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Highlights

« The dynamic response of structures under near-fault pulse-like ground motions
and far-fault ground motions are studied.

« Isolation technique is applied in story-adding structures.

« The seismic performances of different story-adding schemes are studied and
compared.

« Seismic response of the adding-story structure is amplified due to the higher

altitude installation position of bearings.

Abstract

The isolation technique is widely studied and applied in structural engineering due to its

excellent seismic performance. However, the existing research mostly focuses gn the
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conventional structure under the action of regular ground motions. In this paper, a story-
adding seismic structure, a base-isolated structure, and a story-adding isolated structure were
simulated by using numerical simulation methods. 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. The results showed that using the base isolation can
significantly extend the period of the main structure and reduce the seismic response on the
upper structure. The inter-story drift ratio, inter-story shear force, and the story acceleration
of all three structures under near-field pulse-like ground motions were all larger than that of
far-field earthquakes. Both base-isolated structure and story-adding isolated structure showed
excellent damping performance. Besides, the damping properties of the base-isolated

structure are better than the story-adding isolated structure.
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1. Introduction

As one of the most effective and successful seismic protection techniques (Makris, 2019), the
seismic isolation technique has dramatically developed and widely applied in various
buildings and bridges. However, due to the uncertainty of earthquakes and the increasing
complexity of structures, seismic isolation technique faces many problems and challenges that
need to be solved. In the last few years, a lot of research work has been carried out mainly on
some unusual structures, such as liquid storage tanks (Saha et al., 2016; Waghmare et al., 2019;
Zhang et al., 2011; Cheng et al., 2017; Luo et al., 2016), tunnels (Hasheminejad and Miri, 2008;
Chen and Shen, 2014; Ma et al., 2018; Xu et al., 2020), spatial structures (Yong-Chul et al., 2010;
Li et al., 2013; Cai et al,, 2016; Zhang et al., 2019), and even retrofit of some historic buildings
(Branco and Guerreiro, 2011; Petrov¢ic¢ and Kilar, 2017; Lupasteanu et al., 2019; Lignola et al.,
2016). However, the retrofit of existing building structures is mostly limited to the application
of the base isolation technique (Kanyilmaz and Castiglioni, 2017; Mansouri and Nazari, 2017;
Ferraioli and Mandara, 2016).

For some special buildings, the inter-story isolation technique, which also called the mid-
story isolation technique, is much more effective to meet the seismic demands. Chey, M. H., et
al. (Chey et al., 2013) utilized the isolation technique in storey-adding reconstruction of the
existing structure to control the seismic response of entire structure. Wang, S. J. et al. (Wang et

al., 2012) studied the Differences in seismic response between isolated structures and mid-

isolated structures by experiment method. Loh, C. H. et al. (Loh et al., 2013) uS===s1:YXe/@®s.
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environmental vibration test data and seismic response data to study the time-varying
dynamic characteristics of story-isolated structures. To obtain the response characteristics of a
simple two-degree-of-freedom model, Zhou, Q. et al. (Zhou et al., 2016) suggested a new
method.

In the process of the rapid development of urban construction, the story-adding
reconstruction project is gradually increasing. However, some studies show that the stiffness
distribution of the original structure will be changed, and the whole structure will be more
complicated after adding several stories. The result shows that the natural period and the
inter-story drift ratio of the story-adding structure increases; obviously, the torsional effect is
more significant, some of which exceeded the specification limits (Lu and Chen, 2018; Li,
2014).

The isolation technique is applied in the story-adding reconstruction project, which can
better exert the advantages of the isolated structural system, and has a good damping effect on
the story-adding structure system. Like other isolated structures, lots of questions about inter-

story-isolated structures also need to solve (Yan and Chen, 2015).

