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Abstract: In the traditional �nite element analysismethod,
when simulating the feasibility of aseismic structure de-
sign of long-span bridges, only �nite element analysis
is carried out on the bridge structure without consider-
ing the aseismic situation of the aseismic structure of
the bridge under di�erent schemes, which leads to one-
sidedness of the simulation results. Therefore, a new sim-
ulation method for the feasibility study of seismic design
of long-span bridges is proposed in this paper. 5 seismic
isolation schemes for long-span bridge structures are de-
signed. The lock-up devices and liquid viscous dampers
are deployed in bridge structure. Numerical simulation of
bridge structure is carried out by establishing calculation
model and improved hierarchical Kerr spring model. The
responses of long-span bridges under seismic loading for
5 seismic isolation schemes are analyzed. On this basis,
the seismic performance of long-span bridges is tested by
using the multi-point excitation motion equation, the re-
sponse power spectrum and the structural dynamic relia-
bility analysis based on the �rst transcendental failure cri-
terion. Experimental results show that all the �ve seismic
isolation schemes are feasible, and the seismic e�ect of the
schemes 4 and 5 is the strongest. The maximum horizon-
tal thrust of pier top is 6.27E+062, 0.50E+07 and 6.00E+06,
2.78E+07, respectively. The proposed method can be used
to simulate the seismic response of long-span bridges.
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1 Introduction
Earthquake is a natural disaster that seriously endangers
mankind. Several major earthquakes occurred in cities
at the end of the last century, such as the 1971 San Fer-
nando earthquake in the United States, the 1976 Tangshan
earthquake in China, the 1989 Loma Prieta earthquake
in the United States, the 1994 Northridge earthquake in
the United States, the 1995 Osaka-Shenzhen earthquake
in Japan, and the 1999 Chi-Chi earthquake in Taiwan. As
the bridge project has been severely damaged, the life-
line of tra�c in the earthquake area has been cut o�, the
disaster relief work is di�cult to carry out, and the sec-
ondary disasters have been aggravated, resulting in huge
economic losses [1]. Typical bridge seismic damage can be
divided into the following categories: foundation damage
causedby sand liquefaction, foundation subsidence, bank
slope sliding or cracking [2]; seismic damage causedby im-
proper bridge structure, construction or connection mea-
sures; damage caused by inadequate seismic resistance
(strength and ductility) of bridge piers themselves; seismic
damage caused by inconsistent ground motions (spatial
variability of ground motion �eld) at various supporting
points of the bridge [3]. The seismic design of long-span
bridges has attracted more and more attention from gov-
ernments. Some new viewpoints and new aseismic tech-
nologies are proposed for aseismic structure design.

The seismic design of long-span bridges is chang-
ing from traditional deterministic methods to probabilis-
tic methods, from the �xed value concept which neglected
the randomness of load and structure resistance in the
past to the non-�xed value concept which reasonably took
into account its randomness, and from the safety factor
determined by experience to the reliability index quanti-
tatively given by probability theory in a certain reference
period [4]. The signi�cant change in the design method
of this aseismic structure is closely related to the research
work carried out by scholars at home and abroad in the
�eld of reliability over the years. In the 1940s, foreign
scholars �rst studied the di�erence between structural dy-
namic response and a �xed boundary. The mathematical
expression of the number of intersections and their expec-
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tations in a certain period of time is given, which lays a
foundation for the dynamic reliability theory based on the
�rst transcendental failure principle [5]. Since then, the
basic theory of structural dynamic reliability has been de-
veloped rapidly, and more attempts have been made in
the practical application of bridge seismic engineering.
Some scholars refer to the experimental and analytical
work of foreign universities, and de�ne the failure prob-
ability as the displacement ductility capability probability
of piers not less than the displacement ductility require-
ment under earthquake protection level. Reliability evalu-
ation of highway bridge piers under random seismic load-
ing is carried out [6]. In the literature [7],the function de-
sign of bridge structure is proposed, and the evaluation
standards of aseismic structure and reliability of long-span
bridges are studied. However, the computational model
is not set up for numerical simulation, and its applica-
tion is not high. In the literature [8], a probabilistic statis-
tical method for seismic risk assessment of bridge struc-
tures is proposed. Earthquake excitation is not considered
in the structural dynamic reliability analysis. The inspec-
tion of bridge’s aseismic structure is not comprehensive. In
the literature [9], the application of primary reliability the-
ory to seismic reliability analysis of long-span bridges is
presented. Multi-point excitation motion equation and re-
sponse power spectrum are not constructed. This method
can only be applied to continuous girder bridge system.

