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Rubber isolation bearings have been proven to be effective in reducing the seismic damage of bridges. Due to the different
characteristics of isolation bearings, the mechanical properties of bridges with different combinations of rubber bearings are
complex under the action of earthquakes. This paper focuses on the application of combinations of rubber isolation bearings on
seismic performance of continuous beam bridges with T-beams. The seismic performances of continuous beam bridges with
different combinations of rubber isolation bearings, pier height, and span length were studied by the dynamic time history analysis
method. It was found that the bridges with natural rubber bearings (NRBs) have the largest seismic responses compared to the
other types of bearings. The continuous beam bridge with isolation bearings, such as lead rubber bearings (LRBs) and high
damping rubber bearings (HDRBs), has approximately 20%~30% smaller seismic response than that with NRBs under the action
of earthquakes due to the hysteretic energy of the bearings, indicating that the isolation bearings improve the seismic performance
of the bridge. The continuous beam bridges with both NRBs and LRBs or NRBs and HDRBs have larger seismic response of the
piers than those with a single type of isolation bearings (LRBs or HDRBs) but smaller seismic response of the piers than those with
only NRBs. For a continuous beam bridge with shorter span and lower pier, it is not economical to use LRBs or HDRBs
underneath every single girder, but it is more reasonable to use cheaper NRBs underneath some girders. The larger difference in
stiffness of the bearings between the side and middle piers leads to the more unbalanced seismic response of each pier of the bridge
structure. The results also show that with increasing pier height and span length, the difference in the seismic response value
between the cases gradually increases.

1. Introduction

Among the seismic performance of a continuous beam
bridge, traffic safety is of great concern [1, 2]. In recent years,
rubber materials have been widely used for the bearings of
bridges because of their excellent deformation characteris-
tics. They play an important role in the seismic design of
continuous beam bridges [3-6]. Research on the material
and mechanical properties of different rubber bearings is
helpful to understand the seismic performance of rubber
bearings in bridge structures, thereby guaranteeing no se-
rious damage to the continuous beam bridge under the
action of earthquakes [7, 8].

Numerous studies have proved the efficiency of rubber
bearings in reducing the seismic-induced forces of bridge

systems [9, 10]. The common types of rubber isolation
bearings include low damping natural rubber bearings
(LDRs) [1], natural rubber bearings (NRBs) [3, 6], lead
rubber bearings (LRBs) [7], and high damping rubber
bearings (HDRBs) [2, 8]. At present, the seismic perfor-
mance of the aseismic bearings for continuous beam bridges
is mainly studied for the mechanical behavior of various
rubber bearings under earthquakes [11, 12], by utilizing the
finite element method and shaking table test methods
[13-16]. Yamamoto et al. [17] investigated the seismic
characteristics of the isolation bearings of bridge structure
and found that for a structure under instantaneous load, the
isolation bearings can effectively reduce the seismic input
and can affect the characteristics of the structure in the
frequency domain. Pradilla and Cho [18] presented a
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comparison of the seismic behavior of simply supported
bridges by using three types of isolators, including HDRBs,
LRBs, and a friction pendulum system. Losanno et al. [19]
analyzed the seismic performance of a three-span contin-
uous bridge designed with different isolation systems, in-
cluding simply supported, LRBs, isolated with rubber
isolators and 10% damping, and isolated with rubber iso-
lators and a 70% supplemental damping ratio. Six near-fault
ground motion records were used to analyze the seismic
performance of a bridge by the direct time history inte-
gration method. Tubaldi et al. [8] revealed that in simply
supported multispan bridges, the HDRBs typically placed in
two lines of support and eccentric with the pier axis induces
a coupled horizontal vertical response of the bearings. Wang
et al. [20] investigated the seismic response of a typical
continuous beam bridge isolated with friction sliding
bearings in the Hong Kong-Zhuhai-Macao Link Project of
China. Li et al. [2] performed the shaking table array test of a
two-span isolated continuous bridge specimen with the scale
of 1:3 to study the seismic response characteristics of the
continuous bridge with HDR bearings. Zheng et al. [21]
investigated the seismic performance of the bridges with a
sliding-lead rubber bearing (LRB) isolation system under the
action of near-fault earthquakes. For the bridges with tall
piers, Chen and Li [11] investigated the effect of different
seismic retrofitting measures including LRBs and rocking
foundations on mitigation of their seismic responses. Anajafi
et al. [22] investigated the effect of LRBs on improvement of
the seismic performance of the bridges with flexible piers in
near-field and far-field earthquakes. Their studies show that
for far-field ground motions, the LRBs used significantly
reduce not only the substructure responses but also the
displacement response of the girder. For near-fault excita-
tions, their studies show that there is an optimum range of
bearing parameters that can reduce the substructure force
demand and keep the girder displacement demand in
practice. Zhen et al. [23] used a high-speed multispan
continuous beam bridge with equal section as the engi-
neering background to discuss the seismic isolation effect of
LRBs and fluid viscous dampers by the dynamic time history
analysis method. Current research mainly focuses on the
mechanical behaviors of a single type of bearings. The
combination of different bearings is seldom studied. To save
the construction cost, many kinds of bearings are used for
the bridges in practice.

Additionally, the continuous beam bridge with a com-
bination of different bearings has more complicated re-
sponse to earthquakes because (1) LRBs and HDRBs have
nonlinear horizontal stiffness, quite different from NRBs
especially at high shear strain amplitudes, and (2) some
factors, such as pier height and span length, also influence
the seismic performance of the bridges [24-26]. Researchers
have investigated the failure modes and seismic performance
of a continuous beam bridge with a combination of different
bearings during strong ground motions [21, 27]. However,
the influencing factors are studied very rarely based on a
combination of different bearings. What is more, the im-
portance of the combinations of different bearings has not
been clarified.
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In this paper, the seismic performance of continuous
beam bridges with combinations of different rubber bear-
ings, such as a combination of NRBs, LRBs, HDRBs, NRBs,
and LRBs, and a combination of NRBs and HDRBs, were
studied; the bridges with such combinations were compared
to the bridges without bearings; the influence of bearing
combination, pier height, and span length on the seismic
response, including the displacement and energy dissipation
of bearings, the displacement of the girder, the displacement
of the top of the piers, and the bending moment and
shearing force of the bottom of the piers, were discussed. The
isolation design method for the continuous beam bridges
with T-beams was provided; the effects of different com-
binations of rubber bearings on the mechanical performance
of the bridges were studied in order to further understand
the optimal configuration of different pier heights and span
lengths and provide rational suggestions for selection of
bearings for the continuous bridges with T-beams.

