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Abstract: Base-isolated structures face a risk of damage under the action of earthquakes, and base isolation devices may be susceptible to
damage during severe earthquakes. This study proposed an approach based on the response surface method to assess the base-isolated
structures’ seismic fragility and investigated the reliability and effectiveness of the base-isolation technique. Three performance levels
and corresponding performance criteria for general base-isolated reinforced concrete structures were specified. The proposed seismic fragility
assessment approach fully considered the uncertainty of the base-isolated structures and ground motions. Uncertainty parameters of the
superstructure and base isolators were characterized, and parametric sensitivity analysis of the base-isolated structure was carried out.
Moreover, the seismic fragility evaluation method of base-isolation systems was studied, and a simplified evaluation equation was introduced.
The proposed response surface-based method’s accuracy and efficiency were also compared with the Monte Carlo method. An actual project
was taken as an example to illustrate the proposed approach. The failure probabilities of the base-isolated structure under various seismic
intensity levels were calculated, and the seismic fragility curves were plotted. It indicated that the base-isolated structure could achieve
the performance objectives of maintaining operation under minor earthquakes, guaranteeing life safety under moderate earthquakes, and
preventing collapse under severe earthquakes. However, the seismic isolation bearings could still have large displacements under severe
earthquakes. Furthermore, the seismic fragility analysis of the base-isolated and nonisolated structures was compared. It showed that
the base isolation technique significantly reduced the damage probability of the superstructure under various intensity levels and effectively
prevented the superstructure from entering a serious damage state. The proposed seismic fragility analysis approach and a large amount of
computational data could provide a significant engineering application value for similar reinforced concrete structures and a reference value
for the design of base-isolated structures. DOI: 10.1061/AJRUA6.RUENG-1020. © 2023 American Society of Civil Engineers.
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Introduction

In the past two decades, the seismic base-isolation technique has
been widely used in structural design for its excellent performance
in mitigating seismic response. However, the base-isolation struc-
ture is still exposed to the risk of earthquake damage. On the one

hand, the building response may deviate from the deterministic
seismic response analysis due to the presence of uncertainties in
the seismic loads and structures. On the other hand, the reliability
of seismic isolators under earthquakes, especially beyond design
basis earthquakes, is paramount because the displacement of the
isolation layer is large. Therefore, it is significant to analyze the
seismic fragility of base-isolated structures.

Many researchers perform seismic fragility analysis on base-
isolated structures, including critical facilities, buildings, and
bridges. The analytical methods are more feasible in the absence
of seismic damage data because the empirical methods require seis-
mic damage data from actual earthquakes. Therefore, seismic fra-
gility analysis research based on analytical methods has prevailed
in recent years. Perotti et al. (2013) analyzed the seismic fragility of
base-isolated buildings in nuclear power plants (NPP) using the re-
sponse surface method (RSM) and Monte Carlo simulation (MCS)
method. Saha et al. (2016) transferred the study subject to the base-
isolated liquid storage tank in the sameway. Salimi Firoozabad et al.
(2015) experimentally verified the numerical results of the fragility
of the base-isolated NPP piping system. Alhan and Gavin (2005)
used the MCS approach to determine the fragility of base isolation
under critical equipment. Castaldo et al. (2015) evaluated the seis-
mic fragility of friction pendulum isolators using the Latin Hyper-
cube Sampling (LHS) method. Long et al. (2015) conduct seismic
fragility analysis of an isolated continuous girder bridge using the
RSM. Xiao et al. (2020) proposed an improved RSM for fragility
analysis of base-isolated structures, considering the correlation of
seismic demands on the structural components.
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Among recent research, improved MCS methods are commonly
used seismic fragility analysis methods for base-isolated structures.
The direct MCS method is one of the most accurate analytical
methods in reliability analysis and is often used to examine the ac-
curacy of other reliability methods. However, the direct MCS
method requires a considerable amount of simulations to obtain
a reliable estimate, especially for the low probability of failure
(Peeranan 2004). Nonlinear analysis is necessary when conducting
seismic fragility of base-isolated structures because the isolators
may exhibit a strong nonlinear behavior. Therefore, it is computa-
tionally impractical to use the direct MCS method for seismic fra-
gility analysis of base-isolated structures (Franchin et al. 2003).
Hence, many scholars adopt the improved MCS method, such as
improved sampling methods and RSM-based MCS methods. The
response surface method (RSM) provides an efficient option in the
field of structural reliability analysis (Peeranan 2004). The basic
idea of the RSM is to replace the real complex limit state function
with a simple function containing unknown parameters and trans-
form the complex implicit reliability problem into a relatively sim-
ple explicit reliability problem. The RSM offers many advantages:
(1) it is a nonintrusive method that can be easily combined with
deterministic structural analysis programs; and (2) it shows a good
application prospect in the fragility analysis field of large and com-
plex structures, because it dramatically reduces the time of nonlin-
ear finite-element analysis. However, conventional RSM builds the
relationship between the structural random variables and building
seismic response through an explicit function: develop one meta-
model to replace the finite-element model. When the uncertainty of
ground motion is taken into account in this way, a suite of ground
motions corresponding to a specific level of intensity are selected
randomly and matched with randomly selected response surface
metamodels, like Approach 2 in Peeranan (2004). As a result, the
number of response surface models is the same as the number of
ground motions in the suite. If the uncertainty of ground motion
needs to be fully considered, a large number of trials may be re-
quired, so the computational cost of seismic fragility analysis by
this method is still very high. Therefore, it is essential to study the
improved RSM and verify it on the seismic isolation structure.

