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Abstract: In this paper, a single-layer lamella reticulated dome with reinforced concrete bearings was
studied, and a method of column-top isolation was proposed to improve the seismic performance of
the whole structure, thereby avoiding too large support stiffness in engineering practice. A nonlinear
time-history analysis showed that lead rubber bearings (LRB) can reduce the support reaction to a
certain extent and make it distribute uniformly, reducing the support design requirements under
frequent earthquakes. During rare earthquakes, the LRB was basically in the plastic state and the
support reaction remained near the yield force, which was reduced greatly compared with that
of the original structure. The bearing hysteresis curve was full, while the plasticity development
degree of the upper reticulated dome was greatly reduced and the elasticity was basically maintained,
thus achieving a good damping effect.

Keywords: column-top isolation; single-layer reticulated dome; nonlinear time-history analysis;
damping effect

1. Introduction

A single-layer reticulated dome is an important form of space structure in China that combines the
characteristics of skeletal structures and thin-shell structures with beautiful shapes, reasonable forces
and simple structures that are widely used in various large and medium span buildings [1]. However,
China is among the world’s most earthquake-prone countries, and some spatial structures in the
Wenchuan earthquake demonstrated various degrees of earthquake disaster phenomena [2,3]. Common
failure forms include lower support failure, bearing connection damage, excessive plastic deformation
of the upper steel roof and overall collapse of the structure [4]. Therefore, it is very important to study
the seismic behavior of reticulated domes and seismic isolation techniques. Isolation technology can
effectively block seismic action and reduce the seismic response of a structure. It reduces the earthquake
effect by prolonging the structure period and dissipating energy through additional damping, so that
the structure displacement is controlled within the allowable range [5–7]. Early isolation technology
has been primarily applied to support multi-story building foundations and bridge structures. With
the development of structural vibration control technology and the increasing demand for seismic
performance in large-scale engineering projects, this method has also gradually been applied to large
span spatial structures. The roof of the Shanghai International Speedway News Center adopts a high
isolation bearing—a new composite isolation bearing consisting of one basin bearing and four common
rubber bearings—which effectively releases temperature stress and significantly reduces the seismic
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response of the structure [7]. The pyramid-shaped roof of the Ataturk Airport terminal in Turkey uses
a column-top friction-pendulum isolation scheme [8].

To simplify the calculation, the roof structure is analyzed separately by the simply supported
boundary, disregarding the dynamic interaction between the roof and the lower supporting structure
in the engineering design. In fact, the existence and stiffness of the lower supporting structure will
have an important influence on the seismic performance of the integral structure, especially when
the stiffness of the supporting structure is much stronger than that of the upper roof. In this case,
the seismic amplification effect of the structure is very significant, and the failure limit load of the
superstructure can be greatly reduced. To meet the requirements of the construction in engineering
practice when the supporting structure introduces more space frames, slabs, or shear walls, its support
stiffness is generally large. To improve the seismic performance of this kind of “strong support”
structure, this paper takes a single-layer spherical reticulated dome with a concrete bearing under the
surface as its research subject. The common spherical steel bearing at the top of the column is replaced
by an isolation lead rubber bearing in this study, and the seismic behavior of the structure before and
after the isolation is compared and analyzed.

2. Integral Model of Dome and Support Structure

The roof structure analyzed in this paper is a single-layer spherical reticulated dome (Figure 1)
with a span of 40 m, a vector span ratio of 1/5, a round steel pipe as the reticulated dome rod, a
material of q235b steel, a circular members section of ϕ132 × 4, and radial and oblique rod sections of
ϕ116 × 4. The lower support structure adopts the cylindrical-ring beam system. The column height
is 10 m. To simulate the “strong support rigidity” condition, the column section diameter is set to
1.5 m, and the ring beam covers a 0.6 m × 0.6 m rectangular section. The whole structure contains
24 pillars, and the concrete strength grade of the beam and column is C30. Through refinement of
finite element analysis in Abaqus, it is shown that when the diameter of the column cross section is
1.5 m, the damage factor of the lower supporting structure concrete is very small. The reticulated
shell, the beam and column adopt B31 beam units based on the fiber bundle model. Steel adopts an
ideal elastoplastic model. In order to achieve a certain calculation accuracy, all beam elements are
controlled to a length of about 1 m during meshing. Material nonlinearity and geometric nonlinearity
are considered simultaneously. A welded ball joint is used to connect the members of the upper
reticulated dome rigidly, and a common spherical steel bearing or an isolation bearing is used to
connect the ring beam between the reticulated shell and the lower support structure at the top of each
column. The integral structural model is shown in Figure 1b.

