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ABSTRACT

This study placed a one-dimensional (1-D) layered periodic structure composed
of concrete and rubber within the soil, generating a band gap through local resonance
to provide vibration isolation. A finite number of unit cells were arranged inside a small
iron box filled with compacted soil. Vibrations were generated by striking the soil
surface with a force-recording hammer. Experimental results in the frequency domain
exhibited a substantial vibration reduction at the protected area compared to the
vibration area, particularly within the band gap ranging at 250-483 Hz. This attenuation
zone effectively encompasses the band gap ranging at 240-320 Hz predicted by further
numerical verification using COMSOL software, validating the performance of the
periodic structures embedded in the soill.

1. INTRODUCTION

With the rapid development of modern transportation and high-tech precision
industries, environmental micro-vibrations induced by traffic loads and industrial
machinery have become a critical concern in civil and geotechnical engineering.
Traditional vibration isolation methods, such as open trenches and continuous barrier
walls, often suffer from limited attenuation frequency bands and excessive space
requirements. Recently, the concept of elastodynamic metamaterials-inspired by the
band gap properties of photonic and phononic crystals-has provided a revolutionary
strategy for wave screening. By embedding periodic structures with engineered unit
cells into the soil, specific frequency bands of stress waves can be effectively blocked
due to Bragg scattering or local resonance mechanisms. While numerous theoretical
models have explored the dispersion relations of periodic piles and layered media,
robust physical verification remains scare. Therefore, this study evaluates the wave
screening performance through a couple analytical model and a dedicated soil-box
experiment.

2. PROBLEM DESCRIPTION

In nature or engineering, there are often simple, repetitive structures that can be
called periodic structues. As early as 1987, Yablonovitch (1987) and John (1987)
published their research on photonic crystals and discovered the phenomenon of band
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gaps. Through the basic theory of periodic structures, research can be carried out in
the first Brillouin zone, simplifying the problem-solving difficulty. In the study of 1-D
problems, Hussein et al. (2014) proposed the exploration, analysis and design of the
dispersion phenomenon of layered structures. Cao et al. (2004) used the plane wave
expansion method to deal with the band gap of layered structures. Wang et al. (2016)
used ANSYS finite element software to deal with the band gap problem of Euler-
Bernoulli beams. Antraoui et al. (2020) used the transfer matrix method to evaluate the
influence of waveguide parameters and concluded that the increase in the number of
periodic structures helps to increase the band gap width. Ma et al. (2019) conducted
experiments and explored the attenuation domain by burying periodically arranged
piles after filling iron boxes with soil. As shown in Figure 1, a 1-D layered periodic
structure, in which a unit cell (i.e. (I)) composed of two materials (i.e. material (1) and
(2)) is placed on a base material (i.e., material (h) and (H)), can cause energy blocking
effect on the incident wave propagation.
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Fig. 1 A schematic diagram of a 1-D layered periodic structure formed by N unit cells
withstanding incident wave dusturbances

3. THEORETICAL ANALYSIS and SOFTWARE SIMULATION

As shown in Figure 1, the 1-D layered periodic structure is easy to analyze
theoretically due to its simple and clear model. In addition to explaining physical
phenomena, it is also an excellent way to enter the vibration analysis of periodic
structures.

3.1 Theoretical derivation of 1-D layered periodic structure
Consider the 1-D wave equation as follow:

Pu 1 du
ox> C*ot

The displacement along the y-direction is:
u(xt)=u'(xt)+u" (xt) (2)

The superscripts i and r represent the incident wave and the reflected wave,
respectively, and C is the wave velocity. Considering the wave incident from the left
matrix (region h in Figure 1), passing through the unit cell, and entering the right matrix

(1)
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(region H in Figure 1). Neglecting the time factor ™', the displacements of region (h),
(1), (2), and region (H) without reflection term are:

_ iij -ik/x _ .
u=Ae" " +Be"", k. =w/C;, j=h1,2 (3a)
u, = A, 6" (3b)
where j=+/-1, k; is wavenumber, w is circular frequency, A;, B, and Ax are unknown

and undetermined coefficients, they need to be obtained through boundary conditions.