2. Materials and Mechanical Properties of
Rubber Bearings

2.1. Material Properties of Rubber Bearings. Rubber is a
highly elastic synthetic polymer material, including natural
and synthetic rubber [28]. The mechanical properties of
rubber materials are relatively complex; the stress-strain
relationship of rubber materials is approximately linear in
the case of small strain but nonlinear in the case of large
strain [29]. Among synthetic rubbers, high damping rubber
is an effective isolation material typically filled with carbon
black, oils, or resins, which can enhance the seismic per-
formance of structures due to its higher damping prop-
erties, energy dissipation capability, and flexible stiffness
[30, 31].

Rubber material has been widely used in the bearings of
bridge structures, and isolation rubber bearings are espe-
cially suitable for the design of the seismic isolation for
bridges because of their seismic properties [8]. HDRBs
consist of high damping rubber layers, providing bearings
with horizontal flexibility, reinforced with steel layers that
provide vertical stiffness [32], as shown in Figure 1(a). The
shape and high damping characteristics of LRBs are similar
to that of HDRBs; the difference is that LRBs have lead
cores vertically inserted into the bearings, as shown in
Figure 1(b). The lead cores can change the damping
characteristics of the bearings so that they can adopt
antiseismic and energy absorption properties during
earthquakes [33].

Both LRBs and HDRBs have high horizontal stiffness
and damping at low shear strains, which can reduce the
response of bridges within a reasonable range under service
loads and small earthquakes. Furthermore, their horizontal
stiffness changes after the bearings yield with large hori-
zontal shear force and displacement during larger earth-
quakes, and so the bearings can absorb seismic energy
[23, 30]. A high damping ratio is also an important char-
acteristic of LRBs and HDRBs in addition to the nonlinear
constitution relation of conventional rubber materials.
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FIGURE 1: Structural composition of isolation bearings: (a) HDRB; (b) LRB.

2.2. Mechanical Properties of Rubber Bearings. Rubber
bearings not only need to support the superstructure of a
bridge but also satisfy the deformation demand of the bridge
under the action of external forces. Especially under the
action of large earthquakes, bridge structures have a larger
displacement and the bearings have a larger shear defor-
mation [34]. LRBs and HDRBs can extend the overall period
of the bridge structure by yielding, effectively avoiding the
outstanding period of the earthquake, and reducing the
seismic response of the superstructure based on the high
damping characteristics, so as to achieve the effect of iso-
lation [27]. The shear performance curve of LRBs and
HDRBs under horizontal load is shown in Figure 2.

The equivalent horizontal stiftness, K;, of LRBs and
HDRBs is calculated according to the equation below:

A
Kh = Geq(Y)T_r’ (1)
where G, is the equivalent shear modulus at the shear strain
of y; A is the plane area of the rubber inside the bearing, i.e.,
the effective area; and T, is the total thickness of the rubber
of the bearing.
The initial horizontal stiffness is calculated according to
the following equation:

B 2-U(y) =7 heg (1 -UWI]
T2 UM) kg () "

(2)

where U (y) is the ratio of yield force to shear force at the
shear strain of y and h,, (y) is the equivalent damping ratio.
U (y) and heq (y) are calculated according to equations (3)
and (4), respectively:

o Qq
v (Y) - Kh (Try)’ (3)
B W,
heq ()’) - 27'[Kh (T,)/)Z’ (4)

where the yield force, Qg, is experimentally determined, and
W, is the energy consumed for each loading cycle, i.e., the
envelope area of the hysteresis curve of LRBs and HDRBs.

The postyield stiffness, K ;, is calculated according to the
following equation:

Ky =[1-UQ)IK,. 5)

From the viewpoint of dynamics, the dynamic equation
of bridge structures under the action of the earthquakes can
be expressed as follows [35]:

(6)

where X (), x (t), and x () are the acceleration, velocity, and
displacement response of the bridge structure, respectively;
X, (t) is the acceleration time history of the ground motion
on the bridge structure, 1 is the mass of the structure, c is the
damping, and k is the rigidity.

It can be seen from the dynamic equation that for a
bridge structure with isolation bearings, its seismic response
under the action of an earthquake can be changed by
changing m, ¢, and k. For example, by changing the damp-
ing, ¢, and the rigidity, k, of the bridge structures, LRBs and
HDRBs can reduce the seismic response and thereby avoid
seismic damage to the bridge structures.

m# (£) + cx () + kx () = —m, (1),

3. Model of a Bridge

3.1. Physical Model of a Bridge. Figure 3 shows the simplified
geometry and a detailed structural drawing of the contin-
uous beam bridge studied in this paper. Figure 3(a) shows a
3 x50m physical model of a continuous beam bridge, for
which the piers are 50 m tall. The compressive strength of the
concrete used for the girder and piers are 50 MPa and
40 MPa, respectively. Figure 3(b) shows that the girder of the
bridge is composed of six T-beams; the bridge has a total
width of 12.25m, and the T-beams are 2.8 m tall; the deck
pavement is composed of 8 cm thick C40 cement concrete
and 10 cm thick asphalt concrete. Figure 3(c) shows the
transverse, longitudinal and cross-sectional views of the pier
from left to right. The piers are thin-walled and hollow with a
sectional area of 6 x4 m, a minimum section wall thickness
of 0.5m, and a maximum section wall thickness of 1 m. The
yield strength of the steel used for piers is 400 MPa
(according to Chinese code GB50010-2010) [23]. The pier
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FIGURE 2: Shear performance curve of LRBs and HDRBs.

cap beams are 11.8 m long, 4.2 m wide, and 2.4 m tall; the
caps are 8.3 x 8.3 m quadrates and 3 m tall.

