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This paper aims to elucidate the clear visibility of attenuating seismic waves (SWs)
with forest trees as natural metamaterials known as forest metamaterials (FMs)
arranged in a periodic pattern around the protected area. In analyzing the
changeability of the FM models, five distinct cases of “metawall”
configurations were considered. Numerical simulations were conducted to
study the characteristics of bandgaps (BGs) and vibration modes for each
model. The finite element method (FEM) was used to illustrate the generation
of BGs in low frequency ranges. The commercial finite element code COMSOL
Multiphysics 5.4a was adopted to carry out the numerical analysis, utilizing the
sound conemethod and the strain energy method. Wide BGs were generated for
the Bragg scattering BGs and local resonance BGs owing to the gradual variations
in tree height and the addition of a vertical load in the formofmass to simulate the
tree foliage. The results were promising and confirmed the applicability of FEM
based on the parametric design language ANSYS 17.2 software to apply the
boundary conditions of the proposed models at frequencies below 100 Hz. The
effects of the mechanical properties of the six layers of soil and the geometric
parameters of FMs were studied intensively. Unit cell layouts and an engineered
configuration for arranging FMs based on periodic theory to achieve significant
results in controlling ground vibrations, which are valuable for protecting a large
number of structures or an entire city, are recommended. Prior to construction,
protecting a region and exerting control over FM characteristics are
advantageous. The results exhibited the effect of the ‘trees’ upper portion
(e.g., leaves, crown, and lateral bulky branches) and the gradual change in tree
height on the width and position of BGs, which refers to the attenuation
mechanism. Low frequency ranges of less than 100 Hz were particularly well
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suited for attenuating SWs with FMs. However, an engineering method for a safe
city construction should be proposed on the basis of the arrangement of urban
trees to allow for the shielding of SWs in specific frequency ranges.

KEYWORDS

forest metamaterial, seismic waves, periodic structure, low-frequency wide BGs,
FRF curves

1 Introduction

Seismic waves (SWs) are one of the physical phenomena that
affect people and their property, and because the occurrence of this
phenomenon is difficult to prevent, it must be minimized
(Thompson et al., 2008). Thus, comprehending the causes of its
danger, how to deal with it, and the possibility of reducing its risk is
critical. Even though elastic waves (EWs) can cause significant
structural damage (Marazzani et al., 2021; Qahtan et al., 2022),
there must be techniques to reduce their destructive harms to protect
constructions that can resist the coercion of a disaster when it
occurs. The complete understanding of EW propagation is the first
step toward developing attenuation techniques (Du et al., 2017). Pu
et al. (Pu and Shi, 2018) investigated the effectiveness of periodic
barriers and developed a better method for reducing elastic surface
wave propagation and damping in soil. New methods for
dramatically reducing the propagation of EWs (Sang et al., 2018;
Mandal and Somala, 2020; Huang et al., 2021; Li G. et al., 2022),
mitigating SWs (Jia and Shi, 2010; Colombi et al., 2020; Daradkeh
et al., 2022), controlling ground vibrations (Dijckmans et al., 2015;
Gao et al., 2015; Jiang et al., 2015; Schevenels and Lombaert, 2017;
Thompson et al., 2019; An, 2022), utilizing seismic clocks (Sens-
Schönfelder, 2008; Aravantinos-Zafiris and Sigalas, 2015; Gahlmann
and Tassin, 2022), using sound sensors (Dong, 2021; Yang et al.,
2021), and guiding waves (Prati, 2006; Li et al., 2021; Thomes et al.,
2022) based on periodic structure theory have emerged. For
attenuation purposes, locally resonant structures have been used
as periodic structures in the frequency of interest to mitigate EWs
(Wang M. Y. and Wang X., 2013). Huang et al. (Huang and Shi,
2013) investigated a periodic array of piles with their dispersion
relation for vibration attenuation. Wood et al. (Woods et al., 1974)
came up with the idea of using a regular pattern of vertical holes to
deliberate down surface waves.

In natural disasters, most damage is caused by elastic surface
waves (Uhlemann et al., 2016). Protecting civil structures from EWs
can be accomplished by converting surface waves into shear waves
(Wei et al., 2015). Engineered metawall barriers use local resonance
(LR) to transform surface waves into bulk waves that permeate far
below the surface (Mir et al., 2018). Kim et al. (Kim, 2012) shed light
on a number of exciting design challenges, such as the effect of urban
trees on the attenuation of EWs and their applications for SW
hazard. Over a specific frequency range, periodically arranged
metamaterials show significant attenuation of surface waves
better than those arranged in a random way (Huang et al., 2019).
Metamaterials are synthetic composites with desirable properties
that are more valuable than the individual components (Kaushik,
2023). In essence, the expression “metamaterial” is a novel concept
in the field of material design (Seive, 2019). To realize appropriate
material operations, this concept overcomes the apparent natural

rule of order structure on a critical performance scale (Barbuto,
2015). Themain purpose of using seismic metamaterials is to protect
building structures from wave hazards (Mu et al., 2020). However,
the use of inexpensive materials and the realization of ecological
construction are desirable. Urban trees are becoming increasingly
popular because they greatly attenuate surface waves in cities (Liu
et al., 2019). Forest metamaterials (FMs) are organized in a periodic
way as seismic metamaterials (Colombi et al., 2016a). In comparison
with the normal state’s disorganized arrangement, FMs have distinct
bandgaps (BGs) (Muhammad et al., 2020). As a result, they are an
efficient, economical, and environment-friendly way to reduce the
effects of EWs and control ground vibrations. Recent studies have
addressed a number of construction problems, which include the
role of forest trees in EW attenuation (Colombi et al., 2016a;
Colombi et al., 2016b; Lott et al., 2020; Muhammad et al., 2020;
Qahtan et al., 2022; He et al., 2023). Because of indirect interactions
between plants and ground reflection, low-frequency EWs are
attenuated (Lim, 2021).

