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ARTICLE INFO ABSTRACT

Keywords: This study investigates the performance of novel metamaterial-based barriers and foundation on mitigating
Active isolation test waves transmitting from a vibrational source to the surrounding soil. An active isolation system is a wave barrier
Shaker

built close to the vibration source to reduce the wave radiating from the source of vibration on the structure to
surrounding soil. This research reports the efficacy of the proposed isolation system using an active excitation
field test, thereby expanding the applicability of such wave barriers beyond passive isolation. The test barrier is a
trench barrier infilled with a layered periodic metamaterial that is composed of alternating layers of poly-
urethane and reinforced concrete (RC). Tests are also conducted on an empty trench for comparison. A mobile
shaker mounted on top of a steel frame is utilized to simulate an active vibration source. By mechanically
reorienting the shaker, active isolation tests can be conducted in all three directions (vertical, horizontal inline,
and horizontal crossline). Motions on the ground surface, periodic barrier, foundation, and steel frame are
monitored using three-dimensional (3D) geophones and 3D accelerometers. The effects of the barrier length, the
infilled material, and the total number of barriers on the isolation behavior at various exciting frequencies, and
excitation directions are investigated. Tests also include the scenario where the wave barrier is used along with a
metamaterial-based periodic foundation. Experimental studies show that vibrations generated from the shaker
mounted on top of the steel frame are effectively restrained by a metamaterial-based foundation. The perfor-
mance of the periodic barriers is better than that of an empty trench within certain frequency ranges. The wave
isolation performance is enhanced with the increasing barrier length. This research provides the benchmark for
the future design of periodic barriers and periodic foundations in buildings or other vibration-sensitive facilities.

Exciting frequency
Excitation direction
Periodic barrier
Periodic foundation

1. Introduction practice. The vibrations in soil may include notable body wave and

surface wave content. Since the energy of the surface wave decays more

Earthquakes have always posed a great threat to lives, infrastructure,
and the economy. The damage will be devastating when structural
systems are poorly designed or constructed. A significant number of
damages in structural systems during seismic events have been reported.
To prevent seismic damage to the structures, different seismic isolation
systems were reported and tested in the literature. Isolation of the
structure from ground vibrations by wave barriers installation was
widely studied experimentally, numerically and adopted in engineering
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slowly than the body wave, the wave barrier is generally built close to
the ground surface to prevent the surface wave from transmitting into
the protected region. Based on the installation location, the wave bar-
riers may be categorized as either passive isolation or active isolation
barriers [1-5]. When the source of the vibrations is known, to contain the
vibration within a certain region, the barrier that is installed near the
vibration source is an active isolation barrier. When the barrier is
installed close to the protected region to provide destructive
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interference of wave entering the protected region, the wave barrier is
classified as a passive isolation barrier [6]. For example, preventing
earthquake ground motion from entering a certain structure is a passive
isolation topic, while preventing the vibration to trabsfer from heavy
machines in industrial buildings to surrounding soil and surrounding
structures is an active isolation problem [7]. In addition, preventing the
traffic-induced vibration from railway bridges to transfer to surrounding
structures is also active isolation problem. The active isolation periodic
barrier is investigated in this research.

Empty trenches and infilled trenches are two typical forms of wave
barriers [6,8-23]. Woods [6] reported a full-scale experimental study in
the free field to investigated the active and passive wave mitigation
performance of the empty trench barrier. Several numerical and
experimental studies were reported and met some degree of success in
isolating the vibration. Finite element (FE) [10,15,18-20,23,24] and
boundary element methods (BEM) [9,16] are widely used by researchers
to understand the behavior of wave barriers. Due to the complexity of
soil, the simplified numerical model may not be sufficient to always
represent the true behavior observed on the test site. Recently, more and
more lab experiments [14,25] and field tests [10-13,18] were conducted
for the sake of understanding the real performance of the wave barrier in
the soil. Investigations on the effect of the infilled material, geometry,
and the barriers numbers on the wave isolation of the wave barrier were
widely studied. However, the effect of the exciting frequency [11,12,18]
and the excitation direction were rarely the focus of the earlier research.