This study proposed an improved RSM-based simulation ap-
proach to assess the seismic fragility of the base-isolated reinforced
concrete (RC) structures. In this approach, both the uncertainties of
the base-isolated structures and the ground motions were consid-
ered. First, the damage criteria for general base-isolated RC build-
ings were suggested. Second, the uncertainties of the base-isolated
structures and the ground motions were characterized. Parameter
sensitivity analyses were performed to study the sensitivity of the
uncertainty parameters of base-isolated structures. The uncertainty
of ground motions was fully considered, and seismic intensity was
incorporated as an uncertain parameter by constructing dual re-
sponse surfaces. Third, an actual RC structural project was taken
as an example to illustrate the proposed approach. Dual response
surface models of the base-isolated structure were built, including
the structural uncertainty parameters and the peak ground motion
acceleration (PGA). The efficiency and accuracy of the proposed
RSM were verified by the direct MCS method. The approximated
equations to assess the seismic fragility of base-isolated systems
were studied. Last, the failure probability of the base-isolated struc-
ture under various seismic levels was calculated, and particular
emphasis was laid on the seismic performance under severe earth-
quakes. The seismic fragility of the base-isolated system was an-
alyzed and compared with its nonisolated counterpart to investigate
the reliability and effectiveness of base-isolation techniques.

Damage Criteria of Base-Isolated RC Structures

The peak interstory drift ratio (PIDR) can characterize the structural
plastic behavior when encountering severe earthquakes and sensi-
tively respond to the change in structural stiffness. The maximum
displacement of the isolation layer (MDIL) can reflect the defor-
mation degree of seismic isolators. Thus, they are identified as
engineering demand parameters (EDP) for base-isolated structures.
Three performance levels of base-isolated RC structures are de-
fined as operational, life safety (LS), and collapse prevention (CP).
ASCE 41-17 (ASCE 2014) states that the seismically isolated struc-
ture should remain essentially elastic when subjected to basic safety
earthquake 1 (BSE-1), and the inelastic response of the lateral
force-resisting members of the superstructure should be limited
to 1/3 of the nonlinear response limit of the nonisolated structure.
The superstructure should be regarded as an elastic system under
design basic earthquakes, thus the performance criteria of the PIDR
for the operational limit state corresponds to the elastic deformation
limit of RC structures. And the inelastic deformation limit of RC
structures is defined as the CP limit state, because the inelastic de-
formation limit controls the RC structure from collapsing under
major earthquakes. And the performance criteria for the LS limit
state is 1/3 of that for the CP limit state, considering that the in-
elastic response of the lateral force-resisting superstructure system
is limited to about 1/3 of a comparable fixed-base structure for
design major earthquakes. According to the Chinese code for seis-
mic design of buildings (GB 50011-2010) (MOHURD 2016), the
elastic and inelastic deformation limit of RC structures is 1/550 and
1/50, respectively. Therefore, the threshold of the PIDR for the
operational, LS, and CP limit states are 1/550, 1/150, and 1/50,
respectively (Wang et al. 2020). The MDIL of each limit state is
defined by the isolators’ shear strain, which is presented γ in
Table 1. China’s standard for seismic isolation design of building
(SAPRC 2021) stipulates that for the seismic isolation structure
using only rubber isolation bearings, the horizontal shear strain
can be taken as follows: 100% for basic fortification earthquakes,
250% for major earthquakes, and 400% for very rare earthquakes.
So 100% γ, 250% γ, and 400% γ are set as the limit values of the
operational, LS, and CP limit states, respectively (Wang et al.
2020). Three performance levels and corresponding performance
criteria are specified, as shown in Table 1.

The limit state function of nonisolated RC structures is con-
structed as

giðXÞ ¼ θi − θmaxðXÞ ð1Þ

where X = random variables vector; giðXÞ = performance function
with respect to ith limit state; θi denotes the PIDR limit with respect
to ith limit state; and θmaxðXÞ denotes the PIDR of the RC structure.

The limit state functions of base-isolated RC structures are
defined as

giðXÞ ¼ θi − θmaxðXÞ
giðXÞ ¼ δi − δLRBðXÞ ð2Þ

where δi denotes the MDIL limit with respect to ith limit state; and
δLRBðXÞ denotes the MDIL.

Table 1. Performance levels of base-isolated reinforced concrete structures

Demand parameters Operational Life safety Collapse prevention

PIDR 1/550 1/150 1/50
MDIL 100% γ 250% γ 400% γ
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RSM-Based Seismic Fragility Analysis Approach

Seismic fragility provides the value of the conditional probability of
a particular damage state being exceeded given a particular instance
of a hazardous scenario (Saha et al. 2016). The seismic fragility
of base-isolated structures can be represented as a conditional
probability

FRðyÞ ¼ P½D ≥ CjIM ¼ y� ð3Þ
where D denotes the seismic demands; C denotes the structural
capacity; and IM ¼ y denotes the specific level of a selected seis-
mic intensity measure (IM).

