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Abstract. In view of the current poor seismic performance of bridges, this paper started with the 
vibration isolation and reduction mechanism of the bearing, and deduced the coordination 
relationship between the stress and the deformation of the bearing under the vibration isolation 
and vibration reduction working conditions. Combined with the shaking table test, the defect that 
the traditional rubber bearing has poor seismic isolation effect was analyzed. Based on this, a 
base-bearing double reduction system was proposed and its vibration reduction and isolation effect 
was compared with the traditional bearing. The shaking table test results showed that, compared 
with the traditional bearing, the proposed vibration reduction system had better energy dissipation 
effect and could weaken the apparent cracking damage of the pier under the action of earthquake. 
Under the 125 m/s2-750 m/s2 peak acceleration excitation of the EI-Centro wave, the proposed 
vibration reduction system could greatly reduce the displacement variation of the upper main beam 
by 20 %-47 %. Moreover, the results of dynamic amplification factor measured at the 
corresponding height of the two types of piers also verified that the proposed base-bearing double 
vibration reduction system had greater competitiveness when the peak acceleration of seismic 
waves was less than 500 m/s2.  
Keywords: shaking table, bridge bearing, seismic isolation and reduction, dynamic amplification 
factor. 

Nomenclature 𝐴 Cross-sectional area  𝐴௥ Cross-sectional area of rubber in the bearing 𝐹ௗ Maximum static friction force 𝐹௛ Ultimate load 𝐺 Shear deformation modulus ℎ Cumulative height 𝑘𝑒ଵ Pre-yield stiffness 𝑘𝑒ଷ Equivalent stiffness 𝑞ଵ Lead shear stress corresponding to bearing yielding 𝛾 Shear deformation 𝜇 Friction coefficient Δ𝑢 Relative displacement Δ𝑢଴ Shear deformation Δ𝑢଴୫ୟ୶   Ultimate shear deformation Δ𝑢௟௠௔௫ Maximum sliding displacement 𝐴௣ Cross-sectional area of lead in the bearing 𝑐 Difference coefficient of stiffness before and after yielding 𝐹௚ Critical failure force 𝐹௜ Horizontal thrust 
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𝑔 Acceleration of gravity 𝑘௘ Shear stiffness 𝑘௘ଶ Post-yield stiffness 𝑀 Equivalent mass 𝑞ଶ Ultimate shear stress of lead in the bearing 𝑠 Shear deformation section coefficient 𝜇௚ Absolute acceleration Δ𝑢௠௔௫ Transverse maximum safe distance Δ𝑢଴௬ Failure shear deformation Δ௨௟ Sliding displacement Δ𝑢௠௔௫  Transverse maximum safe distance 

1. Introduction 

Earthquake damage is a typical form of geological disasters, which brings major challenges to 
the safe operation of bridges [1-2]. For example, in the Northridge earthquake in the United States, 
the Hanshin earthquake in Japan and the Wenchuan earthquake in China, bridges have been 
damaged to varying degrees. According to relevant statistics, in the Northridge earthquake and the 
Hanshin earthquake, the pier damage accounted for a large proportion, but the bridge damage in 
the Wenchuan earthquake mainly concentrated in the form of falling beam, bearing displacement 
and block damage, and the pier damage only accounted for 2.4 % [3]. According to relevant 
scholars' literature [4-5], a large number of medium and small-span curved bridges were built in 
Wenchuan, Sichuan Province, China in the late 1990s, and rubber bearings were mostly used to 
connect the piers and the main beams. This type of connection belonged to the separated 
connection method, which was different from the pier and beam consolidation system 
recommended in the AASHTO code, and showed decent anti-seismic effect in the Wenchuan 
earthquake. This result showed that the “weak” connection design of the plate rubber bearing to 
the upper and lower structures of the bridge could effectively dissipate the seismic force, and the 
frictional sliding of the bearing could also play an important role in vibration isolation and energy 
dissipation. Meanwhile, the anti-falling beam measures and ductility design set on some bridges 
can also improve their anti-seismic capacity to a certain extent [6-7]. 

