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Abstract. The new staggered story isolated structure is a new type of seismic isolated structure developed from base isolat-
ed structure and inter-story isolated structure. In order to explore the seismic response of the new staggered story isolated 
structure considering the soil-structure interaction (SSI), the model of a new staggered story isolated structure considering 
SSI effect is established to analyze the nonlinear dynamic time-history response under rare earthquakes, and the compari-
son between hard soil and soft soil was carried out. Results show that the stiffness of the new staggered story isolated struc-
ture reduced, the modal period extended and the seismic response reduced by considering the SSI effect, the softer the site 
soil, the more obvious those changes are. Meanwhile, the shear force and the damage of the core tube decreases, while the 
shear force and the damage of the frame increases, the shear force transfers from the core tube to the frame. Additionally, 
the energy absorption of the seismic isolated bearings at the frame reduced, the energy absorption of the seismic isolated 
bearings at the core tube increased, the softer the site soil, the more obvious the trend is.
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Introduction

The new staggered story isolated (NSSI) structure is a 
new type of seismic isolated structure developed from the 
base isolated structure and the inter-story isolated struc-
ture. The characteristic of the base isolated structure is 
the isolated layer lies at the bottom of the structure, as 
shown in Figure 1a. The characteristic of the inter-story 
isolated structure is the isolated layer lies in the middle of 
the structure, as shown in Figure 1b. The seismic isolated 
layer of the new staggered story isolated structure is di-
vided into two parts, the seismic isolated layer of the core 
tube part is located at the bottom of the core tube, forming 

a similar base isolated mode, the seismic isolated layer of 
the frame part is located in the middle of the structure, 
forming a similar inter-story isolated mode, as shown in 
Figure 1c. The advantage of the new staggered story iso-
lated structure is the integrity of the core tube is ensured 
compared with the inter-story isolated structure.  The 
Huafa Project in Baotou, Inner Mongolia, China is a rep-
resentative building of the new staggered story isolated 
structure, as shown in Figure 2 (Zhang, 2019), and the 
seismic isolated layer is shown in Figure 3. The structure 
has a large chassis with two towers, as shown in Figure 3, 

Figure 1. Structure diagram: a – base isolated structure; b – inter-story isolated structure; c – new staggered story isolated structure 

a) b) c)
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if it is designed into base isolated structure, it will bring 
vertical irregular problems.

The base isolated structures are widely used and stud-
ied (Kelly, 2012; Castaldo & Tubaldi, 2018; Zhou et  al., 
2018; Shan et  al., 2020; Shang & Hu, 2020). The devel-
opment of inter-story isolated structures is relatively later 
than the base isolated structures, and the research on 
inter-story isolated structures is increasing year by year 
(Zhang et al., 2009; Zhou et al., 2016; Chang & Zhu, 2011; 
Loh et  al., 2013). There are few studies about the new 
staggered story isolated structures, Liufu et al. (2020) and 
Qi et al. (2020) conducted preliminary studies on a new 
staggered story isolated structure, which showed that the 
structure had good performance under earthquakes. Ko-
rean scholars Kubin et al. (2012) studied a new staggered 
story isolated structure which is a hospital, showed that it 
had a good vibration absorption effect.

The above studies are based on rigid foundation as-
sumption and the influence of soil-structure interaction 
(SSI effect) were not be considered. Karabork et al. (2014), 
Zhuang et al. (2014), Liu et al. (2013) and Li et al. (2012) 
studied the effect of the base isolated structure consider-
ing the SSI effect, Zhang et al. (2014) and Su et al. (2015) 
studied the inter-story isolated structure considering the 
SSI effect. Results showed that the seismic response were 
different by considering SSI effect. 

The seismic response of the new staggered story isolat-
ed structure considering SSI effect has not yet been stud-

ied. This paper establishes a finite element model of a new 
staggered story isolated structure considering SSI effect to 
perform nonlinear dynamic time-history analysis under 
rare earthquakes, and provides a certain reference for the 
application of the new staggered story isolated structure.