Assuming that the seismic response of the structure exceeds the
limits, the structure is considered to have failed. If i limit states are
defined, the failure probability with respect to ith limit state at each
intensity level can be expressed as

PFij ¼ PðLSijIM ¼ yjÞ ¼ PðEDP ≥ xijIM ¼ yjÞ ð4Þ
where PFij describes the failure probability with respect to ith limit
state at the ith IM level; LSi denotes ith limit state; EDP = seismic
demand parameters; and xi = limit value of seismic responses with
respect to ith limit state.

Once the probability distribution of random variables X ¼
ðX1;X2; : : : ;XnÞ is characterized, the probability of exceeding a
specific limit state can be expressed as

PFij ¼ PðgiðXÞ ≤ 0jIM ¼ yjÞ ¼
Z
giðXjIM¼yjÞj≤0

fXðxÞdx ð5Þ

The integral could be computed by the straightforward MCS
method, but it would cost massive computation time for base-
isolated systems (Franchin et al. 2003). In this study, the RSM-
based MCS method is explored to assess the seismic fragility of
base-isolated structures. The actual limit state function gðXÞ is
replaced by an explicit function, namely the response surface func-
tion (RSF). The RSF needs to have sufficient ability to reflect the
true limit states and keep the form as simple as possible with few
coefficients to be determined to reduce the computation workload.
Using quadratic polynomials with cross terms to represent RSF
has the advantages of low computational cost, high computational
stability, and can reflect the nonlinearity of structural seismic re-
sponses (Peeranan 2004). Thus, in this paper, the metamodel rep-
resentation uses a quadratic polynomial with cross terms

Ẑ ¼ ĝðXÞ ¼ aþ
Xn
i¼1

biXi þ
Xn
i¼1

ciX2
i þ

Xn−1
i¼1

Xn
j¼iþ1

dijXiXj þ ε

ð6Þ
where a, bi, ci, and dij = polynomial coefficients; n = number of
variables X; and ε = random error.

The polynomial coefficients in the RSF are determined through
experimental design. First, select a series of design points in the
design space, namely, determine a series of random variables com-
binations. The experimental design scheme of the structural input
random variables adopts the central composite design (CCD) strat-
egy. The number of coefficients necessary for CCD is 2n þ 2nþ 1,
including one center point, 2n factorial points, and 2n axial
points. The initial design center is assumed at the mean values of
the random variables xM ¼ ðμX1

;μX2
; : : : ;μXn

Þ. The cube points
are selected by a complete 2n factorial design, namely ðxM1 �
2σ1; : : : ; xMi � 2σi; : : : ; xMn � 2σnÞ. The axial points are selected
on each design variable’s axis at a distance α from the design center

ðxM1; : : : ; xMi � ασi; : : : ; xMnÞ. Make α ¼ ffiffiffiffiffi
2n4

p ¼
ffiffiffiffiffi
25

4
p

so that the

CCD is rotatable. When dealing with the uncertainty of ground mo-
tions, divide ground acceleration records into three batches, the in-
tensity measure PGA of each batch is set to minor, basic, and severe
seismic intensity levels, respectively, and arbitrary combination
with structural random variables forms the experimental design
points. Then, calculate the seismic demands, PIDR, and MDIL,
corresponding to each design point through nonlinear time-history
analysis. The seismic demands and the value of design points con-
struct a set of linear equations. Use the least square regression
method to fit the functional relationship between structural input
variables and seismic demands.

The dual response surface concept is introduced in this RSM-
based approach (Buratti et al. 2010; Franchin et al. 2003; Peeranan
2004) to incorporate the uncertainty of ground motions into the
response surface model. This approach assumes that the seismic
responses follow a normal distribution. The dual response surface
method uses the mean response metamodel to achieve the target fit
and the standard deviation response metamodel to ensure that the
fitted function is robust to uncontrollable factors. The IM is treated
as an uncertainty parameter in addition to the structural uncertainty
parameters, which indicates an additional dimension is added to
plot the seismic response and a vector of input parameters. Adding
a random variable IM will increase the workload of experimental
design, but the response surface developed is not specific to a cer-
tain level of seismic intensity. Thus, the seismic fragilities at vari-
ous seismic intensity levels can be analyzed through one response
surface function, which is much more efficient.

The response surface metamodels for predicting the mean and
the standard deviation of structural responses are

ŷμ ¼ gðx; IMÞ ð7Þ

ŷσ ¼ hðx; IMÞ ð8Þ
where gðx; IMÞ and hðx; IMÞ = response surface metamodels for
predicting the mean and standard deviation of the seismic responses
due to a suite of ground motions, respectively. gðx; IMÞ and
hðx; IMÞ can apply the metamodel representation [Eq. (6)].

Assuming that the structural response follows a normal distri-
bution, the overall response surface model is

ŷ ¼ gðx; IMÞ þ N½0; hðx; IMÞ� ð9Þ

To test the fitting degree of the response surface function to the
response value, the modified multiple correlation coefficient can
be used as the evaluation index. The closer the modified multiple
correlation coefficient is to 1, the better the fit of the regression
equation is

R2
a ¼ 1 −

�
k − 1

k − p

�
SSE
SST

¼ 1 − k − 1

k − p
ð1 − R2Þ ð10Þ

where Ra = modified multiple correlation coefficient; k = number
of test points of the response surface model; p = number of param-
eters to be estimated; and R = multiple correlation coefficients

R2 ¼ SSR
SST

¼ 1 − SSE
SST

ð11Þ

where SST = sum of squares for total; SSE = sum of squares due to
error; and SSR = sum of squares due to regression.

