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Abstract: 9 

Earthquake prevention is of fundamental interest in seismic research area. Seismic 10 

metamaterials proved very useful for this purpose, but because they are mainly based on resonant 11 

structures, the working frequency bandwidth of these metamaterials is narrow. This work aims to 12 

increase the bandwidth by improving cylindrical resonant structure. Two types of cylindrical 13 

structures with four petals attached to the four sides of hollow and solid cylinders are proposed. 14 

Their bandgap properties have been investigated by using the finite element method. Particularly, 15 

considering more realistic site conditions for seismic surface wave propagation, we explored the 16 

properties of the proposed structures for horizontally stratified soils, besides homogenous soil. The 17 

results show that a low-frequency wide bandgap is provided in case of homogenous soil. Excitedly, 18 

in case of a stratified substrate, an additional bandgap is obtained in lower frequency region. 19 

Moreover, to confirm the feasibility of the proposed structures, the transmission coefficients for 20 

the finite unit cells are calculated for both homogenous and horizontally stratified soils along with 21 

the different directions. The finding substantiates that the finite system for stratified soils can 22 

effectively attenuate seismic surface waves within the two low-frequency bandgaps occupying the 23 

relative bandwidths of 154% and 81%. 24 

Keywords: Seismic metamaterial, Earthquake prevention, Surface waves, Petal-cylindrical, Low 25 

frequency wide bandgap, Relative bandwidth 26 
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I. Introduction: 31 

 32 

Preventive studies of earthquake engineering and Rayleigh surface waves have 33 

demonstrated that the two seismic practices are very significant for civil infrastructures. When 34 

earthquake waves come to the surface of the planet, energy spreads across the surface of the earth. 35 

The Rayleigh wave, one of the surface waves, is particularly dangerous to civil structures, with 36 

frequencies of 0.1 to 20 Hz, since the building or civil structure’s resonance frequency lies 37 

precisely in this particular frequency range. Furthermore, it is difficult to monitor or separate these 38 

low-frequency surface waves using traditional techniques. The recently developed metamaterials 39 

are now opening up a new method for monitoring seismic waves in this century, followed by the 40 

presentation of metamaterials for extinction of seismic waves for the fortification of civil 41 

infrastructures [1]. 42 

Metamaterials, periodic or aperiodic composite structures, are manually developed or 43 

engineered structures with some unique properties which are not occurring in natural materials. 44 

With the proficiencies to deploy the waves propagation by their astonishing properties, i.e. 45 

negative refraction [2], self-collimation [3], and bandgaps [4], metamaterials have developed 46 

massive practical applications in optics, elastic mechanics and acoustic [5,6]. 47 

In previous studies, multiple types of waves have been under exploration like ultrasonic 48 

[7], acoustic [8], elastic [9], thermal [10] and electromagnetic waves [11]. Elastic metamaterials, 49 

particularly diminish and reflect elastic waves with distinctive bandgap property, and then bid a 50 

fresh way for earthquake deterrence. Exploring seismic wave mitigation, metamaterials is a 51 

successful technique owing to a fruitful tactic of wave manipulation at low frequencies. Seismic 52 

metamaterials (SMs) are defined as the elastic metamaterial application of diminishing of seismic 53 

waves. The seismic waves are attenuated as they pass to the SMs with bandgap properties. The 54 

resultant bandgaps from developing SMs, should mask the seismic waves’ vital frequencies or 55 

even the resonant frequencies of the large-scal structures to ensure effective protection of buildings 56 

or other civil infrastructure.  57 

In the earlier study, some researchers have confirmed that a periodic series of 58 

resonators/barriers mitigates field vibration. R.D. Woods et al. [12] presented the primary concept 59 

of periodically arranging the vertical holes for Rayleigh wave attenuation. F. Meseguer et al. [13] 60 

suggested theoretically to attenuate seismic surface acoustic waves by band gaps (BGs) created by 61 
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drilling enormous periodic holes in the ground. The projected holes had dimensions of the order 62 

of hundreds of meters in diameter and thousands of meters in depth. A scaled-down experiment of 63 

a marble quarry that was conducted in the kHz frequency range yielded the measurement of surface 64 

acoustic wave attenuation, which led to the development of such a radical recommended solution. 65 

