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To calculate the in�uence of pier size on the pier failure mode, a double-span continuous girder bridge model was selected for
analysis. �e transient wave function expansion method was used to calculate the excitation conditions required for pier
separation and the limit solution of pier longitudinal deformation under pier separation, and the indirect mode superposition
method was used to calculate the vertical impact force of the pier-beam. �e calculation results show that the higher the pier
height, the smaller the section size, the larger the vertical seismic acceleration required to separate the pier-beam, the smaller the
vertical contact force of the pier-beam, and the larger the most unfavorable value of the longitudinal deformation of the pier
caused by separation. �e stress of the bridge pier before and after separation is compared and the in�uence of separation on the
failure of the bridge pier is put forward.�e study shows that when pier and beam separation occurs, there may be multiple failure
modes superimposed on the pier, and the �rst failure mode will have variation with the change in pier size.

1. Introduction

�e in�uence of horizontal earthquakes on bridge structures
has been studied at home and abroad, and many guiding
design suggestions have been given. However, the e�ect of
vertical earthquake is often ignored in bridge design. �is is
because many monitoring data, especially far-�eld data,
show that horizontal seismic acceleration is usually much
greater than vertical seismic acceleration. At the same time,
the bridge design mainly considers the vertical load of the
structure, and the safety margin and load coe�cient are
considered in the code to ensure the vertical bearing capacity
of the structure. �erefore, it is generally believed that the
vertical direction of the structure is safe, and the e�ect of
relatively small vertical seismic excitation on the structure
does not need to be considered.

However, with the progress of seismic monitoring levels
and the increase in monitoring sites, more and more near-
fault monitoring data show that the vertical seismic accel-
eration is far beyond expectations. A series of studies have
been carried out at home and abroad on the impact of
vertical earthquakes on structures. Sunil et al. [1] compared

unidirectional and bidirectional excitation and found that
vertical ground motion had little in�uence on horizontal
response parameters such as displacement and displacement
ductility. Still, the higher the damage state was, the more
signi�cant the impact was. Shao et al. [2] established the
vulnerable earthquake surface under the joint action of
horizontal ground motion and VGM by simulating a simply
supported bridge model. On this basis, the di�erence be-
tween the damage probability a�ected by VGM and that not
a�ected by VGM was analyzed, and the sensitive intervals of
di�erent damage states were determined. �e mechanism of
brittleness change of bridge pier under earthquake damage is
discussed, and it is pointed out that the di�erence in seismic
demand caused by earthquake damage is the main reason.

However, the vertical excitation value used in the above
study is the expected value. In contrast, the near-fault vertical
seismic data cannot be simply processed as 2/3 of the horizontal
seismic data [3–9]. Near-fault earthquakes are closely related to
local site conditions, epicenter distance, and response spectrum
period. When the near-fault is a short period of seismic ex-
citation, the peak value of V/H exceeds 2/3 of the speci�cation
[10–14]. Geng and Tao [11] found that V/H changed
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significantly with the seismic excitation period, with a peak of
1.0 within 0.2 s and a minimum of about 0.4 between 0.2 s and
1.0 s. ,e long period after 2 s stabilizes at about 0.6. Bozorgnia
and Niazi [14] believe that the specified 2/3 is conservative for
long periods but unsafe for short period seismic excitation. Liu
et al. [15] systematically studied the characteristics of vertical
groundmotion inWenchuan, reverted the attenuation process
of vertical groundmotion, and summarized the variations ofV/
H in different periods and distances.

In China, the plate rubber bearing is adopted, and the
main beam is directly placed on the top of the pier [16, 17],
which belongs to the “weak” connection. Most of the hori-
zontal force of the superstructure will not be transmitted to
the pier, and the structural link is not easy to damage [18, 19].
In addition, when near-fault vertical seismic excitation occurs,
the main beam will produce large deformation and may even
be separated from the support [20–22].,e vertical separation
of piers and beams not only causes a sizeable vertical collision
force of main beams and ports but also affects horizontal
seismic response and may lead to structural damage. High
amplitude vertical seismic excitation dramatically increases
the possibility of structural separation. Tanimura et al. [17, 23]
believed that the failure of Nielson bridge support was caused
by the vertical collision between themain beam and the bridge
pier. So, it is significant to consider the influence of vertical
separation on structural failure.