The power spectrum analysis of structural response is
a key link in the reliability analysis of long-span bridges.
Due to the complexity of the calculation method of ran-
dom vibration spectrum, a very simpli�ed model is of-
ten used to analyze the seismic performance of long-span
bridges [10]. Therefore, we need to consider the spatial
variation e�ect of groundmotion, that is, multi-point non-
uniform random excitation. Many famous scholars have
made an in-depth study of this kind of problem. It is gen-
erally believed that the random vibration spectrum is an
e�ective method for seismic analysis, but it is still di�-
cult to deal with the di�culties in concrete calculation.
This bottleneck greatly restricts the in-depth study and en-
gineering application of the seismic reliability theory of
long-span bridges. Structural response power spectrum is
an e�cient algorithm for linear random vibration analy-
sis, and it can deal with the spatial e�ect of ground mo-
tion conveniently. In this paper, random seismic response
calculation of long-span bridge structure is carried out by
establishing calculationmodel and improved layeredWin-
kler spring model. On this basis, the structural response
power spectrum calculation and dynamic reliability anal-
ysis are carried out. A useful exploration is made for the

feasibility simulation of the seismic design of long-span
bridges.

2 Feasibility simulation of aseismic
structure design for long span
bridges

2.1 Seismic isolation design schemes for
long-span bridge structures

The traditional aseismic structural design scheme of long-
span bridges is that No. 3 pier of the bridge adopts dou-
ble thin-walled pier rigid joint to form T-type rigid frame
system, and the other �ve piers adopt basin rubber bear-
ings. This design results in low seismic resistance of long-
span bridges [11]. In order to reduce the damage degree of
long-span bridges under strong earthquake load and re-
duce the di�culty of pier design, �ve seismic isolation de-
sign schemes are proposed in this paper.
Scheme 1: Double thin-walled pier rigid junction is
adopted for the No. 3 pier of the bridge, and the remain-
ing 5 piers are equipped with lock-up devices. One lock-up
device is used on both sides of each thin-walled pier.
Scheme 2: Double thin-walled pier rigid junction is
adopted for the No. 3 pier of the bridge, while the
other 5 piers adopt liquid viscous dampers. 1 liquid
viscous damper is used on both sides of each thin-
walled pier. Damping coe�cient of liquid damper is
c = 1e6

(
N/m · s2

)
and each thin-walled pier is c =

2e6
(
N/m · s2

)
.

Scheme 3: Double thin-walled pier rigid junction is
adopted for the no. 3 pier of the bridge, while the
other 5 piers adopt liquid viscous dampers. 1 liquid
viscous damper is used on both sides of each thin-
walled pier. Damping coe�cient of liquid damper is
c = 2e6

(
N/m · s2

)
and each thin-walled pier is c =

4e6
(
N/m · s2

)
.

Scheme 4: Double thin-walled pier rigid junction is
adopted for the no. 3 pier of the bridge, lock-up device is
installed for no. 4 pier, and liquid viscous damper is used
for the other four piers. 1 liquid viscous damper is used on
both sides of each thin-walled pier. Damping coe�cient of
liquid damper is c = 1e6

(
N/m · s2

)
and each thin-walled

pier is c = 2e6
(
N/m · s2

)
.

Scheme 5: Double thin-walled pier rigid junction is
adopted for the no. 3 pier of the bridge, lock-up device is
installed for no. 4 pier, and liquid viscous damper is used
for the other four piers. 1 liquid viscous damper is used on
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both sides of each thin-walled pier. Damping coe�cient of
liquid damper is c = 2e6

(
N/m · s2

)
and each thin-walled

pier is c = 4e6
(
N/m · s2

)
.

2.2 Numerical simulation method

In order to evaluate the merits and demerits of the �ve
schemes, the response of long-span bridges under seismic
loads is analyzedbynumerical simulationandANSYS soft-
ware. According to themagnitude of earthquake response,
we can judge the advantages and disadvantages of aseis-
mic schemes.

2.3 Vibration analysis of long-span bridge
structures

Finite element dynamic calculation model is used to an-
alyze long-span bridge structures when liquid viscous
dampers are used. Vibration equation of bridge structure
(including foundation) in coordinate system is given by

[M]·{δ̈} + [C]·{δ̇} + [K]·{δ} = −FxFy[M]· [R] {δ̈g} (1)

where [M], [C], [K], and [R] are the mass matrix, damping
matrix and sti�ness matrix of the structure, {δ̈},{δ̇}, and
{δ} are the acceleration, velocity and displacement vector
of the structure,{δ̈g} is the seismic acceleration, Fx and Fy
are the bearing pressure of bridge structure on x axis and
y axis.

