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Abstract: Potential damage caused by earthquakes combined with reduced comfort due to traffic
has become a big challenge when designing modern buildings, and base-isolation is one of the most
effective solutions to such a problem. However, most isolation bearings cannot provide sufficient
mitigation for both earthquakes and traffic-induced vibrations simultaneously. To this end, this
research proposes a new type of three-dimensional isolation bearing for the mitigation of both
earthquake effects and traffic-induced vibrations, which is composited by a thick rubber bearing,
an auto-reset flat sliding bearing, and a double concave friction pendulum bearing. In this study,
the analytical hysteresis model of the proposed isolation bearing was derived and experimentally
validated. In addition, the fatigue performance and vertical compression performance of the proposed
isolation bearing was tested and analyzed. Finally, the mitigation effect for traffic-induced vibrations
of the proposed isolation bearing was validated through a field test.

Keywords: vibration isolation; composite bearing; three-dimensional vibration; sustainable seismic;
comfort

1. Background

The conventional, performance-based seismic design of buildings mainly considers the
ductility and energy consumption of structural members, which ensures that the structure
will not collapse after an earthquake. However, such a design does not guarantee that the
building can remain damage-free after one or more disasters, and considerable economic
loss is possible [1]. Evidently, such a design method would result in considerable economic
losses due to corresponding repair work. Therefore, lots of newly built buildings embrace
the concept of sustainable seismic design, which not only guarantees structural safety
but also allows the structure to be quickly recovered [2,3]. On the other hand, due to the
rapid development of transportation networks, reduced human comfort caused by traffic
has now become a serious problem in the design of modern buildings [4]. A solution
both sustainable seismic design and reduced comfort due to traffic-induced vibrations is
vibration isolation, which can be realized by technologies such as self-centering, dampers,
base-isolation, etc. [5,6]. Among these available solutions, base-isolations are reported to
have satisfactory vibration mitigation performances and reasonable prices, and isolation
bearings are the most widely used equipment for base-isolations [7].

The most widely used isolation bearings are sliding bearings (SBs) and elastomeric
bearings (EBs) [8]. SBs can be roughly classified into curved surface sliding bearings
(CSSBs), such as friction pendulum bearings (FPBs), and flat surface sliding bearings
(FSSBs), depending on the curvature of the bearing’s surface [9,10]. It is noted that SBs are
good at isolating horizontal vibrations but have nearly no effect on vertical vibrations [11]
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and therefore apparently cannot be applied to mitigate traffic-induced vibrations. Also,
the use of SBs often leads to displacement excursions and corresponding maintenance
problems. Hence, double concave friction pendulum bearings (DCFPBs) and auto-reset
flat slider bearings (ARFSBs) were invented, both of which can automatically recover their
original states after undergoing vibrations [12,13]. Recently, textured sliding bearings
(TSBs) were developed in order to achieve better performance [14].

In contrast to SBs, EBs can mitigate 3-dimensional (3D) vibrations (i.e., vibrations that
contain both horizontal and vertical components). EBs are mainly divided into the following
two categories: steel-reinforced elastomeric bearings (SREBs) and fiber-reinforced elas-
tomeric bearings (FREBs). Of the two, SREBs have found much more use than FREBs [15].
SREBs can be further distinguished in the following subcategories: low-damping rubber
bearings (LDRBs) [16], high-damping rubber bearings (HDRBs) [8], and lead-rubber bear-
ings (LRBs) [17]. Nevertheless, a recent study on the biaxial hysteretic behaviors of FREBs
sheds light on the promising engineering applications of these bearings in the future [18].
At this junction, it is noted that the EBs that are designed for earthquakes are usually not
applicable to traffic-induced vibrations because seismic ground motions and traffic-induced
vibrations are quite different in terms of frequency (i.e., the dominant frequencies of earth-
quakes are much lower than those of traffic-induced vibrations), and the mitigation effect
of EBs heavily depends on the frequency.