Furthermore, by combining the stress and displacement equations, we can write:

' 1 1 A ikjx
{H ' } e 1=h1.2 (4a)
o, iZ, -iZ Be™

Uy | _ 1 ikyX
{OH}_{iZh}AHe (4b)

ou . .
where Gf:'u’a_x]’ Zj=ujkj=wﬂ/ujpj, j=h,1,2,and \Jup isimpedance.

To simplify the expression, let

a="1 11 jzn12 ; p-|e 0 1=1,2 (5a)
j_ IZ/ -IZ/ ) ,I s 1y ) j_ 0 e'ikj’j ’ j 1]

ik, x- ik ;xt ik xR
Al | Ae" A.e" ,
X,=4 " b Xp= b XF=d b xTExp e, j=1,2
Bhe-lk,,x, Bje-lijj Bje-/k/xj

(5b)

Where ¢; is the length of material j. We let y={u}, considering the boundary
o

conditions, it can be written as:

y(x7)=Q,X,=Q,X; (6a)

y(xF)=QX7=QD,X; i y(x;)=QX; (6b)

y(x5)=Q,XF=Q,D,X; i y(x§)={i;h}AHe’k~X5=cZ\H (6d)
and

y(x7)=QD,X; =QD,Q"y(x; )=T,y(x;) (7a)

y(x5)=Q,D,Q)'y (x5 )=T,y (x;) =Ty (x7)=T,Ty (x1 )=Ty(x7) (7b)
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Where T, is the transfer matrix of the j-th layer, and T is the cumulative transfer
matrix. Let R=TQ,, then we can obtain X, =R7cA,, X-=Q'Q,X,, X;=Q/'QD,X},

and thus solve for the displacement and stress response of the entire domain.
The unit cell is constructed from regions (1) and region (2). When the two unit cells

form a periodic structure, we have
y(xF)=Ty (%) =TTy (x5) =TTy (%) =TI T.Ty (x5 ) =TTy (x; )= T?y (x7)
(8)

As shown in Figure 1, a periodic structure formed by N sets of unit cells can be

deduced as follows:

y(xo) =TTy (x))=T"y (x;) 9)

The global result can be obtained in a similar way to the above.

3.2 Application of COMSOL software

Based on the theoretical analysis in 3.1, this study uses the material coefficients
in Table 1, including the base material and the unit cell, and performs dimensionless
calculation using the material of region (2) to calculate the global displacement and
band gap. Here, ¢ is the length of the unit cell (i.e., £ = ¢, + ¥,), considered as the
characteristic laength. The theoretical derivation and calculation can be performed
through dimensionless transformation. However, when using COMSOL software, the
actual dimensions must be input. Therefore, this study uses a characteristic length ¢ =
50m.The relevant material parameters, such as Young's modulus E, density p,
Poisson's ratio v, and width /, are listed in Table 2. The dimensionless results in Table 2
are the same as those in Table 1. Then, by setting the Floquet boundary conditions in
COMSOL software (as shown by the thick blue line in Figure 2(a)).

To compare the theoretical results and the simulation results, we define the

. . £ . .
dimensionless frequency as Q = Z’— Hence, the numerical results obtained from the

S2

COMSOL software calculation are compared with the theoretical results obtained in 3.1,
and plotted in Figure 2(b), which are the frequency relationships of the dispersion
curves in the first Brillouin zone. The theoretical calculations are performed based on
the wave velocities of longitudinal and transverse waves respectively. The dispersion
curve of the longitudinal wave is represented in blue, and the dispersion curve of the
transverse wave is represented in red. The theoretical results are represented by
symbols (circles and squares), while the calculation results from the COMSOL software
are represented by solid lines. It can be observed that periodic structures can indeed
block the transmission of specific frequencies, creating band gaps, as shown in the
yellow shaded area in Figure 2(b).
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Table 1 Material coefficients of base material and unit cell (theoretical analysis)

material u; P JH;P; ?; C, Cy

h and H 0.0138 0.2222 0.0554 -- 0.2500 0.2500
1 0.0833 0.3333 0.1666 0.2000 1.0000 0.5000
2 1.0000 1.0000 1.0000 0.8000 2.0000 1.0000

Table 2 Material coefficients of base material and unit cell (numerical analysis)