Due to the high amplitude excitation of a near-fault
vertical earthquakes and the lack of tensile properties of plate
rubber bearings, there is a risk of pier beam separation. ,e
separation will increase the vertical contact force and change
the longitudinal dynamic response of the bridge. For the
impact force of the pier-beam, Yang and Yin [24] theo-
retically calculated the change of impact force of the pier-
beam under different excitation conditions and structural
parameters. Chen et al. [25] calculated the influence of pier
and beam separation under different excitation conditions
on the bending failure of the pier.

However, the study has the following shortcomings: (1)
Only the influence of pier separation on the bending failure of
the pier is calculated, and other possible losses are ignored. (2)
,e longitudinal deformation response only considers the
deformation caused by longitudinal excitation and ignores the
effect of eccentric vertical compression on the longitudinal
deformation of the pier. To analyze the influence of pier
height on the dynamic response of bridges, this paper focuses
on the following points: (1) Effect of pier size on structure
separation. (2) For different pier heights, the change of pier
failure modes under pier and beam separation conditions. In
this study, the dynamic response of bridge separation with
varying sizes of pier is calculated and the influence of sep-
aration conditions on the pier failure is studied.

2. The Structural Model

When the bridge is separated vertically, the separation-collision
process will increase the vertical contact force of the pier-beam
and the change in the longitudinal displacement of the pier.
,is study focuses on the study of separation characteristics. To

simplify the calculation, a double-span continuous beambridge
was selected, with hinge links at both ends of the main beam
and rigid links at the bottom of the pier. Springs with different
stiffness are used to simulate the axial compression and shear
stiffness of bearings. ,e vertical excitation displacement is
B(t), and the longitudinal excitation displacement is D(t). ,e
calculation model is shown in Figure 1.

,is study mainly focuses on the conditions under which
the vertical seismic excitation in the near field will cause the
vertical separation of the pier and beam and the impact of
vertical separation on the dynamic response of pier and
structural damage. A double span continuous beam bridge is
selected as shown in Figure 2. ,e bridge is a double box
prestressed reinforced concrete beam bridge. For double
piers, the formula of equivalent structural calculation pa-
rameters is given in the code.

Rubber bearing is adopted for the bearing.,e bottom of
the bearing is rigidly connected with the top of the pier. ,e
main beam is overlapped on the top of the bearing and no
tensile connection is set. In addition, in order to simplify the
calculation, the change of pier cap and pier area andmaterial
is ignored, and it is approximately set as a continuum.

3. Longitudinal Deformation Response of
Bridge Pier

,e longitudinal displacement response of the bridge con-
sists of three parts, as follows:

X1(x, t) � X1s(x) + X1g(x, t) + X1 d(x, t),

X2(x, t) � X2s(x) + X2g(x, t) + X2 d(x, t),

W(ξ, t) � Ws(ξ) + Wg(ξ, t) + Wd(ξ, t).

(1)

Subscripts s, g, and d are static displacement, rigid-body
displacement, and dynamic displacement, respectively.

Static displacement of the bridge is as follows:

X1s(x) � X2s(x)

� Ws(ξ)

� 0.

(2)

Rigid body displacement of the bridge is as follows:

X1g(x, t) � X2g(x, t)

� Wg(ξ, t)

� D(t).

(3)

Dynamic displacement of the bridge is as follows:

X1 d(x, t) � 
∞

n�1
φnb1(x)qn(t),

X2 d(x, t) � 

∞

n�1
φnb2(x)qn(t),

Wd(ξ, t) � 
∞

n�1
φnr(ξ)qn(t).

(4)
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Figure 1: ,e bridge calculation model.

10000

1700 17003300 3300

20
00

15
00

0

5000

Rubber bearing 

AA

Prestressing
steel strand

(a)

32#25 bars

#10 spiral@220 mm

40 mm
Clear cover

14
00

 m
m

(b)

Figure 2: Bridge dimension diagram. (a) Cross-section; (b) pier section.
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Dynamic deformation is the multiplication of modal
function and time function.

