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Attenuation of Rayleigh waves by
a combined periodic open
trench-wave impeding block
vibration isolating barrier
considering tunnel influence

Bin Hou, Wenwen Li and Junhua Pei*

Gansu Forestry Voctech University, Tianshui, China

Traditional open trench and wave-impeding block barriers often suffer from
narrow vibration isolation bandwidths, and their performance is further affected
by tunnel scattering. To overcome these limitations, this study proposes
a periodic open trench-impeding block joint barrier that combines Bragg
scattering and local resonance to achieve broadband attenuation of Rayleigh
waves. A plane strain tunnel-barrier coupling model incorporating Floquet
periodic boundary conditions and the finite element method was developed
to reveal the mechanisms of bandgap formation and parameter regulation
under multi-physical field coupling. Dispersion analysis demonstrates that the
proposed barrier produces three bandgaps within 11.3~67.3 Hz, covering the
dominant frequencies of seismic and environmental vibrations. The trench
depth-to-width ratio is identified as the primary factor governing low-
frequency expansion and mid-to-high-frequency stability through its effects
on unit stiffness and Bragg scattering efficiency, while the material properties
of the wave-impeding block play only a minor role, thereby supporting
a design strategy centered on geometry optimization. Furthermore, tunnel
scattering is shown to enhance isolation performance in the mid- and high-
frequency ranges, where secondary reflections and phase cancellation lead
to a 46% increase in peak transmission attenuation. These findings highlight
the synergistic effect of geometric design and tunnel scattering in broadening
vibration isolation bandwidth, providing a theoretical foundation for the
development of efficient broadband vibration isolation barriers in complex
underground environments.

periodic combined barrier, open trench, wave impeding block, vibration isolation
performance, Rayleigh waves, broadband vibration isolation

1 Introduction

Surface waves, particularly Rayleigh waves, serve as primary carriers for energy
transmission during seismic events and in urban environmental vibrations, such as
those induced by rail transit and industrial machinery. As Rayleigh waves propagate
along the ground surface, their energy is concentrated within shallow soil layers,
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with amplitude attenuating exponentially with depth. This behavior
poses significant threats to the stability and safety of underground
structures (e.g., tunnels, subways, and pipelines) as well as nearby
buildings [1-3]. For example, in seismic scenarios, Rayleigh waves
can induce severe surface shaking, leading to tunnel lining cracks
and foundation liquefaction. In urban contexts, high-frequency
vibrations generated by metro operations are transmitted to
building foundations via Rayleigh waves, potentially triggering
structural resonance and noise pollution. Global estimates suggest
that vibration-induced tunnel maintenance costs amount to
several billion USD annually, while secondary hazards such as
ground subsidence exert a more profound and lasting impact on
infrastructure stability [4, 5]. Consequently, the development of
efficient and cost-effective vibration isolation technologies aimed
at mitigating Rayleigh wave propagation has emerged as a pressing
challenge in the field of underground engineering.

Among conventional isolation strategies, open trenches and
wave impeding block represent two principal approaches. Open
trenches reflect elastic wave energy through geometric scattering
and impedance mismatch; however, their effectiveness at low
frequencies is constrained by geometric limitations [6-8]. This
limitation arises from the fact that Rayleigh wavelengths at low
frequencies may span several tens of meters, while practical trench
depths are typically less than 5 m-failing to meet the theoretical
depth requirement of one-quarter the wavelength. Moreover,
deep excavation incurs substantial financial and operational risks,
including potential damage to underground utilities, exacerbation
of ground settlement, and the induction of seepage issues in
groundwater-rich regions [9, 10]. In contrast, wave impeding block
relies on impedance contrast between their material stiffness and
the surrounding soil to reflect high-frequency vibrations [11-14];
however, their performance is markedly reduced for mid-to low-
frequency waves, particularly in soft soils where the impedance
mismatch is insufficient to ensure effective energy reflection. These
two traditional methods, when used independently, suffer from
narrow frequency response bandwidths, rendering them inadequate
for comprehensive isolation across the full spectrum-from low-
frequency seismic waves (<20 Hz) to high-frequency environmental
vibrations (30-80 Hz).