On the other hand, because human comfort is sensitive to the vertical components
of traffic-induced vibrations, EBs rather than SBs are used to deal with traffic-induced
vibrations, of which thick rubber bearings (TRBs) are reported to have satisfactory isola-
tion effects [19]. TRBs can be regarded as elongated LDRBs, whose working frequency
range is modified according to the frequency distribution of traffic-induced vibration. For
decades, the use of TRBs to deal with traffic-induced vibrations has been extensively stud-
ied. Pan et al. studied the attenuation effects of TRBs on the vibrations caused by rail
trains through experimental tests [20]. Zhang et al. studied the attenuation effect of TRBs
on the vibrations caused by rail trains [21]. Sheng et al. investigated the effect of TRBs
on the vibrations caused by metro trains through in situ experiments and semi-analytical
models. [22]. Kikuchi and Aiken analyzed the hysteretic behavior of TRBs [23]. How-
ever, TRBs cannot efficiently handle earthquakes for the following two reasons: (1) their
working frequency range is designed for traffic-induced vibrations, while the dominant
frequencies of earthquakes are out of their range; and (2) TRBs tend to lose stability during
earthquakes due to their longer sizes. Recently, various new base-isolation technologies for
traffic-induced vibrations have emerged, such as geogrids [24], air cushions [25], and wave
barriers [26], etc.

As discussed above, TRBs can effectively deal with traffic-induced vibration but are
ineffective against seismic ground motions, while other types of bearings cannot effectively
deal with traffic-induced vertical vibrations. It is difficult for the current isolation bearings
to simultaneously attenuate both earthquake and traffic-induced vibrations [27]. Therefore,
it is urgent to propose a new type of 3D vibration isolation bearing that can effectively block
the horizontal vibrations caused by earthquakes and vertical vibrations caused by traffic.
One viable way to achieve such a goal is to decompose vertical vibration components
from horizontal ones through the combination of different types of bearings. Based on
this idea, this paper proposes a new type of 3D isolation bearing for the mitigation of both
earthquake and traffic-induced vibrations, an isolation bearing which consists of a TRB,
an ARFSB, and a DCFPB. The proposed isolation bearing decouples vertical vibrations
from horizontal vibrations and achieves the effect of effectively blocking 3D vibrations. On
one hand, the proposed isolation bearing isolates the horizontal vibrations by cooperating
with both the ARFSB and the DCFPB, which also provide sufficient stability for the TRB.
On the other hand, the TRB can effectively attenuate traffic-induced vertical vibrations.
The proposed isolation bearing is rate-dependent because the friction coefficients of the
ARFSB and the DCFPB depend on the relative velocity of the contacted surfaces. Such a
rate-dependent property of the proposed isolation bearing is beneficial for mitigating the
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effects of higher-frequency vibrations because the friction coefficients of the ARFSB and the
DCFPB monotonically increase as the rate increases.

The rest of this paper is structured as follows: Section 2 introduces the design and
mechanism of the proposed isolation bearings, Section 3 analyzes the mechanical properties
of the proposed isolation bearings, and Section 4 validates the attenuation effects ontraffic-
induced vibrations of the proposed isolation bearings via field tests.

2. Design and Mechanism

The isolation bearing proposed in this paper is composed of the following three parts:
a TRB, an ARFSB, and a DCFPB (as shown in Figure 1). The TRB is a T-LNR400 TRB with
three layers of steel plate and four layers of rubber, which is manufactured by Zhen’an
Technology Co., Ltd., Kunming, China. Its the total weight is 58 kg and the thickness of the
rubber layer and the steel plate are 15.5 mm and 3.5 mm, respectively. The model number
of the DCFPB is FPS-II-1000-300, which is manufactured by Zhen’an Technology Co., Ltd.,
Kunming, China. Its total weight is 236 kg, the radius of the sliding surface is 2.7 m, the
maximum sliding angle is 6.5 degrees, and the maximum displacement is 300 mm. The
ARFSB’s model number is ESB400; its total weight is 143 kg and the equivalent stiffness of
its springs is 40 kN/m.
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Figure 1. Presentation of the proposed isolation bearing: (a) schematic of planar view, (b) schematic
of stereo view, and (c) photo of the real bearing.

