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A B S T R A C T   

A wave barrier—combining the advantages of trench-type wave barriers and metamaterials—is made by infilling 
the trench-type wave barrier with metamaterials. In this research, a series of full-scale field experiments are 
conducted to investigate the screening effectiveness of both empty trench and periodic barriers. The precast unit 
cells of periodic barriers are arranged to form one long barrier with a length of 2.44 m, one short barrier with a 
length of 1.22 m, or two short barriers with a length of 1.22 m to examine the influence of barrier length and the 
number of unit cells on the wave isolation performance. The state-of-the-art high-force triaxial (T-Rex) shaker 
truck is used to generate excitation in the vertical, horizontal inline, and horizontal crossline directions. Three 
excitation inputs are tested, including fix-frequency harmonic excitations, frequency sweeping excitations, and 
the earthquake excitation. For each test, a benchmark test is conducted prior to the barrier installation. The 
ground surface responses at each geophone location are recorded in all three directions. The normalized response 
of each point, the responses in front of the barrier and behind the barrier, and the frequency response function 
(FRF) are presented in detail. Test results show that the various excitation inputs lead to similar results. The 
performance of the periodic barrier is found to depend on the excitation directions due to the dominate wave 
form. By comparing the FRF between the benchmark case and the case with periodic barriers, the screening 
effectiveness of periodic barriers can be identified in some frequency ranges, which are expected to be the 
frequency band gaps of the periodic barriers.   

1. Introduction 

The wave barrier is a typical measure to isolate the vibration trans
mitted on the surface to the protected structure by introducing the 
discontinuity on the path of wave propagation. Wave barriers can be 
classified into active and passive barriers, depending on the distance 
between the vibration source and the wave barrier. The barriers 
installed in the vicinity of the vibration source are classified as active 
isolation barriers [1,2]. The barriers installed close to the protected 
structures are classified as passive isolation barriers [3,4]. This study 
aims to study the performance of the periodic barrier as the passive 
isolation barrier. The typical form of wave barrier is the empty trench or 
infilled trench wave barrier. Studies indicate that open trenches are 
more efficient than infilled trenches. Woods [5] conducted a series of 
full-scale field tests to investigate the screening effectiveness of the 
trench barrier under the vertical vibration for both active and passive 

isolation barriers and proposed design recommendations for the empty 
trench barrier. However, the instability of the empty trench makes the 
infilled trench wave barrier a common practice. To investigate the in
fluence of geometry and the material properties on the effectiveness of 
the infilled trench-type wave barrier under the vertical excitation, 
small-scale lab experiments [6,7], and large-scale field tests [5,8–11] 
were conducted by various researchers. The barrier depth is considered 
the most important geometry property of the wave barrier. The 
normalized depth (defined by the physical depth of the barrier divided 
by the Rayleigh wavelength of soil) equal or above 0.6 is recommended. 
The infilled material of the wave barrier is classified by its Young’s 
modulus. If Young’s modulus of the infilled material is greater than the 
soil, the infilled wave barrier is called the stiff barrier. On the other 
hand, if Young’s modulus of the infilled material is smaller than the soil, 
the infilled wave barrier is called the soft barrier. The experiments have 
shown that either stiff wave barriers or soft barriers can mitigate the 
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vertical ground vibration. Along with the geometry and the material 
properties of the wave barriers, the frequency-dependent screening 
effectiveness is recognized. Other than the above-mentioned parame
ters, the loading distance, which is defined by the distance between 
vibration and the wave barrier, and the number of the barriers are found 
influential to the performance of the barrier system. However, not only 
the effect of excitation direction but also the response in different di
rection are in absence of most of the available experimental program. In 
present study, the excitations in all three direction are applied on the 
ground surface and the ground surface responses in all three direction 
are recorded. 

A new type of seismic isolation barrier called “periodic barrier,” 
which combines a trench-type wave barrier and a metamaterial, is 
investigated in this research. The metamaterial is made of repetitive 
composite unit cells, which possess a unique frequency-selective prop
erty to manipulate how stress waves propagate through the material 
[12–14]. When the exciting frequency lies within a certain frequency 
range (frequency band gap), the vibration, sound, and phonons will be 
forbidden. With the proper design of metamaterial, the frequency band 
gaps can be manipulated to serve the desired purpose. By infilling the 
metamaterials in the trench-type wave barrier, the periodic barrier 
combines the advantages of both the wave barrier and the meta
materials. The metamaterial has been adopted in the foundation isola
tion, small-scale lab experiments [15], large-scale shake table tests 
[16–18], or large-scale field test [19,20] were conducted to demonstrate 
the feasibility of using the metamaterial to provide the vibration isola
tion. While the foundation isolation is directly attached to the building, 
which inevitably poses several disadvantages such as large deformation 
and difficulty in maintained, the periodic barriers are completely de
tached to the protected building, so the disadvantages of the foundation 
isolation are overcome by the periodic barrier. The periodic barriers are 
studied by various researchers in many different forms, such as bore
holes [21–25], cylindrical tubes [26,27] or rectangular prism [28] 
containing a resonator, infilled trench [23]. 

The periodic barrier in this study is the trench type wave barrier 
infilled with metamaterial comprising reinforced concrete (RC) and 
polyurethane layers. By burying around the protected area, the periodic 
barrier can block incoming waves within the frequency band gaps and 
thus mitigate damages due to seismic activities. To stress the importance 
of the excitation direction and exciting frequency on the periodic bar
rier’s performance, in this research, the state-of-the-art high-force 
triaxial (T-Rex) shaker truck is used to generate excitation in the verti
cal, horizontal inline, and horizontal crossline directions, and the 
exciting frequencies ranging from 15 Hz to 100 Hz are used. Moreover, 
the ground surface response has been recorded in all three directions 
within an extended region shielded by the periodic barrier. 