In recent years, researchers have explored the integration
of trenches and wave impeding block to extend the isolation
bandwidth. For instance, Zhou etal. [15], Cao etal. [16] and
Cai etal. [17], Cai etal. [18] have demonstrated, through
both theoretical and experimental approaches, the enhanced
performance of open trench-wave impeding block combined
systems. Nonetheless, these composite systems remain limited
by key constraints: the low-frequency bandgap is still reliant
on trench depth, necessitating extensive excavation; the high-
frequency bandgap is governed by the impedance matching
between the wave impeding block and the soil; and frequency
blind zones persist between bandgaps, hindering full-spectrum
isolation. More critically, the majority of existing studies assume
idealized homogeneous ground conditions, neglecting the scattering
effects introduced by realistic geological heterogeneities such as
depressions [19, 20], elevations [21, 22], and tunnels [23-25].
Tunnels, as typical subsurface structures, can significantly alter
the wavefield distribution through reflection and diffraction,
particularly when their burial depth is comparable to the vibration
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wavelength. Failure to account for such scattering effects may result
in isolation designs that are misaligned with the actual wavefield
behavior, thereby compromising performance.

To address these limitations, this study proposes a periodic
open trench-wave impeding block combined isolation system
that leverages the synergistic effects of Bragg scattering and local
resonance to achieve broadband vibration attenuation. The key
innovations of this work are as follows: (1) the adoption of
periodically arranged unit cells that integrate the “soft” properties
of trenches with the “stiff” characteristics of wave impeding
block, thereby overcoming the frequency constraints associated
with single-mechanism designs; and (2) the incorporation of
a tunnel-barrier interaction model to quantitatively assess the
enhancement in bandgap behavior due to tunnel-induced scattering,
offering a theoretical foundation for adaptive design in complex
geological settings. A coupled plane-strain model featuring the
tunnel and isolation barrier is developed, and, by employing
Floquet periodic boundary conditions alongside finite element
simulations, the mechanisms of bandgap formation and the
parameter-dependent tunability under multiphysics interactions are
comprehensively investigated.

The remainder of this paper is structured as follows: Section 2
details the formulation of the mathematical model for the periodic
open trench-wave impeding block system. Section 3.1 presents the
dispersion analysis of the periodic structure. Section 3.2 investigates
the influence of material and geometric parameters on bandgap
characteristics. Section 3.3 explores the impact of tunnel-barrier
interaction on isolation performance. Finally, Section 4 summarizes
the principal findings of the study.

2 Mathematical model and eigenvalue
calculation of periodic wave barrier

2.1 Mathematical model of the problem

To achieve broadband vibration isolation by leveraging the
respective advantages of wave barriers and open trenches, a novel
type of periodic trench-wave impeding combined isolation system
is designed. Furthermore, to account for the scattering effects of
existing tunnels on vibration waves, a mathematical model of a
tunnel-periodic wave barrier system is established, as illustrated
in Figure la. It is assumed that the trench-wave impeding block
structure extends infinitely along the z-direction, allowing the three-
dimensional problem to be reduced to a plane strain problem. By
applying periodic boundary conditions, the two-dimensional model
can be further simplified to a unit cell model for computational
efficiency. In the simplified model, the upper surface is treated as
traction-free, while the bottom boundary is fixed. These conditions
are standard for modeling wave propagation in a semi-infinite elastic
domain: a fixed base approximates motionless bedrock at great
depth, and a free surface mimics the ground-air interface. The
resulting unit cell model is shown in Figure 1b, where the white
region at the top represents the trench, and the gray region at the
bottom denotes the wave barrier. It is noted that a represents the
lattice constant of the periodic structure, and the combined height
of the trench and wave barrier within a unit cell is 4, +h, = 2 m. The
trench width is denoted as a,. The right side of Figure 1b presents
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Periodic open trench-wave impeding block combined vibration isolation barrier and unit cell diagram. (a) Schematic diagram of open trench-wave
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TABLE 1 Dimensional parameters of periodic barriers.

Dimension(m)

Value of a quantity

the irreducible Brillouin zone that will be scanned during the band
structure analysis.

2.2 Eigenvalue calculation

The wave impeding block and the foundation are simulated by
homogeneous isotropic completely elastic medium, ignoring the
influence of volume force. For the semi-infinite foundation, the wave
equation of the medium is as follows:

o
ot

where p denotes elastic medium density; A and y are lamb constants

A+u)V(V-u)+uViu=p (1)

for the elastic medium; u denotes the displacement vector of
elastic medium.