A tentative progress of the seismic field test drives the excitement of research, which shows that 66 

cylindrical holes can reflect and absorb the incident seismic waves, evidencing the practicability 67 

of SMs as seismic shield. However, attenuation behavior of periodic arrangement of boreholes or 68 

pillars is originated from Bragg scattering, so the large-scale structures are unfavorable for anti-69 

earthquake application in a low frequency range.  70 

Currently, SMs can overcome this delinquent, based on the local resonance phenomenon, 71 

which can attenuate long-wavelength waves using small structures [14]. The mainstream of these 72 

SMs is often called the SMs of the subwavelength [15]. The first type of sub-wavelength SM can  73 

be referred to as the underground barrier of locally resonant metamaterials [16]. This type of small-74 

scale underground SM is based on the resonance properties for long-wavelength seismic bulk wave 75 

attenuation. The second type of SMs consists typically of a periodic pillar-like structure on 76 

substratum, which primarily attenuate seismic surface waves in particular within the low-77 

frequency spectrum. In the geophysical sense, the resonances in trees have been examined by 78 

Colombi et al. [17], which acts as locally resonant metamaterials for Rayleigh surface waves, and 79 

it indicates that the Rayleigh waves are attenuated strongly around 40 Hz and 110 Hz. The major 80 

seismic frequency spectrum are outside the bandgaps, but the observed results are still fascinating. 81 

The bulk waves transformed from Rayleigh surface waves due to the existence of local resonance 82 

phenomenon in an established meta-barriers, infiltrate the ground deeply [18].   Pu and Shi [19] 83 

have recently investigated many forms of periodic barriers to alleviate train-induced surface waves. 84 

The practicability of the H-fractal resonance for seismic wave attenuation was explored by [20]. 85 

Du et al. [20] and Miniaci et al.[21] examined the viability of a novel structure with a self-similar 86 

geometry repeated at various scales based on hierarchical design of the unit cell. The findings 87 

demonstrated how the addition of hierarchy enables the conception of unit cells with reduced size 88 

relative to wavelength while keeping the same or better isolation effectiveness at frequencies of 89 

importance for earthquake engineering. The SMs in these studies have achieved influential 90 

protection of buildings for attenuating the low-frequency seismic waves. However, the seismic 91 

wave attenuation region is comparatively small, and our research aims to increase the bandwidth 92 
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by optimizing the section shape of the resonators. Inspired by previous work [22, 23] we for the 93 

first time make attempt to introduce petal-like section into SM instead of ordinary cylinder, and 94 

investigate the bandgap characteristics of petal-like SM adopting three-dimensional (3D) modeling. 95 

Meanwhile, we consider the conditions of the site to be more practical because the soil is critical 96 

in the propagation and coupling of surface waves with resonators. In this paper, we propose two 97 

different types of cylindrical resonators on both homogenous [20] and six-layered soil [24] 98 

substrates, respectively. Geometrically, the two resonant unit cells are hollow and solid cylinders 99 

with four petals attached to their four sides.  100 

Numerical simulation is used for the proposed model to study the bandgap properties and 101 

generation mechanism. In particular, the bandgap structures of both proposed samples for 102 

homogenous and stratified soils are discussed and their comparison is explained. A larger 103 

impedance mismatch for stratified soils between the resonators and substrate results in a wider 104 

bandgap, and the values imply the low-frequency regime. Furthermore, through a frequency 105 

domain analysis, the transmission of finite SMs is calculated, and verify the feasibility of the 106 

proposed model’s effective attenuation of surface waves. A detailed analysis of geometrical and 107 

material parameters is explained in the last section. 108 

 109 

II. Models and method  110 

 111 

 An improved hollow cylindrical unit cell by uniformly adding four petals to its four sides, 112 

termed petal-cylindrical unit here, is proposed as an SM unit, shown in Figs. 1(a-d). The unit cells 113 

(homogenous and layered substrate) in Figs. 1(c) and 1(d) are placed in a square lattice on the 114 

surface of a semi-infinite substrate. We chose a lattice constant of a = 2.5m and a height of the unit 115 

h= 5a corresponding to the seismic surface waves of 0.1–20 Hz that destruct structures, leading to 116 

a wavelength range of several hundred meters. Figures 1(a) and (b) show a three-dimensional (3D) 117 

illustration as well as a y-z cross-section diagram of the hollow petal-cylindrical unit cell. For the 118 

inner hollow cylindrical part, r1 and r2 are the inner and outer radii, respectively, and its thickness 119 

