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Abstract: This study focused on comprehensively analyzing the construction, mechanism, and de-
sign theory of the Thick Rubber Bearing-Disk Spring Bearing (TNRB-DSB) system, with the aim of
evaluating its isolation effect. Mechanical tests were conducted to examine the dynamic character-
istics of large-span isolated structures equipped with TNRB-DSBs, and laminated rubber bearings
(LRBs), as well as the dynamic responses of non-isolated structures and large-span horizontal iso-
lated structures equipped with natural rubber bearings (NRBs) and LRBs, under various seismic
excitations. Finite element software was utilized to compare the behaviors of these structures. The
study revealed that the large-span isolated structure equipped with TNRB-DSBs and LRBs had a
vertical natural vibration period 1.23 times as long as that of the isolated structure with NRBs and
LRBs, and 4.27 times as long as that of the non-isolated structure. The TNRB-DSB system demon-
strated good vertical and horizontal isolation capabilities, which compensated for the isolation lim-
itations of other rubber bearings to some extent.

Keywords: large-span structure; isolation; thick rubber bearing; vertical isolation device;
bearing performance test; seismic response analysis

1. Introduction

Structures with base isolation are realized by inserting an isolation layer that consists
of isolators and energy dissipation elements, among others, between the foundation and
the superstructure. The technique of base isolation can effectively prolong the natural vi-
bration period of the superstructure to avoid the main frequency band of seismic ground
motion, simultaneously blocking the upward spread of seismic energy to the superstruc-
ture. The utilization of the energy dissipation elements in the isolation layer allows for the
consumption of seismic energy, thereby prominently reducing the damage to the super-
structure. Since the 1970s, domestic and foreign scholars have carried out a large amount
of experimental and theoretical analyses on base-isolation structures and achieved many
fruitful results [1-5]. Research has shown that existing base-isolated structures can effec-
tively isolate the horizontal seismic action and generally reduce about 60% of the struc-
tural horizontal seismic acceleration response, but they cannot efficiently reduce or even
amplify vertical seismic action [6]. However, the huge earthquakes that have occurred at
home and abroad in recent years indicate that strong vertical components of ground mo-
tions happened, the intensity of which may even exceed seismic horizontal components
in high-intensity areas, especially those near faults. For instance, in the 1994 Northridge
earthquake in California [7], the peak vertical acceleration was about 1.79 times the peak
horizontal acceleration, while the peak vertical acceleration of the 2008 Wenchuan earth-
quake in China was close to the peak horizontal acceleration.
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After the horizontal seismic action of isolated buildings is reduced, vertical ground
motion with a high peak value may become the dominant cause of structural failure. This
is especially true for large-span spatial structures, which are equally sensitive to the hori-
zontal and vertical responses to earthquakes due to their special structural characteristics
[8]. Therefore, traditional isolation bearings such as NRBs, LRBs [9], sliding friction bear-
ings [10], and so on, cannot meet the operating requirements of large-span spatial struc-
tures. In view of this, vertical isolation technology has become a hot topic for scholars at
home and abroad. Compared with horizontal isolation technology, the development of
vertical isolation technology is relatively slow. Some scholars have proposed and devel-
oped some vertical or three-dimensional isolation devices [11-13]. Some devices have
complex shapes and also need additional dampers to increase the vertical damping so as
to augment the vertical stiffness of the bearing, which is not conducive to both the pro-
cessing and the vertical isolation. Taking all the mentioned reasons into consideration, it
is vital to design simple and efficient vertical isolation bearings to reduce the vertical seis-
mic action of the large-span structures equipped with base isolation.

The vertical isolation bearing should be designed with many capabilities, such as
high vertical bearing capacity, high vertical deformation capacity, good lateral displace-
ment capacity, good energy consumption, and so on. The thick rubber bearing (TNRB)
has become one of the important forms of vertical isolation [14]. Compared with the ordi-
nary rubber bearing, the thickness of the rubber layer of the TNRB is significantly in-
creased by 3~5 times. TNRB can effectively extend the structural vertical period of vibra-
tion thanks to its small vertical stiffness. Disk spring bearings (DSBs) possess the ad-
vantages of variable stiffness, high bearing capacity, and vibration absorption, such that
they can also be applied in vertical isolation devices [15].

