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In this paper, a risk-based multiobjective optimal seismic design method for reinforced concrete (RC) piers is proposed. +is
method is used to determine the size and reinforcement ratios of piers to minimize the seismic risk of bridge systems and the
construction cost of piers. +e Pacific Earthquake Engineering Research- (PEER-) based probabilistic seismic risk assessment
approach and the response surface method (RSM) are adopted to develop the seismic risk response surface model, which
represents the relationship between the design parameters of piers and the seismic risk of bridge systems. +e Pareto optimal
solutions of piers are determined by applying an improved version of the nondominated sorting genetic algorithm (NSGA-II). As
a case study, the proposed optimal seismic design method is applied to a continuous concrete box girder bridge. +e optimal
design schemes of piers according to two strategies are determined from the Pareto optimal solutions. +e results show that the
seismic risk response surface model can be used to accurately describe the relationship between the design parameters of piers and
the seismic risk of bridge systems. +e case study demonstrates the effectiveness of the proposed optimal seismic design method.
+e analysis of the Pareto optimal solutions allows designers to more rationally conduct the seismic design of piers.

1. Introduction

Bridges are important components of lifeline systems.
Seismic damage of bridges may cause traffic disruption,
entailing considerable social impacts and economic losses.
Piers are one of the most crucial components of bridge
systems. +ey need to support the superstructure, and they
experience the seismic load from the superstructure to the
foundation. However, piers are vulnerable components
during earthquakes. In recent earthquakes, including the
1971 San Fernando earthquake, the 1989 Loma Prieta
earthquake, and the 2008 Wenchuan earthquake, numerous
bridges were destroyed because of the failure of piers [1].
+erefore, a reasonable seismic design of piers can effectively
improve the safety of bridges during earthquakes.

In the late 20th century, performance-based seismic
design (PBSD) was proposed [2, 3]. PBSD emphasizes the
design of a structure that satisfies the predefined damage
level under the designed level of seismic intensity. In pre-
vious studies, some optimal seismic design methods were

proposed to realize PBSD. Li et al. [4] carried out a seismic
optimization design for a continuous girder bridge under
different earthquake levels. Zheng and Yuan [5] established a
seismic optimization design method for piers using the
response spectrum method. Sung and Su [6] proposed a
fuzzy genetic optimizationmethod for the PBSD of RC piers.
Luo et al. [7] proposed a seismic design method for piers
combining fuzzy logic control methods, neural network
methods, and adaptive genetic algorithms. Fazli and Pakbaz
[8] proposed a seismic optimization framework using linear
modal dynamic demand analysis and nonlinear static ca-
pacity evaluation. Generally, nonlinear static procedures are
commonly applied to obtain the seismic response of
structures in these methods, but the accuracy may not satisfy
the design requirements in many cases.

+e Pacific Earthquake Engineering Research (PEER)
Center proposed the probabilistic seismic risk analysis
framework based on PBSD using the total probability the-
orem [9]. In this framework, nonlinear time history analysis
can be adopted to obtain higher precision seismic responses.
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Moreover, various uncertain factors can be fully considered
in this approach. However, the PEER-based seismic risk
analysis framework is mainly applied to the seismic per-
formance assessment of bridges [10–14]; few studies have
applied it to the optimal seismic design of RC piers.

In this study, a risk-based multiobjective optimization
seismic design method for RC piers is proposed. +e seismic
risk of bridges is obtained by using a PEER-based proba-
bilistic seismic risk analysis framework. +e RSM is applied
to determine the relationship between the design parameters
of piers and the seismic risk of bridge systems. +e non-
dominated sorting genetic algorithm (NSGA-II) is used to
obtain the Pareto optimal solutions of piers. Moreover, a
continuous concrete box girder bridge is used as a case study
and the optimal schemes of piers are determined using the
proposed method.

