
Research Article
Research on Seismic Vulnerability of High-Pier and Long-Span
Bridges Based on Improved IMK Resilience Model

Yifan Wang1 and Lihui Yin 1,2

1School of Civil Engineering, Northeast Forestry University, Harbin 150040, China
2School of Civil Engineering, Heilongjiang University, Harbin 150080, China

Correspondence should be addressed to Lihui Yin; yinlihui@nefu.edu.cn

Received 29 November 2021; Revised 24 December 2021; Accepted 5 January 2022; Published 27 January 2022

Academic Editor: Wei Zhang

Copyright © 2022 Yifan Wang and Lihui Yin. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

After the fragility curve is established, the probability of structural damage reaching each level of damage under the action of the
ground motion can be determined according to the ground motion parameters, so as to calculate the direct and indirect loss
caused by the structural damage and complete the earthquake damage prediction. This paper combines the improved IMK
resilience model to study the seismic vulnerability of high-pier and long-span bridges. Moreover, this paper obtains the
parameter calculation model based on the regression analysis of PEER’s 255 column specimen data. The improved IMK model
needs to modify the elastic stiffness and strain hardening rate of the rotating spring to ensure the accuracy of the lateral
stiffness of the component. The experimental research shows that the seismic vulnerability research model of high-pier and
long-span bridges based on the improved IMK restoring force model has a certain analytical effect.

1. Introduction

The seismic design strength of existing ordinary small and
medium-span bridges is generally based on the national uni-
fied seismic zoning. The seismic design parameters of the
same structural type of bridges in the same zoning are the
same, so the structural strength reserve when encountering
an earthquake is the same [1]. However, during the actual
earthquake, the seismic intensity of various places within
the same seismic zone is not consistent or even significantly
different, which leads to bridges with insufficient redun-
dancy of individual structures that are prone to damage
[2]. Therefore, it is necessary to use the probabilistic seismic
hazard analysis method considering the temporal and spatial
inhomogeneity of seismic activity to obtain the regional seis-
mic hazard analysis results from the perspective of seismic
subdivision. At the same time, it is necessary to combine
dynamic time history analysis and structural vulnerability
analysis to calculate the failure probability of the bridge
under a given earthquake [3]. On this basis, the connectivity
reliability of the traffic network after the earthquake is calcu-

lated, the vulnerability of the traffic network under the influ-
ence of the earthquake is studied, and a calculation model
for solving the optimal path is proposed. In order to further
improve the calculation efficiency and reduce the amount of
calculation storage, the Target Order algorithm is proposed
and the effectiveness of the algorithm is verified in the actual
road network. The data obtained from the research can pro-
vide references for future engineering construction planning
in the region. At the same time, predicting the connectivity
reliability of the transportation network after the earthquake
will help the government to be effective and timely in mak-
ing daily maintenance decisions and postearthquake disaster
relief decisions. As a result, the loss caused by the earthquake
is reduced as much as possible, and the overall earthquake
prevention and disaster reduction capabilities of the region
are improved.

Over the past few decades, bridge engineering, which is
an important foundation for national development, has
developed significantly. With the gradual advancement of
the national infrastructure construction process, the number
and span of newly built bridges have been greatly improved.
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At the same time, relevant seismic codes for bridge engineer-
ing are gradually improving. However, bridge damage
caused by frequent earthquakes is becoming more and more
common. Once the bridge is damaged, the transportation
network may be paralyzed; in the earthquake rescue and
relief, the bridge acts as a lifeline, and the consequences of
its damage will be more serious. The reasonable implemen-
tation of bridge seismic fortification needs to be established
on the basis of reasonable bridge seismic damage prediction
model. On the one hand, a reasonable bridge earthquake
damage prediction model can make a more accurate assess-
ment of local earthquake losses from a macro perspective,
including preearthquake assessment to control possible
losses within an acceptable range, and establish a reasonable
earthquake early warning and monitoring mechanism. It can
quickly formulate rescue plans after an earthquake to pro-
vide support for government decision-making; on the other
hand, the bridge earthquake damage prediction model can
also provide a more accurate reference for the seismic design
of specific bridges. Although my country has carried out a
lot of research on earthquake damage prediction models of
highway bridges, the researches are usually only for single
bridges, there are few studies on the seismic damage assess-
ment of bridge networks, and there is still a lack of relatively
unified highway bridge earthquake damage prediction
models. This restricts the development of earthquake dam-
age prediction systems for highway bridges to a certain
extent. In contrast, some developed countries in the world
(such as the United States) have established standardized
earthquake damage prediction methods. The most typical
representative is HAZUS, which was jointly promoted by
FEMA and NIBS in 1997. In HAZUS, it is believed that
the key to earthquake damage prediction of highway bridges
is to classify bridges based on their seismic performance and
define five failure states of bridges, including no damage,
slight damage, medium damage, severe damage, and com-
plete damage, and then be able to determine the vulnerabil-
ity curve of each type of bridge in each failure state. The
seismic vulnerability curve is a function of ground motion
parameters as an independent variable (defined as a cumula-
tive distribution function that obeys a lognormal distribu-
tion in HAZUS).

