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After a strongmainshock, subsequent groundmotion is the result of a sequence of
multiple aftershocks, and the damage to a structure under these conditions is
more severe than from a single earthquake. Most seismic studies are based on a
single earthquake event. To explore the influence of a main-aftershock sequence
on an isolated inter-story structure, we constructed a three-dimensional finite-
element model of such a structure and subjected it to repeated main-aftershock
sequences. The Laplace asymptotic method of second-order second-moment
was used to calculate the reliability of the structure under the action of a single
mainshock and after a main-aftershock sequence at different seismic levels. The
effects of the number of aftershocks, the location of the isolation layer, and the
stiffness of the isolation bearing in the structure were analyzed. The results
showed that aftershocks increased the failure probability of each sub-structural
part of the inter-story isolated structure. The failure probability of the lower
structure had the greatest influence, which was about 3.89 times that for the
mainshock alone. The probability of failure frommultiple vs single aftershocks was
similar, but the magnitude of the aftershock plays a major role in failure. The
number of aftershocks reduced the overall reliability of an inter-story isolation
structure. In the case of different isolation layer positions, the placement of the
isolation layer at the top of the seventh story under an extremely rare earthquake
level resulted in a reduction of 6.01%. With isolation bearings of different stiffness,
the largest decrease was 7.88% when the stiffness was 50%.
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1 Introduction

Based on historical earthquake reports, nearly 90% of strong mainshocks are
accompanied by multiple strong aftershocks. Within 1 year after the 1999 Chi-Chi
earthquake in Taiwan, 87 aftershocks of magnitude 5.0 or above occurred. In fact, a
strong aftershock of magnitude 6.8 occurred half an hour after the Chi-Chi earthquake
mainshock and was the main cause of casualties and building destruction (Shin and Teng,
2001). Under aftershock conditions, structures suffer from the effects of cumulative damage.
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When a structure is initially damaged by a strong mainshock, the
aftershocks will exacerbate the damage, especially when the natural
vibration period of the damaged structure is close to the
predominant period of the aftershock. Analysis of many post-
earthquake cases showed that the risk of structural failure from
cumulative aftershock damage should not be ignored (Augenti and
Parisi, 2010; Jing et al., 2011; Yu et al., 2013; Kossobokov and
Nekrasova, 2019; Huang et al., 2020a). However, the seismic codes of
most countries in the world mainly consider the effect of a single
earthquake, without taking into account the potential damage from
aftershocks.

In recent years, a large number of studies have been carried out
to analyze the seismic performance of structures subjected to main-
aftershock sequences (Aloisio et al., 2022; Aloisio et al., 2022; Torti
et al., 2022; Tauheed and Alam, 2023). Wu and Ou (1993) proposed
a method for determining the damage to reinforced concrete (RC)
structures from the action of a main-aftershock and established a
multi-layer RC structural model to conduct elastic–plastic time-
history analyses. They found that aftershocks significantly increased
the damage to the structure and concluded that it was critical to
consider the effects of aftershocks in the design of collapse-resistant
structures. Amadio et al. (2003) analyzed the dynamic response of a
non-linear, single degree-of-freedom (DOF) steel frame system
under the action of a main-aftershock sequence based on
behavior factors and damage parameters. The equivalent single-
DOF system underestimated the damage as the aftershock increased
the degree of damage to the structure. Zhai et al. (2016) presented an
inelastic single-DOF system with an input energy spectrum under
the action of a main-aftershock. They quantitated the impact of the
aftershocks on input energy, proposed a simplified expression of
input energy, and verified the necessity of considering aftershocks in
an energy-based seismic design. Qu and Pan (2022) investigated a
vulnerability model considering the correlation between the
maximum interlayer displacement and the residual displacement
under the action of main-aftershocks. The building model has a
higher probability of overrun after considering the correlation of the
two indices. Afsar Dizaj et al. (2021) studied the vulnerability of
aging concrete frames under the action of main-aftershocks by
quantifying the damage state of corrosion variables. The PGA
ratio of aftershocks to mainshocks played a key role in the
assessment of the seismic vulnerability of aging in highly
corroded RC frames.

The inter-story isolated structure is a kind of shock absorption
technology used in the development of base isolated structures (De
Luca and Guidi, 2019). Several studies on the principles and
methods of analysis of inter-story isolated structures have been
conducted by researchers all over the world. Zhou et al. (2009)
proposed a method for the optimal design of isolation layers by
establishing a simplified two-particle model and a multi-particle
dynamic time-history analysis model, which verified the
effectiveness of the inter-story isolated system in reducing
earthquake damage. The damping effect was significantly
detected when lowering the isolation layer position. Faiella et al.
(2022) used the inter-story isolated system to retrofit a masonry
structure and succeeded in significantly reducing the seismic
response. Keivan et al. (2022) demonstrated the rate-independent
linear damping of a 14-story inter-story isolation structure using a
numerical model and real-time hybrid simulation of shaking table.

They proved that rate-independent linear damping provided better
control by limiting the displacement of the isolation layer without
amplifying the acceleration. Wu et al. (2021) carried out shaking
table test research with an inter-story isolated structure model on a
foundation of soft soil. The floor acceleration and displacement
responses of the isolation layer and the isolated structure under far-
field, long-period, and ordinary groundmotions were compared and
analyzed, and the dynamic response law and damping effect of the
pile–soil-–layer isolated structure was determined.