The rest of the paper is organized as follows. We first illustrate the 
experiment program, including the design and manufacture of the 
specimens, experiment layout, test procedure, and the strategy of 
interpreting raw data to quantify the performance of the barrier. Next, 
the experimental response of the soil and the screening effectiveness of 
the periodic barrier are reported. 

2. Experimental program 

2.1. Dispersion relation of the periodic barrier 

The periodic barrier is made of the unit cell that has 3 layers con
stituents including the concrete and polyurethane materials. The 3- 
layer-unit-cell 1D metamaterial is illustrated by Huang et al. [13]. The 
properties of polyurethane were tested and reported by Witarto [29]. 
Since the same batch of the polyurethane pads are used in our test, the 
properties of the polyurethane pads are the same as reported by Witarto 
[29]. For concrete layer, the compression test on concrete cylinder was 
conducted according to ASTM standard, and its Young’s modulus is 
obtained through ACI code. The first and the third layers (RC): E1 =

30.44 GPa, ρ1 = 2400 kg/m3, ν1 = 0.2, h1 = 101.6 mm. The second layer 
(polyurethane): E2 = 0.1586 MPa, ρ2 = 1100 kg/m3, ν2 = 0.463, h2 =

76.2 mm [13]. Huang et al. [13] also reported the dispersion relation of 
this 3-layer periodic barrier. The dispersion relation relates the fre
quency to the corresponding real wave number. The frequency band gap 
of the metamaterial can be identified in the dispersion relation where 
the corresponding wavenumber is in complex form. When the exciting 
frequency lies within its frequency band gaps, the wave propagation will 
be prohibited. The resulting theoretical frequency band gaps within the 
range from 0 to 100 Hz for the unit cell are found below. For the P wave, 
the theoretical frequency band gap 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 band gaps are 10.2–43.8 Hz, 
47.0–87.6 Hz, and 88.8–100 Hz [13]. The frequency band gaps of the 1D 
metamaterial are desgined to fall within 10-100 Hz due to the optimal 
frequency range of the triaxial shake truck (T-Rex) used in the experi
mental program [30]. 

2.2. Fabrication of periodic barriers 

Fig. 1 shows the assembly of the periodic barrier in this research. A 
unit cell of the periodic barrier consists of two reinforced concrete (RC) 
layers and one polyurethane layer. The dimension of each RC layer is 
1.52 m long, 1.22 m wide, and 0.1 m thick. One layer of #4 rebar (13 
mm diameter) layouts with 0.13 m (5 inches) separation in both the 
longitudinal and transverse directions is used for the RC layer. The yield 
stress of the rebars is 413.7 MPa. The periodic barrier was precast in the 
lab for better quality control to prevent the formation of honeycombs 
inside the RC layers. After the surface was clean and smooth, the poly
urethane pads were pasted on top of the RC layers using high strength 
epoxy, and the sides of the polyurethane pads were sealed with 
polyurethane-based sealant. After the epoxy was cured, the weights 
were removed, and the remaining RC layers were pasted on top of the 
polyurethane layers using epoxy as shown in Fig. 1. 

2.3. Test setup 

Fig. 2 shows the schematic diagrams for each barrier condition. A 
total of five conditions are investigated in this research. First, a bench
mark test (denoted as S0) is conducted prior to the barrier installation. 
Second, a long empty trench (denoted as EL) with a length of 2.44 m, a 
depth of 1.52 m, and a width of 0.28 m is studied. Subsequently, a long 
periodic barrier (denoted as BL) with a length of 2.44 m, a depth of 1.52 
m, and a width of 0.28 m is studied. A short periodic barrier (denoted as 
B1) with a length of 1.22 m, a depth of 1.52 m, and a width of 0.28 m is 
studied. Finally, two short periodic barriers (denoted as B2) are sepa
rated by 2.6 m apart due to the construction difficulty. Each short pe
riodic barrier has the dimension of 1.22 m long, 1.52 m deep, and 0.28 m 
wide. When calculating the frequency band gaps of the periodic barrier, 
the soil is not considered as part of the material due to its 
inhomogeneity. 

The barrier placed 6.1 m away from the vibration source is used to 
shield the structure located 1.4 m behind the barrier location. Deployed 
along the line perpendicular to the length direction of the barrier fifteen 

Fig. 1. Assembly of periodic barrier.  
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3-D geophone stations are installed on the ground surface to monitor the 
ground motions. Each geophone station contains of one vertical and two 
horizontal geophones (GS-One LF 4.5 Hz). The layout of sensors, 
structure, periodic barrier, and the loading point is illustrated in Fig. 3 
and the test photos are shown in Figure 4. As shown in Fig. 4, the vertical 
direction is defined to be perpendicular to the ground surface, the hor
izontal inline direction is the direction that coincides with the line 
connecting the vibration source to the center of the structure, and the 
horizontal crossline direction is perpendicular to both the horizontal 
inline and vertical direction. The responses in the vertical, horizontal 
inline, and horizontal crossline directions are recorded at each sensor 
location. 

For each of the barrier conditions, three different excitation input 
signals: 1) fix-frequency harmonic excitations, 2) frequency sweeping 
excitations, and 3) earthquake excitations, are applied in all three di
rections to study the dynamic behavior of soil due to the installation of 
barriers. First, the signal with constant frequency and amplitude is used 
in fix-frequency harmonic excitation. With a duration of 2 s for each 
exciting frequency, the fix-frequency harmonic excitation uses the 18 
frequencies ranging from 15 Hz to 100 Hz with a 5 Hz interval. The 
advantage of the fix-frequency harmonic excitation is the high signal-to- 
noise ratio due to its concentrated energy at individual frequency. Sec
ond, the signal for the frequency sweeping excitation sweeps through 
100 Hz–15 Hz within a duration of 12 s. The advantage of frequency 
sweeping excitation is to obtain the dynamic behavior within the fre
quency range of interest in a fairly short time. Third, nine earthquake 
seismograms include Oroville, Anza, Bishop, Loma Prieta, TCU052, 
Gilroy, San Fernando, El Centro, and Northridge are provided as the 
input signals. The original time-histories are obtained from PEER ground 
motion database. The optimum performance of T-Rex is between 10 and 
100 Hz. To match this frequency range, the time axis of each of the 
seismograms is scaled by multiplying with a scale factor so that its main 
frequency content is also within 10–100 Hz. The scale factors for all 
seismograms are listed in Table 1. The advantage of using the earth
quake seismograms as the input signal is to obtain the dynamic behavior 
of the soil and structure under the earthquake excitation. The excitation 
is applied in all three directions, and the response in the same direction 
as the excitation direction is used to evaluate the performance of the 
barrier. 