In the proposed isolation bearing, the ARFSB adopts the form of a cylinder sleeve,
and the TRB is fixed on the sleeve. The DCFPB is installed under the ARFSB. Both sleeves
are arranged in an octagonal shape and are connected by eight springs, which ensure
that the slider at the bottom of the sleeve slides can auto-reset after deformations. The
horizontal vibration isolation system of the proposed isolation bearing is composed of the
ARFSB and the DCFPB. These two bearings have different horizontal equivalent stiffnesses,
sliding forces, and natural vibration periods. The mitigation effect for vertical vibrations is
mainly provided by the TRB. It is seen that the proposed isolation bearing can realize 3D
vibration mitigations due to the fact that the TRB only undergoes vertical vibrations because
the octagonal center tube prevents horizontal deformation of the TRB under horizontal
vibrations. The size of the DCFPB is larger than that of the ARFSB. When undergoing 3D
seismic vibrations, the DCFPB and the ARFSB will dramatically mitigate horizontal waves
while preserving the DCFPB’s top surface’s horizontal position. Therefore, the TRB is
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expected to experience vertical vibrations and small horizontal vibrations without rotation.
Such a design also enhances the overall stability and anti-overturning ability.

3. Mechanical Property Analysis

This section analyzes the mechanical properties of the proposed isolation bearing:
Section 3.1 proposes the analytical hysteretic model in the horizontal direction, Section 3.2
validates the proposed hysteretic model, Section 3.3 analyzes the fatigue performance
under vertical load, and Section 3.4 tests the vertical compression performance.

3.1. Analytical Hysteretic Model for the Horizontal Direction

The horizontal force on the ARFSB can be written as

FH = −
(

Fp + Fk
)
= k · x1 + sgn(

.
x1) · µH(

.
x1, P) · P (1)

in which P is the vertical load, x1 is the relative displacement of the top and bottom of the
ARFSB,

.
x1 is the corresponding relative velocity, sgn(·) is the sign function,

Fk = −k · x1 is the resilience force of the spring, k is the equivalent stiffness of the springs,
Fp = −sgn(

.
x1) · µH(

.
x1, P) · P is the friction force, and µH(

.
x1, P) is the corresponding

dynamic friction coefficient.
The horizontal force of the DCFPB can be approximately computed by

FM =
P
R
· x2 + sgn(

.
x2) · µM(

.
x2, P) · P (2)

in which x2 is the relative displacement of the top and bottom of the DCFPB,
.
x2 is the

corresponding relative velocity, R is the sliding surface’s radius, and µM(
.
x2, P) is the

dynamic friction coefficient.
According to the continuity condition, the displacements and velocities satisfy

x = x1 + x2 (3)

.
x =

.
x1 +

.
x2 (4)

in which x and
.
x are the horizontal displacement and velocity of the proposed isolation

bearing.
Equation (4) yields

sgn(
.
x) = sgn(

.
x1) = sgn(

.
x2) (5)

On the other hand, the equilibrium condition yields

F = FH = FM (6)

where F is the horizontal force on the proposed isolation bearing, and inertial forces are
ignored.

Substituting Equations (1) and (2) into Equation (6) yields

sgn(
.
x1) · µH(

.
x1, P) · PR + kR · x1 = P · x2 + sgn(

.
x2) · µM(

.
x2, P) · PR (7)

By substituting Equations (5) and (3) into Equation (7), the following is obtained:

sgn(
.
x) · µH(

.
x, P) · PR + kR · x1 = P · (x − x1) + sgn(

.
x) · µM(

.
x, P) · PR (8)

Finally, the analytical hysteretic model in the horizontal direction is obtained by
substituting Equations (1) and (6) into Equation (8)

F =
P · kx + sgn(

.
x) ·

[
µH(

.
x, P)P + µM(

.
x, P)kR

]
· P

kR + P
(9)
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Evidently, the proposed isolation bearing is rate-dependent, because both µH(
.
x1, P)

and µM(
.
x2, P) are dependent on the rate of the applied force.

To further determine the values of µH and µM,
.
x1 and

.
x2 should be calculated in

advance. Taking a derivative to Equation (7) yields

kR · .
x1 = P · .

x2 (10)

in which the absolute values of
.
x1 and

.
x2 are assumed to be two constants.