In recent decades, there have been some near-field earthquakes with great destructive powers
in the world, such as the 1989 Loma Prieta earthquake and the 1994 Northridge earthquake in
the United States, the 1995 Kobe earthquake in Japan, the1999 Kocaeli earthquake in Turkey,
and the 1999 Chi-Chi earthquake in Taiwan. All these earthquakes which have characteristics
of strong directionality, long-period velocity, displacement pulse-like, and large peak
acceleration caused serious damage to the structure (Wald et al., 1996; Rao and Jangid, 2001;
Alonso-Rodriguez and Miranda, 2015; Almufti et al., 2015). The structure is subjected to high
seismic energy impact, resulting in greater deformation and displacement (Chioccarelli and
Iervolino, 2013). Compared with far-field ground motions, such ground motions with short
time and high-energy are more likely to cause structural damage. Therefore, the higher
seismic requirements of buildings are proposed. The strong destructiveness of the near-field
pulse-like ground motions has attracted the attention of scholars, but the current research is
not profound enough, and the theoretical research on the seismic performance of the
structure under near-field earthquakes is not perfect. Due to a large number of seismic belts
in China, many cities are in the vicinity of faults or fault zones. This requires us to consider
the impact of near-field earthquakes on the structural response when conducting structural
seismic response analysis. It is essential to study the seismic performance of different forms

structures under near-fault earthquake condition.

In this paper, the near-field earthquakes with pulse-like components were selected, and the
dynamic response condition and seismic response law of adding story structure using the
base isolation and story isolation technique by elastoplastic time-history analysis method were
studied, and study result the far-field ground motion. In this way, the researchers can further

understand the near-field ground motion characteristics of such structures and provide a
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2. Material and methods

2.1. Structural analysis model and parameters

The analysis model in this paper is a 7- stories adding-structure, the first to fifth stories are
Reinforced concrete frames, and the sixth to seventh stories are steel frames. The building has
a length 0f'37.8 m and a width 0f15.6 m. The bottom story height is 4.1 m, and the standard
story height is 3.6 m, the plan view of structures is shown in Fig. 1. The longitudinal
reinforcement of beam and column is HRB335, the stirrup is HPB300, the section size of the
column is 550 mm x 550 mm, the beam section size is 500 mm x 250 mm, and

450 mm x 250 mm, and the thickness of concrete slab is 120 mm. The concrete strength of the
beam, the plate, and the column are all C35, the wall is made of MU7.5 aerated concrete block,
the thickness of the exterior wall is 300 mm, and the interior wall is 200 mm. The steel is
Q345B, the steel column is H300 x 300 x 12, and the steel beam is H400 x 200 x 8 x 10. The
seismic fortification intensity of the project area is 8°, the design basic seismic acceleration is
0.2 g, the design earthquake group is the third, and the basic wind pressure is 0.55 kN/m?.
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Fig. 1. Plan view of structures.

2.2. Isolation method

The isolation method means that the isolation device installed on the base or a certain story
of the building to dissipate earthquake energy. In this way, the seismic energy transmitted to
the upper structure could be reduced, and the structural seismic response can also be
mitigated, and only slight movement and deformation of the building will be caused. Thereby,
it can ensure the structural safety during an earthquake, and the isolated model is shown in
Fig. 2.
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(a) Base-isolated structure. (b) Story-isolated structure.
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Fig. 2. Isolation model.

There are mainly three dynamic analysis models: a single-mass model, multi-mass model, or
even spatial analysis model according to specific conditions, can be used as the isolated
structure system. Because the horizontal stiftness of the upper structure is much larger than
the isolators’, the upper structure can be approximated as a rigid body, as a result, the isolated
structure is simplified into a single-mass model for analysis. The dynamic equilibrium

equation form is shown as Equation (1):
mi + c& + kr = —mi, (1)

In Equation (1), m is the quality of structure; C is the damping coefficient and k is the
horizontal stiffness of the isolation layer; &, £ and z are the acceleration, velocity, and

displacement of the upper structure, respectively; &, is the ground acceleration.

The multi-mass model and spatial analysis model consider the isolation layer as a structural
mass, so they are always be used to analyse and acquire the detailed seismic response of the
upper structure. For example, for the multi-mass model, the isolation layer can be simplified
with a structural story of horizontal stiffness Kj, and damping coefficient of ¢, as shown in Fig.
3.
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Fig. 3. Simplified diagram of’isolated structure.