The function generator (Keysight technologies Inc. Model: 33512B) 
shown in Fig. 5 is capable of creating a simple waveform for the drive 
source signals to control the shaker truck, T-Rex. For the complex 
waveform such as the signals for earthquake excitation, those 

deliberately manipulated signals can be generated from the excel sheet 
and sent to the function generator. Connected to the shaker, the function 
generator can send the signals to the shaker and trigger the shaker to 
generate the vibration with desired waveform. The geophones are 

Fig. 2. Schematic diagram and nomenclature (not to scale).  

Fig. 3. Experiment layout (not to scale; 1 ft = 0.3 m), each geophone station is 
numbered in the figure. 

Fig. 4. 3D geophones deployment.  

Table 1 
Scale factors of the earthquake input signals.  

Earthquake events Scale factor 

Oroville 0.14 
Anza 0.14 
Bishop 0.17 
Loma Prieta 0.03 
TCU052 0.01 
Gilroy 0.11 
San Fernando 0.05 
El Centro 0.025 
Northridge 0.025  

Fig. 5. Function generator.  
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connected to a dynamic signal analyzer from Data Physics Inc. called the 
Mobilyzer. As shown in Fig. 6, several Mobilyzers can be connected to 
provide large number of channels for all the sensors. As shown in Fig. 7, 
the signals collected from the sensors are displayed in a monitor in real- 
time. 

The test starts with marking the position of the structure, sensors, 
and shaker location. After the preselected positions are marked, the 
shaker and structure are moved to the designated position, and geo
phones are installed for all three directions at each sensor location. 
Geophones are leveled during installation and all the sensors are cali
brated before the test. Prior to the installation of the barrier, the 
benchmark case, S0, is tested first. Shaker T-Rex can generate large 
dynamic forces in three directions. These directions are vertical, hori
zontal crossline, and horizontal inline directions. Different excitation 
directions are applied on the ground surface to simulate different 
dominated wave types and to study the performance of the barrier under 
different types of waves. Rayleigh wave, Love wave, and P wave are the 
dominated wave types for the excitation applied in the vertical, hori
zontal crossline, and horizontal inline directions, respectively. Shown in 
Fig. 8, a 2.44 m long, 1.52 m deep, 0.28 m wide empty trench is exca
vated at the designated barrier location for the barrier condition EL. 
After completing the test on the case EL, the precast periodic barrier is 
placed into the empty trench for the barrier condition of BL shown in 
Fig. 9. Finally, two 1.22 m long, 1.52 m deep, 0.28 m wide periodic 
barriers are placed. The two periodic barriers are placed 2.6 m apart 
from each other. A typical passive isolation test setup with steel frame 
structure is shown in Fig. 10. As shwon in Fig. 10, the overall dimension 
of the steel frame is 0.6m×0.6m×0.6m to simulate a single-storey steel 
structure. The steel frame is assembled using slotted steel angle members 
(Everbilt 1-1/2 in. x 14-Gauge x 72 in. Zinc-Plated Slotted Angle). The 
cold-rolled steel material is coated with Zinc coating. The cross section 
has leg length of 38.1 mm and plate thickness of 2.0 mm. Holes were 
bored on the section to facilitate connection of steel frame by the 
manufacture. The steel frame is connected using bolts. In addition, two 6 
mm steel plates of 18.6 kg weight are applied on top and bottom of the 
steel frame. 

The data collected from the sensor is first converted to either velocity 
according to the calibration factor of the sensors. The velocity reading is 
later converted to acceleration by taking a derivative with respect to 
time. Before analyzing the data, the Tukey window, which is a cosine- 
tapered window with the cosine fraction of 0.12, was used to make 
the signal outside the recording duration zero. After windowing the 
signal, a 5th order low-pass, high-pass Butterworth filter, which is an 
anti-aliasing filter, was applied to the recording. To eliminate the 
response at the natural frequency of the geophones, since the natural 

frequency of the geophone is 4.5 Hz, the low-pass cut off frequency is set 
to 5 Hz to attenuate the signal below 5 Hz. The processed data is used for 
evaluating the performance of the barrier by following the definition in 
Sect.2.5. 

2.4. Shear wave velocity profile of soil 

The Spectral-Analysis-of-Surface-Waves (SASW) testing is conducted 
to determine the shear wave velocity profile. The SASW test method 
utilizes the dispersive nature of Rayleigh-type surface waves propa
gating through a layered material to determine the shear wave velocity 
profile of the material (Stokoe et al., 1994). The SASW testing array is 
parallel to the sensor array installed for the periodic barrier testing with 
a spacing of approximately 2.5 m. The dispersion curves obtained from 
the SASW testing in both forward and reverse directions is shown in 
Fig. 11(a). As shown in the figure, there is no clear difference between 
the dispersion curves from the forward direction and the those from the 
reverse direction. A compacted (averaged) dispersion curve is derived 
from all experimental dispersion curves with a 4th order polynomial 
fitting procedure. The theoretical dispersion curve that is considered to 
best match the compacted experimental dispersion curve is developed 
by iteratively changing the thickness and shear wave velocity of each Fig. 6. Data acquisition system.  