,e wave function equations of the bridge can be
expressed as follows:

φnb1(x) � An sin Kbnx + An tan KbnL cos Kbnx,

φnb2(x) � −An sin Kbnx + An tan KbnL cos Kbnx,

φnr(ξ) � Mn1An sin Krnξ − sinh Krnξ( 

+ Mn2An cos Krnξ − cosh Krnξ( ,

(5)

where An, Mn1, Mn2 are the coefficients.
From the continuity conditions at the top of the pier and the

middle of the main beam, it can be concluded that the lon-
gitudinal natural frequency equation of the bridge is as follows:

Mn1 sin KrnH − sinh KrnH(  + Mn2 cos KrnH − cosh KrnH( 

� sin KbnL +
2EbAbKbn

KV

.

(6)

By Laplace transformation, time function qn(t) can be
obtained as follows:

qn(t) � qn(0)cos ωnt +
_qn(0)

ωn

sin ωnt

+
1
ωn


t

0
Qn(τ)sin ωn(t − τ)dτ.

(7)

,e calculation method of bridge displacement response in
separation stage is the same as that in contact stage. ,e bridge
displacement response in the separation stage is as follows:

X(x, t) � Xs(x) + Xg(x, t) + Xd(x, t),

W(ξ, t) � Ws(ξ, t) + Wg(ξ, t) + Wd(ξ, t).
(8)

Static displacement and rigid body displacement in the
separation stage of the bridge are as follows:

Ys(x) � Us(ξ) � 0,

Yg(x, t) � Ug(ξ, t) � D(t).
(9)

,e wave functions of the bridge structure can be ob-
tained as follows:

φnb(x) � Anb sin kbn(x + L),

φnr(ξ) � Anr cosh Krnξ − cos Krnξ( (

+Mn3 sinh Krnξ − sin Krnξ( ,

(10)

where Anb, Anr, Mn2 are the coefficients.
In the separation stage, the dynamic displacement time

function is as follows:

qnb t
∗

(  � qnb t
+
2k+1( cos ωnbt

∗
+

_qnb t
−
2k+1( 

ωnb

sin ωnbt
∗

+
1
ωnb


t∗

t+
2k+1

Qbn(τ)sin ωnb t
∗

− τ( dτ,

qnr t
∗

(  � qnr t
+
2k+1( cos ωnrt

∗
+

_qnr t
−
2k+1( 

ωnr

sin ωnrt
∗

+
1
ωnr


t∗

t+
2k+1

Qrn(τ)sin ωnr t
∗

− τ( dτ.

(11)

Bridge displacement in collision stage is as follows:

X(x, t) � Xs(x) + Xg(x, t) + Xd(x, t) + XF(x, t),

W(ξ, t) � Ws(ξ) + Wg(ξ, t) + Wd(ξ, t) + WF(ξ, t).
(12)

,e static displacements, rigid-body displacements, and
dynamic displacements of the main girder and pier are
calculated by referring to the separation stage.

In the collision stage, the dynamic response displace-
ment generated by the contact force is as follows:

XF(x, t) � 
∞

n�1
φnb(x)

qnb t2k( cos ωnb t − t2k(  +
_qnb t2k( 

ωnb

sin ωnb t − t2k( 

+ 
t

t2k

Qnbhnbdτ

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎭

,

WF(ξ, t) � 
∞

n�1
φnr(ξ)

qnr t2k( cos ωnr t − t2k(  +
_qnr t2k( 

ωnr

sin ωnr t − t2k( 

+ 
t

t2k

Qnbhnbdτ

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎭

.

(13)
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For detailed calculation of each parameter in the for-
mula, please refer to [25]. ,e displacement response cal-
culation method of the bridge in the vertical stage are the
same as that in the vertical stage.

4. Dynamic Response Calculation of Bridge

4.1. *e Separation Characteristics. Under vertical excitation,
the dynamic response of the beam bridge is affected by the axial
stiffness of the bridge pier.However, among the three parameters
of axial stiffness, the elastic modulus of the bridge pier changes a
little, and the discussion on the impact of pier beam separation
mainly focuses on the two-dimensional parameters of pier height
and pier diameter. ,e pier size coefficient K is introduced,
where K is the ratio of pier height to pier diameter, that is, H/D.

Figure 3 shows the bridge separation under different pier
sizes when the vertical excitation acceleration is 0.5∼1.0 g. To
analyze the sensitivity of pier diameter and height to pier-beam
separation, only the pier height and pier diameter were
changed, respectively, when the pier size coefficient was
changed. It can be seen that with the increase of the pier size
coefficient, the vertical seismic peak acceleration required for
separation also increases. However, the effects of pier height
and diameter on pier-beam break are inconsistent. Compared
with ‘changing the pier diameter’, ‘changing the pier height’ has
a more significant impact on the vertical separation of the
bridge, because when the pier height changes, the vertical
dynamic displacement of the bridge pier changes more.