Substituting Equation (4) into Equation (10) yields

.
x1 =

P
P + kR

.
x (11)

.
x2 =

kR
P + kR

.
x (12)

3.2. Experimental Validation of the Proposed Hysteretic Model

In this section, in order to verify the correctness of the proposed hysteretic model,
a horizontal shear test was carried out on the proposed isolation bearing. The test was
completed in the laboratory of the Zhen’an Science and Technology Production Base in
Kunming, China; the test machine used was a 35,000 kN large-scale compression-shear test
machine (as shown in Figure 2a), and a full-scale model of the proposed isolation bearing
was tested (as shown in Figure 2b).
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To validate the analytical hysteretic model proposed in Section 3.1, the dynamic friction
coefficient of the ARFSB and the dynamic friction coefficient of the DCFPB were obtained
in advance, which was performed through the hysteretic tests in the vertical direction and
the corresponding curve fittings (shown in Figure 3a). The hysteretic performances of the
ARFSB under different vertical loads (P = 1000, 1500, and 2000 kN) and fixed vertical loads
(P = 1500 kN) were tested, respectively. The total spring stiffness of ARFSB is 40 kN/m, and
the maximum horizontal displacement is 60 mm. Then, the values µH(

.
x1, P) were obtained

by fitting the tested hysteresis curves.



Sustainability 2023, 15, 16374 6 of 15

Sustainability 2023, 15, x FOR PEER REVIEW 6 of 15 
 

Figure 4 shows the comparison between the hysteresis curve of the ARFSB obtained 
from the test and the corresponding analytical values obtained by Equation (1), where the 
dotted line represents the test values and the solid line represents the corresponding ana-
lytical values. Table 1 shows the values of H 1( )x Pμ ,  obtained by the fitting. In the test of 
the ARFSB (shown in Figure 3b), a quasi-static loading test and a fixed frequency (0.003 
Hz) hysteretic performance test were performed. The vertical loads P under quasi-static 
loading were set to 1000 and 1500 kN, respectively, and the vertical loads P under a fixed 
frequency (0.03 Hz) were set to 1000, 1500, and 2000 kN, respectively. It was noted that 
the oscillation on the experimental curves is produced by the loading machine’s limited 
control over the velocities. In other words, the loading machine cannot preserve a pre-
scribed velocity with sufficient precision in the loading process. In addition, in the analyt-
ical model, the time for changing the loading direction is neglected, resulting in two ver-
tical lines at the left and right boundaries of the predicted hysteretic curves. However, in 
the experiment, it took time for the loading machine to change the loading direction, and 
the corresponding velocity would first decrease and then increase, resulting in discrepan-
cies between the analytical hysteretic curves and the experimental ones. But in general, 
the analytical curves match the experimental values. 

Figure 5 shows the comparison of the tested hysteretic curves and the corresponding 
analytical value obtained from Equation (2), where the dotted lines and the solid lines 
represent the test values and the analytical values, respectively. The values of M 2( )x Pμ ,  
obtained by the fitting are shown in Table 2. The load system used in Figure 5 was in-
tended to obtain the friction coefficient for quasi-static cases, in which the velocity changes 
from exactly zero to a very small value, causing the overshoots on the experimental 
curves. Nevertheless, the hysteretic curves predicted by the model are in line with the 
experimental results, validating the proposed analytical hysteretic model. 

 
Figure 3. The hysteretic tests of the bearings: (a) the DCFPB, (b) the ARFSB, and (c) the proposed 
isolation bearing. 
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isolation bearing.

Figure 4 shows the comparison between the hysteresis curve of the ARFSB obtained
from the test and the corresponding analytical values obtained by Equation (1), where
the dotted line represents the test values and the solid line represents the corresponding
analytical values. Table 1 shows the values of µH(

.
x1, P) obtained by the fitting. In the test of

the ARFSB (shown in Figure 3b), a quasi-static loading test and a fixed frequency (0.003 Hz)
hysteretic performance test were performed. The vertical loads P under quasi-static loading
were set to 1000 and 1500 kN, respectively, and the vertical loads P under a fixed frequency
(0.03 Hz) were set to 1000, 1500, and 2000 kN, respectively. It was noted that the oscillation
on the experimental curves is produced by the loading machine’s limited control over the
velocities. In other words, the loading machine cannot preserve a prescribed velocity with
sufficient precision in the loading process. In addition, in the analytical model, the time
for changing the loading direction is neglected, resulting in two vertical lines at the left
and right boundaries of the predicted hysteretic curves. However, in the experiment, it
took time for the loading machine to change the loading direction, and the corresponding
velocity would first decrease and then increase, resulting in discrepancies between the
analytical hysteretic curves and the experimental ones. But in general, the analytical curves
match the experimental values.

