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Abstract

In the seismic design of long-span bridges, the classic bi-linear model was used to
simulate the frictional restoring force of the rubber bearings. However, in actual
earthquake, the rubber bearing suffered fluctuating axial pressure in earthquake,
even separated from the beam when vertical component of the earthquake was too
strong. Employing the bi-linear model for the bearing may incorrectly estimate the
seismic response of the bearings, as well as the whole bridge. This paper developed
a nonlinear frictional bearing model, which can consider the variation of the
frictional restoring force in the bearings, even the separation with the beam in
vertical directions. A typical continuous beam bridge was modeled in ABAQUS, and
incremental dynamic analysis was conducted for the quantitative comparison of the
seismic responses using different bearing models. The intensity measure was
selected as the ratio of the peak ground acceleration (PGA) in the vertical direction
to the PGA in the horizontal direction. The analysis results indicated that the different
bearing model led to the significant different seismic response for the bearings and
piers, even the vertical component was small. The bi-linear bearing model would
underestimate the seismic demand of the bearing and piers.

Keywords: Rubber bearing, Fluctuating frictional restoring force, Incremental
dynamic analysis, Vertical component, Seismic design

1 Introduction

Rubber bearings were widely used in bridge engineering owing to its economy, durabil-
ity and easy construction, i.e. basin-type rubber bearing and panel-type rubber bearing.
In general, the rubber bearing has very large compressive stiffness and load-carrying
capacity in vertical direction, and provides frictional restoring force in horizontal direc-
tions (Yang et al. 2017; Jiang et al. 2019; Ding et al. 2019). In practical design, the rub-
ber bearing was simplified as a linear spring both in vertical compression and tension.
In horizontal direction, many mechanical models were developed to simulate the fric-
tion restoring force of rubber bearings, i.e. equivalent linear model, bi-linear model,
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modificatory bi-linear model and Bouc-Wen model et al. (MHURDPPC 2018; Bouc
1967; Wen 1976; Park et al. 1986). The classical bi-linear model was one of the most
commonly used models in bridge engineering owing to its simplicity and efficiency
(Wei et al. 2018; Mazda et al. 2016). In the bi-linear mechanical model, yielding force
was assumed to be the product of its gravity load and the frictional coefficient at the
contact interface. The bi-linear model was provided by many design software, and con-
venient for the numerical calculation (MIDAS Soft 2019; Computers and Struc-
tures 2018). At present, the correlated horizontal and vertical ground motions affected
behavior of rubber bearing (Zhang et al. 2009). When the ground motion had strong
vertical component, the vertical load in the bearing varied significantly, resulting in the
fluctuating restoring force. In this case, the simplified bi-linear model could not repro-
duce the actual behavior of the rubber bearing.

The rubber bearing in Higashi-Kobe Bridge separated from the beam in Kobe earth-
quake. The beam lifted up for about 50 cm and the bearings failed under such big
pounding load (Wilson 2003). In Wenchuan earthquake, the separation between the
bearing and beam was also observed in Miaoziping bridge (Du et al. 2008). The residual
relative movement of beam-pier was up to 46 cm. The rubber bearing including the
concrete pad were completely damage under enormous pounding. Er6z and DesRoches
(2013) noticed the fluctuation of vertical load in friction pendulum system (FPS), and
analyzed the influence from the vertical effect. Without considering the varying vertical
load, the stress and deformation of the piers would be underestimated. Jiao and Li
(2018) adopted the compression-only model for the rubber bearing, and the beam-
bearing separation was observed in the time history analysis. Li et al. (2018) developed
a model involving the varying frictional restoring force in the friction pendulum system.
These analysis results indicated the weakened energy dissipation capacity because of
the fluctuating vertical load. Many more studies also pointed that the fluctuated axial
load even separation of the rubber bearing of friction pendulum system could signifi-
cant affect the seismic performance of the bridges (Wei et al. 2014; Jiang et al. 2020;
Khoshnudian and Motamedi 2013).

The above studies pointed out that the simplified bi-linear bearing model may lead to
the obviously incorrect estimation of the earthquake response (Kong et al. 2015; Liu
et al. 2016; Marin-Artieda et al. 2009). Especially, the seismic demand of the bridges,
i.e. the strength and drift demand of the piers, and the anchorage strength of the bear-
ings, may be underestimated.