Apply the MCS method to the approximated model. Note that
the experimental design is based on both structural uncertainty
parameters and seismic intensity parameter. In each Monte Carlo
simulation, fix the intensity measure parameter at a certain level
while varying the structural parameters according to their probability
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distribution. Then, the simulations can obtain the damage probabil-
ities conditioned on that particular intensity level. Repeat the process
at various seismic intensity levels, and then the seismic fragility
curves can be plotted.

Numerical Example

Modeling of the Base-Isolated Structure

The seismic performance of an actual RC frame structure is as-
sessed using the RSM-based approach. This RC frame structure
is located in Kashgar, China. According to the Chinese code for
seismic design of buildings (MOHURD 2016), the building site
is Class II, the seismic design grouping is Group III, and the char-
acteristic period Tg of seismic design response spectrum is taken
as 0.45 s. The basic seismic design intensity PGA is 0.3 g. The

building has eight floors and a total construction area of 9,500 m2.
The standard structural plan is shown in Fig. 1. The total height of
the building is 29.7 m, the ground floor is 3.9 m high, the 2nd–6th
floors are 3.6 m high, the 7th floor is 4.2 m high, and the 8th floor is
3.6 m high. The cross-sectional dimensions of the frame columns
are 600 × 600 mm2, 650 × 650 mm2, and 700 × 700 mm2 for the
1st–8th floors. The concrete strength of the 1st–2nd floors is C40,
the 3rd–8th floors is C30, and the floor main beam section size is
350 × 620 mm2 and 350 × 820 mm2, the secondary beam section
size is 250 × 550 mm2 and 250 × 500 mm2. The primary and sec-
ondary beam concrete strength grade is C30. The total mass of the
building is about 14,061 tons, and the basic information of each
story is shown in Table 2.

The existing building needs to be strengthened due to the
revision of China’s seismic design code, and the function of the
building must not be affected during the construction. Therefore,
the base isolation technique is used to rehabilitate the structure.

Fig. 1. Standard structural floor plan.

Table 2. Basic design values of the nonisolated structure

Story No.
Storey

height (m) Mass (t)

Long side direction Short side direction

Stiffness (kN=mm) Storey shear force (kN) Stiffness (kN=mm) Storey shear force (kN)

8 3.6 155 1.09 × 105 115 1.18 × 105 121
7 4.2 941 3.63 × 105 784 3.69 × 105 778
6 3.6 2,030 8.28 × 105 2,085 8.03 × 105 1,849
5 3.6 1,996 9.11 × 105 3,225 8.66 × 105 2,764
4 3.6 2,177 9.45 × 105 4,261 8.86 × 105 3,584
3 3.6 2,247 9.93 × 105 5,061 9.18 × 105 4,254
2 3.6 2,324 1.12 × 106 5,576 1.03 × 106 4,657
1 3.9 2,191 1.73 × 106 5,772 1.56 × 106 4,810
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The performance objective of the base-isolated structure is to re-
duce the seismic design intensity PGA of the superstructure to
0.15 g. Forty-three lead rubber bearings (LRB) were installed at
the upper column section of the first floor. The main mechanical
properties of the bearings are shown in Table 3 and the plane layout
is shown in Fig. 2. The total horizontal stiffness of the 43 isolation
bearings is 84 kN=mm, and the isolation bearings can withstand
the gravity transmitted downward by the upper structure.

The stress-strain relation of concrete is the Mander confined
concrete stress-strain model. The constitutive model of confined
concrete adopts a multistage linear dynamic enhanced elastoplastic
model that obeys the von Mises yield criterion. The seismic isola-
tors are simulated with spring-damped elements, and a bilinear
model is assumed for the seismic isolation bearing. The damping
model of the superstructure uses Rayleigh damping, and the damp-
ing of the isolator bearings is achieved by attaching 20% damping
to the isolation elements.

The modal analysis of the base-isolated and nonisolated struc-
tures was carried out by the Block Lanczo method, and the natural
periods of the structures before and after seismic isolation are
shown in Table 4. The structural stiffness in the long- and short-
side directions is relatively close, so the ground motion is input
along the short-side direction during the time history analysis.

Uncertainties in Base-Isolated Structures

The uncertainty parameters of base-isolated structures are grouped
into the superstructure’s uncertainty parameters and the seismic iso-
lators’ uncertainty parameters. The latter ones are paid more atten-
tion to because this study’s main objective is to study the isolation’s

influence on the structure. It would require massive computation
time if the uncertainty parameters exceed five, noting that the
number of nonlinear time-history analyses required to solve the un-
known coefficients is 2n þ 2nþ 1 for a response surface function
with n random variables. Thus, the study scope is limited to alea-
toric uncertainties, and the most influential parameters are first
screened out through sensitivity analysis.