2. Risk-Based Optimal Seismic Design
Method of RC Piers

2.1. Optimization Functions. It is a task to determine rea-
sonable section sizes and the amount of longitudinal and
transverse reinforcements to ensure that a bridge system has
a satisfactory seismic performance in the seismic design of
piers. Generally, increasing the amount of material can
improve the strength and ductility of piers and enhance the
seismic performance of the bridge to some extent. However,
this may cause the construction cost of piers to increase.
Obviously, piers that have the lowest construction cost and
can make the bridge have the best seismic performance are
often more appealing to designers. According to the PBSD
methodology, the seismic performance of a bridge can be
quantified using the seismic risk of bridge systems. Seismic
risk describes the probability that a structure will be dam-
aged at a specific site. In this case, a lower seismic risk means
that a structure has a better seismic performance. +erefore,
the optimized seismic design of piers can be described as a
multiobjective minimization problem. +e objective func-
tions are the seismic risk of bridge systems and the con-
struction cost of the pier:

findX, (1a)

minimizeP(X), C(X), (1b)

subject toXL ≤X≤XU
, (1c)

where X is the design parameter vector of piers; P(X) and
C(X) are the seismic risk of bridge systems and the con-
struction cost of piers, respectively; and XU and XL are the
upper and lower bounds of the design parameter X,
respectively.

2.2. Objective Functions

2.2.1. Construction Cost of Piers. +e construction cost of
piers C(X) can be expressed as follows:

C � Cc + Cs + Ch(  � cc + csρs + chρh( V, (2)

where Cc, Cs, and Ch are the costs of concrete, longitudinal
reinforcements, and transverse reinforcements, respectively;
V is the volume of piers; cc, cs, and ch are the costs per
volume of concrete, longitudinal reinforcement, and
transverse reinforcement, respectively; ρs and ρh are the
longitudinal reinforcement ratio and the transverse rein-
forcement ratio, respectively.

2.2.2. PEER-Based Seismic Risk Assessment of Bridges.
According to the PEER-based seismic risk assessment
framework, the seismic risk of a structure exceeding the
defined damage state at a given site can be expressed as
follows [9]:

P(DS > ds) � BP(DS > ds|EDP

� edp)|dP(EDP > edp|IM

� im)||dλ(IM> im)|,

(3)

where P(A> a | B � b) represents the conditional proba-
bility function of A exceeding a when B reaches b; DS
represents the damage state of a structure; EDP represents
the engineering demand parameter; and IM represents the
intensity measure of ground motion.

+ree probabilistic analysis components are included in
the equation: (1) probabilistic seismic capacity analysis, (2)
probabilistic seismic demand analysis, and (3) probabilistic
seismic hazard analysis. A common solution strategy is the
convolution of probabilistic seismic capacity analysis and
probabilistic seismic demand analysis. In this case, the re-
sults are obtained by seismic fragility analysis, and the
seismic risk assessment of a structure can be simplified as
follows:

P(DS > ds) �  P(DS > ds|IM � im)| λ′(IM> im)


d(im),

(4)

the seismic fragility function describes the conditional
failure probability of a component or structure that sustains
a specific damage state for a given IM [10]. It can be de-
scribed as follows:

P(DS > ds|IM � im) � P
SD

SC|ds

|IM � im , (5)

where SD is a structural seismic demand for a specific IM and
SC|ds is the structural seismic capacity corresponding to the
given DS.

+ere are many uncertainties in the earthquake engi-
neering. Generally, uncertainties can be divided into two
types: aleatory and epistemic uncertainties [15, 16]. In
particular, aleatory uncertainty includes the variability in
ground motions, the variability in material properties, the
geometry error of structures, and the size error of com-
ponents during the construction. Epistemic uncertainty is
caused by ignorance, such as the error of modelling. In the

2 Advances in Civil Engineering



seismic fragility analysis, the above uncertainties are re-
flected in the seismic demand SD and seismic capacity SC|ds.
In general, assuming SD and SC|ds follow log-normal dis-
tributions, the seismic fragility function takes the following
form:

P(DS > ds|IM � im) � Φ
λ
σ

|IM � im , (6)

where λ and σ are the median estimate and standard de-
viation of ln(SD/SC|ds), respectively, andΦ(·) is the standard
normal cumulative distribution function.