Due to its low price and great anti-seismic effect, plate rubber bearing is widely used in the 
design of various building architectures and bridges. Many scholars have carried out researches 
on structural materials and mechanical properties based on it [8-9]. Pedro [10] research showed 
that low temperature would lead to the hardening of the rubber material in the rubber bearing, thus 
leading to more seismic force transmission and reducing the vibration isolation effect of the 
bearing. In terms of the reduction and isolation of bridge bearings, a great effort is currently done 
to adopt recycled rubber bearings [11, 12] and to simulate their typical coupled biaxial hysteretic 
response [13] (a crucial modeling aspect for bridges). Abe [14] compared the cyclic mechanical 
properties of three typical rubber bearings under multi-axial loading, namely ordinary rubber, high 
damping rubber and lead rubber, and found that the horizontal restoring force of the bearing had 
a significant coupling effect, and the influence of triaxial loading was not negligible and must be 
considered in the seismic design of bridges.  

Due to the unpredictability of earthquakes, it is obviously one-sided and insufficient to only 
carry out the anti-seismic design of bridge structures in terms of materials and mechanical 
properties. In the seismic research of bridges, the use of shaking table tests to simulate real 
earthquakes is the most direct and effective method to study the seismic response and catastrophic 
mechanism of bridge structures currently [15], and it is also an important means to evaluate the 
seismic isolation effect of various components [16-17]. 

Relying on the bridge shaking table test, this paper started with the seismic isolation 
mechanism of the bearing, and further verified the defect of the traditional rubber bearing by 
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analyzing the macroscopic damage pattern of the bridge pier under the action of earthquake. Based 
on this, a base-bearing double vibration reduction system was proposed and used in the earthquake 
resistance of bridge structure, and the analysis of the displacement time history of the main beam 
at the top of the pier and its dynamic amplification factor demonstrated that the vibration reduction 
system proposed in this paper was effective and could be further applied and promoted in the 
seismic design of bridges. 

2. Working mechanism of bearing 

In order to deeply analyze the working mechanism of vibration isolation and reduction of the 
bearing, taking the plate rubber bearing as an example, both the vibration isolation of the bearing 
and the vibration reduction of the bearing were investigated [18]. Under the influence of horizontal 
seismic waves, the bridge foundation and the substructure would produce large horizontal 
displacement, and the instantaneous accumulation of strong energy would lead to strong force on 
the contact surface between the support and the substructure, and the magnitude of this force was 
related to the earthquake excitation. 

2.1. Bearing vibration isolation stage 

If the horizontal thrust on the contact surface is small and the bearing does not change in 
position, according to the classical mechanics principle, the horizontal force 𝐹௜ is smaller than the 
maximum static friction force 𝐹ௗ, and the maximum load is called the bearing critical failure force 𝐹௚. In less than the critical failure load, the bearing is mainly subjected to shear deformation, this 
is the bearing vibration isolation stage, and the shear deformation of the bearing is shown in Fig. 1. 

 
Fig. 1. Shear deformation of the bearing 

According to the shear deformation diagram of the bearing, the equation for calculating the 
theoretical value of the bearing shear stiffness 𝐾௘ is [19]: 

𝑘௘ = 𝐺𝐴ℎ . (1)

The resulting displacement can be calculated as follows: Δ𝑢 = 𝑠 𝐹𝑘௘ . (2)

𝐺 is the shear deformation modulus of the bearing; 𝐴 is the cross-sectional area of the bearing; ℎ is the cumulative height of the bearing; 𝑠 is the shear deformation section coefficient of the 
bearing, which is 1.2 when the section is rectangular, and 10/9 when the section is circular. 𝐹௜ is 
the transverse shear force of the bearing. 

According to the shear deformation of the bearing under external load, its critical failure force 𝐹௚ is: 𝐹௚ = 𝜇𝑀𝑔, (3)

where 𝜇 is the friction coefficient of the bearing, 𝑀 is the equivalent mass transferred from the 
upper structure to the bearing, and 𝑔 is the acceleration of gravity. 
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Substituting Eq. (3) into Eq. (2), the shear deformation of the bearing under the action of 
external load Δ𝑢଴ can be obtained as follows: Δ𝑢଴ = 𝑠 𝜇𝑀𝑔𝑘௘ . (4)

According to the relevant provisions of the limit state of normal use, the bridge should maintain 
a stable state during normal use, there exits no relative slide between the support and the upper 
and lower structures. This regulation indicates that the transverse shear force at the bearing is far 
less than the critical failure force 𝐹௚ when the bridge is working normally, so the value of 𝐹௚ will 
not be too small. In addition, in the operation stage after the bridge is completed, the mass change 
of the superstructure is tiny, and it is necessary to increase the friction coefficient 𝜇 to ensure that 
the bearing does not have sliding displacement. 