This paper developed a nonlinear frictional bearing model, which employed the fric-
tional model for the bearings, involving the fluctuation of the normal pressure and the
corresponding variation of the frictional restoring force. Simultaneously, the quantitative
comparison on the seismic response of the continuous beam bridge using bi-linear bear-
ing model and frictional bearing model were conducted. A typical 3-span continuous
beam bridge was built in ABAQUS, and the incremental dynamic analysis were carried
out. The intensity ratio (IR) of peak ground acceleration (PGA) in vertical direction to the
PGA in horizontal direction was employed as the intensity measure. The responses of the
bearing and pier were discussed under different IR. The bi-linear model underestimated
the seismic response of the bridge in all aspects, i.e. the capacity demand of bearings, the
peak deformation and strain of the piers. According to the analysis results, the design sug-
gestions were provided when using the result from the simple bi-linear model.
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2 Seismic performance analysis

2.1 Benchmark bridge

A typical 3-span continuous beam bridge was selected as the representative bridge. The
bridge is located in the site of class II in Chinese seismic design code, which had the
characteristic period of 0.40s and the intensity of the fundamental peak ground acceler-
ation (PGA) of 0.2 g (MTPRC 2020). Thus, in this area, the design-based earthquake
(DBE) and maximum considered earthquake (MCE) corresponded to the PGAs of 0.2 g
and 0.34 g for this bridge. The dimensions are presented in Fig. la. The continuous
beam bridge with a total length of 318 m and the span arrangement of 85 m—148 m-85
m. The twin piers were used in the bridge, and the abutments were set at two ends of
the main beam. The main beam had the varying single box single chamber cross-
section and the pier had the constant box section, as shown in Fig. 1b and c. Two kinds
of basin-type rubber bearings were selected in the bridge based on its gravity load, 12
basin-type rubber bearings in total. Table 1 lists the mechanical properties of the bear-
ings, where the GPZ8SX bearing, called middle bearing, was used on the main piers.
And the GPZ2SX bearing, called side bearing that was used on the abutments.

2.2 Modeling in ABAQUS

The finite element model was developed in ABAQUS, as shown in Fig. 2. The multi-
layer shell elements were used in the simulation of main beam, including the flanges,
webs and diaphragms. The reinforcement in the main beam was introduced as the sec-
tional integral layers. The piers were simulated by the B31 elements (3D Timoshenko
beam elements). The reinforcement in the piers were inserted by the sectional integral
points. The nonlinear spring was used to reproduce the behavior of the basin-type rub-
ber bearings. Two different models were used for the basin-type rubber bearings, i.e.
bi-linear bearing model and frictional bearing model, as shown in Fig. 3. The bi-linear
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Fig. 1 Structure of representative continuous beam RC bridge
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Table 1 Mechanical parameters of the basin type rubber bearing

Rubber Maximum Subjected Vertical stiffness horizontal stiffness Frictional
bearing vertical load /kN  gravity load /kN  /(kN/mm) /(kN/mm) coefficient
GPZ8SX 8000 6904 1000 103.5 0.03
GPZ2SX 2000 1926 1000 289 0.03

bearing model provided linear elasticity in vertical direction and the bi-linear hysteretic
models in horizontal directions. The yielding force was a constant value, i.e. the prod-
uct of gravity load and frictional coefficient. The post-yielding stiffness was zero.

In the vertical direction, the compressive-only model was applied to the frictional
bearing. When subjected to compressive deformation, the frictional model was applied
with the common stiffness to reproduce its load-carrying capacity. While subjected to
tensile deformation, a very small stiffness was employed to simulate the possible separ-
ation of bearing. The vertical behavior of bearing was shown in Fig. 3(b). In horizontal
directions, the frictional force could change with the vertical force. The formula of the
horizontal frictional behavior can be described by Eq. (1) (Systemes 2007), where, F(t)
is the horizontal frictional force, u is frictional coefficients, W(¢) is the vertical force,
and Dy is sliding displacement. Of course, in case of the occurrence of bearing separ-
ation, i.e. W(t) equaling to 0, the frictional restoring force Fp(t) must be zero (Zhao
et al. 2021). The frictional bearing model is more realistic to the actual behavior of the

bearings in earthquake.
Fy(t) = uW(t) sgn (D) (1)