The uncertainty factors that could affect structural performance
have been studied by many researchers (Castaldo et al. 2015;
Celik and Ellingwood 2010; Han et al. 2014; Kwon and Elnashai
2006; Mishra and Chakraborty 2013; Perotti et al. 2013; Saha
et al. 2016). The uncertain parameters selected can primarily reflect
the strength, stiffness, deformation capacity, and energy dissipation
characteristics of the base-isolated structure. The uncertainty
parameters of RC superstructures are identified as concrete com-
pressive strength, concrete elastic modulus, and bulk density. The
uncertainty of the concrete compressive strength can characterize
the uncertainty of the structure’s load-bearing capacity under vari-
ous damage states. This paper assumes that the average compres-
sive strength of concrete is 1.25 times the specified compressive
strength, and the coefficient of variation is 18%, referring to the
research results of Ellingwood (ASCE 1980). The concrete elastic
modulus is an important parameter to characterize the structure’s
stiffness. It reflects the deformation performance of the structure
to a certain extent. This paper assumes that the concrete elastic
modulus is normally distributed, the mean value is the design value
of the elasticity modulus, and the coefficient of variation is 10%,
referring to the research results of Li and Chen (2004). Errors in
material manufacturing and the construction process may cause
the density of materials and dimensions of members in the actual
project to differ from the theoretical design values, resulting in
structural masses that do not match the design values. The structural
mass directly affects the structure’s dynamic properties, so this pa-
per assumes the dead load obeys a normal distribution with a mean
value of 1.05 times standard value of dead load, and a coefficient of
variation of 10%, referring to load criteria for American national
standard A58 (ASCE 1980).

The uncertainty parameters of the seismic isolators are identified
as the postyield stiffness and the yield strength because they can
better characterize the performance of the seismic isolation bearing
under strong earthquakes. The postyield stiffness of the rubber
bearing is related to the rubber’s shear deformation, the rubber’s
effective bonding area, and the rubber layer’s thickness. Chinese
rubber bearing product standards (GAQSIQ 2006) provide that rub-
ber bearings are divided into two categories, S-A and S-B, accord-
ing to the allowable deviation of shear performance. The allowable
deviation of a single specimen’s shear deformation is �15% and

Table 3. Design mechanical properties of lead rubber bearings

Isolator
type

Datum pressure
(MPa)

Long-term
load (kN)

Vertical stiffness,
Kv (kN=mm)

Initial stiffness,
K1 (kN=mm)

Postyield stiffness,
Kd (kN=mm)

Equivalent horizontal
stiffness, Kh (kN=mm)

Yield strength,
Qd (kN)

Damping,
Heq (%)

LRB700 15 5,603 3,157 14.213 1.093 1.643 76 20.4
LRB800 15 7,275 3,671 16.447 1.265 2.052 123 23.1
LRB900 15 9,202 4,260 18.511 1.424 2.337 160 23.5

Fig. 2. Floor plan of isolation bearings.

Table 4. Natural periods of the base-isolated and nonisolated structures

Modal order Nonisolated structure Isolated structure

First order 1.27 s 2.74 s
Second order 1.21 s 2.57 s
Third order 1.05 s 2.38 s
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�25% for S-A and S-B categories, respectively, and for a batch of
specimens is �10% and �20%. In this paper, it is assumed that the
horizontal postyield stiffness of the isolation bearing conforms to a
normal distribution, with the mean value being the initial design
value and the coefficient of variation being 15%. The yield strength
of the rubber bearing is related to many factors such as axial force,
lead-core size, and bearing manufacturing conditions. This paper
refers to Mishra’s study (Mishra and Chakraborty 2013), assuming
that the yield strength of the rubber bearing is normally distributed,
the mean value is the initial design value of the yield strength, and
the coefficient of variation is 15%. Statistical descriptions of struc-
tural uncertainties are shown in Table 5 (Wang et al. 2020), assum-
ing that they are independent of each other.

The sensitivity analysis is conducted to evaluate each uncer-
tainty parameter’s influence on structural seismic performance. The
sensitivity analysis follows these steps: (1) Perturb a specific ran-
dom variable, whereas other random variables remain 50% prob-
ability quantile. The perturbations boundary is set at 10% and
90% probability quantiles. Then, select 10 acceleration records
from NGA-West2 to conduct nonlinear time-history analysis at
three seismic intensity levels: frequent earthquake, design basic
earthquake, and severe earthquake. The acceleration records are
shown in Fig. 3. Estimate the mean and standard deviation of the
structural responses using the maximum likelihood method, assum-
ing that the structural response conforms to a normal distribution,
and observe the magnitude of change in the structural responses;
and (2) Perturb the random variables one by one, then compare the
sensitivity of all parameters according to the magnitude of change
in the structural responses.

Parameter sensitivities of the PIDR are shown by tornado dia-
grams from Figs. 4–6, and parameter sensitivities of the MDIL are
shown from Figs. 7–9. In the above figures, orange represents the
10th percentile value of the random variable, purple represents
the 90th percentile value of the random variable, and red represents
the overlap between the two.

The sensitivity analysis showed that the concrete elastic modu-
lus, the bulk density, the isolators’ yield strength, and the isolators’

postyield stiffness are the most influential parameters on the PIDR
and the MDIL, and the concrete compression strength has the least
effect. Therefore, these four parameters are identified as the uncer-
tainty parameters for the seismic fragility analysis.

