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The new staggered story isolated structure is developed according to the base-
isolated structure and the mid-story isolated structure. Quantitative calculation
and evaluation of seismic damage are very important for structural safety. In this
paper, the seismic damage evaluation of a new staggered story isolated structure
is studied by numerical simulation and damage index calculation. A new staggered
story isolated structure is established, and the effects of different layers and
different chassis areas on the seismic response of the structure are studied.
When the position of the bottom isolated layer stays the same, the upper
isolated layer is set at different layers, which is set to the top of the 3rd, 6th
and 9th layers. When the upper isolated layer keeps at the top of the 3rd layer, the
chassis area is set at a different area, which is 26 m × 26m, 36 m × 36m and
46m × 46m. The results show that the new staggered story isolated structure has
good isolated effects under the ground motion. For the structure set upper
isolation layer is lower, the inter-layer shear force, inter-layer acceleration and
inter-layer displacement are reduced. The energy dissipation effect of the
structure improves. The core tube is less damaged and the plastic hinge is
smaller. With the increase of chassis area, the isolated effect of the part above
the upper isolated layer is good, while the shear force and acceleration of the part
below the upper isolated layer of the structure increase, the damage at the core
tube changed little and the appearance of the plastic hinge increased. Under
earthquakes, with the change in position of the upper isolated layer and the area of
the chassis of the new staggered story isolated structure, the displacement, tensile
stress and compressive stress of the isolated bearing still meet the requirements of
the standard.
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1 Introduction

Base isolated structures and mid-isolated structures are the focus of research on disaster
prevention andmitigation. Based on this, the new staggered story isolated structure structure
has been developed. The isolated layer of the base isolated structure and the mid-story
isolated structure is located on a specific structure layer. In comparison, the isolated layer of
the new staggered mid-story isolated structure can be set on different layers of the structure
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(Liu et al., 2022; Zhang Y F 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).

Since earthquakes occur frequently around the world, the
research on isolated structures has been more and more focused.
The base-isolated structure can successfully protect buildings during
powerful earthquakes (Losanno et al., 2021) and relieve 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). Fujii (2022) studied the influence of
long-period pulse-type ground motion input angle of seismic
incidence (ASI) on buildings with irregular base isolation and
concluded that the ground motion spindle defined by cumulative
energy input was more suitable for discussing the influence of ASI
on the response of buildings with irregular base isolation (Micozzi
et al., 2022). studied the seismic response and seismic risk of the base
isolation structure in the RINTC project and concluded that the
isolation structure can effectively limit the damage. According to the
study (Wang et al., 2022), The semi-active tuned mass damper can
effectively improve the displacement and acceleration performance
of linear and non-linear base isolation structures (Vibhute et al.,
2022). Research shows that both Friction Pendulum System (FPS)
and Lead Rubber Bearing (LRB) isolation frames can effectively
increase the seismic performance of structures (Zhao et al., 2022).
Research shows that the pulse signal in pulsed ground motion will
amplify the response of LRB base isolation structure (Nobari Azar
et al., 2022). found that natural rubber base isolation can effectively
meet the requirements of base isolation system (Rabiee and Chae,
2022). transmissibility-based semi-active (TSA) controller enables
the system to have high damping under the action of long period
ground motion and low damping under the action of short period
ground motion, showing unique effects. The study shows the
performance of linear shear layer structure with non-linear base
isolation bearing. TMD can effectively change the performance of
the isolation structure and increase the isolation effect (Hessabi
et al., 2017; Ozturk et al., 2022). Köroğlu (2022) study found that the
viscous damper can effectively increase the isolation effect of the
structure. The method of machine learning has significance for the
research of seismic isolated structure, and it has a high sensitivity
rate prediction accuracy to put forward the early warning of disasters
(Chang et al., 2022a; Chang et al., 2022b; Huang et al., 2022d).

