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Abstract
At present, the seismic structure of recoverable functional bridges based on seismic resilience is one of the hotspots in 
bridge seismic engineering research. Therefore, a new type of hybrid piers is designed in this paper, which mainly relies 
on replaceable components to achieve repairable structural performance after earthquakes. At the same time, four-level 
seismic fortification objectives based on seismic resilience is proposed, and the follow-up stiffness phenomenon is found 
on this basis. The finite element software OPENSEES was used to perform IDA analysis on a hybrid pier and an ordinary 
reinforced concrete (RC) pier. The fragility curves and seismic resilience curves of two piers were compared, and the seis-
mic resilience performance and the follow-up stiffness phenomenon of the hybrid pier were studied. The results show that 
under the action of different seismic waves, the top displacement angle of the pier of the hybrid pier is slightly larger than 
that of the ordinary RC pier, but the overall difference is not large. The fragility curve of the hybrid pier is slightly larger 
than that of the ordinary RC pier. However, with the damage to the hybrid pier, the follow-up stiffness phenomenon impacts 
the seismic performance, which reduces the seismic force acting on the structure and improves the seismic resilience of the 
structure. The post-earthquake recovery time of two piers under different damage states was determined. Combined with the 
fragility curves, the seismic resilience curves of two piers were presented. The resilient index of the hybrid pier was always 
maintained at 0.9–1, and the seismic resilience performance was excellent.

Keywords  Hybrid bridge pier · Earthquake resilient structure · Follow-up stiffness · Fragility analysis · Seismic resilience

1  Introduction

The traditional seismic design concept aims at protecting 
life. Through ductile design, the brittle failure or even col-
lapse of the structure under earthquake action is avoided, 
which provides the possibility of escape, and reduces the 
harm caused by the earthquake to a certain extent (ASCE, 
2010; EN, 2005). However, during the action of the 

earthquake, the main components such as piers are seriously 
damaged, and there is no clear index for the performance 
of the structure after earthquakes, resulting in the loss of 
its use function of the bridge structure, ignoring the conse-
quences of the structure being unable to bear the original 
service load for a long time after earthquakes (Otsuka et al., 
1999a, 1999b). Based on the understanding of bridge earth-
quake damage, scholars began to think about and study new 
bridge seismic structures with resilient characteristics such 
as recoverable, easy to repair, and avoiding brittle failure, 
so that the bridge can quickly restore its use function after 
earthquakes.

As an important force-bearing component of the bridge, 
the pier is one of the most common parts for researchers to 
arrange earthquake resilient structures. Guo et al. (2016) 
increased the energy dissipation mechanism based on the 
traditional swing self-centering pier to improve the seis-
mic performance of the pier. Ou et al. (2006) improved the 
energy dissipation capacity of externally prestressed pre-
cast segmental columns by installing energy-dissipating 
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steel bars or yielding energy-dissipating devices at the 
joints of column segments. Rouse (2004) used fiber cement 
composite materials or steel sleeves to partially con-
strain concrete in the plastic hinge zone of prefabricated 
assembled columns with external prestressed segments. 
El-Bahey and Bruneau (2011, 2012) proposed to set the 
energy-consuming replaceable component between piers, 
and connect the energy-consuming replaceable component 
with the concrete-filled steel tubular pier column by using 
the joint plate to facilitate replacement. Dion et al. (2011) 
installed the energy dissipation damper between the abut-
ment and the bridge deck and dissipated the earthquake 
energy through the damper, which effectively reduced the 
relative displacement between the abutment and the bridge 
deck and avoided the occurrence of falling beams. In addi-
tion, some scholars have studied the seismic performance 
of piers with additional replaceable components through 
experiments (Wang et  al., 2018; Wang et  al., 2022a, 
2022b; Xia et al., 2021). The above studies show that these 
piers with earthquake resilient structures have good seis-
mic performance and superior repairability.