Among them, the horizontal dynamic stiffness calculation formula is below:
Kn=Y0, Ki )

In Equation (2), N is the number of isolation bearings, K; is the horizontal dynamic stiffness

of the i-th isolation bearing.

fog = il Ki&s (3)

Ky

In Equation (3), §; is the equivalent viscous damping ratio of the i-th isolation bearing.
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In this way, the seismic response analysis of the isolated structure system can be performed by
using both time-history analysis method and response spectrum method. However, the
response spectrum curve should adjust by the damping ratio. The isolated structure can
efficiently mitigate the horizontal seismic action of the structure above the isolation layer. The
seismic codes and standard suggest the concept of horizontal damping coefficient to reflect
mitigation condition of horizontal seismic action, and the horizontal seismic response of the
isolated structure adopt a linear distribution in the direction of altitude. The maximum value
of the horizontal seismic influence coefficient is the product of the maximum seismic

influence coefficient of the non-isolated structure and the horizontal damping coefficient.

Omax1 = ﬂamax/ ¢ (4)

In Equation (4), omax1 is the maximum of horizontal seismic influence coefficient after
isolation; oumax 1S the maximum of horizontal seismic influence coefficient of non-isolated
structure; B is the horizontal damping coefficient; ¢ is the adjustment factor, generally 0.8 for

the rubber support and 0.75 for the isolation bearing with the damper.

In this paper, the seismic structure, the base-isolated structure, and the adding-story structure
with story isolation technique are established using SAP2000, respectively. The FE models of

base-isolated structure and story-isolated structure are as shown in Fig. 4. The lead-laminated

rubber bearings are used in all the isolated structures. The effective stiffness of the isolation
layer is 882 kN/m, the effective damping is 0.272, the yielding force is 23.6 kN, and the post-
yield stiffness ratio is 0.154.
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Fig. 4. FE models.

In the numerical model, the nonlinear hysteresis curve of the lead-laminated rubber isolation

bearing (LRB) can be simplified as a bilinear model (Cai et al., 2016), as shown
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5, the initial stiffness Kj; of the seismic isolation bearing and the post-yield stiffness K, are

calculated as follows:

Ky = _?(—: (5)
(Qb_Qy)
K = &%) ©

b
—>
Xb
Ky
o
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Fig. 5. Hysteresis model of the isolation bearing.

The point b (X,,, @Q,) in Fig. 5 is the yield point of the lead-laminated rubber isolation bearing.
The slope of the line connecting the two diagonal points a and b on the bilinear model is the

equivalent horizontal shear stiftness K,,, and its calculation equation is as follows:

K, eq = ?(::_?(: (7)

where, X} is the maximum of positive horizontal displacement; X, is the maximum of
negative horizontal displacement; @, is the horizontal shear force corresponding to X3; @, is

the horizontal shear force corresponding to X,,.

2.3. Selection of ground motion

Earthquake waves have complex spectral characteristics, compared with far-field earthquakes,
near-fault pulse-like earthquakes have strong directional effects, sliding effects, upper plate
effects, and characteristics of large-scale vertical acceleration. The two main causes of pulse-
like recording are the forward directionality and the slipping effect in seismic fault rupture.
Among them, the pulse-like effect is a concentrated expression of near-field ground motions.

Thus, it is necessary to focus on the pulse-like effect. At present, there is no clear regional

boundary for the division of near-field ground motions and far-field ground
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paper, the fault distance of less than 20 km is defined as the near-field region, which is the
currently used value (Zhang et al., 2019). If different ground motions are put into a structural
model, the seismic response will be very different. Sometimes the displacement and shear

force of the structure will differ by several times or even several tens of times.

