal-cylindrical SMs on the
stratified soils. For the hollow petal-cylindrical SM on the six-layered soils, we obtain one small
bandgap in a lower frequency range from 0.33 Hz to 2.28 Hz, and a wider bandgap from 8.85 Hz
to 17.8 Hz, as shown in Fig. 6(a). Its relative bandwidths at the two central frequencies of 1.3 Hz

and 13.3 Hz are about 149% and 67%, respectively.

3.5
3
3 2.5
=
: 2
1.5
i}
ﬁ/ 0.5
First Bandgap 0
T x M T
Reduced wavevector(k)
@ (b)

Fig. 6: (a) The band structure of hollow petal-cylindrical SM on a stratified substrate (b) A-F are the corresponding vibrational
modes.

The band structure for solid petal-cylindrical SM on a stratified substrate is shown in Fig.
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7(a) and the marked eigenmodes from A-F are given in Fig. 7(b). Moreover, two local resonance
bandgaps in the frequency spectrum ranging from 0.25-1.93 Hz and 7.49-17.8 Hz are achieved.
The relative bandwidths are 154% and 81% and they are larger than that for hollow petal-
cylindrical SM. More importantly, they are relatively greater as compared to the previous studies
(bandwidths of less than 45%) [18,27,28].

Next, to further investigate how to achieve larger bandgaps for the petal-cylindrical SMs,
the vibrational eigenmodes (A-F) highlighted by the black dots in Figs. 6(a) and 7(a) are explored,
namely the displacement fields of the eigenmodes, as shown in Fig. 6(b) and in Fig. 7(b). The color
and arrow schematics specify the magnitude and direction of the displacement vectors of the
eigenmodes. Interestingly, a larger relative bandwidth on the stratified substrate than on the
homogeneous substrate is obtained because of a coupling of wave modes between surface wave
and longitudinal wave that is regulated by a greater impedance misalignment between the resonator
and substratum. It shows that the variation in the substrate's material properties influences the
eigenfrequency of the resonant structure. Thus, we can deduce that the bandwidth can vary

depending on the form and properties of the cohesive soils for a same resonator.

25

| 3.5
% 3
8 { 2.5
| 2
g Second Bandg%p 1.5
@ /—ﬁ_é 1
- PE po=
/ g — ED ;, > i 0 . 5
First Bandgapz N 0

1D X M I7
Reduced wavevector(k)

(@) (b)
Fig. 7: (a) The band structure of solid cylindrical SM on a stratified substrate (b) A-F are the corresponding vibrational modes.

From the mode shapes shown in Figs. 4(b), 5(b), 6(b), and 7(b), which are highlighted in
four band structure diagrams in Figs. 4(a), 5(a), 6(a) and 7(a), we observe that the SMs develop
resonance modes, which confine the energy inside the system and the substrate. Commensurately,
modes A and B are bending vibrational modes in the x and y directions, respectively, and the first
and second dispersion curves are at around the same frequency, while another mode C is primarily
longitudinal vibration along the z-axis. In contrast, mode D referring to the fourth curve of the

band configuration manifests as rotation vibration, meanwhile, the cylinder is amplified in the x-
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y cross-section. Eventually, complex rotation modes at E and F points are released, which are
regarded as string vibrations. We can surmise from the above analysis that a framework for the
formation of the bandgap of the proposed metamaterial is primarily due to the local resonance of
the structure.
V. Transmission characteristics of finite systems

We are using the finite arrangement of unit cells to measure the transmission coefficient of
the surface waves to further validate the shielding of the predicted SMs. The model consists of
units of SMs, substrates and perfectly matched layers (PML) [29] can be seen in Fig. 8. Five SM
units are placed periodically along the x-direction, adopting the lattice constant as a unit of length
and conforming to the SM unit geometrical and material parameters mentioned above in Tables 1-
3. The substrate thickness H = 20a, is retained to estimate a half-space computing field. Periodic
boundary conditions in the y-direction are applied to enforce periodic structures, and a source of a
line that excites the Rayleigh waves is represented shown in Figs. 8 (a) and (b). PMLs are applied
to all boundaries of substrates except the upper boundary where free boundary condition is applied.
Inherent yet unreasonable reflections generated by the scattering of waves are eliminated by PMLs
with a thickness of 3a. The distance from the line source to the first SM unit is 20a, which is
sufficiently long to separate the bulk waves from the desired surface waves in the x-direction. The
PML consists of a nonphysical substance that offers "active" absorption of fields and contains both
passive loss and dependent sources. It has been used in electromagnetic applications where it has

yielded good results over a broad spectrum of angles and frequencies.