At present, the realization of the seismic resilience of 
bridges has been recognized by the international earth-
quake engineering community and has become a research 
hotspot. Based on the theory of seismic resilience formed 
by Bruneau et al. (2003), Chang and Shinozuka (2004) and 
Manyena (2006), scholars have introduced the concept of 
seismic resilience into the study of bridge systems, but the 
research methods are different. Kiremidjian et al. (2007) 
used the San Francisco Bay Area as a test base to estimate 
the impact of site effects on bridge damage, including the 
assessment of bridge maintenance costs and the assess-
ment of traffic network performance losses represented by 
travel time delays. Dong and Frangopol (2015) proposed a 
framework for probabilistic assessment of the seismic per-
formance of highway bridges under main shock-after shock 
(MSAS). The probability of direct loss, indirect loss, and 
resilience of bridges under earthquake are studied. On this 
basis, a probabilistic framework for bridge seismic risk and 
resilience assessment based on the MSAS sequence is pro-
posed. Frangopol and Bocchini (2011) proposed an evalu-
ation index for the seismic resilience of bridges, which is 
related to the traffic capacity of bridges. Gidaris et al. (2017) 
studied the functional recovery model of highway bridges 
and then analyzed the seismic resilience of bridges under 
MSAS. Karamlou and Bocchini (2017) proposed the fragil-
ity-function surface based on the concept of bridge seismic 
fragility surface. Kilanitis and Sextos (2019a, 2019b) esti-
mated the overall loss of earthquake damage to highway 
bridges and overpasses through more extensive network 
analysis rather than a single structural assessment. In addi-
tion, scholars have studied the seismic resilience of networks 
from different perspectives (Barker et al., 2013; Kilanitis 

& Sextos, 2019a, 2019b; Ouyang et al., 2012; Paredes & 
Dueñas-Osorio, 2015; Reed et al., 2009; Sun et al., 2023).

Previous studies mainly focused on the optimal recovery 
sequence of bridges in the traffic network and the optimiza-
tion design of a single bridge based on seismic resilience. 
There are few studies on the resilience evaluation and opti-
mization design of bridge structural members. Scholars’ 
research on the seismic performance of the structure under 
the original seismic fortification objective cannot evaluate 
the superiority of earthquake resilience structures. There-
fore, it is necessary to propose a resilience evaluation method 
for bridge structural members that reflects repairability. The 
nonlinearity of the system is caused by the stress–strain non-
linearity of the material, which is called material nonlinear-
ity. When the displacement of the structure makes the force 
of the system change significantly the analysis method of 
a linear system can not be used, which is called geomet-
ric nonlinearity. Previous studies have focused on material 
nonlinearity, such as using shape memory alloy (SMA) bars 
to replace ordinary steel bars in the plastic hinge zone of 
reinforced concrete columns or applying SMA bolts to self-
centering steel column bases (Billah & Todorov, 2021; Zhu 
& Wang, 2021). Based on geometric nonlinearity, the author 
independently designed a hybrid pier and carried out calcu-
lations and analysis. The concept of follow-up stiffness is 
proposed, which shows that the structure has good geometric 
nonlinearity and can also improve the seismic resilience of 
the structure (Sun & Tan, 2022).

In this paper, a new type of hybrid piers is designed based 
on the research of damage distribution of reinforced con-
crete columns after earthquakes and the four-level seismic 
fortifications concept proposed by the fifth generation of the 
Seismic Ground Motion Parameters Zonation Map of China 
(GB, 2015; Li et al., 2021). On this basis, the concept of 
the follow-up stiffness is proposed, and the damage index 
of the pier is determined based on the displacement failure 
criterion. The seismic resilience evaluation of the hybrid pier 
considering post-earthquake repair time is carried out by 
using the proposed four-level seismic resilience fortifications 
concept and fragility curve. It can be seen from the fragility 
curves and the seismic resilience curves that the designed 
hybrid pier not only has good repairable performance but 
also has good seismic performance due to the follow-up stiff-
ness phenomenon, which provides a reference for this kind 
of pier based on seismic resilience design in the future.

2 � Fragility Analysis Method

Seismic fragility analysis is an effective evaluation method 
for the rationality of bridge damping systems (Elnashai & 
Sarno, 2015). It can evaluate the damage degree of the bridge 
under earthquake action, and establish an organic relationship 
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between the input intensity of ground motion and the damage 
index of the structure. It can grasp the possibility of structural 
damage under various potential earthquakes from a macro per-
spective, and then provide a theoretical basis for the evaluation 
of structural seismic resilience.

The probabilistic seismic demand model (PSDM) is 
the first step for seismic fragility analysis. The incremen-
tal dynamic analysis (IDA) method is commonly used. By 
adjusting the ground motion intensity (IM) of the seismic 
wave, the IDA method obtains the seismic response of the 
structural members under different ground motion intensities 
through a large number of dynamic time-history analyses, to 
establish a probabilistic seismic demand model.