Structural reliability refers to the ability of a structure to perform
a predetermined function in a specified time period or under
specified conditions, which could be used to investigate the
probability that the structure will not fail under specified
conditions. Sun et al. (2013) reported the stationary random
seismic response and dynamic reliability of isolated structures
under different period ratios, yield-to-weight ratios, and damping
ratios. The appropriate selection of the period ratio, yield/weight
ratio, and damping ratio of the isolated structure led to an increase in
the overall reliability of the structure. Dang et al. (2018) studied the
reliability of isolated structures using statistical methods and
probability. Although horizontal seismic action was reduced by
60–70%, the fortification targets of “no damage under moderate
earthquake” and “no collapse under great earthquake” were not
satisfied. Higher performance requirements for isolated buildings
are necessary. Huang et al. (2019) employed a seismic damage model
to determine reliability in terms of the resistance to progressive
vertical collapse of a base-isolated frame shear wall structure. The
quadratic fourth-moment method based on maximum entropy
principles was used to calculate the probability of structural
collapse, which provided a reliable basis for structural design and
post-earthquake reinforcement. Jiang et al. (2018) discussed slope
reliability analysis based on spatial variability modeling of
undrained soil.

However, in most of the studies on inter-story isolated
structures, inclusion of the effects of a main-aftershock sequence
was rare. Herein, the inter-story isolation structure was taken as the
research object, and a three-dimensional finite-element model was
established. Under the main-aftershock sequence, the number of
aftershocks, the position of the isolation layer, and the stiffness of the
isolation bearing in the inter-story isolated structure were analyzed
and evaluated by reliability probability.

2 Methods and materials

2.1 Engineering situations

A 12-story reinforced concrete frame model was used for
analysis. According to Chinese standards for seismic isolation
design of buildings (GB/T 51408-2021, Standard, 2021), the site
classification was 2, the designed earthquake grouping was the
second group, the site characteristic period was 0.4 s, and the
designed basic acceleration was 0.2 g. The plane size of the
structure was 30 m × 18 m, the first story was 3.6 m, the
labeled story was 3.3 m, and the isolation layer was set on the
top of the fourth story. The section size of the frame column of
the first through fourth stories was 800 mm × 800 mm, the
section size of the frame column of the fifth through seventh
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stories was 600 mm × 600 mm, and the section size of the beam
was 300 mm × 600 mm. RC grade C30, with an elastic modulus;
E0, of 3 × 104 N/mm2; compressive strength, fc of 14.3 N/mm2;

tensile strength, ft = 1.43 N/mm2; and HRB400 steel, with an
elastic modulus, E0, of 2 × 105 N/mm2, and yield strength, fy =
360 N/mm2. The isolation layer was set at the top of the third

FIGURE 1
Structural diagram.

Frontiers in Earth Science frontiersin.org03

Yang et al. 10.3389/feart.2023.1121181

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1121181


story, and the first-order vibration period of the story isolation
structure was 2.74 s. The plane and vertical layout of the structure
is shown in Figure 1. A rubber LRB600 isolation bearing was used
with a thickness of 110 mm, vertical stiffness of 1581 kN/mm,
pre-yield stiffness of 11.507 kN/mm, post-yield stiffness of
0.886 kN/mm, and a yield force of 90 kN.

2.2 Model establishment

In this study, the Abaqus finite element platform was used for
finite element modeling. A beam element was used for the beam and
column, a layered shell element was used for the floor, and the
isolation bearing was simulated using connectors. Common node
coupling was used between the components. The PQ-fiber (Qu and
Ye, 2011) beam elements were used to reproduce the non-linearity of
the structure. The constitutive models of steel and concrete were
simulated by the Usteel02 Clough model for testing bearing capacity
degradation (Clough, 1966; Liu et al., 1998; Qu and Ye, 2011) and
the Uconcrete02 (McKenna, 1997; Qu and Ye, 2011) model for
measuring tensile strength. The isolation bearing used a double-line
model, as shown in Figure 2.

Figure 3 shows the hysteretic curve of the least favorable bearing
under a rare earthquake event. The curve is full, indicating that the
established isolated model has good seismic performance and energy
dissipation capacity. The energy dissipated under the action of the
main-aftershock was larger than that during the mainshock
(Figure 3).

2.3 Earthquake-induced ground motions

FEMA P58-1 (Fema, 2012) pointed out that when performing
non-linear dynamic time-history analysis, if the response
spectrum of the selected ground motion was well-fitted to the

FIGURE 2
Structural non-linear constitutive relationships.