Fig. 7. Real-time monitoring.  

Fig. 8. Empty trench excavation.  
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layer in the shear wave velocity profile. The shear wave velocity profile 
that generates the best-fit, theoretical dispersion curve in Fig. 11(a) is 
shown in Fig. 11(b). The maximum depth to which the shear wave ve
locity profile was determined is λmax/2 or 6 m. 

2.5. Definition of frequency response function 

The screening effectiveness of the periodic barrier is quantified by 
the Frequency Response Function (FRF) and the response in the same 
direction as the excitation direction is used to evaluate the performance 
of the barrier. Two different methods are used to calculate the FRF: 
“Direct method” and “Average method”. Direct method takes the re
sponses of nearest points in the front and the back of the barriers to 
calculate the FRF; Average method takes the responses of several points 
behind the barriers and incorporates the response in benchmark case to 
calculate the FRF. Due to the limitation of the shaker to generate the 
exact same vibrations when receiving the same input signal, normalized 
responses is required when adapting Average method to compare be
tween different barrier condition with the benchmark cases. The 
response is normalized based on the response at the reference point 
which is nearest point in front of the barriers. While there is no such 
requirement to normalize the response for Direct method because the 
response for each barrier conditions are considered separately. 

Different approach is used to process the data based on the form of 
the input signal. When the fix-frequency harmonic excitation is applied, 
it is found that the signal will have the spikes before it reaches a steady 
response. After excluding those spikes, the maximum steady-state 
response can be extracted at each recording point for every exciting 
frequency. 

Eq. (1) shows the expression to calculated FRF for each exciting 
frequency fi with Direct method. Eq. (2) shows the expression to 

calculated FRF for each exciting frequency fi with Average method. 

FRFfi = 20 × log 10

(⃒
⃒Afi (t)

⃒
⃒

max,back⃒
⃒Afi (t)

⃒
⃒

max,front

)

(1)  

FRFfi = 20 × log 10

⎡

⎢
⎣

1
L

∫ L

0

⎛

⎜
⎝

⃒
⃒
⃒
⃒Âw,fi (t, x)

⃒
⃒
⃒
⃒

max⃒
⃒
⃒
⃒Âwo,fi (t, x)

⃒
⃒
⃒
⃒

max

⎞

⎟
⎠dx

⎤

⎥
⎦ (2)  

where L is 2.44 m, x is the coordinate of sensor measured from the 
nearest sensor point behind the barrier, 

⃒
⃒Afi (t)

⃒
⃒
max,back is the absolute 

value of maximum acceleration record at the immediate point behind 

Fig. 9. Barrier installation.  Fig. 10. Test setup.  

Fig. 11. Using the SASW testing to develop the shear wave velocity profile 
of soil. 

H.W. Huang et al.                                                                                                                                                                                                                              



Soil Dynamics and Earthquake Engineering 144 (2021) 106602

6

the barrier, and 
⃒
⃒Afi (t)

⃒
⃒
max,front is the absolute value of maximum accel

eration record at the immediate point in front of the barrier. 
⃒
⃒
⃒
⃒Âw,fi (t, x)

⃒
⃒
⃒
⃒
max 

is the maximum normalized ground surface response of 

the sensor located at sensor location x in the presence of the wave 

barriers, and 
⃒
⃒
⃒
⃒Âwo,fi (t, x)

⃒
⃒
⃒
⃒
max 

is the maximum normalized ground surface 

response of the sensor located at sensor location x without the wave 
barrier. 

When the frequency sweeping excitation or earthquake excitation is 
applied, the response is transformed to frequency domain by Fast 
Fourier Transform (FFT). Eq. (3) shows expression to calculated FRF 
with Direct method. Eq. (4) shows the expression to calculated FRF with 
Average method. 

FRF(f ) = 20 × log 10

(
|A(f )|back

|A(f )|front

)

(3)  

FRF(f ) = 20 × log 10

⎡

⎣1
L

∫ L

0

⎛

⎝

⃒
⃒
⃒Âw(f , x)

⃒
⃒
⃒

⃒
⃒
⃒Âwo(f , x)

⃒
⃒
⃒

⎞

⎠dx

⎤

⎦ (4)  

where L is 2.44 m, x is the coordinate of sensor measured from the 
nearest sensor point behind the barrier, |A(f)|back is the ground surface 
response in the frequency domain at the nearest sensor point behind the 
barrier (Point No. 6 in Fig. 3), and |A(f)|front is the ground surface 
response in the frequency domain at the nearest sensor point in front of 
the barrier (Point No. 1 for case B2 and Point No. 5 for cases EL, B1, and 
BL). |Âw(f , x)| is the normalized ground surface response at the sensor 
location x in the frequency domain with the presence of the wave bar
riers, and |Âwo(f , x)| is the normalized ground surface response at sensor 
location x in frequency domain without the wave barrier. 

Nine different seismograms are used as the input signals in earth
quake excitation and final FRF is obtained by averaging the FRF results 
from all nine earthquakes. 

The advantage of using the Direct method is that the response of the 
points in the front and the back of the barriers can be directly compared 
without normalization. Yet, the performance of the barriers can only be 
identified by comparing the FRF between the case with barriers and the 
benchmark case. When the FRF is smaller in the case with the barriers 
than the case without the barrier, the attenuation is recognized. On the 
contrary, when the FRF in the case with the barriers is higher than the 
case without the barrier, the amplification is recognized. While the 
calculation using Average method incorporates the response of the case 
with barrier and benchmark case in one expression, the response 
normalization is necessary, so the resulting FRF is calculated based on 
the normalized response. Since the normalized response of the bench
mark case is used in the denominator for calculating the FRF in Average 
method, the FRF of benchmark case is a constant 0 by Average method. 
When the FRF calculated by Average method is below 0, the response 
reduction is recognized. The advantage of the Average method is that its 
value of the resulting FRF for the case with barriers is directly related to 
the amount of response reduction. Moreover, unlike the Direct method 
only considers the response at two sensor points (one in the front of the 
barrier, and the other at the back of the barrier) to assess the perfor
mance of the barrier, the Average method takes the average of several 
sensor points within an extended region behind the barrier. The Direct 
method is expected to show a local effect and the Average method is 
expected to show a global effect of the presence of the barrier. 

