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ARTICLE INFO ABSTRACT

Keywords: Seismic metamaterials are artificially designed materials within the sub-wavelength range,

Seismic metamaterial developed to attenuate low-frequency seismic surface waves. Previous studies revealed that

ZMem}'lfre_quenCy bandgap through proper design, a zero-frequency bandgap (ZFBG) can be formed. However, the under-
echanism

lying mechanism for forming the ZFBG has not been well explained so far. Many existing studies
attributed it to the collective behavior of the individual unit cells within the metamaterial. In this
work, we clarify that the ZFBG is not exclusive to metamaterials. We investigate the mechanism of
ZFBG by revisiting two typical designs: clamped barriers and resonant meta-barriers. Through
analytical and numerical analyses, we claim that the ZFBG of the former design lies in the cut-off
frequency originating from the rigid boundary condition, while the latter design is due to an
intrinsic property of having a stiff upper layer atop a soft half-space, which cannot support low-
order surface wave modes. This work corrects a misconception in this field and thus could
facilitate the understanding, design, and implementation of seismic metamaterials.

Misconception

1. Introduction

In recent decades, research on metamaterials, engineered composite materials or structures, has led to a variety of promising
applications across multiple fields, including physics, mechanics, engineering, and information science. Despite differences in spatial
and frequency ranges, these materials are characterized by their ability to manipulate waves through carefully designed unit cells [1,
2]. This capability enables functions such as wave cloaking, super-resolution imaging, waveguiding, signal sensing, and wave splitting
[3-5].

Among these advancements, seismic metamaterials have emerged as an innovative method for controlling and redirecting seismic
energy from seismic events [6-8]. These materials possess bandgap properties that inhibit elastic wave propagation within specific
frequency ranges. This innovation is particularly attractive in civil engineering, where the control of low-frequency elastic waves
especially surface waves (Rayleigh and Love waves) is of great importance because they carry the majority of elastic energy along the
soil surface.

Initially, surface-wave bandgaps were created using multiple rows of boreholes, infilled trenches, and piles. With proper design,
these metamaterials can achieve a wide bandgap of around 50 Hz [9], making them appealing for controlling ambient vibrations from
sources like railways and machinery [10-12]. However, challenges remain for seismic surface wave isolation due to Bragg’s law, which
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necessitates destructive interference of waves at wavelengths comparable to the spatial periodicity of the lattice [13-15]. Motivated by
the development of locally resonant metamaterials [16], researchers have revisited the reduction of surface wave amplitude through
the interaction between surface motion and localized resonator modes [17,18]. These meter-sized resonant devices, either buried in or
positioned above the soil around target structures, function similarly to multiple tuned-mass dampers. They can create surface wave
bandgaps at the resonators’ natural frequencies. Their interaction can also be leveraged to adjust the phase velocities and wavelengths
of propagating surface waves, providing additional opportunities for surface wave control. Indeed, these unique capabilities have been
both predicted and observed in various natural and artificial seismic metamaterials, including forests of trees [19], rows of resonant
wave barriers [20-22], and metawedges [23,24]. While these seismic metamaterials can create Hertz-level bandgaps, taking an
important step towards the control of seismic waves, the width of the bandgap is often relatively narrow compared to the Bragg
bandgap, which limits their engineering applications.

The aforementioned challenge has been partially addressed by advanced designs of seismic metamaterials that enable ultra-low-
frequency and even zero-frequency bandgaps (ZFBGs) [25-27]. Typically, a periodic array of concrete columns clamped at their
bases to the bedrock can achieve a wide bandgap starting from 0 Hz [28-30], as shown in Fig. 1a. This concept has recently evolved
into a novel class of embedded seismic metamaterials, consisting of steel piles periodically clamped onto a concrete base [31], spe-
cifically designed to overcome the need for substantial dimensions when inserting into the bedrock. In parallel, ZFBGs have also been
found using meter-sized plate-like unit cells placed on a half-space [32,33], as depicted in Fig. 6a. These unit cells often feature
cross-like cavities and/or inclusions embedded in a hard matrix, resulting in a high impedance ratio between the metamaterial and the
soil half-space. Since this type of seismic metamaterial does not require bedrock or a rigid base to support the bottom of the pillars, it
offers an ideal alternative for specific site conditions, particularly in soft soil regions where the bedrock is notably deep.