This paper combines the improved IMK resilience
model to study the seismic vulnerability of high-pier and
long-span bridges and builds an intelligent model to provide
a theoretical reference for the subsequent performance
improvement of high-pier and long-span bridges.

2. Related Work

Literature [4] used expert investigation to analyze the seis-
mic vulnerability of highway bridges and formed the seismic
vulnerability curve of highway bridges. However, the limited
number of samples limits the credibility of the research
results. Literature [5] studied the contribution rate of various
structural features to the seismic vulnerability of bridge
structures and formed seismic vulnerability curves of railway
bridges under the action of earthquakes of different intensi-
ties. The method proposed in [6] forms an earthquake vul-

nerability curve. It is assumed that each seismic vulnerability
curve is a standard log-normal cumulative distribution
function with unknown location parameters and known pro-
portional parameters, so as to consider both capacity and
demand. It is assume that each seismic vulnerability curve is
a standard log-normal cumulative distribution function with
unknown location parameters and known constant scale
parameters, so as to integrate the random uncertainties of both
capacity and demand. Literature [7] formed the seismic vul-
nerability curve of bridge piers by using the bridge damage
data observed in the Kobe earthquake. In the research, the
log-normal distribution function of two parameters is used
to characterize the seismic vulnerability curve, and the rele-
vant parameters are estimated by the maximum probability
method. Literature [8] formed the seismic vulnerability curve
of the bridge structure based on the bridge damage data
obtained in the Northridge earthquake using logistic regres-
sion analysis. The seismic vulnerability curve formed by the
empirical analysis method is usually based on the actual seis-
mic damage data and the corresponding statistical results of
ground motion parameters and has high reliability. The dam-
age curve is only suitable for situations similar to the data
source. Therefore, the empirical vulnerability curve is difficult
to promote and use, and it is necessary to establish a reliable
theoretical analysis method for the seismic vulnerability curve
of bridge structures.

When analyzing the seismic vulnerability of bridge
structures, different researchers have adopted different anal-
ysis methods. Reference [9] combines the characteristics of
the bridge structure to systematically study the seismic vul-
nerability of the pier column at the most vulnerable part of
the regular beam bridge and proposes an analysis based on
the numerical simulation to form the seismic vulnerability
curve of the pier column method. Literature [10] formed
seismic vulnerability curves of reinforced concrete piers
based on traditional reliability methods and numerical sim-
ulation methods and compared the seismic vulnerability
curves obtained by the two methods. Literature [11] uses
the Monte Carlo sampling simulation method to form the
seismic vulnerability curve of the bridge structure. The
response of the structure is calculated by two different
methods, namely, the nonlinear dynamic time history anal-
ysis method and the capacity spectrum method. The com-
parison results of the seismic vulnerability curves formed
by the two methods show that the consistency of the seismic
vulnerability curves of the bridge in the two states of severe
damage and complete failure is not as good as that of the
slightly damaged state. Literature [12] proposed a method
of forming seismic vulnerability curve through numerical
simulation. The bridge pier is idealized as a single-degree-
of-freedom vibration system, the seismic records of the Han-
shin earthquake and the Northridge earthquake are used as
input to calculate the Park-Ang damage index of the pier,
and then the Park-Ang damage index and ground motion
strength measurement parameters are used to form the rein-
forced concrete pier Earthquake vulnerability curve. Litera-
ture [13] analyzed the seismic vulnerability of a four-span
simply supported girder bridge, obtained the seismic
response data of the structure through nonlinear dynamic
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time history analysis, and used a logical model to determine
that the structure surpassed the specified ground motion
intensity measurement parameters and used a logic model
to determine the conditional probability that the structure
exceeded the specified ground motion intensity measure-
ment parameters. In this method, whether a certain vector
in the Bernoulli random variable is 1 or 0 is determined
according to whether the bridge maintains a certain damage
state, and the parameters in the model are determined by
regression analysis. Literature [14] formed the seismic vul-
nerability curves of four typical bridges through a compre-
hensive analysis of bridges in the central and southeastern
regions of the United States. In the literature [15], the non-
linear analysis model and artificial seismic records were used
to first form the seismic vulnerability curve of each bridge
component (pier or support), and then the first order reli-
ability principle was used to obtain the seismic vulnerability
of the entire bridge system and then the seismic vulnerability
damage curve of the bridge is obtained by using the first-
order reliability principle. The research results show that
among the four types of bridges, the most prone to damage
are multispan simply supported beam bridges and multispan
continuous steel beam bridges, and the least likely to be
damaged are multispan continuous prestressed concrete
beam bridges.