In order to calculate the dispersion relation of infinite periodic
lattices, Floquet periodic boundary conditions are applied on the
left and right sides of the unit. According to Bloch-Flock theory, the
solution of Equation 1 can be written as follows:

u(r,t) = ei(k"_“’t)uk(r)

2)

where r denotes the position vector; t denotes time; k =(k,, ky) is

the Bloch-Floquet wave vector; u,(r) is the displacement function

relative to the position vector, and w denotes the angular frequency.
In Equation 2 u,(r), is defined as follows:

(3)

u(r) =w(r+a)

where a denotes the unit constant vector.
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Substituting Equation 3 into the periodic displacement

boundary conditions in Equation 2 can be expressed as follows:

u(r +a,t) = ®y(r 1)

)

By applying periodic boundary conditions, the infinite
propagation problem transformed into the eigenvalue
problem of the unit cell. Combining the Equationsl, 4,

is

the eigenvalue equation of the unit cell can be obtained as
follows:

(K- *M)u=0 (5)

K and M the
mass matrix respectively. By solving the eigenvalues and
eigenvectors in Equation 5, the dispersion relationship between

where represent stiffness matrix and

the wave vector k and the angular frequency w can be
obtained.

3 Solving the dynamic response
problem of unsaturated ground

The typical unit of the periodic open trench-wave imped block
composite vibration isolation barrier used in this paper is shown
in Figure 1b, in which the wave impeding block and the existing
tunnel structure are made of concrete. Based on the existing research
results, the main geometric parameters of the barrier system are
shown in Table 1. The physical and mechanical parameters of the
site soil are listed in Table 2, and the parameter settings meet the
simulation requirements of the semi-infinite uniform foundation.
Aiming at the study of vibration propagation characteristics of
periodic barrier, the dispersion relation calculation and vibration
transmission analysis are carried out by COMSOL multi-physics
simulation platform. In order to improve the calculation accuracy
of the numerical model, the maximum size of the unit is
strictly controlled within 1/5 of the minimum wavelength in
the process of free triangular mesh generation. The research
focuses on the interaction mechanism between periodic barrier
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TABLE 2 Physical and mechanical parameters of periodic barriers and soils.

Material Elastic modulus E(MPa) Density p(kg/m3) Poisson'’s ratio v
Soil 46 1800 0.25
Steel 210,000 7856 0.22
[ L] N
60 Max
50
. 40.9Hz~67 .3Hz|
%40 c
g 33.5Hz~36.8Hz
g . - B !
530 Min
=
20
10 11.3Hz~14.6Hz A
0 1 1 L 1
0.0 0.2 0.4 0.6 0.8 1.0
(a) ()
FIGURE 2
Dispersion relations and vibration modes at special points. (a) Dispersion relation (b) Vibration modes.

B
f=1

(98]
(=1

Frequency(Hz)
Frequency(Hz)

58]
(=]

10

0.2 0.4 0.6 0.8 1.0 0.1 0.2 0.3 0.4 0.5

FIGURE 3
Influence law of geometrical parameters on band gap. (a) hy/h, (b) a,/a.

and Rayleigh wave. The sound cone method is used to extract

3.1 Dispersion curve analysis
the Rayleigh wave field. The boundary condition of the sound

cone is determined according to the shear wave velocity of the
soil, and the effective decoupling of surface wave and body wave
is realized by the sound cone separation technology. The surface
wave mode is distributed in the area below the sound cone. This
processing method fully considers the fluctuation characteristics
that the Rayleigh wave velocity is less than the body wave
velocity.

Frontiers in Physics

Figure 2a illustrates the dispersion curve of the periodic open
trench-wave-impeding block combined vibration isolation barrier,
with the normalized Bloch wave vector on the horizontal axis
and the frequency on the vertical axis. Three bandgaps (blue
shaded areas) clearly exist in the curves in the following ranges:
first bandgap: 11.3 Hz-14.6 Hz, second bandgap: 33.5-36.8 Hz, and
third bandgap: 40.9 Hz~67.3 Hz. Since the frequency of the seismic
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FIGURE 5
Two-dimensional analysis model of finite number of periodic wave barriers.