FIGURE 3
Hysteretic curve of structure.
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target response spectrum, the use of eleven or more ground
motions per intensity level was sufficient to model the
uncertainty effects of ground motions when there are few
natural main-aftershock records. Thus, twenty ground motions
were randomly selected from the ground motions recommended
by Atc-63, and the repeated structure method was used to
establish the main-aftershock sequence. The selected ground
motions are listed in Table 1. The main-aftershock sequence
of one aftershock GM_1 (1.00; 1.00) and two aftershocks GM_2
(1.00; 1.00; 0.8526) were created. GM_0, GM_1, and GM_2 were
the single mainshock, the main-aftershock sequence of one
aftershock, and the main-aftershock sequence of two
aftershocks, respectively. The amplitude modulation coefficient
0.8526 was taken from the Gutenberg–Richter law (Gutenberg,
2013) and the Joyner–Boore empirical formula (Joyner and
Boore, 1982), as shown in Figure 5. The selected ground
motion included all types of far-field, near-field with pulses,
and near-field without pulses. The acceleration response
spectrum of the main-aftershock sequence is represented in
Figure 4. In order to quit the structural response completely
after the mainshock and restore the structure to the equilibrium
position, a time interval of 40 s was set between the mainshock
record and the aftershock record (Figure 5). The ground motion

amplitudes were adjusted to 400 cm/s−2 and 600 cm/s−2,
respectively, which were input into the finite-element model to
obtain the response value of the inter-story isolated structure
under the main-aftershock sequence.

3 Structural reliability analysis method

The common calculation methods of reliability included the
first-order second-moment method, the second-order second-
moment method, the second-order fourth-moment method, the
response surface method, and the Monte Carlo method. In this
study, the reliability of the inter-story isolated structure during a
main-aftershock was analyzed by using the Laplace asymptotic
method of second-order moment in the MATLAB program.

3.1 Basic principles of the Laplace
asymptotic method

Suppose that Y � (Y1, Y2, ...Yn)T is an independent standard
normal random variable, the performance function is Z � gY(Y).
The failure probability of the structure (Zhang and Jin, 2015; Zhang
et al., 2022) is as follows:

pf � ∫
gY Y( )≤ 0

φn y( )dy � ∫
gY Y( )≤ 0

1

2π( )n/2 exp −y
Ty

2
( )dy. (1)

When the Laplace asymptotic integral method is used to
calculate the failure probability of multiple integral Eq. 1, the
following Laplace integral with large parameter λ(λ → +∞)
should be used (Zheng et al., 2021):

I λ( ) � ∫
g x( )≤ 0

p x( ) exp λ2h x( )[ ]dx. (2)

The properties of Eq. 2 are determined by the properties in the
field of the maximum position of the integrand. If the functions g(x)
and h(x) are second-order and continuously differentiable, p(x) is
continuous, and h(x) only takes the maximum value at a point x* on

TABLE 1 Ground motion information.

Id no. Record information

Seq no. PGAmax(g) PGVmax (cm/s)

1 68 0.21 19

2 126 0.71 71.2

3 169 0.35 33

4 181 0.44 111.9

5 292 0.31 45.5

6 741 0.64 55.9

7 802 0.38 55.6

8 825 1.43 119.5

9 828 0.63 62.1

10 879 0.79 140.3

11 953 0.52 63

12 1004 0.73 70.1

13 1062 0.82 63

14 1063 0.87 167.3

15 1086 0.73 122.8

16 1158 0.36 59

17 1176 0.31 73

18 1244 0.44 115

19 1504 0.56 91.8

20 1787 0.34 42

FIGURE 4
Acceleration response spectrum of main-aftershock sequence.

Frontiers in Earth Science frontiersin.org05

Yang et al. 10.3389/feart.2023.1121181

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1121181


the boundary of the integral domain x |g(x) � 0{ }, then the integral
value of Eq. 2 can be asymptotically expressed (Su et al., 2018) as

I λ( ) ≈ 2π n−1( )/2

λn+1
p x*( ) exp λ2h x( )[ ]��

J| |√ , (3)

among them

J � ▽h x*( )[ ]TB x*( )▽h x*( ), (4)
where matrix B(x*) is the adjoint matrix of matrix C(x*):

C x*( ) � ▽2h x*( ) − ▽h x*( )‖ ‖
▽g x*( )���� ����▽2g x*( ). (5)

To make use of Eq. 3, a large number λ(λ → +∞) may be
chosen such that

Y � λV. (6)
The Jacobi determinant of the transformation is det JYV � λn.
Substituting Eq. 6 into Eq. 1, we obtain

pf � ∫
gY λv( )≤ 0

λn

2π( )n/2 exp −λ
2vTv

2
( )dv. (7)

Equation 7 is also the Laplace type integral shown in Eq. 2, and
p(V) � λn

(2π)n/2, h(V) � −1
2V

TV. The h(V) function takes the
maximum value at the coordinate origin v � 0 in the V space,
while for the general structural reliability analysis problem, the v � 0
point is in the reliability domain, which indicates that h(V) has a
maximum value at a point v* � y*

λ on the failure surfaces. Therefore,
the integral value of the failure probability, pf, is mainly determined
by the point v* at which the failure surface gY(λV) � 0 maximizes
h(V) and the geometric properties of the failure surface near v*.
From the geometric meaning of the reliability index, β, this key
point, v*, is the checking point of the structure in V space. If the
performance function is quadratically derivable, according to Eq. 3,
the asymptotic integral value of Eq. 7 is

pfQ � 1��
2π

√
λ

��
J1

√ exp −λ
2v*Tv*
2

( ), (8)

among them

J1 � ▽h v*( )[ ]TB1 v*( )▽h v*( ) � v*TB1 v*( )v* � 1

λ2
y*TB1 v*( )y*.