3.2. Finite Element Model. A 3-D model of the bridge
structure was created by the nonlinear finite element pro-
gram MIDAS [36, 37]. The simplified analysis model of the
bridge is shown in Figure 4(a). The superstructure and
substructure of the bridge were simulated by the lumped
mass system and the small discrete segment method. The
appropriateness of such a modeling approach for a bridge
has been proven by the research of Choi et al. [38]. Zhang
and Huo [39] verified the accuracy of the program by
comparing the test results of static and dynamic loading
experiments. In the bridge structure modeling, the girder
was simulated by using elastic beam elements, while the
bearings and piers were simulated by nonlinear elements. In
the modeling details of the bridge system, piers, and bear-
ings, as shown in Figure 4(b), elastic linear beam-column
elements were used for girder; bilinear link elements were
used for the bearings; rigid elements were used to connect
the girder and piers with bearings; and fibre-based nonlinear
elements were used to model the piers [40, 41]. The details of
fibre-based nonlinear elements and the stress-strain rela-
tionship of unconfined concrete, confined concrete, and
longitudinal steel reinforcement used for the pier sections
are shown in Figure 4(c). The compressive strength of the
unconfined concrete, confined concrete, and the yield stress
of the steel reinforcement are 26.8 MPa, 29.2 MPa, and
345 MPa, respectively [23, 37]. The base of the pier, fixed as
the interaction effect of the soil and the structure, was
neglected [42]. The model had a total of 572 nodes, 48
nonlinear beam-columns, 600 elastic linear beam-columns,
and 24 bilinear link elements.

3.3. Model for Rubber Bearings. In this paper, the aseismic
performance of different combinations of rubber bearings
for the bridges was studied. According to the recommen-
dations for the parameters of 50 m T-beam bearings in the
Chinese standard, three different types of bearings, NRBs,
LRBs and HDRBs, were selected for the bridge structure,
respectively [6-8].

All of the bearings were simulated by bilinear elastic plastic
spring element. The restoring force model of the sliding and
fixed NRBs is shown in Figure 5(a). K|, is the bearing stiffness,
Xgy is the yield displacement, and Q,, is the sliding frictional
force [43]. The stiffness of LRBs and HDRB:s is nonlinear, which
was simulated by a mechanical model of bilinear restoring force
as shown in Figure 5(b). K, is the preyield stiffness, K, is the
postyield stiffness, K, is the equivalent horizontal stiffness, x , is
the yield displacement, x, is the limiting displacement, Q,, is the
yield force, and Q; is the limiting shear force of bearings [36, 44].

4. Case Setting

4.1. Case Setting of Bearings. As the reaction forces of each
pier are different, different combinations of bearings for the
bridge were selected according to their vertical bearing force
[45]. Based on the static analysis, the support reacting force
of the bearings of the four piers was nearly symmetric
[46-48]. The characteristics, such as bearings construct-
ability, availability, and technique, are also very important to
build a bridge, but the safety of the bridge, especially seismic
performance, was studied in this paper [49]. Therefore, the
No. 1 pier and No. 4 pier adopted the same type of bearing,
while the No. 2 and No. 3 piers had the same type of bearings
[37, 50, 51]. The study cases were as follows:

Case 1: without bearings
Case 2: NRBs used for the four piers (NRBs)
Case 3: LRBs used for the four piers (LRBs)

Case 4: NRBs used for the No. 1 and No. 4 piers and
LRBs used for the No. 2 and No. 3 piers (NRBs + LRBs)

Case 5: HDRBs used for four the piers (HDRBs)

Case 6: NRBs used for the No. 1 and No. 4 piers and
HDRBs used for the No. 2 and No. 3 piers
(NRBs + HDRBs)

The case setting of the bearings are shown in Table 1.

The bearings were mainly selected according to the static
analysis results, and the material properties and physical
parameters of each bearing are shown in Table 2 (according
to the Chinese codes JTT 4-2019, JTT 822-2011, and JTT
842-2012) [24, 44, 52]. The LRBs and HDRBs have nonlinear
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FiGure 3: Simplified bridge geometry: (a) longitudinal view of the bridge; (b) transverse view of the superstructure; (c) details of the piers.
horizontal stiffness; as the bearing is subjected to a hori-  Considering that the horizontal stiffness of bearings is an

zontal seismic force that exceeds its yield force, the preyield = important parameter during selection of the design pa-
stiffness of the bearing becomes postyield stiffness [7, 8].  rameters of the bearings, one horizontal equivalent stiffness
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FIGURE 4: Analytical model: (a) 3-D finite element model of the total bridge system (girder and deck elements are not shown for clarity);
(b) modeling details of an external bridge pier including the nonlinear model used for bearings; (c) details of the fibre-based nonlinear

elements used for the pier sections.

value is taken for the bearings on side piers and middle piers
through conversion, while the other stiffness parameters of
the bearings are converted by the equivalent ratio to facilitate
the analysis and comparison.

4.2. Earthquakes. The continuous beam bridge in this
study is located in Yan’an city, Shaanxi province in China.
The seismic fortification intensity of the site area is 7,
while the site classification of the bridge is III, and the
remarkable cycle of the site for small and large earth-
quakes is 0.56 s and 0.78 s, respectively [53, 54]. In order to
analyze all of the responses of the bridge structure under
different magnitudes of earthquake, time history dynamic

analysis was carried out using earthquakes with a prob-
ability of 40% and 2% in 100 years at the bridge site (three
seismic waves in small and large earthquakes, respec-
tively). In addition, there is an autocorrelation between
three seismic waves of both small earthquake and large
earthquake. Figure 6(a) shows the three seismic time
history waves (401, 402, and 403) of small earthquakes,
with a peak acceleration value of 0.431 m/s% 0.436 m/s?,
and 0.43 m/s%, respectively. Figure 6(b) shows the three
seismic time history waves (21, 22, and 23) of large
earthquakes, with a peak acceleration value of 1.542 m/s?,
1.548 m/s”, and 1.545m/s’, respectively. The maximum
values of the seismic response of the bridge obtained from
the time history analysis with the three seismic waves were
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TaBLE 1: Case setting of bearings.
Cases 1 2 3 4 5 6
Pier Nos. No. 1, No. 4 — NRB-1 LRB-1 NRB-1 NRB-1 HDRB-1
Pier Nos. No. 2, No. 3 — NRB-2 LRB-2 LRB-2 HDRB-2 HDRB-2

used to be discussed (according to the Chinese code JTG/
T B02-01-2008) [34, 50].

