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The finite element model of a new staggered story isolated structure is

established. Using the time-history analysis method, the dynamic response

state of the structure at each time step is calculated by integrating the

acceleration time-history data step-by-step. Three different types of seismic

waves (ordinary seismic wave, near-fault impulse seismic wave, far-field quasi

harmonic and long-period seismic wave) are input respectively for dynamic

time history analysis. The result indicates that the new staggered story isolated

structure has a good shock absorption effect under the action of three different

types of seismic waves. There are certain differences in the shock absorption

effect under the three kinds of ground motions. The seismic response under

ordinary ground motions is minimal, but the seismic response of the structure

increases in response to far-field quasi harmonic and long-period ground

motions and the near-field fault pulse ground motions. Meanwhile, the

inter-story shear force, inter story acceleration, inter-story displacement,

damage, and the energy input are all increasing, However, compared with

the aseismic structure, the inter-story shear force is reduced by 48%, the inter-

story acceleration is reduced by 23%, the inter-story displacement is reduced by

48%, and the energy dissipation rate of the isolated layer is 65%. In addition, the

isolated bearing is in good condition during occasional earthquakes under

normal ground motion. However, the bearing exceeds the permissible range

during near-fault impulse ground motion and far-field harmonic and long-

period earthquakes. Therefore, special consideration should be given to the

area where the far-field harmonic and long-period groundmotion are involved.
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1 Introduction

In recent years, the new staggered story isolated structure, a

new form of isolated structure built on the basis of the base

isolated and mid-story isolated systems, has become one of the

research hotspots in the field of disaster prevention and

mitigation. The isolated layer of the base isolated structure

and the mid-story isolated structure is positioned on a specific

structure layer. Different from the above two kinds of isolated

systems, the isolated story of the new staggered story isolated

structure is divided into two parts. The isolated story of core tube

part is located at the bottom of the core tube, forming a similar to

base isolated mode, the isolated story of the frame part is located

in the middle of the structure, forming a similar to mid-story

isolated mode. However, the isolated layer of the new staggered

mid-story isolated structure is located on different layers of the

structure (Liu et al., 2022; Zhang et al., 2022). The new staggered

story isolated structure has been implemented in practical

projects. For instance, after the Istanbul earthquake, a hospital

was strengthened with a new staggered story isolated structure

(Erdik et al., 2018).

It is known to all that earthquakes occur frequently all over

the world. Therefore, the research on isolated structures has been

increasing. The base isolated structure has experienced three

developments, each of which is an important improvement (De

Luca and Guidi, 2019). The base isolated structure can

successfully safeguard buildings during powerful earthquakes

(Losanno et al., 2021) and lessen the seismic response of

structures (Cancellara and De Angelis, 2016; Hayashi et al.,

2018; Park and Ok, 2021; Pérez-Rocha et al., 2021; Qahir

Darwish and Bhandari, 2022; Clemente et al., 2021). Jose et al.

(2021) compared and evaluated the response of the aseismic

structure and the base isolated structure under earthquakes, and

demonstrated that the structure had a strong shock absorption

effect when using the base-isolated structure. In addition,

researchers have researched a range of isolated bearings and

discovered that most isolated bearings cannot only reduce the

inter-story shear force and inter-story acceleration of the

structure, but also control the displacement of the isolated

layer of the structure (Castaldo and Tubaldi, 2018; Fu et al.,

2019; Shan et al., 2020; Shang and Hu, 2020; Forcellini and

Gallanti, 2018). Various isolated bearings have various damping

effects on the structure, which can effectively reduce the

earthquake response (Behzad Talaeitaba et al., 2021; Van-

Thuyet, 2021; Ali et al., 2022; Wu et al., 2022). Recently,

Öncü-Davas (2022) has investigated the optimization of a

nonlinear foundation isolated system under near-fault

earthquakes. Rostami (2021) investigated the lateral load

distribution of static analysis of the base isolated building

frames subject to far-fault and near-fault ground motions

through three scaling methods. It is found that the inter-story

shear force of the structure will be underestimated, and the lateral

force formula of the LRBs base-isolated structure is determined.