is w = r2-r1. The outer radius and thickness of the petals are R and d, respectively. The geometric 120 

parameters of the hollow petal-cylindrical structure are enlisted in Table 1. In the simulation, a 121 

plate under the petal-cylindrical structure is installed as a substrate for a half-space setting. The 122 

depth of substrate is sufficient enough for the surface wave to be separated from the Lamb waves, 123 
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while the waves are diminished exponentially alongside the depth. In view of the practical 124 

application, steel is considered to be the structure, and soil is considered to be the substrate, shown 125 

in Table 2 and Table 3. 126 

 127 
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 128 
for dispersion curve calculation. Note the yellow and multi-colored areas represent the homogenous and stratified substrates, and 129 
the grey color represents steel. 130 

           In Figs. 2(a-d), the second proposed sample called as solid petal-cylindrical structure is 131 

shown. The structure units are arranged in a square lattice on semi-infinite homogenous and 132 

layered substrates as shown in Figs. 2(c) and (d), having the same geometrical and material 133 

parameters as the hollow petal-cylindrical structure. We continue to use the structure's lattice 134 

constant a = 2.5m and height h = 5a. The 3D and y-z cross-section views of the solid petal-135 

cylindrical unit cell are seen in Figs. 2(a) and (b), respectively. The second sample is a steel-filled 136 

petal-cylindrical structure. Of course, the filling material can also be other common materials, such 137 

as concrete. 138 



6 
 

 139 
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 140 
dispersion curve calculation. Note the yellow and multi-colored areas represent the homogenous and stratified substrates, 141 
respectively, and the grey color represents steel. 142 

 143 

Table 1: Geometrical parameters of the proposed unit cells 144 

a h H r1 R r2 d w 

2.5 m 5a 20a a/8 a/4 a/6 a/5 r2-r1 

 145 
Table 2:Material parameters of the hollow and solid cylindrical unit cells 146 

Material type  Density ρ (kg/m3) Young’s modulus (Pa) Poisson’s ratio 

Steel 7784 2.07 x 1011 0.3 

 147 

To check the feasibility of the proposed unit models on two different substrates, the 148 

homogenous and multiple-layered soil substrates are used for the propagation of surface waves. 149 

The properties of both selected substrates are shown in table 3. All components, including soils 150 

and steel, are considered linear elastic, iaotropic and homogeneous. 151 

 152 

 153 

 154 

 155 
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Table 3:homogenous and stratified soil properties 156 

 157 

III.  Method: 158 

We suppose the surface waves propagation along the x-y plane, while the z-axis is taken 159 

along height direction, so the governing equation can be written as follows 160 

𝜌ü − ∇ 	 · (𝐶 ∶ ∇𝑢) = 0																																									(1) 161 

Where ρ is the density of constituent material, the displacement vector u = [ux,uy,uz]T, where ux, uy 162 

and uz are the displacement components in three directions of the Cartesian coordinate system, and 163 

the superimposed point above the vector u is the time derivative. ∇ is the inverted trigonometric 164 

operator and C represents the elastic tensor.  165 

To determine the band structure diagram of the metamaterial with infinite period structure, 166 

we set Bloch periodic boundary conditions on the four lateral sides of the unit cell along the x- and 167 

y- axis directions to solve the equation (1), namely the displacement amplitude condition[20]. 168 

𝑢(𝑟 + 𝑎) = 𝑒!"·$𝑢(𝑟)                                   (2) 169 

Where r denotes the position vector, i = √−1, k is the Bloch wave vector specified in the 170 

first irreducible Brillouin zone (FIBZ), and a represents the lattice constant. The standard 171 

eigenvalue problem is obtained by removing the displacement amplitude condition from the 172 

governing equation. 173 

Properties of multiple layered soils [24] 

No. Soil type Thickness(m) Density(kg/m3) Young’s modulus E 

(Pa) 

Poisson’s 

ratio 

1 Fill 3 1840 3.7×107 0.4 

2 Clay Silt 2 1849 4.4×107 0.4 

3 Sandy Silt 10 1898 5.3×107 0.4 

4 Silt 10 1908 1.41×108 0.45 

5 Sandy Silt 15 1847 9.0×107 0.45 

6 Silty Clay 10 1857 1.55×108 0.45 

Properties of homogenous soil [20] 