wave is mainly located below 20 Hz, the ambient vibration Since
the frequency of seismic wave is mainly located below 20 Hz, and
the frequency of environmental vibration is around 30 Hz~80 Hz,
from the above bandgap analysis, it can be seen that the periodic
air-gap-wave impeding block joint vibration isolation barrier covers
the main bands of seismic wave and environmental vibration
frequency respectively, and the superposition of the three bandgaps
realizes a wide-frequency isolation from the low-frequency seismic
wave to the high-frequency environmental vibration, which breaks
through the band limitations of the traditional vibration isolation
barriers. Figure 2b labels the vibration modes of three special points
(A, B, C) on the dispersion curve, which reveal the formation
mechanisms of different bandgaps. For the point A mode the
displacement amplitude in the characteristic air-gap region is the
largest, and the wave impeding block has almost no deformation.
The low-frequency band gap is dominated by the local resonance
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effect. The trench acts as a “soft” unit and forms a mass-spring
system with the surrounding foundation, which resonates at a
specific frequency. For point B, the displacement at the junction
of the wave impeding block and the trench fluctuates violently,
forming a standing wave mode. For point C, the air-gap exhibits
high-frequency bending vibration with a complex displacement
distribution in the air-gap region. The high-frequency bandgap
is formed by impedance mismatch and mode coupling, and the
high stiffness of the wave impeding block and the flexibility of
the foundation form a strong impedance contrast, reflecting high-
frequency waves. Meanwhile, the geometric scattering of the air
gap further dissipates the energy. By analyzing the vibration modes
and bandgap mechanisms at points A, B, and C, the multiscale
modulation capability of the periodic open trench-wave impeding
block joint barrier is revealed: the low-frequency relies on the
local resonance, and the medium- and high-frequency relies on the

frontiersin.org


https://doi.org/10.3389/fphy.2025.1643353
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org

Hou et al.

0 L
/-s/\,\A —— Without the tunnel
| v Consider the tunnel
-0k
%\ =20 L/
7 -
H
30 F
40 -
-50 1 1 1 1 ! I 1
0 10 20 30 40 50 60 70 80
Frequency(Hz)
FIGURE 6

The transmission attenuation coefficient of the periodic barrier
considering the influence of the tunnel.

impedance mismatch and Bragg scattering. The synergistic effect of
the three bandgaps realizes the full-frequency coverage from seismic
waves to environmental vibrations, providing an efficient broadband
vibration damping solution for complex underground projects.

3.2 Influence of material parameters and
geometrical parameters on the band gap

Figure 3 shows that the bandgap range of the combined periodic
open trench wave impeding block vibration isolation barrier is
significantly affected by the geometrical parameters. The ratio of
the depth of the open trench to the depth of the wave impeding
block(h,/h,) significantly affects the low-frequency bandgap by
regulating the balance between local resonance and Bragg scattering.
From Figure 3a, it can be seen that the first bandgap starts to appear
when h;/h, increases from 0.2 to 0.6, and the increase in the depth
of the open trench reduces the overall stiffness of the single cell,
which shifts the local resonance frequency to lower frequencies
and significantly increases the bandgap width. From Figure 3b, it
can be seen that the open trench width ratio (a,/a), on the other
hand, controls the Bragg scattering efficiency of the mid- and high-
frequency bandgap, and when the ratio a,/a increases from 0.1 to 0.4,
the second-order bandgap disappears, and the first-order bandgap
and the third-order bandgap show a decreasing trend. When the
period constant a is fixed, its value directly determines the critical
wavelength of Bragg scattering, thus locking the center frequency
range of the bandgap, while the adjustment of the null channel width
a, (i.e,, the variation of the null channel width ratio a,/a) enhances
the phase-cancelling interference efficiency by expanding the range
of the scattering interface, but if a,/a is too large, the open trench
occupies the main volume of the single cell will weaken the mass
inertia effect of the wave impeding block, leading to the narrowing
of the low-frequency bandgap width.

Although the geometrical parameters are the core tuning
variables, the material parameters of the wave impeding block
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(density p, elastic modulus E) play synergistic roles under specific
conditions. For example, the wave impeding block density enhances
the low-frequency impedance mismatch and compensates for the
local resonance efficiency of the shallow trench, while the modulus
of elasticity optimizes the phase-matching conditions for the high-
frequency Bragg scattering by adjusting the wave impeding block
stiffness. However, Figure 4 shows that the variation of the elastic
modulus and density of the wave impeding block does not have
a significant effect on the bandgap. This is due to the limited
space for tuning the material parameters under the existing design
framework, and when the impedance difference between the wave
impeding block and the foundation is significant enough, further
adjustment of the material parameters has a weak effect on the
bandgap broadening. Therefore, geometrical optimization should
be the main focus of the actual project, supplemented by the
adaptability of material parameters, to achieve efficient vibration
isolation in a wide band under the premise of cost control.