The periodic material can also be referred to as metamaterial [26],
which is a composite material arranged periodically and possess special
property to mitigate the harmonic wave within its frequency band gap,
which is a material property and can be optimized to cover very wide
frequency ranges. The governing equation of wave propagation is scal-
able, and the dimension of the metamaterial is proportional to the
magnitude of wavelengths corresponding to the frequency band gap
[27]. Since most structures generate energy in the lower frequency
range, the corresponding wavelengths are relatively large [28]. As a
result, the length scale of the periodic material applied to manipulate the
seismic wave is larger compared to noise isolation or heat isolation
metamaterials. The periodic foundation is the base isolation system that
is made of the periodic metamaterial [29-38]. This innovative seismic
isolation system changes the pattern of the earthquake energy when the
internal structure of the periodic foundation interacts with the incoming
waves. The experimental results showed that the periodic foundations
can mitigate both horizontal and vertical seismic waves in their fre-
quency band gap, thereby reducing the resulting response on the su-
perstructure. Researchers [39-43] carried out several studies regarding
the 1D or 2D periodic material for earthquake isolation. With a shake
table, the excitation can be uniformly applied directly to the bottom of
the periodic foundation. The shake table experiment on the 1D periodic
foundation was reported by Xiang et al. [44]. The 1D periodic founda-
tion is made of layers of rubber and concrete. The results had shown a
significant response reduction within the specific frequency ranges.
From the shake table test, a 50% reduction of peak horizontal response
and a 15.9% reduction of peak vertical response were observed when the
exciting frequency fell into the frequency band gaps. Large-scale 1D and
3D periodic foundations with superstructure scaled from a real small
modular reactor were built [36,37]. The tests prove that the periodic
foundation is capable of filtering the waves having frequencies inside its
frequency band gap for vertical, horizontal, and torsional modes. By
comparing the peak acceleration responses for cases with and without
the periodic foundation, a 90% reduction was observed. The super-
structure was isolated by the periodic foundation without introducing
large relative displacement. Field experiments of scaled 2D and 3D pe-
riodic foundations were conducted [31,32] to validate the finite element
simulation. The unit cell of the periodic foundation is made of iron,
rubber, and reinforced concrete. The iron core coated with polyurethane
is covered by the reinforced concrete at the outer layer. Using the
shakers, Rattler and Thumper, at the University of Texas at Austin, the
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excitations were applied on the ground surface in the vertical and hor-
izontal directions. By comparing the response on the steel frame for
cases with and without the periodic foundation, the periodic foundation
is proved to be effective to filter out the S wave and P wave with the
exciting frequencies within its frequency band gap [45].

1D Periodic barriers or 1D metamaterial-based barriers are infilled
barriers composed of 1D layered periodic material [45-49]. The periodic
material used in this study is composed of the unit cell with poly-
urethane layers and concrete layers alternatively. The periodic barrier,
which embeds the periodic material in the soil and is not directly
attached to the structure, is expected to work as a non-invasive isolation
measure for the existing structure. Being a non-invasive seismic isolation
system, the periodic barrier does not need to support a heavy super-
structure and is easier for maintenance. Therefore, the periodic barriers
will be of tremendous value to the earthquake engineering community
worldwide. A large-scale periodic barrier called seismic metamaterial, in
the form of periodically arranged boreholes with the depth of 5 m, was
fabricated and studied [50]. The seismic wave was generated by a
monochromatic vibrocompaction probe. This large-scale experiment
showed the feasibility of seismic metamaterial in modifying the seismic
energy distribution for civil engineering applications. The screening
effectiveness was shown that the signal hardly passed the second row of
boreholes. However, the higher energy intensity was detected in the
area near the source after the boreholes were carried out. The combi-
nation of the periodic barrier and periodic foundation is expected to
result in total isolation for the underground structure. Huang et al. [48]
and Zhang et al. [51] investigated the passive isolation performance of
combined usage of periodic barrier and periodic foundation using state-
of-the-art T-Rex shaker. Based on field test results, the combined per-
formance of periodic barrier and periodic foundation achieved broad-
band wave isolation performance from 15 Hz to 100 Hz in vertical
excitation and horizontal excitation.

In this study, the periodic barriers and empty trenches are investi-
gated in field tests. Other than the infilled material, the other parameters
of the wave barrier are emphasized, including the barrier length, the
number of barriers, the exciting frequency, and the excitation directions.
A hydraulic shaker, Thumper, is placed on top of the steel frame to
generate excitation to the structure in the active isolation test. The RC
foundation and periodic foundation are presented in the first and second
scenarios respectively. The reduction of soil particle velocity due to the
adoption of metamaterial-based barrier installation is presented. The
efficiency of the periodic barrier, periodic foundation, and the combined
usage of periodic barrier and periodic foundation for active isolation
tests is reported in detail. Section 2 reports the test matrix, loading fa-
cility, specimen design, and measurement details of the field test for the
active isolation test. Section 3 describes the result interpretation to
quantify the performance of the barriers. Section 4 presents the exper-
imental results including the reduction of ground surface response and
filtering capability of the periodic barrier and periodic foundation.