Despite these pioneering contributions that have significantly advanced the field of seismic metamaterials, the underlying
mechanism for the formation of ZFBGs remains inadequately explained. Most previous studies suggested that ZFBGs in clamped
seismic metamaterials arise from the strong constraints between the piles and the surrounding soil, while those in meta-barriers are
attributed to the negative effective mass density of the metamaterial plate. While these conclusions hold some validity, they do not
fully elucidate the underlying mechanism. In fact, classical soil dynamics [34] indicate that when a harmonic load is applied to the
surface of a single soil layer over bedrock, a cutoff frequency exists for the forced vibration of that soil layer. If the frequency of the
harmonic load falls below this cutoff frequency, wave propagation within the soil layer will not occur. It is important to note that no
periodic pillars are introduced in the soil in this scenario, so it cannot be classified as a seismic metamaterial; however, the resulting
phenomenon aligns with the clamped seismic metamaterial. Additionally, classical soil dynamics [34] also demonstrate that when a
stiff soil layer overlies a soft soil layer, low-order surface wave modes do not exist. While this scenario does not involve the introduction
of metamaterials neither, the outcomes are reminiscent of the ZFBG in the meta-barrier.

Hence, in this work, we aim to clarify the mechanisms behind the formation of ZFBGs in seismic metamaterials. To achieve this, we
revisit the two representative models mentioned above, namely the clamped barrier model and the resonant meta-barrier model. We
develop a discrete model to analytically demonstrate the physical origin of the ZFBG in the clamped barrier model. Additionally, we
validate this mechanism by numerically calculating the dispersion relation and analyzing responses in both the frequency and time
domains. Proceeding in a similar fashion, we clarify the ZFBG mechanism for the resonant meta-barriers as well.

This paper is organized as follows: In Section 2, we present both analytical and numerical models to investigate the ZFBG of the
clamped barrier model. Section 3 continues this exploration by elucidating the ZFBG mechanism for resonant meta-barriers. Finally,
we summarize the main conclusions of our work in Section 4.

2. Clamped barrier model

This section examines the mechanism behind the ZFBG in a clamped barrier design within a two-dimensional plane strain
framework. We analyze the standard trench barriers, each measuring 0.2 m in width and 5 m in depth, constructed from conventional
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Fig. 1. Schematic diagram of: (a) Continuum model, (b) Unit cell model and (c) Discrete model of clamped barrier design.
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fly ash material. These clamped barriers are situated in layered soil above a bedrock half-space, as shown in Fig. 1a. We further assume
that these barriers are anchored to the bedrock and arranged periodically with a spacing of a = 1 m along the x-direction, as illustrated
in the unit cell in Fig. 1b. Further, the fully fixed boundary condition is located at the bottom edge of the model. Due to the significantly
higher stiffness of the bedrock compared to the overlying soil layers, the bedrock equivalently imposes a fixed constraint on the upper
soil layer. Additionally, all materials involved are treated as linear elastic, homogeneous, and isotropic. Table 1 tabulates the material
properties. It should be noted that rubber will be used in Section 3, it is also included in this table.

2.1. Analytical analysis

We start our discussion with a straightforward analytical model, aiming to uncover the underlying physics. To simplify the analysis,
we here focus on the long wavelength limit and consider only horizontal wave motion, as the vertical motion is decoupled in our linear
system. Based on these assumptions, the system shown in Fig. 1a can be represented by the discrete model in Fig. 1c [35]. In this model,
the unit cells consist of identical masses m separated by a distance of a. The presence of bedrock is represented by a fixed boundary
condition at the base of the cells. Therefore, in addition to the internal interactions modeled by linear elastic Hooke’s springs ki, the
cells also include grounded springs k. The stiffness of k; represents the soil stiffness between adjacent barriers, while ko models the
lateral stiffness of the clamped barrier. While this simplified theoretical model does not fully capture the continuum representation
shown in Fig. 1a, it is adequate to capture the essential physical principles of the continuum system.