Natural available metamaterials of forest trees can be used at the
subwavelength scale of low-frequency BGs (Colombi et al., 2016a;
Miniaci et al., 2016; Liu et al., 2019; Muhammad et al., 2020; Lim,
2021). Maurel et al. (Maurel et al., 2018) reported the coupling
between the LR modes and impedance mismatch of converting
elastic Love waves into bulk waves due to planting trees in the
ground. Although BGs appear generally in the frequency range of
interest (low frequencies bellow 100 Hz), many studies have been
conducted on the results of experiments and simulations for the LR
and Bragg scattering (BS) characters (Wang Y.-F. and Wang Y.-S.,
2013; Brûlé et al., 2014; Lim, 2019; Sánchez et al., 2021; Wang et al.,
2021; Zeng et al., 2022). The arrangement of trees and their
resonance eigenvalues are coupled with the induced elastic
surface waves (Muhammad et al., 2020). The mechanism of
attenuating EWs and obtaining wide BGs in low frequency
ranges is still obscure. The influence of various factors of FMs,
such as the geometric properties of natural trees and the mechanical
properties of soil, is not clear enough to achieve a distinctive model
of BGs with the same order at least as other industrial materials, such
as steel sections (Zhang et al., 2021). In the realm of planting and
urbanity, trees have the potential to contribute to ecological
conception, economic effects, and civilization and environmental
values (Roux et al., 2018). Related works show an arrangement for
protecting functionality by using rows of forest trees on the upper
layer of substrate soil (Muhammad et al., 2020; Li S. et al., 2022).
Trees in the forest have been used as seismic shields given their
properties as natural metamaterials (Colquitt et al., 2017; Sewar
et al., 2022). The numerical calculation of (2D) models, which
ignores information about the propagation in the third direction,
may lead to the loss of an essential calculation point (Audusse et al.,
2021). Through a three dimension (3D) simulationmodel, which is a
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type of engineering, numerical analysis can be used to represent the
visibility of an urban forest in a way that effectively protects against
low-frequency EWs (Huang et al., 2019). The use of vegetation as an
environmental solution to ground vibration problems has gained
popularity (Lombi and Susini, 2009). Environmental solutions for
noise and ground vibration reduction in the low frequency range are
achieved through the interplay between periodic structures and
ground reflections, which occurs in a roundabout way (Garg, 2022).

The increasing interest in natural metamaterials opens new
paths to protect threatened areas of EW propagation. A
qualitative investigation has been carried out to study the effects
of various geometrical characteristics, including green belt
configurations, resonator height, radius, lateral side branches,
multilayers of soil, water content, and mechanical properties
(i.e., elastic modulus, density, and Poisson’s ratio), on the
elimination and control of BG characteristics (Azzouz, 2021).
The search for sustainable and eco-friendly solutions to such
problems has become a necessity. Forest trees can be
manipulated and engineered to provide protection and safety
against ground vibration and noise (Cook and Van Haverbeke,
1974). FM-on substrate soil provide an effective offense in EWs’
attenuation mechanism (Maurel et al., 2018). However, the
mechanism and modeling of vibration reduction should be
clearly emphasized. Incident elastic surface waves can be
transformed into bulk shear waves or reflected, resulting in a
“seismic rainbow” effect similar to the electromagnetic surface
optical rainbow (Colombi et al., 2016a). Although investigations
have shown essential and promising development in the use of FMs
as vibratory EW attenuators, considerable knowledge gaps remain in
this research field. For example, several proposed models have been
implemented to confirm observed simulation results (Colombi et al.,
2016a; Zhang and He, 2021). While a surface wave propagates in
forested areas and then gradually increases or decreases, it is
reflected back or converted into a body wave and propagated
downward (Colombi et al., 2017). There is a decent
understanding of the effectiveness of resonators/FMs to produce
a BG at their resonant frequency (Huang et al., 2019). Although, the
ability to produce a wide BG at low frequencies (<100 Hz) for
practical applications is desirable, it is still unclear for vibration
reduction applications.

Accordingly, in this paper, 3D simulations of FMs, including
their upper parts, are numerically highlighted and modeled in an
engineering way. The aim is to identify the role of urban trees in
the attenuation of EWs, as well as the effect of different heights of
periodic structures upward and downward on creating wide BGs
in the frequencies of interest less than 100 Hz. Research methods
have shifted to metamaterials, rearranging periodic structures in
soil in a specific geometric way. FMs’ extensive range of
applications toward urban areas includes the capacity to
generate BS and LR BGs. The increasing interest in
metamaterials is opening up new paths for future study
toward defending major cities and buildings that are in danger
from the propagation of EWs. Within the context of the
significant interest shown in research activities, an opportunity
has arisen to investigate the benefits offered by urban trees in the
formation of environmental systems that are free from the effects
of noise pollution and secure against the dangers posed by
earthquakes and other forms of natural calamity.

This paper introduces a metawall composed of a forest, in which
each unit has a unique configuration in terms of height, width,
lattice, and distance from the source of EW energy. The proposed
model investigates the role of the upper part of forest trees in
attenuating SWs. It demonstrates the effectiveness of a 3D
simulation of metawall with various configurations to assess the
effect of foliage to create BGs on dispersion curves of wave
propagation. Furthermore, this study examines how the width
and position of BGs are influenced by multiple layers of soil,
each with its own mechanical properties. The innovation of this
work centers around the use of forest trees as natural metamaterials,
termed FMs, for attenuating SWs. This paper introduces an
innovative concept: using forest trees, arranged in a periodic
pattern around a protected area, as a method for seismic wave
suppression. It explores how different configurations of these forest
metamaterials, including variations in tree height and the addition of
mass to simulate foliage, can create band gaps in low-frequency
ranges. This approach is novel in its integration of natural elements
into engineering solutions for seismic wave attenuation, providing a
sustainable and ecologically friendly method to protect urban areas
from seismic activity. The main objective of this study is to
determine the optimal distribution pattern of forest trees around
designated conservation areas for maximum protection and
effectiveness.

2 Numerical analysis and
design methods

This work advances numerically in simulating SWs to address
specific problems. It focuses on the effectiveness of FMs under SW
excitation at low frequencies less than 100 Hz. The metawall of FMs
represents that resonators interact with SWs in substrate soil; thus,
behavior toward attenuating SWs in mechanism is called BG in the
field of metamaterials, in which FMM is used as a natural material
and the low frequency range is extended to 100 Hz. Through
swapping waves via the first irreducible Brillouin zone, the
features of BG are realized to attenuate SW propagation.

2.1 Metawall calculation model

This work is limited to the analysis of SWs by using a 3D model.
The velocities of primary and secondary waves differ depending on
how particles are distributed along the longitudinal and transverse
axes. To avoid complexity, when the band structures of the FM
resonator are arranged in a periodic pattern, EWs are attenuated.
The lattice is considered a function of the wavelength of EW in the
soil substrate. Herein, it equals to 50% of λω, where λω is the
wavelength of EW in the first BG of BS. The commercial code of
COMSOL Multiphysics 5.4a software is valuable to solving the
model through the solid mechanics study module. COMSOL
Multiphysics 5.4a is also adequate to calculate the corresponding
eigenvalues of the unit cell frequency modes of the first irreducible
Brillouin zone and swap the periodic arrangement in ΓXMΓ as
shown in Figure 1B. In this study, the real growth of a tree species
resembling a unit cell is shaped as a circular truncated cone,
expressing the radius of the truck at the top equal to the half
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value of the bottom radius (r), i.e., r = a/10. A mass-effect model is
used to make simulations easy and represent the branches and
crowns, measured in meters. The dimensions are considered a
percentage of wavelength λω, as demonstrated in Figure 1.