Relationship between motion and damping force of
liquid viscous damper is given by

{F}e = [Cd]e{δ̇a}DeM (2)

where [Cd] is the damping sti�ness matrix of liquid
damper, {δ̇a}De is the relative velocity between two ends
of damper, α is the velocity index, M is the amplitude of
damping force. Using 0.3-1.0 as the design parameter, the
damper function is taken into account in the structural vi-
bration. Then

[M]·{δ̈}+[C]·{δ̇}+[K]·{δ}+[Cd]{δ̇a}D = −[M]· [R] {δ̈g} (3)

When the lock-up device and liquid viscous damper
are used in the long-span bridge structure, the lock-up de-
vice can be regarded as a simple speed switch in analyzing
the �nite element structural dynamic calculation model.
When the lock-up device is used on the bridge structure,
one end is located on the beam body and the other end is
on the pier [12]. When the seismic load arrives, the lock-up
device can constrain the horizontal displacement between

Figure 1: Schematic diagram of lock-up device

the piers. The schematic diagram of the lock-up device is
shown in Figure 1.

In Figures 1a and 1b there are bridge superstructures, c
is pier structure, the node 2 is beamnode, the node 4 is pier
top node, and lock-up device is installed between 2 and 4.
The degrees of freedom of nodes 2 and 4 are coupled with
vertical degrees of freedom, and they can be freely rotated.
Before the unit c participates in system integration, the �-
nite element equation in its own coordinate system can be
expressed as[

KaKab
KbaKbe

]{
δa
δb

}e
=
{
Pa
Pb

}e
(4)

where
[

KaKab
KbaKbe

]
is the �nite element coordinates, δa is

the degree of freedom to be retained, δb is the degree of
freedom to be condensed. Pa and Pb are the in�uence coef-
�cient of the nodes a and b. According to the second equa-
tion in Eq. (4),

δb = K−1b (Pb − Kbaδa) (5)

Substitute Eq. (5) into the �rst equation in Eq. (4),the
unit equation after condensation is obtained as K*δa =
Pa*, where K* = Ka − KabK−1b Kba,Pa

* = Pa − KabK−1b Pb.
The element sti�ness matrix considering the e�ect of lock-
up is adopted to integrate K* into system integration.
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2.4 Numerical simulation of long-span
bridge structure

The response of long-span bridges under seismic loads un-
der �ve kinds of seismic isolation schemes is analyzed by
establishing calculationmodel and improved layeredWin-
kler spring model.

The long-span bridge group pile foundation can be
regarded as a spatial rigid frame with rigid base plate.
According to the actual force characteristics of the pier,
the pile group foundation is usually simpli�ed as a plane
rigid frame along the symmetrical plane. The displace-
ment (vertical displacement, horizontal displacement and
rotation angle) of the origin of the cap coordinate is solved
by the displacement method of structural mechanics, as
shown in Eq. (6). The internal forces (bending moment,
shear force and axial force) at the top of any pile are ob-
tained. 

b = N
γbb

a = γββH−γαβM
γaaγββ−γ2

αβ

β = γααM−γαβH
γaaγββ−γ2

αβ

(6)

where 
γbb =

∑
niρ1

γaa =
∑
niρ2

γββ =
∑
niρ4 + ρ1

∑
nix2i

γαβ = γβα = −
∑
niρ3

(7)

where γbb, γaa, γββ, and γαβ are the sti�ness coe�cient
of bridge pile top, ρ1 is the axial force at the top of the
component when the displacement of the underside of the
pile cap occurs along the axis of the member, ρ2 is the
transverse force at the top of the component when the lat-
eral displacement of the underside of the cap is generated
along the axis of the vertical component, ρ3 is the bending
moment at the top of the component when the lateral dis-
placement of the underside of the cap is generated along
the axis of the vertical component, or the lateral force at
the top of the component when the unit angle is generated
along the bending moment of the top surface of the pile
cap, and ρ4 is the bending moment at the top surface of
the bottom of the pile cap when the unit angle is gener-
ated along the bendingmoment of the top part of the com-
ponent. ρ1 is given by

ρ1 =
1

ξL
EA + 1

C0A0

(8)

For bored friction piles, assume the lateral friction is
evenly distributed, that is ξ = 0.5,the axial load on the top
of a single pile is shared by the lateral friction and the soil
resistance at the bottom of the pile. Therefore, the axial
force from pile below the ground gradually decreases [13].

The value of ρ1 is related to the side friction resistance and
the resistance sti�ness of the soil under the pile, and af-
fects the translation displacement α and rotation angle β
of the origin of the base coordinate of the pile cap, and
then a�ects the force and deformation of the single pile
group foundation. However, the layered Winkler spring
model usually only focuses on the sti�ness of horizontal
soil spring on the side of pile, ignoring the e�ect of verti-
cal sti�ness ρ1 on the top of piles. Therefore, an improved
layered Kerr spring model is proposed in this paper.