2. Experimental setup

Fig. 1 shows the nomenclature and test matrix in this study. Two
scenarios of active isolation tests are conducted. The first scenario of
tests with the RC foundation is denoted as Al; the second scenario of
tests with the periodic foundation is denoted as A2. In each scenario,
there are four different barrier conditions as well as a benchmark case
without a barrier. As shown in Fig. 1, these four barrier conditions are
investigated: (1) EL (empty long trench); (2) Bl: a single short
metamaterial-based barrier; (3) B2: two identical short metamaterial-
based barriers (denoted as B2); (3) BL: a single long metamaterial-
based barrier. The benchmark case refers to the condition without the
presence of the barrier and is denoted as SO. The empty trench (denoted
as EL) and the long barrier (denoted as BL) share the same dimension,
which has the depth, length, and thickness of 1.52 m, 2.44 m, and 0.28
m, respectively. The cases Bl and B2 have the depth, length, and
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Fig. 1. Nomenclature and test setup schematics.

thickness of 1.52 m, 1.22 m, and 0.28 m, respectively. The periodic
barrier is a sandwiched specimen with a single polyurethane layer (0.08
m thick) and two layers of RC slab (each slab has a thickness of 0.1 m). A
single layer of No. 4 reinforcing bars (13 mm diameter) is applied in the
RC slab with a spacing of 130 mm in both directions. The yield strength
of reinforcement is 413.7 MPa based on the rebar coupon test. The size
of the metamaterial-based foundation is 1.37 m x 0.91 m x 0.51 m. The
size of the RC foundation is 0.76 m x 0.76 m x 0.13 m. The periodic
foundation is manufactured using three layers of 101.6 mm (4 in.) thick
RC slabs, and two layers of polyurethane, with the bottom layer of
polyurethane being 127 mm in thickness and the top layer being 76.2
mm in thickness. The size of the frame structure is 0.6 m x 0.6 m x 0.6
m, which is connected using slotted steel angle members (brand name is
Everbilt, angle section has equal length of 38 mm and thickness of 2
mm). The section is applied with Zinc coating and is a cold-rolled slotted
steel section. The steel frame is connected using bolts. The additional
weights of 18.6 kg were connected on the bottom side and top side of the
steel frame. The top weight serves as a roof to place the actuator.

The ground surface response is collected by 3D geophones deployed
on the ground. Fig. 2 shows the layout of the sensors for the detection of
soil response in the test program. The geophone sensors are applied in
three directions (including horizontal crossline, horizontal inline, and
vertical) as shown in Fig. 2. The structure response is collected by the 3D
accelerometers mounted on the steel frame and foundation. The
description for the sensor layout, loading protocol, and these four bar-
rier conditions can be found in earlier research [48,51].

Active isolation is defined by the employment of a wave barrier near
the vibration source to prevent the wave from leaving the source. To
simulate the scenario that the vibration is generated by the machine, a
hydraulic mobile shaker (Thumper from NEHRI@UTexas) is placed on
the roof of the steel frame. Fig. 3 shows the orientation of the shaker
(Thumper) installed on top of the steel frame. By changing the

Designated Designated

barrier location of B2

/05 @5 /0560

orientation of the shaker, the excitation direction can be controlled in
three directions. Three forms of excitations include the seismic waves,
the sweep-frequency tests and the fix-frequency harmonic excitation,
and the earthquake excitation. The sweep-frequency tests cover the
frequency range from 15 Hz to 100 Hz in a total time of 12 s. A total of 9
scaled earthquake seismograms are also selected to include the Chi-Chi
earthquake (TCUO052), Anza, San Fernando, Gilroy, El Centro, North-
ridge Oroville, Loma Prieta, Bishop. The performance of the barriers and
the periodic foundation are evaluated by the soil and structure response
in the same way as what was done for passive isolation tests [45,48].