The equation governing the displacement of the n-th cell reads:

miin + Ky (2Up — Uny1 — Un-1) + kot = O. 1
Based on the Bloch theorem [36], the displacement solution of the n-th unit cell is given by:
U, = Uei(nka—wt)’ (2)

where k is the wave vector, o is the angular frequency, i = v/—1 is the imaginary unit, and U is the displacement amplitude.
Substituting Eq. (2) into Eq. (1) yields the dispersion relation of the current discrete model:

M >
ka — 1— eff 3
coska 2%k, 3)
where the effective mass [37] of the unit cell reads:
ko
My = M — E (4)

From Eq. (4), we can draw two key observations: (i) First, in the ultra-low-frequency region, the effective mass becomes negative,
leading to a stop band that prohibits wave propagation. The cutoff frequency for this stop band occurs at @ = +/k/m. (ii) Second,
when considering a homogeneous soil layer over bedrock, namely without the presence of clamped barriers, the stop band still exists,
but its cutoff frequency is lower than that of the clamped barrier system due to the softening of the grounded spring k. This indicates
that the stop band arises from the rigid bottom boundary condition rather than from the seismic metamaterials (clamped barriers). We
will validate these preliminary observations through numerical studies in what follows.

2.2. Numerical analysis

2.2.1. Dispersion relation
In this section, we study the dispersion relation of the proposed two-dimensional (2D) clamped barrier model shown in Fig. 1a. The
governing equation for in-plane waves is described as follows [38]:

E_ E
20+0)" “T2arna-2)

pu = V(V-u) 5)

whereu = (u, w) is the displacement vector; E, v, and p are the Young’s modulus, the Poisson’s ratio, and the density of the materials,
respectively. V represents the differential operator.
The dispersion relations are constructed by performing eigenfrequency analyses on a unit cell shown in Fig. 1b. To simulate the

Table 1

Material parameters.
Material p (kg/m%) E (Pa) v
Soil 1800 2e7 0.3
Fly ash 500 2.5e7 0.35
Rubber 1300 1.2e5 0.47
Concrete 2500 3el0 0.3
Bedrock 2800 lell 0.3
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dynamics of an infinite array of periodic clamped barriers, we apply Bloch periodic boundary conditions (BCs) to the vertical substrate
edges of the unit cell. This allows us to derive a standard second-order eigenvalue equation:

(K(k) —®M)U = 0 (6)

where K is the stiffness matrix, M is the mass matrix, and U is the displacement column vector at all nodes.

We develop a finite element (FE) model and numerically solve Eq. (6) using the commercially available software COMSOL Mul-
tiphysics. To distinguish surface modes from bulk modes, we define the parameter £ [39], which depicts the energy distribution of a
considered wave mode in this system, based on the center of the displacement fields along the y-axis:

_ Joy(uur +ww)ds
£= H |, (uu* +ww*)dS )

in which the asterisk (*) as a superscript indicates the complex conjugate, H is the substrate height, and Q denotes the whole domain of
the substrate. It can be seen from Eq. (7) that the parameter & ranges from 0 to 1. Specifically, a value of £ close to 1 indicates that the
energy center is near the free surface, signifying a surface mode. In contrast, a value approaching 0 suggests a bulk mode.

Assuming the mechanical parameters in Table 1, the numerical dispersion curves are obtained by solving the eigenvalue problem
for wave vector in the range of (k = [0, x /a]) as shown in Fig. 2a. For comparison, we also analyze the dispersion relation of a unit cell
model without clamped barriers, consisting solely of soil and bedrock, as shown in Fig. 2b. As anticipated, the eigen-solutions of both
models are similar, as evidenced by the dispersion curves and typical mode shapes presented in the insets (A-H). Notably, both models
exhibit a stop band; however, the cutoff frequencies differ: 3.6 Hz for the clamped barrier model and 3.3 Hz for the bedrock model
without clamped barriers. This discrepancy, as explained by the analytical solution in Eq. (4), arises from the introduction of clamped
barriers, which increase the overall stiffness of the system. Based on the comparison of the eigen-solutions, we conclude that the ZFBG
arises from the rigid boundary condition rather than from the dynamic interaction of the metamaterial itself. We will further elaborate
on this conclusion in the subsequent discussion by examining the frequency and time domain analyses.

2.2.2. Frequency domain analysis
To further evidence our findings regarding the ZFBG revealed by the dispersion analysis, we conduct FE numerical simulations in
the frequency domain. Here, we consider an array of six clamped barriers arranged periodically with a distance of a. Additional

geometric parameters are detailed in Fig. 3.
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Fig. 2. Dispersion curve of (a) Clamped barrier model and (b) Bedrock model. Typical modes of (c) Clamped barrier model and (d) Bedrock model.
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The incident surface waves are generated by a horizontal harmonic point load positioned sufficiently far from the clamped barriers.
To simulate the half-space and minimize unwanted reflected waves, we apply perfectly matched layers (PMLs) to the vertical and
bottom edges of the model. The substrate domain is discretized into quadrilateral elements utilizing quadratic Lagrange shape
functions. To ensure a convergent solution at the highest frequency of interest, the minimum mesh dimension is set to 1/8, where 1 is
the wavelength of the incident wave.