3. Improved Ibarra-Medina-Krawinkler
Restoring Model

The hybrid simulation of seismic response of reinforced
concrete frame structures and the analysis of their collapse
resistance require a restoring force model that can effectively
simulate the hysteresis characteristics of reinforced concrete
members and accurate model parameters. The plastic dump-
ling model is a model often used in the nonlinear simulation
of frame structures. It not only reflects the mechanical
characteristics of the member but also is closely related to
the material, restraint condition, and spatial layout of the
member. Since decades, the plastic dumpling model has
developed rapidly. The improved IMK model, as a plastic
dumpling model with a trifold as the skeleton curve,
introduces a degradation parameter β based on energy
dissipation, which can consider a variety of degradation
characteristics of the member under reciprocal loading.
Compared with other plastic dumpling models, it can better
simulate the hysteresis characteristics of reinforced concrete
beams and columns effectively [16].

The main model skeleton parameters include elastic
stiffness Ke, yield moment My, plastic corner θcap,pl, post-
yield hardening stiffness Mc/My, and postpeak corner θpc.
An important feature of this model is the postpeak unload-
ing section [17]. It can simulate the strain softening behavior
associated with physical phenomena such as concrete crush-
ing, steel buckling fracture, and bond damage. Figure 1
shows the skeleton curve of the modified IMK model.

The improved IMK model includes three types of
models, that is, the bilinear model, the peak pointing model,
and the pinched model.

The bilinear model is based on the bilinear hysteresis
rule with strain hardening, which retains the main part of
the bilinear hysteresis rule and introduces the degradation
section after the peak and the residual strength section.
The bilinear model is shown in Figure 2.

After unloading from point 3, the model sets the
strength at point 3 as the strength limit in the positive direc-
tion. When the load is unloaded from point 5 in the negative
direction, the maximum value of the restoring force is the
previously set strength limit value, that is, the vertical coor-
dinate of point 6. The load is then loaded from point 6 to
point 3 with О stiffness and then continues with the
degraded segment stiffness.

The peak pointing model retains the basic hysteresis rule
and adds the degraded section and the residual strength sec-
tion after the peak, and the model is shown in Figure 3 [18].

Compared with the bilinear model, the peak pointing
model is unloaded at the positive 2 points and then loaded
from the point on the horizontal axis to the previously
unloaded 2 points after a hysteresis half-loop, that is, 8
points and 2 points are the same point, without considering
the strength degradation. When unloading, the reloading
stiffness changes after each arrival at the horizontal axis,
and its value is determined by the intersection point with
the horizontal axis and the peak displacement point in the
previous cycle together.