A periodic structure has a similar effect to the atomic periodic
potential field on electrons. On the basis of this similarity, this study
directly refers to the lattice in physics to describe the periodicity of
structures. The concept of this phenomenon extends periodic
structures to nanoscale. A periodic structure is represented as
“metawall,” which can be simplified into a cantilever bending
wall on soil as locally vertical resonators, FMs. The effects of tree
branches and crowns are considered when establishing the
numerical model. The influence of roots on scattering is
negligible, on the basis that the roots act as a connecting tool
between the soil and the trees. Different configurations of a unit
cell are demonstrated to represent the unit cell of urban trees in real
images. The mechanical properties of unit cell configurations
include the following: ρ is the density of the material, E is the
modulus of elasticity, and υ is the Poisson’s ratio for the
corresponding material, as presented in Table 1.

An inhomogeneous mechanism is used by replacing an
equivalent “metawall” filled with an isotropic medium of soil
(Marigo and Maurel, 2017). The conforming proposed model of
different configurations allows for an analysis to study the influence
of many factors, such as the mechanical properties of the unit cell,
changing height of trees, lattice shape, distance from wave sources,
number of resonator rows, and multilayered soil. A user-controlled
adaptive mesh for the unit cell is utilized, ensuring that the

maximum element size is less than 1/10 of the wavelength of an
ancient wave. Mesh size convergence is performed, and a portion of
this analysis is achieved. A maximum element size of 0.2 m and a
corresponding triangular finer mesh size are determined as
adequate. Convergence plots are provided in Section 3.3 of this
study to visually represent the stability and accuracy of the results as
the mesh is refined.

2.2 Governing wave equation

The mathematically governing equation for the propagation of
waves in a medium is considered the same as that in a linear elastic
homogeneous medium (Mei et al., 2003), ignoring the body forces,
regardless of whether the damping is expressed by the displacement
vector, i.e.,:

E
2 1 + v( )∇

2u + E
2 1 + v( ) 1 − 2v( )∇ ∇.u( ) � −ρω2u (1)

The proposed FMs should satisfy periodic boundary conditions
based on Bloch theory as:

u r + a( ) � eik.au r( ) (2)
where r = (rx, ry, rz) refers to the components of location vector
matching on the FM boundary, u(r) is the displacement vector of the
“metawall” nodes, and a is the lattice constant. Then, through
substituting Eq. 1 into Eq. 2, the equation of calculation
eigenvalues can be expressed as:

Ω K( ) − ω2M K( )( ).u � 0 (3)
where ω is the angular frequency; K is the wave vector; Ω and M are
the stiffness and the mass matrix of the unit cell, respectively, which
are functions of the wave vector, K. The wave propagation follows
the equilibrium equation in the time domain for an inhomogeneous
elastic medium, and the body force term is not included because it
has no significant effect (Irschik et al., 1994). Several mathematical
schemes and techniques could be used to calculate the swapping

FIGURE 1
Seismic waves and periodic FM barriers, (B) Comparison of FM in Nature, (C) Tree-soil unit cell, and (D) first BZs (hatched blue areas) and first
irreducible Brillouin zones (solid line).

TABLE 1 Mechanical properties for the proposed FM (Maurel et al., 2018;
Muhammad et al., 2020).

Model ρ (kg/m3) E (MPa) υ

Foliage 200 23.8 0.4

FMM 1,000 2000 0.3

Soil 2,000 200 0.35
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vector of elastic surface waves propagating in a given frequency
range. To eliminate numerical calculations, the finite element
method is used to estimate the solution inside a particular elastic
domain as a compilation of basic solutions created by a collection of
virtual sources located outside the domain. When the amplitude
factor (K) is known, the systems of Eq. 2 can be established to solve
the eigenvalue problems adopted via COMSOL Multiphysics 5.4a
directly in a finite medium by sweeping the K-vector along the
transition (front) sides of the irreducible Brillouin zone under
complex boundary conditions. A free surface must be imposed
on this situation (to the resonator), whereas a fixed boundary
must be imposed on the bottom (u = 0). As a result of sweeping
the wave vector, dispersion curves of the total dispersion relation
are produced.

2.3 Comparison cases

To verify the reliability of the calculation methods in this paper
with those applied in the electromagnetic field and postprocessing
methods, two previous research models are selected; both are carried
out on a nanoscale and are similar to the model studied in this work.
Figure 2 compares the dispersion curve and the calculation model of
a similar technique that was reported. The dispersion curve and
calculation model depict the band structure of resonant frequencies
applied on the top of a semi-infinite substrate soil for model
validation by Colombi et al. (Colombi et al., 2016a), of hollow
black origin. The sound cone method (SCM) processes the
dispersion curve of periodic structures, and the calculated results
have good correlation, which can be used to derive the surface wave
eigenmodes from the bulk wave modes with excellent agreement.
The substrate is composed of sedimentary soil, and the scatterers on
the surface are trees. It is also used SCM to process the dispersion
curve of their proposed model. The blue solid line in the figure is the
sound line, and the light solid lines are the surface wave dispersion
curves screened by SCM. The red dots in the figure represent the

surface wave mode screened by Muhammad et al. (Muhammad
et al., 2020), and the space areas represent the BGs. The figure shows
that the computed BG result is compatible with past study results,
confirming the accuracy of the current method. The calculation
results are compared in the figure with all those obtained from the
existing calculation methods. The double line is the difference
between the 3D analysis and the 2D ones presented in
previous studies.

3 Numerical simulation

3.1 Model shapes under analysis

In this section, the focus is on analyzing wave propagation and
mode shapes in the context of EWs interacting with forest
metamaterials. By employing numerical simulations, the study
examines the combined effects of bulk and surface waves, which
are fundamental to EW formation due to subsurface complexities.
This section delves into the dispersion characteristics of these waves,
highlighting their interactions with the metamaterials. EWs’ BG
characteristics are predicted via numerical simulations. Various bulk
and surface waves combine to form EWs as a result of the subsurface
formation’s complexity. Seismic surveys can produce EWs when the
shear wave velocity of one layer is substantially lower than the
velocity of the layer above it. The mode shape analysis is consistent
with periodicity, as shown in Figure 3. The metawall unit cell of
FMM in square lattice with foliage for compression ignores the
foliage effect and includes multilayers of soil.