4.2. Vertical Contact Force of the Pier-Beam. In order to
calculate the extreme value of vertical contact force of the pier-
beam under different excitation conditions, different excitation
accelerations and excitation frequencies are selected for anal-
ysis. Figure 4 shows the vertical impact force of the pier-beam
under different excitation. ,e results show that the collision
mainly occurs when the excitation frequency is close to the
vertical natural frequency of the bridge. ,e closer the fre-
quency is to the vertical natural frequency, the greater the
collision force. ,is study mainly considers the impact on the
pier damage under the vertical separation condition of the pier-
beam under the near-field excitation. ,e selected excitation
period is near the first-order natural period of the bridge, and
the subsequent analysis takes T� 0.2 s.

,e bridge is located in an earthquake area of eight
degrees and rare occurrence, and the reference peak value of
horizontal seismic acceleration is 510 gal. ,e horizontal
design acceleration response spectrum under different pe-
riods is referred to the specification [23].,e ratio of vertical
seismic acceleration to horizontal acceleration in the near
field is 2/3, which may underestimate the vertical seismic
effect. For the value of V/H in the follow-up study, please
refer to literature [24]. ,e specific formula is as follows:

λ �
V

H
�

α, T< 0.1,

α − β(T − 0.1), 0.1≤T< 0.3,

0.5, T≥ 0.3,

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(14)

where T is the vertical seismic period, α is the peak value of
V/H, and β is the linear attenuation coefficient. When the
epicenter distance is 3 km, 10 km, and 20 km, α= 1.5, 1.4,
and 1.3, respectively; β= 5, 4, and 3, respectively.

When the size of the pier is changed, the axial stiffness of
the pier changes, affecting the vertical separation of the main
beam and the pier. Figure 5 shows the change of vertical
contact force of the pier-beam under different pier sizes.
With the increase of the pier height and the decrease of the
pier cross-sectional area, the vertical contact force between
the main beam and the pier gradually decreases until the
vertical separation of the structure does not occur. ,is is
because the increase of the pier height and the reduction of
the cross-sectional area reduce the axial stiffness of the pier,
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increase the vertical axial deformation, and reduce the
separation probability of the pier-beam.

,e impact time of the pier-beam is short, and the forced
vibration of the bridge has little influence on the vertical
dynamic response of the bridge. When the K value is small,
the amplitude of the modal function of the pier wave is large,
and the large dynamic displacement of the pier and the
dynamic displacement of the main beam is unchanged. As
the dynamic deformation trend of the main beam and the
pier remains basically the same, the vertical velocity of the
middle of the main beam relative to the top of the pier

decreases with the decrease of the pier K value at the sep-
aration moment. Previous studies indicate that the vertical
impact velocity of the girder and pier is determined by the
relative speed at the separation moment, and the smaller the
impact velocity, the smaller the deformation is.

4.3. Longitudinal Deformation of Bridge Piers. As the coef-
ficient K increases, the generalized force of pier collision
increases. As a result, the vertical deformation of pier in-
creases and the vertical impact force decreases when pier and
beam collide.

Table 1 shows the ratio of first-order longitudinal natural
frequencies of piers at different heights before and after
separation. As the height of the pier increases, the rubber
bearings in the longitudinal direction restrict the pier more
strongly and the ratio of longitudinal natural frequencies
increases gradually. When the pier height is 23m, the fre-
quency ratio is 2 times of 9m.

In actual earthquakes, there is a time difference between
horizontal and vertical earthquakes. At the same time, there
may be several vertical separations under earthquake action,
resulting in the time of vertical separation being uncertain.
,e dynamic deformation of separated pier is affected by
displacement, velocity, and forced vibration after separation.
Compared with the unseparated state, the initial velocity of
separation and the displacement response amplitude caused
by forced vibration are affected by the structural frequency.
,e longitudinal natural frequency of the separated pier is
lower, resulting in a larger deformation amplitude. Con-
sidering the phase angle difference, the change of the lon-
gitudinal deformation of the bridge pier after separation is
given in equation (15). ,e extreme value of the longitudinal
deformation of the bridge pier after separation is the
maximum value of the sum of the first two terms, super-
imposed on the maximum value of the third term.

