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Abstract. Based on the commonly used lead rubber bearing (LRB) and sliding rubber bearing (SRB), a novel
sliding lead rubber bearing (SLRB) is introduced. The mechanical properties of the three types of bearings were
investigated by experiment. After that, a simply supported girder bridge with a 1/4 scale ratio was designed and
fabricated, and the dynamic characteristics and seismic response of the bridge equipped with the above three types of
bearings were studied. Results show that the girder’s acceleration response has been effectively reduced by setting
bearings only for relatively high earthquake intensity. Compared with LRB and SRB, SLRB works with more
compositive seismic isolation effect. The “slide” action of the telflon-stainless-steel interface in SLRB can
significantly reduce the acceleration response of girder, while the relative displacement between the pier and girder
for this novel bearing is not increased due to the occurrence of collision in the bearing.
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1. Introduction

In the past decades, there have been many major earthquakes around the world. The lessons
learned from major earthquakes show that the traffic disruption caused by the collapse of bridges
may greatly aggravate the property damage and casualties. In order to improve the seismic
performance of structures, researchers have proposed new seismic technologies, including passive
control, active control, hybrid control, etc., among which the seismic isolation technology is to
separate structure from ground shaking by installing isolation devices, and subsequently reduce the
seismic energy transmitted to the upper structure. For concrete girder bridges, the isolation device
is mainly installed between the lower pier and the upper girder, and the natural vibration period of
bridge is extended to greatly reduce the acceleration response of girder.

In recent years, researchers have carried out systematic experimental investigation and
numerical simulation on seismic response of bridges with different bearings. Tsopelas et al. (1996)
combined sliding bearing with metal damper and studied the seismic mitigation effect for bridges
by shaking table tests. Chaudhary et al. (2001) utilized recorded seismic data of base-isolated
Yama-agé bridge to identify material parameters of high damping rubber bearings, and then
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developed corresponding numerical model to analyze the foundation soil interaction. Shen et al.
(2004) verified the accuracy of the established Bai-Ho isolated bridge model based on
environmental vibration data, and discussed the influence of two types of simulated near-fault
pulses on the seismic response of the bridge. Jangid (2004) conducted experiment on a three-span
continuous girder bridge that seismic isolated with lead rubber bearings (LRB), results show that
the biaxial coupling effect of the bearing has a significant impact on seismic responses of the
bridge. Kunde and Jangid (2006) found the stiffness of both the main girder and the pier has few
impacts on the dynamic properties of seismic isolated bridges. Dicleli et al. (Dicleli and Buddaram
2006, Dicleli 2007) compared the seismic mitigation effect of different isolation schemes, and
discussed the response characteristics of seismic isolated bridges when subjected to near-fault
earthquakes. Tsai ef al. (2007) studied the seismic response of the roller-supported seismic isolated
bridge, and proposed a prediction formula for the maximum acceleration response of the main
girder. Li et al. (2008) proposed two shape-memory-alloy devices and investigated the seismic
mitigation mechanism of them by experiment and numerical simulation. Based on the parallel
computing package, ADVENTURE Cluster, Ohsaki et al. (2009, 2015) developed a numerical
model for a seismic isolated frame by using solid elements, the number of degrees of freedom
exceeded 3 million, and the calculation results were verified by full scale model test. Sahasrabudhe
and Nagarajaiah (2010) presented a combination of sliding bearing and magneto-rheological
damper to reduce seismic responses, and modified the motion equation by adding the MR damper
force. Filipov et al. (2013) carried out longitudinal and lateral pushover analysis of a girder bridge,
in which the laminated rubber bearing combined with elastoplastic block were used to realize
seismic isolation. Erdéz and DesRoches (2013) established an improved model to consider the
effects of vertical load, biaxial coupling and large deformation of friction pendulum bearing.
Xiang and Li (2017) systematically studied the hysteretic behaviors of the laminated rubber
bearing under different surface pressures and different loading rates, and discussed the seismic
sliding mechanism of the bearing for girder bridges during moderate-to-major earthquakes. Ponzo
et al. (2017) analyzed the restoring capability of the double concave friction pendulum, and
discussed the formula of the maximum residual displacement given by previous studies. Wu ef al.
(2017, 2018) conducted numerical simulations of a sliding lead rubber bearing (SLRB) based on
explicit finite element method and conducted experimental verification. Zheng et al. (2021)
combined the friction pendulum bearing and the shape-memory-alloy wire to form a new isolation
system, and explored the influence of different design parameters of the system on the seismic
mitigation effect of bridge.