(9)
B1(v*) is the adjoint matrix of C1(v*):

C1 v*( ) � ▽2h v*( ) − ▽h v*( )‖ ‖
gY λv*( )���� ����▽2gY λv*( ). (10)

Substituting Eq. 9 into Eq. 8 and noting the geometric meaning
of β, β2 � y*Ty*, Eq. 8 can be written in Y space:

pfQ � 1��
2π

√ ��
J| |√ exp −y*

Ty*
2

( ) � φ β( )��
J| |√ , (11)

among them

J � y*TB y*( )y*, (12)
where B(y*) � B1(v*) is the adjoint matrix of the

matrix C(y*) � C1(v*):

C y*( ) � −I −
1
λ y*
���� ����

λ ▽gY y*( )���� ����λ2▽2gY y*( )
� −I − β

▽gY y*( )���� ����▽2gY y*( ). (13)

Since β is generally a larger positive value, φ(β) � βΦ(−β), Eq.
11 can also be expressed as

pfQ ≈ Φ −β( ) β��
J| |√
.

(14)

3.2 Limit state equation of an inter-story
isolated structure

Generally, for RC structures, it is noted that the structural
resistance obeys a lognormal distribution. The upper structure of

FIGURE 5
xample of acceleration time history of main-aftershock sequence.
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the isolation layer and the lower structure of the isolation layer of the
inter-story isolated structure were connected in series with the
isolation layer (Wu et al., 2017). The failure mode is any
substructure failure that leads to failure of the whole inter-story
isolated structure. The performance function of the story isolation
structure (Dang et al., 2018; Liu et al., 2019) is

Zj � Rj − Sj. (15)
In the formula, Rj represents the limit of each response value of the

structure under different seismic levels, and Sj represents each response
value of the structure under different seismic levels. The mean value of
the resistance of the upper structure and lower structure of the isolated
structure is within the Chinese standards for seismic isolation design of
buildings (GB/T 51408-2021, 2021), and the coefficient of variation is
0.18 (Liu et al., 2017; Liu et al., 2019). The maximum shear strain of the
isolation bearing did not exceed 3, and the coefficient of variation was
0.25 (Liu et al., 2017; Liu et al., 2019). The probability eigenvalue of each
resistance in the isolated structure is given in Table 2.

4 The influence of the number of
aftershocks on the seismic isolation
interlayer

4.1 Response probability distribution and
parameters associated with the isolated
structure

Since there are so few studies on the probability distribution type of
the response of the isolated structure during an earthquake, we assumed
that the upper and lower structures of the isolation layer were similar to
those of the non-isolated structure. The upper structure and the lower
structure were similar to the structures above and below the isolation
layer, in that the interlayer displacement angle could better reflect the
degree of damage to the structure. The maximum interlayer
displacement angle was selected as the structural parameter, and the
interlayer displacement angle of the isolated structure was assumed to
obey the extreme value type I distribution. The maximum shear strain
of the isolation bearingwas selected as the isolation layer parameter, and
it was assumed that the parameters of the isolation layer also obeyed the
extreme value I distribution.

To test the hypothesis, the structural response obtained by time
history analysis of the finite-elementmodel was analyzed to determine the
probability distribution characteristics of the isolated structure. The
Lilliefors test in MatLab was employed to test the hypothesis for each
response parameter. Consequently, each response parameter output, h= 0,

indicated that under the confidence level of α = 0.05, the response
parameters were unable to reject the null hypothesis. Each response
parameter obeyed the extreme value type I distribution. The
maximum likelihood estimation of the data samples was performed
using the MLE function in MatLab to determine the mean and
standard deviation of each response parameter under the extreme
value type I distribution (Table 3).

4.2 Reliability of the inter-story isolated
structure

Sj and Rj are listed in Tables 1 and 2 respectively. The failure
probability, Pf , of each substructure under the action of a mainshock
and amain-aftershock sequence at different seismic levels was obtained by
the Laplace asymptotic method. The results are shown in Table 3. Table 4
shows that the failure probability of each substructure response at different
seismic levels under the action of themain-aftershock sequencewas higher
than that under the action of a single mainshock. It can be seen from
Table 4 that the failure probability under multiple aftershocks was close to
that under a single aftershock, indicating that the largest aftershock has the
major role. Under an extremely rare earthquake level, the failure
probability of the lower structure of the isolation layer was significantly
affected by the main aftershock sequence, which was 3.89 times that of
under the action of the mainshock alone. At a rare earthquake level, the
displacement of the isolation layer was minimally affected by aftershocks
but was increased 1.7-fold under the action of single mainshock. To
intuitively show the influence of aftershocks on the structure, a
comparison of the reliability index of each substructure under the
action of a single mainshock and a main-aftershock sequence at
different seismic levels is shown in Figure 6. It can also be seen in
Figure 6 that the reliability index under the action of a main-aftershock
was smaller than with a main shock alone, indicating that aftershocks can
make the structure unreliable. The reliability index formultiple aftershocks
was almost the same as that of a single aftershock, which again shows that
the structure was affected most by the strongest aftershock.

The failure probability for maximum displacement of the isolation
layer in each substructure of the inter-story isolated structure was the
largest, and the reliability index was the smallest, indicating that the
failure mode of the inter-story isolated structure could be attributed
mainly to the deformation of the isolation bearing (Table 4 and
Figure 5). An informed design of the isolation layer is crucial to the
reliability of the inter-story isolated structure.