5. Verification

The verification of a mathematical model is a key step for
the simulation research [55, 56]. The shaking table test in
reference [57] was analyzed by numerical simulation in
this paper, in order to verify the correctness of the nu-
merical model adopted in this paper. A two-span simply
supported bridge model was built, as shown in Figure 7(a),
with a 30 m long span and an 880 ton girder. All of the pier
columns were the same height (8 m) and diameter (1.6 m).
Circular laminated-rubber bearings with the diameter of
600 mm were used to support the beam. The specified yield
strength of the steel reinforcement used in the model was
335 MPa, and that of the concrete was 40 MPa. The scale
model for the shaking table test is shown in Figure 7(b),
with the scale of 1/4 to the prototype bridge. The column
diameter and the clear height of the piers were 0.4 m and
2m, respectively. The Northridge earthquake recorded by
the New Hall Fire Station with a peak acceleration of
0.59g was used to analyze the seismic response of the
bridge. The peak ground accelerations of ground motions
were applied in increasing earthquake intensity, varying
from 0.1 to 0.6g. The displacement of the bearings was
measured by the shaking table test, as shown in
Figure 7(c).

The results show that under the action of earthquakes,
the trend of the analytical bearing displacements is con-
sistent with that of the experimental displacements, as can be
seen in Figure 7(d). Figure 7(e) further presents the dis-
placement errors in different intensities of the Northridge
earthquake and shows that the errors between the analytical
results and the experimental results are less than 13%, which
meets the requirement for accuracy in this study [58, 59].
The difference may be due to the measuring instrument used

for the test, which cannot achieve accurate simulation in
numerical analyses [4].

6. Analysis of the Results
6.1. Seismic Response of the Bridge

6.1.1. Displacement of the Bearings. Rubber bearings of
bridges deform and thereby reduce the seismic load onto the
structure in an earthquake, and their deformation capacity
and hysteretic deformation under the action of earthquakes
can directly reflect their aseismic effect. Figure 8 shows the
displacement of the bearings at each pier in different cases
under the action of small and large earthquakes. On the
whole, the No. 1 and No. 4 piers have much higher bearing
displacements than the No. 2 and No. 3 piers; the No. 3 pier
basically has the same bearing displacements as the No. 2
pier in different cases; the displacement of the bearings
under the action of large earthquakes is about 8 times that
under the action of small earthquakes.

Figures 8(a) and 8(c) show the longitudinal displacement of
each bearing under the action of small and large earthquakes,
respectively. The displacement of the bearings of the different
piers changes in the same trend. The displacement of the
bearings of the No. 1 pier is larger; that at the No. 2 pier
decreases and is close to that of the No. 3 pier; and that of the
No. 4 pier increases and is close to that of the No. 1 pier. The
bearing displacement of the No. 1 and No. 4 piers is generally
larger than that of the No. 2 and No. 3 piers mainly due to the
larger stiffness of the bearings of the No. 2 and No. 3 piers.
However, the maximum displacement of the bearings under
the action of large earthquakes is 42.09 cm in Case 2, which
exceeds the limiting deformation of NRB-1. In several cases, the
displacement of the bearings of the No. 1 and No. 4 piers
exceeds the ultimate displacement, meaning that damage has
occurred to the bearings. Under the action of small earthquake
and large earthquakes, the bearings have the maximum dis-
placement in Case 1. In Case 3, the longitudinal displacement
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TaBLE 2: Physical parameters of bearings.

Bearings NRB-1 NRB-2 LRB-1 LRB-2 HDRB-1 HDRB-2
Height of bearings (mm) 96 112 154 234 137 187
Total thickness of rubber layer (mm) 67 82 76 125 70 110
Vertical bearing force (kN) 1258 2701 1417 3510 1360 3489
Vertical stiffness, K, (kN/m) 689183 1168633 806791 1382812 875000 1427000
Preyield stiffness, K; (kN/m) — — 7225 12810 4690 7510
Postyield stiftness, K, (kN/m) — — 1133 1930 1340 2150
Equivalent stiffness, K, K;,(kN/m) 1700 2720 1700 2720 1700 2720
Yield force, Q;,, Q, (kN) 25 — 106 190 53 133
Shear modulus, G (MPa) 1.0 1.0 1.0 1.0 1.0 1.0
Damping ratio, & (%) — — 19.1 16.7 12 12
Limiting displacement (mm) 90 150 227 376 210 330
0.6 No.401 06 No.402 0.6 No.403
Max: 0.431 Max: 0.436 Max: 0.430
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F1GURE 6: Time history and acceleration response spectrum of the earthquakes: (a) time history of the small earthquakes; (b) time history of

the large earthquakes.

of each bearing is approximately 30% and 60% of maximum
displacement under small and large earthquakes, respectively.
In Case 5, the longitudinal displacement of each bearing is
approximately 50% and 65% of the maximum displacement
under the action of small and large earthquakes, respectively.

Figures 8(b) and 8(d) show the lateral displacement of
each bearing under the action of small and large earth-
quakes, respectively. In different cases, the No. 1 and No. 4
piers have larger displacement of their bearings, while the
No. 2 and No. 3 piers have similar displacement of their
bearings, which is lower than that of the No. 1 and No. 4
piers. Under the action of small earthquake and large
earthquakes, the bearings have maximum displacement in
Case 2, which is much larger than that in other cases. The
displacement of the bearings exceeds the limiting dis-
placements under the action of large earthquake in Case 2,
indicating that damage has occurred to bearings under the
action of earthquake. In Case 3, the lateral displacement of

each bearing is approximately 30% and 40% of the maxi-
mum displacement under the action of small and large
earthquakes, respectively. In Case 5, the lateral displacement
of each bearing is approximately 35% and 45% of the
maximum displacement under the action of small and large
earthquakes, respectively.

