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Abstract: Seismic isolation systems protect structures and act as decoupling systems with the 

structure, which aims to uncouple the motion of the structure from incoming waves by reducing the 

kinetic energy of vibration transferred to structures. This research aims to study a non-invasive vibration 

isolation system using periodic barriers. A comprehensive field test program is completed to evaluate 

the wave isolation performance of empty trench and periodic barriers. The precast one-dimensional 

(1D) periodic barriers are arranged to form one long barrier and one short thick barrier to examine the 

influence of barrier length and the number of unit cells on the vibration isolation performance. The test 

program reported in this study is the P0 case (without periodic foundation), which serves as a reference 

group compared to previous test case P1 (with periodic barrier and reinforced concrete foundation) and 

test case P2 (with a combination of periodic barrier and periodic foundation). The triaxial (T-Rex) 

shaker truck generates excitation in three axis and the wave form include sine wave, sweep frequency 

and seismic waves. Each geophone sensor position records the triaxial soil response. The responses of 

soil along the direction of wave transfer, the normalized responses, and the frequency response function 

(FRF) are all provided and discussed. Various excitation inputs are comparable. It is found that the 

excitation directions influence the periodic barrier's effectiveness because of the dominant waveform. 

When FRF is compared between benchmark case and test cases, the periodic barriers’ screening 

effectiveness can be determined in the attenuation zones. These attenuation zones are expected to be 

the frequency band gaps of the periodic barrier. When the incoming wave frequency falls in this 

frequency band gap, the periodic barrier can isolate the vibration propagating towards the protected 

region. 

Keywords: Periodic barrier, T-Rex Shaker, Excitation frequency, Excitation Direction, Frequency 

Response Function, Frequency Band Gap. 
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1. Introduction 

A non-invasive periodic barrier is a combination of a trench and a 1D periodic barrier. The 

advanced seismic isolation performance of the periodic barrier is developed based on the selective 

vibration isolation property of the existing periodic foundation [1]– [6]. The periodic barrier is expected 

to provide both advantages of wave barrier and periodic material when infilled in trench type barrier. 

The periodic barrier is installed away from the structure, acting as a non-invasive vibration isolation 

system. The disadvantages of the periodic foundation are overcome with this trench-type periodic 

barrier since it is easy to be installed and maintained. It does not need to carry the superstructure load 

since it is independent of the structure. The proposed trench-type periodic barrier will add immense 

value to seismic isolation systems and the field of earthquake engineering. 

Wave barriers are a typical type of vibration isolation system to prevent structures from seismic 

vibrations. The damages due to seismic vibrations and human-induced vibrations to structures led 

researchers to study and develop measures to isolate the vibrations reaching the structure. Wave barriers 

are developed to isolate the vibrations by creating a discontinuity in the wave propagation path. To 

protect structures from seismic vibrations, they are often installed underground. Different forms of wave 

barriers are developed, such as open or infilled trench-type wave barriers [7]– [15] and rows of 

piles[16]–[20]. Typically wave barriers are in the form of open or infilled trench types. Even though 

studies found that open trenches show higher wave isolation performance compared to infilled trenches, 

the instability of the soil makes the open trenches hard to maintain and sometimes becomes an unsafe 

condition for people’s safety, so the various infilled materials are investigated in this study. Based on 
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the distance between the excitation source and the barrier, they are classified as either active or passive 

isolation wave barriers. When the barrier is installed in the vicinity of the vibration source to isolate the 

vibration, it is called an active isolation wave barrier. These are usually used when the source of 

vibration is known. When the barrier is installed close to the structure to isolate the vibration, it is called 

a passive isolation wave barrier [2]. Based on infilled material, for soft barriers, Young’s modulus and 

shear modulus of infilled material are smaller than those of soil; for the stiff barrier, Young’s modulus 

and shear modulus of infilled material are greater than those of soil.  

A periodic material is a non-natural material designed with an assembly of different composite 

materials to exhibit negative refractive index property and have selective frequency band gaps [6], [21]– 

[25]. It is also called metamaterial, and the concept originates based on the selective frequency band 

gap property of phononic crystals from solid-state physics. Phononic crystals can control the wave 

propagation in a select frequency range. When these phononic crystals are used in a large scale, it is 

called periodic structure. The materials are usually arranged in repeating patterns at smaller scales than 

the wavelengths of the phenomena they influence. An adequately designed metamaterial can 

manipulate incoming waves by blocking or reflecting them to provide benefit, which is not possible 

with conventional materials [1]. 

Many researches have been done in past decades to evaluate the vibration isolation by periodic 

barrier. A large-scale field experiment in a marble quarry was conducted by Meseguer et al., [23]. A 

collection of periodically distributed cylindrical holes were drilled on the marble surface. Surface elastic 

waves were generated up to 40 kHz using 0.5 in steel bearing ball in two directions. One is in line with 

response detectors, and the other is inclined at 30 degrees to sensors. The results showed that wave 

attenuation zones exist in both cases. The conclusion was made on the existence of attenuation zones 

for Rayleigh waves by periodically distributed cylindrical holes. An acoustic barrier adapting the 

periodic material was tested in the outdoor environment with frequencies between 500 to 4000 Hz by 

Sanchez-Perez et al., [26]. This acoustic barrier is formed by two-dimensional arrays of hollow 

cylinders in air. The microphone and the source were placed in several positions to analyze the 

transmission sound from a different direction. The test concluded that the attenuation zone could be 

adjusted by varying the constant lattice and the filling fraction, and a limited number of elements can 
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attain the attenuation level achieved by other acoustic screens. The work also proves the periodic 

material can reduce noise not only in controlled condition such as an echo-free chamber but also in free-

field conditions with the insertion loss higher than 11 dB within the frequency band gap. The acoustic 

band gap associated with periodic elastic composite were also validated analytically by Kushwaha et 

al. 1993 [27]. Yan et al. 2014 [28] reported the basic theory of 2D periodic foundation to prevent the 

structure from seismic vibration. A FEM for 2D periodic foundation with a superstructure was setup to 

evaluate the frequency band gap by frequency analysis. Small-scale experimental results were 

compared with FEM results for conclusive study. The results confirm the significant vibration 

attenuation when the exciting frequency falls into the band gaps and coincide with both theoretical and 

experimental results. Extensive numerical studies have been made by many researchers to evaluate the 

vibration isolation performance and existence of frequency band gap [2], [5], [6], [20], [29], [30] 

The design of a 1D layered periodic barrier was presented by Witarto et al. [1] which is based 

on selective frequency isolation by Phononic crystals [21,31]. The crystal lattice arranged in one 

direction possesses frequency isolation when the propagation is normal to the direction of the lattice. 

Various dimension 1D unit cell periodic structures and the variation of frequency band gap with respect 

to the width of unit cell, thickness ratio, and effect of Young’s modulus and Poisson’s ratio were studied. 