The above literature review indicates that systematic numerical simulation and experiment have
been conducted to uncover the isolation mechanism of girder bridges. At present, researches
mainly focus on investigating new seismic isolation devices, and exploring the seismic isolation
mechanism of these devices by experiment and numerical simulation. In this study, a novel type of
SLRB proposed by previous researches (Xing et al. 2012, Wu et al. 2017), as well as the lead
rubber bearing and sliding rubber bearing (SRB) with the same size, were briefly introduced. Then,
a girder bridge with a 1/4 scale ratio was fabricated, and the shaking table tests of the bridge that
isolated by the above three types of bearings were carried out. The objective of this study is to find
out the isolation mechanism of the new type of bearing, and compare its seismic mitigation effect
with the other two types of bearings.
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Fig. 1 Conformation of bearings (unit: mm): (a) LRBI; (b) SRB; (c) SLRB

2. Bearings

The SLRB consists of the upper sliding device and the lower LRB, the diameter of the bearing
is 100 mm, the gap between the baffle and the cap plate is 5 mm, the thickness of the laminated
rubber plate is 2.5 mm, the shear modulus of rubber is 0.8 MPa. The design parameters of the
other two bearings, like the diameter, the thickness of rubber and steel plate, are the same with
those of SLRB. More details about the three types of bearings can be obtained from Fig. 1.

In previous studies (Wu et al. 2017, 2018), the working principle of the above three bearings
were explicated, and the corresponding experimental researches have been conducted to
investigate the mechanical properties of these bearings. Taking the novel SLRB as an example, it
is a combination of SRB and LRB, which allows the displacement of bridges caused by
temperature, concrete creep under normal conditions, and has better seismic isolation effect when

Fig. 2 Loading equipment
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Fig. 4 Hysteresis curve of bearings: (a) LRB; (b) SRB; (c) SLRB

moderate and major earthquake occurs. For the experiment of these bearings, the loading
equipment and scheme are shown in Figs. 2 and 3. The vertical pressure of bearings is determined
as 25.5 kN to be in accordance with the following shaking table tests. The loading rate of the
compression-shear test is 0.01 Hz, the maximum shear displacement of each circle is set as 5 mm,
10 mm, 15 mm and 20 mm and repeated by three times. The corresponding mechanical results are
illustrated in Fig. 4. It can be seen the hysteresis curves of SLRB integrates the above mentioned
“slide” feature of SRB and the “post-yield stiffening” of LRB as the displacement is lower and
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higher than 5 mm, and in the displacement range from -20 mm to 20 mm, the equivalent horizontal
stiffness of the three bearings can be sorted as SRB < SLRB < LRB.

Fig. 5 Elevation of the bridge

Fig. 6 Bearing in the bridge
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Table 1 Scaling factors of parameters

Parameters Scaling factors Scaled model  Parameters Scaling factors ~ Scaled model
. Ao
Length A 1/4 Time Ar=2, /1—9 1/2V2
E
Equivalent density Ay 2 Displacement A 1/4
Modulus Ag 1 Acceleration 4, = Ag/(A,4,,) 2

3. Bridge model

As shown in Fig. 5, a simply-supported bridge model with a 1/4 geometric scaling factor of the
proto-type bridge was designed and fabricated, it consists of a concrete rectangular girder and two
piers. The span length and width of the girder are 4 m and 2 m, the mass of the girder is 10.4 ton.
Each pier is composed of two circular columns with the diameter being 0.3 m and a 2.15 m cap
beam in length. Fig. 6 shows the above bearings installed on the top of cap beam to isolate girder,
there are all four bearings in the bridge model. The bottom of the model is the rigid pile cap, it is
fixed to the shaking table to realize a rigid boundary condition. According to the similarity rule,
the scaling factors of parameters are presented in Table 1. Besides, as illustrated in Fig. 7, three
accelerometers and three displacement sensors are set to acquire the seismic response of the bridge.