In Cases 4 and 6, both the longitudinal and the lateral
displacements of the bearings of the No. 1 and No. 4 piers are
almost 2 times than those of the No. 2 and No. 3 piers under
the action of small earthquakes due to the preyield stiffness
of the bearings of the latter two piers being much larger than
the NRBs of the former two piers. The displacements of
NRB-1 exceed the limiting displacements under the action of
large earthquakes in Cases 4 and 6. In Cases 3 and 5, as LRBs
and HDRBs were set on all of the piers, the longitudinal and
lateral bearing displacements under the action of earth-
quakes are smaller than in the other cases. The displacements
of the LRBs and HDRBs are within the limiting
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displacements under the action of large earthquake.
Moreover, according to the pushover analysis results, the
LRBs and HDRBs do not yield under the action of large
earthquakes.

6.1.2. Hysteresis Curve of the Bearings. The hysteretic curve
can characterize the deformation and energy characteristics
of isolation bearings. Figure 9 shows the hysteretic curves of
the LRBs and HDRBs of the No. 2 pier in different cases
under the action of the small earthquake (401) and the large
earthquake (23). The mechanical properties of the LRBs and
HDRBs were nonlinear, as the horizontal seismic force at the
bearings exceeds their yield force, and thus the bearings yield
and dissipate seismic energy.

Figure 9(a) shows the hysteretic curves of the LRB-2
bearings of the No. 2 piers under the action of small and
large earthquakes in Case 3. The hysteretic curves of LRB-2
in Case 3 are different under the action of small and large
earthquakes. The LRB-2 bearings of the No. 2 pier have the
maximum displacement of 1.17 cm and 22.26 cm and the
maximum horizontal shear force of 121 kN and 572kN
under the action of small and large earthquakes, respec-
tively. As the bearings never yield under the action of small
earthquakes, the energy consumption is less (63,154 KkJ),
while the bearings yield under the action of large earth-
quakes and play a great role in the aseismic effect and
energy consumption, with an energy consumption of
3,903,502 kJ.

Compared to Case 3, the hysteretic curves of LRB-2 in
Case 4 under the action of small and large earthquakes are
plumper. The LRB-2 bearings of the No. 2 pier have a
maximum displacement of 1.47 cm and 28 cm, a maximum
horizontal shear force of 149 kN and 683 kN, and an energy
consumption of 94,186 k] and 6,473,746 k] under the ac-
tion of small and large earthquakes, respectively. It can be
seen from Figures 9(a) and 9(b) that the bearings of the No.
2 pier in Case 4 have larger (approximately 1.5 times)
displacement, horizontal shear force, and energy con-
sumption than those in Case 3 mainly because the bearings
(NRB-1) of the No. 1 and No. 4 piers in Case 4 have much
smaller stiffness and thereby larger shear deformation than
the bearings (LRB-1) in Case 3 under the action of
earthquakes.

Figures 9(c) and 9(d) show the hysteretic curves of
HDRB-2 of the No. 2 piers under the action of small and
large earthquakes in Cases 5 and 6, respectively. The
HDRB-2 bearings of the No. 2 pier in Case 5 have a
maximum displacement of 1.81 cm and 25cm, a maxi-
mum horizontal shear force of 110 kN and 633 kN, and an
energy consumption of 121,453 k] and 548,017 k] under
the action of small and large earthquakes, respectively. In
Case 6, the HDRB-2 bearings have a maximum dis-
placement of 2.68 cm and 30.2 cm, a maximum horizontal
shear force of 146kN and 744kN, and an energy con-
sumption of 126,942 k] and 8,629,838 k] under the action
of small and large earthquakes, respectively. The bearings
of the No. 2 pier in Case 6 have larger (approximately 1.3
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times) displacement, horizontal shear force, and energy
consumption than those in Case 5, which are slightly
larger than those in Case 4. This indicates that the LRBs in
Case 4 have a better isolation effect than the HDRBs in
Case 3.

6.1.3. Bending Moment of the Bottom of the Piers. The
bending moment of a pier affects the seismic safety of the
substructure of a bridge under the action of earthquakes.
Theoretically, a smaller bending moment of the bottom of a
pier leads to a higher seismic safety of the said pier. Figure 10
shows the bending moments of the bottom of the piers in the
longitudinal and lateral directions of the bridge with dif-
ferent bearings under the action of small and large earth-
quakes. Figure 10(a) shows the bending moments of the
bottom of the piers in the longitudinal direction of the bridge
in different cases under the action of small earthquake. In
Case 1, the change trend of the bottom bending moments of
the four piers is similar to the displacement of the top of the
piers. The No. 1 and No. 4 piers have maximum bending
moments of their bottoms of 58,836 kN-m and 58,696 kN-m
in Case 1, respectively. In the other cases, the No. 2 and No. 3
piers have higher bending moments of the bottom of the
piers than the No. 1 and No. 4 piers. In Case 2, the four piers
have the lowest bending moments of their bottoms; in Cases
4 and 6, the bending moments of the bottom of the No. 2 and
No. 3 piers are almost 1.6 times bigger than those of the No. 1
and No. 4 piers. In Cases 3 and 5, the bending moments of
the bottom of the piers are relatively small. Figure 10(b)
shows that, in different cases, the bending moments of the
bottom of the piers have similar trends, and the No. 2 and
No. 3 piers have bigger bending moments of the pier bot-
toms than the No. 1 and No. 4 piers. In Case 1, the four piers
have the biggest bending moments of their bottoms. In Cases
4 and 6, the No. 1 and No. 4 piers have almost 1.8 times
bigger bending moments than the No. 2 and No. 3 piers. Due
to the fact that the NRBs of the No. 1 and No. 4 piers have
smaller stiffness and that the HDRBs of the No. 2 and No. 3
piers have higher stiffness, more seismic loads are trans-
mitted to the No. 2 and No. 3 piers. The piers have smaller
bending moments of their bottoms in Case 5, meaning that
the HDRBs show a relatively better isolation effect under the
action of small earthquake.