1. Finite element model of a new  
staggered story isolated structure

1.1. Project summary

The finite element model of a 18-story new staggered story 
isolated structure considering SSI effect is established by 
ETABS, as shown in Figure 4a. For comparative analysis, 
the finite element model of the new staggered story iso-
lated structure without the SSI effect is also established, as 
shown in Figure 4b. As shown in Figure 5, according to 
China’s seismic code (GB 50011-2010) (Ministry of Hous-
ing and Urban-rural Construction of the People’s Republic 
of China and the General Administration of Quality Super-
vision, Inspection and Quarantine of the People’s Republic 
of China, 2016), the building lies at a high-intensity earth-
quake area, the site category is Class II or III, and the seis-
mic fortification intensity is 8 degrees. The basic seismic  
acceleration is 0.20 g. The building adopts a frame-core 
tube structure with a plane size of 30 m × 15 m, total 

Figure 2. A new staggered story isolated structure  
in Baotou, China

Figure 3. Structure diagram of the new staggered story  
isolated structure in Baotou, China

 Figure 4. Model diagram of the new staggered story isolated 
structure: a – considering SSI effect; b – not considering  

SSI effects

a)

b)
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height of 65.2 m, the first floor height of 4 m, and the 
standard story height of 3.6 m. The structure has a shal-
low foundation and the seismic isolated layer is located 
at the top of 7th floor of the frame and the bottom of the 
core tube. The floors below 8th story are shopping mall 
and the floors above 8th story is apartment. The concrete 
strength grade of frame column and core tube is defined 
as C40 and the frame beam is defined as C30, the floor 
plate thickness is 100 mm. The thickness of the protec-
tive layer of the beam and column is 50 mm. All types 
of rebars are HRB400. The information of frame beams, 
columns and stirrup are shown in Table 1, the information 
of core tube shear wall is shown in Table 2.

1.2. Nonlinear parameters of the new  
staggered story isolated structure 
The seismic isolated layer is set on the top of 7th floor of 
the frame and the bottom of the core tube, the isolated 
bearings are connected with the columns by means of 
consolidation. The frame isolated layer is equipped with 
24 LRB500 lead-core rubber seismic isolated bearings, the 
core tube isolated layer is equipped with 12 LRB600 lead-
core rubber seismic isolated bearings. The information of 
LRB500 and LRB600 lead-core rubber isolated bearings is 
shown in Table 3. C30 and C40 concrete non-linear mate-
rials is adopted with Takeda hysteretic type, and HRB400 
reinforced non-linear materials is adopted with Kinematic  

 Figure 5. New staggered story isolated structure diagram: a – structural plane diagram; b – structural reinforcement drawing

Table 1. Information of frame section

Component type Component 
position (floor)

Sectional 
dimension (mm)

Information of reinforcing bars
Concrete cover thickness 

(mm)
Stirrup diameter 

(mm) Longitudinal rib size

Frame column 1~8 600×600 50 10 16 C 22
9~18 500×500 50 10 16 C 22

Frame beam 1~8 600×350 50 10 Bottom 4 C 20 
Roof 4 C 16

9~18 500×300 50 10 Bottom 4 C 20 
Roof 4 C 16

Connecting beam 1~18 400×200 50 10 Bottom 4 C 20 
Roof 4 C 16

Table 2. Information of shear wall section

Component type Sectional name Unit type Concrete thickness /mm Vertical distribution of 
reinforcing bars ratio

Shear wall in non-bottom 
strengthening zone

Wall200 Thin-shell 200 –

Shear wall with constrained edge 
members

Wall-Edge-200 Multi-layer shell 200 5%

Shear wall with non-constrained 
edge members

Wall-200 Multi-layer shell 200 0.40%

a) b)

Table 3. Parameters of isolated bearings

Model Effective 
diameter 

(mm)

Total 
thickness 
of rubber 

(mm)

Stiffness before 
yield  

(kN·m–1)

Equivalent stiffness Vertical 
stiffness 

(kN·mm–1)

Yield 
strength 

(kN)

Limit 
displacement 

(mm)
100% horizontal 

shear deformation 
(kN·m–1)

250% horizontal 
shear deformation 

(kN·m–1)
LRB500 500 92 10910 1270 1010 2400 40.0 275
LRB600 600 110 13110 1580 1580 2800 63.0 330
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hysteretic type, their stress-strain curves are shown in 
Figure 6. Frame columns are adopted with PMM plastic 
hinges, frame beams and connecting beams are adopted 
with M3 plastic hinges, their M-Teta curves are shown in 
Figure 7. The two floors at the bottom of the core tube are 

reinforced area, and the rest are non-reinforced area. The 
reinforced area is simulated by layered shells, and the non-
reinforced area is simulated by elastic thin shell elements.