1 Homogenous 

soil layer  

30 1800 3.0×1011 0.3 
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																			(𝐾 − 𝜔%𝑀)𝑢 = 0																														(3) 174 

where K and M are the global stiffness and mass operators related to the wave vector k, and ω is 175 

the angular frequency. For this investigation, we use the finite element method to scan the wave 176 

vector k along with Γ-X-M-Γ directions in the FIBZ, and then we solve the unknowns ω and u. The 177 

solution of eigenvalue problems results in the eigenvectors for the displacement field modes. The 178 

FIBZ for periodic composition with square lattice is shown in Fig. 3. The Brillouin zones are 179 

primitive Wigner-Seitz cells in the reciprocal lattice. The first Brillouin zone is the smallest volume 180 

completely encompassed by planes that are the perpendicular bisectors of the sketched reciprocal 181 

lattice vectors [25]. 182 

 183 

 184 
Fig. 3: Brillouin Zones and the first IBZ for the periodic components of a square lattice. 185 

IV. Results and discussion 186 

We compute the band structures of the considered SMs using the Floquet-Bloch theory and 187 

the finite element method. The band structures and eigenmodes for the models presented in Figs. 188 

1(c) and (d) and Figs. 2 (c) and (d) are discussed below. The periodic conditions are applied at four 189 
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lateral boundaries, the cell's top contains a free boundary condition and the base is with a fixed 190 

boundary condition. The individual eigenfrequencies and eigenmodes as described in Figs. 4(a) 191 

and (b), are obtained by sweeping the wave vectors along the Γ-X-M-Γ path in the FIBZ. The 192 

surface wave modes can be sorted using the sound cone, while the green area represents the 193 

radiated field beyond the sound cone, which includes the bulk and high-frequency pseudo surface 194 

wave modes [26]. 195 

From the band structure of the hollow petal-cylindrical SM on a homogenous soil substrate, 196 

we find a wide bandgap with a width of 6.38Hz appearing from 6.62 Hz to 13.0 Hz, as shown in 197 

Fig. 4(a). The relative bandwidth is a significant parameter to estimating the property of the 198 

bandgap, which is well defined as 2(f2−f1)/(f1+f2), where f2 and f1 are the upper and lower edge 199 

frequencies of the bandgap. This proposed SM has a relative bandwidth of up to 64.6%.200 

 201 
Fig. 4: (a) The band structure of hollow petal-cylindrical SM on a homogenous soil substrate and (b) A-F are the corresponding 202 
vibrational modes. 203 

From the band structure of the solid petal-cylindrical SM on a homogenous soil layer, we 204 

also find a wide bandgap as shown in Fig. 5(a). The bandgap with a width of 7.41 Hz appears from 205 

5.59 Hz to 13.0 Hz corresponding to a relative bandwidth of up to 80%, which is relatively larger 206 

as compared to the hollow petal-cylindrical structure as shown in Fig. 4. 207 

The vibrational modes of the lower and upper edges, highlighted by the black points in 208 

Figs. 4(a) and 5(a) demonstrate the generation mechanism of the above bandgaps. The 209 

displacement fields of the eigenmodes (A–F) for both hollow and solid petal-cylindrical SMs are 210 

shown in Figs. 4(b) and 5(b). The color and arrow schemes show the magnitude and direction of 211 

the displacement vectors of the eigenmodes. The resonant modes are observed to be the same for 212 
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both types of SMs. A larger impedance malfunction between soil media and unit cells for the solid 213 

cylindrical case leads to a stronger local resonance which yielded a broader low-frequency 214 

bandgap. 215 

 216 
Fig. 5: (a) The band structure of a solid petal-cylindrical SM on a homogenous soil substrate (b) A-F are the corresponding 217 
vibrational modes. 218 

After the band structures are discussed on the homogenous soil substrate, we replace the 219 

soil medium with six-layered soils, while the geometric parameters are kept the same as reported 220 

in Table 1. And we calculate the band structures for hollow and solid petal-cylindrical SMs on the 221 

stratified soils. For the hollow petal-cylindrical SM on the six-layered soils, we obtain one small 222 

bandgap in a lower frequency range from 0.33 Hz to 2.28 Hz, and a wider bandgap from 8.85 Hz 223 

to 17.8 Hz, as shown in Fig. 6(a). Its relative bandwidths at the two central frequencies of 1.3 Hz 224 

and 13.3 Hz are about 149% and 67%, respectively.  225 

 226 
Fig. 6: (a) The band structure of hollow petal-cylindrical SM on a stratified substrate (b) A-F are the corresponding vibrational 227 
modes. 228 