Therefore, a key factor of analysis results is the choice of the right seismic wave when
conducting structural seismic analysis. In this paper, six near-field ground motions with
pulse-like effects and six far-field earthquake waves were selected from the PEER by using the
ATC-63 proposal. Moreover, the following principles were used when earthquake waves are
selected: (1) The magnitude of the earthquake event is greater than 6.5. (2) For near-field
pulse-like recording, the fault distance of the station where it is located does not exceed 10 km
and has a distinct long-period pulse-like wave. (3) For far-field ground motions, the fault
distance should be greater than 20 km (4) the peak ground accelerations are equal to or greater
than 0.2 g. The selected near-field pulse-like earthquake records are not distinguished
between directional effect and fault type. The specific parameters can be seen from Table 1.
After selected the ground motions, the dynamic response of the seismic structure, the base-
isolated structure, and the story-isolated structure under the near-field pulse-like ground

motions were studied and compared with the far-field seismic response (see Table 2).

Table 1. Ground motion.

Earthquake  Earthquake  Stations Magnitude Fault PGA
waves events distance (g)
(km)
Near-field pulse-like NP-1 Imperial Impvall/H- 6.5 0.6 0.44
ground motion Valley E06
NP-2 Loma Prieta  Saratoga- 6.9 7.6 0.38
Aloha
NP-3 Cape Petrolia 7.0 8.5 0.63
Mendocino
NP-4 Landers Lucerne 7.3 2.2 0.79
NP-5 Chi-Chi Tcu065 7.6 0.6 0.82
NP-6 Duzce Duzce 7.1 0 0.52
Far-field ground motion F-1 Imperial EI Centro 6.5 25.2 0.38
Valley Array
F-2 Kocaeli Arelik 7.5 23.8 0.22
Turkey
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Earthquake  Earthquake  Stations Magnitude Fault PGA

waves events distance (g)
(km)
E-3 Hector Mine Hector 7.1 22.5 0.34
F-4 Kobe Nishi- 6.9 28.5 0.51
Akashi
E-5 Chi-Chi CHY101 7.6 26.8 0.44
F-6 Landers Coolwater 7.3 35.5 0.42

Table 2. Inter-story shear force (kN).

Near-field pulse-like ground motions Far-field ground motions
Seismic base-isolated story-isolated Seismic base-isolated story-isolated
structure structure structure structure structure structure

1 11802.90 1550.56 5996.89 4582.05 1706.16 3538.81

2 10115.36 1684.27 5314.79 4065.82 1779.62 3014.53

3 8762.05 1461.08 441140 3264.81 1496.51 2352.76

4 7014.17 1018.52 3901.84 2822.32 1126.54 1906.42

5 452434 688.67 2608.97 2420.84 729.24 1332.05

6 1848.81 403.65 1204.79 1333.28 436.32 486.16

7 1097.72 228.75 466.79 841.20 261.85 297.64

3. Results and analysis

3.1. Analysis of the structural period

To understand the dynamic characteristics of structures with isolation technique under
earthquake, the natural vibration characteristics of all these models are analysed before the
time-history analysis, and the first twelve natural vibration period of the structure were
obtained, which plotted in Fig. 6. With Fig. 6 revealed, the first several periods of the adding
story structure are closer to the original structure, and the later periods are prolonged. The

periods of the base-isolated structure are significantly prolonged, especially, the first three

periods are prolonged even about 55%. Since the isolation bearings are installed at the top of
the fifth story in the story-isolated structure, the periods are not prolonged sigiz==p]:¥ e/ @1#8]



means that the natural vibration periods of the story-isolated structure are prolonged after
installing the isolation bearings, and the seismic influence coefficient and the seismic

response will both decline to a certain extent.
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Fig. 6. Structural periods.

3.2. Inter-story drift ratio analysis

In order to reflect the overall deformation of the structure and the inter-story deformation,
the inter-story drift ratio is set as an analysis index. The inter-story drift ratio of these three
structures: seismic structures, base-isolated structures and story-isolated structures which are
under the near-field earthquake are obtained through the analysis. Moreover, the average
value of the inter-story drift ratio and damping rate of isolated structure under the near-field
ground motions and far-field ground motions are obtained, separately, as shown in Fig. 7. The
calculation method of the damping rate is shown as following:

Response of seismic structures — Response of isolated structures
L L x 100% (8)

Dampmg rate = Response of seismic structures
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Fig. 7. Inter-story drift and damping rate of structures.