Kamble (2022) discovered that the base-isolated structure under

three-dimensional ground motion had a favorable effect on

shock absorption. The findings of the study show that

significant reduction in the lateral displacement and

acceleration of the S-system is achieved by base isolating the

building. In addition, the S-system’s vertical responses are

reduced despite the isolated being ineffective in the vertical

direction. The method of machine learning has significance

for the research of seismic isolated, and it has a high

sensitivity rate prediction accuracy to put forward the early

warning of disaster. (Guo et al., 2022a; Chang et al., 2022).

Guo et al. (2022b) used numerical simulation method to

effectively study how to solve the disaster under different

circumstances.

The development of the base isolated structure has taken a

long period, and it has been widely used all over the world.

However, the adaptability of a mid-story isolated structure is

greater than that of a base isolated structure (Li et al., 2022).

However, the development period for a mid-story isolated

structure is relatively short, and thus the research is relatively

insufficient. Therefore, Zhang (Liu et al., 2021) suggested a semi-

analytical solution of mid-story isolated structural system

considering the bending deformation and shear deformation

of the structure. In addition, Chang and Zhu (2011)

discovered that both the superstructure and the substructure

have good shock absorption effect (Loh et al., 2013). Liu et al.

(2018) discovered that viscous fluid dampers can effectively

enhance the seismic performance of mid-story isolated

structures. Moreover, the application of mid-story isolated

structure in the reinforcement of existing structures can

effectively lower the seismic response of structures (Li et al.,

2014; Faiella et al., 2020; Ma et al., 2020; Saha and Mishra, 2021;

Hur and Park, 2022). Use machine learning methods to predict

the occurrence of disasters in different environments. (Huang

et al., 2020a; Huang et al., 2020b; Huang et al., 2020c).

Because the period of the isolated structure is extended, it is easy

to generate a substantial seismic response as a result of resonance

under the action of long-term ground motion. Liao et al. (2001)

utilized the ratio of peak ground motion velocity to peak acceleration

(PGV/PGA) to determine whether the ground motion is long-term

ground motion, and studied the seismic response of 5-story and 12-

story frame structures under near-field long-term groundmotion and

ordinary ground motion. The results show that the near-fault

earthquake results in much more damage than the far-field

earthquake. In addition, Minagawa and Fujita (2006) and other

researchers discovered that the natural vibration period of the

structural system was prolonged by setting the isolated layer, but

increased the seismic response was larger under long-period ground

motion. Cheng et al. (2021) investigated the seismic energy response

of two typical long-period ground motion single degree of freedom

(SDOF) systems. In addition, Zhou et al. (2018) investigated the

distinction between the absolute acceleration spectrum and the

pseudo acceleration spectrum based on the hysteretic restoring
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force of the structure, as well as the pseudo acceleration spectrum of

long-period earthquake. Moreover, Hu et al. (2018) proposed a three

segment curve model that combines the calibrated seismic factors

with a random simulation program, and verified it by comparing it to

the seismic simulation. (Guo et al., 2021); Huang et al. (2022)

improved the accuracy of disaster prediction, use machine learning

methods to predict and monitor the occurrence of disasters (Jiang

et al., 2018; Chang et al., 2020). (Pytel et al. (2016) studied the

influence of different factors on seismic activity. Mashinskii (2019)

studied the unusual behavior of rock inelasticity, thereby deepening

the understanding of the propagation and attenuation of seismic

waves in the real environment.

According to the above analysis, at present, most of

research focus on the base isolated structure and the mid-

story isolated structure. However, there are fewer studies on

the new staggered story isolated structure. In addition,

previous research mainly focus on the seismic response of

isolated structures during conventional earthquakes, while the

impact of long-period ground motions has received less

attention. Furthermore, compared to ordinary ground

motions, the damage caused by long-period periodic

ground motions to high-rise buildings with a large natural

vibration period is more severe. But in China’s seismic code

design, there is no provision for controlling the damage

caused by long-period ground motions to high-rise

structures. Therefore, it is of great significance to examine

the seismic response of the new staggered story isolated

structure under long-period ground motions.