2.2. Bearing vibration reduction stage 

Under the action of large external loads such as earthquake and collision, the shear force 
transferred from the lower pier to the bearing is greater than the critical failure load 𝐹௚, which 
leads to slip movement on the contact surface between the bearing and the main beam under the 
action of external load. This is the bearing vibration reduction stage, and its working diagram is 
shown in Fig. 2. 

 
Fig. 2. Diagram of bearing vibration reduction 

When the main beam and the bearing slip, it can be known from Eq. (3) that the magnitude of 
the transverse shear force depends on the mass of the upper main beam and the coefficient of 
kinetic friction 𝜇. Since the absolute acceleration generated during the sliding process is 𝜇௚, the 
dynamic friction coefficient 𝜇 should be minimized when the bearing slides. 

In this case, the relative displacement Δ𝑢 of the main beam and the bridge pier is composed of 
the shear deformation Δ𝑢଴ of the bearing and the sliding displacement Δ𝑢௟ between them: Δ𝑢 = Δ𝑢଴ + Δ𝑢௟ . (5)

It can be known from Eq. (2) that Δ𝑢଴୫ୟ୶ = 𝑠𝐹௚/𝑘௘, the maximum value of shear deformation 
of the bearing depends on the shear deformation section coefficient and the critical load value. Δ𝑢௠௔௫ is the transverse maximum safe distance between the main beam and the pier. 

According to Eq. (5), when the upper main beam and lower pier produce excessive shear 
displacement, the main beam will face falling failure. Therefore, in order to avoid the failure of 
the falling beam, transverse blocks on both sides of the main beam will be set when constructing 
bridges. 

The maximum sliding displacement Δ𝑢௟௠௔௫ between the main beam and the block can be 
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obtained from Eq. (6): Δ𝑢௟୫ୟ୶ = Δ𝑢୫ୟ୶ − Δ𝑢଴୫ୟ୶. (6)

The purpose of setting the transverse block is to prevent the bridge from generating excessive 
transverse shear force under the action of strong earthquake, resulting in the damage of the falling 
beam, so this kind of inhibiting device can improve the seismic performance of the bridge to a 
certain extent. For improving the life of the block and reducing the displacement of the main beam 
of the bridge structure under the condition of minor disturbance and vehicle vibration, Δ𝑢௟୫ୟ୶ 
should not be set too small. According to the energy dissipation theory [20], a large amount of 
energy will be released when the main beam moves or even collides with the block. Therefore, in 
order to improve the seismic effect, on the one hand, a certain distance should be kept between 
the main beam and the transverse block to consume seismic energy through sliding friction. On 
the other hand, the use of UHPC (Ultra-High Performance Concrete) or high-strength steel 
transverse retaining blocks and installation of anti-falling beam chains can also resist earthquake 
damage [21-23]. 

2.3. Working mechanism 

The rubber bearing used in this paper was a kind of non-linear elastic material, which was 
difficult to be simulated by conventional mechanical model. For this kind of material, its hysteretic 
mechanical properties are an important criterion to measure its energy dissipation and vibration 
reduction performance. In view of this, bilinear model, Ramberg-Osgood model and Bouc-Wen 
model were proposed to describe its hysteretic mechanical behavior. The bilinear model is mainly 
suitable for nonlinear static and dynamic calculations. Before and after yielding, the bearing’s 
shear stiffness is weakened and decreased. Before reaching the limit, the bearing can be cyclically 
deformed and reset. The specific hysteresis model is shown in Fig. 3. 