Wd(x, t) � 
5

n�1
φnr(ξ)ωnr t1(  + 

5

n�1

ArnBrnω
2
0B0

ω2
0 − ω2

nr 
sin ω0t1

⎡⎢⎣ ⎤⎥⎦cos ωnr t − t1( 

+


5
n�1 φnr(ξ) _ωnr t1(  + 

5
n�1 ArnBrnω

2
0B0/ωnr ω2

0 − ω2
nr  ω0 cos ω0t1 

ωnr

sin ωnr t − t1( 

− 
5

n�1

ArnBrnω
2
0B0

ωnr ω2
0 − ω2

nr 
ωnr sin ω0t.

(15)

Figure 6shows the maximum longitudinal deformation
of pier top at different heights. When there is no vertical
separation of the pier-beam, the deformation of pier top
reaches the maximum value when ω0 �ω1, and when the
seismic excitation frequency is close to the first-order lon-
gitudinal natural vibration frequency of the bridge, it de-
creases monotonically. When the vertical seismic excitation
causes the separation between the main beam and the pier

(for the low pier) because the longitudinal natural frequency
changes very little before and after separation, the change
trend is consistent with that of the unseparated state, and the
separation has little influence on the deformation of the pier
top. With the increase of pier height, pier-beam separation
increases the longitudinal dynamic response of pier top.

Table 2 shows the longitudinal natural frequency ratios
of pier beams before and after separation under different
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pier diameters. With the increase of pier diameter, the ratio
of longitudinal frequencies before and after separation
gradually decreases, and when the pier diameter exceeds
1.7m, the longitudinal frequencies before and after sepa-
ration almost remain unchanged.

Figure 7 shows the longitudinal deformation at the top of
the pier at different diameters. With the increase of pier di-
ameter, the excitation frequency is close to the first-order
natural frequency, and the maximum value of longitudinal
deformation at the top of the pier increases monotonically.
However, the longitudinal natural vibration frequency de-
creases gradually and approaches 1 before and after pier-beam
separation. When vertical separation of the pier-beam is
considered, the longitudinal deformation at the top of pier
increases greatly, and when a peak value is reached, the lon-
gitudinal deformation at the top of the pier decreases greatly,
because the ratio of longitudinal vibration frequency decreases
gradually before and after separation, and the influence of
separation on the pier deformation decreases gradually.

It should be noted that the cross-sectional shape of piers
in engineering construction is not only circular but also

rectangular.,rough the previous analysis, it is pointed out
that the change of the longitudinal deformation of the pier
after the separation of the pier-beam is caused by the
change of the natural frequency of the pier. ,e smaller the
flexural stiffness of the pier, the greater the longitudinal
change of the pier top before and after separation.
,erefore, when the cross-sectional area of the pier is
smaller and the aspect ratio is larger, the vertical separation
has a greater impact on the longitudinal dynamic response
of the pier.

5. The Pier Failure Mode

,e actual eccentric collision diagram of the bridge is shown
in Figure 8(a). ,e pier deforms in the horizontal direction
under seismic excitation. ,e collision eccentricity is dif-
ferent at different heights of piers. For rubber bearing bridge,
the pier failure is concentrated at the bottom of the pier. To
simplify the calculation, the equivalent simplified model of
Figure 8(b) was used.

Table 2: Longitudinal frequency ratios of piers with different di-
ameters before and after separation.

Diameter of the piers
D/m

Ratio of longitudinal natural frequencies
ω1/ω1r

1.0 1.91
1.1 1.69
1.2 1.49
1.3 1.35
1.4 1.23
1.5 1.16
1.6 1.11
1.7 1.08
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Table 1: ,e Ratio of longitudinal frequencies before and after pier
separation at different heights.

Height of piers/m Ratio of longitudinal natural frequencies
ω1/ω1r

7 1.01
10 1.05
13 1.14
16 1.32
19 1.57
22 1.84
25 2.09
28 2.28
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5.1. Compression Damage. With the increase of pier di-
ameter, the design value of normal section compressive
capacity of pier increases monotonically. For pier com-
pression failure, the pier height is selected to carry out the
analysis. ,e maximum separation pressure at the bottom
of the pier is shown in Figure 9. When the vertical sepa-
ration of the pier and beam occurs, with the increase of pier
height, the maximum value and allowable value of the
pressure at the bottom of the pier decrease monotonously,
as a result the pier has the risk of compression failure.
However, when the pier beam does not separate, the
longitudinal deformation of the pier decreases significantly,
the allowable pressure of the pier increases significantly,
and the pier is in the safe range.