The pinch model is similar to the peak pointing model;
however, its reloading phase consists of two parts, as shown
in Figure 4. In the reloading process, it is first loaded to the
breakpoint 8 and then loaded to the previous unloading
point 2. The breakpoint is determined by the maximum
permanent deformation and the maximum force in the
direction of loading. The parameter kd is introduced in
determining the transverse coordinate of the breakpoint,
and the parameter kf is introduced in determining the longi-
tudinal coordinate of the breakpoint. If the deformation δper
at the intersection of the reloading section with the trans-
verse coordinate is greater than ð1 − kdÞ/δper , and if strength
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θcap, pl
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Figure 1: Improved IMK model skeleton curve.
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degradation is not considered, then the reloading path is
loaded only for the straight line section from point 13 to
the previous unloading point 10 [19].

The improved IMK model can depict four basic cyclic
degradation modes of the member, that is, basic strength
degradation, softening segment strength degradation,
unloading stiffness degradation, and reloading stiffness
degradation. The peak pointing model is used as an example
to introduce the four degradation modes of the improved
IMK model.

The cyclic degradation rate β is determined by the
energy dissipation of the member under reciprocal loading.
It assumes a reference value for the energy dissipation capac-
ity of each member and does not consider the effect of the
member loading history. The cyclic degradation rate β is
calculated as follows [20]:

βi =
Ei

Ei −∑i=1
j=1Ej

 !
: ð1Þ

Among them, βi denotes the degradation coefficient cal-
culated in the cycle numbered i, Ei denotes the reference
value of the energy consumption of the component, Ei = γ
Fyδy, and γ is the coefficient calibrated from the experimen-
tal results. For each degradation mode is different, Ei refers
to the energy consumption of the component in the cycle
numbered i, the second bias Ei refers to the energy con-
sumption of the component in the cycle numbered i − 1, c
denotes the exponential term coefficient of the degradation
rate, and c is taken from 1.0 to 2.0. If the loading cycle con-
sists of a sequence of cycles of constant amplitude, then c = l
indicates an almost constant degradation rate, while c = 2
indicates a slowing down of the degradation rate of the ear-
lier cycles and an acceleration of the degradation rate of the
later cycles [21].

Throughout the loading history, the value of β must be
taken to satisfy 0 ≤ βi ≤ 1, that is

γFyδy − 〠
i

j=1
Ej ≤ Ei: ð2Þ
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After each half turn of the cycle, the yield strength of the
member will be degraded accordingly, and the degradation
of the yield strength satisfies the expression as follows:

F+
i = 1 − βs,i
� �

F+
i=1, ð3Þ

F−
i = 1 − βs,i
� �

F−
i=1: ð4Þ

Among them, F+/−
i denotes the yield strength value after

the cycle numbered i in positive and negative directions, and
F+/−
i=1 denotes the yield strength value before the cycle num-

bered i.
For each degradation parameter βs,i, which contains

values in the positive direction and values in the negative
direction, the basic intensity degradation rates in these two
directions are calculated independently. That is, the value
of F−

i is updated after the end of each cycle in the positive
direction, and the value of F+

i is updated after the end of
each cycle in the negative direction.

The degradation mode of the basic strength also includes
the degradation of the hardened stiffness, and the form of
the hardened stiffness degradation is as follows:

K+
s,j = 1 − βs,i

� �
K+

s,j=1, ð5Þ

K−
s,j = 1 − βs,i

� �
K−

s,j=1: ð6Þ
Similar to the yield strength, the hardening stiffness is

calculated independently in both positive and negative
directions.

Figure 5 illustrates the degradation pattern of the basic
strength. After the loading path is loaded from 0 to 3, the
degradation rate βs,i is calculated, at which time the negative
yield strength of the member degrades from F−

y to F−
1 and

the negative stiffness of the member degrades from Ks,0 to
Ks,1

−. After the loading path is loaded from 3 to 7, the value
of the degradation rate βs,i is recalculated. At this time, the
positive yield strength of the member is degraded from F+

y

to F+
1 , and the positive stiffness of the member is degraded

from Ks,0 to Ks,1
+.