Uncertainty of Earthquake Loadings

The PGA provides a high correlation with the structural response of
base-isolated structures (Box and Wilson 1951). Also, the intensity

Table 5. Structural uncertainties of base-isolated reinforced concrete structures

Substructure Random parameters Mean COV Distribution

Superstructure Concrete elastic modulus, Ec Initial design value 0.10 Normal
Concrete compression strength, fcu;k 1.25 specified compressive strength 0.18 Normal

Bulk density, γw 1.05Gk (standard value of dead load) 0.10 Normal

Lead rubber bearings Postyield stiffness, Kd Initial design value 0.15 Normal
Yield strength, Qd Initial design value 0.15 Normal

Fig. 3. Response spectrum of 10 acceleration records for the sensitivity
analysis.

Fig. 4. Parameter sensitivities of the PIDR at frequent earthquake level.

Fig. 5. Parameter sensitivities of the PIDR at design basic earthquake
level.
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measure used in the seismic design code of China (MOHURD
2016) is the PGA. As a result, PGA is chosen as a seismic intensity
measure and is constructed as an uncertainty parameter in response
surface models. To fully consider the uncertainties in earthquake
loadings, use 60 ground acceleration records to analyze the seismic
fragility. The ground motions are actual records and are selected
to meet the following criteria (Faravelli 1989; Rajashekhar and
Ellingwood 1993): (1) the epicentral distance is less than 50 km,
(2) the Richter magnitude of the selected database ranges from
5.5 to 9.0, (3) the site conditions are consistent with the structure
located site, and (4) try to avoid the records coming from the
same event. The bin method (Wong 1985) is adopted to classify
and select the ground acceleration records. The Richter magnitude
is used as a criterion to distinguish minor and major earthquakes,
and the epicenter distance is used to judge near- and far-field earth-
quakes. The records’ selection range is divided into five bins, as
seen in the five rectangles in Fig. 10. Each bin’s median spectral
acceleration value is compared with the seismic design code to ex-
amine the representativeness of selected earthquake records. The
response spectrums of 60 records from NGA-West2 are plotted
in Fig. 11.

Fig. 6. Parameter sensitivities of the PIDR at severe earthquake level.

Fig. 7. Parameter sensitivities of the MDIL at frequent earthquake
level.

Fig. 8. Parameter sensitivities of the MDIL at design basic earthquake
level.

Fig. 9. Parameter sensitivities of the MDIL at severe earthquake level.

Fig. 10.Distribution of earthquake records selected by the bin method.
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Response Surface Models of the Base-Isolated
Structure

It is more convenient to use normalized input variables in the
experimental design domain instead of actual input variables. As-
suming that each real input variable xi has the definition domain
½xi;high; xi;low�, its corresponding normalized design variable ξi can
be calculated as

ξi ¼
xi − xi;highþxi;low

2
xi;high−xi;low

2

ð12Þ

where xi ¼ ith random variable; ξi = corresponding normalized
value of ith random variable; xi;high = upper bound of ith random
variable; and xi;low = lower bound of ith random variable.

The structural random variables’ design domain is converted to
½−1; 1�, and their corresponding lower bound, center point, and
upper bound are −1, 0, and 1, respectively. When dealing with
the uncertainty of ground motions, the lower bound, the center
point, and the upper bound correspond to the seismic intensity lev-
els of minor, basic, and severe earthquakes, respectively. Divide
60 ground acceleration records into three batches. Then, scale
the PGA of each batch to 1.1 m=s2, 3.0 m=s2, and 5.1 m=s2, re-
spectively. The CCD method designed a total of 43 sets of exper-
imental designs for five random variables. Perform nonlinear
dynamic time-history analysis at each design point value. Each
design point corresponds to 20 ground acceleration records at a
specific seismic intensity level. Obtain the PIDR and the MDIL
at each design point and count their means and standard deviations.
Then, use the least square method to fit the quadratic response
surfaces of means and standard deviations of the metamodel rep-
resentation [Eq. (6)], respectively. The response surface of the
mean and standard deviation constitutes the response surface model
of the PIDR and the MDIL. The response surface model of the
PIDR is

ŷθmax
¼ ŷμθmax

ðPGAÞ þ N½0; ŷσθmax
ðPGAÞ� ð13Þ

and the response surface model of the MDIL is

ŷδLRB ¼ ŷμδLRB
ðPGAÞ þ N½0; ŷσδLRB ðPGAÞ� ð14Þ

Testing and Validation of the Response Surface
Model

To validate the response surface models, compare the calculation
results of seismic response by direct MCS method and the RSM-
based MCS method. The ground motion selected the Gazli strong
motion record for this verification case and set the PGA to 0.52 g.
When performing the direct MCS method, use the Latin hypercube
sampling (LHS) method to generate 1,000 samples of structural
input random variables, avoiding a mass of repeated sampling.
Then, perform 1,000 times nonlinear dynamic time-history analysis
and obtain the PIDRs and the MDILs. Figs. 12 and 13 compare the
probability distributions of the PIDR and the MDIL by the LHS and
RSM-based MCS methods. The black dashed lines in Figs. 12
and 13 are the seismic response for the deterministic analysis.
Table 6 lists the statistical parameters of peak response quantities
by two methods. The failure probability evaluated by two methods
is further calculated, and the probability of a given limit state
being exceeded is compared, as listed in Table 7. The cumulative
probability density curves of the peak response quantities are also

Fig. 11. Response spectrum of records from NGA-West2 and deter-
mined by the code for seismic design.