In this paper, the seismic response of a new staggered story

isolated structure under ordinary ground motion, near-fault

impulse ground motion, and far-field harmonic long-period

ground motion is studied. The damping effect, structural

damage, structural energy consumption, and the response

findings of the isolated bearing of the innovative staggered

story isolated structure under three different ground motions

are obtained. It is expected to provide a reference for the

design and research of the new staggered story isolated

structure.

2 Materials and methods

2.1 Project overview

The seismic fortification grade of a new staggered story

isolated structure is class B with the seismic fortification

intensity of 8°. The basic seismic acceleration is designed as

0.20 g, and the seismic group is designed as group II. The

building site is defined as class III. The building, whose plane

size is 26 m × 26 m, with 20 floors in total, adopts frame-core

tube structure, and a floor height of 3 m. The frame isolated layer

is positioned on the third level of the frame structure, whereas the

middle core tube is located at the bottom of the core tube.

Figure 1 compares the aseismic structure, the base isolated

structure, the mid-story isolated structure, and the new

staggered story isolated structure. Figure 2 depicts the three-

dimensional finite element model of the structure. The sectional

dimensions of the structure can be seen in Table 1. The concrete

strength of the frame column and beam is C40, and all

reinforcement models are HRB400. The thickness of the

concrete cover is 50 mm. Shear walls are simulated by thin-

shell elements with a concrete thickness of 250 mm.

2.2 Modeling

The finite element analysis software ETABS is utilized to

assess the isolated design of frame core tube structure. Extract

the column bottom reaction at the isolated bearing under the

FIGURE 1
Structure diagram: (A) aseismic structure, (B) base isolated
structure, (C)mid-story isolated structure, (D) new staggered story
isolated structure (The blue part represents the core tube, the red
part represents the frame, and the shadowpart represents the
isolated bearings).
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working condition of standard value of gravity load using the

ETABS software, and estimate the number and model of

isolated bearings according to the total horizontal yield

force being 2% of the column bottom reaction under

standard value of gravity load. LRB1000 is utilized for the

core tube, while LRB600 is used for the frame. The parameters

of isolated bearings are provided in Table 2 below, and their

arrangement is depicted in Figure 3.

2.3 Earthquake wave selection

The seismic fortification intensity is set to degree 8, and

the basic acceleration value of the earthquake is set to 0.2 g.

Meanwhile, the site category is class 2, and the seismic group

is designed as group III. The ground motion criteria are

selected as follows: the average period of ground motion

acceleration spectrum Tr and PGV/PGA values are used as

the basis for distinguishing ordinary ground motion from

long-period ground motion. When Tr >2 s and PGV/

PGA>0.2, it is long-period ground motion, otherwise it is

ordinary ground motion. Table 3 contains information

regarding the selected near-fault impulse ground motion,

the far-field harmonic long-period ground motion, and the

ordinary ground motion.

Each of the three types of ground motion have unique

characteristics. Figure 4 depicts the acceleration response

spectrum of ground motion and illustrates that the peak value

of the acceleration spectrum of ordinary ground motion occurs

between 0.3 s and 0.4 s, and that when the structural period is

about 2 s, the acceleration spectrum value is less than 10%–20%

of the peak value. The spectrum of the near-fault impulse ground

motion acceleration response is essentially identical to the

spectrum of the ordinary ground motion acceleration

response. When the structural period is greater than 2 s, the

peak value of the near-fault impulse ground motion acceleration

response spectrum is greater than that of the ordinary ground

motion acceleration response spectrum.

The acceleration response spectrum of the far-field harmonic

like long-period ground motion differs significantly from that of the

other two ground motions. Due to the appearance of harmonic like

components, the acceleration spectrumof the far-field harmonic like

long-period ground motion would reach its maximum value

between 3 and 6 s during the structural period, resulting in an

obvious “double peak” phenomenon. The near-fault impulse ground

motion and the far-field harmonic long-period ground motion have

a greater impact on long-period structures, which requires special

consideration.