To quantify the attenuation effect, the amplitude ratio spectrum (ARS) is defined:

ARS = 20log),(A1/A) (8a)
ARS = 20log,,(A2/A,) (8b)

where A; and A, are the displacement amplitudes of the output point with and without clamped barriers, respectively; Ay is the
amplitude of the pure soil (i.e., without bedrock) selected for comparison purposes.

Fig. 4a illustrates the ARS in the low-frequency range of 0-5 Hz. Notably, from 0 Hz to 3.3 Hz (indicated by the shaded area), the
ARS for models with and without clamped piles is negative. This suggests that incident Rayleigh waves within this frequency range are
attenuated in both models, as further supported by the horizontal wavefield comparisons shown in Fig. 4b and 4c.

Importantly, this frequency range corresponds to the stop band identified in Fig. 2. Additionally, the ARS for both models aligns
within this range, indicating that the introduction of the barrier row does not enhance the attenuation of Rayleigh waves below the
cutoff frequency. This observation reinforces our conclusion that the stop band is not an intrinsic characteristic of the metamaterials,
but rather a consequence of the fully fixed boundary conditions. Consequently, a superimposed stop band can be achieved through
appropriate model design, as detailed in Appendix A.

2.2.3. Time domain analysis
In this section, we conduct a time transient analysis to further validate our conclusions. To achieve this, we excite Rayleigh waves
using a time-dependent signal, as described in [40], which is given by:

Fun (r) = F{D (t) -D (t - }—0)} {1 — cos( 2;”;“)} sin(2ﬂf5t> ©)

where F, t, D(t), and f, are the amplitude of the signal, time, Heaviside step function, and central frequency of the signal, respectively.

To evaluate the wave mitigation performance, we consider an incident signal with a central frequency of f, = 2 Hz induced by a
horizontal harmonic point load, which falls within the range of the ZFBG. Similarly, the horizontal displacement at the output point is
recorded, and a homogeneous half-space model consisting solely of soil is used for comparison.

The results are presented in Fig. 5a. As anticipated, both models, namely those with and without clamped barriers, exhibit a
significant attenuation effect, with negligible discrepancies between them (as shown in the zoomed-in results). To further illustrate the
attenuation effect in the time domain, Figs. 5b and 5c display snapshots of the horizontal wavefield at t = 8 s, which show good
agreement. Overall, the time-dependent analysis reinforces the conclusion that the ZFBG arises from the fully fixed boundary condition
rather than from the metamaterial itself.

3. Resonant meta-barrier model

In this section, we investigate the mechanism of another typical resonant meta-barrier design that can form ZFBG. Fig. 6a shows the
unit cell of the resonant meta-barrier, which consists of a rubber-coated concrete block embedded in a concrete matrix atop a soil half-
space. The geometric parameters of the unit cell are L = 1.0 m, ; = 0.8 m, [ = 0.6 m, I3 = 0.5 m and the material parameters are
illustrated in Table 1. We assume that these unit cells are periodically arranged along the x-direction, with a lattice spacea=L=1.0m,
suggesting that the outer concrete box of each cell is perfectly bonded.
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Fig. 3. Schematic of the finite element model for calculating attenuation effect.
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3.1. Analytical analysis

Before we begin any quantitative analysis, let us recall Rayleigh wave propagation in a homogeneous layered half-space to better
understand the meta-barrier issue. To this end, we focus on the long wavelength limit and consider scenarios that are not near the
resonant frequency of the resonator. This allows us to ignore geometric scattering and significant dispersive effects. Consequently, we
can model the meta-barrier layer as a uniform concrete layer. The problem can then be framed as analyzing the dynamics of surface

Rayleigh waves in a layered half-space consisting of a hard upper layer and a soft substrate, as shown in Fig. 6b.
According to the classical elastic wave theory [41], the potential functions of harmonic surface waves in the substrate are written

as:
9 = ByePvelorko (10a)
w, = B,eei@—k0) (10b)
w? w?
= k2 ——-, = k2 — —- 11
pZ CIZ,Z q2 ng ( )

where Bj, B are the amplitudes of the potentials; k = w/Cg is the wave vector of the Rayleigh wave; w is the angular frequency; Cg is
the Rayleigh-wave velocity; Cpy and Csy represent the velocity of pressure and shear waves in the substrate soil, respectively. It is
important to note that for a propagating Rayleigh wave, both wavenumbers p, and g2 must be real values.