Figure 10(c) shows the longitudinal bending moment of
the bottom of the piers under the action of large earth-
quakes. The bending moment increases first and then
decreases in different cases. The bending moments of the
bottoms of the different piers with LRBs and HDRBs (Cases
3-6) are similar and smaller than those with NRBs (Case 2).
The bending moments of the bottom of the piers in Cases 3
and 5 are approximately 60% and 70% of those in Case 2,
meaning that the LRBs and HDRBs have good aseismic
effect and reduce the seismic load of the bridge, especially
under the action of large earthquake. Although the same
bearings were used for the No. 2 and No. 3 piers in Cases 3
and 4, the piers have bigger bending moments of their
bottoms in Case 4 than in Case 3. The piers have almost
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placement under the action of large earthquake.

minimum bending moments of their bottoms in Case 1,
and the bending moments of the bottom of the piers exceed
the yield moment (292,468 kN-m) in Cases 1 and 2.
Figure 10(d) shows the bending moments of the bottom
of the piers in the lateral direction of the bridge under the
action of large earthquake. The lateral bending moments
of the bottom of the piers are almost the biggest in Cases 1
and 2. The other piers have smaller bending moments of
their bottoms in the lateral directions of the bridge. The
bending moments of the bottom of the piers in Cases 3
and 5 are almost 60% of that without bearings (Case 1).
The bottom bending moments of the No. 2 and No. 3
piers exceed the yield moment in Cases 1 and 2, indi-
cating that the use of isolation bearings can prevent the
piers from being damaged under the action of large
earthquakes.

According to the static elastoplastic pushover analysis
results, the bottoms of the piers have lower longitudinal
and lateral bending moments than maximum bending
yield strength in different cases under the action of large
earthquake.

6.1.4. Shear Force of the Bottom of the Piers. Figure 11 shows
the shear forces of the bottom of the piers in the longitudinal
and lateral directions of the bridge with different bearings
under the action of small and large earthquakes, respectively.
Figure 11(a) shows that in Case 1, No. 2 and No. 3 piers have
smaller shear force of their bottoms than the No. 1 and No. 4
piers, and the piers have the maximum shear force of their
bottoms in Case 1. In the other cases, the No. 2 and No. 3
piers have bigger shear force of their bottoms than the No. 1
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under the action of large earthquake.

and No. 4 piers. The piers have smaller shear force of their
bottoms in Case 2, which is approximately 60% of maximum
shear force of the bottom of the piers in Case 1. Figure 11(b)
shows the shear force of the bottom of the piers in the lateral
direction of the bridge under the action of small earth-
quakes. In different cases, the shear force of the bottom of
the piers increases first and then decreases in different
cases. The overall shear force of the bottom of the piers is
bigger in Case 1 and smaller in Case 5. The No. 2 and No. 3
piers have bigger shear force of their bottoms than the No. 1
and No. 4 piers in Cases 4 and 6 due to the fact that the
LRBs and HDRBs do not yield under the action of small
earthquakes and have bigger preyield stiffness than the
NRBs in Case 2.

Figure 11(c) shows the shear force of the bottom of the
piers in the longitudinal direction of the bridge under the

action of large earthquakes. The shear force of the bottoms
of the four piers in Case 2 is 6821 kN, 7883 kN, 7947 kN,
and 6927 kN, respectively, bigger than that of the corre-
sponding piers in the other cases. The shear force of the
bottoms of the piers with aseismic bearings (Cases 3 and 5)
is approximately 70% of that without aseismic bearings
(Case 2). The shear force of the bottoms of the piers in
Cases 4 and 6 is approximately 85% of that in Case 2.
Figure 11(d) shows the shear force of the bottoms of piers
in the lateral direction of the bridge under the action of
large earthquakes. The four piers in Case 2 have bigger
shear force of their bottoms than in other cases. The piers in
Case 3 have almost the smallest shear force of their bot-
toms, which is 65% of the shear force of those in Case 2; the
shear force of the bottom of the piers in Case 1 is between
that in Case 2 and Case 6.
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FIGURE 11: Shear force of the bottom of the piers in different cases: (a) longitudinal shear force under the action of small earthquake;
(b) lateral shear force under the action of small earthquake; (c) longitudinal shear force under the action of large earthquake; (d) lateral shear

force under the action of large earthquake.

In summary, the use of isolation bearings can effectively
reduce the shear force of the bottom of the piers of the bridge
under the action of large earthquake, meaning that the LRBs
and HDRBs have a better isolation effect. Under the action of
small earthquakes, the bridge structure has the biggest overall
seismic response in Case 1 without bearings because the
bearings deformed and created an isolation effect in the
other cases. In Cases 4 and 6, the bottom shear force of the
No. 1 and No. 4 piers is smaller than that in Cases 3 and 5
under the action of small earthquakes, but the shear force of
the No. 2 and No. 3 piers is bigger than that in Cases 3 and 5
due to the fact that bearings of the No. 2 and No. 3 piers do
not yield and have bigger preyield stiffness under the action
of small earthquakes. Under the action of large

earthquakes, the shear force of the bottom of the piers in
Cases 4 and 6 is larger than that in Cases 3 and 5.

It is confirmed in the conclusion of the experimental
study in reference [2] that the side and middle piers of the
continuous beam bridge have quite different seismic re-
sponse. Only HDRBs were used for each pier to investigate
the acceleration response of the bridge in their studies.