Unlike the basic strength degradation, the softening seg-
ment strength degradation means that after the peak point,
the slope of the softening segment remains constant. How-
ever, the intensity value of the intersection of the extension
line and the vertical coordinate degrades with the number
of cycles. The softening segment strength degradation equa-
tion is shown below:

F+/−
ref ,1 = 1 − βe,i

� �
F+/−
ref ,i−1: ð7Þ

F+/−
ref is the intensity value at the intersection of the exten-

sion of the softened segment with the vertical coordinate
after the peak, and similarly, the positive and negative degra-
dation rates βe,i are calculated independently. The softening
segment strength degradation rate is calculated each time it
intersects the horizontal axis, which may not affect the load-
ing path in the early stages of the nonlinearity. Figure 6

shows the softening section strength degradation. This
shows that the softening segment strength degradation rate
is first calculated when loading to point 3, where the inter-
section of the softening segment extension with the vertical
coordinate in the negative direction degrades from F−

ref ,0 to
F−
ref ,1. At loading up to 6, the softening segment strength

degradation rate is recalculated, and the intersection of the
positive softening segment extension with the longitudinal
coordinate degrades from F+

ref ,0 to F+
ref ,1.

The unloading section contains negative unloading sec-
tion and positive unloading section, the unloading stiffness
degradation does not distinguish between positive and nega-
tive direction, and its stiffness degradation is calculated by
the following formula:

Ku,i = 1 − βk,i
� �

Ku,i−1: ð8Þ

Ku,i and Ku,i−1 denote the unloading stiffness before and
after the half-turn of the cycle numbered i, respectively.
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Figure 5: Basic strength degradation.
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Among them, the zone is calculated by equation (1) and the
appropriate cyclic degradation parameter γk. Unlike the deg-
radation rates of the remaining three cases, the unloading stiff-
ness degradation rate is the only one that is calculated when
the load is reversed in the nonlinear phase. In addition, the
unloaded stiffness is updated in both positive and negative
directions. Therefore, the degradation of the unloaded stiffness
is twice as high as that of the other degradation types.

Figure 7 illustrates the degradation of unloading stiff-
ness. The unloading stiffness degrades from Ke to Ku,1 when
loading to point 2 and then continues to degrade from Ku,1
to Ku,2 when loading to point 5.

The reloading stiffness degradation increases themagnitude
ofthetargetdisplacement.Dependingonthedirectionof loading,
the increasedtargetdisplacement isdefinedbythemaximumdis-
placement of the last corresponding directional cycle. The reload
stiffness degradation is only applicable to the peak pointing
model and pinchedmodel with the following expressions:

δ+/−i,j = 1 + βa,i
� �

δ+/−i,j−1: ð9Þ

Figure 8 shows an illustration of the reload stiffness degrada-
tion. The value of the reload stiffness degradation rate βa,i is
updated each time it is unloaded to intersect with the horizontal
axis.Thecyclichalf-turntargetdisplacementδ+/−i,j−1withthecorre-
sponding direction number i is calculated from the cyclic half-
turn target displacement δ+/−i,j with that direction number i − 1.

The improved IMK model requires the determination of
seven parameters, and the seven parameters are initial stiff-
ness Ke, yield moment My, plastic turning angle θcap,pl, post-
yield hardening stiffness Mc/My, postpeak turning angle θpc,
normalized hysteretic energy dissipation parameter λ, and
exponential term degradation parameter c.

The empirical prediction equations for the above parame-
ters were established based on 255 column specimens in the
PEER structural performance database, and the empirical pre-
diction equations for the seven parameters are shown below.

At present, there is no good definition for the initial stiff-
ness of steel composite members. Two forms are used to
quantify the effective stiffness, that is, the cut-line stiffness
value EIy past the yield point, and the cut-line stiffness
EIsuf 40 past the 40% yield value point, and the empirical
prediction formulas for both forms are as follows:

(1) The cut line stiffness past the yield point is calculated
as follows:

EIy
EI

= −0:07 + 0:59 P

Agf c′

" #
+ 0:07 Ls

H

� �
, 0:2 ≤

EIy
EI

≤ 0:6:

ð10Þ

(2) The simplified calculation formula for the secant
stiffness past the yield point is as follows:

EIy
EI

= 0:065 + 1:05 P

Agf c′

" #
, 0:2 ≤

EIy
EI

≤ 0:6: ð11Þ

(3) The formula for calculating the secant stiffness at the
point of over 40% yield value is as follows:
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Figure 7: Unloading stiffness degradation.
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EIsuf 40
EI

= −0:02 + 0:98 P

Agf c′

" #
+ 0:09 Ls

H

� �
, 0:35 ≤

EIsuf
EI

≤ 0:8:

ð12Þ

(4) The simplified calculation formula for the secant
stiffness at the point of over 40% yield value is as
follows:

EIsuf 40
EI

= 0:17 + 1:61 P

Agf c′

" #
, 0:35 ≤

EIsf
EI

≤ 0:8: ð13Þ

Among them, P/Agf c′ is the axial compression ratio of
the column, and Ls/H is the aspect ratio of the column.