The material constitutive models of HRB400 rebar and C60 concrete are illustrated
in Fig. 4. The concrete model considers the strength and stiffness degradation of con-
crete, while it neglects the tensile stress of the concrete. The constitutive law of
HRB400 rebar obeys the Clough constitutive model, which can well reproduce the
pinching effect of the RC component under cyclic deformation (Deng et al. 2019).
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Fig. 2 Numerical model of long span continuous beam bridge
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Fig. 3 Two hysteretic models of basin-type rubber bearing

2.3 Ground motion records

The mean squared error (MSE) method provided by the PEER ground motion database
was used to select the ground motion (GM), which was widely used in the selection of
GMs (Xu et al. 2018; Ji et al. 2017). Seven ground motions are generated by fitting the
design response spectrum, as shown in Fig. 5a. Figure 5b compares the response spec-
tra of the seven GMs with the target spectrum, which delivered good agreements (JTG/
T 2231-01-2020). In the incremental dynamic analysis, the GMs were input from both
longitudinal and vertical directions.

Practically, the horizontal restoring force of the friction bearing presented strong de-
pendency to its vertical force, usually proportional to the vertical force with the con-
stant frictional coefficient. However, the vertical force in the bearing was not constant,
especially subjecting to the earthquake with strong vertical component. On the other
hand, the classic bi-linear model of friction bearing just provided the constant horizon-
tal restoring force regardless of its vertical force. Using frictional model for bearings
may cause obviously different seismic response against using classic bi-linear model, es-
pecially under the earthquakes with strong vertical components. Thus, the intensity ra-
tio (IR), defined as the PGA in the vertical direction over by the PGA in the

E,=34.5GPa A o/MPa
g‘
(0.01,16)
(0.002,32.4)
(a) C60 concrete (b) HRB400 rebar
Fig. 4 Two hysteretic models of basin-type rubber bearings




Liao et al. Advances in Bridge Engineering (2021) 2:19

0.7
' 0.6 _
@ o
£ 05 —&—— Mean —
= s | ----- Mean+std
S a
g g —@ — Target
2 g
3 7]
9 Q
) 14
TR A B I
0 5 10 15 20 25 30
Time /s Period /s
(a) Ground motion records (b) Response spectra
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longitudinal direction, was taken as the intensity measure in the incremental dynamic
analysis.

3 Analysis results

3.1 Result under required IR

According to the Guidelines for Seismic Design of Highway Bridges in China (MTPRC
2008), the required IR is 0.65. By taking GM1 with IR equaling to 0.65 as the represen-
tative case, Fig. 6 compares the vertical load history on the bearings. For the middle
bearings, the fluctuation was not significant, and the maximum vertical loads were 9.14
MN and 8.45 MN when using the bi-linear bearing model and frictional bearing model
respectively. However, the difference in the side bearings was evident. The side bearing
with the bi-linear bearing model, even 0.39 MN tensile force was observed, which rep-
resented the bearing was separated from the beam. The comparison on hysteretic
curves of the bearings are illustrated in Fig. 7. For the middle bearing, there’s little dif-
ference here. The peak restoring force in the frictional bearing was 249 kN, about 20%
larger than the yielding force in the bi-linear bearing. Furthermore, the maximum de-
formation of the frictional bearing model was 1.19 times of that in bi-linear bearing
model. In addition, the differences between bi-linear bearing model and frictional bear-
ing model in side bearings were more significant. The overall shape of the hysteretic
curve of the frictional bearing model was not saturable parallelogram. The restoring
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Fig. 6 Comparison on vertical load history (GM1, n =0.65)
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Fig. 7 Comparison on hysteretic curves (GM1, n = 0.65)

force in the frictional bearing model experienced significant variety during the whole
earthquake. The peak restoring force was up to 2.24 times of the yielding force in the
bi-linear model. The deformation of the frictional bearing model was about 1.18 times
that of the bi-linear bearing model. Figure 8 compared the energy dissipation capacities.
The difference in side bearings was not very obvious. For the middle bearings, the fric-
tional bearing dissipated more energy than bi-linear bearing, i.e. nearly 20%
enhancement.

As shown in Fig. 9, with the frictional bearing model, the twin-pier subjected to the
larger peak tensile strain and compressive strain, as well as the larger drift of the pier
top. That is, nearly 131 pe (micro-strain) can be obtained by employing the frictional
bearing model, demonstrating that the piers already cracked at MCE intensity with IR
equaling to 0.65. However, the bi-linear bearing model could not reflect the cracking.
In consequence, employing the bi-linear model as a simplified model for the rubber
bearings would underestimate the seismic risk of the bridge, and result in an unsafe de-
sign of the bearings and piers.