Bulk and surface wave modes are included in the dispersion
curves of the 3D model. SCM is used to differentiate between pure
wave modes because of the peculiarities of EW propagation. The
surface wave’s dispersion curve is shown under the sound line, and
the BGs visible in the blue hatched area are its dispersion gaps.
Seismic surface wave BGs and bulk wave modes with extremely high
frequencies can be found outside the sound cone. Moreover, the

FIGURE 2
Validation of the dispersion curve through case verification with (Colombi et al., 2016a; Muhammad et al., 2020).
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dispersion properties of elastic waves (EWs) and their interactions
with forest metamaterials are explored. The mode shapes relevant to
the analysis capture both surface and bulk wave dynamics. Emphasis
is placed on modeling the upper sections of forest trees, representing
tree branches and biomass as vertical loads to simulate foliage
effects. This approach aligns the simulation outcomes with real-
world forest configurations, ensuring a realistic representation of
wave interactions within varied forest densities.

3.2 Postprocessing physics methods

Bulk waves travel down into deeper soil layers, while surface
waves travel along the soil surface (Matthews et al., 1996). Surface
waves concentrate their energy primarily on the ground within
one or two Rayleigh wavelengths (Pu and Shi, 2017). To achieve
surface waves, SCM is used, in which pure surface waves clearly
appear below the acoustic line caused by the peculiarities of wave
propagation on the surface (Khelif et al., 2010). The sound line
constrains the sound cone when it corresponds to the smallest
value of the soil phase velocity concept (Huang et al., 2017).
Software such as COMSOL Multiphysics 5.4a offers predefined
equations to simulate various physical phenomena (Huang and
Shi, 2013). COMSOL Multiphysics 5.4a is used to calculate the
dispersion curves of periodic systems because it can integrate the
formula of eigenvalue and deal with boundary conditions. In this
study, the dispersion curves for surface and bulk SWs are
calculated using 3D periodic modes with no clear distinction;
a locally resonant system is well suited for SCM. In terms of LR
and BS, no surface wave mode occurs outside the sound line
diagram. Pure surface SW modes are obtained inside the sound
line (Khelif et al., 2010). Sound cone lines are calculated in

various directions to plot the sound cone diagram, as shown
as follows:

w � K × Cs (4)
where Cs is the shear wave velocity of the upper soil layer, which can
be calculated as:

Cs �
��
μ

ρ

√
(5)

where µ is the shear factor of the upper soil layer, and ρ refers to the
soil’s bulk density. The infinite periodic structure in the first
irreducible Brillouin zone can be calculated using only a unit cell
through the similarity of BZs. The EW vector (K) can be demarcated
in the first irreducible Brillouin zone only. The unit cell must meet
the periodic boundary conditions. Then, COMSOL Multiphysics
5.4a software with complex boundaries is used to solve the
eigenvalues for calculating the dispersion curves of the 3D model.
This work proposes the use of the energy density method (EDM) to
comprehensively study high-frequency surface modes. In
accordance with the propagation characteristics of surface EWs
in the upper layer of the ground soil and bulk wave propagation
in lower layers, the energy of surface waves should be mainly
concentrated in 1 or 2 times of the wavelength for EWs on the
ground (Huang and Shi, 2015). Hence, the energy dispersal in the
3D model can be observed, and the dispersion curves are verified by
the EDM, as presented in the following equation:

DOE � ∫∫∫
ht
1
2TijSij*dxdydz∫∫∫

H
1
2TijSij*dxdydz

(6)

The distribution of energy in Eq. 6 is defined as the energy of EW
distribution factor, where Tij represents the tensors of stresses, and

FIGURE 3
Various model shapes (A) 3D metawall, (B) with foliage, (C) without foliage, (D) with layered soil.
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Sij* refers to the conjugate tensors of the strain. The integral limits on
the numerators range of sedimentary soil from 0 to h1 = 2a,
measured from the ground surface in the z-axis, and the integral
limits on the denominators range of bottom soil from h1 to hs,
measured through the bottom layers of soil where, h1 is the
sedimentary soil, and hs is the total height of soil layers; strain
energy density is integrated to achieve elastic strain energy (Huang
et al., 2017). Therefore, the value of energy distribution factor must
change between 0 and 1. A high value of distribution of energy
means that the energy on the soil surface (2a) is high. The strain
energy generated by vibration is concentrated on the soil surface.
Thus, the critical value of distribution of energy can be defined in
small values, such as 0.6–0.9. The recognized surface wave mode is
produced by the energy concentrated near the ground surface. In
accordance with the ratio of the wavelength in BG frequencies to FM
dimensions, as well as the lattice constant, BGs can be divided into
BS and LR. Generally, these two types of BG formation are the result
of the collective properties of periodic structures. No obvious
difference exists between LR and BS systems. The BGs produced
by these two actions are likely to exist in the proposed system.
Although the “metawall” system mainly reflects the resonance
characteristics, BGs are still produced by the apparatus of BS in
the system. The periodicity of scatterer configurations plays a key
role in determining BS BGs; for LR, the greatest role is played by the
resonance characteristics of single FM. The SCM approach is mostly
applicable to systems with BGs that are obtained by the apparatus of
LR; however, it is blind to surface wave modes that are not shear
waves. The dispersion curve of the surface wave can be seen below
the sound cone; the blue line is the sound line, and the surface wave
modes are inside the sound cone. Outside of the sound cone is a
continuous area that represents entirely probable bulk wave modes
and high frequencies of surface wave BGs. This region could be
assumed as an extension of the sound cone. A representative unit cell
is used in the calculation of dispersion curves and presented beside

the dispersion curve in Figure 4, and a perfect wave-forbidding
function is found in an infinite periodic FM. By contrast, practical
uses of periodic trees require that they are structured with a limited
number of unit cells. The BG generation mechanism is illustrated by
calculating low and high BG vibration modes only at
boundary of BGs.

According to the results of this calculation, wave mode coupling
occurs at the resonance attachment point between the longitudinal
patterns of FMs and the vertical motion of incoming waves. This
coupling causes SWs to move in phase, and the periodic
arrangement of trees acts constructively to provide a large BG.
The upper section of FM depicts supplementary branches and/or
foliage that appear to improve the coupling strength even further. It
is demonstrated a significant degree of vibration reduction within
the BG frequency by establishing the boundary conditions of the 3D
model. The vibration modes in Figure 4 (a) include points (P1) and
(P2). Owing to the bending of FMs within SCM, not all FM
resonances can produce LR BGs. The vibration mode only differs
in the direction of vibration and has the same vibration deformation.
Several straight bands can be seen in the dispersion curves of
Figure 4. No BG exists between these frequency bands. In the
study of metamaterials, such bands are called flat bands. These
flat bands are composed of two curves of frequency bands that are
located for observation, and the vibration modes of points in the
upper and lower frequency bands are selected.