Generally, λ can be predicted by a log-linear model using
the least-square method as follows:

λ � a ln(IM) + b, (7)

where a and b are the regression coefficients.
+e dispersion σ is determined by [11]

σ �

������������


N
i�1 yi − λi 

2

(N − 2)



, (8)

where yi and λi are the actual and predicted values of a given
IM, respectively, and N is the number of simulations. N − 2
represents the freedom degree of simulations when the log-
linear model is adopted in the probabilistic seismic demand
analysis.

+e above theory is commonly used to develop the
seismic fragility functions of components. In practice, the
seismic damage of a single component cannot accurately
reflect the damage of an entire bridge. +erefore, an ap-
proach to determine the seismic fragility functions of bridge
systems was proposed by Nielson and DesRoches [12]. In
general, the joint probabilistic seismic demand models are
developed using the vector of the seismic response mean of
each component and the correlation coefficient matrix of the
seismic response of different components. Monte Carlo
simulation is adopted to obtain random samples of the
seismic capacity and seismic demand of bridge systems at
different IMs for each damage state. +e number of damage
samples is counted, and a regression analysis is applied to
estimate the seismic fragility functions of bridge systems.

+e seismic hazard function has a nearly linear rela-
tionship on a log-log plot in the case of a small site seismic
hazard [17]. +erefore, it can be expressed as follows:

λ(IM) � k0 × IM− k
, (9)

where k0 and k are the shape coefficients and can be cal-
culated according to the following formula:

k �
ln λ1/λ2( 

ln IM2/IM1( 
, (10a)

ln k0(  �
ln IM1( ln λ2(  − ln IM2( ln λ1(  

ln IM1/IM2),(
(10b)

where IM1 and IM2 are the intensity values of two different
ground motions and λ1 and λ2 are the corresponding annual
exceedance probabilities.

2.3. Optimization Procedure of Piers Using the RSM and
NSGA-II. As mentioned, the risk-based optimal seismic
design of piers is a multiobjective optimization problem, and
the seismic risk of bridge systems and the construction cost
of piers are two conflicting objectives. In this case, the goal of
the multiobjective optimization is not to obtain a single
solution that minimizes all objective functions simulta-
neously but to obtain one set of solutions that cannot be
improved in any of the objectives without degrading at least
one of the other objectives. +e set of solutions is defined as
the Pareto optimal solutions. To obtain the Pareto optimal
solutions, a high-performance multiobjective algorithm
called the NSGA-II [18] is applied in this study.

In the NSGA-II method, a set of initial parent pop-
ulations P0 is randomly generated. Each individual in P0 is
ranked and selected based on the nondomination level, and
each individual in the same rank is sorted and selected based
on the crowded distance metric. New parent populations P1
are selected by an elitism sort, and then, genetic operations,
such as crossover and mutation, are performed to generate
the child populations Q1. +e parent populations P1 and the
child populations Q1 are combined to create new pop-
ulations R1. +e fitness values are assigned to all individuals
in R1 by nondominated sorting and crowded distance
sorting. Individuals with better fitness are selected by elitist
sorting to generate new parent populationsP2.+e process is
repeated until the maximum generation is reached. Finally,
individuals with first rank among the parents at Pmax are the
Pareto optimal solutions. A flowchart of the NSGA-II
method is presented in Figure 1.

Generally, the values of the objective functions under
different design parameters should be iteratively circulated in
an optimization process. In this study, the construction cost of
piers can be easily obtained using equation (2). However, the
seismic risk of bridge systems should be obtained from
nonlinear time history analysis according to the PEER-based
seismic risk assessment approach. Obviously, the conven-
tional iterative computation may be time-consuming and
inefficient with the sizes of samples increasing in the opti-
mization process. To improve the efficiency, an explicit
function model between the design parameters of piers and
the seismic risk of bridge systems is developed using the RSM
before the optimization. In this case, only a small number of
nonlinear time history analyses should be performed to de-
velop the function model. +e seismic risk of bridge systems
under different design parameters of piers can be rapidly
obtained from the function model without performing extra
nonlinear time history analyses.