3.2 Results of IDA
Some near-fault ground motions have delivered the IRs were greater than 1.0 (Bozorg-
nia and Niazi 1993; Zhou et al. 2003; Chen et al. 2014). To extend the utility of this
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Fig. 8 Comparison on energy dissipation capacity curves (GM1, n=0.65)
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study, the IR changed from 0 to 3.0 in this paper. The peak vertical loads on the bear-
ings were illustrated in Fig. 10, including the peak compressive and tensile loads. Ac-
cording to Fig. 10a and b, with the increase of the IR, the maximum vertical load
increased. But the maximum vertical load was not linear proportional to the IR. When
the IR increased from 0 to 3.0, the peak compressive load increased quickly. When the
IR surpassed 1.35, with the IR growth, it couldn’t cause significant increase of the peak
compressive load and tensile load. Furthermore, the increase in the middle and side
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bearings were not consistent. For middle bearing under IR equaling to 3.0, the max-
imum vertical load was about 1.51 times of the gravity load. While side bearing sub-
jected to 2.54 times of the gravity load under the same IR.

Figure 10c and d shows the peak tensile loads on the bearings, where negative value
means no tensile load occurred on the bearings throughout the earthquake. For the
middle bearing, no tensile load occurred in regardless of the bearing models. However,
for the side bearing, bi-linear bearing model experienced remarkable tensile load when
the IR was larger than 0.6, which was impossible to occur on the actual basin-type rub-
ber bearing. The elastic property in the vertical direction simulated by bi-linear model
may overestimate the tensile force in the pier or abutment. Nevertheless, for the side
bearing with friction model, no tensile load occurred. When the IR was larger than
1.35, the mean value and standard deviation were 0, indicating that the main beam sep-
arated from the side bearing. This result is closer to the actual situation, and the sepa-
rations were observed in Wenchuan earthquake (Li et al. 2008). According to the
vertical load analysis, the fluctuation of the vertical load was evident, even the separ-
ation of beam and bearing would occur on the side bearing. As a result, selecting the
bearing type just based on its shared gravity load is not a conservative way to guarantee
its safety, especially for the side bearing.

The maximum restoring force of the bearings are presented in Fig. 11. Obviously, the
maximum restoring force of the bearing assigned with the bi-linear model was a con-
stant value, equaling to the yielding force. The vertical load didn’t have any influence
on the maximum restoring force in the bi-linear bearing model. For the bearing
assigned with friction model, the maximum restoring force increased with the IR.
Moreover, the maximum restoring forces in the frictional bearing model were propor-
tional to the peak compressive load. The correlation coefficients for the middle and side
bearings were 0.99 and 0.97 respectively. Therefore, the peak vertical compressive load
was the controlling factor for the maximum restoring force. Compared with the yield-
ing force in the bi-linear model, the maximum restoring force obtained from the fric-
tion model were respectively 1.57 times and 2.41 times for the middle and side
bearings. Thus, the excessive frictional force should be considered when designing the
connection for the bearings.

N
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(a) Middle bearing (b) Side bearing
Fig. 11 Maximum restoring force of basin-type rubber bearings
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Fig. 12 compares the maximum deformation of middle bearing and side bearing. Ap-
parently, employing the bi-linear model would result in a smaller deformation of the
bearings, both for middle and side bearings. When the IR equaled to zero, the differ-
ence was negligible. The deformation of the bearings gradually decreased with increas-
ing the IR. On the other hand, adopting different bearing models would lead to the
differences increase as well. At the IR of 1.95, the differences of the maximum deform-
ation were up to 17.3 mm and 20.44 mm for middle and side bearings respectively. The
arrow in Fig. 12 shows the occurrence of the maximum difference. The deformations
obtained in the bi-linear bearing model were just half of those obtained in the frictional
bearing model in the most unfavorable case. Further increase in the IR would slightly
reduce the difference. Hence, employing the bi-linear bearing model for the basin-type
rubber bearing would underestimate the bearing deformation compared with employ-
ing the friction model for the bearings, especially when the IR equaled to 1.95. The
underestimation was nearly half at all the IRs. It can be concluded that employing the
bi-linear model for the bearings may lead to the inadequate design of the bearing de-
formation capacity.