The development of base isolation structures has been a long
process, and it has been widely used all over the world. However, (Li
et al., 2022), comprehensively investigated the seismic response of
the simplified model and the story-separated seismic building, and
the analysis showed that the simplified building model could provide
accurate estimation of the important seismic response (Hur and
Park, 2022). proposed a method to reduce the seismic load related to
vertical strengthening of buildings while improving the seismic
performance (Zhang S et al., 2022). proved that the damping
coefficient of the Kelvin-Voigt model has a great influence on the
mean square error of the total vibration energy, while the stiffness
coefficient is less sensitive to it by comparing the seismic scheme and
the layered interval seismic scheme (Ma et al., 2020). The dynamic
response characteristics of the three structures under near-fault
pulse-like ground motions are analysed and compared with the
far-fault ground motions (Saha and Mishra, 2021a). found that

storey interval earthquakes can effectively reduce the seismic
vulnerability and loss of buildings under the action of ground
motion, and increase the influence of resilience (Saha and
Mishra, 2021b). Storey interval shock (ISI) shows good damping
effect in relatively tall buildings (Donà et al., 2021). As shown in
some studies, fluid viscous dampers (FVDs) installed in isolation
systems can effectively reduce the deflections of isolators, but
amplify the interstory displacement and floor acceleration (Li
et al., 2014). This study found that both base isolation and layer
interval shock have good isolation effect, and the isolation
performance of base isolation structure is better than that of
story-adding structure (Faiella et al., 2020). In this study, the
model of story-separated seismic structure was established and it
was found that the model effectively reduced the seismic response
(Wu et al., 2019). This study will improve the understanding of
eccentric structures with tower podium and provide guidance for the
seismic design of such structures. 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).

Theories are relatively complete for large chassis seismic
structures (Pang., 2012; Li et al., 2021). The tower building on
the large chassis is characterized by vertical irregularity. The isolated
layer is set where the structure occurs an abrupt change by using the
layer spacing technology to consume seismic energy and avoid the
problem of complex internal force at the abrupt change of the
stiffness (Zhang H et al., 2021). The seismic performance of the
multi-tower foundation isolated structure is discussed, and the
parameters such as inter-story displacement, shear force and
displacement angle of the structure under ground motion are
analyzed. The results show that the base-isolated structure has a
favourable damping effect and can effectively suppress the structural
torsion (Wang and Lei, 2021; Zhou, Y et al., 2018). Guo et al. (2021)
improved the accuracy of the disaster prediction and used machine
learning methods to predict and monitor the occurrence of disasters
(Jiang et al., 2018).

According to the above analysis, most research currently focuses
on the base-isolated structure and the mid-story isolated structure.
However, there are fewer studies on the new staggered story isolated
structure.

In this paper, the seismic response of a new staggered story
isolated structure under ground motion is studied. The relationship
between the upper and lower parts of the new staggered story
isolated structure, the volume, the section of the component, the
parameters of the isolation bearing and the layout principle are
introduced. Under ground motions, the damping effect, structural
damage, structural energy consumption, and the response of the
isolated bearing of the innovative staggered story isolated structure
are obtained. This research is expected to provide a reference for the
design and development of the new staggered story isolated
structure.

2 Methods and materials

2.1 Project overview

In order to verify the isolation effect of the new staggered
story isolated structure under the action of ground motion, a
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frame-core tube structure with 20 layers, each layer is 4 m high
and the building plane structure size is 26 m × 26 m is built.
Figure 1 shows 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 seismic
fortification grade is B, and the seismic fortification intensity is
8 (0.20 g) and the seismic group is designed to be Group II. The
sectional dimensions of the structure can be seen in Table 1,
Table 2. C40 concrete non-linear material was defined with
Takeda hysteresis type and HRB400 steel reinforcement non-
linear material was defined with Kinematic hysteresis type. The
frame column is designated as PMM plastic hinge, and the
frame beam and connecting beam are designated as M3 plastic
hinge. The bottom two-layer core tube of the stratified separated
seismic structure is the bottom strengthening area, which is
adopted simulation of layered shell. The rest were non-bottom
reinforced areas, which were simulated by elastic thin shell
elements. The thickness of the concrete cover is 50 mm. The
shear walls were simulated by thin shell elements with a
concrete thickness of 250 mm.

2.2 Modelling

The ETABS software is used to extract the column bottom
reaction f at the isolation support under the standard value of
gravity load, and then the number and model of isolation
supports are estimated according to the total horizontal yield
force as 2% of the column bottom reaction under the standard
value of gravity load. The isolation support LRB1000 is used for
the core and LRB600 for the frame. The parameters of isolation
bearings are shown in Table 2 below, and their arrangement is
shown in Figure 3. Isolation bearing adopts Rubber Isolator and
Gap elements to simulate the Vertical tension and compression
non-linear stiffness. In order to make the restoring force
characteristics of the isolation layer more consistent with the
actual situation, Bouc-Wen model was used to represent the
restoring force model of the isolation layer in the subsequent
time history analysis.