5.2. Bending Damage. For girder bridges with plate-type
rubber bearings, the bending failure of pier mainly occurs at
the bottom of pier. ,e bending moment at the bottom of
the pier is mainly composed of following three parts: the
bending moment MZ caused by longitudinal forced vi-
bration, the bending moment MC caused by eccentric
collision, and the bending moment MV caused by bearing
shear. To simplify the calculation, the calculation formula of
each bending moment is as follows:

MC � Fmax × η × Δ d,

MZ �
ErIrz

2
Ud

zξ2
,

MV � KV × η × Δ d × H.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(16)

Eccentricity of circular section reinforced concrete with
longitudinal reinforcement uniformly distributed along the
periphery can refer to code [26]. See the following formula
for details:

N � αfcdAr 1 −
sin 2 πα
2πα

  + α − αt( fsdAs,

Mud �
2
3
fcdAr

sin3 πα
π

+ fsdAsrs

sin πα + sin παt

π
.

(17)

Figure 10 shows the variation of bending moments at
the bottom of pier with pier height under seismic excita-
tion. With the increase of the pier height, the longitudinal
dynamic response of the pier will be affected by the sep-
aration ω1 � ω0. It reaches the extreme value. When the
pier height is more than 10m and the structure is separated,
the bending moment at the bottom of the pier by the shear
force basically reaches the limit state due to the limited
shear deformation of the rubber bearing. ,e bending
moment at the bottom of pier caused by eccentric com-
pression is ω1 � ω0. At this time, the seismic characteristic
frequency is close to the longitudinal natural frequency of
the bridge, and the pier top has a large deformation. With
the increase of pier height, the vertical contact force of pier
beam decreases gradually, but the deformation of pier top
caused by separation continues to increase, and the de-
formation caused by eccentric pressure first decreases and
then increases slowly.

Figure 11 shows the bending failure of piers with dif-
ferent heights under earthquake excitation. ω1 is near ω0. At
this time, the seismic characteristic frequency is close to the
vertical and longitudinal natural frequencies of the bridge
and the bending moment at the bottom of the pier. With the
increase of pier height, the total bending moment at the
bottom of pier decreases gradually and fluctuates slightly
near the allowable bending moment. When the pier height
H> 23m, the pier beam does not have vertical separation,
the longitudinal dynamic response is greatly reduced, and
the pier will not be subjected to bending failure.
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Figure 8: ,e calculation model of eccentric collision: (a) the
collision model; (b) the simplified model.
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Figure 9: Compression of piers under different heights.

8 Mathematical Problems in Engineering



Figure 12 shows bending moments at the bottom of pier
under different pier diameters.,e pier and beam separation
increased the longitudinal deformation at the top of the pier,
and the bending moment of each part increased signifi-
cantly. With the increase of the pier area, the longitudinal
deformation at the top of the pier increases first and then
decreases. ,e bending moment generated by eccentric

collision and rubber bearing shear increases first and then
decreases, while the bending moment generated by forced
vibration increases gradually due to the influence of inertia
force.

Figure 13 shows the bending failure of pier bottom under
different pier diameters under earthquake excitation. With
the increase of pier diameter, the total bending moment and
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Figure 12: Bending moments at the bottom of piers with different
diameters.
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allowable bending moment increase monotonically. When
the diameter is more than 1.7m, the longitudinal natural
vibration frequency of the bridge is gradually away from the
seismic characteristic frequency, the dynamic response of
separation to the pier decreases, and the pier is gradually in
the safe zone.

5.3. ShearDamage. In plate rubber bearing bridge, the shear
failure of the pier is concentrated at the bottom of the pier. In
addition to the structural size and reinforcement, the shear
failure of the pier bottom is affected by the change of the pier
bottom pressure and bending moment. ,e previous
analysis indicates that the increase of the pier pressure and
longitudinal deformation caused by the vertical separation
of the pier-beam will increase the bending moment at the
bottom of the pier and lead to the shear failure of the
concrete pier. Code [26] gives the shear calculation formula
of the pier, and the shear strength of inclined section along
the horizontal direction of pier column plastic hinge interval
is calculated according to equations (18) and (19).