The energy dissipation capacities of the bearings declined with increasing IR, both for
the frictional and bi-linear bearing models, as shown in Fig. 13. For the middle bear-
ings, the frictional bearing model had larger energy dissipation than the bi-linear bear-
ing model. The enlarged restoring force could contribute more energy dissipation, and
the contribution was more evident than those caused by the reduced restoring force.
For the side bearings, the energy dissipations of the friction and bi-linear bearings were
almost same. The contribution from the enlarged friction force may be accidently
equaling to the loss from the reduced restoring force. Overall, employing the frictional
bearing model would have a larger energy dissipation capacity.

The maximum drifts of the pier top were illustrated in Fig. 14. The variation trends
of the maximum drift with the IR were completely different when employing different
bearing models. When employing the friction model, the maximum drift of pier top in-
creased with the IR, while it decreased when employing the bi-linear bearing model.
Furthermore, the drift obtained with the bi-linear bearing model was much smaller
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Fig. 12 Maximum deformation of basin-type rubber bearings
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than that obtained with the friction model. This may be caused by the larger maximum
restoring force of the bearing with friction model. It is understandable that the larger
shear force in the bearings corresponded to the larger moment at bottom section and
lateral drift at the pier top.

Furthermore, the standard deviation obtained from the bi-linear model was much
smaller than that obtained from the friction model. When employing the bi-linear
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model, the maximum possible shear force on the piers equaled to the sum of the bear-
ing yielding force. Under all the GMs, the bearing yielded and the pier may subject to
the same peak shear force, i.e. doubled yielding force of the middle bearings in this
case. The vertical component of GM had little impact on the pier deformation. Con-
versely, when employing the friction model, the vertical component of GM could sig-
nificantly affect the peak compressive load on the bearing, and then affect the
maximum shear force in the bearings. Hence, the pier would sustain different shear
force under different IR. The bi-linear bearing model had obvious defect in revealing
the effect of the vertical component of GM on the pier performance. Consequently,
employing the bi-linear model for the bearing may underestimate the seismic demand
of the piers.

This same problem was also reflected on the peak strain at the bottom section of the
piers, as shown in Fig. 15. Compared with the bi-linear model, the peak compressive
strain and tensile strains of frictional bearing model were both larger. The bi-linear
model may underestimate the earthquake risk. For example, the cracking strain of C50
concrete was 78 pe. The results indicated the crack would occur on the pier under all
the IRs with the friction model. But the bi-linear model couldn’t deliver the crack per-
formance of the pier. Similarly, the peak compressive strain obtained with the friction
model was also larger than that obtained with the bi-linear model. When the IR sur-
passed 1.05, the peak compressive strains obtained from the friction model was about
1.7 times of those obtained from the bi-linear model.

Even without vertical component of the GM, the maximum curvature was 3 times
larger when using friction model alternative instead of the bi-linear model, as shown in
Fig. 16. With the IR increasing, the difference became larger. For example, the ratio be-
tween friction model and bi-linear model was up to 5.37 at the IR of 2.1. Generally con-
sidering the maximum drift, pier top and curvature, it can be concluded that the bi-
linear model would significantly underestimate the strain in the pier. The results of the
strain at pier bottom further indicate that the bi-linear model of the bearing is a simpli-

fied way of being unsafe for the seismic performance assessment.

| Friction il Bi-linear
| ——— Mean - - © - - Mean-stdjj—&— Mean - -5 - - Mean+std - - B - - Mean-std
-60 200
o \ \ \ \
= BDDDDQDD'D'DEBEEEEBBEU ‘9 150 |— -
£ 80 i <
B 90 |- g 100 - 4
2 o @
@ -100 o ¢
S 10l g 50 <
£ s e
§ 120 % ol X gepaBEEE)
£ w0l 2 Tmﬁﬂﬁﬂﬁgmww
140 \ \ \ | \ 50 \ \ \ \ \
0 05 1 15 2 25 3 0 05 1 15 2 25 3
Intensity ratio Intensity ratio
(a) Peak compressive strain (b) Peak tensile strain

Fig. 15 Peak strains at the bottom section of the pier
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4 Implication of design

In practical engineering, using friction model for the bearings is inconvenient and not
supported by many design software. Therefore, the safety factor should be considered
when using the result from bi-linear bearing model for the design.