 
Fig. 3. Bilinear hysteresis model of the bearing 

Referring to the relevant provisions of Japanese seismic design code [24], the load before and 
after bearing yield can be obtained from the following equations: 

ቊ𝐹௚ = 𝐴௣𝑞ଵ = 𝑘௘ଵΔ𝑢଴௬,𝐹௛ = 𝐴௥𝐺𝛾 + 𝐴௣𝑞ଶ = 𝑘௘ଷΔ𝑢଴௠௔௫, (7)

ቐ𝑘௘ଵ = 𝑐𝑘௘ଶ,𝑘ଶ = 𝐹௛ − 𝐹௚Δ𝑢଴௠௔௫ − Δ𝑢଴௬ , (8)
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where 𝐹௚ is failure load, 𝐹௛ is ultimate load, 𝐴௥ is cross-sectional area of rubber in the bearing, 𝐴௣ 
is cross-sectional area of lead in the bearing, 𝑘௘ଵ is pre-yield stiffness, 𝑘௘ଶ is post-yield stiffness, 𝑘௘ଷ is equivalent stiffness, 𝐶 is difference coefficient of stiffness before and after yielding, 𝑞ଵ is 
lead shear stress corresponding bearing yielding, 𝑞ଶ is ultimate shear stress of the lead in the 
bearing related to the shear deformation 𝛾, 𝐺 is shear deformation modulus, Δ𝑢଴௬ is failure shear 
deformation, Δ𝑢଴௠௔௫ is ultimate shear deformation. 

3. Shaking table test design 

3.1. Parameter setting 

In order to study the failure form and characteristics of bridge structures under earthquake, 
lightweight aggregate ceramsite was used to prepare concrete materials in the present study. The 
selection of specific structural raw material parameters is shown in Table 1. In addition, the 
bearing was a plate type rubber bearing, the shear stiffness in the horizontal direction was  
2.88×105 N/m, and the shear stiffness in the vertical direction was 5.61×107 N/m. 

Table 1. Material parameters of bridge components 
Component  Main beam pier 

Longitudinal ribs (type-diameter/mm) 𝐻𝑅𝐵335 − 𝜑8 𝐻𝑅𝐵335 − 𝜑6 
Stirrups (type-diameter/mm) 𝐻𝑃𝐵335 − 𝜑6 𝐻𝑃𝐵335 − 𝜑6 

Concrete (Aggregate Category-Unit weight/kg/m3) Lightweight aggregate ceramsite-2200 

Referring to the relevant case of small box girder, the upper small box girder and the lower 
hollow rectangular pier components with a scale of 1:20 were designed and manufactured. The 
specific design and component dimensions are shown in Fig. 4. 

 

 

 
Fig. 4. Design and dimensions of the components of the bridge (units: cm) 

357
178.5 178.5

30

16
0



RESEARCH ON SEISMIC PERFORMANCE OF NEW BRIDGE PIER SEISMIC REDUCTION ISOLATION SYSTEM BASED ON SHAKING TABLE TEST.  
DUO WU 

 ISSN PRINT 1392-8716, ISSN ONLINE 2538-8460 1477 

The gantry crane was used for on-site assembly and construction, and the pier manufacture 
and the field model are shown in Fig. 5. 

3.2. Selection of seismic waves 

Since the surrounding strata in the author’s area are mainly cohesive soil, the site conditions 
of the bridge were assumed to be class II in this test based on the relevant provisions of the Code 
for Seismic Design of Buildings GB50011-2010 [21]. According to the characteristics of class II 
site, the EI-Centro wave was used as the shaking table input seismic wave, and the ground 
acceleration time history is shown in Fig. 6. According to the characteristics of the bridge 
structure, the input seismic acceleration time history data was increased 1.5 times so as to obtain 
more significant structural dynamic response data. 

 
a) Steel binding 

 
b) Overall counterweight layout of the bridge 

Fig. 5. Pier manufacture and field model 
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Fig. 6. Ground acceleration time history 

4. Design of base-bearing double vibration reduction system 

4.1. Specific layout 

In most of the conventional structural anti-seismic experiments, the bridge under structure is 
fixed on the platform by steel rods and bolts or by drilling bolts in advance. This fixing method 
can stably consolidate the overall structure of the bridge and the shaking table surface, so it is 
widely used in shaking table experiments of various engineering structures. 

This method can well transmit the simulated seismic excitation of the shaking table to the 
bridge structure itself, but this is a rigid connection with poor energy dissipation effect. Therefore, 
in order to improve this design defect, reduce the adverse effects of seismic loads on the structure, 
and improve the overall seismic isolation performance of the bridge, a base-bearing double 
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vibration reduction system was proposed. The specific layout and working mechanism are shown 
in Fig. 7.  