The frequency band gap of benchmark unit cell periodic structure consisting of one concrete base and 

one rubber layer was found to be 13.51 Hz– 30.87 Hz and 36.65 Hz to 50 Hz for S-waves, and the 

frequency band gap for P-waves was found to be between 51.5 Hz – 117.6 Hz. A simple unit cell 1D 

periodic barrier consisting of a rubber layer sandwiched between concrete layers with different 

thickness ratios was studied to analyze the effect of Young’s modulus and Poisson’s ratio. The effects 

of Young’s modulus and Poisson’s ratio were not much significant. The conclusion was made that the 

unit cell must consist of at least two contrasting components, i.e., stiff, and dense components as well 

as light and soft components. More number of unit cells provides better wave attenuation. Large plane 

size to the total thickness of periodic structure can eliminate undesirable vibrations. Xiang et al. [32] 

conducted shake table tests on a specimen with periodic foundation and without periodic foundation to 

evaluate the response reduction efficiency of periodic foundation for transverse and longitudinal waves 

and compared it with numerical analysis results. Similar performance evaluation experiments and 
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numerical analysis were conducted by Zhao et al. 2021 [3] on a small modular reactor with a 1D periodic 

foundation. The results show the existence of frequency band gaps, and when the frequency of incoming 

wave falls in the band gap, the periodic foundation can isolate the vibration to protect the superstructure 

from seismic damage. Witarto et al. [33] presented the global sensitivity analysis of frequency band gap 

in 1D Phononic crystals based on the variance decomposition and material parameters using a 

mathematical model with respect to input parameters. The width of the frequency band is dependent on 

the interaction of thickness ratio and Young’s modulus for S-waves. For P-Waves, the Poisson’s ratio 

interaction of the reference layer is an additional dominating parameter.  

The goal of the research is four-fold: (1) test and evaluate the attenuation zones of periodic 

barrier experimentally and compare with the theoretical frequency band gap, (2) conduct a series of 

passive isolation tests to evaluate the vibration isolation by the periodic barrier, (3) develop a periodic 

barrier setup which can provide total isolation of vibration by conducting large-scale field experiments 

and (4) check the feasibility for seismic vibration isolation. The condition with periodic barrier and 

empty trench is also included in the scope of the study. The test condition without a barrier serves as 

the benchmark case to evaluate the vibration isolation by the barrier. The empty trench case results 

provide a significant comparison with the material-infilled cases. The vibration isolation by the periodic 

barrier is validated experimentally in this study. The influence of critical parameters such as excitation 

direction and distance on the vibration isolation performance and frequency band gaps is critically 

examined.  

2. Theory of 1D Periodic Materials 

Periodic materials exhibit selective frequency band gap property. These frequency band gaps 

can be obtained by constructing dispersion curves of a unit cell periodic material by applying periodic 

boundary conditions. Many researchers contributed to the theoretical study of periodic materials to 

obtain dispersion curves and to derive theoretical frequency band gaps. Some of those methods include 

transfer matrix method [1, 2, 3, 4, 39, 41, 42]. The derivation of frequency band gap of metamaterial 

using transfer matrix method for P wave and S wave was described by Witarto et al. [1, 4, 39], Zhao et 

al. [3]  and for Rayleigh wave was described by Huang [2]. By solving wave equation for P wave, S 
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wave, and Rayleigh wave and by applying periodic boundary conditions to top and bottom surface of 

periodic material, the relationship between wavenumber and frequency can be obtained. Eqs. (1), (2), 

and (3) show the wave equations for homogeneous materials of the P wave, S wave, and Rayleigh wave, 

respectively as follows: 

 
𝜕2𝑢

𝜕𝑡2
= 𝐶𝑃

2
𝜕2𝑢

𝜕𝑥2
   , 

(1) 

 

 
𝜕2𝑤

𝜕𝑡2
= 𝐶𝑆

2
𝜕2𝑤

𝜕𝑥2
   , 

(2) 
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𝜕𝑧
)

𝜕2𝜓

𝜕𝑡2
= 𝐶𝑆

2 (
𝜕2𝜓

𝜕𝑧2
+
𝜕2𝜓

𝜕𝑥2
) = 𝐶𝑆

2 (
𝜕𝑢

𝜕𝑧
−
𝜕𝑤

𝜕𝑥
)

   , 
(3) 

 

Where u denotes the x-direction displacement, w denotes the z-direction displacement, Cs denotes S 

wave velocity, CP denotes the P wave velocity. 𝜙  and 𝜓  are dilatational potential and rotational 

potential, respectively. By substituting these wave equations into steady state oscillatory wave 

equations, the general solution to nth layer can be obtained [1, 2, 3, 4, 39]. 

 The resulting state vector for nth layer is further reduced to eigenvalue problem by using transfer 

matrix and Bloch-Floquent theory as in Eq. (4) 

 |𝑻(𝜔) − 𝑒𝑖𝑘𝑎𝑰| = 0   . 
(4) 

 

where 𝑒𝑖𝑘𝑎 is the Eigenvalue of the transformation matrix 𝑻(𝜔). By solving the Eigenvalue problem, 

the relationship between wavenumber k and frequency 𝜔 can be obtained. To obtain the frequency band 

gaps, wave number k is considered only limited to Brillouin zone [38], i.e., 𝑘 ∈ [−𝜋 ℎ⁄ , 𝜋 ℎ⁄ ] even 

though k is unrestricted. 

 Researchers also developed few other theoretical methods to obtain dispersion curve and 

derived frequency band gaps which include plane wave expansion (PWE) [27, 43], finite difference 

time domain (FDTD) [44, 45], finite element methods (FEM) [2, 4]. 
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3. Experimental Program 

3.1. Specimen specification 

A 1D periodic barrier consisting of two reinforced concrete layers and one polyurethane layer is 

used in this study [34]– [36]. The design of this 3-layer unit cell and the properties of polyurethane are 

the same as reported by Witarto et al.  [4]. The same batch of polyurethane layers is used in this 

experiment. Witarto developed the dispersion relation of periodic foundation and the obtained 

frequency band gaps within the range of 5 to 100Hz. For the P wave, the theoretical frequency bandgap 

is 45.0–100 Hz; for the S wave, the theoretical frequency band gaps are 11.8-46.1 Hz, 49.1-92.1 Hz, 

and 93.7-100 Hz; for the Rayleigh wave, the frequency band gaps are 10.2-43.8 Hz, 47.0-87.6 Hz, and 

88.8-100 Hz [29] The frequency band gaps are designed to stay below 100 Hz due to the earthquake 

engineering application and the limitation of the triaxial shaker (T-Rex) [37] used in this experiment. 

The fabrication process of the specimen is as reported in Huang 2020 [2]. The overall dimensions 

of the 3-layer unit cell specimen are 1.52 ft long, 1.22 ft wide, and 0.28 ft thick, in which the first and 

third layer of reinforced concrete has the dimension of 1.52 ft long, 1.22 ft wide, and 0.1 ft thick. The 

1D 3-layer unit cell specimen for the experimental field study is shown in Figure 2. 

 
Figure 2 A 1D 3-layer Unit Cell Periodic Barrier Specimen [2] 

3.2. Test setup  

This experimental program consists of 4 passive isolation tests with different barrier conditions. 

Each test is distinct in terms of infilled material in the trench, periodic barrier dimension, and the number 

of periodic barriers. In this experiment, the different test conditions are classified as i) No Barrier 

(P0S0), ii) Empty long trench (P0EL), iii) Single long Barrier, and iv) One thick Barrier. The detailed 

description is shown in Figure 3. Compared to previous research, this study presents the test results of 
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periodic barrier without the influence of superstructure or periodic foundation. This test program serves 

as a reference group compared to previous research, which show a combination of periodic barrier, 

periodic foundation, and superstructure.[34]–[36]. 

 
Figure 3 Schematic Representation of Test Plan (not to scale) 

Note: Scenario P1 was reported by Huang et al. [34], scenario P2 and the comparison between 

scenario P1 and scenario P2 was reported by J. Wang et al. [36]. The P1 tests were completed in 

October 2019, P2 tests were completed in June 2020, P0 test scenarios were completed in April 

2022. 