+e RSM is used to develop an approximate functional
relationship between a response variable and a set of design
variables using mathematical and statistical techniques [19].
A general form of the RSM can be written as follows:

z � f x1, x2, · · ·, xp  + ε, (11)

where z is the response variable; x1, x2, · · ·, xp are the input
variables; f(·) is the real response function; and ε is the
residual factor associated with the experiments.
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+e RSM is commonly developed by performing a least
squares regression analysis for a set of experimental points.
+e designs of the experimental techniques, such as full
factorial design, central composite design, and orthogonal
design, provide the necessary basis for selecting the ex-
perimental points. For an experimental design of three input
parameters in three levels, the number of sample points
using different experiment design methods is presented in
Figure 2. Among these designs of experimental techniques,
central composite design is widely applied because of the
balance of precision and efficiency. For the k-factor problem,
the central composite design consisting of one center point,
2k axial points, and 2k corner points is applied. Factor values
are usually rescaled: corner points�±1, center point� 0, and
axial points�±α (one factor) and 0 (the other factors).

+e experimental points are then fitted through the RSM
to find the relationship between the response variables and
the input variables. +e multivariate polynomial model is
commonly applied to develop the response surface model
because it can uniformly approximate any function models.
Subsequently, multiple iterative is performed to determinate
the final polynomial form. Specifically, the analysis of var-
iance is carried out to determine the influence of various
factor terms (such as the linear terms, high-order terms of
each design parameter, and interaction terms between
various design parameters). A linear model is regarded as the
response surface model at first, and the accuracy of response
surface model is checked. If the relationship between the
response variables and the input variables cannot be accu-
rately described by the linear model, other high-order terms
and interaction terms are supplemented in the surface model
until the prediction accuracy of the response surface method
satisfies the requirements.

A common measure to determine if the RSM actually
describes the experimental data is the determination coef-
ficient R2, and it can be described as follows:

R
2

� 1 −


m
i�1 xi − xi( 

2


m
i�1 xi − x( 

2 , (12)

where xi and xi are the i-th actual and simulated responses,
respectively; x is the average of all actual responses; and m is
the number of data.

It is worth noting that the R2 may be misleading with the
increase in the number of input variables. In order to
eliminate the effect, the adjusted coefficient of determination
R2
adj is also considered for the adequate estimate. It can be

calculated according to the following formula:

R
2
adj � 1 − 1 − R

2
 

m − 1
m − p

 , (13)

where p is the number of input variables.
Moreover, the root-mean-square error (RMSE) can also

be used to check the accuracy of response surface model. It
can be expressed as follows:

RMSE �

����������������

1
m − p



m

i�1
xi − xi( 

2




. (14)

For a perfect match, R2 and R2
adj should be at least 0.9 and

the RMSE should be close to 0 [20].
According to the NSGA-II and RSM, the flowchart of the

risk-based optimal seismic design of RC piers is presented in
Figure 3. Generally, several crucial steps are included in the
process:

(1) +e meaningful ranges of the design parameters of
piers are determined, and bridge samples with
various pier design parameters are generated using
the experimental design techniques.

(2) +e seismic risk of each bridge sample is determined
using the PEER-based seismic risk assessment ap-
proach (equations (4)∼(10)).

(3) +e appropriate form of response surface model is
determined, and the coefficients are obtained by
fitting to the seismic risk data points of bridge
samples. Moreover, the adaptability test is performed
to ensure the response surface model is accurate
enough.

(4) Enough bridge samples with various pier design
parameters are randomly generated and regarded as
the initial parent populations. +e seismic risk of
each bridge sample is determined according to the
seismic risk RSM, and the construction cost of the

Nondominated
sort

Crowded distance
sort

Weed out 

Weed out

Elitism sortCrossover
mutation Weed out

Rt

Qt

Pt+1

Pt

Figure 1: Flowchart of the NSGA-II method.
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piers of each bridge sample is calculated by equation
(2).

(5) +e Pareto optimal solutions are obtained using the
NSGA-II method.

(6) +e optimal design scheme of piers is determined
from the Pareto optimal solutions according to the
specific optimization strategy.