2.3 Earthquake wave selection

The seismic fortification intensity is set to degree 8, and the
basic acceleration 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 EMC wave, DUZCE wave and artificial wave are selected.
Table 3 shows the information regarding the acceleration

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 shadow part represents the
isolated bearings).

FIGURE 2
3D diagram of the new staggered story isolated structure.
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response spectrum of the ground motion. The acceleration
response spectrum of the ground shaking is shown in Figure 4.
When the input of three groups of acceleration time history
curves is taken, the envelope values of the time history method

and the larger values of the mode decomposition response
spectrum method are appropriate for the calculation results.
When using the time-history analysis method, the actual
strong earthquake records and artificial simulated acceleration

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

TABLE 2 Shear wall section parameters.

Section type Section Name Element type Thickness of concrete layer/mm

Shear Wall Wall-250 Thin Shell 250

FIGURE 3
Layout of isolated bearings.
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time-history curves should be selected according to the type of
building site and the design earthquake group, among which the
number of actual strong earthquake records should not be less
than 2/3 of the total number. The average seismic influence
coefficient curve of multiple groups of time-history curves
should be statistically consistent with the seismic influence
coefficient curve adopted by the mode decomposition response
spectrum method. In elastic time history analysis, the base shear
force calculated by each time history curve should not be less than
65% of the result calculated by mode decomposition response
spectrum method, and the average value of the base shear force
calculated by multiple time history curves should not be less than
80% of the result calculated by mode decomposition response
spectrum method.

3 Analysis of the shock absorption
effect

The main difference between the new staggered isolated
structure, the base-isolated structure, and the mid-story
isolated structure is that the shear displacement and
acceleration of the core tube and frame of the latter two kinds
of structures are consistent. However, for the new staggered
isolated structure with two layers, the displacement and

acceleration of the core tube and the frame above the third
layer keep consistent, while the core tube and the frame below
the lower isolated layer are separate, and their shear displacement
and acceleration are different. By integrating and analyzing the
acceleration time-history data at each time step, the dynamic
response state of the structure at each time step is determined.
The dynamic time history analysis is conducted under the
earthquake motions (peak acceleration of 200 cm/s2) to get the
seismic response and the energy dissipation of a new staggered
story isolated structure.

3.1 Seismic response analysis of a new
staggered isolated structure with different
fault heights

In order to compare and study the effect of different staggered
layer heights on the new staggered layer isolated structure, the
seismic structure model and three different new staggered story
isolated structure models were established with the upper
isolated layer set on the top of the 3rd floor (Model 1), the
6th floor (Model 2) and the 9th floor (Model 3), respectively,
while keeping the large chassis area and the position of the
isolated layer at the bottom of the core tube unchanged. The
models are shown in Figure 5.

3.1.1 Modal period
Table 5 compares the results of the first three modal periods for

the aseismic structure and the new staggered story isolated structure
(when the upper isolated layer is set at the top of the 3rd floor, the
6th floor and the 9th floor). 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. When the
chassis area of the new staggered story isolated structure remains
unchanged, the lower the upper isolated layer is, the smaller the
modal period of the whole structure is.

3.1.2 Basal shear force
Figure 6 depicts the comparison of the base shear force

between the aseismic structure and the new staggered story
isolated structure with different positions of the staggered
layer. It can be seen that compared with the aseismic
structure, the base shear force of the new staggered story
isolated structure (the upper isolated layer is set at the top of
the 3rd floor, the 6th floor and the 9th floor) is reduced under the
action of the ground motion, and the isolation effect is better.
When the chassis area is the same, the lower the upper isolated

TABLE 3 Parameters of isolated bearings.

Model Effective
diameter/

mm

Total rubber
thickness/mm

Total stiffness
before

yield/kN·m
Equivalent stiffness Vertical

stiffness/
kN·mm

Yield
force/
kN100% 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 4
Acceleration response spectrum.
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layer is, the smaller the base shear force of the structure, and the
better the isolated effect.