FIGURE 2
3D diagram of new staggered story isolated structure.

TABLE 1 Frame section parameters.

Component type Component location/Layer Section size

Height/mm Width/mm

Framed Column 1–20 800 800

Framed Column 1–20 700 350
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TABLE 2 Parameters of isolated bearing.

Model Effective
diameter/
mm

Total
rubber
thickness/
mm

Total stiffness
before
yield/kN•m

Equivalent stiffness Vertical
stiffness/
kN•mm

Yield
force/kN

100% horizontal
shear
deformation/kN•m

250% horizontal
shear
deformation/kN•m

LRB600 600 112 16.39 1.83 1.83 2,200 63

LRB1000 1,000 186 27.08 3.19 3.19 4,300 203

FIGURE 3
Layout of isolated bearing.
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3 Analysis of the shock absorption
effect

3.1 Structural seismic response

The finite element models of the aseismic structure and a new

staggered story isolated structure are developed. By integrating

acceleration time-history data at each time step, the time-history

analysis approach determines the dynamic response state of the

structure at each time step. Three different types of seismic waves

(ordinary seismic wave, near-fault impulse seismic wave, far-field

quasi harmonic and long-period seismic wave) are input

respectively for dynamic time history analysis under 8°

moderate earthquake (peak acceleration of 20 0cm/s2). Under

three earthquake motions, the seismic response, energy

dissipation, and structural damage of a new staggered story

isolated structure are determined.

3.1.1 Modal period
Table 4 compares the results of the first three modal periods

for the aseismic structure and the new staggered story isolated

structure. It can be seen from Table 4 that the period of the first

three steps of the new staggered story isolated structure is greater

than that of the aseismic structure.

Before isolated, the fundamental period of the structure is

1.069 s, while after isolated, the basic period of the structure is

2.434 s. It is a structure with a long natural vibration period and a

significant response to a long-period earthquake. Therefore, it is

necessary to select the long-period seismic wave for nonlinear

time history analysis and compare it to nonlinear time history

analysis under ordinary seismic wave.

3.1.2 Basal shear force
The finite element models of the aseismic structure and the new

staggered story isolated structure are developed. Three different

types of seismic waves (ordinary seismic wave, near-fault impulse

seismic wave, far-field quasi harmonic and long-period seismic

wave) are input respectively for dynamic time history analysis

under 8° moderate earthquake (peak acceleration of 200 cm/s2).

TABLE 3 Basic information of three types of earthquake motion.

Earthquake records Station Earthquake magnitude Epicentral distance (km) PGV/PGA

Normal ground motion records Bolu 7.14 12.04 0.12

Artificial wave — — —

Near-fault pulse-like ground motions Chi-Chi TCU036 7.62 19.83 0.43

Chi-Chi TCU063 7.62 9.78 0.24

Chi-Chi TCU054 7.62 5.28 0.21

Chi-Chi TCU102 7.62 1.49 0.31

Chi-Chi TCU122 7.62 9.34 0.20

Chi-Chi TCU044 6.2 62.87 0.22

Chi-Chi TCU039 7.62 19.89 0.28

Far-field harmonic like long-period ground motion Chi-Chi CHY093 7.62 49.82 0.27

Chi-Chi ILA056 7.62 92.04 0.48

Chi-Chi ILA048 7.62 86.67 0.35

Chi-Chi TCU140 7.62 32.95 0.28

Chi-Chi CHY092 7.62 22.69 0.26

Chi-Chi CHY082 7.62 36.09 0.33

Chi-Chi TCU006 7.62 72.52 0.24

FIGURE 4
Acceleration response spectrum of three types of ground
motion.
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Table 5 depicts the base shear force comparison between the

new staggered story isolated structure and the aseismic structure.

Figure 5 demonstrates that, compared to the aseismic structure,

the base shear force of the new staggered story isolated structure

is reduced under three different types of earthquakes, but not

under some long-period seismic waves.