C.. C..
material E;(GPa) | p,(kg/m?) v /,(m) P J
(m/sec) | (m/sec)
1 2.418x108 2250 0.3333 10 400 200
2 2.898x10° 6750 0.3333 40 800 400
(a) - 1 1 1 1 1 1 1 1
407 LN
'y i
- af -1 -0.5 o 0 T 0.5 1

ki (/1)

Fig. 2 (a) The Floquet boundary condtion (thick blue line) built-in COMSOL software;
and (b) The dispersion curves in the first Brillouin zone

4. THE EXPERIMENT VERIFICATION by SMALL IRON BOX with FILLED SOIL

In this study, we investigate the wave propagation effected by experiment. We
place the soil inside an iron box and compact it. Then we bury sets of 1-D layered
periodic structures inside the soil. By measuring the acceleration responses signals
after perturbation, the effectiveness of the 1-D layered periodic structure in screening
vibration could be determined.

The experimental schematic diagram of this study is shown in Figure 3. Two (N=2)
and four (N=4) sets of 1-D layered periodic strutures are planned to be placed. The
experiment uses an iron box with a side length of 160cmx80cmx=30cm . The soil used
is classified as SM (silty sandy) according to Unified Soil Classification System (USCS).
Each unit consists of a 5cm thick concrete layer (yellow area) and a 5cm thick rubber
layer (gray area). The impact point is located at P1, and the accelerators are located at
A, B, C, and D. Point A is on the same side as the wave source and belongs to the
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vibeation zone. While B, C, and D belong to the protection zone. If there are four sets
periodic structures, only points C and D are included.

Figure 4(a) shows two sets of experimental photographaphs of layered periodic
structures (N=2) in the soil. Figure 4(b) shows the force function (extreme value
corrected to 1000 nt, force delay approximatelt 5.66*10-3 seconds, main bandwidth
within 400 Hz), accelerator response and corresponding frequency domain gisnal of flat
soil (without periodic structure buried). Since signal acquisition occurs synchronously
after the hammer strikes, the signal origin in the time domain is not the actural time
origin. Therefore, the time of force function generate is set as the origin, and the time
axex of each accelarator are synchronously corrected without affecting the results in
the frequency domain. In Figure 4(b), the time domain signal response of the
accelerator at point D is relatively large, which is attributed to its proximity to the
boundary of the iron box. Therefore, its result is only listed as a reference.
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Fig. 3 (a) Two sets of 1-D layered periodic structures (N=2), and (b) Four sets of 1-D
layered periodic structures (N=4) are embedded in the soil
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Fig. 4 (a) The soil filling inside the iron box with periodic structures (N=2), and (b) The
time domain and frequency domain signals of the flat soil, as a control group
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Figure 5 shows the experimental results for N=2 and N=4. Preliminary judgement
indicates that the time domain response at point A will produce constructive
inyerference and osillations due to the presence of the 1-D layered periodic structure.
The amplitudes at point B and C decrease significantly, and the frequency domain
signal also shows a decreasing trend within the main bandwidth.
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Fig. 5 (a) Time domain and frequency domain signals of two sets of 1-D layered
periodic structures (N=2), and (b) four sets of 1-D layered periodic structures (N=4) at
their observation points

5. COMPARISON and ANALYSIS
EXPERIMENTAL RESULTS

To evaluate the reslts of the small-scale experiment, we explored the findings
through both numerical simulation and analysis of experimentall data.

of NUMERICAL SIMULATION and

5.1 Numerical simulation by COMSOL software

We use reasonable material parameters for concrete and rubber, as shown in
Table 3. Then 1-D layered periodic structure analysis is performed using COMSOL
software. As shown in Figure 6(a), the actual-sized material is meshed, and the bold
blue lines present the Floquet boundary conditions, resulting in the dispersion curve
shown in Figure 7(b). The analysis reveals band gaps of approximately 160-220 Hz and
240-340 Hz. Corresponding to the experimental results in Figure 5(a), the observed
frequency domain signal response at points B and C within this frequency range, even
at point D, which served as the reference point. However, in Figure 5(b), the effect on
the result (N=4) is only observable at point C, while the effect at point D is not
significant.