Comparing Fig. 7(a) and Fig. 7(b), it can be seen that in order to improve the seismic 
performance of the upper main beam of the structure, the traditional bearing was upgraded to a 
base-bearing double vibration reduction system. A number of energy-dissipating rubber blocks, 
belonging to the family of elastomeric bearings [26], were added on the shaking table surface and 
the bottom of the pier base to form a base vibration isolation system. The specific size of the 
rubber blocks and site layout are shown in Fig. 8. Xue [27] conducted static and dynamic shear 
tests on square and round rubber specimens with a thickness of 1 cm-4 cm, and the results showed 
that the energy dissipation modulus of the specimens reached the maximum when the thickness 
was about 3 cm. Therefore, a rubber bearing with a thickness of 3 cm and a parameter of GYZ 
150×30 was selected as the test object, which has the advantages of simple structure, low cost, 
great impact damping performance, easy installation, reliable working performance, fair 
earthquake resistance, etc. 

 
a) Traditional 

 
b) Base-bearing double vibration 

 
c) Base-bearing double vibration 

Fig. 7. Layout and working mechanism of the reduction and isolation system 

 

 
b) Installation and location  

of energy dissipative rubber blocks 

 
a) Dimensions and construction of energy 

dissipative rubber blocks 
Fig. 8. Size and site layout of energy-dissipating rubber block 

4.2. Shaking table loading scheme 

The most important part of shaking table test is to select appropriate seismic waves for input. 
Considering the acceleration amplitude, duration and spectral characteristics, EI-Centro seismic 
waves were selected for the shaking table test. In order to simulate the failure response of the 
structure and the seismic reduction and isolation effect of the bearing under different seismic 
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intensities, the seismic excitation of 6 degrees, 7 degrees, 8 degrees with frequent and rare 
intensities was set in this shaking table test, and the corresponding peak acceleration values were 
125 m/s2, 250 m/s2, 500 m/s2 and 750 m/s2, respectively. And at the end of each level of working 
condition, the sine wave of the fundamental frequency of the structure is input by hammering, 
which makes the failure form appear clearer in the next level of loading condition. 

In order to meet the test effect, the quasi-dimensional analysis method was adopted for model 
design. The geometric dimension, equivalent stress and acceleration were used as control 
similarity constants in the bridge model. According to the design calculation, the geometric 
dimension coefficient is 1/20, the equivalent stress coefficient is 0.63768, and the acceleration 
coefficient is 1.5. 

After calculating the counterweight of the bridge structure, the mass and counterweight of 
each part are shown in Table 2, and the bridge model on the vibration table is shown in Fig. 9. 

Table 2. Test model counterweight 

Component  Prototype 
weight (t) 

Model weight 
(kg) 

Counterweight 
(kg) 

Concrete 
pedestal (kg) 

Connector 
(kg) 

Beam  135.275 149.85 1287.88 
178 93.4 Pier  133.95 304.095 1119.505 

Total  269.225 453.945 2407.385 
Test Model weight (kg) = 453.945+2407.385+178+93.4 =3132.73 kg 

 
Fig. 9. Bridge model on the vibration table 

4.3. Collection of natural frequency 

The natural vibration frequency of the bridge structure is collected before each level of loading 
of different seismic intensity excitations, so as to better analyze the dynamic characteristics of the 
bridge structure. The obtained dynamic characteristics are shown in Table 3. 

Table 3. Natural vibration frequencies of bridge structures 

Working 
condition 

Peak acceleration 
in m/s2 

Traditional bearing pier side Base-bearing double isolation pier side 
Natural frequency 

in Hz Drop Natural frequency  
in Hz Drop 

0 0 5.7 0 5.62 0 
1 125 5.62 1.40 % 4.7 16.37 % 
2 250 3.72 34.74 % 3.62 35.59 % 
3 375 3.7 35.09 % 3.6 35.94 % 
4 500 2.74 51.39 % 2.74 51.25 % 
5 750 2.74 51.39 % 2.74 51.25 % 

The following points can be drawn from Table 3: 
(1) With the increase of seismic intensity, the bridge structure was damaged to different 

degrees, and the natural vibration frequency of the structure showed a downward trend; 
(2) Under different working conditions, there was no significant difference in the natural 
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vibration frequencies near the two types of bridge piers, indicating that the natural vibration 
frequencies of the structures were more related to their own mass and stiffness, but less related to 
the foundation type of the structure. 