The seismic fragility function can be expressed as

where P(LS|PGA)—the probability of a structure reaching 
or exceeding a limit state under the action of an earthquake 
with a ground motion of PGA is also called the limit state 
probability; LS—the defined limit state; PGA—peak ground 
acceleration; Φ(⋅)—normal distribution function; �C—equal 
to lnmC , the logarithmic mean of seismic capacity C ; �D|PGA
—equal to lnmD|PGA , when the ground motion is PGA , the 
logarithmic mean value of the earthquake demand D ; �C
—logarithmic standard deviation of seismic capacity; �D|PGA
—logarithmic standard deviation of seismic demand; �M—
model uncertainties, according to the literature (Ellingwood 
et al., 2007) take 0.2.

The seismic fragility function assumes that the seismic 
demand D and the seismic capacity C obey the lognormal 
distribution. The seismic demand parameters mD|PGA and 
�D|PGA are generally obtained by nonlinear time-history 
analysis by fitting the ground motion parameters and damage 
index. To obtain the probabilistic seismic demand param-
eters, it is necessary to carry out a large number of finite 
element simulations of the structure, so that the structure 
can obtain the seismic response of the structure under each 
ground motion intensity, and the selected ground motion 
intensity distribution should be wide and the number should 
be large to obtain the response data of the structure under 
different earthquake intensities. Based on this, the formula 
of the probabilistic seismic demand fitting method is:
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where �0 , �1—linear fitting parameters; NRTR—number of 
selected ground motion waves; Di—the response of the finite 
element model is input under the action of the ith ground 
motion.

To obtain seismic capacity parameters mC and �C , two 
methods can be selected: one is to perform a nonlinear finite 
element random simulation of the structure to obtain the 
required seismic capacity parameters; the other can check 
the specification, according to the empirical limit given in 
the specification as the seismic capacity demand parameter 
mC , and based on the empirical assumption of the logarith-
mic standard deviation of the ability. This paper mainly uses 
the limit value in the specification as the seismic capacity 
value parameter.

According to the above parameters in the seismic fragil-
ity formula (1), the limit state probability P(LS|PGA) can 
be calculated. The limit probability of the structure under 
different damage states can be calculated by the fragility 
function.

Then the damage state probability P(DSj|PGA) of the 
structure can be obtained, and the calculation formula is:

where DSj—jth damage state; N—number of limit states.
According to the relationship between the limit state and 

the damage state, the structure is divided into N limit states 
by N + 1 damage states.

3 � Structural Seismic Resilience Evaluation 
System

The seismic resilience of the structure refers to the ability of 
the structural system to maintain or quickly restore its use 
function after being affected by earthquakes, which is the 
ability to reflect sustainable development. At present, the 
methods for evaluating seismic resilience are not uniform. 
Some of them combine geographical, economic, and other 
indicators (Cimellaro et al., 2016), and some combine repair 
time (Dong & Frangopol, 2016). This paper mainly quotes 
the quantitative evaluation of structural seismic resilience 
based on the repair time proposed.

The seismic resilience coefficient R can be expressed as:
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where t0—the moment of the earthquake; TLC—the control 
time set to evaluate the recoverability of structural functions; 
Q(t)—the functional function of the structural system.

Q(t) is a dimensionless function of time, which is com-
posed of the loss function and the recovery function of the 
system transient performance. Its expression is as follows:

where L(I, TRE)—loss function; frec—recovery function; 
I—earthquake intensity; TRE—earthquake damage recovery 
time; H()—unit step function.

The resilience coefficient R is the integral of t0E and 
t0 + TLC to the functional function Q(t) . The calculation of 
the loss function requires seismic fragility information. It 
can be seen from formula (6) that Q(t) = 1.0 without loss 
and 0 < Q(t) < 1.0 with loss. So the recoverability can be 
reflected by the functional function. If there is no loss after 
earthquakes, then R = 100% , otherwise the range of the 
resilience coefficient of structure is 0 < R < 100% when the 
structure loses.

Figure 1 shows the function of the system before and after 
earthquakes and the recovery process after earthquakes.

After the bridge structure is damaged by the earthquake, 
the repair time of the component determines the repair 
time of the whole bridge structure, so the repair time of the 
component directly determines the seismic resilience of the 
structure. In the process of component repair, the different 
repair methods directly affect the length of repair time.
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The analysis of the seismic fragility results of the bridge 
can point out the exceeding probability of different dam-
age states of the component or the whole bridge under the 
action of ground motion. On this basis, the corresponding 
post-earthquake repair time can be obtained by statisti-
cal analysis. The commonly used functional expressions 
are as formula (7) shows. Then the functional relation-
ship between the post-earthquake repair time and the PGA 
under the action of ground motion can be ulteriorly con-
structed, which is the resilience function.

where TRE—recovery time of structure or component; i—
damage state of structure or component; ti—the repair time 
of the structure or component corresponding to the first 
damage state; Pi—the probability of occurrence of the ith 
damage state.