3. Experimental results 

Except for the existence of the barriers, all the tests are conducted 
with the same sensors and shaker layout. Three different excitation input 

signals and those excitations are applied in the vertical, horizontal 
crossline, or horizontal inline directions. The three excitation input 
signals include 1) fix-frequency harmonic excitation, 2) frequency 
sweeping excitation, and 3) earthquake excitation. The ground surface 
response is recorded at each sensor location for all three directions. The 
response in the direction different from the loading direction is not 
discussed in this paper. 

3.1. Normalized response behind the barrier 

The normalized ground surface response behind the barrier due to 
the fix-frequency harmonic excitation is reported in this section. At each 
loading event, fix-frequency harmonic excitation sends the signal with a 
constant frequency and amplitude. The 18 frequencies used in fix- 
frequency harmonic excitation range from 15 Hz to 100 Hz with a 5 
Hz interval. This type of excitation is capable of providing concentrated 
energy at an individual frequency with a high signal-to-noise ratio. 
Within the 2 s duration, the maximum steady-state response at each 
sensor location is collected for each exciting frequency. To display the 
screening effectiveness of the barriers, the ground surface response for 
all four barrier conditions should be compared with the benchmark case. 
However, even when the shaker receives an identical input signal, the 
vibration generated by the shaker is slightly different in its magnitude. 
Therefore, the response of different barrier conditions cannot be 
compared directly without normalizing. Dividing the response by the 
response at the reference point, the normalized response is obtained. 
The normalized response at the reference point is always one as a result. 
Located between the vibration source and barrier, the reference point is 
the nearest point in front of the barrier. In this study, for cases when 
there is one barrier (i.e. EL, BL, and B1), Point No. 5 is the reference 
point; for case when there are two barriers (i.e. B2), Point No. 1 is the 
reference point. 

When the excitation is applied in the form of fix-frequency harmonic 
excitation in any of the three directions, the ground surface responses in 
the exciting direction are recorded at all the sensor locations behind the 
barriers. Fig. 12 shows few results of the normalized maximum response 
at points behind the barrier under fix-frequency harmonic excitation. 
For the case without the barriers, S0, the ground surface response 
generally decays as the distance from the vibration source increases due 
to the geometric decay. However, by observing the response in the 
benchmark cases shown in Fig. 12, it can be easily realized that the 
geometric decay is not always followed as the distance increases and the 
exciting direction has a significant impact on the ground surface 
response. The ground surface response recorded on the site for the case 
of S0 represents the site characteristics at each exciting frequency. 
Empty trench (EL) is expected to have the best screening effectiveness 
since the air cannot transmit the elastic wave, but the response pre
sented in Fig. 12 (d) shows that the EL does not always result in the 
smallest response among all barrier conditions (BL, B1, B2). The periodic 
barrier is expected to be more effective when the number of barriers 
increases. Shown in Fig. 12 (a) and (b), the response is less for the case of 
B2 than the case of B1. However, the length of the barrier plays an 
important role in determining its screening effectiveness as well, which 
can be found by comparing the cases of BL and B1 in Fig. 12 (c) and (d). 

3.2. Response in the front and the back of the barrier 

Frequency sweeping excitation and earthquake excitation provide a 
quick way to identify the characteristics of all the barrier conditions 
within the frequency range of interest (15–100 Hz). The signal for the 
frequency sweeping excitation introduces a continuous series of sine 
waves sweeping from 100 Hz to 15 Hz within the duration of 12 s. The 
response at the most critical locations is displayed to demonstrate the 
effect of the barrier. These sensor points are the nearest points in the 
front and at the back of the designated barriers location. For the 
benchmark case (S0), the response comparison between these two points 
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reveals the characteristics of the test site. Presented in both time domain 
and frequency domain, the ground surface response in the front and at 
the back of the barriers shown in Fig. 13, Fig. 14, and Fig. 15 to stress the 
importance of exciting frequency to the screening effectiveness of the 
barriers. 

The ground surface response for the case of S0 is presented as a 
benchmark. Smaller ground surface response is generally observed as 
the wave propagating away from the vibration source, which is called 
the geometric decay. It is expected that the ground surface response 
further reduces with the presence of the barriers in addition to the 
geometric decay observed in the benchmark case. 

Fig. 13 shows the vertical response at nearest points to the front and 
back of the barriers when vertical excitation is applied. By comparing 
Fig. 13 (b) and (d), large differences in response reduction are found 

within the frequency range of 20–40 Hz and 65–80 Hz in case EL than in 
case S0. By comparing Fig. 13 (b) and (f), larger differences in response 
reduction are found within the frequency range of 20–55 Hz and 
85–100 Hz in case BL than in case S0. However, unlike the response 
amplitude decreasing from Point No. 5 to Point No. 6 within 55–70 Hz in 
case S0, the response amplitude increases from Point No. 5 to Point No. 6 
within that frequency range in case BL, which indicates that the exis
tence of the barrier does not offer the vibration isolation but results in a 
larger response instead. This response amplification may also indicate 
that the frequency range of 55–70 Hz is within the frequency passband 
of the metamaterial. By comparing Fig. 13 (b) and (h), the response 
reduction in case B1 is observed within 60–80 Hz. By comparing Fig. 13 
(b) and (j), when Point No.1 and Point No.6 are compared, the response 
reduction in case B2 is less than in case S0 within 60–100 Hz. Therefore, 

Fig. 12. Normalized maximum response at points behind the barrier under fix-frequency harmonic excitation (black: S0, red: EL, blue: BL, purple: B1, green: B2). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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even though the response seems to reduce a lot from Point No.1 to Point 
No. 6 in case B2, the barriers do not provide a good vibration isolation 
within the frequency range of 60–100 Hz, which may be its frequency 
passband. 