The tests are conducted at the test site which is a part of the Hornsby
Bend Biosolids Management Plant southeast of Austin, Texas. The site
investigation was reported in earlier research [45,48] and the soil pa-
rameters obtained from spectral analysis of surface waves (SASW) are
summarized as follows. The first layer has a depth between 0 and 0.61
m; the second layer has a depth between 0.6 and 2.1 m below the ground
surface, and anything beneath the second layer is considered as the third
layer. The shear wave velocity is 91.44 m/sec, 161.5 m/sec, and 234.7
m/sec in the first, second, and third layers, respectively. The density
measurement suggests at 0.3 m (1 ft) below the ground surface has a
density of 1670 kg/m?, and the density at 0.91 m (3 ft) below the ground
surface is 1702 kg/m°>. With the Poisson ratio for the unsaturated soil
assumed to be 0.33, the resulting Young’s modulus is 20 MPa, 118 MPa,
and 249 MPa in the first, second, and third layers, respectively. The
theoretical result of frequency band gaps for the periodic barrier and
periodic foundation are reported in earlier research [45,48] as listed in
Table 1, which was derived using Bloch theory as illustrated by Witarto
[33].

3. Evaluation of the barrier performance

The frequency response function (FRF) is a typical measure to

barrier location of EL, B1, B2, BL
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Fig. 2. Geophone deployment in active isolation tests.
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(¢) Horizontal inline direction

(d) Steel frame on top of the RC foundation

Fig. 3. Orientation of the shaker (Thumper) installed on top of the steel frame.

Table 1
Theoretical frequency band gaps of metamaterial-based barrier and
metamaterial-based foundation [45,48]

Specimen Wave type Theoretical frequency band gaps

Periodic barrier P wave (longitudinal 45.0-100 Hz

wave)

S (shear wave) 11.8-46.1, 49.1-92.1, and

93.7-100 Hz
Rayleigh wave 10.2-43.8, 47.0-87.6, and
88.8-100 Hz.
Periodic P wave (longitudinal 32-39.7 and 54.9-100 Hz
foundation wave)

8.4-10.4, 14.4-48.5, and
49.2-100 Hz.

S (shear wave)

quantify the screening effectiveness of periodic material, including both
barriers and foundations. Two different approaches are adopted for
calculating FRF, the “Average method” and “Direct method” in Eq. (1)
and Eq. (2) respectively. Similar approaches were also reported in detail
by Huang et al. [45,48]. The average method takes the response at all
sensors within a certain area into account while the direct method di-
vides the acceleration at the two critical measurement locations adja-
cent to the barrier or foundation to calculate FRF.

FRF() = £ 3 200z (g 122 )
FRF(f) = 20log,, (%) 2

where A(f),,;.; is the response at the ith measurement point at the exiting
side of the wave barriers. For average method, the FRF is obtained by
taking an average over an extent from Point No. 1 to Point No. 5
(measuring extent equal to 2.44 m as shown in Fig. 2).A(f),y, is the
response at the exiting face of the periodic material, and A(f),,; is the
response at the entering face of the periodic material. The entering face
and the exiting face are at the first and the last layer of the periodic
material, either the periodic barrier or periodic foundation. The FRF of
the periodic foundation is only evaluated using the direct method. The
response is first converted to the frequency domain for the calculation.
For earthquake excitation, after obtaining the FRF for each earthquake
event, the averaged FRF results from a total of 9 seismic wave tests are
reported.

4. Experimental results
4.1. Soil particle response in fix-frequency harmonic tests

To compare the response between different barrier conditions in
fixed-frequency tests, the following steps are used to define the
normalized acceleration of soil particles measured at points No. 1-9
shown in Fig. 2: (1) Numerical difference was adopted to convert the
original triaxial velocity signal of Geophone sensors to acceleration
sensors; (2) the total velocity magnitude is calculated based on velocity
components in three directions; (3) fast Fourier transformation is used to
convert the total velocity data from time domain to frequency domain;
(4) the acceleration at soil particle is normalized by the force output (in
units of N) from the Thumper shaker. The force output of Thumper
shaker is obtained by multiplying the acceleration at the moving mass of
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Thumper shaker by its mass (193 kg) as reported by Menq et al. [52]. and barrier under horizontal inline excitation. As shown in Table 1, the P
Fig. 4 shows the comparison of normalized response at certain excitation wave with excitation frequency of 15 Hz is in the pass band of the pe-
frequencies in each excitation direction. riodic barrier while 50 Hz is in band gap periodic barrier. Therefore, the