The occurrence probability of the ith damage state can 
be obtained by the exceedance probability in the fragility 
curve. The formula is as follows:

After determining the repair method to further deter-
mine the repair time, based on the damage exceeding 
probability, it is easy to determine the recovery efficiency, 
that is, the resilience coefficient, which can quantitatively 
describe the strength of the recovery ability of the com-
ponent after earthquakes. The specific calculation formula 
is as follows:

(7)TRE =

n∑
i=0

tiPi (n = 1, 2, 3, 4)

(8)
P0 = 1 − Pf1; P1 = Pf1 − Pf2; P2 = Pf2 − Pf3;
P3 = Pf3 − Pf4; P4 = Pf4

(9)Rg = 1 − TRE∕T0

Fig. 1   Resilience index diagram and post-earthquake recovery function
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where T0—the time required for the initial construction of 
the component.

4 � Description of the Hybrid Pier

The author divides the performance objectives of the bridge 
structure. According to the four-level seismic fortification 
objectives, a new type of hybrid piers is designed based on 
the seismic resilience design method, which mainly relies 
on replaceable components to achieve repairable structural 
performance after earthquakes. Since the bridge is a top-
heavy structure, it is easy to form a plastic zone at the lower 
and upper ends of the pier in the form of a single pier when 
encountering earthquakes. Therefore, the earthquake resil-
ient structure is set at the bottom of the pier, which mainly 
includes the inner core variable cross-section round platform 
structure and the outer tubular structure. The outer rein-
forced concrete is designed as a tubular shape. To ensure 
that the internal structure can still be in an elastic state when 
the external replaceable structure of the pier is destroyed 
under the action of earthquakes, the shape of the inner core 
reinforced concrete is designed as a variable cross-section 
round platform with easement curves. The hybrid pier and 
steel bar arrangement and simplified mechanical model are 
shown in Fig. 2.

For the hybrid pier proposed in this paper, it can be 
assumed that the four displacement angles correspond to 
the four-level state of the pier, as shown in Table 1. The 
pier adopts C40 concrete, elastic modulus Ec = 3.25 × 104 N/
mm2; HRB400 steel bar, elastic modulus Ec = 2.0 × 105 N/
mm2. The pier height L = 10,000 mm, and the pier plastic 
zone height Lp = 700 mm, the pier diameter d1 = 1000 mm. 
The thickness of the replaceable structure outside the pier is 
t = 150 mm, and the diameter of the minimum section of the 
inner core variable cross-section round platform structure 
is d2 = 700 mm.

According to the research of Sun and Tan (2022), this 
paper presents the phenomenon of follow-up stiffness in 
detail. The phenomenon of follow-up stiffness refers to the 
phenomenon that the damage degree of the pier increases 
and the stiffness of the structure decreases with the increase 
of the earthquake strengths under the four-level states with 
different earthquake strengths.

Under the influence of the follow-up stiffness phenom-
enon, the earthquake response spectrum of the structure 
under the four-level ground motions may be shown in 
Fig. 3a. When the earthquake is a frequent earthquake, the 
structure does not have any damage and is in a completely 
elastic state, the natural vibration period of the structure is 
T1 , the corresponding structural seismic influence coefficient 
is �1 , and the horizontal seismic force acting on the struc-
ture is �1G ; when the earthquake is a design earthquake, 

the structure begins to damage, the stiffness of the structure 
decreases, the natural vibration period of the structure is T2 , 
the corresponding structural seismic influence coefficient is 
�2 , and the horizontal force acting on the structure is �2G ; 
when the earthquake is a rare earthquake, the structure is 
further damaged, the stiffness of the structure is further 
reduced, the natural vibration period of the structure is T3 , 
the corresponding structural seismic influence coefficient is 
�3 , and the horizontal force acting on the structure is �3G ; 
when the earthquake is an extremely rare earthquake, the 
structure does not collapse, the stiffness of the structure is 
the smallest, the natural vibration period of the structure is 
T4 , the corresponding structural seismic influence coefficient 
is �4 , and the horizontal force acting on the structure is �4G.