The empirical prediction formula of yield bending
moment, the prediction formula of bending strength, and
the formula are calculated as follows:

My = bd3ϕy Ec

k2y
2 0:5 1 + δ′

� �
−
ky
3

� 	
+ Es

2 1 − ky
� �

ρ

(

+ ky − δ′
� �

ρ′ + ρv
6 1 − δ′
� �i

1 − δ′
� �)

:

ð14Þ

Among them, the yield curvature is the smaller value in
equations (15) and (16).

(1) If the yield of the section is determined by the yield
of the tension steel bar, the calculation formula of
the yield curvature is as follows:

ϕy =
f y

Es 1 − ky
� �

d
: ð15Þ

(2) If the yield of the section is due to the significant
nonlinear phenomenon of the compressed part of
the concrete, that is, the strain of the compressed
part of the concrete exceeds its limit εe ≈ 1:8f c′/Ec,
then, the calculation formula of the yield curvature
is calculated as follows:

ϕy =
εe
kyd

≈
1:8f c′
Eekyd

ð16Þ

The depth ky of the compressed part when the section
yields (normalized by d) is

ky = n2A2 + 2nB
� �1/2 − nA: ð17Þ

Among them, n = Es/Ec. If the reason for the section
yielding is formula (1), then, the calculation formulas of A
and B are formula (18) and (19). If the cause of section yield-
ing is equation (2), then, the calculation formulas for A and
B are equations (20) and (21).

A = ρ + ρ′ + ρv +
N

bdf y
, ð18Þ

B = ρ + ρ′δ′ + 0:5ρv 1 + δ′
� �

+ N
bdf y

, ð19Þ

A = ρ + ρ′ + ρv −
N

εcEcbd
≈ ρ + ρ′ + ρv −

N

1:8nbdf c′
, ð20Þ

B = ρ + ρ′δ′ + 0:5ρv 1 + δ′
� �

: ð21Þ

In the formula, ρ, ρ′, and ρv, respectively, represent the
reinforcement ratios of the longitudinal reinforcement of
the compression part, the longitudinal reinforcement of the
tension part, and the web reinforcement. δ′ = d′/d, d′ refers
to the distance from the center of the steel bar in the
compression part to the outer edge of the concrete in
the compression part. b and d are the width and height
of the section, respectively, and N refers to the axial load
(compression is positive).

Studies have shown that the axial compression ratio and
concrete strength are the key factors that determine the
hardening stiffness. The hardening stiffnessM/M is expressed
as follows:

Mc

My
= 1:25ð Þ 0:89ð Þv 0:91ð Þ0:01cunits f c′ : ð22Þ

The simplified constant equation for hardening stiffness
after yielding is as follows:

Mc

My
= 1:13: ð23Þ

Among them, v is the axial compression ratio, f c′ is the
concrete axial compressive strength, and cunits is the unit con-
version variable. If the unit of f c′ is MPa, then cunits takes 1. If
the unit of f c′ is ksi, then cunits takes 6.9.

The complete calculation formula of the plastic turning
angle is as follows:

θcap,pl = 0:12 1 + 0:55aslð Þ 0:16ð Þv 0:02 + 40pshð Þ0:43

× 0:54ð Þ0:01cunits f c′ 0:66ð Þ0:1sn 2:27ð Þ10:0ρ:
ð24Þ

The simplified calculation formula of the plastic turning
angle is as follows:

θcap,pl = 0:13 1 + 0:55aslð Þ 0:13ð Þv 0:02 + 40pshð Þ0:65 0:57ð Þ0:01cunits f c′ :
ð25Þ
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Among them, asl refers to the possibility of slippage of the
longitudinal reinforcement at the end of the column (1 or 0), v
represents the axial compression ratio of the member, sn is the
buckling coefficient of the reinforcement, sn = ðs/dbÞ
ð f y/100Þ0:5, db is the diameter of the longitudinal reinforce-
ment, f y is the yield strength of longitudinal bars, ρsh is the
area ratio of transverse steel bars in the column plastic dump-
ling zone, and ρ is the ratio of longitudinal bars.