Fig. 14 shows the horizontal crossline response at points nearest to 
the front and the back of the barriers when the horizontal crossline 
excitation is applied. As shown in Fig. 14 (b), the response ranging from 
70 to 100 Hz at point No. 6 is notably higher than that of Point No. 5 in 
case S0, and the response at Point No.5 is larger than the response at 
Point No.1 within the same frequency range. This shows that when there 
is no barrier, the response amplitude increases as the distance from the 
vibration source increases within 70–100 Hz. By comparing Fig. 14 (b) 
and (d), the amount of response amplitude decreases from Point No. 5 to 
Point No. 6 in case EL and is significantly larger than the amount of 
amplitude decrease in case S0 within 15–35 Hz and 45–100 Hz. Since 
the response actually increases from Point No.5 to Point No.6 within 
70–100 Hz in case S0 which is shown in Fig. 14 (b), a slight reduction 
found in case BL shown in Fig. 14 (f) in the same frequency range sug
gests a huge response reduction due to the periodic barrier within 

70–100 Hz. By comparing Fig. 14 (b) and (h), case B1 displays very good 
screening effectiveness within 70–100 Hz. By comparing Fig. 14 (b) and 
(j), when the horizontal crossline excitation is applied, case B2 displays 
very good screening effectiveness within nearly the entire frequency 
range of interest. 

Fig. 15 shows the horizontal inline response at the nearest points in 
the front and back of the barrier when the horizontal inline excitation is 
applied. When the horizontal inline excitation is applied, the response 
between Point No.1 is much larger than the other two points plotted in 
Fig. 15 (b) with a different order of magnitude. By comparing the 
response reduction between Point No.5 and Point No.6 in Fig. 15 (b) and 
Fig. 15 (d), case EL is showing an excellent response reduction within 
15–25 Hz and 35–100 Hz. As shown in Fig. 15 (f), there isn’t much 
difference in the response amplitude at Point No.5 and Point No.6 in 
Case BL, so the performance of the BL cannot be clearly identified. By 
comparing Fig. 15 (b) and Fig. 15 (d), the response reduction is seen 
within 30–70Hz. For Case B2, even though the response reduction is 
clearly seen between Point No.1 and Point No.6 in Fig. 15 (h), the 

Fig. 13. Vertical response at the points before and after the barrier under 
vertical frequency sweeping excitation. Fig. 14. Horizontal crossline response at the points before and after the barrier 

under horizontal crossline frequency sweeping excitation. 
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response reduction between these two points in Case S0 is much larger, 
so the performance of B2 is difficult to identify based on only Fig. 15 (b) 
and (h). 

The influence of the exciting direction on the performance of the 
barriers is also recognized by comparing Figs. 13, 14, and 15 that the 
attenuation due to the presence of the barrier is observed in a different 
frequency range. 

3.3. Frequency response function 

As defined in Sect.2.5, FRF is used to quantify the screening effec
tiveness of the barriers. Two methods are used to calculate the FRF: 
“Direct method” and “Average method”. The Direct method considers 
response of two sensor points, one in the front and the other at the back 

of the barrier, to represent the behavior of the barrier system. Since it 
takes only two nearest sensor points to the barriers to evaluate the 
barriers’ effectiveness, a local effect of the existence of barriers is 
revealed from the results of Direct method. Average method takes the 
average over a certain measuring extent behind the barrier, so it presents 
the results with global effect of the barriers. 

Direct method calculates the FRF for each barrier condition (i.e. EL, 
B1, B2, or BL) and benchmark case (i.e. S0) separately. The resulting FRF 
of the benchmark case represents the characteristics of the site and 
severs as the threshold to identify the attenuation zones induced by the 
barrier. When the FRF is below the FRF of benchmark case, the response 
reduction is recognized; on the other hand, when the FRF is higher than 
the FRF of benchmark case, it means the ground surface response am
plifies after the barrier installation. 

Figs. 17-20 are the FRF results obtained using Direct method. With 
Point No. 5 as the reference point in the front of the barrier, and Point 
No. 6 as the point at the back of the barrier, the resulting FRF for cases 
S0, EL, B1, and BL are shown in Figs. 16-18. 

Under the vertical excitation, Fig. 16 shows the FRF results of vertical 
response for cases with barrier (EL, B1, BL) and the benchmark case (S0). 
Fig. 16 (a) shows the results when excitation input signal is in the form 
of fix-frequency harmonic wave; Fig. 16 (b) shows the results when 
frequency sweeping is used as the input signal; Fig. 16 (c) shows the 
results when earthquake seismograms are used as the input signal. 
comparing the response at Point No. 5 and Point No. 6 for the cases 
without the barrier (i.e. S0) and with a barrier (i.e. EL, B1, and BL), the 
wave isolation contributed by the barrier (either EL, B1, or BL) is 
recognized in some frequency ranges as the resulting FRF is lower than 
the benchmark case, S0. 

As shown in Fig. 16 (b) and (c), the FRF results obtained from the 
excitation input signal of frequency sweeping excitation and earthquake 
excitation contain the noise of the signal. Using the smooth tool in 
MATLAB, local regression using weighed linear least squares and a 2nd 
degree polynomial model is applied. As shown in Fig. 16(d) and (e), the 
smoothened results exhibit the same characteristics as the results before 
smoothing. The remaining test results in this section will be presented 
with this regression technique for a clear presentation. 