3.1.3 Inter-laminar shear force
The finite element models of the aseismic structure and the

new staggered story isolated structure are developed. The
dynamic time history analysis is conducted under the
earthquake motions with the seismic fortification intensity of
degree 8 (peak acceleration of 200 cm/s2). Figure 7 depicts the
comparison of the inter-laminar shear force between the aseismic
structure and the new staggered story isolated structure (when the
upper isolated layer is set at the top of the column of the 3rd floor,
the 6th floor and the 9th floor). It can be seen that compared to
the seismic structure, the new staggered story isolated structure
has a certain damping effect; the inter-laminar shear force is
sharply decreased, and that of the core tube below the upper

isolated layer of the new staggered story isolated structure is
superior to the frame. The shear force of the part of the frame
below the upper isolated layer is greater than that of the core tube.
The isolated effect of the core tube part is better than that of the
frame part, and the lower the upper isolated layer is, the better the
isolated effect will be.

FIGURE 5
New staggered layer isolated structure with different isolated layers (A) Model 1, (B) Model 2, (C) Model 3.

TABLE 4 Basic information of earthquake motions.

Earthquake Magnitude Epicentral distance/km PGA/cm s 2

EMC wave 6.9 25 42.8

DUZCE wave 6.9 65 145.8

Artificial wave / / /

TABLE 5 The first three modal periods of the new staggered isolated structure
with different fault heights.

Type of construction First
cycle

Second
cycle

Third
cycle

Aseismic structure 1.069 1.069 0.983

Model 1 2.712 2.712 2.645

Model 2 2.556 2.556 2.477

Model 3 2.37 2.37 2.275

FIGURE 6
The comparison of the base shear force between the aseismic
structure and the new staggered story isolated structure with different
position of the isolated layer.
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3.1.4 Story displacement
Figure 8 illustrates the comparison of displacement between the

aseismic structure and the new staggered story isolated structure
(when the upper isolated layer is set at the top of the column of the
3rd floor, the 6th floor and the 9th floor). It can be seen that the
displacement of the new staggered story isolated structure mainly

occurs in the isolated layer. Compared to the seismic structure, there
occurs some deformation in the upper structure of the new staggered
story isolated structure, but it is greatly reduced. The average vertex
displacement of the new staggered story isolated structure is slightly
smaller than that of the non-isolated structure, and the part above
the upper isolated layer is approximately flat. The displacement of
the frame part below the upper isolated layer is greater than that of
the core tube. The lower the upper isolated layer is, the smaller the
displacement of the frame and the core tube is.

3.1.5 Inter-layer acceleration
The comparison of the inter-layer acceleration between the seismic

structure and the new staggered story isolated structure (when the upper
isolated layer is set at the top of the column of the 3rd floor, the 6th floor
and the 9th floor) is shown in Figure 9. According to Figure 9, the
acceleration of the new staggered story isolated structure above the upper
isolated layer is reduced compared to the seismic structure. The inter-
layer acceleration of the core tube below the upper isolated layer of the
frame decreases while the inter-layer acceleration of the frame increases.

3.1.6 Structural energy consumption
The comparison of the energy dissipation between the seismic

structure and the new staggered story isolated structure (when the
upper isolated layer is set at the top of the column of the 3rd floor,
the 6th floor and the 9th floor) is shown in Table 6. It can be seen
from Table 6 That when the chassis area of the new staggered story
isolated structure remains unchanged, the lower the upper isolated
layer, the more favourable the effect of the energy dissipation, and
therefore the better the isolated effect.

FIGURE 7
Story shear force.

FIGURE 8
Story displacement.
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3.2 Seismic response analysis of the new
staggered story isolated structure with
different large chassis areas

In order to comparatively study the influence of different large
chassis areas on the new staggered story isolated structure, the upper
isolated layer was kept at the top of the third layer, and three different

types of new staggered story isolated structures with large chassis areas
of 26 m × 26m (Model 1), 36 m × 36 m (Model 4) and 46 m × 46 m
(Model 5) are comparatively analyzed, as shown in Figure 10.

3.2.1 Modal period
Table 7 compares the results of the first three modal

periods for the new staggered story isolated structure with

FIGURE 9
Story acceleration.