3.3 Transmission analysis of a finite number
of periodic barriers considering the effect
of tunneling

In order to verify the accuracy of the dispersion relationship
and the vibration isolation performance of the periodic combined
vibration isolation barrier, and considering the scattering effect of
the existing tunnel on the vibration wave, a two-dimensional finite
element model is established as shown in Figure 5, and six rows of
barriers are set up. A vertical harmonic load with an amplitude of
1000 N is applied to the input end on the left side of the model,
and the output end point A is set on the right side of the model to
detect the surface displacement amplitude. A PML matching layer is
added to the boundary around the model to prevent the reflection
of the vibration wave from the boundary. The specific dimensions
of the model are as follows: [, = 5m, [, =20m, [ =3m, I, =
4m,l;=15m,lg=8,1, =10m, r, =3 m, r, = 2.7 m. In order to
evaluate the vibration isolation performance of the periodic wave
barrier considering tunnel scattering, the transmission attenuation
(TA) coefficient (Equation 6) defined by Gao etal. [26] is used
to measure the vibration isolation effect of the periodic combined
vibration isolation barrier:

u
TA = 2olog10—y (6)
Yy

where i, is the average vertical displacement of the output end of
the foundation surface after setting the barrier; u,, is the average
vertical displacement of the output end of the foundation surface
without barrier.

Figure 6 verifies the correctness of the 3.2-section dispersion
curve by the transmission attenuation coefficient, and reveals the
enhancement mechanism of the tunnel on the vibration isolation
performance. Without considering the influence of the tunnel, the
TA curve is consistent with the predicted band gap range of the
dispersion curve. The peak attenuation value in the low frequency
band is 16 dB, and the peak attenuation in the middle and high
frequency band can reach 45 dB, which corresponds to the band
gap generated by local resonance and Bragg scattering, respectively.
The accuracy of the theoretical model is verified. When considering
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the influence of the tunnel, the band gap range predicted by the
dispersion curve is roughly consistent. As the frequency increases,
it can be seen that in the low frequency band, the transmission
curve considering the existence of the tunnel is roughly the same as
that without considering the existence of the tunnel, and there is a
significant difference in the middle and high frequency bands. In the
middle frequency range of f = 36 Hz ~ 40 Hz, the transmission curve
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considering the influence of the tunnel has a significant attenuation.
Compared with the peak attenuation difference of the transmission
curve without considering the influence of the tunnel, the difference
can reach 46%. This is because the buried depth of the tunnel is
shallow, and the wave field in the intermediate frequency band is
just equal to the buried depth of the tunnel. Most of the elastic
waves are reflected by the tunnel and scattered into the interior of
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the foundation, which results in the difference of vibration isolation
effect before and after considering the influence of the tunnel.
When the vibration frequency increases to a higher range, it can
also be seen from the figure that in the high frequency band, the
transmission curves in the two cases are roughly the same. This is
because the wavelength of the high frequency band is small, and only
a part of the elastic wave will be reflected and scattered by the tunnel.