The geometric decay for each barrier condition is observed for all test results of periodic barrier shown in Fig. 4(d) is notably better than
cases, indicating a notable damping effect of soil for all cases. In the that of Fig. 4(c).
vertical excitation test, Fig. 4 (a) shows that the soil particle acceleration In addition, the results in Fig. 4 shows that the soil particle response
of the benchmark case (A1S0) is higher than all barrier conditions. The may vary at different measuring points. Therefore, the average method
response of case A1BL is found to be similar to the case A1EL, which is adopted in Section 4.2 to evaluate the wave isolation performance of
shows that the wave isolation behavior of the periodic barrier reaches barriers with global information. In comparison, the Direct method in
that of the empty trench that has the same dimension. Under vertical Section 4.3 evaluates the wave isolation performance of barriers with
excitation, the Rayleigh wave is the dominant wave type transmitting in localized information by directly comparing both the response on both
soil and barrier. As shown in Table 1, 15 Hz is within the theoretical surfaces of barrier.
frequency band gap of periodic barriers. Therefore, Case A1BL shows
notable wave mitigation performance as shown in Fig. 4(a). 4.2. FRF of barriers obtained from the average method

In the horizontal crossline excitation test, Fig. 4(b) shows that the
soil particle acceleration of the benchmark case (A1S0) is higher than all This section presents the FRF results obtained from the Average
barrier conditions. Case A1B1 and Case A1EL achieve best wave miti- method for each barrier condition and excitation. The FRF is obtained by
gation performance in the region under horizontal crossline excitation. taking an average over an extent from Point No. 1 to Point No. 5
Under horizontal crossline excitation, S wave the dominant wave type (measuring extent equal to 2.44 m as shown in Fig. 2). When the FRF
transmitting in soil and barrier. As shown in Table 1, 15 Hz is within the obtained from the Average method is below 0, the attenuation zones are
theoretical frequency band gap of periodic barriers for shear wave. identified. Fig. 5 shows the FRF results obtained by the Average method
Therefore, Case A1B1 shows notable wave mitigation performance as in the earthquake excitation for all test scenarios. In Fig. 5, the excitation
shown in Fig. 4(a). direction and measurement sensor direction are the same and the

In the horizontal inline excitation test at excitation frequency of 15 theoretical frequency band gaps are marked in yellow color in each plot.
Hz, Fig. 4(c) shows that Case A1B2 achieves the most notable wave In this study, the theoretical frequency band gap marked in yellow color
mitigation performance and Case A1B1 shows slightly higher response in Fig. 5 was only used to design the periodic barrier and periodic
compared to Case A1S0, A1EL and A1BL. At excitation frequency of 50 foundation. Because the wave component in soil particle in active
Hz, Fig. 4(d) shows that empty trench (A1EL) achieves best wave isolation field tests are very complicated, it is very hard to generate a
isolation performance while A1BL also notably reduce the soil particle specific wave type in this test program. For example, in horizontal inline
velocity. P wave is the dominant wave component transferring in soil excitation, the structure foundation may be subject to a combination of
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Fig. 5. FRF obtained from soil particle acceleration using the average method
and seismic tests of Al case with concrete foundation Note: the excitation di-
rection and measurement sensor direction are the same. The theoretical fre-
quency band gaps are marked in yellow color in each plot.

horizontal shear force and overturning moment, which may generate a
combination of Rayleigh wave and P wave in soil particle. Therefore,
FRF results from field test may not fit exactly to theoretical frequency
band gap. Future research will be focused on developing high-fidelity
finite element model of the test program with model updating algo-
rithm to achieve best fit with test results.

As shown in Fig. 5(a), under vertical excitation, one short barrier
showed relatively less wave isolation performance. This may be attrib-
uted to the fact that the length of short barrier was half of long barrier,
and may not mitigate the wave transferred outside its length. Long
barrier (A1BL) achieved best wave isolation performance for frequency
higher than 50 Hz, while empty trench (A1EL) showed most notable
wave mitigation performance for excitation frequency below 50 Hz. In
the theoretical frequency band gap of Rayleigh wave, 2 short barriers
(A1B2) and long barrier (A1BL) both show notable wave isolation per-
formance, which is consistent with the theoretical result.