 The band structure for solid petal-cylindrical SM on a stratified substrate is shown in Fig. 229 
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7(a) and the marked eigenmodes from A-F are given in Fig. 7(b). Moreover, two local resonance 230 

bandgaps in the frequency spectrum ranging from 0.25-1.93 Hz and 7.49-17.8 Hz are achieved. 231 

The relative bandwidths are 154% and 81% and they are larger than that for hollow petal-232 

cylindrical SM. More importantly, they are relatively greater as compared to the previous studies 233 

(bandwidths of less than 45%) [18,27,28]. 234 

Next, to further investigate how to achieve larger bandgaps for the petal-cylindrical SMs,  235 

the vibrational eigenmodes (A-F) highlighted by the black dots in Figs. 6(a) and 7(a) are explored, 236 

namely the displacement fields of the eigenmodes, as shown in Fig. 6(b) and in Fig. 7(b). The color 237 

and arrow schematics specify the magnitude and direction of the displacement vectors of the 238 

eigenmodes. Interestingly, a larger relative bandwidth on the stratified substrate than on the 239 

homogeneous substrate is obtained because of a coupling of wave modes between surface wave 240 

and longitudinal wave that is regulated by a greater impedance misalignment between the resonator 241 

and substratum. It shows that the variation in the substrate's material properties influences the 242 

eigenfrequency of the resonant structure. Thus, we can deduce that the bandwidth can vary 243 

depending on the form and properties of the cohesive soils for a same resonator. 244 

 245 
Fig. 7: (a) The band structure of solid cylindrical SM on a stratified substrate (b) A-F are the corresponding vibrational modes. 246 

 From the mode shapes shown in Figs. 4(b), 5(b), 6(b), and 7(b), which are highlighted in 247 

four band structure diagrams in Figs. 4(a), 5(a), 6(a) and 7(a), we observe that the SMs develop 248 

resonance modes, which confine the energy inside the system and the substrate. Commensurately, 249 

modes A and B are bending vibrational modes in the x and y directions, respectively, and the first 250 

and second dispersion curves are at around the same frequency, while another mode C is primarily 251 

longitudinal vibration along the z-axis. In contrast, mode D referring to the fourth curve of the 252 

band configuration manifests as rotation vibration,  meanwhile, the cylinder is amplified in the x-253 
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y cross-section. Eventually, complex rotation modes at E and F points are released, which are 254 

regarded as string vibrations. We can surmise from the above analysis that a framework for the 255 

formation of the bandgap of the proposed metamaterial is primarily due to the local resonance of 256 

the structure. 257 

V. Transmission characteristics of finite systems 258 

We are using the finite arrangement of unit cells to measure the transmission coefficient of 259 

the surface waves to further validate the shielding of the predicted SMs. The model consists of 260 

units of SMs, substrates and perfectly matched layers (PML) [29] can be seen in Fig. 8. Five SM 261 

units are placed periodically along the x-direction, adopting the lattice constant as a unit of length 262 

and conforming to the SM unit geometrical and material parameters mentioned above in Tables 1-263 

3. The substrate thickness H = 20a, is retained to estimate a half-space computing field. Periodic 264 

boundary conditions in the y-direction are applied to enforce periodic structures, and a source of a 265 

line that excites the Rayleigh waves is represented shown in Figs. 8 (a) and (b).  PMLs are applied 266 

to all boundaries of substrates except the upper boundary where free boundary condition is applied. 267 

Inherent yet unreasonable reflections generated by the scattering of waves are eliminated by PMLs 268 

with a thickness of 3a. The distance from the line source to the first SM unit is 20a, which is 269 

sufficiently long to separate the bulk waves from the desired surface waves in the x-direction. The 270 

PML consists of a nonphysical substance that offers "active" absorption of fields and contains both 271 

passive loss and dependent sources. It has been used in electromagnetic applications where it has 272 

yielded good results over a broad spectrum of angles and frequencies. 273 

 274 
Fig. 8: Schematic of the finite structures on homogenous and stratified soils with periodic boundary conditions in the y-direction 275 
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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 276 
is to represent PML. The silver cylinders on the substrates are the SMs units. 277 