4.1 Design of the bearing
The long-span continuous beam bridge usually employs the variable section beam, and
most of the gravity load is carried by the middle bearings. Under vertical GM, the long
side span behaves like a cantilever beam, so that the side bearing sustained larger fluc-
tuation in the vertical load than the middle bearing. According to this analysis, the
safety factors of 2.0 and 3.0 are approximately suggested for the middle and side bear-
ings respectively, when selecting the bearing type based on their gravity loads. In prac-
tical engineering, the required safety factors of the middle and side bearings are related
to the distribution of the spans and weights. The longer and lighter side spans may in-
tensify the cantilever effect. In a word, the fluctuation of bearing depended on the grav-
ity sharing, i.e. the span layout of the bridge. It should be noticed in the future study.
The maximum horizontal restoring force presented strong linear correlation with the
peak compressive load. The maximum restoring force can be the product of the peak
compressive load and friction coefficient. Thus, the most critical state for the bearing

was the coupled compressive and shear load, which achieve the peak values at the same
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time. The coupled vertical and horizontal loads for the connection design were yG and
uyG, where y was the safety factor and G was the compressive load caused by gravity.
When the IR was smaller than 1.05, the deformation demand didn’t have evident in-
crease. According to some major seismic design codes, the suggested IR was smaller
than 1.0, so that the deformation demand obtained from the bi-linear bearing model
can be used in the design.

4.2 Design of the pier

The analysis indicated that the maximum lateral drift of the pier was not proportional
to the maximum restoring force of the bearing. For example, at the IR of 1.05, the fric-
tional bearing provided the maximum restoring force of 288.7 kN, about 1.4 times of
the yielding force of the bi-linear bearing. However, the maximum lateral drift with the
frictional bearing was 3.11 times of that with the bi-linear bearing. The peak compres-
sive strains also delivered the multiples of 1.39. Currently, the peak strains at the pier
bottom didn’t present the intuitive proportional relationship when using the frictional
bearing instead of the bi-linear bearing. As a simplified way, the amplified factor of the
maximum curvature can be taken as 5.5 for the conservative design.

5 Conclusion

This paper conducted the quantitative comparison on the seismic performance of the
continuous beam bridge with the nonlinear frictional bearing model, which employed
the frictional model for the bearings, involving the fluctuation of the normal pressure
and the corresponding variation of the frictional restoring force. Two 3-span continu-
ous beam bridge numerical models were firstly built in ABAQUS with respective con-
sideration of different bearing models, i.e. novel frictional bearing model and classic bi-
linear bearing model. Then the seismic performance of bridge were compared and
assessed using the incremental dynamic analysis. The results indicated that by employ-
ing the frictional bearing model, the seismic performance of the bearings and piers
were significantly different with those employing the bi-linear bearing model. For mid-
dle bearing under IR equaling to 3.0, the maximum vertical load was about 1.51 times
of the gravity load. While side bearing subjected to 2.54 times of the gravity load under
the same IR. Compared with the yielding force in the bi-linear model, the maximum re-
storing force obtained from the friction model were respectively 1.57 times and 2.41
times for the middle and side bearings. Besides, the peak compressive strain and tensile
strains of frictional bearing model were both larger. The bi-linear model may underesti-
mate the earthquake risk. Some major conclusions are provided as follow:

1) Even the intensity ratio (IR) of the vertical ground motion was very small, the
seismic performance of the bearing and pier were different when using frictional
bearing model and bi-linear model for the bearings. When the IR equaled to 0.65,
the peak restoring force and the maximum deformation of frictional model in side
bearing were up to 2.24 and 1.19 times of that in the bi-linear model, respectively.
Moreover, the twin-pier subjected to the larger peak tensile strain in the frictional
model. Therefore, the bi-linear bearing model led to the unsafe estimation of the
representative continuous beam bridge;
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2) The safety factor should be taken into account sufficiently for bearings in this
continuous beam bridge. For this continuous beam bridge, the safety factors of 2.0
and 3.0 were suggested for the middle and side bearings in the bearing design, both
for the vertical compressive load and horizontal shear load;

3) Employing the bi-linear model of the bearings significantly underestimate the seis-
mic demand of the piers. For this 3-span continuous beam bridge, the amplified
factors of maximum drift, maximum curvatures at the pier bottom were 3.0 and
5.5 respectively, when using the result from the bi-linear model for the pier design;

4) The safety factors for the bearings and piers may be different when the span and
weight distribution of the main beam changed. The safety factor should be
determined according to the actual bridge situation. And it is worth mentioning
that the fluctuation of the bearing is related to the span layout of continuous girder
bridge. Further study is needed for the generalized comparison considering the
overall structures of the continuous beam bridge.
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