Vc ≤ϕ Vc + Vs( ,

Vc � 0.1υcAe,

(18)

υc �

0, Pc ≤ 0,

λ 1 +
Pc

1.38Ag

 
���
fcd


≤min

0.355
���
fcd



1.47λ
���
fcd



⎧⎪⎨

⎪⎩
, Pc > 0.

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(19)

,e bottom of the pier is damaged by seismic excitation.
Compared with Figure 14 the overall change trend of shear is
similar to that of bending, but it is somewhat different from
the failure zone under bending. For the pier with lower
height, shear failure occurs instead of bending failure. When
the pier heightH> 17m, the allowable shear force of the pier
is greater than the total shear force at the bottom; there is no
shear failure of the pier. When the vertical seismic excitation
frequency is close to the vertical natural frequency of the
bridge, for the pier with lower height, the shear failure occurs
at the bottom of the pier, and with the increase of the height,
the bending moment failure occurs gradually.

Figure 15shows the bottom failure of different pier
diameters under seismic excitation. When the pier area is
low, there is the failure of the pier under pressure. With the
increase of pier diameter, the increased pier stiffness in-
creases the vertical impact force of the pier-beam, but the
increase is less than the pressure required for strength
failure and stability failure, and the allowable pressure for
stability failure increases more than the allowable pressure
for strength failure. With the increase of pier section area,
the risk of pier compression and instability is gradually
reduced.

5.4. Change of Failure Modes of Bridge Piers at Different
Heights. ,rough the above analysis, it can be found that

there are many failure modes of piers with different heights
in the separation zone of the pier and beam. In order to study
the influence of different pier height on structural failure, the
critical value of longitudinal deformation at the top of the
pier is used to judge whether the structure is in the safe
range. ,e results show that the vertical contact force of the
pier-beam of different height piers is concentrated in 2
Fc ∼ 4Fc. In order to facilitate the study, the vertical contact
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Figure 14: Shear condition of the pier bottom under different pier
heights.

Bo
tto

m
 sh

ea
r o

f p
ie

r (
kN

)

0

150

300

450

600

1.2 1.5 1.80.9
Diameter of piers (m)

maximum value
allowable value

Figure 15: Shear conditions at the bottom of the pier with different
diameters.

10 Mathematical Problems in Engineering



force of the pier-beam is 3Fc. ,e failure modes of bridge
piers under different pier heights are analyzed.

Figure 16 shows the failure mode diagram of the pier at
different pier heights. When the pier height is lower, the pier
height will increase first. When H> 14.5m, the pier will be
damaged by compression. With the increase of the pier
height, the longitudinal restraint of rubber bearing on the
pier increases. When H> 20m, the effective height of the
pier increases slowly and the influence of pier height on pier
instability is small.

,e change of pier area significantly changes pier
strength and stable admissible bearing capacity. Figure 17
shows the pier failure conditions under different pier areas.
As the area change significantly affects the compression and
stability failure, only the bending and shear failure at the
bottom of the pier are considered here. Considering that the
change of pier cross section diameter significantly affects the
compressive capacity of the pier, the vertical contact force of
the pier-beam is 2Fc. When the pier area is small, bending
failure occurs, and with the increase of diameter, the pier
gradually becomes shear failure.

6. Conclusion

,is study considers the effect of different pier sizes on pier
failure under seismic excitation. ,e influence of structural
parameters on vertical separation of the pier-beam, the
vertical impact force of the pier-beam, and the maximum
value of longitudinal displacement of the pier top were
determined by calculating the dynamic response of the
bridge. ,e influence of bridge structural parameters on pier
failure modes is proposed by comparing the calculated re-
sults with the code. ,e following conclusions are obtained
from the analysis:

(1) ,e higher the pier height, the smaller the section
size is, the larger the vertical seismic acceleration
required to separate the pier beam is, the smaller the
vertical contact force of the pier beam is, and the
greater the most adverse value of the longitudinal
deformation of the pier caused by separation is.

(2) Separation will increase the risk of pier failure, and
with the increase of pier height, the first failure mode
is shear failure, bending failure, and compression
failure.

(3) Considering pier and beam separation, with the
increase of pier diameter, the primary failure mode
of pier changes from bending failure to shear failure.
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