TABLE 6 Energy consumption of the 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 (%)

Model 1 EMC wave 2018.77 715.63 1,287.78 63.80 70.40

DUZCE wave 1729.05 512.20 1,208.36 66.90

Artificial wave 5,470.61 1,235.08 4,234.36 77.40

Model 2 EMC wave 2,867.63 1,203.07 1,646.93 57.40 65.50

DUZCE wave 1942.21 659.22 1,273.74 65.60

Artificial wave 5,555.00 1,654.58 4,074.15 73.30

Model 3 EMC wave 2,804.39 1,213.05 1,574.63 56.10 63.90

DUZCE wave 2,286.71 805.16 1,471.12 64.30

Artificial wave 6,213.82 1780.01 4,429.13 71.30
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different chassis area. According to Table 7, the period of
the first three steps of the new staggered story isolated
structure is all greater than that of the aseismic

structure. And when the position of the upper isolated
layer of the new staggered story isolated structure is fixed,
the whole modal period of the structure with smaller chassis
area is larger.

3.2.2 Basal shear force
Figure 11 depicts the comparison of the base shear force between

the aseismic structure and the new staggered story isolated structure
with different chassis areas. Figure 11 demonstrates that, compared
with the aseismic structure, the base shear force of the new staggered
story isolated structure is smaller when the chassis area of the
structure is relatively small, and larger when the chassis area of
the structure is relatively large. When the position of the upper
isolated layer is fixed, the larger the chassis area of the structure, the
greater the base shear force and the poorer the isolation effect.

3.2.3 Inter-laminar shear force
The finite element models of the aseismic structure and the

new staggered story isolated structure (The upper isolated layer is
set at the top of the column of the 3rd floor) are established,
whose chassis area is 26 m × 26 m、36 m × 36 m、46 m × 46 m,
respectively. The dynamic time history analysis is conducted
under the earthquake motions with the seismic fortification
intensity of 8° (peak acceleration of 200 cm/s2). Figure 12
compares the inter-laminar shear force between the aseismic
structure and the new staggered story isolated structure; it can
be seen that the larger the chassis area of the new staggered story
isolated structure is, the greater the shear force on the frame part
below the upper isolated layer is, while the shear force on the core
tube does not change much. There is little difference in the shear
force above the seismic layer of the frame isolated structure.
Compared with the seismic structure, the shear force of the new
staggered story isolated structure’s upper structure is significantly
reduced, while the lower frame part is increased.

3.2.4 Story displacement
Figure 13 illustrates the comparison of the story displacement

between the aseismic structure and the new staggered story

FIGURE 10
New staggered layer isolated structure with different chassis area (A) Model 1, (B) Model 4, (C) Model 5.

TABLE 7 The first three modal periods of the new staggered isolated structure
with different chassis area.

Type of construction First
cycle

Second
cycle

Third
cycle

Aseismic structure 1.069 1.069 0.983

Model 1 2.712 2.712 2.645

Model 4 2.658 2.658 2.577

Model 5 2.645 2.645 2.567

FIGURE 11
The comparison of the base shear force between the aseismic
structure and the new staggered story isolated structure with different
chassis areas.
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FIGURE 12
Story shear force.

FIGURE 13
Story displacement.

Frontiers in Earth Science frontiersin.org10

Shu et al. 10.3389/feart.2023.1115235

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1115235


isolated structure (The upper isolated layer is set at the top of the
column of the 3rd floor) with the chassis area of 26 m × 26 m、

36 m × 36 m、46 m × 46 m respectively. It can be seen from
Figure 13 that, compared with the seismic structure, the inter-
layer displacement of the new staggered story isolated structure is

significantly reduced, and the part above the upper isolated layer
is approximately flat. The increase of chassis area has little effect
on the story displacement, and the displacement of the frame part
below the upper isolated layer is not much different from that of
the core tube part.

FIGURE 14
Story acceleration.

TABLE 8 Energy consumption of the 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 (%)

Model 1 EMC wave 2018.7762 715.6347 1,287.7836 63.80 70.40

DUZCE wave 1729.0586 512.2032 1,208.3624 66.90

Artificial wave 5,470.6111 1,235.0882 4,234.3644 77.40

Model 4 EMC wave 2,526.3495 987.3653 1,531.7418 60.60 68.80

DUZCE wave 1755.1517 510.0222 1,233.7485 70.30

Artificial wave 5,879.4096 1,443.8192 4,434.1636 75.40

Model 5 EMC wave 3,114.0046 1,456.1503 1,650.811 53.00 64.30

DUZCE wave 1834.5576 566.6311 1,257.2456 68.50

Artificial wave 6,314.3731 1811.286 4,501.8078 71.30
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3.2.5 Inter-layer acceleration
Figure 14 shows the comparison of the inter-layer