Sustainability 2019, 11, x FOR PEER REVIEW 2 of 10

releases temperature stress and significantly reduces the seismic response of the structure [7]. The
pyramid-shaped roof of the Ataturk Airport terminal in Turkey uses a column-top friction-pendulum 
isolation scheme [8]. 

To simplify the calculation, the roof structure is analyzed separately by the simply supported 
boundary, disregarding the dynamic interaction between the roof and the lower supporting structure 
in the engineering design. In fact, the existence and stiffness of the lower supporting structure will
have an important influence on the seismic performance of the integral structure, especially when
the stiffness of the supporting structure is much stronger than that of the upper roof. In this case, the 
seismic amplification effect of the structure is very significant, and the failure limit load of the 
superstructure can be greatly reduced. To meet the requirements of the construction in engineering
practice when the supporting structure introduces more space frames, slabs, or shear walls, its 
support stiffness is generally large. To improve the seismic performance of this kind of "strong 
support" structure, this paper takes a single-layer spherical reticulated dome with a concrete bearing 
under the surface as its research subject. The common spherical steel bearing at the top of the column 
is replaced by an isolation lead rubber bearing in this study, and the seismic behavior of the structure 
before and after the isolation is compared and analyzed. 

2. Integral Model of Dome and Support Structure 

The roof structure analyzed in this paper is a single-layer spherical reticulated dome (Figure 1) 
with a span of 40 m, a vector span ratio of 1/5, a round steel pipe as the reticulated dome rod, a 
material of q235b steel, a circular members section of φ132 × 4, and radial and oblique rod sections of 
φ116 × 4. The lower support structure adopts the cylindrical-ring beam system. The column height is
10 m. To simulate the "strong support rigidity" condition, the column section diameter is set to 1.5 m,
and the ring beam covers a 0.6 m × 0.6 m rectangular section. The whole structure contains 24 pillars, 
and the concrete strength grade of the beam and column is C30. Through refinement of finite element 
analysis in Abaqus, it is shown that when the diameter of the column cross section is 1.5 m, the
damage factor of the lower supporting structure concrete is very small. The reticulated shell, the 
beam and column adopt B31 beam units based on the fiber bundle model. Steel adopts an ideal 
elastoplastic model. In order to achieve a certain calculation accuracy, all beam elements are 
controlled to a length of about 1 m during meshing. Material nonlinearity and geometric nonlinearity 
are considered simultaneously. A welded ball joint is used to connect the members of the upper 
reticulated dome rigidly, and a common spherical steel bearing or an isolation bearing is used to 
connect the ring beam between the reticulated shell and the lower support structure at the top of each 
column. The integral structural model is shown in Figure 1b.

(a) (b)

Figure 1. Layout of dome (a) single lamella spherical dome model, (b) model of integral structure. 
Figure 1. Layout of dome (a) single lamella spherical dome model; (b) model of integral structure.

3. Selection of a Seismic Isolation Device

In this paper, a lead rubber bearing is chosen as the isolation device. Lead has good mechanical
properties, as its yield shear stress is relatively low at only approximately 10 MPa, the initial shear
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stiffness is higher, the shear modulus is approximately 130 MPa, and it is also the ideal elastoplastic
body. Lead has good fatigue resistance for the plastic cycling load, and high-purity Pb (99.99%) is
easy to obtain, which makes its mechanical properties more reliable. This article selects the Fuyo
lead rubber bearing series product LRB600, produced by the Wuxi construction new material Limited
Company [9]. Its mechanical performance parameters are shown in Table 1.