In principle, the phase velocity of propagating Rayleigh waves is slightly lower than that of shear waves. In layered media, the
phase velocity of Rayleigh waves falls between the shear wave phase velocities of the upper and lower layers. In our model, the phase
velocity of propagating Rayleigh waves, if it exists, should satisfy the following condition:

Cs» < Cr < Cg 12)
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By revisiting Eq. (11), we find that this condition leads to both p, and g becoming complex numbers. This indicates that the
considered model does not support pure Rayleigh wave modes; instead, only pseudo-surface waves and/or body waves are present.
Next, we will verify these qualitative explanations using numerical simulations.

3.2. Numerical model

3.2.1. Dispersion relation

In this section, we illustrate our analysis through the dispersion relations of two distinct unit cell models: (i) a resonant meta-barrier
model composed of concrete and rubber, and (ii) a pure concrete box model. The mass and external volume of both elements are kept
constant for better comparison. Following the approach outlined in Section 2.2.1, we constructed a finite element (FE) model in
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COMSOL and applied periodic boundary conditions to the left and right sides of the unit cell to determine the dispersion relation.
Using the material parameters displayed in Table 1, we show the dispersion curves for model (i) in the color-coded Fig. 7a. The
horizontal lines indicate local resonance modes, as illustrated by mode shapes B - D. It is important to note that these resonance modes
cannot propagate due to their null group velocity. All other eigenmodes lie above the sound line, as shown by the black dashed line in
Fig. 7a and 7b, which corresponds to the shear velocity of the substrate. The region beyond the sound line is shaded in gray, indicating
all possible bulk modes. Therefore, these modes are classified as bulk modes based on the sound line and the energy center parameter
defined in Eq. (7). This observation aligns with our discussion in Section 3.1, indicating that the zero-frequency bandgap (ZFBG) in this
model, shaded in light brown [42], arises from the configuration itself, a hard layer placed atop a soft substrate, rather than from the
introduction of metamaterials.
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To further support this conclusion, we analyze the dispersion curve of model (ii), the pure concrete box unit cell. Using the same
method, we present the color-coded dispersion curves in Fig. 7b. As anticipated, there are no local resonance modes, and all eigen-
modes (represented as E to H) are bulk modes situated above the sound line. This finding also corresponds with our analysis in Section
3.1, where these bulk modes can be clearly identified by their mode shapes shown in Fig. 7d. Thus, a similar ZFBG can be achieved by
simply placing a pure concrete layer on top of a soft half-space.

From the analysis of these two models, we conclude that the mechanism behind this surface ZFBG is not attributed to the unique
bandgap properties of the meta-barrier element. Instead, it arises from the intrinsic characteristics of the model, which features a stiff
layer placed over a half-space, leading to the absence of pure surface modes in the system.

3.2.2. Frequency domain analysis

To further elaborate on our analysis of the ZFBG revealed by the dispersion analysis, we conduct FE numerical simulations in the
frequency domain. We utilize the same FE model shown in Fig. 3, replacing the bedrock with soil and the clamped barriers with 20 unit
cells. Both unit-cell models (i) and (ii) will be investigated, along with a model consisting solely of soil for comparison.

The amplitude ratio spectra (ARS) of the meta-barrier and concrete box models are presented in Fig. 8a, indicated by dashed and
solid lines, respectively. Notably, the presence of negative ARS in the considered frequency range confirms the existence of the surface
ZFBG, consistent with the dispersion analysis above. Furthermore, the two curves are nearly identical, especially in the low-frequency
range, suggesting that the effect of local resonance is negligible. This result reinforces the conclusion that the ZFBG is attributed to the
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configuration of the upper hard layer rather than the metamaterials.

To further demonstrate that only bulk modes exist in models (i) and (ii), as predicted by both theoretical and numerical analyses,
we present the wavefields for both models in Fig. 8b and 8c. As anticipated, the incident Rayleigh wave induced by a vertical harmonic
point load, upon interacting with the meta-barriers and concrete boxes, is converted into bulk modes, indicating that pure Rayleigh
wave propagation is prohibited in both models.