 In the experimental program, the P0S0 condition is considered a benchmark case with a ground 

surface response without any trench and periodic barrier. Table 1 shows the dimensions of the barrier 

associated with the test condition.  

Table 1 Barrier Dimensions 

Barrier  

condition 

Description Length 

(ft) 

Depth 

(ft) 

Width 

(ft) 

EL One long empty trench 2.44 1.52 0.28 

BL One long periodic barrier 2.44 1.52 0.28 

B2T One short thick periodic barrier 1.22 1.52 0.56 

Each test condition is subjected to three different excitation inputs i) frequency sweep 

excitation, ii) fix frequency harmonic excitation, and iii) earthquake excitation in all three directions 

individually, such as Vertical excitation direction, Horizontal crossline excitation direction, and 

Horizontal inline excitation direction to study the vibration isolation performance in different directions 

of excitation by measuring the response in the direction same as excitation. Frequency sweep excitation 

ranges from 15Hz to 100Hz with a predefined duration of 12 seconds, with preselected frequency 

cycles, the excitation produces one frequency at a time within the selected frequency range. This allows 
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us to obtain and analyze the vibration isolation performance in a short duration of time. Fix frequency 

harmonic excitation is the signal with constant frequency and amplitude applied for a duration of 2 

seconds. This frequency ranges from 15Hz to 100Hz with an increment of 5Hz. Due to the concentrated 

energy of the applied frequency, this will have a high signal-to-noise ratio to obtain a better response. 

Lastly, earthquake excitations consisting of nine individual earthquake seismograms Oroville, Anza, 

Bishop, Loma Prieta, TCU052, Gilroy, San Fernando, El Centro, and Northridge are provided as input. 

These earthquakes' original time history data are obtained from the PEER ground motion database. 

Since the estimated frequency bandgap range is 10Hz to 100Hz, and the optimum performing range of 

frequency of T-Rex is 10Hz to 100Hz, these earthquake frequencies are scaled to maintain the frequency 

range between 10Hz to 100Hz by multiplying with the scale factor [34]. The Earthquake seismograms 

are used as the input excitation to T-Rex shaker. The excitation is applied in the three various directions 

in each test scenario to get the isolation performance of the periodic barrier in the same direction of 

excitation. 

A passive isolation test condition can be defined as placing the barrier away from the excitation 

source to absorb and isolate the frequency reaching the structure or region behind the barrier. The five 

various test conditions have a specific mapping of the sensor, accelerometer, and the location of the 

barrier to be followed during the field test. The distance of excitation source (T-Rex) from the periodic 

barrier is one parameter that distinguishes this experiment program into two different sets. When the 

distance between barrier and source is 20ft, it is termed as near field excitation; similarly, when the 

distance is 100ft, it is termed as far-field excitation—Figure 4, Figure 5, Figure 6, and Figure 7 show 

on-field sensor mapping. 
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Figure 4 Case 1: No Barrier (P0S0) Sensor Layout (in units of ft) 

 

 

 

 

Figure 5 Case 2: Long Empty Trench (P0EL) Sensor Layout (in units of ft) 

 

 

Figure 6 Case 3: One Long Periodic Barrier (P0BL) Sensor Layout (in units of ft) 
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Figure 7 Case 4: One Short Thick Periodic Barrier (P0B2T) Sensor Layout (in units of ft) 

A total of 45 geophones are placed, as shown in the sensor layout, to record the response in the 

three various directions. 15 geophones for Vertical excitation response, 15 for Horizontal Inline 

excitation response, and 15 for Horizontal crossline response. Each location will have three geophones, 

as shown in Figure 8. The red color geophone records response in the vertical direction, and two blue 

geophones record responses in Horizontal inline and crossline directions. The geophones used in the 

tests are GS-One LF 4.5 Hz. The natural frequency of the geophone is 4.5Hz, the calibration factor is 

2.303 V/(in/sec), and the damping coefficient is 0.7. 

 
Figure 8 3D geophone directions 

The triaxial micro-electrical mechanical system accelerometers are fixed on both sides of the 

barrier, as shown in Figure 9, to record response before and after the barrier. These accelerometers 

record responses to excitation in all three directions. X-direction refers to Horizontal inline direction, 

Y-direction refers to Vertical direction, and Z- direction refers to Horizontal inline direction. Silicon 

Design, Inc 2430-002 model accelerometers are used in the tests. The calibration factor is 2.5 V/g. 
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Figure 9 3D Accelerometer 

3.3. Site investigation 

By conducting Spectral-Analysis-of-Surface-Waves (SASW) test we can determine the shear 

wave velocity profile of the test site [2]. By utilizing the dispersive nature of Rayleigh-type surface 

waves propagating through a layered material to determine the shear wave velocity profile of the 

material, this test method provides the dispersion curve of the soil profile. The surface waves are 

generated at one location on the ground surface and the vertical motions created by the passage of 

surface waves between the pairs of receivers are recorded using a dynamic signal analyzer to interpret 

the relative phase of the cross-power spectrum between the two receivers of each receiver pair. The data 

collected in the field in the form of phase plots, are reduced and interpreted, which provides the 

dispersion curve which represents relationship between the phase velocity and wavelength of the 

surface wave for the test site. The surface wave dispersion curve was measured, and the site's following 

shear wave velocity profile was obtained as shown in Figure 10. 
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Figure 10 Shear wave velocity profile obtained from SASW test [2] 

From Figure 10, the shear wave velocity (V) of the first layer located between 0-0.625m below 

ground surface is 90 m/sec, and the second layer located between 0.625-2.125m below ground surface 

is 161.5 m/sec. The depth beyond 2.1m is the third layer, and the associated shear wave velocity is 

234.7 m/sec. The soil sample at each layer from the site is collected, and properties are measured in the 

laboratory. The first layer of 1ft depth below the ground surface has a density (ρ) of 1630 kg/m3, and 

the density at a depth of 3ft below the ground surface is 1702 kg/m3. The assumed Poisson ratio is 0.33 

for unsaturated soil. The Young’s modulus is calculated using 

 Shear modulus, 𝐺 = 𝜌𝑉2 (24) 

and Young’s modulus, 𝐸 =
𝐺

(2(1+))
 (25) 

Therefore, the calculated Young's modulus for the first, second, and third layers is 35 MPa, 118 

MPa, and 249 MPa, respectively [2]. The data acquisition methodology involves a function generator, 

a data acquisition system (mobilizer), and an excel input sheet [2], [34]. 

3.4. Data processing 

The T-Rex shaker can produce dynamic vibration in all three directions. The input signals, i.e., 

frequency, duration, and sampling rate for the designated test are sent to the function generator using 

the excel sheet. The T-Rex input channel is connected to the function generator. By pressing the trigger 

button, the signal is sent to T-Rex. The T-Rex will generate the vibration in a preset direction. When 

the vibration passes through installed geophones, the geophones will record the response in Voltage. 

Also, the accelerometer records the response in Voltage. Each test run is saved. 

The recorded data from the geophone might be more than the required duration of the test. To 

eliminate those recorded data outside test duration, the Tukey-window function, a cosine-tapered 
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window function from MATLAB with cosine fraction 0.12, is used to make data outside test duration 

to zero. The natural frequency of geophone (4.5Hz) and response beyond 100Hz are eliminated by 

applying a fifth-order low-pass and high-pass Butterworth filter, an anti-aliasing function from 

MATLAB to attenuate the signal below 5Hz and above 100Hz by setting the low-pass cutoff frequency 

to 5Hz and high-pass cutoff frequency to 100Hz. Now, the data in velocity is converted to acceleration 

by taking the gradient of velocity with respect to time. The data is plotted as acceleration versus time 

to represent the response in the time domain. By applying Fast Fourier Transformation (FFT), we can 

obtain the response in the frequency domain as acceleration vs. frequency. 