As shown in Fig. 5(b), under horizontal crossline excitation, one
short barrier (A1B1) showed amplified response at the theoretical pass
band of S wave (i.e., 46.1 to 49.1 Hz). Long barrier (A1BL) and 2 short
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barriers (A1B2) both showed better wave isolation performance
compared to empty trench (A1EL) for frequency higher than 50 Hz,
while various wave barriers had similar performance for excitation
frequency below 50 Hz. In theoretical band gap of S wave, long barrier
(A1BL) and 2 short barriers (A1B2) both showed notable wave isolation
performance.

As shown in Fig. 5(c), under horizontal inline excitation, empty
trench showed best wave isolation performance in frequency range from
10 Hz to 88 Hz. In frequency band gap of P wave, two short barriers
(A1B2) show notable wave isolation mitigation performance.
Metamaterial-based barriers mostly showed wave isolation performance
for the theoretical frequency band gap of P wave.

The effect of the barrier length can be seen by comparing A1BL and
A1B1 because these two barrier conditions have the same infilled ma-
terial, which is the 1D layered periodic material. Because the influenced
zone shielded by the barrier is larger when the barrier is longer, the
performance of the long barrier is generally better than that of short
barrier.

4.3. FRF of barriers obtained from the direct method

To exclude the soil layer’s contribution in evaluating the FRF of
barriers, the Direct method uses the response at two critical sensor lo-
cations to calculate the FRF. These two critical locations are selected to
be at the sensor locations in the front and the back of the barrier and
these two sensor locations are denoted as Point No. 6A and Point No. 5A
respectively in Fig. 6. To capture the response at these two locations, two
accelerometers are added at the two edges of the one short periodic
barrier (B1).

The response at these two sensor locations, Point No.5A and Point
No. 6A, is collected by the accelerometer at the edges of the first and the
last layer of the periodic barrier. Fig. 7 shows the barrier response at
these two critical sensor locations when one short periodic barrier is
presented and frequency sweeping excitation is applied on top of the
steel frame in scenario A1B1, where the steel frame is installed on top of
a traditional concrete foundation. As shown in Fig. 7, a significant
reduction of acceleration is observed in the frequency and time domain
in all three directions tested. Therefore, the performance of the periodic
barrier is verified using the acceleration measurement results of Fig. 7.

The other set of the active isolation tests that involve the periodic
foundation is denoted as the A2B1 scenario. Fig. 8 shows the response at
these two critical sensor locations as the periodic foundation is used to
hold the steel frame and the shaker. The effectiveness of the periodic
barrier observed in the A2B1 scenario in Fig. 8 is still observed. How-
ever, the effectiveness is not as notable as the A1B1 scenario as shown in
Fig. 7. The reason is summarized as follows: the periodic foundation
filters the wave, so the response at the entering face of the periodic
barrier is much smaller than the A1B1 scenario. The wave is afterward
filtered again by the periodic barrier, but since the signal is significantly
smaller already, the reduction of acceleration is less notable in the A2B1
scenario. In addition, based on comparison of results in Fig. 7 and Fig. 8,
material nonlinearity and damping in elastic response may notably
contribute to the performance of periodic barrier. The material nonlin-
earity and damping are recommended to be considered in future finite
element simulation of periodic barriers based on Fig. 7 and Fig. 8.

Fig. 9 shows the FRF calculated by the Direct method for all test cases
from seismic tests. The theoretical frequency band gaps are highlighted
in the yellow patches. The direct method results in Fig. 9 is similar to
that of Fig. 5 obtained from average method. As shown in Fig. 9(a),
under vertical excitation, 2 short barriers showed most notable wave
isolation performance. In the theoretical frequency band gap of Rayleigh
wave, metamaterial-based barriers (A1BL, A1B1 and A1B2) all show
notable wave isolation performance, which is consistent with the theo-
retical result. As shown in Fig. 9(b), under horizontal crossline excita-
tion, one short barrier (A1B1) showed amplified response at the
theoretical pass band of S wave (i.e., 46.1 to 49.1 Hz). Two short barriers
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(A1B2) showed better wave isolation performance compared to empty
trench (A1EL) for frequency higher than 50 Hz. In theoretical band gap
of S wave, long barrier (A1BL) and 2 short barriers (A1B2) both showed
notable wave isolation performance. As shown in Fig. 9(c), under hor-
izontal inline excitation, two short barriers (A1B2) show notable wave
isolation mitigation performance in frequency band gap of P wave. In
general, Fig. 9 shows response reduction within the theoretical band
gaps marked in yellow, which is derived from Bloch theory as illustrated
by Witarto [33]. Attenuation zones are identified in the majority of