1.3. The realization of the new staggered story 
isolated structure considering SSI effect 

Two kinds of site soils are used for comparative study. The 
site soil with a large shear modulus is hard soil and the site 
soil with a small shear modulus is soft soil. The site soils 
information is shown in Table 4.

Based on the site soils shear modulus, shear velocity 
and the thickness of shallow foundation, the point spring 
stiffness, damping coefficients of the interaction between 
the shallow foundation and the site soils are derived. By 
defining the relationship between the soils profile and 
the shallow foundation point spring parameters, the 
soil-structure interaction is simulated (Wang et al., 2008; 
National Institute of Standards and Technology [NIST], 
2012). The modal period of the structure is obtained 
through modal analysis. The first-order modal frequency 
is (Computers and Structures Inc., 2007):

π
ω=

2 .
T

  (1) 

Substituting Eqn (1) into Eqns (2) and (3) to solve the 
dimensionless frequency parameters of the soils:
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where B is the thickness of shallow foundation, Vsx, Vsy, 
Vsz are the lateral velocity of the soils in the x, y, z direc-

 Figure 6. Stress-strain curves: a – C30; b – C40; c – HRB400

 Figure 7. Plastic hinge M-Teta curves: a – PMM; b – M3

a)

b)

c)

a) b)
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tions; Vsxx, Vsyy, Vszz are the lateral velocities of the soils 
on the x, y, z planes.

Substitute Eqn (2) into Eqns (4), (3) into (5) and the 
size of the shallow foundation to solve the damping cor-
rection coefficient of the soils:
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where L is the length of the shallow foundation. 
Substitute the site soils shear modulus and shear speed 

as well as the size of the shallow foundation into Eqns (6) 
and (7), obtain the spring stiffness in static state:
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where Gx, Gy, Gz are the shear modulus of the soils in the 
x, y, z directions; Gxx, Gyy, Gzz are the shear modulus of 
the x, y, z sides of the soils; vis the shear velocity of the 
soils.

Substitute Eqns (4) and (6) into Eqn (8), and substitute 
Eqns (5) and (7) into Eqn (9), obtain the spring stiffness 
in dynamic state:
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where hx, hy, hz, hxx, hyy, hzz is the correction coefficient.
Substitute Eqns (2), (4) and (8) into Eqn (10), and sub-

stitute Eqns (3), (5) and (9) into Eqn (11), obtain damping 
in six degrees of freedom directions:
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Table 4. Soils parameters

Soils 
type

Shear wave 
velocity range  

(m·s–1)

Shear wave 
velocity 
(m·s–1)

Density
(kg·m–3)

Poisson’s 
ratio of 

soil layer

Initial shear 
modulus of soil 

layer 
G0 (×104kN·m–2)

Effective shear 
modulus of soil 

layer G = 0.42G0 
(×104kN·m–2)

Cohesive 
force (kPa)

Angle of 
internal 
friction 

(°)
Hard 
soil

250 ≤ v ≤ 500 400 1800 0.3 28.8 12.096 60 30

Soft 
soil

150 ≤ v ≤ 500 200 1700 0.35 6.8 2.856 25 12
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The radiation damping ratio in the formula is 
( ) ( )ψ − −= 2 1 / 1 2v v ;ψ ≤ 2.5 ; De is the pile spacing.

Substitute Eqns (1), (8) and (10) into Eqn (12), and 
substitute Eqns (1), (9) and (11) into Eqn (13), obtain 
damping coefficient in six degrees of freedom directions:
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In summary, the SSI effect is realized by simulating the 
point spring stiffness, damping and damping coefficient of 
the interaction between the shallow foundation and the 
site soils.

1.4. Information of seismic waves 

According to the provisions of China’s code for seismic 
design of building, the site is classified as class II or III, 
the ground motion is selected by building site classifica-
tion and design seismic group (Ministry of Housing and 
Urban-rural Construction of the People’s Republic of 
China and the General Administration of Quality Super-
vision, Inspection and Quarantine of the People’s Republic 
of China, 2016). Therefore, Nanjing wave which is suitable 
for the class II site soil, Tianjin wave and Lanzhou wave 
which are suitable for the class III site soil are selected, 
which meet the design requirements of the code. Three 
ground motions records in Nanjing, Tianjin and Lanzhou 
are selected form the Pacific Earthquake Center of the 
United States. The basic information of ground motion is 
shown in Table 5, and the acceleration response spectrum 
of ground motion is shown in Figure 8.