The isolation performance of the periodic barrier is evaluated by calculating Frequency 

Response Function (FRF) and the response in the same direction as the excitation direction. There are 

different methods to calculate FRF. One such method is the Direct Method. The direct method uses the 

response at the nearest point before the barrier and the nearest point after the barrier to calculate FRF. 

Different test condition uses a different approach to process the data. The maximum acceleration can 

be obtained from the frequency domain for the fix-frequency harmonic excitation test. For fix-frequency 

harmonic excitation, the expression to calculate FRF using the direct method for each exciting 

frequency fi is  

 𝐹𝑅𝐹𝑓𝑖 = 20𝑙𝑜𝑔10 [
|𝐴𝑓𝑖(𝑡)|𝑚𝑎𝑥,𝑏𝑎𝑐𝑘

|𝐴𝑓𝑖(𝑡)|𝑚𝑎𝑥,𝑓𝑟𝑜𝑛𝑡
] (26) 

Where, |𝐴𝑓𝑖(𝑡)|𝑚𝑎𝑥,𝑏𝑎𝑐𝑘 is the absolute value of the maximum acceleration record at the nearest point 

behind barrier,  

|𝐴𝑓𝑖(𝑡)|𝑚𝑎𝑥,𝑓𝑟𝑜𝑛𝑡 is the absolute value of the maximum acceleration record at the nearest point in front 

of the barrier. For frequency sweep and earthquake excitation input, the expression to calculate FRF 

using the direct method is 

 𝐹𝑅𝐹(𝑓) = 20𝑙𝑜𝑔10 [
|𝐴(𝑓)|𝑏𝑎𝑐𝑘
|𝐴(𝑓)|𝑓𝑟𝑜𝑛𝑡

] (27) 

Where, |𝐴(𝑓)|𝑏𝑎𝑐𝑘 is the response in the frequency domain at the nearest point behind the barrier,  

|𝐴(𝑓)|𝑓𝑟𝑜𝑛𝑡 is the response in the frequency domain at the nearest point in front of the barrier. 
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The FRF is calculated for frequency domain data. The final FRF for earthquake excitation is obtained 

by averaging the FRF of nine earthquakes. 

Using the direct method, the response at the point before the barrier and after the barrier can be 

directly compared without normalization. By comparing the FRF of each test case with the benchmark 

case, we can analyze the isolation performance of barriers. The vibration attenuation zone is identified 

when the FRF of with barrier case is smaller than in the case without the barrier. The vibration 

amplification zone is identified when the FRF of with barrier case is higher than in the case without the 

barriers. 

4. Experimental Results 

The test results with various conditions are discussed in this section. The processed data is 

represented graphically in comparison to the benchmark case to analyze the isolation performance of 

various barrier conditions. The fix-frequency harmonic excitation test results are compared in two ways. 

One compares normalized acceleration versus distance from the excitation source for each frequency, 

and the other compares the FRF of each barrier case with the FRF of the benchmark case. The results 

of the frequency sweep and earthquake excitation are compared using FRF with the benchmark case. 

The distance between the barrier and excitation source (T-Rex) is a key factor in the tests. The T-Rex 

is placed at two different distances of 20 ft and 100 ft from the periodic barrier. When T-Rex is placed 

at a 20 ft distance from the barrier, it is called near-field excitation. When the T-Rex is placed at a 100 

ft distance from the barrier, it is called far-field excitation. 

4.1. No Barrier (P0S0) 

The test condition with no barrier is considered a benchmark case denoted as P0S0. The sensor 

mapping is shown in Figure 4. The T-Rex is placed at a 20 ft distance. The input signal is provided, and 

the responses of all sensors are recorded. The procedure is repeated for various excitation directions, 

and the responses are recorded. The T-Rex is moved to a 100 ft distance from the barrier, the input 

signal is provided, and the responses of all sensors are recorded. The procedure is repeated for various 

excitation directions. Following the data processing procedure as mentioned in Section 3.4 the 
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following results are observed. Figure 11 shows the maximum steady-state response recorded at various 

sensor locations in all three directions. 

 
Figure 11 Maximum Steady-State Response in Vertical Direction, Excitation distance 20ft for the 

               test case P0S0. (Note: the number of sensors are as shown in Figure 4) 

The T-Rex shaker does not provide exactly same vibration as input even though the input signal 

is the same and slight differences in magnitude may occur. The response comparison for various barrier 

conditions without normalizing the response will provide inappropriate results. Therefore, dividing the 

response by reference point will provide a normalized response. The reference point is located between 

the excitation source and the point nearest to the barrier, i.e., sensor 6 is taken as the reference point. 

The normalized response at the reference point is always one. Figure 12 shows normalized responses 

of all sensors in the vertical direction for an excitation distance of 20ft with fix-frequency harmonic 

excitation at 15Hz and 75Hz.  

 
Figure 12 Normalized Response in Vertical Direction for Excitation Distance 20ft  

                               (Black: 15Hz, Red: 75Hz). 

The FRFs of the benchmark cases with the fix-frequency harmonic excitation, frequency sweep, 

and earthquake excitation are calculated using the direct method, as explained in Section 3.4, as 

references to evaluate the isolation performance of barriers. Figure 13 shows the FRF of the P0S0 case 

in the vertical direction for an excitation distance of 20ft. 
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Figure 13 FRF in Vertical Direction for Excitation Distance 20ft, Case P0S0 

With these results from the benchmark case, we can compare various barrier conditions to 

evaluate the isolation performance of barriers. 

4.2. Long Empty Trench (P0EL) 

A long-empty trench of the length of 8 ft, depth of 5 ft, and width of 0.92 ft is located between 

sensors 6 and 7, as shown previously in sensor mapping. When a fix-frequency harmonic excitation is 

applied at a distance of 20 ft and 100 ft in all three directions, the ground surface responses are recorded 

in all three directions by the sensors. The critical points for observation are sensors 6 and 7. The 

normalized response is obtained by dividing the responses of sensors 6 to 15 by sensor 6, which is the 

nearest sensor before the long empty trench. When 15 Hz and 75 Hz harmonic excitations are applied 

at a distance of 20 ft from the barrier, the response reduction after the long empty trench is observed. 

Figure 14 shows the normalized maximum response at the sensor locations after the barrier under a fix-

frequency harmonic excitation at a distance of 20 ft from the barrier. The black curve represents the 

benchmark case (P0S0), and the red curve represents the long empty trench case (P0EL). 

   
a) Vertical response of 15 Hz 

harmonic vertical excitation 

b) Horizontal inline response 

of 15 Hz harmonic horizontal 

inline excitation 

c) Horizontal crossline 

response of 15 Hz harmonic 

horizontal crossline excitation 
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d) Vertical response of 75 Hz 

harmonic vertical excitation 

e) Horizontal inline response of 

75 Hz harmonic horizontal 

inline excitation 

f) Horizontal crossline 

response of 75 Hz harmonic 

horizontal crossline excitation 

Figure 14 Normalized Maximum Response of Sensors After the Long Empty Trench Under Fix 

            frequency Harmonic Excitation at 20 ft Distance from barrier (Black: P0S0, Red: P0EL) 

It is shown in Figure 14 (b) that when a 15 Hz harmonic excitation is applied at a distance of 

100 ft from the barrier, significant response reduction after the long empty trench is observed in the 

horizontal inline excitation direction. In contrast, the other two excitation directions do not give 

response reduction compared with the benchmark case, as shown in Figure 14 (a) and Figure 14 (c). 