3.2.3. Time domain analysis

In parallel, we conduct time-dependent analyses on models (i) and (ii) to further illustrate our conclusions. Following the procedure
outlined in Section 2.2.3, we apply a vertical excitation with a central frequency of 5 Hz, which falls within the ZFBG. The results are
presented in Fig. 9.

As anticipated, the incident Rayleigh wave in both models (i) and (ii) is significantly attenuated compared to the reference pure soil
model. Notably, the responses of models (i) and (ii) are identical, consistent with the results presented in Fig. 8a. Additionally, we show
snapshots of the wavefields at 4.2 seconds in Fig. 9b and 9c. These results demonstrate that the incident Rayleigh waves are effectively
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converted to bulk waves, the same phenomenon observed in the frequency domain in the previous section. These findings reinforce our
conclusions regarding the surface ZFBG.

Overall, based on the above theoretical and numerical analysis, it is evident that the mechanism behind the surface ZFBG in the
meta-barrier design arises from the absence of pure surface modes. This phenomenon is an intrinsic property of having a stiff upper
layer atop a soft half-space, rather than stemming from the unique bandgap characteristics of the metamaterial itself. It is important to
note that this observation also holds true for the gradient variation of unit cells, as elaborated in Appendix B.

4. Conclusion

The recent increase in seismic metamaterials designed for manipulating seismic surface waves has resulted in the development of
several unit cells capable of achieving ultra-low-frequency and even zero-frequency bandgaps (ZFBGs). In this work, we investigate
two representative models capable of achieving ZFBGs: the clamped barrier model and the resonant meta-barrier model. Through
analytical and numerical analyses, we demonstrate that metamaterials are not a prerequisite for the formation of ZFBGs.

To illustrate this, we introduce a clamped barrier whose unit cell consists of a fly ash barrier clamped to bedrock and surrounding
soil. We first propose a discrete spring-mass model that demonstrates the physical origin of the ZFBG as the formation of negative
effective mass, resulting from the introduction of grounded springs. From a continuum model perspective, these grounded springs can
be associated with a rigid foundation. Our numerical calculations of dispersion relationships, along with frequency and time domain
simulations, reveal that both the clamped barrier model and the model of a homogeneous soil layer overlying bedrock can produce
ZFBGs; notably, the latter does not qualify as a metamaterial. Thus, we claim that a rigid boundary condition is responsible for the
formation of these types of ZFBGs. It should be noted that the width of the ZFBG may be influenced by the thickness of the top-layer
soil, as discussed in Appendix C.

Furthermore, we investigated the dispersion relationship of a meta-barrier whose unit cell is composed of a rubber-coated concrete
block embedded in a concrete matrix. For comparison, we also analyzed the dispersion relationship of a pure concrete box model
without the core. Our findings indicate that, aside from a few resonant modes present in the meta-barrier, the dispersion relationships
of both models are very similar, and neither supports pure surface wave modes. Note that the latter model is also not classified as a
metamaterial. Through theoretical analysis and both frequency- and time-domain simulations, we demonstrate that the ZFBG in these
models is determined by the intrinsic characteristics of a hard layer over a soft half-space, rather than being dominated by the resonant
effects of metamaterial unit cells. Note also that the height of the unit cell also affects the ZFBG characters (see Appendix C).

However, this study has certain limitations that should be acknowledged. First, the analytical and numerical models assume linear
elasticity, homogeneity, and isotropy for all materials, which may not fully capture the nonlinear, heterogeneous, and viscoelastic
behavior of real-world soils, especially under large-strain conditions. Second, practical implementation challenges, such as con-
struction tolerances, material durability, and environmental interactions (e.g., soil erosion, water saturation), were not considered,
which could affect the long-term performance of seismic metamaterials. Finally, the conclusions are based on numerical and analytical
results, and experimental validation under controlled or field conditions would further reinforce the findings.

Overall, we anticipate that our work on the mechanisms behind ZFBG generation will serve as a guide for designing and inter-
preting data from experimental or numerical tests on ground vibration control devices, such as wave barriers and seismic
metamaterials.
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Appendix A. Shielding effect of the combined model

In this section, we present the shielding effect of the combined model, following the same approach used for the previous two types
of seismic metamaterials. Fig. Al(a) depicts the schematic diagram and geometric parameters of the combined model, which consists
of fly ash, rubber, concrete, and soil. The material used here is the same as the main text, whose properties are detailed in Table 1.