3.1.3 Inter-laminar shear force

Figure 6 depicts a comparison of the story shear force

between the new staggered story isolated structure and the

non-isolated structure under the action of three different types

of seismic waves (ordinary seismic wave, near-fault impulse

seismic wave, far-field harmonic and long-period seismic

wave). Figure 6 demonstrates that the new staggered story

isolated structure has a damping effect under the action of

three different types of earthquakes, and that the isolated effect

of the core tube below the frame isolated layer of the new

staggered story isolated structure is superior to that of the

frame. The seismic response of aseismic structures in the

TABLE 4 The first three modal periods of aseismic structures and new staggered story isolated structures.

Type of construction First cycle/s Second cycle/s Third cycle/s

Aseismic structure 1.069 1.069 0.983

New staggered story isolated structure 2.434 2.434 2.286

TABLE 5 Energy consumption of new staggered story isolated structure.

Type of
construction

Earthquake
wave

Total
seismic
input
energy
(KN·m)

Self damping
energy
dissipation
of structure
(KN·m)

Energy
consumption
of isolated
layer (KN·m)

Energy
consumption
rate of
isolated layer
(%)

Average
decreasing
amplitude ratio
(%)

New staggered story isolated
structure

TCU036 30,237.38 8,861.04 21,375.39 70.69 65.33

TCU063 56,677.06 19,684.67 36,989.24 65.26

TCU054 19,262.63 5,340.15 13,910.95 72.21

TCU102 96,753.67 48,996.79 47,749.78 49.35

TCU122 11,187.72 3,272.20 7,907.86 70.68

TCU044 2,448.45 1,114.83 1,330.60 54.34

TCU039 30,456.48 9,113.52 21,339.78 70.07

ILA056 96,620.43 40,033.61 56,558.64 58.54

CHY093 34,496.03 8,353.70 26,034.44 75.47

ILA048 52,257.12 16,193.48 36,039.96 58.97

TCU140 106,048.22 39,201.59 66,775.30 62.97

CHY092 87,257.79 31,396.49 55,833.21 63.99

CHY082 38,920.69 11,933.08 26,924.01 69.18

TCU006 47,461.00 14,900.38 32,549.80 68.58

DUZCE 2,311.63 837.65 1,473.51 63.74

Artificial wave 6,213.85 1780.70 4,429.15 71.28

FIGURE 5
Comparisons of base shear force between the aseismic
structure and the new staggered story isolated structure.
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presence of far-field harmonic long-period ground motion and

near-fault impulse ground motion is greater than that of ordinary

ground motion. The seismic response of the new staggered

story isolated structure under far-field harmonic long-period

ground motion and near-fault impulse ground motion is

greater than that of the ordinary ground motion. Compared

with the aseismic structure, the story shear force of the new

staggered story isolated structure is reduced, and the shear

force of the frame below the frame isolated layer is more than

that of the core tube. During the far-field harmonic long-

period ground motion, the inter-laminar shear force is

greater than that under the near-fault pulse long-period

ground motion.

3.1.4 Inter layer acceleration
Figure 7 illustrates the comparison of story accelerations between

the new staggered story isolated structure and the aseismic structure

under the action of three different types of seismic waves (ordinary

seismic wave, near-fault impulse seismic wave, far-field harmonic and

long-period seismic wave). According to Figure 7, the new staggered

story isolated structure has certain damping effect under the action of

three types of earthquakes. In the new staggered-story isolated

FIGURE 6
Comparisons of inter-story shear force between aseismic structure and new staggered story isolated structure: (A) comparison of inter-story
shear force of aseismic structure under near-fault pulse-like ground motion (B) comparison of inter-story shear force of aseismic structure under
far-field harmonic like long-period ground motion, (C)comparison of inter-story shear force of new staggered story isolated structure under near-
fault pulse-like groundmotion, and (D) comparison of inter-story shear force of new staggered story isolated structure under far-field harmonic
like long-period ground motion.
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structure, the acceleration of the core tube beneath the frame-isolated