3.3 Transmission spectrum analysis

To absorb propagating EWs, a symmetric load of boundary
condition is added to the left and right sides of the model, which is
perpendicular to the y direction, to simulate the actual mode of FMs.
The “metawall” has a width of one unit representing the periodically
planted forest on the ANSYS 17.2 finite element software. This

FIGURE 4
(A) dispersion curves in ΓXMΓ, (B) unit cell, and (C, D) flat bands vibration modes in the same frequency.
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model assumes that the forest is planted in a periodic manner, and
the model volume is reduced to simplify the calculation.
Transmission pertains to the ratio of the transmitted wave energy
and the incident wave energy in sound cone theory. The
mathematical expression of transmission is:

T � 20 × log
wt

wi
( ) (7)

where wt and wi are the transmitted wave energy and incident wave
energy, respectively. The amplitude reduction factor (ARF) offers a
transmission help in visualizing the attenuation mechanism. ARF is
used to evaluate the transmission efficiency of barriers for SW
attenuation and defined as follows:

ARF � Amplitude of substrate soil within barriers

Amplitude of substrate soil throughout barriers
(8)

With regard to physical properties, such as acceleration and
displacement in the z-axis, maximum values are known as
amplitudes. Over a certain range, ARF exhibits some degree of
freedom. FRF, also known as the transfer function, is defined as the
ratio of the complex output amplitude to the complex input
amplitude. The frequency response function (FRF) represents the
output per unit sinusoidal input at a specific frequency for a
sinusoidal input. Measuring the frequency response typically
entails stimulating the system with an input signal, determining
the resulting output signal, calculating the frequency spectra of the
two signals, and comparing the spectra to isolate the system’s effect.
In this case, the sources are turned on sequentially. It is also found
that when the first source excites the FM, FRF can be calculated by
dividing the FM response signal by the model without the FM signal.
The average value of FRF is also used to describe the efficiency of the
attenuation mechanism, and it can be calculated using the
following formula:

FRF � 1
S
∫

S
20 log10 ARF( )ds (9)

where s is the vibration-sensitive range located behind the barriers.
The EW in the BG is forbidden from propagation, and the
transmission factor will decay in parallel to the normal case of
propagation. As a result, metawall arrangement is an excellent
indicator of the location and width of the BG that has been
created. Furthermore, the transmission changeability indicates the
physical mechanism of the BG structure. The plot of dispersion
curves and the FRF in the same plot are the best way to find the BGs.
To ensure that resonance occurs at the expected frequencies, an
evaluation of each configuration is carried out in each mode of the
metaforest. At frequencies in which the transmission ratio is less
than 1, the total amount of displacement is plotted against frequency
to assess how it changes over time. After the meshing of the model
divided by a small fine value, such as 0.2 m, in each direction by
using ANSYS 17.2, a spring is added in the x, y, and z directions of
each node. The viscoelastic spring boundary conditions are added,
as shown in Figure 5. Afterward, the absorbed EW is measured
smoothly, ensuring the simulation accuracy and reliability.

The analysis of the dynamic responses of “metawall” models is
conducted using the ANSYS17.2 finite element software. In this
study, the source of the excitation wave is set up at (2a) away from

the closest side surface, and the observation (receiver) line is located
at (2a) away from the other side. Viscoelastic boundaries are mainly
interpreted as artificial boundaries. A damper for absorbing the
energy of the wave propagating toward the boundary is utilized, in
which the elastic modulus of the spring and the damping constant of
the damper are determined by chosen material parameters of the
periodic FMs. A comprehensive mesh convergence study was
conducted, employing a user-controlled adaptive mesh for the
unit cell. This study ensured that the maximum element size was
maintained at less than one-tenth of the wavelength of an incident
wave, adhering to rigorous accuracy standards. To scientifically
quantify mesh convergence, it is incorporated specific metrics,
including the percentage of allowable error. The results showed
convergence with a maximum element size of 0.2 m and a finer
mesh, which was determined to be adequate for our simulations.
Through the ANSYS 17.2 parametric design language, when the
viscoelastic boundary conditions are applied, the periodic FMs are
set perpendicular to the x-axis and the bottom with the z-axis. A
frequency-domain analysis is used instead of a time-domain analysis
in COMSOL Multiphysics 5.4a because of the enormous computing
time required. The x-direction end face of the wall receives a
predetermined displacement. The other end face is subjected to a
traction-free boundary condition, and the wall’s lateral faces are
subjected to periodic boundary conditions.

4 Results and discussions

Numerical computation of the incident SW values is performed
using extensions of the eigenmode method via COMSOL
Multiphysics 5.4a. The 3D model, with the mechanical properties
presented in Section 2.1, is adopted. In this case, the effective surface
wave velocity of the model is 190.4 m/s. The first BS BG center
frequency (fm) is 41.5 Hz. The corresponding wavelength λw is:

λw � Cs

fm
� 190.4

41.5
� 4.57m (10)

This wavelength is almost twice the lattice constant, or λw = 2a.
Accordingly, a = 2.3 m. The geometric parameters used in this case
are expressed as a ratio of wavelength, as mentioned in Sec. 2.1. The
tree space is a = 2.3 m; thus, the height of trunk ht = 11.5 m, and the
radius of the bottom of the trunk is r = 0.23 m. The soil depth should
be sufficiently large compared to the tree spacing (Oudich and
Badreddine Assouar, 2012; Xu and Peng, 2015). The accuracy of
these calculations has been corroborated by the findings of Liu et al.
(Liu et al., 2019). Hence, a unit cell with a height of 30 m
(i.e., 10–15 times ‘a’) was considered reasonable for band gap
calculation (Miniaci et al., 2016; Du et al., 2017; Du et al., 2018;
Lim and Reddy, 2019). This method allows for an accurate
determination of the stress-strain relationship when subjected to
seismic wave excitations, offering a deeper understanding of the
wave attenuation properties of the metamaterials. The soil, hS2 =
25.4 m, for ground height and, h S1 = 4.6 m, for the guiding layer. For
the starting frequency represented by P1, the tree and soil exhibit
some degree of deformation. The bands are not fully opened, and
only BGs in the “ΓX” region are determined. The best approach to
explain the wave reflections induced by FMs is creating a model and
calculating the finite size of “metawall”.
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In this study, the FEM is employed to simulate the interaction
between seismic waves and forest metamaterials. The FEM allows
for detailed analysis of the complex geometries and material
properties inherent in the proposed model. It is utilized a
discretized model of the physical system, subdividing the forest
metamaterials into smaller, manageable finite elements. The
results from FEM simulations are instrumental in
understanding and optimizing the design and arrangement of
forest metamaterials for effective seismic wave attenuation. The
simulation modeling is realized via ANSYS 17.2. The viscoelastic
boundary elements are accurately modeled to a sufficient level.
Boundary finite elements are added to the surfaces parallel to the x
direction and the bottom face. To simplify the computation model,
periodic boundary conditions are also added to the surface that is
orthogonal to the y direction. Furthermore, the vibration modes of
FMs/resonators are computed at the edges of the BGs, as
highlighted in the gray area in Figure 6. The patterns through
the points in the scattering curve of the upper and lower edges of
the paired BGs show the patterns of the edge bands in all BGs. If the
wave primarily propagates along the ground surface and is outside
the BG, the EW would pass through the entire model without
causing any disruption. Frequencies of 16 and 48 Hz are used as an
example of permitting surface waves to pass outside BGs. However,
the BG suppresses the EW’s ability to propagate, such as at
frequencies of 47, 50, and 73 Hz, inside BG frequencies, and
both points inside and outside of the BGs. Figure 6A depicts
the FRF curves. The FRF’s attenuation region closely matches the
BGs that could be solved within the sound cone, as observed in the
dispersion curves in Figure 6B. The vibration patterns of
maximum and minimum low-order longitudinal resonances of
the resonator FMs are indicated by dark and light points,
respectively, which are highlighted in the vibration modes
presented in Figure 6C. Figure 6D displays the displacement
distribution for simulating the surface wave feature in the
metawall model. The outcomes demonstrate the BG’s wave-
forbidding property in FMs; at the same time, the earth
surface’s soil movement is nearly constant. Because the FMs are
positioned as a cantilever column in the soil, when the soil shakes