Equations (24) and (25) are only applicable to the case
where the cross-section is symmetrical. For the case of asym-
metrical reinforcement, the analysis item of asymmetrical
reinforcement is introduced into the formula, and the calcu-
lation formula of plastic rotation angle that can be used for
asymmetrical reinforcement is obtained:

θcap,pl = 0:12
max 0:01, ρ′ f y/f c′

� �� �
max 0:01, ρf y/f c′

� �� �
0
@

1
A

0:25

� 1 + 0:55aslð Þ 0:16ð Þv × 0:02 + 40ρshð Þ0:43

� 0:54ð Þ0:01cunits f c′ 0:66ð Þ0:1sn 2:27ð Þ10:0ρ,

ð26Þ

θcap,pl = 0:13
max 0:01, ρ′ f y/f c′

� �� �
max 0:01, ρf y/f c′

� �� �
0
@

1
A

0:225

� 1 + 0:55aslð Þ 0:13ð Þv × 0:02 + 40ρshð Þ0:65

� 0:54ð Þ0:01cunits f c′ :

ð27Þ

The calculation formula of the postpeak rotation angle is
as follows:

θpc = 0:76ð Þ 0:031ð Þv 0:02 + 40ρshð Þ1:02 ≤ 0:10: ð28Þ

Among them, v is the axial compression ratio, and ρsh is
the transverse steel area ratio.

The improved IMK model contains four degradation
modes, namely, basic strength degradation, softening section
strength degradation, unloading stiffness degradation, and
reloading stiffness degradation. Each degradation mode is
defined by two parameters: the normalized capacity dissipa-
tion capacity (λ) and the exponential term of the cyclic deg-
radation speed (c). In order to reduce the complexity,
assuming that the two parameters of the four cases are the
same, the cycle degradation parameters are reduced from 8
to 2. The calculation formula 29 is a simplified calculation
formula of a, and the corresponding c is taken as 1.0.

λ = 170:7ð Þ 0:27ð Þv 0:10ð Þs/d: ð29Þ

The cyclic energy dissipation capacity a is incorporated
into OpenSees in the form of an input parameter, and the
calculation formula of ∧ is as follows:

Et = λ · θcap,p;•My = ∧•My, ð30Þ

∧ = λ•θcap,pl: ð31Þ
a is the parameter of normalized energy dissipation capac-

ity, which is defined by the total energy of the component:

Ei = λ•θy•My: ð32Þ

In the above formula, when the model adopts the initial
stiffness instead of EIy/EIg, the value of λ should be adjusted.

When the residual strength is 0, it sometimes causes
errors in the OpenSees program. In order to avoid errors,
the residual intensity can be taken as a nonzero positive
number (0.01 is enough), so that errors in the program can
be avoided in most cases.

For the flexural member that may deform to the inelastic
range, a rotating spring of zero length is simulated at the end
of the member, and the rotating spring at the end of the
member (simulated by the zero-length unit) and the upper
elastic unit are modeled in series. The overall stiffness of
the member is a combination of the stiffness of the rotating
spring and the stiffness of the elastic unit, and the expression
is as follows:

Kmem = 1
1/Ksð Þ + 1/Kbcð Þ = KSKbc

Ks + Kbc
: ð33Þ

Among them, Kmem is the stiffness of the member, Kbc is
the stiffness of the elastic unit, and Ks is the stiffness of the
rotating spring. Analyzing the above equation, we can see
that when the stiffness of the elastic unit is much larger than
the stiffness of the rotating spring, the stiffness of the mem-
ber is approximately the stiffness of the rotating spring.
When the stiffness of the elastic beam-column unit is much
smaller than the stiffness of the rotating spring, the member
stiffness is approximately the stiffness of the elastic beam-
column unit. In Ibarra’s analysis, n times the stiffness of
the elastic beam-column unit is used to represent the stiffness
of the rotating spring, that is, Ks = nKbc. Bringing Ka = nKbc
into equations (33)–(35) are obtained. To make the stiffness
of the member equal to the stiffness of the elastic unit, the
cross-sectional moment of inertia of the elastic unit is the orig-
inal cross-sectional moment of inertia of the elastic unit.