. X input line
input line
20a

output ()llllplll

NS

(a) (b)

Fig. 8: Schematic of the finite structures on homogenous and stratified soils with periodic boundary conditions in the y-direction
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for the transmission spectrum coefficients. The yellow (a) and multi-colored areas (b) represent the soils and the dark brown area
is to represent PML. The silver cylinders on the substrates are the SMs units.

Hither, we make transmission calculations in the first Brillouin zone from the three
symmetrical directions that resemble I'X, XM, and MI" directions and obtain the frequency
response functions (FRFs), which are calculated as 20/og(u:/uo), as shown in Figs. 9(a-d). u1 is
well defined as the displacement at the point next to the SMs, and uo is defined as the displacement
at the same point without the SMs. Both the points are indicated in Figs. 8(a) and (b) as outputs.
From the FRFs in Figs. 9(a) and (b), we can observe one complete attenuation zone from 6.62 Hz
to 13 Hz and 5.59 Hz to 13.0 Hz, respectively, which are consistent with the band structure results
shown in Figs. 3(a) and 4(a). It is worth noting that we can achieve two complete attenuation zones
(CAZs) from 0.33 Hz to 2.28 Hz and from 8.85 Hz to 17.8 Hz in the Fig. 9(c), two CAZs from
0.25 Hz to 1.93 Hz and from 7.49 Hz to 17.8 Hz in the Fig. 9(d), respectively, which are consistent

with the results expressed in Figs. 6(a) and 7(a).
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Fig. 9: Transmission spectra for both the samples along with three symmetrical directions of the first IBZ (a)hollow petal-cylindrical
SM on the homogenous substrate (b) solid petal-cylindrical SM on the homogenous substrate (c) hollow petal-cylindrical structure
on the six-layered substrate(d) solid petal-cylindrical SM on the six-layered substrate.

To further elucidate the influence of resonances in the SM as it plays an imperative part in

generating a bandgap, it is relevant to investigate the impact of structural parameters on the
bandwidth and position of bandgaps. Here, we take the hollow petal-cylindrical structure on both

the homogenous and six-layered soils for example to deliberate the influence of geometric
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parameters. Firstly, the effect of the petal’s width “d” on the bandgap is analyzed. In compliance
with the mechanical parameters and geometric parameters keeping constant, when the width d of
the petals increases from a/5.5 to a/3, the lower boundary of the bandgap slowly moves towards
lower frequencies, and the upper boundary almost remains unchanged. Therefore, the relative
bandwidth of the BG increases from 0.64 to 0.77 as shown in Fig. 10(a). Secondly, when the outer
radius R increases from a/4 to a/3, the lower boundary of the BG declines slowly towards lower
frequencies, and the upper boundary of the BG almost remains unchanged. Therefore, the relative
bandwidth of the BG slightly increases from 0.67 to 0.71 as shown in Fig. 10(b). While, in case of
h/a, as we can see in Fig. 10(c) when the ratio increases from 0.5 to 7.0, the upper edge of the
bandgap is almost unchanged or a minor movement towards a lower frequency range can be
noticed, and the lower edge moves toward lower frequencies making the bandgap wider.

Resultantly, the relative bandwidth of the BG increases from 0.67 to 0.89.
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Fig. 10: The geometrical influence for the case of hollow petal-cylindrical SM on a homogenous soil substrate. the ratio of (a) d/a
(b) R/a and (c) h/a, the red lines in (a, b and c) are representing the relative bandwidth.
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For the second case of hollow petal-cylindrical SM on the stratified soils, a similar effect
of geometrical parameters can be noticed as shown in Fig. 11. As the value of d increases from
a/4.5 to a/3, both the lower and upper edges of the first BG show a negligible movement towards
the higher frequency values making a small difference in bandwidth from 1.74 to 1.75. And the
lower edge of second BG moves downward and upper edge has a minimal movement towards
higher frequencies. And the relative bandwidth changes from 0.72 to 0.78 as we can see in Fig.
11(a). Note that the dotted and solid lines represent the first and second BGs, respectively.

Figure 11(b) shows the influence of variation in the value of R on the BGs. As the value of
R increases from a/3.75 to a/3, both the lower edges of the first BG (dotted lines) and the second
BG (solid lines) move slightly towards the lower frequencies, meanwhile, the upper edges move
towards lower frequencies. As a result, the relative bandwidth of the first BG (red dotted line)
changes from 1.69 to 1.75 and the relative bandwidth of the second BG (solid red line) changes
from 0.70 to 0.75 as shown in Fig. 11(b).