As is shown in Fig. 7 that the inter-story drift ratio is gradually reduced in the direction of
altitude, but since the sixth story starts to be added steel frame and the isolation bearing is
arranged between the fifth story and sixth story in the story-isolated structure, lateral stiffness
of the structure changes abruptly. Consequently, the inter-story drift ratio suddenly increases
in the sixth story. Under the near-field ground motions, the average value of the inter-story

drift ratio is more significant than that under the far-field ground motions.

Both the base-isolated structure and the story-isolated structure shows good damping effect.
Except for the isolation layer, the inter-story drift ratios are all much smaller than the seismic
structure. In the isolation layer, the structural displacement is large due to the displacement
of isolation bearing. Under the near-field earthquakes, the maximum damping rate of base-
isolated structure is 85.02%, while the maximum damping rate of story-isolated structure is
only 48.09%. It means that the damping effect of the base-isolated structures is more
significant, which is because the position of'isolation layer is at a higher altitude, and only the
light steel frames are added above the isolation layer. Therefore, the isolation eftect of the
bearings is not fully utilized.

3.3. Inter-story shear force analysis
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Inter-story shear force is another important indicator to measure structural seismic response,

which directly reflects the performance of the isolated-structure in reducing seismic response.

By comparing the average value of the inter-story shear force of the seismic structure, the
base-isolated structure, and the story-isolated structure under the near-field ground motions
and far-field ground motions, it shows that there is a sudden change of inter-story shear force
in the seismic structure, which because both the stiffness and quality of the light steel frame
structure are much different from the lower concrete structure. Moreover, the base isolated
structures and story-isolated structures can also significantly reduce the inter-story shear of
the structure, this demonstrates that the abruptness of lateral stiffness problem of the adding-

story structures can be solved by using isolation technique.

The shear forces of structure under the near-field pulse-like ground motions are also
significantly greater than that of the far-field ground motions. From the isolation rate of
structures shown in Fig. 8, whatever under near-field ground motions or far-field ground
motions, the isolation effect is obvious, which means the seismic energy transfer to the upper
structure above isolation layer is effectively prevented. Among them, under the near-field
ground motions, the maximum isolation rate of the base-isolated structure is 86.86%, and the
story-isolated structure is 57.48%; under the far-field ground motions, the maximum isolation
rate of the base-isolated structure is 69.88%, and the story-isolated structure is 64.62%.

7= Base isolation structure™P
-8~ Story isolation structure/

[

00 01 02 03 04 05 06 07 08 09
Isolation rate

Download : Download high-res image (298KB) Download : Download full-size image

Fig. 8. Isolation rate of structures.

3.4. Story acceleration analysis

The average value of the acceleration amplitude of each story under the near-field ground

motions and far-field ground motions is shown in Fig. 9. As shown in the figure, the

accelerations of each story are gradually increased from the bottom story to thedtanstanz 20d
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acceleration amplitude of the top story is much larger than others. Both the seismic structures
and story-isolated structures have a sudden increase in acceleration at the fifth story, and a
significant inflection point appears. The acceleration of base-isolated structure changes more
evenly and slowly. Moreover, the acceleration of structures under the near-field ground
motions is much greater than that under the far-field ground motions. The seismic responses
of the two kinds of’isolated structures are significantly decreased, which indicates that the
isolated structure exhibits good isolation performance. therefore, the energy transmitted to
the upper structure is effectively isolated, and the acceleration of the story is minimized.
However, due to the higher arrangement position of the isolation bearing, the story-isolated
structure has a lower damping rate in the fifth story. Among them, under the action of near-
field ground motions, the peak acceleration of seismic structure is 34.25 m/sz; in contrast, the
acceleration of base-isolated structure is only 8.02 m/s?, and the maximum damping rate is
76.57%; the acceleration of story-isolated structure is 18.04 m/s?, and the maximum damping
rate is 46.75%. Under the far-field ground motions, the peak acceleration of seismic structure
is 24.86 m/s?; the structure of base isolation is 7.47 m/s?, and the maximum damping rate is
71.39%; the acceleration of story-isolated structure is 16.88 m/s?, and the maximum damping
rate is 66.51%.
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Fig. 9. Acceleration response.