Under the influence of the follow-up stiffness phenome-
non, the earthquake response spectrum of the structure under 
extremely rare seismic waves may be shown in Fig. 3b. The 
four damage states of 1, 2, 3, 4 correspond to the normal 
use, mild damage, moderate damage, and severe damage of 
the structure under extremely rare seismic waves. When the 
structure is in the damage limit state of normal use, the natu-
ral vibration period of the structure is T1 , the corresponding 
structural seismic influence coefficient is �1 , and the hori-
zontal seismic force acting on the structure is �1G ; when 
the structure is in the mild damage limit state, the natural 
vibration period of the structure is T2 , the corresponding 
structural seismic influence coefficient is �2 , and the hori-
zontal seismic force acting on the structure is �2G ; when the 
structure is in the moderate damage limit state, the natural 
vibration period of the structure is T3 , the corresponding 
structural seismic influence coefficient is �3 , and the hori-
zontal seismic force acting on the structure is �3G ; when 
the structure is in the severe damage limit state, the natural 
vibration period of the structure is T4 , the corresponding 
structural seismic influence coefficient is �4 , and the hori-
zontal seismic force acting on the structure is �4G.

From Fig. 3a, it can be seen that the seismic influence 
coefficient of the structure in the four cases does not increase 
with the increase of the earthquake strength of the structure, 
but is affected by the change of the structural stiffness. If the 
structure design is reasonable, it can lead to decrease in the 
force acting on the structure with increase in the earthquake 
strength, which is conducive to the adaptation of the struc-
ture and the resistance to the earthquake. Such a structure 
has better seismic resilience. It can be seen from Fig. 3b 
that with the progress of the earthquake, the structure is 
destroyed step by step, and the stiffness of the structure is 
gradually degraded, which leads to the increase of the natu-
ral vibration period of the structure, and finally leads to the 
decrease of the seismic force acting on the structure, so that 
the structure has certain seismic resilience.

The inner core variable cross-section round platform 
structure of the earthquake resilience structure of the 
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Fig. 2   Hybrid pier model and parameters
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hybrid pier is an integral structure with the upper pier 
and foundation. The function of the earthquake resilience 
structure is realized by repairing or replacing the outer 
tubular structure after earthquakes. Therefore, the inter-
nal structure and the external replaceable structure are 
mainly connected by the threaded anchor. To prevent the 
reduction of the strength caused by the weakening of the 
cross-section at the connection caused by the setting of 
the threaded anchor, a layer of steel ring is wrapped on the 
part of the internal structure connected with the external 
replaceable structure, to achieve the design goal of strong 
joint and weak component. Figure 4a is the joint structure 
diagram of the earthquake resilient structure of the hybrid 
pier. Figure 4b is the replacement diagram of the external 
replaceable structure.

5 � Selection of Ground Motions 
and Determination of the Pier Damage 
Index

5.1 � Selection of Ground Motions

Because the records of measured seismic waves in China 
are few and not comprehensive enough, the seismic waves 
selected in this paper are selected from the strong ground 
motion databases of the Pacific Earthquake Engineering 
Research Center (PEER) of the United States according 
to the type of bridge site. The near-fault ground motion 
wave record is different from the general ground motion 
wave record, and Chinese scholars often use the 20 km 
fault distance as the boundary to divide the near and far 
fault ground motion. According to the site conditions of 

Table 1   Four-level states of hybrid pier and repair suggestions

Damage state Performance level The allowable 
displacement angle 
(%)

repair suggestion

Normal use The concrete on the tensile side of the bridge pier 
is cracked, and the bridge pier is in the elastic 
stage

0.5 There is no need to repair or repair the cracks by 
resin perfusion

Mild damage The concrete of the outer tubular structure on the 
compression side of the pier is crushed, and the 
steel bar is buckled

1 Reinforcement with steel bars and smear coverage 
for repair

Moderate damage Reinforcement yield of the outer tubular structure 
on the tensile side of the pier

2 Replacement of the outer tubular structure

Severe damage The bearing capacity of the pier inner core 
variable cross-section round platform structure 
decreases to 85% of the maximum value

4 The inner core variable cross-section round plat-
form structure is strengthened by carbon fiber 
reinforced plastic (CFRP) material or steel ring, 
and the outer tubular structure is replaced

Fig. 3   Different response spectra under the influence of stiffness follow-up phenomenon
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the bridge, the design response spectrum is established 
according to Code for Seismic Design of Urban Bridges 
(CJJ, 2011). For structural fragility analysis, it is generally 
believed that 10–20 seismic records can meet the accu-
racy requirements. Therefore, according to the difference 
between the Chinese code and the American code, this 
paper refers to the research results of Chinese scholars to 
obtain the site condition of type II by the Chinese code and 
considers the condition that the fault distance is greater 
than 20 km. The fitting of the mean response spectrum 
curve of all ground motions after amplitude modulation to 

the design spectrum is shown in Fig. 5. It can be seen that 
the effect of the selected waves is very good, which meets 
the site conditions and basic wave selection requirements.