The improved layeredWinkler springmodel indirectly
considers the in�uence of the vertical friction and the re-
sistance of the pile bottom soil through the equivalent area
of the pile body. The section area of the pile body is ad-
justed according to the principle of equal axial sti�ness of
the pile body according to the size of ρ1, but themoment of
inertia and the length of the pile remain unchanged. The
equivalent area of pile body is calculated by using Eq. (10).

Let
ρ1 =

1
ξL
EA + 1

C0A0

= EA1L (9)

then
A1 =

Lρ1
E = L

E( ξLEA + 1
C0A0

)
(10)

In Eq. (8) ~ Eq. (10),C0 is the vertical foundation co-
e�cient of pile bottom, C0 = m0L. If ,L = 10m. For fric-
tion bored pile, ξ is set to 0.5. A is the sectional area of pile
body, A1 is the equivalent section area of pile body, A0 is
the stress area of foundation at pile bottom. For frictional
pile with scouring lines from the ground or part of the pile
side, the area spread downward to the tip of the pile ac-
cording to φ/4 (φ is the internal friction angle of the soil
layer).

2.5 Seismic performance test of long-span
bridge structure

The seismic performance of long-span bridge structures is
tested by multi-point excitation motion equation and re-
sponse power spectrum. In order to analyze seismic per-
formance of discrete long-span bridges subjected to inho-
mogeneous ground motions, assume the structure has N
bearings. In the absolute coordinate system as the center
of the earth, the equation of structural motion can be writ-
ten as the following block form.[

MssMsm

MmsMmm

]{
ẍs
ẍm

}
+
[
CssCsm
CmsCmm

]{
ẋs
ẋm

}

+
[
KssKsm
KmsKmm

]{
xs
xm

}
=
{

0
fm

}
(11)
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where xm is the forced ground displacement of support, is
the displacement of all non-support nodes, fm is the force
acting on N supports by the ground. Using the discretiza-
tion model obtained by lumped mass method, Msm and
Mms are set to zero. The absolute displacement in Eq. (11)
is decomposed into the sum of quasi-static displacement
{ys} and dynamic relative displacement yr. Then{

xs
xm

}
=
{
ys
xm

}
+
{
yr
0

}
(12)

Assume the damping force of the structure is directly
proportional to the dynamic relative displacement. Ac-
cording to Eq. (12), the equation ofmotion given by Eq. (11)
is expanded to

[Mss] {ÿr}+Css {ẏr}+[Kss] {yr} = [Mss]
(
[Kss]−1 [Ksm]

)
{ẍm}
(13)

which is the general expression of the motion equation of
long-span bridge structure considering the groundmotion
of the space change.

For long-span bridges subjected to multi-point zero-
mean normal stationary random earthquake excitation,
the acceleration power spectrummatrix of ground motion
has the following form[

Sẍm ẍm (ω)
]
=
[
e−iωT

]*
[S] [R] [S]

[
e−iωT

]
(14)

where

[S] = diag
[√

Sẍ1 (ω),
√
Sẍ2 (ω), ...,

√
SẍN (ω)

]
(15)

[
e−iωT

]
= diag

[
exp(−iωT1), exp(−iωT2), ..., exp(−iωTN)

]
(16)

[R] =


1ρ12 · · · ρ1N
ρ211ρ2N
...
. . .

...
ρN1ρN2 · · · 1

 (17)

where SẍK (ω) is the ground acceleration power spectral
density function at the site K. Assume the seismic wave
reaches the reference point at t = 0, TN is the timewhen the
earthquake reaches N point, ρKL is the coherence coe�-
cient of the pointK and the point L,

[
e−iωT

]
is the aseismic

function of structure. Eq. (15) ~ (17) respectively re�ects the
local site e�ect, travelingwave e�ect andpartial coherence
e�ect of spatial variation of ground motion of long-span
bridges under earthquakes.

The power spectrum matrix
[
Sẍm ẍm (ω)

]
is a nonneg-

ative de�nite Hermitian matrix and the coherence coe�-
cient matrix [R] is a nonnegative de�nite real symmetric

matrix. If the rank of the [R] matrix is r(r ≤ N), the follow-
ing decomposition can be performed.

[R] = [Q][Q]T (18)

where [Q] is the real N × r matrix. Substitute Eq. (18) into
Eq. (14), [

Sẍm ẍm (ω)
]
= [B]*[B]T (19)

where
[B] =

[
e−iωT

]
[S] [Q] (20)

A virtual excitation acceleration vector is constructed
by using every column vector {bj}(j = 1, 2, . . . , r) in [B].