To verify the accuracy of the approximate calculation by the Laplace
asymptotic method, the JC method and Monte Carlo method were
compared in this paper (Figure 7). The results of the JCmethod and the

TABLE 2 Probabilistic characteristic parameters of structural limiting values.

Each resistance value Earthquake level Mean Standard deviation

Maximum interlayer displacement angle of lower structure Rare earthquake 0.01 0.0018

Extremely rare earthquake 0.01667 0.0030006

Maximum inter-story displacement angle of upper structure Rare earthquake 0.01 0.0018

Extremely rare earthquake 0.02 0.0036

Maximum shear strain of isolation bearing 3 0.75
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Laplace asymptotic method were close to those of the Monte Carlo
method, confirming the accuracy of the results obtained by the
approximate calculation method. However, compared with the two
methods, the results of the Laplace asymptotic method were more
accurate. The second-order second-moment method could not utilize
the local properties of the performance function near the design check
point. The quadratic second-order moment method did take into
account non-linear properties such as the concave direction and
curvature of the limit state surface near the check point by
calculating the second derivative of the performance function,
thereby improving the accuracy of the reliability index.

The inter-story isolated structure could be regarded as a series
structure system. Assuming that there is no correlation between the
failure modes of the inter-story isolated structure, the overall
reliability probability of the story isolation structure is expressed as

Ps � 1 − Pfb( ) × 1 − Pfs( ) × 1 − Pfp( ). (16)
In the formula, Ps is the reliability probability of the whole

structure, Pfb is the failure probability of the upper structure, Pfs is
the failure probability of the isolation layer, and Pfp is the failure
probability of the lower structure. The failure probability of the
maximum displacement of the isolation layer was utilized in the
failure probability of the isolation layer. The reliability probability of
the whole structure was calculated by using the Laplace asymptotic
method, and the results are shown in Figure 8.

As shown in Figure 8, at the level of a rare earthquake, the
reliability probability of the overall structure under the action of the
mainshock was 0.985, the reliability probability under a single
aftershock was 0.974, and the reliability probability under
multiple aftershocks was 0.973. The effect of aftershocks reduced
the reliability probability of the overall structure by 1.1%. At an
extremely rare earthquake level, the reliability probability of the
overall structure under the mainshock was 0.958, the reliability
probability under a single aftershock was 0.914, and the reliability
probability under multiple aftershocks was 0.913. The effect of
aftershocks reduced the reliability probability of the overall
structure by 4.4%. In summary, the reliability probability under
multiple aftershocks was similar to that under a single aftershock,
again confirming the importance of the largest aftershock in
reliability. The influence of aftershocks should not be ignored in
the design of a story isolation structure.

5 Influence of isolation layer position on
the reliability of an inter-story isolated
structure under main-aftershock
conditions

In order to explore the influence of different locations of the
isolation layer on reliability under a main-aftershock, the reliability

TABLE 3 Probabilistic characteristic parameters of structural response values.

Each dynamic response Earthquake
level

GM_0 GM_1 GM_2

Mean Standard
deviation

Mean Standard
deviation

Mean Standard
deviation

Maximum interlayer displacement
angle of lower structure

Rare earthquake 3.064 ×
10−3

1.129 × 10−3 3.235 ×
10−3

1.386 × 10−3 3.243 ×
10−3

1.389 × 10−3

Extremely rare
earthquake

5.637 ×
10−3

2.008 × 10−3 6.867 ×
10−3

2.360 × 10−3 6.893 ×
10−3

2.369 × 10−3

Maximum inter-story displacement
angle of upper structure

Rare earthquake 2.067 ×
10−3

8.395 × 10−4 2.312 ×
10−3

8.775 × 10−4 2.318 ×
10−3

8.814 × 10−4

Extremely rare
earthquake

3.882 ×
10−3

1.784 × 10−3 4.486 ×
10−3

1.903 × 10−3 4.449 ×
10−3

1.910 × 10−3

Maximum shear strain of isolation
bearing

Rare earthquake 1.167 0.448 1.314 0.476 1.319 0.478

Extremely rare
earthquake

1.484 0.513 1.769 0.540 1.770 0.542

TABLE 4 Failure probability of each substructure of inter-story isolated structure.

Earthquake level GM_0 GM_1 GM_2

Lower structure Rare earthquake 1.175 × 10−3 3.152 × 10−3 3.204 × 10−3

Extremely rare earthquake 1.957 × 10−3 7.616 × 10−3 7.836 × 10−3

Upper structure Rare earthquake 4.187 × 10−5 8.359 × 10−5 8.704 × 10−5

Extremely rare earthquake 5.495 × 10−5 1.329 × 10−4 1.376 × 10−4

Maximum shear strain of isolation bearing Rare earthquake 1.347 × 10−2 2.301 × 10−2 2.346 × 10−2

Extremely rare earthquake 3.986 × 10−2 7.863 × 10−2 8.003 × 10−2
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FIGURE 6
Comparison of failure probability of each substructure.

FIGURE 7
Comparison of failure probability of different methods.
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of inter-story isolated structures with isolation layers at the top of the
first, fourth, and seventh stories were compared under mainshock
and main-aftershock sequences. The mean and standard deviation
of isolation layers at the top of the first, fourth, and seventh stories
are shown in Tables 5 and 6.