When a 75 Hz harmonic excitation is applied at a distance of 100 ft from the barrier, significant response 

reduction after the long empty trench is observed in the vertical excitation direction, as shown in Figure 

14 (d). The other two directions do not give response reduction when compared with the benchmark 

case [Figure 14 (e) and Figure 14 (f)].  Figure 15 shows the normalized maximum responses at sensor 

locations after the barrier under a fix-frequency harmonic excitation at a distance of 100 ft. The black 

curve represents the benchmark case (P0S0), and the red curve represents the long empty trench case 

(P0EL). 

   
a) Vertical response of 15 Hz 

harmonic vertical excitation 

b) Horizontal inline response 

of 15 Hz harmonic horizontal 

inline excitation 

c) Horizontal crossline 

response of 15 Hz harmonic 

horizontal crossline excitation 
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a) Vertical response of 75 Hz 

harmonic vertical excitation 

b) Horizontal inline response 

of 75 Hz harmonic horizontal 

inline excitation 

c) Horizontal crossline 

response of 75 Hz harmonic 

horizontal crossline excitation 

Figure 15 Normalized Maximum Response of Sensors After the Long Empty Trench Under Fix 

                  frequency Harmonic Excitation at 100 ft Distance (Black: P0S0, Red: P0EL) 

To evaluate the effect of excitation distance on the performance of the periodic barrier, the 

normalized response of the P0EL case is represented for fix-frequency harmonic excitation of 30 Hz at 

a distance of 20 ft (Black curve), and 100 ft (Red curve) under all three directions of excitation is 

represented in Figure 16. 

   
a) Vertical direction b) Horizontal inline direction c) Horizontal crossline 

direction 

Figure 16 Fix-frequency harmonic excitation at 30 Hz for P0EL case 

(Black: Excitation distance 20 ft, Red: Excitation distance 100 ft) 

The normalized ground surface response can be larger when the excitation distance increases. 

This means less response reduction is realized when the excitation distance is larger, as shown in Figure 

16 (a)-(c). The ground surface response decays as the distance from the vibration source increases. The 

exponential decay suggests that the response reduction decreases drastically when the distance from the 

vibration source increases. The response reduction from one sensor location to the other becomes very 

small. Therefore, the normalized response is higher when the excitation distance is larger.  

 When the other two input signals, i.e., frequency sweep and earthquake excitation are applied, 

the responses are recorded by all the sensors. The two critical sensor locations are identified to evaluate 

the vibration isolation performance of the barrier. Sensor 6 is the nearest point before the barrier, and 

the response is considered as input to the barrier. Sensor 7 is the nearest point after the barrier, and the 
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response is considered as output from the barrier. The results are represented in the frequency domain 

to evaluate the effect of exciting frequency on the barrier's performance. The ground surface response 

from the P0S0 case is represented in Figure 17, which shows the characteristics of the test site. The 

response of the ground surface after introducing the barrier (P0EL) is presented in Figure 18. 

   
a) Vertical response of P0S0 

under vertical excitation 

b) Horizontal inline response 

of P0S0 under horizontal inline 

excitation 

c) Horizontal crossline 

response of P0S0 under 

horizontal crossline excitation 

Figure 17 Ground Surface Response of P0S0 case under frequency sweeping excitation 

                  (Black: Sensor 6, Red: Sensor 7) 

   
a) Vertical response of P0EL 

under vertical excitation 

b) Horizontal inline response 

of P0EL under horizontal 

inline excitation 

c) Horizontal crossline 

response of P0EL under 

horizontal crossline excitation 

Figure 18 Ground Surface Response of P0EL case under frequency sweeping excitation 

                  (Black: Sensor 6, Red: Sensor 7) 

The ground surface response of the P0S0 case is the benchmark case. Due to the stiffness and 

damping characteristics of soil, a small response is observed in the P0S0 case in Figure 17 (a), Figure 

17 (b), and Figure 17 (c) as the wave propagates away from the barrier, which is called geometric decay. 

With the presence of a long empty trench barrier, we expect the ground surface response to reduce 

further in addition to geometric decay. This is observed in Figure 18 (a), Figure 18 (b), and Figure 18 

(c). The frequency response function is calculated for both the P0S0 and P0EL cases to evaluate the 

frequency screening effectiveness of the barrier and to identify the frequency attenuation zone for the 

long-empty trench barrier. Figure 19 shows the FRF of P0S0 and P0EL under frequency sweep 

excitation. The frequency attenuation zone is identified when the FRF is less than zero. When the FRF 

is greater than zero, the frequency magnification is identified. The result shows that the frequency 
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attenuation zone for the long-empty trench barrier under the vertical direction of excitation, as shown 

in Figure 19 (a), is found to be between 15 Hz-38 Hz, 59 Hz-63 Hz, and 70 Hz-100 Hz, whereas the 

frequency magnification zone is found to be between 39 Hz - 58 Hz and 64 Hz - 69 Hz. Under the 

horizontal inline direction of excitation, the frequency attenuation zone is found to be between 15 Hz-

25 Hz, 27 Hz-42 Hz, and 50 Hz-100Hz, as shown in Figure 19 (b), whereas the frequency magnification 

zone is found to be between 25.1 Hz-26.9 Hz and 43 Hz-49 Hz. Under the horizontal crossline excitation 

direction, frequency attenuation is observed to cover the full range of frequencies from 15 Hz-100 Hz, 

as shown in Figure 19 (c). 

   
a) Vertical Response under 

vertical excitation 

b) Horizontal inline response 

under horizontal inline 

excitation 

c) Horizontal crossline 

response under horizontal 

crossline excitation 

Figure 19 FRF of P0S0 and P0EL under frequency sweep excitation (Black: P0S0 case,  

              Red: P0EL case), the shaded area denotes the frequency attenuation zone of case P0EL. 

These results suggest that the presence of barrier induces response reduction in a particular range 

of frequencies which gives a way to isolate the seismic vibration by the periodic barrier. 

4.3. Single Long Periodic Barrier (P0BL) 

A single long periodic barrier of the length of 8 ft, depth of 5 ft, and width of 0.92 ft is located 

between sensors 6 and 7, as shown previously in sensor mapping Figure 6. When fix-frequency 

harmonic excitations are applied at a distance of 20 ft in the three excitation directions, the ground 

surface response is recorded in all three directions by the sensors. The critical points for observation are 

sensors 6 and 7. The normalized response is obtained by dividing the response of sensors 6 to 15 by 

sensor 6, which is the nearest sensor before the single long periodic barrier. When 15 Hz and 75 Hz 

harmonic excitations are applied at a distance of 20 ft from the barrier, the response reduction 

observations are discussed below. Figure 20 (a)-(f) shows the normalized maximum response at sensor 

locations after the barrier under fix-frequency harmonic excitation at a distance of 20 ft. The black curve 
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represents the benchmark case (P0S0), and the red curve represents the single long periodic barrier case 

(P0BL). 

   
a) Vertical response of 15 Hz 

harmonic vertical excitation 

b) Horizontal inline response 

of 15 Hz harmonic horizontal 

inline excitation 

c) Horizontal crossline 

response of 15 Hz harmonic 

horizontal crossline excitation 

   
d) Vertical response of 75 Hz 

harmonic vertical excitation 

e) Horizontal inline response of 

75 Hz harmonic horizontal 

inline excitation 

f) Horizontal crossline 

response of 75 Hz harmonic 

horizontal crossline excitation 

Figure 20 Normalized Maximum Response of Sensors After the Single Long Periodic Barrier 

Under Fix Frequency Harmonic Excitation at 20 ft Distance (Black: P0S0, Red: P0BL) 

When a single long periodic barrier replaces the long empty trench, the response reduction is 

expected due to the screening effect of the periodic barrier. Even though the dimensions of the long-

empty trench and the single long barrier are the same, the resulting response reduction is significantly 

different. When 15 Hz fix-frequency harmonic excitations are applied, an amplified response is 

observed under vertical and horizontal inline excitation directions, as shown in Figure 20 (a) and Figure 

20 (b). The normalized maximum response of the P0BL case is larger than that of the P0S0 case. When 

75 Hz fix-frequency harmonic excitations are applied, a response reduction is observed under vertical 

excitation, as shown in Figure 20 (d). The normalized maximum response of the P0BL case is smaller 

than that of the P0S0 case. Therefore, the frequency screening performance of the barrier is strongly 

dependent on infilled material, excitation direction, and excitation frequency. 