frequency range from 15 Hz to 100 Hz for metamaterial-based barriers.
Based on the comparison between test results and Bloch theory in Fig. 9,
the Bloch wave analysis results failed to predict experimental results.
The reason for the discrepancy between Bloch theory and test results
may be attributed to the following two reasons: (1) The Bloch wave
analysis refers only to infinite periodic media, in the test program,
however, the length, depth and number of metamaterial-based barriers
are limited in the test. (2) The damping of soil, concrete and rubber
material was neglected in Bloch theory, which may also reduce the
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response after the wave pass through the metamaterial-based barriers.
Therefore, a more elaborate 3D finite element simulation or machine
learning approach are recommended for simulating the complicated test
program reported in this study.

4.4. FRF of periodic foundation obtained from direct method

By placing the 3D accelerometers in the path of wave transmission at
the bottom and top of the metamaterial-based foundation, the filtering
characteristic of the metamaterial-based foundation can be observed by
comparing the response on the bottom and top surface recorded during
the same loading event. Therefore, the responses can be directly
compared without the need for normalization. Fig. 10 presents the FRF
results of case A2S0 subjected to excitation in all three directions.

Each sub-plot in Fig. 10 contains the results obtained from the
excitation in all three forms (Fix-frequency harmonic, frequency
sweeping, and earthquake). It is found that the different forms of input
signals display the results agreeing with each other. The attenuation

zone is identified as the FRF is below zero in Fig. 10. A similar obser-
vation found in Section 4.2 is that using a different form of input signal
indicates the same attenuation zones for each excitation direction. Their
resulting attenuation zones coincide with theoretical band gaps. Under
vertical excitations, the dominated wave is assumed to be the P wave,
and the theoretical band gaps of metamaterial-based foundation under
the P wave are 32-39.7 Hz and 54.9-100 Hz. The amplification in
Fig. 10(a) occurs within 46-48 Hz under vertical excitation which is
outside its frequency band gap for the P wave. Under horizontal cross-
line or horizontal inline excitation, the dominated wave is assumed to be
the S wave, and the theoretical band gaps of the S wave are 8.4-10.4 Hz,
14.4-48.5 Hz, and 49.2-100 Hz, which was also observed in test results
from Fig. 10 (b) and (c).

As reported by Huang [45], the FRF was obtained by the data
collected by two sensors on both sides of the metamaterial-based foun-
dation in the passive isolation test (denoted as the P2S0 scenario). In the
passive isolation test, the wave is assumed to transfer upward in the
periodic foundation. Therefore, the entering face and the exiting face in
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Eq. (2) are at the bottom and the top of the periodic foundation
respectively for passive isolation tests. Fig. 11 shows the FRF of response
at the periodic foundation in the benchmark case (P2S0).

By comparing the FRF of the metamaterial-based foundation
response between passive isolation tests in Fig. 11 and active isolation
tests in Fig. 10, it is found that the attenuation zones identified from
active isolation tests match better with the theoretical results than from
the passive isolation tests. It is because the wave propagation path is
clearer during the active isolation test, so it is easier to determine the
dominant wave transmitting through the periodic foundation. When the
shaker is generating vertical vibration, the dominating wave through the
periodic foundation is the P wave. Under horizontal vibration excitation,
the dominant wave is the S wave. The theoretical band gaps of the
metamaterial foundations for the P wave and S wave are highlighted.
The theoretical band gaps are not exactly the same as the test results of
FRF because only one unit cell is adopted in the test program. In addi-
tion, the damping of material was not considered in the theoretical
analysis, which may also induce the discrepancy between the test and
Bloch theory results. In order to achieve better understanding of the test
results, the elaborate finite element simulation is recommended.
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4.5. FRF of barrier-foundation system obtained from direct method