{ ¨˜mjx} = {bj} exp(iωt) (21)

The corresponding virtual displacement vector is given by

{
x̃mj
}
= −
{
¨̃xmj
}
/ω2 (22)

By substituting {¨̃xmj} in Eq. (22) into Eq. (13), the
dynamic relative displacement

{
ỹrj
}
of long-span bridge

structure under the j-th virtual excitation is obtained. The
pseudo-static displacement {ỹsj} under the j-th virtual ex-
citation can be obtained by ignoring all the dynamic terms
in the equation of motion Eq. (11) and using Eq. (22). Ac-
cording to Eq. (12),the absolute displacement {x̃sj} under
the j-th virtual excitation is obtained. Then, the response
power spectrummatrix of long-span bridge structures un-
der arbitrary coherent stationary excitation is obtained.
The absolute response power spectrum matrix of long-
span bridge structures under r independent excitations is
given by [

Sẍm ẍm (ω)
]
=

r∑
j=1

{
x̃Sj
}*{x̃Sj}T (23)

If all the elements in the coherence functionmatrix [R]
of Eq. (17) are 1, the case is degenerated to one in which
only traveling wave e�ect is considered. Further, if the
time di�erence of each support movement is TK = 0(k =
1, 2, . . . , N), it will become a uniform groundmotion con-
dition.

2.6 Dynamic reliability analysis of bridge
structures based on �rst exceeding
failure criterion

The �rst transcendental failure criterion is widely applied
in detecting the seismic behavior of long-span bridges. It
is de�ned that: If the dynamic response of a long-span
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bridge exceeds the critical value or safety limit for the �rst
time (such as stress at the control point, strain, displace-
ment and elongation of the control layer, etc.),the struc-
ture is considered to be damaged [14]. In the dynamic re-
liability analysis of bridge structures based on the �rst
transcendental failure criterion, there are two commonly
usedmethods for the dynamic reliability analysis of bridge
structures, according to the probability distribution of the
bridge structural response and the number of crossing
boundaries.

Davenport assumes that any two time di�erence
events that respond to stochastic processes and bound-
aries are independent of each other. That is, the stochastic
process in the time (0, τ] is bounded by the Poisson dis-
tribution. The dynamic reliability of symmetric bilateral D
boundaries is given by

PS(b, −b) = exp
{
−vτ exp

(
− b

2

2σ2y

)}
(24)

where is the standard deviation of stochastic process y(t),
b is the symmetric bilateral threshold value, υ is the aver-
age zero crossing rate of stochastic process, and

v = 1
π

(
λ2
λ0

)1/2
(25)

where λ0 and λ2 are power spectrum spectral moments of
the stochastic process,

λk = 2
∞∫
0

ωkSyy(ω)dω(k = 0, 2) (26)

Based on the assumption that the structural response
and the number of bounded intersections occur in groups
and obey the two-state Markov process, Vanmarcke pro-
posed the formula for calculating the reliability of the bi-
lateral D-boundof the symmetrical long-spanbridge struc-
ture, which is given by

PS(b, −b) = exp

−vτ exp(− b22σ2y
)1 − exp[−

√
π/2qb/σy]

1 − exp(− b2
2σ2y

)


(27)

where q is the power spectrum bandwidth parameter

q =
(
1 − λ21

λ0λ2

) 1
2

(28)

The above method of calculating reliability is only for
single component under single failure mode. It is much
more di�cult to calculate the reliability of actual bridge
structure,mainly because theremay bemore than one fail-
ure member, and the failure mode of the structure may be

more than one form. The calculation of reliability of gen-
eral structural system is to adopt an equivalent system to
simulate the actual structure while considering all the cor-
responding failure modes [15–21]. In aseismic engineering
of long-span bridges, the bridge structure itself is a com-
plex statically indeterminate structure system. There are
many failure modes, and the failure modes may not be
completely correlated or independent of each other. The
lower structure of bridge (pier and tower) is an important
subsystem of the system, and it is also the main resistance
system of bridge against earthquake. Therefore, it can be
used as the main research object of bridge dynamic relia-
bility. Assume each pier (tower) has n dangerous sections
(control cross section), and can be simulated by series sys-
tem. The failure probability of structure is given by

Pf = Pf ,1 ∪ Pf ,2 ∪ · · · ∪ Pf ,i ∪ · · · ∪ Pf ,n (29)

where Pf ,i is the failure probability of the component i. The
failure probability is calculated by multiple integrals, and
the joint probability distribution function of each random
variable is di�cult to determine. Theupper and lower limit
of the failure probability is usually calculated only, which
is given by

n
max
i=1

Pf ,i ≤ Pf ≤ 1 −
n∏
i=1

(1 − Pf ,i) (30)

The upper bound of failure probability Pf for a series
system corresponds to the case where the failure of each
component is independent of each other or there is no si-
multaneous failure component. The lower bound corre-
sponds to the case where the failure of each component
is completely correlated. The upper and lower limits of dy-
namic reliability Ps of long-span bridge structures can be
further determined by Eq. (30).