The Laplace asymptotic method was used to calculate the failure
probability Pf of each substructure of the inter-story isolated
structure with the isolation layer at different positions (Table 7).
For the lower structure, the failure probability increased with the
increase of the setting position of the isolation layer under different
seismic levels. For the upper structure, the failure probability
decreased with the increase of the isolation layer position, except
for the rare earthquake level main-aftershock. Under the action of
the main-aftershock of the rare earthquake level, the failure
probability was lowest when the isolation layer was at the top of
the fourth story. When the isolation layer was at the top of the fourth
layer, the failure probability of the isolation layer was the lowest,
followed by the seventh layer. In order to show the influence of
aftershocks more intuitively, the reliability index of each

FIGURE 8
Comparison of reliability probability of the overall structure.

TABLE 5 Probabilistic characteristic parameters of structural response values of the isolation layer set in the first story.

Earthquake level GM_0 GM_1

Mean Standard
deviation

Mean Standard
deviation

Maximum interlayer displacement angle of lower structure Rare earthquake 2.618 × 10−3 1.169 × 10−3 2.911 × 10−3 1.369 × 10−3

Extremely rare
earthquake

4.804 × 10−3 2.101 × 10−3 5.991 × 10−3 2.466 × 10−3

Maximum inter-story displacement angle of upper
structure

Rare earthquake 2.394 × 10−3 9.280 × 10−4 2.664 × 10−3 1.048 × 10−3

Extremely rare
earthquake

4.399 × 10−3 2.089 × 10−3 5.172 × 10−3 2.339 × 10−3

Maximum shear strain of isolation bearing Rare earthquake 1.248 0.493 1.402 0.513

Extremely rare
earthquake

1.563 0.539 1.833 0.570

TABLE 6 Probabilistic characteristic parameters of structural response values of the isolation layer set in the seventh story.

Earthquake level GM_0 GM_1

Mean Standard
deviation

Mean Standard
deviation

Maximum interlayer displacement angle of lower structure Rare earthquake 3.667 × 10−3 1.447 × 10−3 4161 × 10−3 1.879 × 10−3

Extremely rare
earthquake

4.804 × 10−3 2.410 × 10−3 7.921 × 10−3 2.955 × 10−3

Maximum inter-story displacement angle of upper
structure

Rare earthquake 1.825 × 10−3 7.821 × 10−4 2.041 × 10−3 9.052 × 10−4

Extremely rare
earthquake

3.342 × 10−3 1.841 × 10−3 4.004 × 10−3 2.141 × 10−3

Maximum shear strain of isolation bearing Rare earthquake 1.201 0.459 1.334 0.506

Extremely rare
earthquake

1.504 0.529 1.804 0.554
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substructure is illustrated in Figure 9. It can be seen from Figure 8
that no matter where the isolation layer was located, the aftershocks
significantly reduced the reliability index of the structure, making it
unreliable.

The overall reliability probability of different isolation layer
locations was calculated using Eq. 16 and listed in Figure 10.
Under the rare earthquake level, the overall reliability probability
under the mainshock was the highest at 0.985 when the isolation

TABLE 7 Failure probability of isolation layers set at different stories.

Earthquake level 1st Story 4th Story 7th Story

GM_0 GM_1 GM_0 GM_1 GM_0 GM_1

Maximum interlayer displacement angle of lower
structure

Rare earthquake 7.405 × 10−4 2.216 × 10−3 1.175 × 10−3 3.152 × 10−3 5.523 × 10−3 1.904 ×
10−2

Extremely rare
earthquake

1.448 × 10−3 5.649 × 10−3 1.957 × 10−3 7.616 × 10−3 6.154 × 10−3 2.439 ×
10−3

Maximum inter-story displacement angle of upper
structure

Rare earthquake 1.380 × 10−4 4.188 × 10−4 4.187 × 10−5 8.359 × 10−5 1.624 × 10−5 7.084 ×
10−5

Extremely rare
earthquake

2.330 × 10−4 7.164 × 10−4 5.495 × 10−5 1.329 × 10−4 4.788 × 10−5 2.157 ×
10−4

Maximum shear strain of isolation bearing Rare earthquake 2.095 × 10−2 3.283 × 10−2 1.347 × 10−2 2.301 × 10−2 1.576 × 10−2 2.744 ×
10−2

Extremely rare
earthquake

5.148 × 10−2 9.535 × 10−2 3.986 × 10−2 7.863 × 10−2 4.401 × 10−2 8.766 ×
10−2

FIGURE 9
Comparison of failure probability with different isolation layer positions.
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layer was set at the fourth story, and the overall reliability probability
under the main-aftershock was 0.974. At the extremely rare
earthquake level, the reliability probability under the mainshock
was the highest when the isolation layer was set at the top of the
fourth story (0.958), and the reliability probability under the
aftershock was 0.914. Under the rare earthquake level,
aftershocks reduced the overall reliability probability of the
isolation layer at the top of the first story by 1.36%, of the
isolation layer at the top of the fourth story by 1.15%, and of the
isolation layer at the top of the seventh story by 2.48%. Under the
extremely rare earthquake level, aftershocks reduced the overall
reliability probability of the isolation layer at the top of the first story
by 4.8%, of the isolation layer at the top of the fourth story by 4.4%,
and of the isolation layer at the top of the seventh story by 6.01%.
Thus, precise isolation layer setting can reduce the impact of
aftershocks.