When the other two input signals, i.e., frequency sweep and earthquake excitation, are applied, 

the response is recorded by all the sensors. The two critical sensor locations are identified to analyze 

the isolation performance of the barrier. Sensor 6 is the nearest point before the barrier, and the response 
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is considered as input to the barrier. Sensor 7 is the nearest point after the barrier, and the response is 

considered as output from the barrier. The results are represented in the frequency domain to evaluate 

the effect of exciting frequency on the barrier's performance. The ground surface response from the 

P0S0 case is represented in Figure 21 (a)-(c), which show the characteristics of the test site. The 

response of the ground surface after introducing the single long barrier (P0BL) is represented in Figure 

22 (a)-(c). 

   
a) Vertical response of P0S0 

under vertical excitation 

b) Horizontal inline response 

of P0S0 under horizontal inline 

excitation 

c) Horizontal crossline 

response of P0S0 under 

horizontal crossline excitation 

Figure 21 Ground Surface Response of P0S0 case under frequency sweeping excitation               

                    (Black: Sensor 6, Red: Sensor 7) 

 

   
a) Vertical response of P0BL 

under vertical excitation 

b) Horizontal inline response 

of P0BL under horizontal 

inline excitation 

c) Horizontal crossline 

response of P0BL under 

horizontal crossline excitation 

Figure 22 Ground Surface Response of P0BL case under frequency sweeping excitation               

                   (Black: Sensor 6, Red: Sensor 7) 

Figure 21 (a) shows that the ground surface response of the P0S0 case remains identical for the 

two critical sensor locations when the excitation is applied in the vertical direction. Under the horizontal 

inline and horizontal crossline excitations, the response remains similar within the frequency range of 

15 Hz to 75 Hz, as shown in Figure 21 (b) and Figure 21 (c). After introducing the periodic barrier, the 

response reduction is significant at sensor 7. Under the vertical and horizontal crossline excitations, the 

decayed response shows the screening effectiveness of the periodic barrier, as shown in Figure 22 (a) 
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and Figure 22 (c). Under the horizontal inline excitations, the amplified response is observed at the 

higher frequency range of 55 Hz to 95 Hz, as shown in Figure 22 (b). 

To demonstrate the screening effectiveness of the periodic barrier, the comparison of FRF is 

required with respect to the benchmark case. The FRF for both cases is calculated to identify the 

frequency attenuation zone for the single long periodic barrier. Figure 23 (a)-(c) shows the FRF of P0S0 

and P0BL under the frequency sweep excitation. Figure 24 (a)-(c) shows the FRF of P0S0 and P0BL 

under earthquake excitation. The frequency attenuation zone is identified when the FRF is less than 

zero. When the FRF is greater than zero, the vibration magnification is identified. The black curve 

represents the P0S0 case, and the red curve represents the P0BL case. 

   
a) Vertical Response under 

vertical excitation 

b) Horizontal inline response 

under horizontal inline 

excitation 

c) Horizontal crossline 

response under horizontal 

crossline excitation 

Figure 23 FRF of P0S0 and P0BL cases under frequency sweep excitation (Black: P0S0 case, 

                 Red: P0BL case), the shaded area denotes the frequency attenuation zone of the case 

P0BL. 

 

   
a) Vertical Response under 

vertical excitation 

b) Horizontal inline response 

under horizontal inline 

excitation 

c) Horizontal crossline 

response under horizontal 

crossline excitation 

Figure 24 FRF of P0S0 and P0BL cases under earthquake excitation (Black: P0S0 case, Red:    

                 P0BL case), the shaded area denotes the frequency attenuation zone of the case P0BL. 

Both the frequency sweep and the earthquake excitation provide similar results. The frequency 

attenuation zone for single long periodic barrier under the vertical direction of excitation is found to be 

between 21 Hz-56 Hz and 71.5 Hz-100 Hz [Figure 24 (a)], whereas the frequency magnification zone 

is found to be between 15 Hz-20.5 Hz and 56.5 Hz-71 Hz. Under the horizontal inline direction of 
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excitation, the frequency attenuation zone is found to be between 17.5 Hz-29.5 Hz, and 43 Hz-56 Hz 

[Figure 24 (b)], whereas the frequency magnification zone is found to be between 15 Hz-17.5 Hz, 30 

Hz-42.5 Hz, and 56.5 Hz-100 Hz. Under the horizontal crossline direction of excitation, the frequency 

attenuation zone is found to be between 15 Hz-91.5 Hz, and 94.5 Hz-99.5 Hz [Figure 24 (c)], whereas 

the frequency magnification zone is found to be between 91.5 Hz-94.5 Hz. The theoretical frequency 

band gaps of the periodic barrier are stated in Section 3.1. The test results produce significantly similar 

frequency band gaps in the vertical and horizontal crossline excitation directions, whereas in the 

horizontal inline excitation direction, the results do not fit well with the theoretical frequency band gaps. 

This is due to the differences in assumptions, test conditions, and complex heterogeneous properties of 

soil. The theory of the metamaterial is built on the assumption that the material is infinitely large in its 

length and depth, and the boundary does not allow the vibration waves to bypass the periodic barrier. 

4.4. One Short Thick Barrier (P0B2T) 

In this special test case, one short thick periodic barrier of the length of 4 ft, depth of 5 ft, and 

width of 1.84 ft is located between sensors 6 and 7 by joining two single barriers, as shown previously 

in sensor mapping Figure 7. Compared to the previous two cases, this is expected to give more vibration 

reduction since the barrier has two layers of polyurethane pads. The series of polyurethane pads will 

screen a wide range of frequencies, which provide a very wide frequency attenuation zone. The response 

is calculated in the direction the same as the excitation direction. When fix-frequency harmonic 

excitations are applied at a distance of 20 ft in the three directions, the ground surface response is 

recorded in the direction of excitation by all the sensors. The critical points for observation are sensors 

6 and 7. The normalized response is obtained by dividing the response of sensors 6 to 15 by sensor 6 

which is the nearest sensor before the short thick barrier. When 15 Hz and 75 Hz harmonic excitations 

are applied at a distance of 20 ft from the barrier, the ground surface response observations are discussed 

below. Figure 25 (a)-(f) show the normalized maximum response at sensor locations after the barrier 

under fix-frequency harmonic excitations at a distance of 20 ft. The black curve represents the 

benchmark case (P0S0), and the red curve represents the one short thick periodic barrier case (P0B2T). 
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a) Vertical response of 15 Hz 

harmonic vertical excitation 

b) Horizontal inline response 

of 15 Hz harmonic horizontal 

inline excitation 

c) Horizontal crossline 

response of 15 Hz harmonic 

horizontal crossline excitation 

 

   
d) Vertical response of 75 Hz 

harmonic vertical excitation 

e) Horizontal inline response of 

75 Hz harmonic horizontal 

inline excitation 

f) Horizontal crossline 

response of 75 Hz harmonic 

horizontal crossline excitation 

Figure 25 Normalized Maximum Response of Sensors After the One Short Thick Barrier Under Fix 

                 frequency Harmonic Excitation at 20 ft Distance (Black: P0S0, Red: P0B2T) 