(3) With the increase of seismic intensity in the test, the natural vibration frequencies of the 
structures near the two types of bridge piers had a certain difference under the excitation of  
125-375 m/s2 peak acceleration, but after the peak acceleration exceeded 500 m/s2, the measured 
frequencies were basically the same, indicating that the base-bearing double vibration reduction 
system used in the test was competitive under small earthquake conditions, but other auxiliary 
methods were needed under strong earthquake action. 

5. Test verification 

5.1. Damage description of bridge piers 

The failure modes of the piers under the EI-Centro wave 375-750 m/s2 peak acceleration were 
compared between the traditional support and the base-support double vibration reduction system. 
The pier status and sensor layout are shown in Fig. 10. 

Under the EI wave 375 m/s2 peak acceleration with the 1# traditional bear layout, the cracks 
originated from the west side of the pier’s long side, and two transverse cracks with lengths of 
12 cm and 6 cm appeared at 10 cm from the pedestal. With the increase of peak acceleration, the 
cracks tended to develop upward, and were concentrated at the height of 10-60 cm from the 
pedestal, presenting transverse and oblique distribution. 

Under the EI wave 375 m/s2 peak acceleration with 3# base-bearing double vibration reduction 
system, a transverse crack of about 10 cm in length appeared on the north side of the short side 
22 cm away from the pedestal, and then a transverse crack of about 12 cm in length appeared 
through the other side. 

 
a) Status of the east side of the short side of pier 1# 

 
b) The vibration picker on the base 

Fig. 10. Pier status and sensors layout 

5.2. Vibration reduction effect of bridge pier 

Displacement sensors were installed at the top of the two types of bridge piers, and seismic 
excitation with peak acceleration of 125 m/s2-750 m/s2 was input to the shaking table. The 
maximum displacement of the beam obtained is shown in Table 4. 

Table 4. Comparison of seismic effects of different types of bridge piers under El wave action (unit: mm) 

Measuring point location seismic peak acceleration 
125 m/s2 250 m/s2 375 m/s2 500 m/s2 750 m/s2 

Bridge pier top beam with traditional bearing 6.62 9.34 14.65 17.98 29.8 
Bridge pier top beam of the base-bearing 

double reduction system 3.86 7.11 7.76 13.4 23.72 

Drop  42 % 24 % 47 % 25 % 20 % 
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As can be seen from Table 4, with the increase of seismic intensity, the maximum displacement 
measured at the pier top main beam also increased. By comparing the displacement data of the 
two kinds of pier top beams, the displacement variation of the upper main beam could be greatly 
reduced by using the proposed reduction method, with a reduction range of 20 %-47 %, reflecting 
the prominent competitiveness of the proposed reduction system. In addition, the results of the 
reduction amplitude under different seismic intensities also showed that the proposed reduction 
system was more competitive when the peak acceleration of seismic waves was at a lower level 
(< 500 m/s2). 

Under the peak acceleration of EI wave of 125-750 m/s2, the displacement time history curves 
of the two types of pier top beams are shown in Fig. 11. Due to space limitation, only 7 seconds 
of data captured are listed here. 

 
a) 125 m/s2 

 
b) 250 m/s2 

 
c) 375 m/s2 

 
d) 500 m/s2 

 
e) 750 m/s2 

Fig. 11. Displacement of different types of pier top beams under EI wave excitation  
with peak acceleration of 125- 750 m/s2 

Fig. 11 intuitively manifests that the vibration reduction system proposed in this paper was 
more competitive than the traditional method. For the displacement time history parameters, the 
reduction system performed better under the seismic intensity of 125-750 m/s2. Compared with 
the traditional single-bearing pier, the proposed base-bearing double reduction system had better 
damping performance and better dissipative property to the peak response time domain, so that 
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the structure could maintain a more stable amplitude under strong earthquakes, as shown in 
Fig. 11(e). 

6. Dynamic magnification factor 

The dynamic amplification factor is a kind of seismic analysis parameter using the single mass 
point system, which is suitable for the vibration analysis of the high-rise components such as 
bridge piers. This factor can be expressed as the ratio of the maximum acceleration value of the 
target measuring point to the maximum value of ground acceleration under earthquake action, and 
its value can be obtained by the following formula: 

𝛽 = 𝐷ሷ୫ୟ୶ห𝐷ሷ௚ห୫ୟ୶, (9)

where 𝐷ሷ୫ୟ୶ is the maximum value of acceleration measured at the target measuring point; ห𝐷ሷ௚ห୫ୟ୶ refers to the maximum value of acceleration under the corresponding working condition, 
here refers tot he peak value of acceleration measured on the vibration table. 