6.1.5. Displacement of the Top of the Piers. In an earthquake,
a larger displacement of the top of a pier leads to greater
damage to a bridge. Thus, controlling the displacement of
the top of a pier in a reasonable range is important to
guaranteeing the stability of a bridge. Figure 12 shows the
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action of large earthquake.

displacement of the top of the piers in different cases under
the action of small and large earthquakes. In the different
cases, the No. 2 and No. 3 piers generally have bigger dis-
placement of their tops than the No. 1 and No. 4 piers, and
the piers at the two sides of the bridge have similar or much
smaller displacement of their tops than the two piers in the
middle of the bridge mainly due to the fact that the No. 2 and
No. 3 piers have higher rigidity and thereby bear larger
seismic load.

Figure 12(a) shows the longitudinal displacement of the
top of the piers under the action of small earthquakes. The
piers have the lowest displacement of their tops in Case 1,
as the longitudinal stiffness of the bridge without bearings

is much bigger than in other cases. The piers generally have
bigger displacement of their tops in Cases 4 and 6 than in
the other cases, and the No. 2 and No. 3 piers have bigger
displacement of their tops; meanwhile, the No. 1 and No. 4
piers have the biggest displacement of their tops in Case
3—5.84 cm and 5.53 cm, respectively. The No. 2 and No. 3
piers have the biggest displacement of their tops in Case
4—8.02 cm and 7.80 cm, respectively; the displacement of
the top of the piers in Case 2 is lower than in the other cases,
except in Case 1 (without bearings). Figure 12(b) shows the
lateral displacement of the top of the piers under the action
of small earthquakes; the lateral displacement of the action
of the four piers increases first and then decreases in
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different cases. The piers have a larger displacement of their
tops in Case 1 than in the other cases, and smaller dis-
placement of their tops in Case 3, which is almost 80% of
the maximum displacement.

Figure 12(c) shows the longitudinal displacement of the
top of the piers under the action of large earthquakes. The
four piers have the lowest displacement of their tops in Case
1; and the biggest displacement in Case 2, i.e., 40.93 cm,
49.01 cm, 49.28 cm, and 40.72 cm, respectively. The piers
with aseismic bearings have similar displacement of their
tops; the displacement of the top of the piers in Case 3 is
approximately 60% of the displacement in Case 2.
Figure 12(d) shows the lateral displacement of the top of
piers under the action of large earthquakes. The four piers in
Cases 1 and 2 have almost the biggest displacement of their
tops. The lateral displacement of the top of piers in Cases 3
and 5 is approximately 60% of that without bearings (Case
1).This means that aseismic bearings can effectively reduce
the displacement of the piers, especially under the action of
large earthquake, and LRBs have a better isolation effect than
HDRBs. The results are similar to the research of Wang et al.
[20], but they mainly focus on friction pendulum bearings.

6.1.6. Displacement of the Girder. Figure 13 shows the
displacement of the girder in the longitudinal and lateral
directions of the bridge in different cases under the action
of small and large earthquakes. In different cases, the
displacement of the girder is over 9 times bigger under the
action of large earthquake than under the action of small
earthquake. In Case 1, the girder has the lowest dis-
placement, that is, 3.5cm and 18cm in the longitudinal
direction and 4.5cm and 26 cm in the lateral direction
under the action of small and large earthquakes, respec-
tively. In Case 2, the girder has the biggest displacement,
namely, 8.9 cm and 83 cm in the longitudinal direction and
8.2cm and 63 cm in the lateral direction under the action of
small and large earthquakes, respectively. The girder dis-
placement in Cases 4 and 6 is approximately 50% of that in
Case 2, showing that LRBs and HDRBs have a better
aseismic effect and effectively reduce the seismic load on
the substructure of the bridge. The displacement of the
girder in Cases 3 and 5 is approximately 80% of that in
Cases 4 and 6. In all cases except Case 1, the longitudinal
displacement of the girder is significantly greater than the
lateral direction displacement.

6.2. Seismic Response of the Bridges with Different Pier Heights
and Span Lengths. Section 6.1 studies the law of influence
of different combinations of rubber bearings on the
seismic performance of the continuous beam bridge with a
span length and pier height of 50 m. In order to explore
the applicability of the research conclusion, this section
analyzes the isolation effect of various bearing
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combinations on continuous girder bridges with different
pier heights and span lengths.

6.2.1. Seismic Response of the Bridge with Different Pier
Heights. In order to compare the impact of the change in
pier height on the seismic response of the structure, the
span length of the bridge remained at 50 m and the pier
heights were 10 m, 20 m, 30 m, 40 m, 50 m, and 60 m, i.e.,
with an increment of 10 m. As the seismic response, such
as the bottom bending moment, the bottom shear force,
and the top displacement of each pier similarly vary with
the change of pier height, the seismic responses of the No.
2 pier under the action of large earthquakes were
analyzed.

Figure 14 shows the trend of the longitudinal and lateral
bending moments of the No. 2 pier in different cases as the
pier height changes. Figure 14(a) shows that the longitudinal
bottom bending moment of the No. 2 pier in different cases
almost increases with the increase of pier height. In Case 1,
when the height of the pier is 50 m, the bending moment of
the bottom of the pier reduces to a certain extent. When the
height of the pier is lower, the difference of the bottom
bending moment of the pier is smaller in each case, which the
largest is in Case 1. With the increase in pier height, the
difference between the bending moments of the bottom of the
piers in various cases gradually becomes obvious. When the
pier height is 60 m, the difference in the pier’s bottom bending
moment decreases. With different pier heights, the bending
moment of the bottom of the pier is the biggest in Case 2, as
NRBs were used; the bending moments of the bottom of the
pier in Cases 3 and 5 are approximately 60%-70% of that in
Case 2, and in Cases 4 and 6, it is approximately 70%-80%.

As shown in Figure 14(b), the lateral bottom bending
moments of the No. 2 pier in different cases present an
increasing trend with the increase in pier height. When
the pier height is 10-40 m, the maximum bending mo-
ment of the bottom of the pier is in Case 1; the maximum
bending moment appears in Case 2 when the pier is
50-60 m high, which is slightly bigger than that in Case 1.
The laws of other seismic response of the bridges are
similar to the law of the longitudinal bending moment of
the bottom of the pier.