This paper proposes a combined vertical isolation device, that is, the TNRB-DSB,
which consists of the TNRB and DSB used in parallel and without any additional vertical
damper. In order to investigate the characteristics of the vertical isolation device, basic
mechanical properties tests were carried out to analyze the compressive stress and shear
strain correlation of the vertical performance. Moreover, three models, including a large-
span isolated structure with TNRB-DSBs and LRBs, a large-span horizontal isolated struc-
ture with NRBs and LRBs, and a non-isolated structure, were established in the finite ele-
ment analysis software SAP2000. Ultimately, the dynamic characteristics and responses
of the above three structural models under multiple seismic excitations were compara-
tively studied.

2. TNRB-DSB Vertical Isolation System

The TNRB-DSB vertical isolation system consists of a TNRB combined with a DSB.
Multilayer thin steel plates and thick natural rubber gaskets were alternately placed and
vulcanized at a high temperature so as to constitute the TNRB. The vertical stiffness of
TNRB could be varied by adjusting the number of thick rubber gaskets and the thickness
of the rubber layer. The DSB placed inside the reserved central hole of the TNRB is com-
posed of several disc springs assembled through overlapping, coupling, and other ways
of combination. The variation of combining ways and the number of pieces will allow the
disc springs to acquire the appropriate vertical stiffness and damping performance. The
DSB is constrained by an outer guide cylinder and an inner guide cylinder welded to the
upper and lower connecting plates, respectively. For this reason, the DSB only produces
compression deformation when subjected to axial pressure. The inner guide cylinder ex-
tends a certain depth into the outer guide cylinder and leaves a gap for the vertical defor-
mation of the DSB. The sealing plates and the connecting plates of the TNRB-DSB are
connected by bolts. The TNRB-DSB vertical isolation system is shown in Figure 1.
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Figure 1. The configuration of the TNRB-DSB: (a) cross-section view; (b) visual view.

2.1. Material Properties

In view of the fact that rubber is a form of isotropic material, a classic rubber consti-
tutive model, the Mooney-Rivlin model, was adopted. This model is primarily suitable
for the simulation of materials with small and medium deformation, such as rubber with
a tensile strain less than 100% and a compression strain less than 30%. The strain energy
of the rubber material can be decomposed into strain deviator energy and volumetric
strain energy, and the strain energy density function is written in polynomial form and
the order is one. Thus, the typical constitutive model for the incompressible rubber mate-
rial, that is, Mooney-Rivlin model, is obtained as follows [16]:

W = Cio(; — I3) + Co1 (I — I3) 1)

where W is the strain energy density function; I, 2. I3 denote the invariants of the de-

formation tensor which are related to the principal elongation 8;+ 8, 85, I; = 82 + 67 +

83, I, = (816,)% 4 (6,63)% + (6,83)?, and I3 = (6,6,83)? = 1. Both Cio and Co1 are param-

eters, which can be determined by fitting the data curve of the rubber material test [17].
Take the partial derivative of Equation (1) and the following can be obtained:
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It is known that there is a relationship between the true principal stress og; of rubber
materials and their principal elongation §;, as shown in Equation (3), where Pi denotes

any hydrostatic pressure.
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Then, three principal stress differences can be obtained:
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In the case of unidirectional stretching or compression, o, is equal to 03. By combin-
ing with I3 = (6,6,85)? = 1, Equation (4) can be written as follows:
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Substitute Equation (2) into Equation (5), we have the following equation:
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According to the uniaxial tensile or compression test, the stress under different elon-
gation values is measured. Take 1/8; and o0,/2(67 — 1/6;) as the x-coordinate and y-
coordinate, respectively. The test data are then returned to a line whose slope is Co1 and
whose intercept with the Y-axis is Cro.