n∏
i=1
PS,i ≤ PS ≤

n
min
i=1

PS,i (31)

3 Results
In order to evaluate the proposed �ve seismic isolation
schemes for long-span bridges, the seismic responses of
long-spanbridgesunder �ve seismic schemes are analyzed
by numerical simulationmethod and ANSYS software. Ac-
cording to the magnitude of earthquake response, we can
judge the aseismic schemes.
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3.1 3.1 Comparison of seismic response
calculation results

Due to the time-lag e�ect of liquid viscous damper, there
is a time lag between the appearance of the most disad-
vantageous stress state of rigid and non-rigid piers and the
appearance of themost disadvantageous stress statewhen
using lock-up device. In data processing, the forces acting
on the lock-up device and the liquid viscous damper are
shown in Table 1 ~ Table 3 according to the total forces act-
ing on the device on each thin-walled pier.

3.2 Engineering example

The deck and bridge of a long-span suspension bridge are
described by three-dimensional beam elements with rigid
arms, while the main cable and suspension are described
by one-dimensional cable elements. The total bridge con-
sists of 769 nodes (29 ground nodes), 1010 units, and 2257
degrees of freedom. The damping ratio of each mode of
bridge is set to 0.01. The �rst 200 order of the vibration
mode are taken. The apparent wave velocity of longitudi-
nal seismic P wave along the bridge deck is 3000 m/s.

Series model simulation is applied to single bridge.
The proposed algorithm is used to calculate the dynamic
reliability of suspension bridge A. A total of 8 sections are
calculated for each of the 4 sections at the bottom of each
branch of the bridge. Three cases of forti�cation intensity
of 7,8 and9are calculated respectively (actual site intensity
is between 7 and 8 degrees). Table 4 shows the dynamic
reliability of bridge structureswith uniform ground excita-
tion. Table 5 and Table 6 show the calculation results con-
sidering traveling wave e�ect and partial coherence e�ect
respectively.

3.3 Analysis of factors a�ecting the
equivalent area of pile in the improved
layered Kerr spring model

In order to study the in�uence of pile length, pile diame-
ter and vertical foundation coe�cient of pile bottom soil
on the equivalent area of pile body in the improved lay-
eredWinkler springmodel for long-span bridges, paramet-
ric analysis is carried out in this paper. The length of pile L
is set to 20m, 40m, and 60m, respectively. The pile diam-
eter D is set to 1.0m, 1.25m, and 1.5m. The vertical founda-
tion coe�cientm0 of pile bottom soil is set to 1000 kN/m4,
2000kN/m4, 4000kN/m4and8000kN/m4. The changeof
the equivalent area ratio η of pile section with the change

of m0, pile diameter D and pile length L is as shown in Fig-
ure 2 up to Figure 4.

Figure 2: The change curve of D = 1.0 m

Figure 3: The change curve of D = 1.25 m



1114 | Li Lai

Table 1: Comparison of internal forces of piers when lock-up and liquid dampers are used alone

Scheme number
Section
position

The most dangerous internal force of No. 1
A pier

The most dangerous internal force of the
No. 3 A pier

Fx/N Fy/N M/N.m Fx/N Fy/N M/N.m

Scheme 1 Pier top 3.24E+06 2.40E+06 99.89 4.97E+06 4.95E+06 3.22E+07
Bottom of pier 3.61E+06 2.40E+06 3.93E+07 5.44E+06 4.96E+06 3.36E+07

Scheme 2 Pier top 7.03E+06 7.47E+05 67.558 8.04E+06 9.70E+06 5.70E+00
Bottom of pier 1.13E+06 7.43E+05 1.05E+07 8.26E+06 9.70E+06 5.20E+07

Scheme 3 Pier top 1.17E+06 9.56E+05 165.96 7.18E+06 8.51E+06 4.53E+07
Bottom of pier 1.49E+06 9.52E+05 1.53E+07 7.40E+06 8.52E+06 4.66E+07

Traditional design Pier top 9.09E+06 1.43E+07 5.70E+07
Bottom of pier 9.33E+06 1.43E+07 5.91E+07

Table 2: Internal force comparison of pier when combined lock-up and liquid dampers

Scheme
number

Section
posi-
tion

The most dangerous internal
force of No. 1 A pier

The most dangerous internal
force of the No. 3 A pier

The most dangerous internal
force of No. 4 A pier using
lock-up

Fx/N Fy/N M/N.m Fx/N Fy/N M/N.m Fx/N Fy/N M/N.m

Scheme 4 Pier top 6.92E+05 7.36E+05 71.766 6.27E+06 8.20E+06 3.95E+07 3.49E+06 4.02E+06 112.47
Bottom
of pier 1.12E+06 7.32E+05 1.04E+07 6.43E+06 8.21E+06 4.08E+07 3.54E+06 4.02E+06 4.47E+07