Figure 5 shows the comparison of the tested hysteretic curves and the corresponding
analytical value obtained from Equation (2), where the dotted lines and the solid lines
represent the test values and the analytical values, respectively. The values of µM(

.
x2, P)

obtained by the fitting are shown in Table 2. The load system used in Figure 5 was intended
to obtain the friction coefficient for quasi-static cases, in which the velocity changes from
exactly zero to a very small value, causing the overshoots on the experimental curves.
Nevertheless, the hysteretic curves predicted by the model are in line with the experimental
results, validating the proposed analytical hysteretic model.
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Figure 4. Horizontal hysteresis performance of the ARFSB: (a) frequency = 0.03 Hz and (b) P = 1500 kN.
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Figure 5. Hysteresis performance of the DCFPB: (a) quasi-static and (b) frequency = 0.03 Hz.

Table 2. Fitting results of µM(
.
x2, P).

0 Hz (0.0 mm/s) 0.03 Hz (12.0 mm/s)

1000 kN 0.025 0.035
1500 kN 0.020 0.030
2000 kN − 0.025

To calculate the hysteresis curve described by Equation (9), it was necessary to obtain
.
x1 and

.
x2 through Equations (11) and (12) in advance. Table 3 shows the results for

.
x1

and
.
x2 under different frequencies and vertical loads. Afterwards, the corresponding

values of µH(
.
x1, P) and µM(

.
x2, P) were obtained through interpolations. Table 4 shows the

corresponding results for µH(
.
x1, P) and µM(

.
x2, P). The predicted hysteretic curves were

obtained by taking the corresponding values of µH(
.
x1, P) and µM(

.
x2, P) into Equation (9).

Afterward, the predicted hysteretic curves were compared with the corresponding experi-
mental results. Figure 6 shows the comparison between the tested hysteresis curve and
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corresponding analytical predictions, Figure 6a shows the hysteresis curves under different
vertical loads and a fixed loading frequency of 0.1 Hz, and Figure 6b shows the hysteresis
curves under different loading frequencies and a fixed load of P = 1500 kN. From Figure 6,
it is seen that the hysteresis curves obtained from Equation (9) are in agreement with the
corresponding experimental results, validating the correctness of the analytical hysteretic
model. In addition, it can be seen from Figure 6 that the energy dissipation capacity of the
proposed isolation bearing monotonically increases as the vertical load or the frequency
increases, which indicates the proposed isolation would exhibit better performances for
cases of large vertical loads or vibrations of higher frequencies.

Table 3. Calculation results of
.
x1 and

.
x2 under different frequencies and vertical loads (speed

unit: mm/s).

0.005 Hz 0.03 Hz 0.1 Hz 0.3 Hz

1000 kN − −
.
x1 = 21.6,

.
x2 = 2.4

−

1500 kN
.
x1 = 1.12,

.
x2 = 0.08

.
x1 = 6.72,
.
x2 = 0.48

.
x1 = 22.4,

.
x2 = 1.6

.
x1 = 67.0,

.
x2 = 5.0

2000 kN − −
.
x1 = 22.8,

.
x2 = 1.2

−

Table 4. Interpolation results of µH(
.
x1, P) and µM(

.
x2, P) under different frequencies and vertical loads.

0.005 Hz 0.03 Hz 0.1 Hz 0.3 Hz

1000 kN − − µH = 0.049,
µM = 0.026 −

1500 kN µH = 0.038,
µM = 0.020

µH = 0.044,
µM = 0.021

µH = 0.050,
µM = 0.022

µH = 0.56,
µM = 0.0023

2000 kN − − µH = 0.050,
µM = 0.018 −
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Figure 6. Validation of the analytical hysteresis model: (a) fixed frequency = 0.03 Hz and (b) fixed
load = 1500 kN.

3.3. Fatigue Performance under Horizontal Loads

To further test the fatigue stability under horizontal loads, the proposed isolation
bearing was subjected to multi-cycle reciprocating loadings in the horizontal direction. In
the test, the vertical load was set to 1500 kN, the loading frequency was fixed at 0.03 Hz, the
maximum displacement was 60 mm, and the total number of cycles was set to 21. Figure 7
shows the corresponding test results. It can be seen from Figure 7 that the area change of the
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hysteretic loop is small, which proves that the horizontal shear resistance and the hysteretic
energy dissipation capacity of the proposed isolation bearing are stable and reliable under
cyclic loadings, indicating that the proposed isolation bearing has good fatigue stability.
The reasons for the good fatigue stability are concluded as follows: (1) Under the action
of horizontal force, the proposed isolation bearing dissipates energy through friction, and
all components of the bearing are in an elastic state and no damage has occurred; and
(2) The ARFSB and DCFPB have good self-resetting ability, which is conducive to the
fatigue stability.
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Figure 7. Fatigue test of the proposed isolation bearing.