In this section, the combined performance of barrier-foundation
system is investigated using Direct method and seismic test results.
Fig. 12 shows the comparison of FRF of barrier-foundation system and
the FRF of barrier obtained from A2EL case, A2BL case and A2B2 case.
To evaluate the FRF of barrier-foundation system, the exit point in Eq.
(2) is selected at point No. 5 for A2EL and A2BL or point No. 1 for A2B2
case. The enter point in Eq. (2) is selected at the acceleration at top
surface of periodic foundation. As shown in Fig. 12, notable wave
isolation performance was observed for barrier-foundation system for all
cases (A2EL, A2BL and A2B2) and all three directions. Therefore, by
adopting combined usage of metamaterial-based foundation with
metamaterial-based barrier, notable vibration isolation can be achieved
and the vibration isolation performance is similar to that of empty
trench (A2EL). In addition, the FRF of barrier obtained from the same
test is also plotted. As shown in Fig. 12, the wave isolation performance
of barrier-foundation system is notably improved compared to the FRF
of barrier for most frequency range. This is attributed to the fact that the
frequency band gaps of metamaterial-based barrier and metamaterial-
based foundation are not consistent as illustrated in Table 1 in Section
2. Therefore, by combined usage of metamaterial-based barrier and
foundation, a broadband wave isolation result can be achieved from 10
Hz to 100 Hz in all three directions.

4.6. Effect of reflection induced by the periodic foundation on structure
response

The reflection of vibration from the periodic foundation to the su-
perstructure may induce an unfavorable influence on structural safety
under active excitation. The shaker, Thumper, is mounted on top of the
steel frame, and the shaker output of acceleration is expected to be the
same as the acceleration on the roof of the steel frame. However, a
discrepancy exists between these two recorded values. This section in-
tends to see if the reflection from the periodic foundation adversely af-
fects the structure response. The shaker’s motion and the resulting
response on top of the steel frame of the scenario with the RC foundation
(A1S0) and with periodic foundation (A2S0) are shown in Fig. 13.

Fig. 13 (a), (¢), and (e) are the results of Case A1S0 with the concrete
foundation, and Fig. 13 (b), (d), and (f) are the results of Case A2S0 with
the metamaterial-based foundation. The metamaterial-based foundation
may reflect the vibration to the structure when the frequency of the
excitation falls in its band gaps. When the periodic foundation is used,
the response on top of the steel frame is reduced under vertical excita-
tion, while it is amplified under horizontal excitation. In general,
adopting a metamaterial-based foundation will not notably enhance the
vibration of the structure system when excitation is applied on the
higher levels of the structure.

5. Conclusions

In active isolation tests, the barriers are used to contain the vibration
to protect the surrounding structures. This paper reports the active
isolation test scenario that the vibration is generated by the shaker
mounted on top of a steel frame, and the performance of the barrier is
assessed by the ground surface response that is shielded behind the
barrier. In addition, the barrier response is used to observe the
frequency-selective properties of the periodic barrier. Several conclu-
sions can be made from this study.

1. With the test setup that can precisely generate the vibration and
record the response in all three directions, the performance is found to
be dependent on the direction and frequency of excitation. The barrier
length plays an important role in determining the performance of the
barrier. The longer barrier showed better wave isolation performance
compared to a short barrier.

2. The contribution of the metamaterial-based barrier can be seen by
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comparison the performance of one long empty trench and one long
periodic barrier. Based on the field test results, A1BL (long barrier)
outperforms A1EL (empty trench) within certain frequency ranges under
vertical excitation or horizontal crossline excitation.

3. The Average method adopts averaged response at 5 geophone
sensors, while Direct method uses the response at the two edges of the
periodic barrier to calculate the FRF. The results from Average method
and Direct method are consistent. The test FRF of periodic barriers did
not agree with theoretical band gaps of the periodic barrier.

4. The filtering capability of the periodic foundation is calculated by
the Direct method. The results from three different forms of excitations
(fixed-frequency harmonic, frequency sweeping, and earthquake exci-
tation) are found to be highly consistent. The attenuation zones did not
agree with the theoretical band gap of metamaterial-based foundation.

5. The FRF of barrier-foundation system is investigated by Direct

11

method by comparing the soil particle acceleration after barrier to the
acceleration on top surface of periodic foundation. By combined usage
of metamaterial-based barrier and foundation, a broadband wave
isolation result can be achieved from 10 Hz to 100 Hz in all three
directions.

6. The filtering capability of the periodic foundation raises a concern
about the effect of the reflection caused by the periodic foundation on
the superstructure. By comparing the shaker output and the motion on
the roof of the superstructure when the RC foundation is used and when
the periodic foundation is used, the effect of the reflection on the su-
perstructure can be observed. It is found when the periodic foundation is
used, the response on top of the steel frame is reduced in vertical loads
but amplified in horizontal loading tests.
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