In order to further analyze the causes of the difference in
vibration isolation effect caused by the existence of the tunnel,
Figure 7 shows the variation curve of the vertical displacement
of the ground surface with and without the vibration isolation
barrier with frequency. From Figure 7a, it can be seen that when
there is no barrier, the vertical displacement of the surface in
the tunnel is obviously different in the range of 15 Hz-40 Hz.
When the frequency increases to the high frequency band, the
difference of surface displacement in the two cases decreases. It
can be seen from Figure 7b that the vertical displacement of the
ground surface has obvious attenuation in some local frequency
bands after the vibration isolation barrier is set, which corresponds
to the band gap range of the periodic vibration isolation barrier.
In addition, Figure 7b also shows the joint action mechanism of
the tunnel and the periodic vibration isolation barrier, that is, after
considering the existence of the tunnel, the elastic wave reflected by
the periodic vibration isolation barrier in the band gap range will be
affected by the tunnel, and the secondary reflection and scattering
will occur, which will cause significant differences in the vibration
isolation effect.
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In order to demonstrate the above mentioned mechanism of
joint action of tunnel and periodic vibration isolation barrier
on elastic waves, the foundation displacement clouds at different
frequencies before and after considering the effect of tunnel without
barrier and after setting up the barrier are given in Figures 8, 9,
respectively. The comparison between Figure 8 (without barrier) and
Figure 9 (with barrier) reveals the mechanism of joint vibration
isolation by tunnel and periodic barrier at different frequencies.
Low frequency band (5 Hz): without barrier, the tunnel has limited
reflection efficiency for long wavelength seismic waves and the
low frequency vibration at 5Hz is not within the band gap,
the corresponding displacement maps with or without tunnel are
roughly the same. When the frequency is increased to 11.4 Hz,
the tunnel reflects the elastic wave without barrier as can be seen
from Figure 8, and the local displacement of the surface becomes
larger. When the barrier is set up, part of the surface wave energy is
localized and another part is reflected by the barrier to the interior
of the foundation, while part of the elastic wave is reflected by the
tunnel. When the frequency is increased to 20 Hz and 32 Hz, the
bypassing of the 20 Hz wave by the tunnel without barrier leads
to the concentration of lateral displacement. After the barrier is
set up, the barrier scatters through Bragg, and the tunnel reflected
wave and the barrier scattered wave form a phase cancellation
interference, which significantly optimizes the isolation efficiency of
the main frequency of rail traffic vibration. When the frequency is
increased to 45 Hz and 50 Hz, without the barrier, the tunnel has a
weak effect on the short wavelengths generated at 50 Hz, and the
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displacement distribution is similar to that of the free field. After
setting up the barrier, the barrier suppresses the 45 Hz displacement
by high-frequency Bragg scattering, and the displacement in the
region behind the barrier is affected due to the standing wave
modes of the tunnel-barrier gap, resulting in oscillatory variations
of the transmission curves in Figure 6 under the consideration of
the tunnel effect.

4 Conclusion

In this study, by constructing a tunnel coupling model of
periodic open trench-wave impeding block combined vibration
isolation barrier, combined with Floquet periodic boundary
conditions and finite element simulation, the band gap formation
mechanism is revealed from the aspects of dispersion relationship
and vibration mode. The influence of the depth ratio, width ratio
and material parameters of the wave impeding block on the band
gap range is discussed. By comparing the transmission attenuation
coefficient with the displacement cloud diagram, the enhancement
effect of tunnel scattering on the vibration isolation performance
is quantified, and the interaction mechanism between elastic
wave and tunnel-barrier composite structure is analyzed. The
results show that:

1. Through the synergistic effect of low-frequency local
resonance and medium-high frequency Bragg scattering,
a triple band gap is formed in the range of 11.3-67.3 Hz,
covering the main frequency bands of seismic waves and
environmental vibrations, breaking through the narrow-band
vibration isolation limit of traditional barriers.

. The trench depth ratio and the width ratio are the key variables
to control the band gap range. When h,/h, increases to 0.6,
the low-frequency band gap width is expanded. When a,/a
is more than 0.4, the inertia effect of the wave impeding
block is weakened due to the excessive proportion of the open
trench volume. The material parameters of the wave impeding
block have a synergistic effect on the band gap under certain
conditions. However, when the impedance difference between
the wave impeding block and the foundation is significant,
the further adjustment has a weak effect on the band gap
widening, and the actual project should be based on geometric
optimization.

. The existence of the tunnel has a significant effect on the
vibration isolation performance of the periodic vibration
isolation barrier. In the middle frequency band, the peak
attenuation difference of the transmission attenuation
coefficient reaches 46% after considering the influence of the
tunnel. In the low frequency band, the elastic wave is blocked
by the barrier and is emitted to the tunnel area. The reflection
efficiency of the tunnel to the long-wavelength seismic wave is
limited. However, in the high frequency band, the wavelength
is shorter, and only part of the elastic wave is reflected and
scattered by the tunnel. This promotes the secondary reflection
of the elastic wave energy into the foundation and forms a
destructive interference with the barrier scattering wave, which
reveals the synergistic vibration isolation mechanism of the
tunnel and the periodic wave barrier at different frequencies.
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