Table 5. Information of ground motion

Ground motion Magnitude Epicentral 
distance (km)

PGA
(cm·s–2)

Nanjin wave
Tianjin wave
Lanzhou wave

6.9
6.9
6.8

25
65
32

42.8
145.8
196.2

2. Study on seismic response of the new staggered 
story isolated structure considering SSI 

2.1. Modal analysis 

The modal periods of the new staggered story isolated 
structure are shown in Table 6.

Table 6. Modal periods of new staggered story isolated 
structures

Modal 
period

Regardless of 
the SSI effect

Considering SSI 
effect (hard soil)

Considering SSI 
effect (soft soil)

T1/s 3.196 5.164 5.675
T2/s 2.972 3.857 4.111
T3/s 2.798 3.294 3.331
T4/s 1.001 1.11 1.111
T5/s 0.956 1.066 1.068
T6/s 0.918 1.019 1.02

It can be seen from Table 6 that compared with the 
new staggered story isolated structure without consider-
ing SSI effect, the new staggered story isolated structure 
considering SSI effect has weaker stiffness, which causes 
the modal period to be extended, the softer the soil, the 
more obvious it is. 

2.2. The seismic response of the new staggered story 
isolated structure considering SSI effect 

Above the 8th floor (isolated layer of the frame), the core 
tube is integrated with the frame, so their inter-layer ac-
celeration and inter-layer drift angle are the same, below 
the 8th floor, the core tube is separated from the frame, 
so their inter-layer acceleration and inter-layer drift angle 

Figure 8. Acceleration spectra of selected ground  
motion records
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are inconsistent. The comparison of inter-layer accelera-
tion between the new staggered story isolated structure 

considering SSI effect and without considering SSI effect 
is shown in Figure 9.

It can be seen from Figure 9 that the acceleration re-
sponse of the new staggered story isolated structure de-
creases when SSI effect is considered. The accelerations of 
the new staggered story isolated structure decrease in soft 
site soil than that in hard site soil.

The comparison of inter-layer drift angle is shown in 
Figure 10.

It can be seen from Figure 10 that the inter-layer drift 
angle of the structure is within 0.0014, and the inter-layer 
drift angle of the seismic isolated layer is within 0.0038, 
which does not exceed the China design code require-
ments (GB 50011-2010) (Ministry of Housing and Ur-
ban-rural Construction of the People’s Republic of China 
and the General Administration of Quality Supervision, 
Inspection and Quarantine of the People’s Republic of 
China, 2016).

It can be seen from Figures 10a and 10b that the frame 
and the core tube are integrated above the 8th floor (the 
position of the frame isolated layer), the inter-layer drift 
angle considering the SSI effect is less than regardless of 
the SSI effect. The frame below the8th floor is separated 
from the core tube, the inter-layer drift angle of the core 
tube considering the SSI effect is close to that regardless of 
the SSI effect, and the inter-layer drift angle of the frame 
considering the SSI effect reduced than regardless of the 
SSI effect.

It can be seen from Figure 10c that the inter-layer drift 
angle above 8th floor (the position of the frame isolated 
layer) in soft site soil are close to that in hard site soil. The 
core tube and the frame inter-layer drift angle below the 
8th floor in soft site soil is smaller than that of the hard 
site soil. 

Figure 10. Comparison of inter-layer drift angle: a – comparison 
of inter-layer drift angle between the new staggered story isolat-
ed structure considering SSI effect and not considering SSI effect 
(hard soil); b – comparison of inter-layer drift angle between the 
new staggered story isolated structure considering the SSI effect 
and not considering the SSI effect (soft soil); c – comparison of 
inter-layer drift angle between different sites soils considering 

the SSI effect

Figure 9. Comparison of inter-layer acceleration
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The comparison of the base shear force is shown in 
Figure 11.

It can be seen from Figure 11 that the base shear force 
considering SSI effect is less than regardless of SSI effect. 
The base shear force considering the SSI effect in soft site 
soil is less than that in the hard site soil. 

The shear force comparison of the frame is shown in 
Figure 12.

The blue circle in Figure 12 is the maximum point of 
frame shear force. The shear force value in Figure12a is 
between 50~60 kN, in Figure 12b is between 70~90 kN, 
in Figure 12c is between 90~110 kN.

It can be seen from Figure 12 that the shear force of 
the frame considering the SSI effect is greater than that 
without the SSI effect, the softer the site soil, the more the 
frame shear force increases. 