6 Influence of stiffness of isolation
bearing on reliability of inter-story
isolated structures under main-
aftershock sequences

In order to study the influence of the stiffness of the isolation
bearing on the reliability of the inter-story isolated structure under
main-aftershock conditions, the structural reliability was
determined with the isolation structure set at the top of the
fourth story for 50% (0.443 kN/mm), 100% (0.886 kN/mm) and
150% (1.329 kN/mm) of the designed post-yield stiffness. The mean
and standard deviation for 50% and 150% stiffness are listed in
Tables 8 and 9, respectively. The mean and standard deviation for
100% stiffness are shown in Table 3.

The failure probability of each substructure of the inter-story
isolated structure under different bearing stiffness levels was
calculated by the Laplace asymptotic method (Table 10).
Regardless of the seismic conditions, the failure probability of the

lower structure, the upper structure, and the isolation layer of the
story isolation structure were lowest when the stiffness was 100% of
the design stiffness. In order to show the influence of aftershocks
more intuitively, the reliability index of each substructure is
illustrated in Figure 11. As shown in Figure 10, regardless of the
stiffness, the aftershocks significantly reduced the reliability index of
the structure and made the structure unreliable.

The overall reliability probability of different stiffness was
calculated by Eq. 16 in Figure 11. As shown in Figure 12, under
different seismic levels, the reliability probability was the highest for
100% stiffness, whether under mainshock only or with main-
aftershocks. At the rare earthquake level, the aftershocks reduced
the overall reliability probability at 50% stiffness by 2.65%, at100%
stiffness by 1.15%, and at 150% stiffness by 1.68%. At the extremely
rare earthquake level, aftershocks reduced the overall reliability
probability at 50% stiffness by 7.88%, 100% stiffness by 4.4%,
and 150% stiffness by 5.41%. Thus, the standard 100% stiffness
of the isolation bearing will reduce the impact of aftershocks.

7 Discussion

In this study, finite element software was utilized to establish an
inter-story isolated structure model, and an elastic–plastic time
history analysis was carried out at different seismic levels. The
reliability probability of the structure under the action of a single
mainshock and main-aftershock sequence was analyzed using the
Laplace asymptotic method. The failure probability of each
substructure of the inter-story isolated structure under the action
of main-aftershock sequence was studied. However, the research was
mainly about the numerical analysis of a framed inter-story isolation
structure. Different structures or parameter settings might lead to
errors in the results. Subsequently, the randomness of the structure
was tested (Castaldo et al., 2015; Johari et al., 2021). The parameters
of the random variables formed a sample space (Xu and Feng, 2018;
Shi and Du, 2019; Amjadi and Johari, 2022) of randomly selected
structural parameters and the shaking table test (Mei et al., 2018;
Huang et al., 2020b) was used to verify the results of this study.

The overall reliability probability of the inter-story isolated
structure under the action of a main-aftershock demonstrated
that aftershocks have a strong influence on reliability probability.
The construction of the main-aftershock sequence only used the
repetition method for artificial synthesis. The main-aftershock
sequence construction could also use natural ground motion
(Goda and Taylor, 2012; Li et al., 2014), random artificial
synthesis (Hatzigeorgiou and Beskos, 2009; Goda and Taylor,
2012), or attenuated artificial synthesis (Zhou et al., 2018; Chang
et al., 2020). The influence of the main-aftershock sequence as
constructed by other methods on structural reliability needs
further study.

The JC method in the linear second-order moment method,
the Laplace asymptotic method in the quadratic second-order
moment method, and the Monte Carlo method were used to
calculate reliability. However, there are many other calculation
methods for reliability such as the response surface method
(Olsson et al., 2003) and the probability density evolution
method (Gu et al., 2018; Pang et al., 2018; Ye et al., 2021;
Chang et al., 2022). Different methods with specific influences

FIGURE 10
Comparison of overall reliability probability with different
isolation layer positions.
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TABLE 8 Probabilistic characteristic parameters of structural response values at 50% stiffness.

Earthquake level GM_0 GM_1

Mean Standard
deviation

Mean Standard
deviation

Maximum interlayer displacement angle of lower structure Rare earthquake 4.018 × 10−3 1.569 × 10−3 4.241 × 10−3 1.714 × 10−3

Extremely rare
earthquake

7.061 × 10−3 2.652 × 10−3 7.701 × 10−3 3.014 × 10−3

Maximum inter-story displacement angle of upper
structure

Rare earthquake 2.324 × 10−3 1.025 × 10−4 2.774 × 10−3 1.162 × 10−3

Extremely rare
earthquake

4.912 × 10−3 2.095 × 10−3 6.012 × 10−3 2.478 × 10−3

Maximum shear strain of isolation bearing Rare earthquake 1.304 0.507 1.512 0.541

Extremely rare
earthquake

1.654 0.551 1.996 0.599

TABLE 9 Probabilistic characteristic parameters of structural response values at 150% stiffness.