acceleration between the aseismic structure and the new
staggered story isolated structure (The upper isolated layer is
set at the top of the column of the 3rd floor) with the chassis area
of 26 m × 26 m、36 m × 36 m、46 m × 46 m respectively. It can
be seen that, compared with the seismic structure, the inter-layer
acceleration of the new staggered story isolated structure above
the upper isolated layer is significantly reduced, and the chassis
area below the upper isolated layer increases, which increases the
acceleration of the frame part and the core tube part.

3.2.6 Structural energy consumption
The comparison of the energy dissipation between the seismic

structure and the new staggered story isolated structure (The upper
isolated layer is set at the top of the column of the 3rd floor) with the
chassis area of 26 m × 26 m、36 m × 36 m、46 m×46 m
respectively is shown in Table 8. It can be seen that when the
position of the upper isolated layer of the new staggered
story isolated structure remains unchanged, increasing the chassis
area is not conducive to the energy consumption of the structure,
and the vibration isolated effect of the structure is poor.

4 Response of the isolated bearing

Structural dynamic time history analysis under the peak
acceleration of the seismic wave of 400 cm/s2. Recovery force-
displacement hysteresis curve of isolation K 1 under ground motion
input is shown in Figure 15. As can be seen from the figure, the
hysteretic curve is chaotic under the input of ground motion. In
addition to the obvious hysteretic characteristics, it also has certain
viscous characteristics, which indicates that the anisotropic responses
after the input of ground motion are correlated, so the hysteretic curve
of the support is irregular. The restoring forcemodel of isolation bearing
is bilinear model, as shown in Figure 16.

4.1 Bearing displacement

Under time-history working conditions, the maximum
horizontal displacement of the isolated bearing is equal to the
envelope value of the three seismic waves, and this value cannot
exceed 0.55 times the effective diameter or 3 times the entire
thickness of the rubber bearing according to the standard
for building seismic design of GB50011-2010. In this
paper, the isolated bearings of LRB600, and LRB1000 are

FIGURE 15
Force-displacement hysteresis curve.

FIGURE 16
Recovery force model of isolation bearing.

FIGURE 17
Bearing displacement.
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employed; hence the minimum bearing displacement is 600×
0.55=330 mm.

After defining the envelope value of the load combination under
seismic working conditions and extracting the envelope value of the
horizontal displacement of the isolated bearing under time history
working conditions of three distinct types of seismic waves,
Figure 17 demonstrates that the maximum horizontal
displacement of the isolated bearing under the action of the
envelope value of the three seismic waves is less than the limit
displacement min (0.55d, 3Tr), which meets the standard. Changing
the position of the isolated layer and increasing the chassis area of
the new staggered story isolated structure have little effect on the
displacement of the isolated bearing.

4.2 Stress of isolated bearing

Following 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. Generally, 2 times 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, so the
reference surface pressure should be 12MPa, and the limit
value of the maximum surface pressure is 24 MPa. Since the
tensile stiffness of the isolation bearing is only 1/10 of the
compressive stiffness, parallel Isolator units and Gap units are
used to simulate the isolation bearing.

Figures 18, 19 compare the maximum compressive stress and
the maximum tensile stress of the isolated bearing of the new
staggered story isolated structure. It can be seen that the
maximum compressive stress and the maximum tensile stress of
the isolated bearing under the action of the ground motion meet the
code requirements, and the bearing located at the core tube is
subjected to greater stress.

4.3 Damage research

The comparison of core tube damage and plastic hinge of the
new staggered story isolated structure model 1-5 is shown in Figures
20, 21. As can be seen from Figure 18, under the action of ground
motion, when the bottom area of the structure is the same, the lower
the location of the frame isolation layer is, the less damage will be
caused to the core tube of the structure, indicating the better the
isolation effect of the structure. When the position of the frame
isolation layer of the structure is unchanged, the change of the
chassis area of the structure has little influence on the damage of the
core tube.