on the earth’s surface, it indicates the movement of the stand; the
FMs vibrate in accordance with this movement, as depicted in
Figure 6D. The vibration of trees is a clear curvature movement
during the arrival of the wave to the soil’s surface and its vibration.
The LR BGs below the sound line in the dispersion curves are
observed. In consideration of the geometric parameters, the band
structure shows the presence of wide LR in the frequency ranges of
30.61–36.12 Hz and 38.47–46.81 Hz separated at a passband
around 37.25 Hz as gray highlighted regions. This solution is
considered to elucidate the mechanism of BG generation in the
BS eigenmodes beyond the sound line (black solid line), indicating
highlighted BS (shaded gray regions) from 48.17 Hz to 53.61 Hz
and from 68.11 Hz to 74.45 Hz. These gaps dampen the shear wave
by about 40%. In general, the symmetric and antisymmetric
eigenmodes’ characteristics, as well as those of the substrate
where the resonators are integrated, cause the longitudinal and
curvature modes, which depend on these characteristics to
produce BGs.

In the past few years, numerical simulations have been
extensively used to determine the effectiveness of periodic
structures for the attenuation of EWs and earthquakes in general
and to study the factors affecting the attenuation mechanism in
particular. Designing periodic structures based on the results of
modular analysis is usually a fast, economical, and high-precision
method. Therefore, numerical simulations are conducted to
examine a group of models of natural metamaterials, arrange
them as periodic structures in soil, know the effectiveness of 3D
models of these resonators for mitigating the propagation of SWs,
and prove the most effective models for attenuating SWs and
protecting cities from the dangers of ground vibrations. The
mechanism of the attenuation for SW hazard by periodic FMs is
applied in this section in consideration of the effects of several
factors, including multilayered soil with different properties,
“tree–soil” unit cell with various configurations and lattice
shapes, FMs’ upper part, bulky side branches, and foliage with
crown, and metawall with gradually changing trunk height. The
numerical simulation of these factors is performed on the basis of
the finite element analysis of the 3D model in five cases.

FIGURE 5
Mesh size and viscoelastic boundary conditions for 3D metawall with periodic FMM.
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4.1 Layered soil medium

The simulations in the model of this case are repeated as a
transitional step, using soil parameters, via COMSOL Multiphysics
5.4a. Medium dense, dry, uniform sand is chosen as the type of soil
because it exhibits the most linear behavior in reality. The assigned
soil is still considered as a linear elastic material. On the basis of the
assumption that studying and modeling soil layers with
inhomogeneity and different consolidated soil characteristics, as
well as the universal properties of many layers, are difficult, there
may be considerable attenuation in ground vibrations. This
condition validates the study’s findings and concludes that
resonant trees reduce vibrations better than single homogeneous
layers of sedimentary soil, confirming the effectiveness of FMs in

attenuating SWs in other stratified ground conditions. To make this
study universal, layered soils are considered in the model of
Figure 7A. The heterogeneity in the properties obtained from in
situ experiments is accounted for to suit the properties of the soil
layers (Pu and Shi, 2018). The dispersion available in multilayer soils
comprises different modulus of elasticity, density, and Poisson’s
ratio compared with that in single-layer soils. The dispersion curves
of SWs propagating in various layers of soil return unlike the
dispersion curves with different rigidity and density in one-layer
soil (Lim and Reddy, 2019). Gao et al. (Gao et al., 2015) conducted
cone penetration experiments in the coastal plain of Shanghai City,
China and discovered that soils may be classified into six strata on
the basis of their mechanical properties (i.e., Young’s modulus,
Poisson’s ratio, and density). The properties of the layers for

FIGURE 6
3D band structure of FMMs: (A) FRF curve, (B) dispersion curves in “ΓX,” (C) vibration modes, (D) displacement distribution diagram in the
corresponding frequencies.
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simulation in this case are indicated in Table 2. The properties of the
material effects for single- and multilayer profiles are explored in
relation to many geotechnical tests performed in situ. Previous
studies (Atala et al., 2013; Davis and Hussein, 2014; Dai et al.,
2017) have applied perfectly matched layers (PML) at the bottom
and both ends of the finite domain model to ensure an infinite
boundary and to avoid the back reflection of incident waves. It brief,
it is proposed another effective approach by applying the concept of
a viscous-spring boundary condition. The fixed boundary is applied
at the bottom of the model in COMSOL Multiphysics 5.4a.

The dispersion curves in the direction of ΓX are presented in
Figure 7B. The BGs are governed by the coupling of FMs with SWs
that travel on the layered soils, as shown in Figure 7B; the vibration
modes for surface waves move in this hypothetical periodic system,
as illustrated in Figure 7C. The geometric parameters used in this
case are expressed as follows: The tree space is a = 2 m, the height of
the trunk is ht = 11.5 m, the radius of the bottom of the trunk is r =
0.3 m, and the dimension of the foliage volume is 1.5 m × 1.5 m ×
1 m. The properties of the foliage and the forest metamaterials
(FMs) are consistent with those outlined in Table 1, Section 2.1.

FIGURE 7
FMs on multilayers of soil strata: (A) proposed model, (B) dispersion curves, and (C) vibration modes.