 278 

Hither, we make transmission calculations in the first Brillouin zone from the three 279 

symmetrical directions that resemble ΓX, XM, and MΓ directions and obtain the frequency 280 

response functions (FRFs), which are calculated as 20log(u1/u0), as shown in Figs. 9(a-d). u1 is 281 

well defined as the displacement at the point next to the SMs, and u0 is defined as the displacement 282 

at the same point without the SMs. Both the points are indicated in Figs. 8(a) and (b) as outputs. 283 

From the FRFs in Figs. 9(a) and (b), we can observe one complete attenuation zone from 6.62 Hz 284 

to 13 Hz and 5.59 Hz to 13.0 Hz, respectively, which are consistent with the band structure results 285 

shown in Figs. 3(a) and 4(a). It is worth noting that we can achieve two complete attenuation zones 286 

(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 287 

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 288 

with the results expressed in Figs. 6(a) and 7(a).  289 
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 290 
Fig. 9: Transmission spectra for both the samples along with three symmetrical directions of the first IBZ (a)hollow petal-cylindrical 291 
SM on the homogenous substrate (b) solid petal-cylindrical SM on the homogenous substrate (c) hollow petal-cylindrical structure 292 
on the six-layered substrate(d) solid petal-cylindrical SM on the six-layered substrate. 293 

 294 

 295 

 296 

VI.  The influence of geometrical parameters 297 

 298 

To further elucidate the influence of resonances in the SM as it plays an imperative part in 299 

generating a bandgap, it is relevant to investigate the impact of structural parameters on the 300 

bandwidth and position of bandgaps. Here, we take the hollow petal-cylindrical structure on both 301 

the homogenous and six-layered soils for example to deliberate the influence of geometric 302 
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parameters. Firstly, the effect of the petal’s width “d” on the bandgap is analyzed. In compliance 303 

with the mechanical parameters and geometric parameters keeping constant, when the width d of 304 

the petals increases from a/5.5 to a/3, the lower boundary of the bandgap slowly moves towards 305 

lower frequencies, and the upper boundary almost remains unchanged. Therefore, the relative 306 

bandwidth of the BG increases from 0.64 to 0.77 as shown in Fig. 10(a). Secondly, when the outer 307 

radius R increases from a/4 to a/3, the lower boundary of the BG declines slowly towards lower 308 

frequencies, and the upper boundary of the BG almost remains unchanged. Therefore, the relative 309 

bandwidth of the BG slightly increases from 0.67 to 0.71 as shown in Fig. 10(b). While, in case of 310 

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 311 

bandgap is almost unchanged or a minor movement towards a lower frequency range can be 312 

noticed, and the lower edge moves toward lower frequencies making the bandgap wider. 313 

Resultantly, the relative bandwidth of the BG increases from 0.67 to 0.89. 314 

 315 
Fig. 10: The geometrical influence for the case of hollow petal-cylindrical SM on a homogenous soil substrate. the ratio of (a) d/a 316 
(b) R/a and (c) h/a, the red lines in (a, b and c) are representing the relative bandwidth. 317 
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For the second case of hollow petal-cylindrical SM on the stratified soils, a similar effect 318 

of geometrical parameters can be noticed as shown in Fig. 11. As the value of d increases from 319 

a/4.5 to a/3, both the lower and upper edges of the first BG show a negligible movement towards 320 

the higher frequency values making a small difference in bandwidth from 1.74 to 1.75. And the 321 

lower edge of second BG moves downward and upper edge has a minimal movement towards 322 

higher frequencies. And the relative bandwidth changes from 0.72 to 0.78 as we can see in Fig. 323 

11(a). Note that the dotted and solid lines represent the first and second BGs, respectively.  324 

Figure 11(b) shows the influence of variation in the value of R on the BGs. As the value of 325 

R increases from a/3.75 to a/3, both the lower edges of the first BG (dotted lines) and the second 326 

BG (solid lines) move slightly towards the lower frequencies, meanwhile, the upper edges move 327 

towards lower frequencies. As a result, the relative bandwidth of the first BG (red dotted line) 328 

changes from 1.69 to 1.75 and the relative bandwidth of the second BG (solid red line) changes 329 

from 0.70 to 0.75 as shown in Fig. 11(b).  330 

Next, as the ratio of h/a is considered to vary from 0.5 to 7.0, one can notice that the lower 331 

and upper edges of the first BG (dotted lines) are slightly moving toward lower frequencies, and 332 

the relative bandwidth changes from 1.79 to 1.84. Meanwhile, noticing the second BG (solid lines), 333 

we can observe the movement in both the upper and lower edge toward lower frequencies, as a 334 

result, the relative bandwidth varies from 0.72 to 0.85. 335 

In short, by changing the geometrical parameters we can tune the bandgap width and 336 

position according to a desired range. 337 
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  338 
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 339 
and (c) h/a, the red solid and dotted lines represent the relative bandwidth, black dotted lines indicate first BG and solid black lines 340 
indicate second BG. 341 