Table 1. Mechanical performance parameters of the bearing.

Type

Base
Level

Pressure
(MPa)

Long-Term
Load
(kN)

Vertical
Stiffness
(kN/mm)

Horizontal Performance of 100% Deformation

Initial
Stiffness
(kN/mm)

Post-Yield
Stiffness
(kN/mm)

Yield
Force
(kN)

Equivalent
Stiffness
(kN/mm)

Equivalent
Damping

(%)

LRB600 6 1178 1513 6.27 0.483 51 0.878 23.9

Therefore, this paper discusses two structural models: The original structure, whose column top
adopts the common steel bearing, namely, the hinged connection, and the isolation structure whose
column top is connected by the LRB.

The analytical model of the LRB adopts the rubber isolator unit in SAP2000 [10], as shown in
Figure 2, which consists of six internal "springs" representing the components of axial, shearing,
bending, and torsion. For each degree of freedom of the deformation, linear or nonlinear behavior can
be specified independently, and the plasticity properties are based on the hysteresis behavior proposed
by Wen (1976) [11] and Park, Wen, and Ang (1986) [12].
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4. Results

First, the natural frequency of the structure before and after isolation was compared. Since the
LRB is a nonlinear element, its stiffness is a function of the bearing deformation, and modal analysis
is a linear perturbation analysis. To objectively evaluate the impact of the isolation device on the
structural dynamic characteristics, the parameters of the LRB, including the equivalent stiffness and the
equivalent damping ratio in the modal analysis, are shown in Table 1. As shown in Table 2, the natural
frequency of the isolated structure was significantly lower than that of the original structure.
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Table 2. The comparison of natural frequency for original and seismically-isolated structures.

Mode Number
Natural Frequency (Hz)

Percentage Scatter
Original Structure Seismic Isolation Structure

1 3.80 1.6207 57%
2 3.80 1.6208 57%
3 4.22 2.3588 44%
4 4.22 3.2405 23%
5 4.50 3.8370 15%
6 4.5091 3.8371 15%
7 4.6865 4.0540 13%
8 4.6867 4.0544 13%
9 4.6920 4.1578 11%
10 4.6921 4.1580 11%
11 4.6976 4.3140 8%
12 4.7029 4.3140 8%
13 4.7032 4.4963 4%
14 4.8545 4.4974 7%
15 4.8545 4.6357 5%

5. Analysis of Frequent Earthquake Response

The acceleration peaks of the El Centro wave and Taft wave adjusted to 70 gal under frequent
earthquakes were input into the structure in three directions, and the nonlinear time-history response
was analyzed. The distribution curve of the reaction force envelope value of all 24 bearings at the top of
the original structure and the isolated structure column are given in Figure 3. It was apparent that the
distribution of the maximum bearing reaction force was very uneven for the original structure because
of the uncertain direction of the action of the earthquake. The actual design was based on taking the
most unfavorable bearing force, so the design requirements of the bearing were often relatively high
and could easily act as a weak link during an earthquake. The bearing force distribution was relatively
flat for the isolated structure, and the value of the force was lower than that of the original structure,
which was beneficial to the design of the bearing and reduced the seismic effect of the transmission
to the upper reticulated dome. A typical bearing in the sixth support position (Figure 3) is taken as
an example.
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Figure 3. Support position.

As shown in Figures 4 and 5, under the El Centro and Taft waves, the maximum bearing reaction
force of the original structure in the X direction was 32.11 kN and 29.01 kN, respectively, and the
maximum bearing force of the isolation structure in the X direction was reduced to 18.45 kN and
18.59 kN, a decrease of 42.5% and 35.9%, respectively. The comparison for the time-history curve
of the bearing No.6 between the original structure and the isolation structure is given in Figure 6;
the structural reaction apparently decreased with the isolation bearing.
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Under frequent earthquakes, all LRB supports did not reach their yield force, so the bearings were
still in the initial elastic state. The typical hysteresis curve of the No. 6 bearing is given in Figure 7,
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which shows that the LRB did not dissipate any energy under frequent earthquakes and that the
isolation effect was realized by prolonging the structure period.
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Figure 7. Hysteretic curve in the X direction in frequent earthquakes, (a) under the El Centro wave, (b)
under the Taft wave.