TABLE 2 Properties of layers for simulating a multilayer model (Gao et al., 2015; Lim and Reddy, 2019).

Soil type ρ (kg/m3) E (MPa) Depth (m) Height (m) υ

Fill 1830 37 0–2 2 0.4

Clayey silt 1939 44 2–4 2 0.4

Sandy silt 1888 153 4–9.0 5 0.4

Silt 1898 141 9.0–15.5 6.5 0.45

Sandy silt 1837 90 15.5–25.5 10 0.45

Silty clay 1847 155 25.5–30 4.5 0.45
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Table 2 primarily focuses on detailing the characteristics of the
soil layers.

The resonant modes of the infinitely periodic resonator act in a
way that helps produce low-frequency BGs when periodicity
conditions are applied. When the soil medium is replaced with
layered soil and the geometric characteristics of this instance are
maintained, the resonance of LR depends on the resistance
misalliance and coupling of SW modes between the FMs and
soil. The increase in the width of BG is attributed to the
interaction with the resonant FMs. Because the velocity patterns
of SWs change in each layer of a homogeneous medium, surface
impulses travel at amplitudes and phase velocities. The ground effect
results in deductive and eradicative intervention, causing a rise and
minimizing the BG width and having an effective influence on the
attenuation mechanism. For acoustically rigid and stiff surfaces, the

changes in the magnitude of elastic modulus and in relative bulk
density led to a decay in the attenuation ratio, thus improving the
effectiveness of periodic barriers. For spongy soil surfaces, such as
clay, sandy, forestay sand, and gray sandy clay, ground actions can
result in relevant low frequencies. At high frequencies, soft ground
can absorb SWs, so the resonance’s amplitude is changed. The
attenuation mechanism is determined clearly in the vibration modes
of these models, as shown in Figure 7C. The medium’s dispersion
relation classifies waves depending on their component speeds. The
sound cone technique can differentiate between surface and body
waves because the surface wave speed is lower than the body wave
speed. SCM is used to depict the BG for plane waves, and BG
positions are marked as gray regions. According to Figure 7, the
model’s dispersion spectra exhibit three locally resonant BGs at
frequencies of 2.55–5.04 Hz, 7.194–15.07 Hz, and 16.68–22.61 Hz.

FIGURE 8
(A) Proposed model, (B) dispersion curve, (C) FRF plot, (D) dispersion curve, (E) vibration modes, and (F) distribution displacement.
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Wide low-frequency BGs are achieved as a result of LR BGs
developing because of the increased impedance mismatch
between soil strata and built-up FMs. Meanwhile, the layered soil
model shows other BGs on the outside of the sound line; those bands
are BS BGs in the range of frequencies of 28.04–30.92 Hz and
36.08–37.54 Hz. BGs using SCM when applying the boundary
condition refer to the radiation of the slowest bulk wave.

4.2 Characteristic of the upper part of trees

Owing to the unstable, irregular movement of trees’ leaves
caused by wind and the disparity in the shapes and sizes of foliage
and secondary branches, they differ from one species of tree to
another (Hong et al., 2018). Thus, realizing a geometric
simulation model with actual shapes and sizes in the
engineering software used for analysis is a very complex
matter. In this study, the consideration of a cube block shape
with mass added at the top of the resonator FMs is valuable to
investigating the real configuration of tree foliage to study their
contribution to the attenuation mechanism and verify the

changes in BG width and position (Maurel et al., 2018). FMs
interact with EWs, resulting in a wide BG in the low frequencies
of interest (Liu et al., 2019). The movement of the lateral
branches of trees during the occurrence of vibrations is in
different directions, which in turn positively affects the ability
to damp the vibrations (Lim, 2021). Hence, the effect of side
branches connected to the trunk of trees should be considered to
fully understand this mechanism. This case is evaluated using a
simulation approach with the model including vertical load
instead of the upper part of foliage on the top of the trunk
(i.e., equal to 5 times the lattice constant in this study). The FMs
are arranged at a distance (2a) from the source of vibration and
the receiver at the same distance (2a) from the latest periodic FM.
The lattice transformation constant in this case is 2.3 m center to
center of FMs, as shown in Figure 8A. Dispersion relations of
moving EWs in the X direction, as well as FRF curves, clearly
demonstrate the FM BGs in the LR and BS BGs, as depicted in
Figure 8B, C, respectively.

The LR BGs are highlighted under the sound line. The exact
ranges are 7.32–13.71 Hz, 21.18–26.32 Hz, and 37.17–46.62 Hz. In
the actual process using the COMSOL Multiphysics 5.4a software,

FIGURE 9
(A) Proposed model, (B) dispersion curve in the ΓX direction, (C) FRF curve, (D) distribution displacement corresponding.
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the vibration modes plotted in Figure 8D are integrated into EDM
directly to achieve the related strain energy black dots in Figure 8E.
The dispersion curves for moving surface waves in ΓXMΓ direction
in the FMs with foliage in the internal curves of SCM are shown in
the same figure, which are completely consistent with the elastic
surface wave BGs determined in the figure. Some of the high-
frequency surface wave modes are highlighted in gray regions.
The simulation model also identifies some BS BGs for surface
waves beyond the sound line in the ranges of 51.12–58.60 Hz,
74.22–79.24 Hz, and 80.06–84.24 Hz. The calculation methods in
this case involve surface and bulk wave modes, revealing the changes
in wave propagation in the upper part of forest trees. Therefore,
through the presented intensive analysis and the calculation, it is
determined the maximum percentage of the surface wave
attenuation on soil and save the first 100 frequency bands.
Furthermore, as shown in the simulation models, the effect of
foliage appears not only for low bands of tens of hertz but also
for the BGs at frequencies higher than 50 Hz.

The modes of vibration for unit cells indicate noticeable changes
in vibration modes at points from P1 to P8 after damping the surface
propagation of EW through the upper part of FMs. In the case of a
foliage model, the increase in dimensions of foliage BG width
declines. This case presents a detailed investigation into the effect
of tree foliage and branches on ground vibration attenuation,
particularly at low frequencies below 20 Hz. It demonstrates that
these natural elements significantly contribute to the creation of
Rayleigh wave band gaps, which are instrumental in reducing
ground-borne vibrations. This finding emphasizes the potential of
incorporating natural structures into seismic metamaterial design,
offering ecological and effective solutions for vibration control. The
inclusion of foliage, in particular, introduces vital band gaps at lower
frequencies, enhancing the overall efficiency of vibration mitigation
strategies. That is, the coupling of FMs and soil deteriorates with a
negative effect, whichmeans that the foliage can induce further noise
when the incident wave interacts with the structure,
especially in wind.