Fig. 12. Probability distribution of the PIDR.

Fig. 13. Probability distribution of the MDIL.
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compared and plotted in Figs. 14 and 15. The black dashed lines in
Figs. 14 and 15 are the limit values of each limit state.

The calculated results of the RSM are in good agreement with
the direct MCS method. However, the direct MCS requires 1,000
times nonlinear dynamic time-history analysis, whereas the RSM
requires only 25 calculations. That indicates the time taken by
the RSM is about 1/40 times that of the direct MCS method. It
is evident that the RSM is much more efficient while maintaining
accuracy.

Seismic Fragility Assessment of the Base-Isolated
System

The failure of any part of the superstructure and the isolation layer
will determine the failure of the whole structure so that the base-
isolated structure can be considered a series system. According to
probability theory, the failure event of a series system is the con-
catenation of the failure events of each subsystem. In other words,
the failure probability of the base-isolated system is the concatena-
tion of the failure probabilities of the superstructure and the isola-
tion layer. So the failure event of the base-isolated system can be
expressed as (Nielson and DesRoches 2007)

Failsystem ¼ ∪n
i¼1

Failcomponent−i ð15Þ

where Failsystem = failure event of the base-isolated system; and
Failcomponent−i = failure event of ith structural component.

Cornell (Kounias 1968; Nielson and DesRoches 2007) proposed
bounds of failure probabilities for series systems

max
n

i¼1
½PðFiÞ� ≤ PðFsystemÞ ≤ 1 −Ym

i¼1

½1 − PðFiÞ� ð16Þ

where PðFiÞ = failure probability of ith structural component; and
PðFsystemÞ = failure probability of the whole structural system.
When the structural components are fully correlated, the failure
probability of the structural system is equal to the maximum failure

probability of each substructure max
n

i¼1
½PðFiÞ�, which is called the

lower bound of the system’s failure probability. When the structural
components are independent of each other, the structural system’s
failure probability is equal to its upper bound 1 −Q

m
i¼1½1 − PðFiÞ�.

The response surface models constructed are used to calculate
the base-isolated system’s failure probabilities at each limit state,
as listed in Table 8. The upper and lower bounds of the system’s
failure probability are also calculated. Define a variable Δ as

Δ ¼ Δ1 −Δ2 ð17Þ
whereΔ1 = failure probability of the actual system minus the lower
bound; and Δ2 = upper bound minus the failure probability of the
actual system. Δ > 0 indicates that the failure probability of the
system is closer to the value of the upper bound; Δ < 0 indicates
that the failure probability of the system is closer to the value of the

Table 6. Statistical parameters of peak response quantities

Analysis method

PIDR MDIL

Mean
value (%)

Standard
deviation (%)

Variable
coefficient

Mean
value (mm)

Standard
deviation (mm)

Variable
coefficient

MCS with RS model 0.48 0.09 5.60 225.52 48.13 4.69
Direct MCS 0.48 0.09 5.31 223.55 47.07 4.75

Table 7. Probability of a given limit state being exceeded

EDP Failure probability PLS1 PLS2 PLS3

PIDR MC simulation with RS model 98.64 3.27 0.00
Direct MCS 97.25 3.57 0.00

MDIL MC simulation with RS model 75.66 23.91 0.44
Direct MCS 76.24 25.96 0.27

Fig. 14. Cumulative probability density curves of the PIDR.

Fig. 15. Cumulative probability density curves of the MDIL.
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lower bound; and Δ ¼ 0 suggests that the failure probability of the
system is in the middle range of the upper and lower bounds.

Table 8 documents that the failure probability of the base-
isolated system is relatively close to the upper bound in Eq. (14).
It indicates that the seismic responses of the superstructure and the
base-isolation layer can be considered independent of each other.
Therefore, the failure probability of the base-isolated system can be
approximated by the following equation:

PðFsystemÞ ¼ 1 −Ym
i¼1

½1 − PðFiÞ� ð18Þ

The failure probability of the base-isolated system exceeding
each limit state is shown in Table 9. The seismic fragility curves
of three limit states are plotted in Fig. 16.

Examining Table 9 and Fig. 16 reveals that the base-isolated
structure will maintain operation under minor earthquakes, guaran-
tee life safety under moderate earthquakes, and prevent collapse
under severe earthquakes.

Damage State of the Base-Isolated Structure under
Strong Earthquakes

The exceedance probability of the MDIL at large PGAs is calculated
to investigate the isolators’ performance under strong earthquakes, as

shown in Table 10. When the PGA equals 0.6 g, the MDIL has a
10% probability of exceeding 250% shear strain; when PGA equals
0.7 g, the MDIL has a 19% probability of exceeding 250% shear
strain and a 1% probability of exceeding 400% shear strain; when
PGA equals 0.8 g, the MDIL has a 28% probability of exceeding
250% shear strain and a 4% probability of exceeding 400% shear
strain. It indicates that the isolators may have a large displacement
under the action of strong earthquakes. Therefore, it is significant to
control the deformation of isolators within the allowable range, pre-
venting them from exceeding the deformation capacity.