Figure 15 shows the trend of the longitudinal and lateral
girder displacements changing with pier height in different
cases. The displacement of girder increases with the increase
in pier height, and the girder displacement in Case 1 is the
smallest. In the cases that the bridge has bearings, the
displacement of the girder in Case 2 is the maximum, while
the girder displacement in Cases 3 and 5 is approximately
60%-70% of that in Case 2, and in Cases 4 and 6, it is
approximately 70%-80% of that in Case 2.

Figure 16 shows that the longitudinal and lateral dis-
placements of the bearings of the No. 2 pier vary with the
pier height in different cases. In Case 3, the bearing dis-
placement is the smallest, while in Case 2, the bearing
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FIGURE 14: Bottom bending moments of the piers with the change of pier height in different cases: (a) longitudinal; (b) lateral.

displacement is the largest. In Figure 16(a), the longitudinal
displacement of the bearings at the No. 2 pier basically
increases first and then decreases with the increase of pier
height. When the pier height is 60 m, the displacement of
the bearing decreases greatly. In Figure 16(b), the lateral
bearing displacement basically increases, and only the
bearing displacement in Case 2 exceeds its limiting
displacement.

6.2.2. Seismic Response of the Bridges with Different Span
Lengths. In this section, the pier height of the bridge
remained 50 m and the span lengths of the bridge were 35 m,

40 m, 45m, 50 m, 55 m, and 60 m, i.e., with an increment of
5m. Figure 17 shows that the longitudinal and lateral
bending moments of the No. 2 pier in the different cases
basically increase with the increase of span length. In the
cases that the bridge with bearings, the bending moment at
the bottom of the pier in Case 2 is the largest, while that in
Cases 3 and 5 is approximately 60%-70% of that in Case 2,
and in Cases 4 and 6, it is approximately 70%-80% of that in
Case 2. In Case 1, when the bridge is without bearings, the
longitudinal bending moment of the bottom of the pier is
smaller than that in the other cases, while the lateral bending
moment of the bottom of the pier is larger than that in other
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FIGURE 16: Displacement of bearings with the change of pier height in different cases: (a) longitudinal; (b) lateral.

cases. With the increase of span length, the difference in the
bending moment of the bottom of the pier in various cases
gradually becomes obvious. When the span length is 60 m,
the difference of the longitudinal bending moment of the
bottom of the pier decreases slightly.

Figure 18 shows that the longitudinal and lateral dis-
placements of the bearings of the No. 2 pier vary with the
change of span length in different cases. In Case 2, the

bearing displacement is the maximum, while in Case 3, the
bearing displacement is the minimum, which is 50%-60% of
that in Case 2. The longitudinal and lateral displacements of
the bearings both increase with the increase of span length.
When the span length is 60m, the bearing displacement
decreases slightly in Case 2. However, the displacements of
NRB-2 exceed the limiting displacements under the action of
large earthquake in Case 2 with different span lengths.
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7. Conclusions

In this paper, the seismic performance of different combi-
nations of rubber isolation bearings for the continuous beam
bridges with different pier heights and span lengths under the
action of small and large earthquakes was studied. The seismic
effects of the different combinations of rubber bearings on the
displacement, bending moment of pier, and girder dis-
placement of the bridge under the action of earthquakes were
analyzed. The main conclusions are as follows:

(1) Due to the nonlinear horizontal stiffness of LRBs and
HDRBs, it was proved that the cases in which the

bridge uses LRBs and HDRBs were more effective
than cases with NRBs in reducing the seismic re-
sponse of the continuous bridges with T-beams
under the action of earthquakes. LRBs and HDRB
dissipate seismic energy through yield and damping
effects and show excellent isolation performance
under the action of large earthquakes compared to
that of other bearings.

(2) The seismic response of the bridge was lower in
Cases 3 and 5 (LRBs and HDRBs) than in Cases 4 and
6 (NRBs+LRBs and NRBs+HDRBs), and much
lower than in Case 2 (NRBs). The values of the
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physical quantities in Cases 3 and 5 were approxi-
mately 60%-70% of those in Case 2. The seismic
response of the bridge in Cases 4 and 6 are mostly
between those in Case 2 and those in Cases 3 and 5
(approximately 70%-80% of those in Case 2).
However, Cases 4 and 6 were more economical than
Cases 3 and 5, as the unit price of NRBs is relatively
cheaper than that of LRBs and HDRBs.

(3) No. 2 and No. 3 piers generally have bigger dis-
placement of the tops and bigger shear force and the
bending moments of the bottoms than No. 1 and No.
4 piers, especially in Cases 4 and 6 under the action of
small earthquakes. More seismic loads are trans-
mitted to the No. 2 and No. 3 piers due to the fact
that No. 1 and No. 4 piers have smaller stiffness of the
bearings than No. 2 and No. 3 piers. However, the
bearings with lower stiffness have larger displace-
ment than those with higher stiffness under the
action of earthquakes. The larger difference in
stiffness of the bearings between the side and middle
piers leads to more unbalanced seismic response of
each pier of the bridge structure.

(4) No matter how the pier height or the span length of
the bridge changes, the law of influence of the bearing
combinations on the seismic response of a bridge is
similar. The seismic response of the bridge in each
case was relatively close to each other when the pier
height and span length were small, and the difference
in the seismic response values of each case gradually
increased as the pier height and span length increased.
LRBs and HDRBs on all the piers are more suitable for
isolation design for the continuous beam bridge with
longer span and higher pier. In Cases 4 and 6, the use
of cheaper NRBs underneath some girders is more
reasonable for the continuous beam bridge with

shorter span and lower pier.
(5) In Case 1, the piers and the girder were fixed without

bearings. When the pier height was lower, the pier
stiffness was larger, and the bottom bending moment
of the pier was larger; as the pier height increased, the
bending moment of the bottom of the pier decreased,
along with the pier stiffness, which was more obvious
when the pier height was 40 m.

In this paper, the influence of the collision of adjacent
bridges and different site conditions for the isolation effect of
the bridge is not considered. In the future, studies will be carried
out on the constructability, availability, and technical soundness
of the isolation bearings for continuous beam bridges.
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