Scheme 5 Pier top 1.17E+06 1.03E+06 14.226 6.00E+06 7.52E+06 3.79E+07 3.31E+06 3.90E+06 8.9237
Bottom
of pier 1.61E+06 1.03E+06 1.60E+07 6.19E+06 7.53E+06 3.91E+07 3.40E+06 3.89E+06 4.27E+07

Table 3: Force comparison of seismic structure protection device

Scheme number
The most dangerous force of lock-up
on No. 4 A pier of lock-up plant/N

fluid viscous damper
The most dangerous force on
dampers on Pier 1 A/N Damper stroke/cm

Scheme 1 3.21E+06
Scheme 2 7.03E+05 7.65
Scheme 3 1.17E+06 6.18
Scheme 4 3.49E+06 6.92E+05 6.87
Scheme 5 3.31E+06 1.17E+06 6.13

Table 4: Reliability of uniform ground excitation tower system

Earthquake intensity Calculation hypothesis
∏8
i=1 Fi mini[Fi]

7 degrees Poisson hypothesis 0.999 999 997 8 0.999 999 998 1
Markov assumption 0.999 999 998 0 0.999 999 998 3

8 degrees Poisson hypothesis 0.999 613 621 5 0.999 744 043 6
Markov assumption 0.999 691 047 8 0.999 795 573 0

9 degrees Poisson hypothesis 0.805 578 654 8 0.911 139 118 1
Markov assumption 0.861 394 990 8 0.938 688 818 7

4 Discussions

4.1 Discussion on seismic response
calculation results

From Table 1 ~ Table 3, it can be seen that, the max-
imum horizontal thrust at the top of no. 3 rigid pier
and at the top of six continuous piers in three schemes

are: Scheme 1: 4.97E+06, 3.97E+07, Scheme 2: 8.04E+06,
2.31E+07, Scheme 3: 7.18E+06, 2.59E+07, Scheme 4: 6.27E+
062, 0.50E+07, Scheme 5: 6.00E+06,2.78E+07.

Lock-updevicemakes it possible to transfer horizontal
thrust between non-rigid pier and main beam, and signif-
icantly reduces the force of rigid pier and displacement of
pier top, but it has no energy dissipation e�ect.
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Table 5: Reliability of bridge tower system considering traveling wave e�ect

Earthquake
intensity

Calculation hypothesis
8∏
i=1
Fi mini[Fi]

7 degrees Poisson hypothesis 1.000 000 000 0 1.000 000 000 0
Markov assumption 1.000 000 000 0 1.000 000 000 0

8 degrees Poisson hypothesis 0.999 999 877 4 0.999 999 916 1
Markov assumption 0.999 999 886 7 0.999 999 922 6

9 degrees Poisson hypothesis 0.996 228 751 6 0.998 161 700 9
Markov assumption 0.996 820 537 7 0.998 463 048 2

Table 6: Reliability of bridge tower system considering coherent e�ects

Earthquake intensity Calculation hypothesis
∏8
i=1 Fi mini[Fi]

7 degrees Poisson hypothesis 1.000 000 000 0 1.000 000 000 0
Markov assumption 1.000 000 000 0 1.000 000 000 0

8 degrees Poisson hypothesis 0.999 998 852 7 0.999 999 346 9
Markov assumption 0.999 998 926 7 0.999 999 390 3

9 degrees Poisson hypothesis 0.987 948 789 9 0.994 978 458 7
Markov assumption 0.989 608 576 5 0.995 715 426 1

Figure 3: The change curve of D = 1.5 m

The use of liquid viscous damper makes it possible to
transfer horizontal thrust betweennon-rigid pier andmain
beam, but the e�ect of reducing the force and displace-
ment of rigid pier is less obvious than that of lock-up de-
vice. From the maximum thrust sum, the liquid damper
has a signi�cant energy dissipation e�ect, and has a sig-
ni�cant e�ect on improving the overall force of long-span
bridge structure.

Due to the time-lag e�ect of liquid viscous dampers,
the most unfavorable stress state of rigid-jointed piers and

Figure 4: The change curve of L = 40 m

non-rigid-jointed piers of long-span bridges appears, and
there is a time-lag when the most unfavorable stress state
appears in the use of the lock-up device.

The e�ect of reducing the most disadvantageous force
of pier structure by increasing the damping value of
damper is not obvious.

The combination of lock-up device and liquid viscous
damper can give full play to the advantages of both struc-
tural protection devices.

Because of the use of lock-up device and liquid
damper, long-spanbeambridges can reduce thenumber of
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rigid joints betweenmain girders and piers, thereby reduc-
ing the adverse e�ects of temperature e�ects on long-span
bridge structures.