With PGA as the standard, the acceleration time-histo-
ries of the 10 ground motion records selected above are 
modulated at intervals of 0.1g in the range of 0g to 1.0g 
and 0.2g in the range of 1.0g to 2.0g, respectively, with-
out changing the other parameters of the ground motion 
records. After amplitude modulation, 140 ground motion 
records are obtained, and then time-history analysis is car-
ried out to obtain structural response data.

Fig. 4   Functional recovery design diagram of the hybrid pier

Fig. 5   Selection of seismic wave
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5.2 � Determination of Damage Index

In this paper, the lateral displacement angle of the pier 
top is used as the seismic response parameter. The limit-
ing value of structural bearing capacity corresponding to 
normal use, mild damage, moderate damage, and severe 
damage is defined by the displacement angle of the pier 
top, as shown in Table 2.

6 � Fragility Analysis of the Pier

6.1 � Finite Element Model of the Pier

This paper selects a hybrid pier and an ordinary RC pier 
for a comparative analysis. The model of the hybrid pier 
and ordinary RC pier adopts C40 concrete, the longitudi-
nal reinforcement and stirrup are HRB400 grade steel bar 
and HRB335 grade steel bar respectively. The longitudi-
nal reinforcement ratio is 2.59%, the stirrup reinforcement 
ratio is 2.26%, the pier height L = 10,000 mm, the pier 
plastic zone height Lp = 700 mm, and the pier diameter 
d1 = 1000 mm. The thickness of the outer tubular struc-
ture of the plastic zone of the hybrid pier t = 150 mm, the 
longitudinal reinforcement ratio is 3.77%, and the stir-
rup reinforcement ratio is 1.54%. The inner core variable 
cross-section round platform structure is equivalent to 
a cylindrical structure with the minimum cross-section 
diameter d2 = 700 mm.

In this paper, the structural analysis diagram of two 
piers and specific parameters of the model is shown in 
Fig. 6. The fragility analysis is carried out by using the 
finite element software OPENSEES (Salkhordeh et al., 
2021; Stefanidou et al., 2024). The concrete of the protec-
tive layer of the pier section model is established by using 
the Concrete01 model, the Concrete02 is used to simulate 
the confined concrete, the steel bar is simulated by using 

the Steel02 model, and the pier body is established by 
using the dispBeamColumn unit.

6.2 � PSDM and Fragility Curve

The IDA curves of the hybrid pier and the ordinary RC pier 
are shown in Fig. 7. It can be seen from the figure that the 
overall trend is that the displacement angle of the pier top 
also increases to a certain extent with the increase of PGA. 
When the PGA is in a small range, the increase of the lateral 
displacement angle of the pier top is not large. Consider-
ing that the structure is still in the linear elastic stage at 
this time, it still has a good working performance. As the 
PGA continues to increase, the structure enters the elasto-
plastic stage, and the displacement angle of the pier top also 
changes greatly. The response of piers to different seismic 
waves is quite different. When PGA is small, the displace-
ment angle of the pier top is less affected by different seismic 
waves. With the increase of PGA, the influence of different 
seismic waves on the displacement angle of the pier top will 
be greatly differentiated.

Assuming that the PGA and the pier top displacement 
angle θ are power exponential relationships. Linear regres-
sion was performed using the results calculated by IDA 
above, as shown in Fig. 8. In the linear regression function 
of the ordinary RC pier, a = 0.305, b = 1.053. In the linear 
regression function of the hybrid pier, a = 0.385, b = 0.882. 
The results are shown in formulas (10) to (11). The correla-
tion coefficient R2 of the linear regression equation is also 
shown in this figure. The values of R2 are also greater than 
0.7, which means that the natural logarithms of PGA and θ 
satisfy the linear correlation.