4. Shaking table tests of the bridge model

As shown in Fig. 8, three Chinese-seismic-code-compatible records revised by the software,
Seismo-Match (Hancock et al. 2006), are utilized as input to investigate the seismic performances
of the bridge isolated with different bearings, the time series of records are compressed by a scale

factor 2v/2. Fig. 9 shows the response spectra of the records with 5% elastic damping ratio, in
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Fig. 8 Earthquake records: (a) I wave; (b) II wave; (¢) I1I wave
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which the code spectra is determined by setting the peak acceleration 0.4 g. After the earthquake
records revised by the above-mentioned software, it can be seen the response spectra of the three
records are all consistent with the code spectra, even though the peak ground acceleration (PGA)
of each record is a bit lower than 0.4 g. So, the PGA of each record in Fig. 8 is deemed as
“equivalent 0.4 g” below. In the shaking table test, the white noise (WN) excitation and the above
three records with the PGA value gradually increasing are input along longitudinal direction to
investigate the dynamic characteristics and seismic behavior of the bridge model, the input
sequence of records is shown as follows, WN(0.01 g) — I/IV/II(0.05 g) — WN(0.01 g) —
VIV/II0.1 g) — ...... — I/II/I1(0.35 g) — WN(0.01 g) — III/III(0.4 g) — WN(0.01 g).

5. Test results
5.1 Dynamic characteristics

Fig. 10 shows the variation of primary frequency of the bridge after inputting the above records
with different intensities. It is noted that the primary frequency decreases gradually with the
increase of PGA, indicating that the dynamic characteristics of the bridge has been changed
through loading schemes of different PGA values. Moreover, the frequency of the bridge equipped
with SRB is obviously much smaller than those equipped with SLRB and LRB, the reason mainly
lies in the lead core in the latter two bearings. Although the frequency decreases gradually, which
usually means the damage in the bridge, no obvious cracks are found on the pier or the girder
during the whole test.

5.2 Acceleration response

5.2.1 Response of different parts of the bridge

Taking the III wave with the equivalent PGA 0.4 g as an example, the acceleration responses of
different parts in the bridge are shown in Fig. 11. It is noted that the cap beam’s peak acceleration
response is always about 2 times of that of the pile cap, while the corresponding response of the
girder is much lower than the cap beam. This phenomenon mainly results from setting rubber
bearings, and the lateral stiffness of bearings is much less than piers. However, it should be
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mentioned that the acceleration response of the girder is not always mitigated throughout the
record input, an obvious exception can be observed when time exceeds 12.5 s, which indicates the
girder response has been amplified compared with that of the pile cap as the earthquake intensity is
small. In addition, the dominant frequency of the acceleration response of the girder is obviously
lower than that of the pile cap and the cap beam. For the influences of different types of bearings,
the girder’s seismic response in Fig. 11(a) that using LRB in the bridge is the largest, the peak
value of the girder’s response in Fig. 11(b) is about half of that in Fig. 11(a). Besides, due to the
energy consumption of the lead core, the acceleration response of the girder in Figs. 11(a) and 11(c)
has a significant attenuation effect, while this effect is not remarkable for the bridge isolated by
SRB.

5.2.2 Correlation between the girder's response and PGA

As mentioned above, the equivalent PGA of each record used in the shaking table test increased
from 0.05 g to 0.4 g with an equal interval, 0.05 g. Taking the II wave as an example, the
acceleration responses of the girder with the above three different types of bearings are presented
in Fig. 12. For simplification, only the results with PGA being 0.1 g, 0.2 g, 0.3 g and 0.4 g are
included.
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Fig. 12 The girder’s acceleration time histories with different PGA values: (a) LRB; (b) SRB; (c) SLRB
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As can be seen from Fig. 12, the response of the girder is closely correlated with the PGA of
the input record and the type of bearing. The detailed performance is demonstrated as follows: (1)
When using the LRB, the acceleration response increases nearly linearly with the PGA value, the
shape of the acceleration time history is almost unchanged with only some local differences. (2)
When using SRB, the response of the girder only increases within the range of 0.1 g-0.2 g, and
then it no longer increases and even tends to decrease. (3) When the SLRB is adopted, the
variation of acceleration response is similar to that of LRB in the range of 0.1 g-0.2 g, as the PGA
value is 0.3 g, the response does not increase significantly, but it increases again when the peak
value reaches 0.4 g.