Comparison of Seismic Fragility of the Base-Isolated
and Nonisolated Structures

The seismic fragility of the nonisolated counterpart is also analyzed
for comparison purposes. The uncertainty parameters of the non-
isolated structure selected are the concrete elastic modulus, bulk
density, and PGA. Statistical descriptions of the random variables
are the same as the base-isolated structure, and the random varia-
bles are assumed independent of each other. Ground acceleration
records used for nonlinear analysis are consistent with the base-
isolated one. The PIDR is identified as the demand parameter to
compare two structures. Fig. 17 shows the fix-based and base-
isolated structure’s seismic fragility curves of three limit states.

It is concluded from Fig. 17 that the failure probabilities at
various intensity levels are significantly reduced after base isola-
tion. Moreover, the decrement of failure probability is more sig-
nificant for higher damage levels, indicating that base isolation
can effectively prevent the superstructure from entering a serious
damage state.

Table 8. The failure probability of the base-isolated system

Limit states PLS1 PLS2 PLS3

The failure probability of
the base-isolated system

100.00 25.40 0.44

Upper bound 100.00 26.40 0.44
Lower bound 100.00 23.91 0.44
Δ 0.00 0.49 0.00

Table 9. The exceedance probability of the base-isolated system

Exceedance probability PLS1 PLS2 PLS3

PGA ¼ 0.1 g (minor earthquake) 0.01 0.00 0.00
PGA ¼ 0.3 g (basic earthquake) 0.57 0.00 0.00
PGA ¼ 0.5 g (severe earthquake) 0.93 0.11 0.00

Fig. 16. Seismic fragility curves of the base-isolated system.

Table 10. The exceedance probability of the maximum displacement of
the isolation layer

Exceedance probability PLS1 PLS2 PLS3

PGA ¼ 0.3 g 0.19 0.00 0.00
PGA ¼ 0.4 g 0.41 0.00 0.00
PGA ¼ 0.5 g 0.56 0.03 0.00
PGA ¼ 0.6 g 0.66 0.10 0.00
PGA ¼ 0.7 g 0.72 0.19 0.01
PGA ¼ 0.8 g 0.76 0.28 0.04

Fig. 17. Comparison of the seismic fragility curves of the base-isolated
and nonisolated structures.
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Conclusion

This study proposed an RSM-based simulation approach to assess
the seismic fragility of base-isolated structures. Uncertainties of
base-isolated structures and ground motions were incorporated into
the RSM-based approach. The uncertainty of ground motions was
fully considered in the RSM-based approach by two means: select-
ing quantitative ground motions by the bin method and incorporat-
ing seismic intensity as an uncertain parameter. This study also
compared the RSM-based MCS method with the traditional MCS
method. It showed that the RSM could effectively reduce the
computing workload of seismic fragility analysis while providing
acceptable accuracy.

Three performance levels of base-isolated reinforced concrete
structures were defined: operational, life safety, and collapse pre-
vention. The PIDR of the superstructure and the MDIL were used
to divide the limit states. Parameter sensitivity analysis was per-
formed to study the uncertainty parameters that most influence the
seismic responses of base-isolated structures. The sensitivity analy-
sis showed that the concrete elastic modulus, the bulk density, the
isolators’ yield strength, and the isolators’ postyield stiffness were
the most influential parameters on the PIDR and the MDIL.

Moreover, a simplified seismic fragility evaluation method for
seismic isolation systems was studied. It indicates that the seismic
responses of the superstructure and the base-isolation layer can be
considered independent of each other. Therefore, the failure prob-
ability of the base-isolated system can be approximated by the
upper bound equation, that is, the base-isolated system can be con-
sidered a tandem system.

An actual RC structural project was taken as an example to
illustrate the proposed approach and to study the effects of the
base isolation technique. The dual response surface models were
constructed, incorporating the uncertainty parameters of the base-
isolated structure and the ground motions. The seismic fragility
analysis results of the base-isolated system indicated that the
base-isolated structure could achieve the performance objectives
of maintaining operation under minor earthquakes, guaranteeing
life safety under moderate earthquakes, and preventing collapse
under severe earthquakes. Furthermore, the damage probabilities
of the base-isolated structure beyond design intensity levels were
discussed. The results showed that the seismic isolation bearings
still had the possibility of large displacement under strong earth-
quakes. Thus, restraint devices or rubber buffers can be installed
around the base isolation structure to prevent excessive displace-
ment of the isolators. But the displacement limiting device needs
to be investigated in detail to understand the impact on the struc-
ture’s response. Last, the results of the seismic fragility analysis of
the base-isolated and nonisolated structures showed that the base
isolation technique significantly reduced the damage probability
of the superstructure under various intensity levels and effectively
prevented the superstructure from entering a serious damage state.
The engineering example provided a reference for the fragility
analysis of similar RC structures.

This study proved that the proposed RSM-based seismic fragil-
ity assessment approach provided high engineering application
value. However, the research sample of this paper is limited, and
more uncertainty parameters and structural forms will be discussed
in the following research.
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