4. Discussion

From the previous analyses about the structural vibration periods, inter-story drift ratio, inter-
story shear force and story accelerations, it can be concluded that the seismic influence
coefficient of the structure is reduced and structural seismic response is alleviated due to the

extension of structural vibration periods after arranging isolation bearings (see Table 3). The

ismi f'the isolated struct ignificantl ller than thoJums
seismic responses of the isolated structures are significantly smaller than tho iRy O
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structures. The isolation bearings have a good damping effect on reducing the structural

seismic responses, and the base-isolated structures show better damping effect. The

displacements of isolated structures are shown in Table 4. It reveals that the displacements in

the base-isolated structure are significantly greater than the story-isolated structure ones. So

that the isolation layer of the base-isolated structure could dissipate more seismic energy than

the story-isolated structures.

Table 3. Acceleration (m/s?).

Near-field pulse-like ground motions

Story Seismic Base-isolated  Story-isolated
structure  structure structure

1 6.4653 3.8813 7.4893

2 10.1333 3.8373 10.5441

3 12.2053 4.0160 8.8667

4 14.2747 4.1333 9.3187

5 17.9267 4.6627 14.5720

6 25.6107 6.1333 18.0213

7 34.2481 8.0227 18.2360

Table 4. Displacement in the isolated story (mm).

Earthquake

waves
Near-field pulse-like ground NP-1
motion

NP-2

NP-3

NP-4

NP-5

NP-6

Average value

Far-field ground motions

Seismic

structure

4.1616

7.5392

10.1696

11.8961

14.2272

20.1808

24.8624

Base- isolated

structure

134.83

102.22

46.26

187.82

14841

100.17

119.95

Base-isolated Story-isolated

structure

3.6288

3.7360

3.9504

4.1521

4.6432

5.7744

7.4688

structure
3.1952
4.9840
6.1072
6.6976
9.0432
14.9376

16.8816

Story-isolated structure

52.37
55.04
68.21
64.61
70.00

109.37

69.93
FEEDBACK GJ



Earthquake

waves
Far-field ground motion F-1
F-2
F-3
F-4
F-5
F-6

Average value

Base- isolated

structure

114.99

71.66

60.57

75.63

113.57

63.92

83.39

Story-isolated structure

83.01

25.52

66.55

57.61

86.71

42.42

60.30

In addition, the displacement of isolated structures under the near-field pulse-like ground

motions are greater than that of the far-field ground motions. This probably because the long-

period characteristic of isolated structures makes those structures not insensitive to the high-

frequency components of non-pulse-like ground motions. The near-field ground motions

contain the low-frequency component and have the characteristic of large amplitude, long

cycle, and concentrated energy. When the structural natural vibration periods are close to the

period pulse-like ground motions, the seismic response will be significantly amplified.

Therefore, near-fault pulse-like ground motions are likely to be a severe threat to the long-

period structures. The characteristic of near-field ground motions shouldn't be ignored for

seismic response analysis of isolated structures.

5. Conclusions

In this paper, the isolation technique is applied to the story-adding structure with light steel

frames, and the dynamic responses of the seismic structures, the base-isolated structures, and

the story-isolated structures which are subjected the near-field pulse-like earthquake and far-

field earthquake are analysed. It can provide a reference for the plan selection of story-adding

structure through this study, especially for the structures under near-fault pulse-like ground

motions. The following conclusions are drawn:

(1) Isolation technique used in adding-story structure the periods of structure are

significantly extended, and responses of both the upper structure and main structure can

be reduced.

(2) Under the action of near-field ground motion, the inter-story drift ratio decreases in the

direction of structural altitude, and the average value of the inter-story drift ratio is much

greater than that under the far-field ground motions.

(3) Both base-isolated structures and story-isolated structures show good damping effect. For

the reason of the higher installation location of isolation bearings, the seismic response of

FEEDBACK (I



the adding-story structure is somewhat amplified. The base-isolated structures show

better seismic performance than the adding-story-isolated structures.
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