In order to more intuitively reflect the connection between the acceleration response of the
girder and the equivalent PGA, the variation of the acceleration response for different types of
bearings are illustrated in Fig. 13. It clearly shows the response of the girder isolated by SLRB is a
compromise of those of LRB and SRB. Based on the results in Fig. 13, the ratio calculated by
dividing the girder’s peak acceleration value of SLRB with that of SRB, abbreviated as
SLRB/SRB, and the ratio, SLRB/LRB, are obtained and presented in Fig. 14. As shown in Fig. 14,
the ratio, SLRB/LRB, fluctuates around 1.0 as the PGA is less than 0.2 g, indicating a little
difference between the peak acceleration results, then this ratio is positively correlated with PGA,
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namely, the acceleration response of the SLRB-isolated girder is greater than that of SRB-isolated
girder, which is directly determined by the horizontal stiffness of the two bearings. On the other
hand, the ratio of SLRB/LRB decreases from 1.5 to 0.7 with the increase of PGA, which is mainly
due to the “slide” action in the SLRB. In general, for low earthquake intensity, the greater stiffness
of the bearing will result in the smaller acceleration response of the girder, as the intensity
increases, the conclusion is just opposite.

5.3 Displacement response

The relative displacement between the girder and the pier, namely the shear displacement of
bearing, is an important index to measure the displacement response of seismic isolated bridge. In
this section, the peak relative displacement between the girder and the pier for different bearings
are presented in Fig. 15, and the ratio of relative displacement response is shown is Fig. 16.

As shown in Fig. 15, there is a positive correlation between the peak relative displacement and
the PGA value of earthquake records for LRB, SRB and SLRB. When PGA is no more than 0.15 g,
the value of shear displacement for different bearings are all less than Smm, and can be sorted as
SRB > SLRB > LRB, which directly results from the horizontal shear stiffness of bearings. When
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PGA is in the range from 0.2 g to 0.3 g, the displacement response of SRB is still the largest, but
the displacement of LRB increases more rapidly than SLRB, and the sequence changes to SRB >
LRB > SLRB as the PGA is 0.3 g. Within this range, the collision between the upper baffle and the
lower LRB of the SLRB occurs, and the sound of banging is also heard in the shaking table test.
With the further increase of PGA, the collision also appears for SRB, no obvious relation of the
displacement for the three types of bearings can be determined according to Fig. 15.

Fig. 16 shows the displacement of SLRB is always a bit lower than that of SRB, and is also less
than that of LRB as the PGA being in the range from 0.25 g to 0.4 g. Generally speaking, the
occurrence of collision reduces the displacement response of the bearing to a certain extent, and
for relatively high earthquake intensity, the displacement response of SLRB does not show an
obvious amplification compared with that of LRB.

6. Conclusions

In the present study, a novel sliding lead rubber bearing (SLRB) integrates the features of lead
rubber bearing (LRB) and sliding rubber bearing (SRB) is introduced, the mechanical properties of
the novel bearing are investigated by experiment. Then, a 1/4 scaled simply supported bridge is
fabricated, the dynamic characteristics and seismic response of the bridge seismic isolated
respectively by SLRB, SRB and LRB are further studied. Some conclusions are drawn as follows.

e The primary frequency of the SRB-isolated bridge is much smaller than those of SLRB-
isolated and LRB-isolated bridge. With the increase of earthquake intensity, the frequency of
the bridge decreases gradually even though no obvious cracks are found on the pier or the
girder.

e The peak acceleration response of the cap beam is about 2 times of that of the pile cap,
while the peak value of the girder is much smaller than that of the cap beam. However, it is
found the seismic isolated bridge shows no seismic mitigation effect as the earthquake
intensity is low, no matter what type of the bearing is.

e Compared with LRB, the acceleration response of SLRB-isolated bridge is significantly
reduced for relatively high earthquake intensity, which is mainly due to the “slide” action in
the telflon-stainless steel interface.

e Compared with LRB, the displacement response of SLRB is a bit smaller as the PGA being
in the range from 0.25 g to 0.4 g, which mainly results from the collision between the upper
baffle and the lower LRB. Besides, it is always smaller than that of SRB in the whole range
of PGA.

In the subsequent research, we will consider using the new bearing in building structures and
other types of bridges to conduct shake table tests, which can further investigate the performance
of the bearing when used in buildings and bridges.
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