2.4. Case Study and Bridge Modelling. A three-span con-
tinuous concrete box girder bridge is chosen as a case study
for implementing the optimal seismic design procedure, as

shown in Figure 4. +e spans of the bridge are 30m. +e
piers of the bridge are double columns with circular sections.
+e height of the piers is 10m. +e diameter of the piers is
1.5m. +e ratios of the longitudinal and transverse rein-
forcements of the cross section are 2.5% and 0.5%, re-
spectively. Four rubber bearings are arranged on the bent of
each pier, and four PTFE elastomeric bearings are located on
the abutment.

+e case study bridge is simulated and analysed using
OpenSees [21], an open-source computational platform
developed and maintained in the University of California at
Berkeley. Overall, the girder is modelled by the linear elastic

Select, cross, and mutate to get the child populations

Merge the parent and child populations, and choose
the parents based on the elite strategy

Calculate the seismic risk of each bridge sample
based on the response surface model

Output the Pareto optimal solutions

No

Yes

Randomly generate bridge samples as
the initial parent populations

Determine the ranges of design
parameters of piers

Select the form of response
surface model

Calculate seismic risk of each bridge sample

Fitting the seismic risk
response surface

Yes

NoAdaptability test

Output the seismic risk response
surface model

Calculate the construction cost of piers

Calculate the crowding sequencing of the populations
and nondominant sorting for parent populations

Perform nonlinear history analysis to develop
seismic fragility curves

Develop seismic hazard curves

Generate bridge samples according to
the experimental design

Determine NSGA-II parameters: population sizes,
maximum of generation, etc

Determine the optimal design scheme of piers

g ≥ gmax

g = g +1

Figure 3: Flowchart of the risk-based optimal seismic design of piers using RSM and NSGA-II.
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Figure 2: Experimental designs of three input parameters in three levels using (a) full factorial design, (b) central composite design, and (c)
orthogonal design method.
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beam-column elements and the nonlinear beam-column
element with fibre cross sections used to simulate the piers.
+e zero-length element with the Elastic and ElasticPP
materials is used to simulate the rubber bearings and the
PTFE bearings, respectively. Shear keys are simulated in
parallel with the Hysteretic and ElasticPPGap materials. +e
expansion joints at the deck ends are modelled through the
gap elements. Based on the model, the modal analysis is
performed to determine the fundamental periods of the
model. +e first two periods of the bridge are 2.11 s and
1.51 s, respectively.

As mentioned, it is necessary to fully consider various
uncertainties in the seismic fragility assessment for a real
engineering structure. However, this study focuses on
proposing a risk-based optimal design framework for RC
piers and the case study bridge is mainly used to elaborate
the realization process of the optimal seismic design.
+erefore, only the uncertainty of ground motions is in-
cluded in the study. +erefore, 100 ground motions are
selected from the PEER Ground Motion Database [22]. To
consider the uncertainty of the ground motions, the selected
ground motions include different source-to-site distances
and magnitudes (Figure 5(a)): SMSR (small magnitude and
small epicentre distances), SMLR (small magnitude and
large epicentre distances), LMSR (large magnitude and small
epicentre distances), LMLR (large magnitude and large
epicentre distances), and NF (near field). +e spectra ac-
celeration at the geometric mean of the two periods in both
the longitudinal and transverse directions (SAGM) is chosen
as the intensity measure [23]. +e linear spectra acceleration

of 100 ground motions and the distribution of SAGM are
shown in Figure 5(b).

2.5. Development of the Seismic Risk RSM. In this case study,
the design parameters of the piers including the diameter D,
the ratio of the longitudinal reinforcement ρs, and the ratio
of the transverse reinforcement ρh are considered. Before the
optimal seismic design, the seismic risk RSM should be
developed. +e cross-sectional diameter of the piers is
considered to range from 100 cm to 200 cm, and the ratios of
the longitudinal and transverse reinforcements are con-
sidered to range from 0.5% to 3%. In total, 15 bridge samples
are generated using the central composite design method. To
obtain the seismic risk of each bridge sample, 100 nonlinear
time history analyses are performed to determine the seismic
demand model of the components. According to the defi-
nition of damage states in HAZUS-MH/MR3 [24], four-level
damage states are adopted, namely, slight damage (SL),
moderate damage (MO), extensive damage (EX), and
complete damage (CO). Moreover, five kinds of compo-
nents, including piers, shear keys, abutments, rubber
bearings, and PTFE elastomeric bearings, are considered.
+e EDPs include the curvature ductility of the piers [12],
the displacements of the PTFE elastomeric bearings, the
shear strain of the rubber bearings [25], the deformation of
the shear keys [26], and the longitudinal displacements of
the abutments [27]. Moreover, two levels of ground motion
with different annual exceedance probabilities (frequent
earthquakes and rare earthquakes) in the Chinese seismic
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Figure 4: Case study three-span continuous concrete box girder bridge.
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design code of highway bridges are adopted to determine the
shape coefficients of the seismic hazard function [28]. +e
seismic risk of each bridge sample is logicized, and the
quadratic polynomial is applied to develop the seismic risk