When the single short thick barrier is introduced, a response reduction is expected due to the 

reflection effect by the periodic barrier. When the fix-frequency harmonic excitations in the range from 

15 Hz to 100 Hz with an increment of 5 Hz are applied, one low frequency and one high-frequency 

harmonic excitation response result are discussed below. When 15 Hz fix-frequency harmonic 

excitations are applied, an amplified response is observed under the vertical excitation direction [Figure 

25 (a)]. The normalized maximum response of the P0B2T case is larger than that of the P0S0 case. 

Whereas, when 75 Hz fix-frequency harmonic excitations are applied, decaying response reduction is 

observed [Figure 25 (d)-(f)] as the wave propagates away from the barrier under all three excitation 

directions. The normalized maximum response of the P0B2T case is smaller than that of the P0S0 case.  

 When the other two input signals, i.e., frequency sweep and earthquake excitation are applied, 

the ground surface response is recorded by all the sensors. The two critical sensor locations are 

identified to analyze the isolation performance of the barrier. Sensor 6 is the nearest point before the 

barrier, and the response is considered as input to the barrier. Sensor 7 is the nearest point after the 

barrier, and the response is considered as output from the barrier. The results are represented in the 
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frequency domain to evaluate the effect of exciting frequency on the barrier's performance. The ground 

surface response in the P0S0 case is the same as represented previously. The response of the ground 

surface after introducing the one short thick barrier (P0B2T) is represented in Figure 26 (a)-(c).  

   
a) Vertical response of P0B2T 

under vertical excitation 

b) Horizontal inline response 

of P0B2T under horizontal 

inline excitation 

c) Horizontal crossline 

response of P0B2T under 

horizontal crossline excitation 

Figure 26 Ground Surface Response of P0B2T case under frequency sweeping excitation        

                   (Black: Sensor 6, Red: Sensor 7) 

After introducing the short thick periodic barrier, as the wave propagates through the barrier, a 

significant response reduction is observed at sensor 7 under all three excitation directions. The decayed 

responses indicate the wave reflection effect of the periodic barrier.  

 To demonstrate the reflection effect of the periodic barrier, the comparison of FRF is required 

with respect to the benchmark case. The FRF for both cases is calculated to identify the vibration 

attenuation zone for the short thick periodic barrier. Figure 27 (a)-(c) show the FRF of the P0S0 and 

P0B2T cases under frequency sweep excitations. Figure 28 (a)-(c) show the FRF of the P0S0 and P0B2T 

cases under earthquake excitations. The vibration attenuation zone is identified when the FRF is less 

than zero. When the FRF is greater than zero, the frequency magnification is identified. The black curve 

represents the P0S0 case, and the red curve represents the P0B2T case. 

   
a) Vertical Response under 

vertical excitation 

b) Horizontal inline response 

under horizontal inline 

excitation 

c) Horizontal crossline 

response under horizontal 

crossline excitation 

Figure 27 FRF of P0S0 and P0B2T cases under frequency sweep excitation (Black: P0S0 case, 

Red: P0B2T case), the shaded area denotes the frequency attenuation zone of the case 

P0B2T 
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a) Vertical Response under 

vertical excitation 

b) Horizontal inline response 

under horizontal inline 

excitation 

c) Horizontal crossline 

response under horizontal 

crossline excitation 

Figure 28 FRF of P0S0 and P0B2T cases under earthquake excitation (Black: P0S0 case, Red: 

P0B2T case), the shaded area denotes the frequency attenuation zone of the case P0B2T. 

 Both the frequency sweep and the earthquake excitation give similar results. The vibration 

attenuation zone for the short thick periodic barrier under the vertical direction of excitation is found to 

be between 21 Hz-31.5 Hz, and 36.5 Hz-100 Hz [Figure 28 (a)], whereas the frequency magnification 

zone is found to be between 15 Hz-20.5 Hz and 32 Hz-36 Hz. Under the horizontal inline direction of 

excitation, the vibration attenuation zone is found to be between 15 Hz-100 Hz [Figure 28 (b)]. Under 

the horizontal crossline direction of excitations, the vibration attenuation zone is found to be between 

15 Hz-44 Hz, and 50 Hz-100 Hz [Figure 28 (c)], whereas the vibration magnification zone is found to 

be between 44.5 Hz-49.5 Hz. The theoretical frequency band gaps of the periodic barrier are stated in 

Section 3.1. The test results indicate significantly similar frequency band gaps under the vertical and 

horizontal crossline excitation directions. On the contrary, the test results show that under the horizontal 

inline excitation direction, the vibration attenuation zone covers a wide range from 15 Hz to 100 Hz, 

whereas the theoretical frequency band gap lies between 45 Hz - 100 Hz. As expected, before the test, 

the series of periodic barriers screen a wide range of frequencies, making it a very reliable condition for 

vibration isolation. 

5. Comparison of P0S0, P0EL, P0BL, and P0B2T test results. 

The results from various test conditions are compared and discussed in this section. To evaluate 

the better performing test condition in isolation of vibration, all test results are represented in a single 

graph. The evaluation is quantified based on the Frequency Response Function (FRF). The FRF for 

each test condition is calculated as explained in Section 3.4. FRF is obtained by comparing the response 

in the front and at the back of the barrier. Figure 29 (a)-(c) shows the FRFs of P0S0, P0EL, P0BL, and 
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P0B2T cases under the fix frequency harmonic excitations in the vertical, horizontal inline, and 

horizontal crossline directions at a distance of 20 ft from the barrier. 

   
a) Vertical response under 

vertical excitation 

b) Horizontal inline response 

under horizontal inline 

excitation 

c) Horizontal crossline response 

under horizontal crossline 

excitation 

Figure 29 FRF under fix-frequency harmonic excitation at a distance of 20 ft from the barrier. 

            (Black: P0S0, Blue: P0EL, Green: P0BL, Red: P0B2T) 

 

   
a) Vertical response under 

vertical excitation 

b) Horizontal inline response 

under horizontal inline 

excitation 

c) Horizontal crossline response 

under horizontal crossline 

excitation 

Figure 30 FRF under fix-frequency harmonic excitation at a distance of 100 ft from the barrier. 