layer is greater than that of the frame part. Under the action of far-field

harmonic long-period groundmotion and near-fault impulse ground

motion, the accelerations of the frame part and the core tube part

under the frame isolated layer of the new staggered story isolated

structure are greater than those of the aseismic structure. The seismic

response of aseismic structures in the presence of the far-field

harmonic long-period ground motion and near-fault impulse

ground motion is greater than that of the ordinary ground

motion. The seismic response of the new staggered story isolated

structure under the far-field harmonic long-period ground motion

and near-fault impulse ground motion is greater than that of the

ordinary ground motion. Among them, the inter-layer acceleration

under the far-field harmonic long-period ground motion is greater

than that under the near-fault pulse long-period ground motion.

3.1.5 Story displacement
Figure 8 depicts a comparison of the story displacement

between the new staggered story isolated structure and the

aseismic structure under the influence of three distinct types

of seismic waves (ordinary seismic wave, near-fault impulse

seismic wave, far-field harmonic and long-period seismic

wave). Figure 8 demonstrates that under the influence of

three types of earthquakes, the new staggered story isolated

structure has a certain damping effect. In the new staggered

story isolated structure, the displacement of the core tube

FIGURE 7
Comparisons of story acceleration between aseismic structure and new staggered story isolated structure: (A) acceleration comparison of
aseismic structure under near-fault pulse-like ground motion (B) acceleration comparison of aseismic structure under far-field harmonic like long-
period ground motion, (C) acceleration comparison of new staggered story isolated structure under near-fault pulse-like ground motion, and (D)
acceleration comparison of new staggered story isolated structure under far-field harmonic like long-period ground motion.
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below the frame isolated layer is greater than that of the

frame part. Among them, the inter-layer displacement of the

frame component beneath the frame isolated layer is greater

than that of the aseismic structure. Under the influence of the

far-field harmonic long-period ground motion and near-

fault impulse ground motion, the acceleration of the

frame part and the acceleration of the core tube part

under the frame isolated layer of the new staggered story

isolated structure is greater than that of the aseismic

structure. The seismic response of aseismic structures in

the presence of the far-field harmonic long-period ground

motion and near-fault impulse ground motion is greater

than that of the ordinary ground motion. The seismic

response of the new isolated structure with staggered

stories is stronger under the far-field harmonic long-

period ground motion and near-fault impulse ground

motion is greater than that of the ordinary ground

motion. The inter-layer displacement under far-field

harmonic like long-period ground motion is greater than

that under near-fault pulse long-period ground motion.

FIGURE 8
Comparisons of inter-story displacement between aeismic structure and new staggered story isolated structure: (A) comparison of inter-story
displacement of aseismic structure under near-fault pulse-like ground motion (B) comparison of inter-story displacement of aseismic structure
under far-field harmonic like long-period ground motion, (C) comparison of inter-story displacement of new staggered story isolated structure
under near-fault pulse-like groundmotion, and (D) comparison of inter-story displacement of new staggered story isolated structure under far-
field harmonic like long-period ground motion.
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FIGURE 9
Energy time history diagram of a new staggered story isolated structure under ordinary ground motion.

FIGURE 10
Energy time history diagram of a new staggered story isolated structure under near-fault impulse ground motion.

Frontiers in Earth Science frontiersin.org11

Shu et al. 10.3389/feart.2022.1025231

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1025231


FIGURE 11
Energy time history diagram of a new staggered story isolated structure under far-field harmonic long-period ground motions.

FIGURE 12
Energy time history diagram of a new staggered story isolated structure under ordinary ground motion.
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FIGURE 13
Energy time history diagram of a new staggered story isolated structure under near-fault impulse ground motion.