In this paper, the Mooney-Rivlin model was employed to calculate the mechanical
properties of the rubber material. The rubber material adopted the hardness of 42°, and
its constitutive parameters Cio, Co1 were determined to be 0.1964 MPa and 4.588 x 10-* MPa,
respectively, by experimental data fitting [18]. The shear modulus of rubber Gr was then
measured to be 0.392 MPa. The steel in TNRB-DSB was regarded as a linear elastic mate-
rial. The steel plate, sealing plate, connecting plate, inner cylinder, and outer guide cylin-
der in the TNRB all used the Q235 material, while the disc spring material was 60Si2MnA.
The elastic modulus of the steel was 206 MPa, and the Poisson’s ratio was 0.3.

2.2. Dimension Design

Generally speaking, the thickness of the rubber layer of the TNRB increases signifi-
cantly compared with that of the ordinary rubber bearing. The first shape coefficient S1 of
the former is about 2-5 times that of the latter. The two shape coefficients, S1 and Sz, of the
bearings are defined as follows [19]: S1= (D - d)/(4tr); S2 = D/(ntr), where D is the diameter
of the effective bearing surface of the rubber layer; d is the diameter of the hole in the
middle of the rubber layer. If there is no hole or the hole is filled with rubber or lead, d is
0. n is the number of rubber layers; tr is the thickness of the rubber layer.

According to the current Code for Seismic Design of Buildings [20]in China, the limit
of the average surface pressure for Class A, B, and C buildings is set at 10 MPa, 12 MPa,
and 15 MPa, respectively. Large-span spatial structures that are densely populated, such
as gymnasiums, opera houses, etc., are assigned to Class B so as to take the design surface
pressure of 12 MPa. A large-span isolated structure with a span of 90 m is taken as the
application example. Based on the basic combination value of the upper load that the ver-
tical isolation device bears, the diameter of the vertical isolation device is determined to
be 600 mm. Other major dimensional parameters of the two bearings are shown in Table
1. It can be calculated that the two shape coefficients, S1 and Sz, of the LRB bearing are
37.50 and 3.85. TNRB is designed with the same total thickness for the rubber layer as
LRB, hence, it of course obtains the same Sz of 3.85. A hole is reserved in the center of the
TNRB for the installation of DSB, with an outer diameter of 250 mm and considering an
installation allowance of 10 mm. The S: of TNRB is 7.08.

Table 1. The parameters of the rubber bearings.

Diameter of Diameter of Diameter of Thickness of Numbersof Thickness of

f
Bearings Bearing Lead Core Opening  Single Rubber Rubber Single Steel Number o
Steel Plates
(mm) (mm) (mm) Layer (mm) Layers Plate (mm)
LRB 600 120 / 4 39 2.8 38
TNRB 600 / 260 12 13 2.8 12

For the two bearings, both the upper and the lower sealing plates have a thickness of
20 mm, and both the upper and lower connecting plates have a thickness of 25 mm. The
diameter of the sealing plates is 600 mm. The side length of the square upper connecting
plate is 700 mm, while that of the circular lower connecting plate is 600 mm.

The DSB group in the center of the TNRB consists of several dish springs combined
by superposition, coupling, and other ways, as shown in Figure 2. Theoretical calculation
and practical measurement prove that the load-deformation curves of disc springs are
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nonlinear. When the inner diameter d, the outer diameter D, and the thickness t of the
material are determined, the ratio of the ultimate displacement to the thickness of the disc
spring, ho/t, has an absolute influence on its stiffness characteristic curve. When this ratio
is less than or equal to 0.5, the stiffness characteristic curve is approximately linear. Com-
monly, a larger D is chosen as much as possible to reduce the number of disc springs.
However, the space will be underutilized if D/d is too large, while a D/d that is too small
will bring difficulties to manufacturing due to the close values of the inner and outer di-
ameters of the disc spring. Given this issue, a D/d value of 1.7-2.5 was chosen, based on
engineering experience. The DSB product used for this research was provided by Shang-
hai Jiuguang Spring Co., Ltd. (Shanghai, China), and it had the following dimensions: D
is 250 mm, d is 127 mm, t is 14 mm, H is 19.6 mm, and hois 5.6 mm. Hence, the D/d was
calculated to be 1.97, which meets the aforementioned requirements. It was determined
that the disc spring group would consist of three pieces of disc springs and four pairs of
disc springs on account of the requirements of total bearing capacity and total defor-
mation. Furthermore, the disc spring group had to be pre-pressed because of the limited
space in the bearings.