Table 3 Material coefficients used in COMSOL software simulations

C. C.
Material E;(Pa) | p,(kg/md) v (cm) P I
(m/sec) | (m/sec)
concrete(j=1) | 2.7x10" 2306 0.200 5 3606.91 | 2208.75
rubber(j=2) | 2.639x10° 1614 0.475 5 34.11 7.44
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Fig. 6 (a) The meshed grid and Floquet boundary condition by COMSOL software, and
(b) the dispersion curves obtained by using the COMSOL software simulation

5.2 Application of the Wiss attenuation model

For time domain signals, based on the wave propagation attenuation model
proposed by Wiss (1967), without considering the wave propagation type, only
considering the attenuation type caused by distance, it can be expressed as follows:

A=Kd™ (10)

In this study, A is defined as the acceleration amplitude oscillation in the time domain
signal (i.e., the difference between the positive and negative amplitudes in Figure 4 and
5), K is the attenuation constant, d is the distance between the receiving point and the
wave source, and m is the attenuation rate. After analyzing the experimental data of the
1-D layered periodic structures with N=2, and N=4, and flat soil, the regression curve
shown in Figure 7(a) can be plotted. Obviously, placing the 1-D layered periodic
structure will change the attenuation of the wave propagation along the soil.

To reiterate the amplitude reduction factor defined by Woods (1968):

__ Surface amplitude with barriers (1 1 )

Ap =

Surface amplitude of flat soil

Since the definition of equation (11) is for the discussion of amplitude under steady
state at a single frequency, while this study is for the discussion under transient
response, the results of amplitude oscillation are still used for analysis, and the curves
of distance and are shown in Figure 7(b). From Figure 7(b), it can be observed that the
values of Ar at point A are all greater than 1 (amplitude increases), indicating that the
energy of the vibrating area is increased due to the 1-D layered periodic structure, while
the values Ar of at points B and C are less than 1, indicating that the vibration energy in
the protected area decreases. However, the factors that cause the vibration decrease
include: (1) attenuation caused by distance; and (2) the obstruction of the 1-D layered
periodic structure; therefore, in order to highlight the effect of the 1-D layered periodic
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structure, this study compares the attenuation trend of the 1-D layered periodic
structure response in Figure 7(a) with the attenuation trend of the flat soil, that is:
Al = A=2a) (11)
R
A(flat soil)

As can be observed from Figure 7(b), when the case of N=2, there is a fairly good fit
with Arand A’g, but when the case of N=4 is less ideal. The error is presumably due to
the fact that Ar is obtained only by using points A and C. The relevant data from the
above analysis can be found in Table 2, where the parameter K and m values obtained
from the regression of the Ar data are close to:

K(N=2,4)
Ky =—————, my, = my= -m ; (12)
N=2,4 lat soil
R K(fiatsoiry R ( ) U )
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Fig. 7 (a) Comparison of amplitude attenuation by Wiss Model, and (b) the amplutude
reduction relationship under N=2 and N=4

Table 4 Relevant parameters for soil attenuation

K m Ar (A) Ar (B) Ar (C) Ky, My,

flat soil 1.42 -0.67 -- -- -- - -
N=2 0.31 -1.78 1.30 0.25 0.24 0.22 -1.11
N=4 0.38 -1.77 1.65 -- 0.37 0.37 -0.93

6. CONCLUSIONS

This study successfully evaluates the micro-vibration screening performance of a
1-D layered periodic concrete-rubber structure embedded in soil through a coupled
analytical, numerical, and experimental approach. The main conclusions are

summarized as follows:
1. The theoretical transfer matrix method (TMM) analytical solutions for both
longitudinal and transverse wave dispersion curves achieve a near-perfect
agreement with the numerical Bloch-Floquet boundary simulations performed via
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COMSOL software, firmly validating the mathematical model of the first Brillouin
zone.

2. Small-scale soil-box impact tests demonstrate that the proposed 1-D layered
periodic structure provides excellent transient vibration mitigation in the frequency
domain, exhibiting a powerful, distinct attenuation zone spanning from 250 Hz to
483 Hz at the protected area.

3. The experimental attenuation band successfully encompasses the full band gap
of 240-320 Hz predicted by the idealized upscaled numerical model, proving that
the scaling laws remain highly robust across different geometric dimensions.

4. Time domain regressions using the Wiss model confirm that the deployment of
periodic unit cells significantly alters the distance-dependent wave attenuation
rate (m) in soil, providing a reliable and practical foundation for future field-scale
geotechnical wave barriers.
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