3.4. Vertical Compression Properties

Vertical compression performance is one of the most important characteristics of
isolation bearings. Thus, the vertical compression test of the proposed isolation bearing
was also performed (shown in Figure 8), for which two test conditions were adopted: the
small load cycle (1 ± 5%) and the large load cycle (1 ± 30%). For the small load cycle, the
mean load P0, the minimum load P1, and the maximum load P2 were set to 1500, 1425, and
1575 kN, respectively, while for the large load cycle, P0, P1, and P2 were set to 1500, 1050,
and 1950, respectively. The loading system and load-displacement curve of the vertical
compression test are shown in Figures 9a and 9b, respectively. Table 5 shows the tested
vertical stiffnesses: the vertical monotonic stiffness measured under the large load cycle is
denoted as Kvm, which represents the working performance of the bearing under moderate
earthquakes, and the vertical cyclic stiffness of the bearing measured under the small load
cycle is denoted as Kvc, which indicates the working performance of the bearing under
frequent vibrations. Considering the relationship between the vertical stiffness test values
under different axial loads, it was found that, with the increase of the axial load, the vertical
stiffness of the bearing increases significantly, and when the load doubles, the vertical
stiffness increases by about 250%. Thus, the proposed bearing is sensitive to axial loads.
Such sensitivity is beneficial because the vertical stiffness increases as the vertical load
increases, providing additional bearing.
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Table 5. Test results of the proposed isolation bearing’s vertical stiffnesses.

Working Condition Initial
Stiffness P = 1000 kN P = 1500 kN P = 2000 kN

Large load cycle
Kvm/(kN·mm−1) 248.13 311.87 508.47 772.25

Small load cycle
Kvc/(kN·mm−1) 248.13 392.71 532.53 782.60

4. Attenuation Effects of Traffic-Induced Vibrations

In this section, the proposed bearing’s attenuation effect on traffic-induced vibrations
is analyzed through a field test; Section 4.1 introduces the test scheme and Section 4.2
presents and analyzes the corresponding results. It was noted that, because the attenuation
effect of vertical vibrations is only provided by the TRB, the TRB rather than the entire
bearing was tested.
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4.1. Setup of the Field Test

The field test was carried out in the courtyard of a mechanical equipment company
in Guandu District, Kunming City, Yunnan Province. As shown in Figure 10a, the mea-
suring point is adjacent to the Shanghai-Kunming Line (railway) and the Kunming Metro
Line 6 (light rail), which is also close to the East Bus Station, the Dabanqiao Station, and
the S92 Airport Expressway. Because the traffic-induced vibrations are mainly vertical
vibrations and the corresponding attenuation effect is achieved by the LBR only, this field
test only studied the vibration attenuation performances of the LBR. It was noted that
the influence of vibrations on human comfort is mainly determined by the accelerations,
while the displacements and velocities are not as influential for analyses of human com-
fort. The proposed isolation bearing aims at increasing human comfort through isolating
traffic-induced vibrations; consequently, only accelerations are recorded. In the test, two
accelerometers were used to collect data: Accelerometer 1 measured the vibrations before
isolation and Accelerometer 2 measured the vibrations after isolation. The corresponding
test setup and measuring points are shown in Figures 10b and 10c, respectively. To simulate
the pressure from the superstructure, three solid bearings with a total weight of eight tons
were set on top of the LBR (Figure 10b,c). Altogether, four conditions were tested (shown
in Table 6).
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Table 6. Test conditions.