According to Figure 19, under the action of ground motion,
when the bottom area of the structure is the same, the position of the
isolation layer of the frame is set low, and the fewer plastic hinges
appear, indicating that the isolation effect of the structure is better
and the safety performance is guaranteed. When the position of the
frame isolation layer of the structure remains unchanged, the chassis
area of the structure changes. Due to the inconsistent vertical
stiffness, plastic hinges appear at the chassis. When the chassis
area increases, the upper part of the frame isolation layer also needs
to pay attention to the appearance of plastic hinges. The frame
column is basically in elasticity, basically meet the LS performance
level requirements.

5 Discussion

In this paper, the finite element analysis software ETABS is used to
analyze the seismic response of a new staggered story isolated structure.
The seismic response analysis and the damage to the seismic structure are
investigated from the perspectives of seismic wave, damping effect index,
structural damage, energy dissipation, and the response of the isolated
bearings. Under the ground motion, it is concluded that the new
staggered story isolated structure has a good seismic isolated effect.

FIGURE 18
Maximum compressive stress of bearing.

FIGURE 19
Maximum tensile stress of bearing.
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Further research can be carried out in the following aspects:

1) In this paper, the seismic response analysis of the new staggered
layer isolated structure under the ground motion input is mainly
based on numerical analysis. Different parameter settings may
lead to certain errors in the results (Sugimoto et al., 2016). In the
“multi-tower” isolated large chassis structure system, the
interaction between the tower and the chassis cannot be
ignored. The shaking table tests can be conducted on the new
staggered layer isolated structure in the future to verify the
analysis presented in this paper.

2) In this paper, the seismic response analysis of the new staggered
layer isolated structure is mainly based on the horizontal ground
motion (Quaranta et al., 2022; Wang et al., 2022), but the actual
earthquakes are multi-dimensional. In many cases, the

structure’s vertical force under the action of horizontal
ground motion is primarily estimated. For some complex
structures, the vertical seismic motion must be considered.
The isolated effect of different parameters on the structure
under vertical earthquakes needs to be further studied.

3) In this paper, the seismic response analysis of a new staggered
layer isolated structure under the action of ordinary ground
motions is studied. The damage effect differs in different areas
under different types of earthquakes. For example, the natural
vibration period of the structure is prolonged after being isolated,
but the resonance may be generated under the action of a long
period of ground motion, which intensifies the seismic response.
The seismic response of the new staggered layer isolated
structure under different types of ground motion can be
studied later.

FIGURE 20
Structure diagram:(A) Model 1, (B) model 2, (C) model 3, (D) model 4, (E) model 5 core tube damage.

FIGURE 21
Structure diagram:(A) Model 1, (B) model 2, (C) model 3, (D) model 4, (E) model 5 Plastic hinge.

Frontiers in Earth Science frontiersin.org14

Shu et al. 10.3389/feart.2023.1115235

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1115235


4) 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 and scholars have conducted numerous studies
on this issue. The interaction effect of the soil and the
structure on the seismic response of an isolated structure is
still not clearly studied (Pang, 2013; Askouni and Karabalis,
2022; Zhang and Far, 2022). The negative impact of sandy soils
on the dynamic behavior can be solved by optimizing the
arrangement of dampers (Aydin et al., 2020). The effect of the
interaction between the soil and the structure on the isolated
structure of large chassis in new staggered layer isolated
structures subjected to ground motions has not yet been
investigated.

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 groundmotions are input for the non-linear response analysis,
and the discrepancies between the seismic response laws of these two
kinds of structures under different ground motions are explored. The
following conclusions are obtained:

1) Compared with the seismic structure, the inter-story shear force,
inter-story displacement and story acceleration of the new
staggered story isolated structure are less, and the new
staggered story isolated structure has a greater effect on shock
absorption;

2) The lower the isolated layer of the frame of the new
staggered layer isolated structure, the better the isolated effect
of the structure, the lower the inter-layer shear force, inter-layer
acceleration and inter-layer displacement, and the better the
energy dissipation effect of the structure, the core tube is less
damaged and the plastic hinge is less;

3) By increasing the chassis area of the new staggered layer isolated
structure, the part above the frame isolated layer will have a good
isolated effect, while the shear force and acceleration of the part
below the frame isolated layer increase instead, the damage at the
core tube changed little and the appearance of plastic hinge
increased;

4) Under rare earthquakes, when the position of the frame isolated
layer and the area of the chassis of the new staggered layer
isolated structure change, the displacement, tensile stress and
compressive stress of the isolated bearing all meet the
specification requirements.
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