The shear force comparison of the core tube is shown 
in Figure 13. The color from blue to purple indicates that 
the shear force from large to small.

It can be seen from Figure 13 that the shear force of 
the core tube that considers the SSI effect is less than that 
regardless of the SSI effect, the softer the site soil, the more 
obvious those changes are. The shear force transfers from 
the core tube to the frame. Considering the SSI effect or 
not, the larger shear force position is similar, both are lo-
cated on the two floors above the isolated layer.

3. The damage of the new staggered story isolated 
structure considering the SSI effect 

Through comparative analysis, the damage of the new 
staggered story isolated structure is different between 
considering SSI effect and regardless of the SSI effect.  

 Figure 11. Comparison of base shear force

 Figure 12. Shear force comparison of frame: a – shear force of frame without considering the SSI effect; b – shear force of frame 
considering SSI effect (hard soil); c – shear force of frame considering SSI effect (soft soil)
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Figure 13. Comparison of shear forces of the core tube: a – shear 
force of the core tube without considering the SSI effect; b  – 
shear force of the core tube considering SSI effect (hard soil); 
c – shear force of the core tube considering SSI effect (soft soil) 
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Figure 14. Comparison of plastic hinges situation (Green dots are plastic hinges): a – the plastic hinge situation of frame without 
considering the SSI effect; b – the plastic hinge situation of frame considering SSI effect (hard soil); c – the plastic hinged situation 

of frame considering SSI effect (soft soil)

Figure 14 shows the comparison of the plastic hinges of 
the frame.

It can be seen from Figure 14 that the plastic hinge 
considering the SSI effect increases, and the damage in-
creases. The softer the site soil, the more plastic hinges and 
the greater the damage is. 

The stress comparison of the core tube is shown in 
Figure 15. The color from blue to purple indicates that the 
stress from large to small.

It can be seen from Figure 15 that the stress damage of 
the core tube considering the SSI effect reduced, the softer 
the site soil, the smaller the core tube damage is. The seri-
ous damage position of the core tube between considering 
the SSI effect and not considering the SSI effect is similar, 
both are the three floors above the core tube seismic iso-
lated layer. 

Under each seismic wave, the hysteresis curve of the 
seismic isolated bearings at the frame and the core tube is 
shown in Figure 16. The corner seismic isolated bearings 
are selected because the seismic isolated bearings at these 
positions deforms greatly.

a) b) c)

 Figure 15. Stress damage comparison of core tube: a  – stress 
damage of the core tube without considering the SSI effect; b – 
stress damage of the core tube of considering SSI effect (hard soil); 
c – stress damage of the core tube of considering SSI effect (soft soil)
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Figure 16. Hysteretic curve of isolated bearings: a – hysteresis curve of seismic isolated bearing under Nanjing wave; b – hysteresis 
curve of seismic isolated bearing under Lanzhou wave; c  – hysteresis curve of seismic isolated bearing under Tianjin wave 
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It can be seen from Figure 16 that the energy absorp-
tion of the seismic isolated bearings of the frame reduces 
when considering the SSI effect. The hysteresis curve of 
the seismic isolated bearings of the core tube is full and 
the energy absorption increase when considering the SSI 
effect the softer the site soil, the more obvious the trend is.

Conclusions

A new staggered story isolated structure model consider-
ing the SSI effect is established. The SSI effect is simulated 
by using the soils profile and the point springs of the shal-
low foundation. The dynamic time history analysis under 
rare earthquakes is performed, while soils is divided into 
hard soil and soft soil for comparative analysis. The con-
clusions are listed as follows:

(1) By considering the SSI effect, the stiffness of the 
new staggered story isolated structure reduced, the 
modal period extended and the seismic response 
reduced the softer the site soil, the more obvious 
those changes are. 

(2) By considering the SSI effect, the base shear force 
of the structure decreases, the softer the site soil, 
the more obvious those changes are.

(3) By considering the SSI effect, the new staggered 
story isolated structure shear force and the damage 
of the core tube decreases, while the shear force 
and the damage of the frame increases, the shear 
force transfers from the core tube to the frame. 

(4) By considering the SSI effect, the energy absorp-
tion of the isolated bearings of the frame reduces. 
The hysteresis curve of the isolated bearings of 
the core tube is full and the energy absorption in-
crease. The softer the site soil, the more obvious 
the trend is.
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