The lock-up device reduces the internal force on the
rigid pier of the long-span bridge, and also increases the
internal force of the non-rigid pier. But the internal force
of rigid pier and non-rigid pier tends to be uniform, which
is conducive to the residual bearing capacity of non-rigid
pier.

Based on the above analysis, the 5 seismic design
schemes for long-span bridges are feasible. The combi-
nation of lock-up device and liquid viscous damper in
scheme 4 and scheme 5 can give full play to the advan-
tages of the two structural protective devices and have the
strongest seismic e�ect.

4.2 Discussion on engineering example

From Table 4, it can be seen that, with the increase of
forti�cation intensity from 7 to 9,the calculated bridge
structural reliability decreases from 0.9999 9978 to
0.8055786548. In Table 5, with the increase of forti�ca-
tion intensity, the reliability of the calculated bridge struc-
ture decreases correspondingly. Comparing tables 4 and
5, the reliability of bridge structure is greater than that
of uniform ground excitation when considering traveling
wave e�ect. From Table 6, it can be seen that the travel-
ing wave e�ect of earthquake ground motion causes the
bridge structural response to become larger or smaller. The
in�uence of reliability index on bridge structure is some-
times large and sometimes small. Comparing the results
of Poisson-based Davenport method and Markov-based
Vanmarcke method in Table 5 and Table 6, the reliability
results of the two methods are not much di�erent. The
Poisson hypothesis has a slightly smaller result. It is con-
cluded that for the proposed study method in most practi-
cal cases of seismic engineering research, it is not impor-
tant to consider theMarkov hypothesis. Inmost cases, this
hypothesis may lead to non-conservative results.

4.3 Analysis and discussion on influential
factors of equivalent area of pile in
improved layered Kerr spring model

FromFigure 2 ~Figure 4, it canbe seen that equivalent area
ratio η of pile body in bridge structure is related to pile di-
ameter D, pile length L and vertical foundation coe�cient
at the bottom of pilemO. The value may be less than 1.0 or
greater than 1.0.

Under the conditionof unchangedmO (orL),the equiv-
alent area ratio η increases with the increase of pile length
L (ormO), but with the increase of L (ormO),the change η
becomes gentle.

When the pile length is constant, the equivalent area
ratio of pile decreases with the increase of pile diameter.

The larger the equivalent area ratio of pile body, the
greater the in�uence on the response of long-span bridge
structure. Only when the equivalent area ratio of pile body
is close to 1.0, the layered Winkler spring model can be
used for seismic analysis, that is, it is not necessary to
modify the section area of pile body of bridge structure.

5 Conclusions
The seismic process is a stochastic process. The time, place
and size of the earthquake process are obviously uncer-
tain. When an earthquake occurs, due to the in�uence of
traveling wave e�ect, partial correlation e�ect and local
site e�ect, the ground motion at each site varies with time
and space. For long-spanbridge structure, uniformground
motion input cannot control its seismic design. Consider-
ing the correlation of vibration at each point of seismic
�eld, it is more reasonable to analyze the seismic response
of bridge structure bymulti-point excitation inputmethod.
Accurate simulation of seismic ground motion �eld is the
basis and premise of structural seismic response analysis
under multi-point excitation. In addition to the complex-
ity of ground motion, it is di�cult to obtain actual ground
motion records in the simulation of seismic groundmotion
�eld. The existing seismic records, especially strong mo-
tion records, are not very rich. With the continuous accu-
mulation of strong earthquake records, the model will be
further improved to provide amore reasonable and practi-
calmodel for structural randomseismic response analysis.

In this paper, a new method for feasibility simulation
study on aseismic structure design of long span bridges is
proposed. 5 seismic isolation schemes for long-spanbridge
structures are designed. The lock-up device and liquid vis-
cous damper are deployed in bridge structures. Numerical
simulation of bridge structure is carried out by establish-
ing calculation model and improved layered Kerr spring
model. The responses of long-span bridges under seismic
loading under 5 seismic isolation schemes are analyzed.
Seismic performance of long-span bridges is tested by dy-
namic reliability analysis based on multi-point excitation
equation of motion, response power spectrum and �rst ex-
ceeding failure criterion. In the proposed method, multi-
point excitation equation of motion and response power
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spectrum analysis method based on probability analysis
have great advantages over deterministic analysismethod.
It is based on the statistical characteristics of earthquake
groundmotion. The statistical seismic response is applied
in long-span bridge structures to �nd out the response of
structures. It provides a statistical measure of response
without being controlled by an arbitrary input motion.

Experimental results show that the proposed �ve seis-
mic isolation schemes are feasible, and the seismic e�ect
of scheme 4 and scheme 5 is the strongest. The proposed
method can e�ectively simulate the seismic behavior of
long-span bridges.
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