Next, as the ratio of /4/a is considered to vary from 0.5 to 7.0, one can notice that the lower
and upper edges of the first BG (dotted lines) are slightly moving toward lower frequencies, and
the relative bandwidth changes from 1.79 to 1.84. Meanwhile, noticing the second BG (solid lines),
we can observe the movement in both the upper and lower edge toward lower frequencies, as a
result, the relative bandwidth varies from 0.72 to 0.85.

In short, by changing the geometrical parameters we can tune the bandgap width and

position according to a desired range.
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Fig. 11: The geometrical influence for the case of hollow petal-cylindrical SM on a stratified substrate. the ratio of (a) d/a (b) R/a
and (c) h/a, the red solid and dotted lines represent the relative bandwidth, black dotted lines indicate first BG and solid black lines
indicate second BG.

VII. Material parametric effect

Finally, we considered hollow petal-cylindrical structures evaluating the effect of variation
of the mass density and Young's modulus of steel on bandgaps, keeping unchanged for all
geometric parameters. As we can see from Figs. 12(a) and (b), for the case of homogenous soil
medium Fig. 12(a) while changing the mass density from 1000 (kg/m?) to 10000 (kg/m?) one can
notice the upper edge remains undisturbed and the lower edge slightly shifts towards the lower
frequency range with the increase of mass density of steel. As a result, the relative bandwidth
increments from 0.70 to 0.97.

For the case of the layered substrate Fig. 12(b), the lower edge of the second BG (solid
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lines) and the upper edge of the first BG (dotted lines) shift towards the lower frequencies, the
lower edge of the first BG (dotted lines) and the upper edge of the second BG (solid lines) mostly
remain unchanged. Therefore, the relative bandwidth of first BG (dotted lines) shows a very minute
difference from 1.755 to 1.757, and the relative bandwidth of second BG (solid lines) increases
from 0.72 to 1.00.
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Fig. 12: Effect of material parameters, corresponding to varying mass density p(kg/m’) of steel on bandgaps; hollow cylindrical
structures on (a)homogenous soil (b) stratified soils.

Moreover, while changing Young's modulus of steel from 50 GPa to 350 GPa, the lower
boundary increases slightly and the upper edge remains unchanged for the homogenous soil
substrate as shown in Fig. 13(a). Correspondingly, the relative bandwidth decreases from 0.71 to
0.65. For the stratified substrate case, the lower boundary of second BG (solid lines) indicates
some movements towards higher frequencies, while the upper edge shows a minute movement
toward higher frequencies, and the relative bandwidth (red solid line) decreases from 0.75 to 0.66.
Whereas, the upper and lower edges of first BG (dotted lines) both remain unchanged, and the
relative band width (red dotted line) almost remains undisturbed. In short, the evolution trends of
BGs demonstrate that the bandgaps can be set up to the desired position and range by optimizing

the material parameters of the structure accordingly and choosing the corresponding material.
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Fig. 13: Influence of Young's modulus of steel on bandgaps for hollow petal-cylindrical SM on (a)the homogenoussoil substrate,
(b) six-layered soil substrate.

VIII. Conclusion

This research explores petal-cylindrical SMs, to shield significant civil infrastructures or
human structures from earthquake disasters by mitigating low-frequency surface waves. To
augment the pragmatism of this research, surface waves propagation through periodically
organized petal-cylindrical SM units on both homogenous and six-layered soil substrates are
investigated in the finite element method. The generation of bandgaps by local resonance
phenomenon from the coupling of the resonator and semi-infinite substrates is calculated and
illustrated in band structure graphs. The bandgaps show a great dependence on soil properties. For
example, as compared to homogenous soil relatively greater bandwidth can be obtained for
stratified soils. through quantifing the transmission in three symmetry directions, the band gaps
are further validated by the development of a finite system model. The proposed model for
homogenous soil, can provide a bandgap with a relative bandgap width of more than 80% and
more importantly, for stratified soils, it can provide not only a bandgap with a relative bandgap
width of more than 81% but also a bandgap up to 154%, and can effectively attenuate incident
surface waves along three different symmetrical directions. Additionally, the influences of
geometrical and material parameters are discussed. Considering practical applications, small
geometric sizes and large bandgaps prove that the proposed SMs can be able to offer additional
possibilities in the field of seismic hazard prevention.
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