FIGURE 14
Energy time history diagram of a new staggered story isolated structure under far-field harmonic long-period ground motions.
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3.2 Damage evolution of structures under
different types of ground motions

The damage nephogram of the core tube was retrieved for

comparative analysis in order to evaluate the damage evolution of

the new staggered story isolated structure under varied ground

motions, as well as three different types of ground motions were

selected. From Figure 9–11, it can be observed that under the

influence of ordinary ground motion, the damage to the bottom

of the structure is not obvious, and the majority of the structure is

in normal working condition. However, the damage of the core

tube caused by far-field harmonic ground motion gradually

accumulates over time, extending upward from the base of the

structure and producing more damage. It demonstrates that in

the middle and later stages of the long-period ground motion, it

is simple for structural damage to accumulate.

3.3 Structural energy consumption

From Figures 12–14, it is evident that under the action of

three types of ground motions, the input energy, the damping

energy consumption, and hysteretic energy consumption of the

near-fault pulse type ground motion and the far-field harmonic

long-period ground motion grow more rapidly than that of the

ordinary ground motion. The energy input of the structure

reaches its peak more quickly under the ordinary ground

motion, whereas the energy input of the near-fault pulse type

ground motion and the far-field harmonic long-period ground

motion is more than that of the ordinary ground motion.

Table 5 compares the energy dissipation impact of the new

staggered story isolated structure. Under the influence of three

different types of seismic waves, it is evident that the new

isolated construction with staggered stories has played an

effective role in structural energy dissipation. Long-period

earthquakes require more attention because the input energy

of the near-fault pulse type seismic wave and the far-field

harmonic long-period seismic wave is greater than that of the

ordinary seismic wave.

4 Response of the isolated bearing

Structural dynamic time history analysis under the peak

acceleration of the seismic wave of 400 cm/s2.

4.1 Maximum displacement of the isolated
layer

Under time-history working conditions, the maximum

horizontal displacement of the isolated bearing is equal to the

envelope value of the three seismic waves. According to the code

for seismic design of buildings GB50011-2010, this value cannot

exceed the lesser of 0.55 times of the effective diameter or 3 times

of the entire thickness of the rubber bearing. In this paper, the

FIGURE 15
Support displacement.
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FIGURE 16
Maximum tensile stress of abutment.

FIGURE 17
Maximum abutment compressive stress.
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isolated bearings of LRB600, and LRB1000 are employed, hence

the minimum bearing displacement is 600 × 0.55=330 mm.

Define the envelope value of the load combination under

seismic working conditions, and extract the envelope value of the

horizontal displacement of the isolated bearing under time

history working conditions of three distinct types of seismic

waves. Figure 15 demonstrates that the bearing displacement

under the action of a ordinary seismic wave meets the standard,

whereas the bearing displacement under the action of a near-fault

layer impulse seismic wave and a far-field harmonic long-period

seismic wave significantly exceeds the standard value.

4.2 Tensile stress of isolated bearing

In accordance with the provisions on the maximum tensile

stress limit value of the rubber isolated bearing in article 12.2.4 of

the code for seismic resistance, the tensile stress of the isolated

bearing must not exceed 1 MPa during earthquakes. Figure 16

depicts the pressure for computing the minimal surface pressure.

It can be seen from Figure 16 that among the time history

conditions of three different types of seismic waves, the

maximum tensile stress of the bearing under the action of the

ordinary seismic wave meets the requirements, whereas the

maximum tensile stress of the bearing under the action of the

far-field harmonic long-period seismic wave and the near-fault

pulse type seismic wave exceeds the limit.

4.3 Check the compressive stress of the
isolated bearing

In general, 2 times of the reference surface pressure can be

used as the limit for the maximum surface pressure of the

bearing. The structure described in this study is a class B

structure, hence the reference surface pressure is 12 MPa, and

the limit value of the maximum surface pressure is 24 MPa.

Figure 17 illustrates the calculated value of the maximum surface

pressure of the bearing and reveals that under the influence of

three distinct types of seismic waves, the maximum compressive

stress of the bearing under the action of the ordinary seismic

wave satisfies the requirements of the specification, whereas the

majority of the maximum compressive stress of the bearing

under the influence of the far-field harmonic long-period

seismic wave and the near-fault impulse seismic wave exceeds

the limit.