RSMs, as shown in equation (15a)–(15d). To verify the
adequacy of themodel, the test is performed, and the result is
shown in Table 1. +e result implies a satisfactory repre-
sentation of the process by the model.

ln(P|LS1) � 1.79 + 0.89 D + 1.09ρs + 0.64ρh − 0.25ρsD − 0.09ρhD − 0.023ρsρh − 0.29D
2

− 0.14ρ2s − 0.12ρ2h, (15a)

ln(P|LS2) � −1.19 + 5.76 D + 1.18ρs + 0.66ρh − 0.34ρsD − 0.09ρhD − 0.018ρsρh − 1.06D
2

− 0.124ρ2s − 0.18ρ2h, (15b)

ln(P|LS3) � 4.6 + 2.2 D − 0.18ρs + 0.28ρh − 0.017ρsD − 0.05ρhD − 0.01ρsρh − 0.45D
2

− 0.056ρ2s − 0.11ρ2h, (15c)

ln(P|LS4) � 4.77 + 3.13 D − 0.3ρs + 0.26ρh − 0.028ρsD + 0.066ρhD + 0.01ρsρh − 0.743D
2

+ 0.09ρ2s − 0.11ρ2h. (15d)

2.6. Optimal Seismic Design of Piers. To calculate the con-
struction cost of piers, the cost of materials is assumed to be
$105/m3 for concrete and $7065/m3 for longitudinal and
transversal reinforcements [29]. In the optimization process,
5000 initial populations are randomly generated, and the
maximum generation number is set to 500.

Figure 6 shows the distribution of the initial populations
and the Pareto optimal solutions. A significant nonlinear
relationship between the construction cost of piers and the
seismic risk of bridge systems can be found from the Pareto
optimal curves. +e seismic risk of the bridge systems is
more sensitive to the construction cost of the piers when the
construction cost of the piers is low. +e main reason is that
the seismic performance of the piers is relatively weak
compared with other components when the construction
cost of the piers is low. In this case, the seismic damage of the
piers may control the damage of the entire bridge.

However, the influence of the piers on the seismic risk of
the bridge system is relatively small once the seismic per-
formance of the piers exceeds that of most of the other
components. +erefore, the influence of the piers on the

seismic risk of the bridge system decreases as the con-
struction cost of the piers increases.

+e locations of the objective functions of the original
scheme in the solution space are also presented in Figure 7.
+e original scheme (not on the Pareto optimal curves)
indicates that the piers can be optimized without increasing
the seismic risk of the bridge system and the construction
cost of the piers. Depending on the relationship between the
seismic risk of the piers and that of the other components in
various damage states, the degree to which the piers can be
optimized differs. +erefore, the distance from the original
scheme to the Pareto optimal curves is significantly different
in various damage states.

As mentioned, the Pareto solutions provide multiple
design schemes of piers. +erefore, the reasonable optimal
design strategies should be determined to choose the final
design scheme from the Pareto solutions. Because the
construction costs and seismic risk belong to different
categories, it is difficult to find a strict optimization solution.
In general, instead of optimizing all the objective functions,
the designers or owners may optimize several objective
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functions while control the other objective functions within
the limitations. For example, the designers are expected to
maximize the seismic performance of bridges under the
given investment/expenses while the owners are expected to
minimize the investment as long as the bridges meet the
basic/specification requirements. +erefore, two optimiza-
tion strategies are considered to determine the optimal
scheme of the piers: (1) optimization strategy 1maintains the
seismic risk of the bridge system in each damage state and
minimizes the construction cost of the piers; (2) optimi-
zation strategy 2 minimizes the seismic risk of the bridge
system in each damage state without increasing the con-
struction cost of the piers. +e optimal design parameters of
the piers based on the two optimal strategies are listed in
Table 2. +e diameter of the piers increases, and the ratio of
the longitudinal reinforcement decreases to 0.5% for the two
optimal schemes.+emain reason is that increasing both the
diameter of the piers and the ratio of the longitudinal re-
inforcement can enhance the bending strength of the piers,