The maximum displacement envelope value of all supports under the El Centro wave and Taft
wave was 3.07 mm and 3.26 mm, respectively, which is within the elastic deformation range and can
guarantee the normal use of the structure under earthquake or wind load.

6. Analysis of Rare Earthquake Response

The acceleration peak of the seismic wave was adjusted to the value of rare earthquakes stipulated
in the specification, 400 gal, and then input into the structure basement in three directions in order
to analyze the nonlinear time-history reaction. Compared with frequent earthquakes, the response
of structures under rare earthquakes was very similar, but because of the plastic energy dissipation
caused by most of the bearing in the yield state, the seismic isolation structure under rare earthquakes
showed a better damping effect. Figures 8 and 9 give the distribution curve of the reaction force
envelope value of all 24 bearings at the top of the original structure and the isolated structure column.
Note that the bearing reaction of the original structure under rare earthquakes is quite large, and
the distribution is very uneven. Taking bearing No. 6 as an example, the resultant force of the
two horizontal forces under the El Centro wave acted up to 188 kN, making the integral structure
prone to fail early under the strong earthquake due to the support force. The bearing force of the
isolated structure was basically located near the yield force, which greatly reduced the seismic action
transmitted to the upper reticulated dome. The comparison of the time-history curve of bearing No. 6
in the X direction between the original structure and the isolation structure is given in Figure 10,
showing that the structural reaction apparently decreased with the isolation bearing.

The typical hysteresis curve of the No. 6 bearing in the X direction is given in Figure 11, which
shows that the hysteretic curve of the LRB under rare earthquakes was full, and the energy dissipation
effect was significant. The maximum displacement of the bearing in the X direction under the El Centro
wave and the Taft wave was 20.5 mm and 18.0 mm, respectively, which is less than the maximum
allowable deformation of the bearing (according to the product specification gauge deformation
of 400%).
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Figure 8. Comparison of maximum inverse force distribution between original structure and seismic
isolation structure under the El Centro wave in rare earthquakes, (a) in the X direction, (b) in the
Y direction.
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A comparison of the plastic development of the upper reticulated dome before and after the
isolation is given in Figures 12 and 13, which indicates more plastic development of the original
structure under rare earthquakes, while the isolation structure was basically in an elastic state.
The plastic deformation only occurs at the outer part of the lateral beam under the Taft wave.
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Figure 11. Hysteretic curve in the X direction under rare earthquakes, (a) under the El Centro wave,
(b) under the Taft wave.
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Figure 13. Comparison of plastic distribution of the seismic upper structure under the Taft wave,
(a) original structure, (b) seismic isolation structure.

7. Conclusions

The modal analysis of the structure before and after the isolation showed that the LRB can prolong
the natural period of the structure effectively [13–15], thus avoiding the excellent period of earthquake
motion and reducing the seismic action of the superstructure. Time-history analysis showed that the
LRB can reduce the bearing reaction force to a certain extent under frequent earthquakes, the maximum
reduction of which under the El Centro wave and Taft wave was up to 42.5% and 35.9%, respectively.
The distribution of the bearing force tended to be uniform, which reduced the requirement of the
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bearing design. Under rare earthquakes, the LRB bearing was basically in a plastic state, and the
bearing reaction force was maintained near the yield force, which decreased greatly compared with
that of the original structure. The bearing hysteresis curve was full, the energy dissipation effect was
significant, and the plasticity development degree of the upper reticulated shell was greatly reduced
so that it was basically elastic.

Overall, for the strong support structure, the column-top seismic isolation method used in
this paper is a new idea that effectively improves the seismic performance of the whole structure,
from “resisting” to “eliminating”.
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