The horizontal acceleration data collected by inputting El-Centro wave under the excitation of 
125 m/s2-750 m/s2 peak acceleration were processed, and the dynamic amplification factor of 
different parts such as the pier bottom, pier top, and beam body corresponding to the two types of 
piers were acquired as shown in Fig. 12. 

 
a) Traditional bridge pier conditions 

 

 
b) Pier conditions with base-bearing double reduction 

system 
Fig. 12. Variation of dynamic amplification factor at different positions of two types of bridge piers 

Fig. 12(a) shows the variation of the dynamic amplification factor at different positions of the 
traditional bridge pier under different seismic loading conditions. It can be observed that dynamic 
amplification factor 𝛽 increased first and then decreased with the height of the structure, and 
showed an increasing trend from the base along the pier. The amplification factor reached the 
maximum at the top of the pier, and then decreased at the beam position. Analysis of Fig. 12(a) 
shows that the traditional bridge pier was fixed on the shaking table to form a rigid connection, so 
its amplification factor presented an increasing trend along the height, and the seismic energy was 
released through the vibration reduction and energy dissipation of the bearing, and thus the 
amplification factor of the beam body showed a decreasing trend.  

Fig. 12(b) shows the variation of the dynamic amplification factor at different positions of the 
piers of the base-bearing double vibration reduction system under different seismic loading 
conditions. When the seismic intensity was loaded from 125 m/s2 to 500 m/s2, the dynamic 
amplification factor 𝛽 first decreased and then increased along the height, and the dynamic 
amplification factor of the acceleration at the measuring point at the pier bottom was the smallest, 
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reflecting the remarkable effect of the base damping device proposed in the present study. In the 
propagation process from the top of the pier to the beam, the acceleration amplification factor did 
not decrease, but increased, indicating that the effect of pier top bearing was basically negligible 
for the damping of pier bottom. When more than 500 m/s2 seismic intensity was loaded to the 
pedestal, the dynamic amplification factor of the structure basically decreased along the height, 
indicating that the damping effect of pier top bearing could be exerted under strong earthquake 
excitation, and the frictional slip of pier top bearing could greatly release energy, so that the 
dynamic amplification factor of the corresponding measuring points continued to decrease. 

In addition, comparing Fig. 12(a) and Fig. 12(b), it can be seen that with the increase of seismic 
intensity, the dynamic amplification factor of the measuring point position along the height 
showed a decreasing trend, indicating that the structure was damaged during the vibration process 
and part of the energy was dissipated, also leading to the reduction of the peak acceleration. 

7. Conclusions 

Based on a shaking table test carried out on a bridge structure, the seismic effect of the seismic 
reduction isolation system proposed in this paper was verified by analyzing the failure modes of 
the bridge pier and its upper main beam under different seismic intensities, and the following 
beneficial conclusions were drawn: 

1) With the increase of the seismic intensity, the bridge damage was further aggravated, which 
was manifested as the decrease of the measured natural vibration frequency and the aggravation 
of the apparent cracking damage. 

2) Compared with the traditional bearing, the proposed base-bearing double vibration 
reduction system could greatly reduce the displacement variation of the upper main beam under 
earthquake action, and the maximum reduction range was 20 %-47 %. 

3) Compared with the traditional single bearing, the base damping mechanism played the main 
role when the seismic intensity was below 500 m/s2, and the bearing damping mechanism played 
the main role when the seismic intensity was above 500 m/s2. 

4) With the increase of seismic intensity, the dynamic amplification factor corresponding to 
different positions of bridge piers presented a decreasing trend. It shows that with the increase of 
earthquake severity, the structure would be damaged to different degrees, and the dynamic 
amplification factor would gradually decrease, indicating that there was a certain correlation 
between the dynamic amplification factor of structural acceleration parameter and seismic 
intensity. 

5) In future studies, it is necessary to propose accurate models [28, 29] to predict the 
experimental responses and check if the selected design parameters are suitable for the specific 
application. 

6) In next work, it is crucial to investigate the rocking effects that it is possible to have in the 
proposed solution. 
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