Based on the different form of input signal, the data is processed 
differently. The maximum steady state response is extracted from the 
response when fix-frequency harmonic excitation is used to calculate the 
FRF; the response is transformed from time-domain to frequency domain 
for calculating FRF within the entire frequency range (15–100 Hz) when 
frequency sweeping or earthquake excitation is used; the result obtained 
from nine earthquakes are averaged when earthquake excitation is used. 
Yet, as observed from Fig. 16, for all three different excitation input 
signals, the results are very similar, indicating the reliability of the 
methodology including the execution of the experiment and the ap
proaches to calculate the FRF. When the excitation is applied in the 
vertical direction, the following observations are drawn 1) the amplifi
cation is found to be in the frequency range of 15–20 Hz and 40–65 Hz 
for the case of EL, 2) the response reduction is recognized within the 
frequency range of 65–80 Hz and 90–100 Hz for the case of B1, and 3) 
the attenuation is achieved except for the frequency range of 60–70 Hz 
for the case of BL. The FRF resulting from the excitation applied in the 
horizontal crossline and horizontal inline directions are shown in 
Figs. 17 and 18 respectively. When the excitation is applied in the 
horizontal crossline direction, the attenuation due to the barrier occurs 
within the frequency range of 1) 15–30 and 50–100 Hz for the case of EL, 
2) 15–30 Hz and 80–100 Hz for case of B1, and 3) 15–30 Hz and 70–100 
Hz for the case of BL. When the excitation is applied in the horizontal 
inline direction, the attenuation due to the barrier occurs within the 
frequency range of 1) 15–25 and 35–100 Hz for the case of EL, 2) 30–70 
Hz and 90–100 Hz for case of B1, and 3) 30–45 Hz and 55–100 Hz for the 
case of BL. 

The comparison between Figs. 16, 17 and 18 also shows the excita
tion direction that can lead to an entirely different ground surface 

Fig. 15. Horizontal inline response at the points before and after the barrier 
under horizontal inline frequency sweeping excitation. 
(Note: The black line represents the response at the point No. 5; the blue line 
represents the response at the point No. 1; the red line represents the response 
at the point No. 6; the nomenclature of all barrier conditions is mentioned in 
Sect. 2.3.) 
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Fig. 16. FRF of vertical response under vertical excitation by Direct method (black: S0, red: EL, purple: B1, blue: BL).. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 17. FRF of horizontal crossline response under horizontal crossline excitation by Direct method (black: S0, red: EL, purple: B1, blue: BL). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 18. FRF of horizontal inline response under horizontal inline excitation by Direct method (black: S0, red: EL, purple: B1, blue: BL). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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response under the same test setup. The effect of the excitation direction 
is notably significant due to the different dominated wave types 
generated from the excitation in a different direction. The dominated 
wave types from vertical excitation, horizontal crossline excitation, and 
horizontal inline excitation are Rayleigh wave, Love wave, and P wave 
respectively. The ground surface response attenuation occurring within 
the frequency band gap of the periodic barrier is recognized from the 
experimental results. 

To evaluate the performance in the case of B2 by Direct method, 
Point No. 1, located in front of the barriers, is used as the reference point 
and Point No. 6 is the nearest point at the back of the barriers. From the 
results shown in Figs. 16–18, it is found that the type of excitation signal 
does not have much effect on the FRF results. Therefore, only the FRF 
results obtained from frequency sweeping excitation is presented in 
Fig. 19. 

The cases of S0 and B2 are compared in Fig. 19 to identify the 
attenuation zones due to these two short periodic barriers. The attenu
ation zones due to the two units of barriers occurs within the frequency 
range of 1) 15–50 Hz under vertical excitation, 2) 15–100 Hz under 
horizontal crossline excitation. However, when the excitation is applied 
in horizontal inline direction, the amplification is observed within the 
frequency range of 15–100 Hz. 

Since only two points are considered while calculating the FRF with 
Direct method, the attenuation zones identified through Direct method 
can vary with the selection of the points representing the front and the 
back of the barrier. The results may only represent local effects. On the 
other hand, the Average method takes the response within an extended 
region into the calculation, so the attenuation zones identified through 
Average method present a global effect of the presence of barriers. 
However, based on the test results, the attenuation zones identified from 
Direct method and Average method shares some resemblance. The 

advantage of using Direct method is that it requires as little as two 
sensors to picture the performance of the barrier, but the local effect may 
not well represent the whole barrier system. The Average method, on the 
other hand, reveals the performance of the barriers by the response of a 
region protected by the barriers. Moreover, since the Average method 
incorporates the response in the benchmark case in the calculation, the 
FRF value obtained from Average method directly relates to the amount 
of response reduction. Due to the page limitation, since the results for all 
three different input signals are showing a good agreement with each 
other, only the frequency sweeping excitation test results are presented 
in Fig. 20. 

The results from both methods shows certain level of resemblance for 
cases EL, B1, and B2. However, the attenuation zones identified by the 
Average method does not match the results from the Direct method for 
case BL. 

Excitation direction plays an important role in the performance of 
the barrier. Even though the characteristics of the barrier are not altered 
by the excitation direction, the filtering ability of the barrier is highly 
depending on the type of wave transmitting through the barrier. For 
example, the frequency band gaps for metamaterial subjected to P wave 
is different from S wave (while its complete frequency band gaps remain 
the same). The dominate wave type is determined by the excitation di
rection, site conditions, and the distance from the vibration to the tar
geted object. The performance of the barrier is, therefore, dependent on 
the excitation direction. 

The theory of the metamaterial is built on the assumption that the 
material is infinitely large in its length and depth. While the depth of the 
barrier is fixed to 1.52 m in this experiment, two different length of the 
periodic barrier are considered. The effect of the length of the barrier 
can be found by comparing the results of case BL and B1. It is found 
having a barrier with longer length does not guarantee to be more 

Fig. 19. FRF of ground surface response under frequency sweeping excitation by Direct method (black: S0, green: B2). (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 20. FRF of ground surface response under frequency sweeping excitation by Average method (black: S0, red: EL, blue: BL, purple: B1, green: B2). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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effective. As shown in Fig. 20, depending on the exciting frequency and 
the excitation direction, the shorter barrier (B1) can display a better 
performance than the longer barrier (BL). However, by comparing the 
results of BL and B1 in Table 2, it is found that response reduction due to 
the long barrier (BL) occurs in a wider frequency range than short bar
rier (B1) when Direct method is implemented. As Direct method dem
onstrates the local effect, this observation suggests that the effect of the 
barrier length is most conspicuous near the barrier. 