 342 

VII. Material parametric effect 343 

Finally, we considered hollow petal-cylindrical structures evaluating the effect of variation 344 

of the mass density and Young's modulus of steel on bandgaps, keeping unchanged for all 345 

geometric parameters. As we can see from Figs. 12(a) and (b), for the case of homogenous soil 346 

medium Fig. 12(a) while changing the mass density from 1000 (kg/m3) to 10000 (kg/m3) one can 347 

notice the upper edge remains undisturbed and the lower edge slightly shifts towards the lower 348 

frequency range with the increase of mass density of steel. As a result, the relative bandwidth 349 

increments from 0.70 to 0.97.  350 

For the case of the layered substrate Fig. 12(b), the lower edge of the second BG (solid 351 
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lines) and the upper edge of the first BG (dotted lines) shift towards the lower frequencies, the 352 

lower edge of the first BG (dotted lines) and the upper edge of the second BG (solid lines) mostly 353 

remain unchanged. Therefore, the relative bandwidth of first BG (dotted lines) shows a very minute 354 

difference from 1.755 to 1.757, and the relative bandwidth of second BG (solid lines) increases 355 

from 0.72 to 1.00.                                                                                                                                                                                                                                                                                                                                               356 

 357 
Fig. 12: Effect of material parameters, corresponding to varying mass density ρ(kg/m3) of steel on bandgaps; hollow cylindrical 358 
structures on (a)homogenous soil (b) stratified soils.  359 

Moreover, while changing Young's modulus of steel from 50 GPa to 350 GPa, the lower 360 

boundary increases slightly and the upper edge remains unchanged for the homogenous soil 361 

substrate as shown in Fig. 13(a). Correspondingly, the relative bandwidth decreases from 0.71 to 362 

0.65. For the stratified substrate case, the lower boundary of second BG (solid lines) indicates 363 

some movements towards higher frequencies, while the upper edge shows a minute movement 364 

toward higher frequencies, and the relative bandwidth (red solid line) decreases from o.75 to 0.66. 365 

Whereas, the upper and lower edges of first BG (dotted lines) both remain unchanged, and the 366 

relative band width (red dotted line) almost remains undisturbed. In short, the evolution trends of 367 

BGs demonstrate that the bandgaps can be set up to the desired position and range by optimizing 368 

the material parameters of the structure accordingly and choosing the corresponding material.  369 
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 370 
Fig. 13: Influence of Young's modulus of steel on bandgaps for hollow petal-cylindrical SM on (a)the homogenoussoil substrate, 371 
(b) six-layered soil substrate. 372 

  373 

VIII. Conclusion  374 

This research explores petal-cylindrical SMs, to shield significant civil infrastructures or 375 

human structures from earthquake disasters by mitigating low-frequency surface waves. To 376 

augment the pragmatism of this research, surface waves propagation through periodically 377 

organized petal-cylindrical SM units on both homogenous and six-layered soil substrates are 378 

investigated in the finite element method. The generation of bandgaps by local resonance 379 

phenomenon from the coupling of the resonator and semi-infinite substrates is calculated and 380 

illustrated in band structure graphs. The bandgaps show a great dependence on soil properties. For 381 

example, as compared to homogenous soil relatively greater bandwidth can be obtained for 382 

stratified soils. through quantifing the transmission in three symmetry directions, the band gaps 383 

are further validated by the development of a finite system model. The proposed model for 384 

homogenous soil, can provide a bandgap with a relative bandgap width of more than 80% and 385 

more importantly, for stratified soils, it can provide not only a bandgap with a relative bandgap 386 

width of more than 81% but also a bandgap up to 154%, and can effectively attenuate incident 387 

surface waves along three different symmetrical directions. Additionally, the influences of 388 

geometrical and material parameters are discussed. Considering practical applications, small 389 

geometric sizes and large bandgaps prove that the proposed SMs can be able to offer additional 390 

possibilities in the field of seismic hazard prevention. 391 
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