5 Discussion

In this paper, the finite element analysis software ETABS is

used to analyze the long-period seismic response of a new

staggered story isolated structure. The seismic response

analysis and the damage of the seismic structure are

investigated from the perspectives of the seismic wave

selection, damping effect index, structural damage, energy

dissipation, and the response of the isolated bearings. Under

the long-period ground motion, it is concluded that the new

staggered story isolated structure has a good seismic isolated

effect.

Through the research of this paper, further research can be

carried out in the following aspects:

(1) In this paper, the seismic response analysis of the new

staggered story isolated structure under different types of

the ground motion input is primarily based on numerical

analysis, Sugimoto et al. (2016) and different parameter

settings may lead to certain errors in the results. To verify

the analysis results presented in this paper, shaking table

tests with the input of the long-period ground motion can be

carried out in the future.

(2) Currently, the majority of studies focuses on the base

foundation isolated structures and the mid-story isolated

structures (Bhandari et al., 2019; Faiella and Mele, 2020) Few

studies have been conducted on the new staggered story

isolated structure, and the response of this structure to long-

period ground motion has also received little attention. This

paper reveals that the new staggered story isolated structure

has a good shock absorption effect under the action of the

long-period ground motion, but that structural damage and

bearing overrun are significant under the long-period action.

(3) The largest isolated bearing employed in this paper has a

1000 mm diameter. It remains to be determined if the

damage to the core tube, the maximum tensile stress, and

the maximum compressive stress of the isolated bearings can

be reduced by increasing the diameter and altering the layout

of the isolated bearings beneath the core tube (Fakih et al.,

2021; Thakur et al., 2021).

(4) The influence of the vertical ground motion on the structure

is not examined in this research (Quaranta et al., 2022; Wang

et al., 2022). In fact, seismic waves are multi-dimensional. If

some of these factors are disregarded, the result of the shock

absorption effect may be deviated. At present, there are a few

studies on this topic, and the follow-up research can be

expanded using the new staggered story isolated structure.

(5) In this paper, the seismic response analysis of the

structure is performed with a rigid foundation

assumption. In practice, the interaction between the

structure and soil presents a challenge. Domestic and

international scholars have conducted numerous studies

on this issue. No uniform result has been reached as to

whether the interaction effect of soil and structure on the

seismic response of an isolated structure is increased or

decreased (Askouni and Karabalis, 2022; Zhang and Far,

2022). The interaction between soil and structure in
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high-rise seismically isolated structures subjected to

long-period ground motion has not yet been

investigated.

(6) From a vast amount of seismic data for a particular ground

motion, long-period seismic activity is selected and input

into the structure for seismic response analysis (Shuoyu et al.,

2021) However, the seismic response study must include

both natural and artificial waves, as required by the

applicable analysis. Therefore, it is necessary to investigate

the theoretical basis and synthesis method of the artificial

combination of long-period seismic waves.

6 Conclusion

In this paper, the seismic response models of the aseismic

structure and the new staggered story isolated structure are

developed. Three forms of ground motions are input into the

nonlinear response analysis, and the discrepancies between the

seismic response laws of this two kinds of stucture under different

groundmotions are explored. The following conclusions are obtained:

(1) Compared to the aseismic structure, the new staggered story

isolated structure has a greater effect on shock absorption

when subjected to three distinct types of seismic waves.

(2) There are certain differences in the shock absorption effect

under the three kinds of ground motions; The seismic

response under ordinary ground motions is smaller,

whereas the seismic response under the near-field

harmonic long-period ground motion and the near-field

fault pulse type earthquake are larger; Meanwhile, the

inter story shear force, inter story acceleration and inter-

story displacement are increased. Therefore, the damage and

the energy input are also increased.

(3) Under rare earthquakes, the isolated bearing is in good

condition under the ordinary ground motion. However,

the bearing exceeds its limit under near-fault impulse

ground motion and far-field harmonic and long-period

earthquakes. Consequently, special attention should be

given to the region where the far-field harmonic and

long-period ground motion are involved.
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