Earthquake level GM_0 GM_1

Mean Standard
deviation

Mean Standard
deviation

Maximum interlayer displacement angle of lower structure Rare earthquake 4.325 × 10−3 1.354 × 10−3 4.221 × 10−3 1.675 × 10−3

Extremely rare
earthquake

7.384 × 10−3 2.491 × 10−3 7.401 × 10−3 3.001 × 10−3

Maximum inter-story displacement angle of upper
structure

Rare earthquake 2.051 × 0−3 1.041 × 10−4 2.542 × 10−3 1.214 × 10−3

Extremely rare
earthquake

4.341 × 10−3 2.181 × 10−3 5.554 × 10−3 2.641 × 10−3

Maximum shear strain of isolation bearing Rare earthquake 1.155 0.472 1.361 0.505

Extremely rare
earthquake

1.453 0.546 1.787 0.584

TABLE 10 Failure probability at different bearing stiffness levels.

Earthquake level 1st Story 4th Story 7th Story

GM_0 GM_1 GM_0 GM_1 GM_0 GM_1

Maximum interlayer displacement angle of lower
structure

Rare earthquake 9.895 × 10−3 1.547 × 10−3 1.175 × 10−3 3.152 × 10−3 7.886 × 10−3 1.424 ×
10−2

Extremely rare
earthquake

1.231 × 10−2 2.342 × 10−2 1.957 × 10−3 7.616 × 10−3 1.188 × 10−2 2.044 ×
10−2

Maximum inter-story displacement angle of upper
structure

Rare earthquake 2.416 × 10−4 8.511 × 10−4 4.187 × 10−5 8.359 × 10−5 1.902 × 10−4 8.400 ×
10−4

Extremely rare
earthquake

3.251 × 10−4 1.512 × 10−3 5.495 × 10−5 1.329 × 10−4 2.961 × 10−4 1.346 ×
10−3

Maximum shear strain of isolation bearing Rare earthquake 2.568 × 10−2 4.651 × 10−2 1.347 × 10−2 2.301 × 10−2 1.491 × 10−2 2.911 ×
10−2

Extremely rare
earthquake

6.440 × 10−2 1.335 × 10−2 3.986 × 10−2 7.863 × 10−2 4.152 × 10−2 8.964 ×
10−2
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on the failure probability of the structure could be tested in
subsequent research.

The selection of statistical parameter indices could have a certain
impact on the results of reliability analysis. In this study the response
value of the elastic–plastic time history of the structure was analyzed,
and the damage model (Liu et al., 2015; Du et al., 2016; Huang et al.,
2020c; Hua and Ye, 2022) considered the maximum deformation
and cumulative hysteretic energy of the structure at the same time.
Damage could be used as a parametric index for reliability analysis in
subsequent studies.

8 Conclusions

In this study, the three-dimensional finite element model of an
inter-story isolated structure was established and an elastic–plastic
time history analysis was carried out. The seismic response
parameters of the structure were obtained, and the probability
distribution types and probability characteristic parameters were
evaluated. The reliability of the inter-story isolated structure under a

FIGURE 11
Comparison of failure probability with different bearing stiffness.

FIGURE 12
omparison of overall reliability probability with different bearing
stiffness.
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single mainshock and main-aftershock sequences was obtained
using the Laplace asymptotic method, and the influence of
aftershock number, isolation layer location, and stiffness of
isolation bearing on the structure was determined. From the
results of the aforementioned calculations and analysis, the
following conclusions can be drawn:

(1) Aftershocks increase the failure probability of each substructure
under different seismic levels. The failure probability of the
lower structure was the most affected by the main-aftershock
sequence, which was 3.89 times that of the mainshock alone.
The failure probability of the maximum displacement of the
isolation layer in each substructure of the inter-story isolated
structure was the largest, which indicates that the failure mode
of the inter-story isolated structure was mainly the deformation
overrun of the isolation bearing. The reliability probability of
multiple aftershocks was similar to that of a single aftershock,
indicating that the largest aftershock plays a major role in
reliability.

(2) The Laplace asymptotic method is highly accurate. The
quadratic second-order moment method considers the
concave direction, curvature, and other non-linear properties
of a limit state surface near the checking point by calculating the
second derivative of the performance function, which improved
the accuracy of reliability compared with the linear second-
order moment method.

(3) At the rare earthquake level, aftershocks reduced the overall
reliability probability of the isolation layer at the top of the
first story by 1.36%, the fourth story by 1.15%, and the
seventh story by 2.48%. Under an extremely rare earthquake
event, aftershocks reduced the overall reliability probability of the
isolation layer at the top of the first story by 4.8%, the fourth story
by 4.4%, and the seventh story by 6.01%. Choosing the optimal
isolation layer setting can reduce the impact of aftershocks.

(4) At the rare earthquake level, aftershocks reduced the overall
reliability probability of 50% stiffness by 2.65%, 100% stiffness
by 1.15%, and 150% stiffness by 1.68%. Under an extremely rare
earthquake event, aftershocks reduced the overall reliability
probability at 50% stiffness by 7.88%, at 100% stiffness by
4.4%, and at 150% stiffness by 5.41%. Choosing the optimal
stiffness of the isolation bearing can reduce the influence of

aftershocks. For the proper application of an inter-story
isolation structure, a reasoned isolation layer design is
critically important for structural reliability.
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