The dispersion relation of the combined model is shown in Fig. A1(b). As expected, the combined model exhibits a stop band with a
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cut-off frequency of 3.6 Hz, indicating the formation of a zero-frequency band gap (ZFBG). This finding is the same as the clamped
barrier model, indicating that the combined model can achieve the same shielding effect as the clamped barrier.

Similar to the resonant meta-barrier model, local resonance modes, represented by horizontal lines, are also observed in Fig. A1(b).
Additionally, all other eigenmodes lie above the sound line, confirming the existence of the surface ZFBG. Therefore, the combined can
achieve the same shielding effect as the resonant meta-barrier model. These results indicate that the two designs can be effectively
combined to achieve a superimposed shielding effect.

a b
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Periodic 8 0.70
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5a &
0.55
Fixed BC 0 7 Cut-off frequency 3.6 Hz 0.40
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- ANNNNN Wave vector k (7/a)

Fig. A1l. Combined model: (a) Unit cell, (b) Dispersion curves.

Appendix B. Gradient meta-barrier model

To further demonstrate that ZFBG of meta-barriers is determined by the intrinsic characteristics of a hard layer over a soft half-
space, we examine the ARS of two gradient metamaterial models as well, as illustrated in Figs. B1(a) and B1(b). In this appendix,
we analyze the gradient effects of the height (denoted as h) of the meta-barrier model, with which varying from 0.525a to a in in-
crements of 0.025a. No other geometrical or mechanical parameters were changed except for the height of the meta-barrier. The
models with gradually increasing and decreasing heights are referred to as h+ and h — , respectively. The frequency domain results for
both gradient models are shown in Fig. B1(c). It can be seen that, although the shielding effect of the gradient models is slightly less
effective than that of the periodic model, the presence of negative ARS within the examined frequency range reaffirms the existence of
the surface ZFBG in both the h+ and h— models. Additionally, the variation of the shielding effects between models with and without
gradient can be explained by the geometric scattering effects, which controlled by the scattering area. Since the scattering area of the
gradient model is smaller than that of the periodic model, its shielding effect os correspondingly less effective.

Overall, due to the outer concrete matrix, the gradient meta-barriers can be regarded as a gradient uniform concrete layer over a
soft half-space, resulting in a full ZFBG similar to their periodic counterparts discussed in the main text.”
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Fig. B1. Schematic diagram of gradient meta-barrier model: (a) h- model. (b) h+ model. (c) ARS spectrum of h-, h+ and h=a model.
Appendix C. Analysis of geometrical parameters on dispersion relations

To investigate the influence of the height of the barrier on the ZFBG, we propose a series of clamped barrier models with varying
heights. Here, the height to distance ratio (H/a) varies from 0.5 to 10 with increments of 0.5. By analyzing the dispersion relations of
clamped barrier models with different heights, we obtain the relationship between cut-off frequencies and the height to distance ratio.
As shown in Fig. C1, the cut-off frequency decreases and approaches zero as the H/a increases. This can be explained by the funda-
mental structural dynamics: when the upper layer is extremely thin, the system exhibits high stiffness, which results in a relatively high
natural frequency; Conversely, as the thickness of the upper layer increases, the stiffness of the system gradually diminishes, leading to
a lower natural frequency. Overall, although the range of cut-off frequencies changes, ZFBG exists in all models, which reinforces our
conclusions presented in the main text.
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B |
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A B
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=]
1
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Fig. C1. The impact of H/a on the cut-off frequency of the clamped barrier model.

Similarly, we examine the effect of concrete layer thickness on the ZFBG characteristics. For simplicity, we only consider a void-free
concrete layer on top of the soil layer. The dispersion relations of unit cell models with different thicknesses are shown in Fig. C2. The
results show that as the thickness of the concrete layer decreases, the first-order mode transitions from bulk wave to surface wave. This
evolution is visually evident in both the color-coded £ parameter variations and mode shapes. Specifically, the mode shape insets (A-H)
demonstrate that, when the thickness ratio (H/a) is less than 0.05, wave energy is predominantly concentrated at the surface. This
phenomenon arises from diminished geometric scattering effects, which occurs when the wavelength significantly exceeds the
characteristic dimensions of the scatterer (i.e., the overlying layer). Consequently, the thickness parameter becomes a critical design
consideration for achieving ZFBG configurations in meta-barriers. Based on our parametric analysis, we recommend maintaining a
minimum thickness ratio of H/a>0.05 to ensure optimal performance.
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