Kbc =
n + 1
n

Kmem, ð34Þ

Ks = n + 1ð ÞKmem: ð35Þ

After correcting the stiffness of the rotating spring, the
strain hardening ratio, which is the ratio of the hardened stiff-
ness to the elastic stiffness, needs to be corrected as well. The
angle of rotation Δθmem of the member in the plastic phase
consists of the angle of rotation of the rotating spring and
the angle of rotation of the elastic unit, which is calculated as
shown in equation (36). Equation (37) is obtained by taking
Ks,s = αs,sKs and equations (34) and (35) into equation (36).
Taking into account the angle of rotation Δθmem = ΔMin/
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αmemKmem of the member in the plastic phase, the expression
(38) for the strain hardening coefficient of the rotating spring
can be solved by combining it with equation (37).

Δθmem = Δθs + Δθbc =
ΔMin
Ks,s

+ ΔMin
Kbc

, ð36Þ

Δθmem = ΔMin
1 + nαs,s
nαs,sKbc

� 	
, ð37Þ

Δθmem = Δθs + Δθbc =
ΔMin
Ks,s

+ ΔMin
Kbc

: ð38Þ

Among them,Δθs denotes the angle of rotation in the plas-
tic phase of the rotating spring, Δθbc denotes the angle of rota-
tion in the plastic phase of the elastic unit, ΔMin is the
increased bending moment in the plastic phase, Ks,s and Kbc
denote the stiffness of the rotating spring and the elastic unit

in the plastic phase, respectively, αs,s and αs,mem denote the
strain hardening rate of the rotating spring and the member,
respectively, and n is the ratio of the rotating spring stiffness
Ks to the elastic stiffness Kbc set in the elastic phase.

4. Research on Seismic Vulnerability of High-
Pier and Long-Span Bridges Based on
Improved IMK Resilience Model

Figure 9 shows a high-pier long-span bridge model. Three
types of ground motions are applied longitudinally to obtain
the bridge response, and the maximum curvature ductility
ratio of the control section is obtained. In this paper, PGA
is used as the independent variable, and the curvature ductil-
ity ratio is the dependent variable, and the IDA curve that
controls the section curvature ductility ratio is drawn, as
shown in Figures 10 and 11.
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Figure 10: IDA curve of 1# pier control section curvature ductility ratio.
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(b) Overall structure drawing of high-pier and long-span bridge

Figure 9: Structure diagram of high pier and long-span bridge model.
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It can be clearly seen from Figures 10 and 11 that with
the continuous increase of PGA, the maximum curvature
ductility ratio of the critical section of the bridge is also
increasing, which shows that it is appropriate to use PGA
to represent the index of ground motion intensity. Due to
the differences in the characteristics of the three types of
ground motions, the damage caused is quite different. Com-
pared with the other two ground motions, the Landers wave
has a greater seismic response, while the other two ground
motions have little difference in response, which is related
to the original intensity of the ground motions. Under the
action of a single ground motion, with the continuous
increase of PGA, the specific damage state of the key section
of the bridge can be seen more intuitively from the damage
state histogram.

From the above research, it can be seen that the seismic
vulnerability research model of high-pier and long-span
bridges based on the improved IMK restoring force model
has a certain analytical effect.

5. Conclusion

Through the analysis and research on the seismic damage
evolution and vulnerability of the bridge structure, it is pos-
sible to evaluate the seismic performance of the bridge, pro-
vide a basis for the seismic design of the bridge, provide a
theoretical basis for the assessment of bridge damage after
the earthquake, and provide a certain theoretical basis for
post-disaster decision-makers to formulate emergency plans
for earthquake resistance and disaster reduction. However,
high-pier long-span continuous rigid-frame bridges have
more complex seismic performance and seismic response
compared to low- and medium-span bridges, such as travel-
ing wave effects, pile-soil interaction, and various complex

nonlinear problems are more obvious. This paper combines
the improved IMK resilience model to study the seismic vul-
nerability of high-piers and long-span bridges and builds an
intelligent model. The test results show that the seismic vul-
nerability research model of high-pier and long-span bridges
based on the improved IMK restoring force model has a cer-
tain analytical effect.
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