FIGURE 10
(A) Proposed model, (B) FRF curve, (C) comparison of the displacement distribution plot for the “metawall” model with (red line) and without (blue
line) FMs, and (D) displacement distribution plot.
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4.3 Gradually increasing FM height

In addition to the considerable influence of layered soil and
treetops, another interesting feature appears, which may
significantly affect the propagation of directed waves through
forestation of FMs by increasing tree heights. In this case, FMs
are arranged in a special periodic model, with an increase in FMs’
height from 4 times to 8 times the lattice constant. The FM
parameters are as follows: the lattice is a = 2 m, the trunk radius
at bottom is r = 0.3 m, the trunk radius at top is 0.5 r, and height
changes from 8 m beside the wave sources to 15 m beside the
recording point. The soil contains two layers with 4 and 26 m
heights from up to down with the same parameters provided on
Table 1. The metawall model includes eight rows of FMs, as shown
in Figure 9A. The mechanical properties of the materials are listed
in Section 2.1.

As the height of FM increases, it interacts with the inducing
surface wave, generating extremely wide BGs in the low frequency
range of interest below 100 Hz. To determine the variant

restrictions of the BGs in the 3D models of FMs, the dispersion
curves based on SCM and EDM methods typically establish the
BGs’ characteristics. The gradual change in FMs’ height effects
results in deductive and eradicative intervention, causing a rise
and minimizing the SW attenuation. The sound line divides the
dispersion relations of FMs for medium heights into LR and BS
BGs. The unit cell motion shows that the vibration is related to FM
oscillations. The FMs show a large sinusoidal distortion in LR BGs
in the ranges of 24.15–43.86 Hz and 47.18–51.62 Hz and a strong
surface distortion, almost as strong as the ground movement of the
surface wave below the sound line. On the contrary, such
distortion is noticeably attenuated beyond the sound line to
generate some of the BS BGs of periodic FMs in many ranges,
such as the ranges of 56.21–61.46 and 64.4–79.12 Hz. The analysis
finding in the case of gradually increasing FM height results in
extremely wide BGs for LR and BS BGs. Although BGs do not
appear at low frequencies below 20 Hz, the BGs produced by BS
correspond to surface waves converting into shear waves in the
deep layers of soil.

FIGURE 11
(A) Metawall model, (B) dispersion curves, (C) FRF plots, (D) total displacement distribution plots inside and outside BGs in the z direction.
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4.4 Gradually decreasing tree height

This case includes a numerical analysis of a model with
varying heights of FMs and considers the cutoff frequency for
the propagating wave with decreasing FM height from ht = 15 m
toward shorter trees, ht = 8 m. The other parameters used in this
case are the same as those presented in case (III). The analysis in
this case is suitable to illustrate surface wave propagation along
FMs with decreasing stem height, which becomes increasingly
adapted to being converted into shear wave in deeper soil layers.
The calculation methods here are limited to explaining the effect
of gradually reducing FM height. The results show that when a
tree reaches a certain height, coupled with the resonant
frequency of the vector, it is converted into a common wave,
not adapted to pass the cutoff frequency and thus simply
reflected back to the lower layers of soil. This strongly
asymmetric behavior of surface love waves was shown in a
previous study by Maurel et al. (Maurel et al., 2018). Surface
wave scattering and shifting are also observed in the “metawall”
model. It is considered a point source outside a forest of eight
trees, which generates a love spell in the surface layer of soil. FRF
clearly shows the BGs of the proposed models to verify the effect
of tree height change on the BGs, as shown in Figure 10B. The
displacement distribution diagram in Figure 10D at points
selected from the FRF shows the wave transformation inside
and outside of BGs. The incident wave causes this coupling, and
the periodic formation of trees acts constructively to produce a
wide BG. The results show a strong attenuation of ground
vibration because the first extremally large BG starts from
30.25 Hz to 47.5 Hz, expressed as LR BGs. The establishment
of the bulk wave damping in the BS BGs is visible in the
frequency range of 57.14–65.43 Hz.

4.5 Gradually decreasing foliage height

In this case, the main concern is understanding how the
attenuation effectiveness changes as surface waves move in the
ΓXMΓ direction. As shown in Figure 11, on the top of the trees,
the model includes a foliage effect as a vertical block load with
dimensions of 1.5 m × 1.5 m × 1 m. Eight rows of forest trees are
arranged, in which the height of FMs changes gradually from
15 m to 8 m. The other parameters of FMs are the same as in case
(IV). Engineering FMs with altered stem height and foliage at the
same time as actual tree planting has another effect. While foliage
has a negative effect on increasing noise and low-frequency
vibrations, it plays an important role in converting surface
waves into bulk waves and generating wide BGs for LR and
BS. When the foliage is presented with high trunk FMs, the
reflection of Rayleigh wave remains almost constant throughout
the considered high values. The coupling of strong SW modes
creates great impedance through matching the resonance
between FMs and the foliage fixed in the soil. As a result of
this matching, BGs are generated at 22–31 Hz for LR BGs and
56–64 Hz for BS BGs. The negative effect of foliage disappears in
the range of frequencies lower than 80 Hz, as depicted in
Figure 11. The change in the mechanical properties of soil and
FMs with foliage indicates the effects on the strength of wave

mode coupling. Similarly, the band structure for foliage models
achieves a strong response to absorb wave energy.

5 Conclusion

This work concluded that FMs acted as a harvesting device for
SWs through wide BGs, as evidenced by the hybridization
phenomenon in numerical simulation. To this end, surface wave
attenuation using FMs has been studied intensively on the basis of
periodicity theory. The effects of various parameters, such as layered
soil, foliage, and gradually changing tree height, have been
comprehensively discussed. Conclusions are summarized as follows:

− The surface waves at low frequencies below 100 Hz are refracted
and deflected in the unit cell and converted into shear waves, as
proven through numerical simulations of different
configurations of FMs in this work.

− The changes in BGs’ characteristics due to foliage are
discernible. The results of additional characteristics are
revealed in the case of the response of foliage in the low-
frequency range of SWs, in which the first BGs start with
small frequencies less than 10 Hz and show strong
attenuation of the propagation of SWs. However, their effect
becomes negative during wind waves, which causes
further noise.

− According to the findings of this study, the wave propagation in
layered soil results in refracted seismic surface waves at
frequencies less than 50 Hz. Thus, the layered soil is believed
to be the optimal damper median for surface waves because the
waves are reflected multiple times as they travel in the various
layers of soil.

− The gradual change in FMs’ height results in the rising the
starting point of BGs, but it also generates wide BGs for LR
and BS BGs.

− The local amplification of ground vibration control by FMs can
be directly applied to the improvement of urban ecosystem
functions and has extremely important application potential in
urban ecological construction.
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