Condition Vibration Source

Condition 1 Railway trains
Condition 2 Automobiles
Condition 3 Coming light rail transits
Condition 4 Leaving light rail transits

4.2. Analysis of the Attenuation Effects

Figures 11 and 12 are the time-domain and frequency-domain analyses of the vibration
test, respectively. It can be seen from Figures 11 and 12 that the TRB has a good attenuation
effect for traffic-induced vibrations. Table 7 shows the statistics of the corresponding vibra-
tion attenuation rates, from which it is seen that the attenuation rates of the TRB are about
50–70%, indicating the proposed isolation bearing’s satisfactory attenuation effect against
traffic-induced vibrations. Additionally, it is seen from Figure 12 that most of the vibration
frequencies caused by trains and light rail transits are concentrated between 45 and 55 Hz,
and the corresponding vibration attenuation effect is significant in this frequency range.
However, the frequencies of vibrations caused by automobiles are concentrated between 8
and 23 Hz, and the corresponding vibration attenuation effect is not as outstanding as that
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of trains and light rail transits but is still acceptable. This is because the TRB has a continu-
ous bandgap ranging from 40 to 55 Hz that completely covers the main frequency range
of trains and light rail transits, while its bandgap for lower frequencies is only 12–18 Hz,
which fails to cover the main frequency range of automobiles. On the other hand, the
degree of Z-direction vibration is another important index for noise measurement. Table 8
shows the statistics of the corresponding degree of Z-direction vibration, from which it can
be seen that the degree of Z-direction vibration decreased by about 80%.
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Figure 11. Time-domain analysis: (a) Condition 1, (b) Condition 2, (c) Condition 3, and (d) Condition 4.
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Figure 12. Frequency-domain analysis: (a) Condition 1, (b) Condition 2, (c) Condition 3, and
(d) Condition 4.
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Table 7. Effective accelerations and attenuation rates.

Condition Vibration Source Before Isolation (m/s2) After isolation (m/s2) Attenuation Rate

Condition 1 Railway trains 0.029 0.013 52.9%
Condition 2 Automobiles 0.012 0.005 58.7%
Condition 3 Coming metro trains 0.021 0.006 69.0%
Condition 4 Leaving metro trains 0.013 0.004 67.4%

Table 8. Degree of Z-direction vibration.

Condition Vibration Source Before Isolation (dB) After Isolation (dB) Decrease Rate

Condition 1 Railway trains 78.72 59.55 80.83%
Condition 2 Automobiles 53.56 32.67 79.11%
Condition 3 Coming metro trains 73.80 57.17 83.37%
Condition 4 Leaving metro trains 70.42 50.35 79.74%

5. Conclusions

This paper proposes a new type of 3D isolation bearing for the mitigation of both earth-
quakes and traffic-induced vibrations, which consists of a TRB, an ARFSB, and a DCFPB.
Its working goal is to decompose 3D vibrations into horizontal and vertical vibrations, in
which the horizontal vibrations are isolated through the combination of the DCFPB and
the ARFSB, and the vertical vibrations are mitigated through the TRB. In addition, this
paper derives and experimentally validates the analytical hysteretic model of the proposed
isolation bearing and further tests the corresponding fatigue performance and vertical com-
pression performance. Furthermore, the field test demonstrates the bearing’s satisfactory
mitigation effect for traffic-induced vibrations. The aim of this research is to propose the
isolation bearing as a viable option and to provide its corresponding mechanical properties
and vibration mitigation effects against traffic-induced vibration; more research on the
proposed isolation bearing will be performed in the future to further study the bearing’s
frequency-related properties and seismic performances and to evaluate its effectiveness
and energy components, etc. In addition, the following conclusions are drawn:

(1) The analytical hysteresis model proposed in this paper can accurately describe the
horizontal hysteresis behaviors of the proposed isolation bearing;

(2) A multi-cycle reciprocating loading test proves that the bearing proposed in this paper
has satisfactory fatigue performance;

(3) The vertical compression performance test shows that the proposed isolation bearing
has a large axial compression sensitivity; and

(4) The proposed isolation bearing can efficiently mitigate traffic-induced vibrations.
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Abbreviations

ARFSB auto-reset flat slider bearing
CSSB curved surface sliding bearing
DCFPB double concave friction pendulum bearing
EB elastomeric bearing
FPB friction pendulum bearing
FREB fiber-reinforced elastomeric bearing
FSSB flat surface sliding bearing
HDRB high-damping rubber bearing
LDRB low-damping rubber bearing
LRB lead-rubber bearing
SB sliding bearing
SREB steel-reinforced elastomeric bearing
TRB thick rubber bearings
TSB textured sliding bearing
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