            (Black: P0S0, Blue: P0EL, Green: P0BL, Red: P0B2T) 

As shown in Figure 29 (a)-(c) and Figure 30 (a)-(c), the responses vary with the distance of 

excitations from the barrier. As the distance of excitation source increases, the vibration energy of 

propagating wave decreases as it travels through the soil before reaching the barrier undergoing 

geometric decay due characteristic property of soil, i.e., density, stiffness, and damping. Hence the 

excitation distance is a key factor in vibration reduction performance of the barrier. Therefore, to 

evaluate the vibration reduction performance of various test conditions, the response results of 

excitations at a distance of 20 ft from the barrier are discussed below. Figure 31 (a)-(c) show the FRFs 

under the fix-frequency harmonic, frequency sweep, and earthquake excitations in vertical direction at 

a distance of 20 ft from the barrier. 
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a) Fix-frequency harmonic b) Frequency sweep excitation c) Earthquake excitation 

Figure 31 FRF under Fix-frequency Harmonic, Frequency Sweep, and Earthquake Excitation in 

            Vertical direction at a distance of 20 ft from barrier. (Black: P0S0, Blue: P0EL,  

            Green: P0BL, Red: P0B2T) 

From Figure 31 (a)-(c) it is evident that the test results are similar under all the three excitation 

inputs in the vertical direction. When the empty long trench is subjected to vertical excitations, 

minimum FRF can reach -14 dB, which is equal to 80% response reduction. When a single long periodic 

barrier is subjected to vertical excitations, minimum FRF can reach -25 dB, which is equal to 94.4% 

response reduction. When one short thick periodic barrier is subjected to vertical excitation, the 

minimum FRF can reach -30 dB, which is equal to 96.8% response reduction. The results indicate that 

the presence of a special case periodic barrier, P0B2T can isolate the vibration in the attenuation zones 

in the vertical direction of excitations to a greater extent. 

To evaluate the vibration reduction performance of periodic barriers under horizontal inline and 

horizontal crossline excitation direction, the FRF is calculated for all the test cases and represented in a 

single graph. Figure 32 (a)-(c) show the FRFs under fix-frequency harmonic, frequency sweep, and 

earthquake excitations in the horizontal inline direction at a distance of 20 ft from the barrier. 

   
a) Fix-frequency harmonic b) Frequency sweep excitation c) Earthquake excitation 

Figure 32 FRF under Fix-frequency Harmonic, Frequency Sweep, and Earthquake Excitation in  

    Horizontal inline direction at a distance of 20 ft from barrier. (Black: P0S0,  

    Blue: P0EL, Green: P0BL, Red: P0B2T) 

From Figure 32 (a)-(c), it is evident that the test results are similar under all the three excitation 

inputs in the horizontal inline direction. To evaluate the performance of each test case, we need to 

calculate the percentage reduction in FRF (dB), as mentioned previously. 
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When an empty long trench is subjected to horizontal inline excitations, minimum FRF can 

reach -19 dB, which is equal to 88.8% response reduction. When one single long periodic barrier is 

subjected to horizontal inline excitations, minimum FRF can reach -13.5 dB, which is equal to 79% 

response reduction. When one short thick periodic barrier is subjected to horizontal inline excitations, 

minimum FRF can reach -28 dB, which is equal to 96% response reduction. The results indicate that 

the presence of a special case periodic barrier, P0B2T can isolate the vibration in the attenuation zones 

in the horizontal inline direction of excitations to a greater extent. Whereas the single long barrier could 

not mitigate the vibration to the extent as provided by other cases. 

To evaluate the vibration reduction performance of periodic barrier under both the horizontal 

inline and horizontal crossline excitation directions, the FRFs are calculated for all the test cases and 

represented in a single graph. Figure 33(a)-(c) shows the FRFs under fix-frequency harmonic, frequency 

sweep, and earthquake excitations in horizontal inline direction at a distance of 20 ft from the barrier. 

   
a) Fix-frequency harmonic b) Frequency sweep excitation  c) Earthquake excitation 

Figure 33 FRF under Fix-frequency Harmonic, Frequency Sweep, and Earthquake Excitation in 

    Horizontal crossline direction at a distance of 20 ft from barrier. (Black: P0S0,  

    Blue: P0EL, Green: P0BL, Red: P0B2T,) 

 From Figure 33 (a)-(c), it is evident that the test results are similar under all the three excitation 

inputs in the horizontal crossline direction. To evaluate the performance of each test case, we need to 

calculate the percentage reduction in FRF (dB), as mentioned previously. 

When an empty long trench is subjected to horizontal crossline excitations, minimum FRF can 

reach -35 dB, which is equal to 98.2% response reduction. When one single long periodic barrier is 

subjected to horizontal crossline excitations, minimum FRF can reach -24 dB, which is equal to 93.7% 

response reduction. When one short thick periodic barrier is subjected to horizontal crossline excitation, 

minimum FRF can reach -29 dB, which is equal to 96.5% response reduction. The results indicate that 

the presence of periodic barrier can mitigate the vibration in the attenuation zones in the horizontal 
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crossline direction of excitations to a greater extent. The vibration reduction significantly depends on 

the type of infilled material, excitation direction, and excitation distance. 

Table 2 Response reduction for different test cases. 

Excitation Direction 
Response reduction (dB) 

P0EL P0BL P0B2T 

Vertical 80% 94.4% 96.8% 

Horizontal inline 88.8% 79% 96% 

Horizontal crossline 98.2% 93.7% 96.5% 

 

6. Conclusions 

The seismic vibration isolation by a periodic barrier and an empty trench is studied through a series 

of large-scale field experiments. The trench-type wave barrier with various infilled material conditions 

is tested to evaluate the vibration isolation performance. Different excitation inputs like fix-frequency 

harmonic, frequency sweep and earthquake excitations are applied in various directions. From the 

results, the following conclusions can be drawn. 

1. The similar results between the fix-frequency harmonic, frequency sweep, and earthquake 

excitations validates that signal generated by shaker can preserve the characteristics of the input signal 

and the test procedure is reliable for evaluating the vibration isolation performance of the periodic 

barrier. 

2.  The vibration isolation performance is not only dependent on infilled material and geometric 

property but also the excitation distance. As the distance of the excitation source from the periodic 

barrier increases, the vibration isolation performance reduces because the incoming wave propagates 

through the soil before reaching the barrier. Most of the energy associated with the incoming wave is 

absorbed by soil due to the characteristic properties of soil, such as density, stiffness, and Young’s 

modulus, and it undergoes geometric decay. 

3. The vibration isolation performance of the periodic barrier significantly depends on the 

excitation direction. A wide range of frequency band gaps can be seen in vertical and horizontal 

crossline directions of excitation, than in horizontal inline excitation directions. This indicates the better 

vibration isolation performance of periodic barrier for transverse and longitudinal waves, as concluded 

by previous researchers. 
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4. The use of a direct method to calculate the FRF is dependable for identifying the attenuation 

zones of the periodic barrier since it uses the nearest sensor before and after the barrier and it provides 

way to evaluate the local effect of periodic barrier in vibration isolation. 

5. The test results shows that the empty trench does not necessarily outperform the periodic 

barrier. Under certain excitation frequencies and excitation directions, the periodic barrier works better 

than the empty trench particular for Rayleigh waves, 94.4% and 96.8% vibration reduction is observed 

in P0BL and P0B2T cases respectively when compared to only 80% reduction for P0EL case. Hence 

the periodic barrier can be installed as a wave barrier, which overcomes the disadvantages associated 

with an empty trench. 

6. When the unit cell is repeated to form short thick barrier, the vibration reduction can become 

more significant. The vibration reduces by 96.8% under vertical, 96% under horizontal inline, and 

96.4% under horizontal crossline excitation directions. This shows the effect of the number of barriers 

on vibration isolation. 

7. The discrepancy between the attenuation zones identified through the field test and the 

theoretical frequency band gaps are found to be associated with the inclusion of the soil, i.e., the 

heterogeneous property of soil and characteristic properties of soil such as density, stiffness, and 

Young’s modulus at the testing site. 

8. When the frequency of incoming vibration falls within the attenuation zone associated with the 

periodic barrier, the metamaterial periodic barrier can isolate the vibration by reflecting them hence 

protecting the structure from seismic vibrations. 
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