The linear regression results can be used to establish 
the fragility curve function equation. The seismic fragility 
curves of the hybrid pier and the ordinary RC pier are shown 
in Fig. 9a. It can be seen that with the increase of PGA, the 
damage probability of two different piers increases, and the 
fragility curves of the hybrid pier and the ordinary RC piers 
are close. On the whole, the exceedance damage probability 
of the hybrid pier is slightly larger than that of the ordinary 
RC pier. However, in the case of mild damage, moderate 
damage, and severe damage, with the increase of PGA, the 
exceedance damage probability of the ordinary RC pier 
gradually tends to be slightly larger than that of the hybrid 
pier, indicating that with the damage of the hybrid pier, the 
follow-up stiffness phenomenon gradually affects the seismic 
performance. The seismic force acting on the structure is 

(10)ln
(
�RC

)
= 0.305 + 1.053 ln (PGA)

(11)ln
(
�HC

)
= 0.385 + 0.882 ln (PGA)

Table 2   Bridge damage state division based on the pier top displace-
ment angle

(a) Bridge damage state defined 
by pier top displacement angle

(b) The limiting value of struc-
tural bearing capacity under 
different damage states

Damage state Criterion Pier top 
displacement 
angle

Limiting bearing 
capacity of the 
structure (%)

Normal use 𝜃
d
< 𝜃

1
�
1

0.5
Mild damage 𝜃

1
< 𝜃

d
< 𝜃

2
�
2

1
Moderate damage 𝜃

2
< 𝜃

d
< 𝜃

3
�
3

2
Severe damage 𝜃

3
< 𝜃

d
< 𝜃

4
�
4

4
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reduced, so that its seismic performance is improved. The 
designed hybrid pier has better performance, but at the same 
time, it also shows that the designed hybrid pier needs fur-
ther improvement to enhance the seismic performance in 
small and moderate earthquakes.

In order to further reveal the influence of the follow-up 
stiffness phenomenon, the IDA statistical results of the top 
displacement angle of the hybrid pier and the ordinary RC 
pier are obtained, as shown in Fig. 9b. The mean value of the 
displacement angle of piers under different PGA can reflect 
the average level of the displacement angle of the pier with 
the change of the ground motion, and the maximum value 
of the displacement angle of piers under different PGA can 

reflect the maximum damage degree that piers may encoun-
ter. It can be seen from the mean displacement angle of two 
piers in Fig. 9b that the displacement angle of the hybrid 
pier and the ordinary RC pier increases with the increase 
of PGA. Due to the flexibility of the designed hybrid pier, 
under the action of different seismic waves, the increase 
of the ordinary RC pier is slightly smaller than that of the 
hybrid pier, but the overall difference is not large. From the 
maximum displacement angle of two piers, it can be seen 
that when the range of PGA is 0–0.6 g, the hybrid pier has 
a larger displacement angle, and when the range of PGA is 
0.6–1.8 g, the ordinary RC pier has a larger displacement 
angle. The reason for this result is the follow-up stiffness 

Fig. 6   Structural analysis model and specific parameters
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phenomenon, and further affects the vulnerability curves. 
It shows that the hybrid pier has good research significance 
and development prospects.

7 � Seismic Resilience Curve of the Pier

From the obtained fragility curves, the exceeding probabili-
ties of the hybrid pier and the ordinary RC pier at different 
damage states are shown in Table 3.

It is an important link in the seismic resilience eval-
uation of bridge piers to reasonably determine the 

post-earthquake recovery time of bridge piers under dif-
ferent damage states, which affects the accuracy of the 
results. In this paper, the recovery time of the pier is pre-
liminarily determined based on the existing references of 
the pier repair construction and the characteristics of the 
pier studied (Chen et al., 2022). The proposed pier recov-
ery time is shown in Table 4.

Based on determining the repair time of each damage 
state of the pier, the seismic resilience coefficient of the pier 
can be calculated by the formula (7) to (9), as shown in 
Table 5, so that the corresponding seismic resilience curves 
can be drawn, as shown in Fig. 10.