entailing a decrease in the seismic risk of the bridge system in
slight and moderate damage states. Because of the relatively
low cost of concrete, it is more economical to increase the
diameter of the piers. Moreover, the transverse reinforce-
ment can effectively increase the ductility level of the piers
and reduce the seismic risk of the bridge system in extensive
and complete damage states. +erefore, the ratio of the
transverse reinforcement increases for the two optimal
schemes. Comparing the original and optimal schemes, the
construction cost of the piers can be reduced by nearly 26%
for optimal scheme 1 and the seismic risk of the bridge
system in the four damage states can be decreased by 35%∼
41% for optimal scheme 2. Obviously, the proposed optimal
design method can effectively decrease the seismic risk of
bridge systems or the construction cost of piers.

Figure 7 presents the seismic fragility curves of various
components and a bridge system with different pier design
schemes. In theory, the shear keys and bearings on the bent are
in series with the piers. +erefore, the seismic fragility of the
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Figure 6: Initial populations and Pareto optimal solutions in the (a) slight, (b) moderate, (c) extensive, and (d) complete damage states.

Table 1: Accuracy test for the response surface model.

Slight Moderate Extensive Complete
R2 0.994 0.997 0.995 0.992
R2
adj 0.964 0.984 0.970 0.957

RMSE 8.66E-04 3.93E-04 5.12E-05 3.16E-05
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shear keys and bearings on the bent will remarkably interact
with that of the piers. If the seismic fragility of the piers in-
creases, the inertial forces in the system will decrease, entailing
a reduction in the seismic fragility of the shear keys and
bearings on the bent. In contrast, an increase in the seismic
fragility of the piers will increase the deformation of the girder

to a certain extent, resulting in a slight increase in the seismic
fragility of the abutment, shear keys, and bearings on the
abutment. It can be seen that the optimization of the piers will
affect the damage of all components by different levels. Instead
ofminimizing the seismic damage of piers, the optimal method
proposed in this study aims to minimize the seismic damage of
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Figure 7: Seismic fragility curves of various components and a bridge system with different design schemes of piers: (a) original scheme; (b)
optimal scheme 1; and (c) optimal scheme 2 in the (1) slight, (2) moderate, (3) extensive, and (4) complete damage states.
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bridge systems by balancing the seismic performance of various
components.

3. Conclusion

+is study presents a risk-based multiobjective optimal
seismic design method for RC piers using the RSM and
NSGA-II. +e optimal scheme for piers that minimizes the
seismic risk of bridges and the construction cost of piers can
be obtained according to the method. A case study bridge is
selected to perform a seismic optimization analysis. +e
main conclusions can be summarized as follows:

(1) +e seismic risk RSM can be used to accurately
describe the relationship between the design pa-
rameters of piers and the seismic risk of bridge
systems. +e efficiency of the multiobjective optimal
process can be improved using the seismic risk RSM.

(2) A significant nonlinear relationship between the
construction cost of piers and the seismic risk of
bridge systems can be found from the Pareto optimal
curves. +e influence of piers on the seismic risk of
bridge systems depends on the relationship between
the seismic risk of piers and that of the other
components.

(3) +e proposed optimal seismic design method min-
imizes the construction cost of piers or the seismic
risk of bridge systems by balancing the seismic
performances of the various components. +e case
study demonstrates the effectiveness of the optimal
method. +e Pareto optimal solutions describe an
optimal relationship between the construction cost
of piers and the seismic risk of bridge systems in
different damage states. +is method can be a useful
seismic design tool for decision-makers.
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