It is believed that having a larger number of barriers is beneficial to 
the screening effectiveness of the barrier system, which suggests that 
when the second barrier is added, the response should be further 
reduced from the case with one barrier. While the depth in all barrier 
conditions considered in this experiment are identical, which is 1.52 m. 
The effect of the number of barriers can be found by comparing the 
results of case B1 and B2. Observed from Fig. 20 (b), when excitation is 
applied in horizontal crossline direction, the performance of two peri
odic barrier is apparently better than one periodic barrier. While the 
attenuation zones are found to be 15–30 Hz and 85–100 Hz for case B1, 
the attenuation zone for case B2 is widened to cover the entire frequency 
range of interest (15–100 Hz). However, as shown in Fig. 20 (a) and (c), 
have two barriers does not guarantee to have better screening effec
tiveness. The performance of case B1 is better than case B2 within the 
frequency range of 55–100 Hz under vertical excitation, and 15–100 Hz 
under horizontal inline excitation. The reason could be that the sepa
ration between the two barriers is too long to exclude the effect of the 
soil. 

4. Conclusions 

Under our experimental program, four barrier conditions: EL (empty 
trench), BL (long periodic barrier), B1 (one short periodic barrier), and 
B2 (two short periodic barriers) are studied. For each barrier condition, 
three different excitation input signals are applied in all three directions, 
and the ground surface response is recorded in all three directions. 
Along with these four barrier conditions, the benchmark case, S0, is 
tested prior to the barrier installation. The following conclusions are 
drawn from the experiments: 

1. The three different excitation input signals—fix-frequency excita
tion, frequency sweeping excitation, and earthquake excita
tion—yield similar results. This shows the methodology of 
conducting the field test is reliable that the vibration can be gener
ated and very well controlled by the shaker. The shaker can generate 
the requested signal and in lieu of the input signal. Moreover, since 
different approach is used to process the data subjected to different 
form of input signal, having the results highly agree with each other 
shows the way the data is processed is also reliable.  

2. Direct method demonstrates a local effect of the barriers while 
Average method shows a global effect. The advantage of Direct 

method is that it requires as few as two sensor points to evaluate the 
barrier performance, and its disadvantage is that the results is only 
meaningful when it is compared with the result from benchmark 
case. The advantage of Average method is that its FRF value is 
directly related to the amount of response reduction since it had 
incorporate the result of benchmark case in its calculation, and its 
disadvantage is that it requires more sensor to capture the response 
in the region behind the barriers. Interestingly, the results from both 
methods shows certain degree of resemblance for case EL, B1, and 
B2. However, the attenuation zones identified by the Average 
method does not match the results from the Direct method for case 
BL. 

3. From the Direct method, the performance of the barriers is recog
nized by comparing the FRF results between the benchmark case (S0) 
and case with barriers (EL, BL, B1, or B2). The FRF of the benchmark 
case demonstrates the characteristics of the site, which shows the 
response of the site with absence of the barriers. By observing the 
FRF results from the case of S0, it is found the soil responds much 
differently as the excitation direction is switched implying the 
different dominate wave types are presented.  

4. The excitation direction has a major impact on the performance of 
the barriers due to the different dominated wave types generated 
from the excitation in a different direction. The dominate wave type 
is determined by the excitation direction, site conditions, and the 
distance from the vibration to the targeted object. The performance 
of the periodic barrier is highly dependent on the type of wave 
transmitting through the periodic barrier. In addition, the excitation 
direction also makes a difference in the amount of the reflection from 
the next soil layer or from the edge of the site. Therefore, the per
formance is highly dependent on the excitation direction.  

5. The effect of the infilled material is studied by comparing the empty 
trench (EL) and periodic barrier (BL) with the same dimension. The 
empty trench was expected to be the most effective type of barrier to 
screen the vibration. However, it is found the performance of both EL 
and BL is highly dependent on the exciting frequency and excitation 
directions. Therefore, the case of BL can outperform the case of EL in 
some frequency ranges while subjected to the excitation in certain 
direction.  

6. The effect of barrier length is studied by comparing the one short 
periodic barrier (B1) and one long periodic barrier (BL). The benefit 
of longer barrier length on the performance of the barrier is found to 
be more conspicuous near the barrier. This local effect can be 
observed from the result of Direct method.  

7. The effect of the number of barriers is studied by comparing the one 
short periodic barrier (B1) and two short periodic barriers (B2). Each 
of the barrier unit has identical dimension. However, it is found that 
two barriers do not always to have better screening effectiveness 
than one barrier. The reason could be that the separation between 
the two barriers is too long to exclude the effect of the soil.  

8. The frequency band gap is the characteristic that the metamaterial 
possesses. When the wave with the frequency falls within the fre
quency band gap, wave propagation is prohibited through the ma
terial. The attenuation attributed to the metamaterial barriers is 
observed in certain frequency ranges in the experiments, and those 
frequency ranges are significantly affected by the excitation 
direction. 
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propagation and vibration isolation by using wave barriers. Soil Dynam Earthq Eng 
2009;29:824–33. 

[9] Alzawi A, El Naggar MH. Full scale experimental study on vibration scattering 
using open and in-filled (GeoFoam) wave barriers. Soil Dynam Earthq Eng 2011; 
31:306–17. 

[10] Ulgen D, Toygar O. Screening effectiveness of open and in-filled wave barriers: a 
full-scale experimental study. Construct Build Mater 2015;86:12–20. 
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