Fig. 7   IDA curves of pier top displacement angle

Fig. 8   Linear regression fitting curve
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The seismic resilience curve of the pier can intuitively 
describe the change in the seismic resilience of the pier with 
the change in earthquake intensity. From Fig. 10, it can be 
seen that with the increase of PGA, the seismic resilience coef-
ficient of the ordinary RC pier and the hybrid pier gradually 
decreases. The resilience coefficient of the ordinary RC pier 
remains between 0.88 and 1 when PGA is less than 1, and the 

resilience performance is also good. However, the resilience 
coefficient of the hybrid pier is always maintained at 0.9–1, 
and the resilience performance is excellent. When PGA is 
small, the resilience coefficient of the hybrid pier is smaller 
than that of the ordinary RC pier. With the gradual increase of 
PGA, under the effect of the follow-up stiffness phenomenon, 
the resilience coefficient of the hybrid pier is gradually greater 
than that of the ordinary RC pier, so the designed hybrid pier 
has better seismic resilience performance.

8 � Conclusions

In this paper, the seismic resilience of hybrid piers is stud-
ied. Firstly, the four-level seismic resilience performance 
objectives of the hybrid pier are proposed. On this basis, the 

Fig. 9   Comparison of fragility curves and IDA statistical curves of two piers

Table 3   Bridge pier damage exceeding probability

PGA(g) 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Hybrid piers
 Normal use 0.0285 0.2477 0.5133 0.7057 0.8249 0.8954 0.9367 0.9611 0.9756 0.9845
 Mild damage 0.0005 0.0193 0.0880 0.1989 0.3256 0.4481 0.5562 0.6469 0.7206 0.7795
 Moderate damage 0.0000 0.0003 0.0031 0.0128 0.0330 0.0647 0.1066 0.1564 0.2114 0.2690
 Severe damage 0.0000 0.0000 0.0000 0.0002 0.0006 0.0019 0.0043 0.0083 0.0143 0.0226

Ordinary RC piers
 Normal use 0.0022 0.0817 0.2947 0.5264 0.7041 0.8213 0.8934 0.9365 0.9620 0.9771
 Mild damage 0.0000 0.0027 0.0271 0.0934 0.1977 0.3206 0.4438 0.5557 0.6510 0.7291
 Moderate damage 0.0000 0.0000 0.0005 0.0034 0.0127 0.0320 0.0633 0.1063 0.1591 0.2188
 Severe damage 0.0000 0.0000 0.0000 0.0000 0.0002 0.0006 0.0018 0.0042 0.0086 0.0153

Table 4   Proposed pier recovery time(d)

Damage state Ordinary RC piers Hybrid piers

Normal use 1 1
Mild damage 5 5
Moderate damage 28 10
Severe damage 90 45
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follow-up stiffness phenomenon is found. The IDA analysis 
of a hybrid pier and an ordinary RC pier are carried out by 
OPENSEES, and the fragility curves and seismic resilience 
curves of two piers are compared. Summarize as follows:

1.	 The seismic fragility curves of the hybrid pier and the 
ordinary RC pier are drawn. It is found from seismic 
fragility curves that the damage exceeding probability 
of the hybrid pier is slightly greater than that of the ordi-
nary RC pier. However, with the increase of PGA, the 
damage exceeding probability of the ordinary RC pier is 
gradually greater than that of the hybrid pier. The results 
indicates that after the damage of the hybrid pier, the 
follow-up stiffness phenomenon has an impact on the 
seismic performance, which reduces the seismic force 
acting on the structure and improves its seismic resil-
ience.

2.	 The displacement angles of the hybrid pier and the ordi-
nary RC pier obtained by IDA analysis are analyzed 
statistically, and the mean and maximum values of the 
displacement angles of two piers are obtained. Through 
the statistics curves of the displacement angle of the 
hybrid pier and the ordinary RC pier, compare the maxi-
mum value of the displacement angles of two piers, it 

can be seen that when the range of PGA is 0–0.6 g, the 
hybrid pier has a larger displacement angle, and when 
the range of PGA is 0.6–1.8 g, the ordinary RC pier has 
a larger displacement angle. The reason for this result is 
the follow-up stiffness phenomenon, and further affects 
the vulnerability curves. It shows that the hybrid pier has 
good research significance and development prospects. 
But at the same time, it also shows that the designed 
hybrid pier needs further improvement to enhance the 
seismic performance in small or moderate earthquakes.

3.	 The post-earthquake recovery time of the hybrid pier 
and the ordinary RC pier under different damage states 
was determined. Combined with the fragility curves, the 
seismic resilience curves of two piers were reasonably 
drawn. It was found that the resilience coefficient of the 
hybrid pier was always maintained at 0.9–1, and the 
resilience performance was excellent. With the gradual 
increase of PGA, the resilience coefficient of the hybrid 
pier is gradually larger than that of the ordinary RC pier 
under the follow-up stiffness phenomenon.
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