(a) (b)
Figure 2. Diagram of DSB: (a) calculation diagram; (b) 3D view.

2.3. Veertical Stiffness Design

The horizontal stiffness of the TNRB-DSB device is much greater than its vertical
stiffness due to the constraints of the guide cylinder. Therefore, the overall vertical stiff-
ness of the TNRB-DSB can be calculated according to the vertical stiffness, Ko, of the TNRB
and the vertical stiffness, Kwz, of the DSB in parallel, namely K, = K,,; + K.

It is necessary to figure out how to calculate the vertical stiffness of the ordinary rub-
ber bearing first [21]. The rubber gaskets of the ordinary bearing, which are constrained
by the steel plates, will produce a small vertical deformation under the action of a vertical
pressure load. Thus, their vertical stiffness, K, can be expressed as follows:

0= Erff:i _ nDE:bSZ )
where A denotes the effective area of the bearing; E« represents the modified volumetric
constrained elastic modulus of laminated rubber under vertical pressure loading, which
was presented by Lindly [22] and can be calculated using Ew = EcEv/(Ec + Eb); E. is the bend-
ing elastic modulus, and E. = Eo(1+2kS512); Ev is the volumetric constrained elastic modulus
of laminated rubber; Eo is the standard elastic modulus of rubber materials; k¥ represents
the correction factor of hardness for rubber materials.

For an ordinary rubber bearing, the formula of its vertical stiffness is based on the
elastic theory of small deformation. In contrast, the rubber layers of the TNRB are thicker,
such that the sandwich steel plates have weaker constraints on them and the compression
deformation of its rubber layers is larger under vertical load. Moreover, the ratio of the
vertical load and compression displacement changes constantly as the load varies. There-
fore, the correction of vertical stiffness should be carried out considering the deformation
characteristics of the rubber layer. Assuming that the rubber is an incompressible material,
the volume of the rubber layer remains the same before and after compression, and the
cross-section area of the rubber layer will increase after bearing compression. The area in
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the calculation formula for rubber bearings refers to the effective bearing area of the rub-
ber layer. The correction method assumes that the increase in the cross-section area caused
by the transverse deformation of the rubber layer under compression is not included in
the effective bearing area. Hence, the correction method merely considers the thickness
influence of the rubber layer on the vertical stiffness of the TNRB.

After the thick rubber layer is deformed by compression, its first shape coefficient, 51,
is altered to (D — d)/(tr — dv), where d. is the compression of single-layer rubber and can be
determined by multiple iterations. Accordingly, the modified bending elastic modulus of
laminated rubber E. can be written as [23,24]:

. Ey(1+2kS)) x Eq,

¢ Ey(1+2xS)) + Ee
Then, the vertical stiffness of the TNRB is modified to Kvr'= E.’A/(ntr — ndy).
On the other hand, supposing that fis the deformation of the disc spring subjected to

the load F, then the vertical stiffness of a single disc spring can be calculated by Equation
(9) below [25]:

8)

dF £ [ho, _ho f 3(f\
Kv—d—f—m[@ -3e+a(y) 4 )
The relationship between the parameters F and ¢ is described by the following equa-
tion:
D05
=2 _|(Z2_1)(=2_L 10
F aD? |\t t/\t 2t +1 10)

Assuming A as the ratio of D and d, the parameter « in Equations (9) and (10) can be
given by the following equation in relation to 4 when the elastic modulus E and Poisson’s
ratio u of the disc spring material are determined:

A-1
g2 G
4E A+1_ 2
A—=1 InA

The total vertical stiffness of the disc spring group is calculated according to the se-
ries-parallel principle of spring, in which series and parallel formulas are applied to the
computation of the composite disc spring and the pair disc spring, respectively.

x=— (11)

3. Mechanical Property Test of the TNRB-DSB
3.1. Test Equipment and Test Specimens

The loading testing equipment used in this paper is shown in Figure 3 [26]. The ver-
tical parameters of the compression and shear test device include a maximum vertical
pressure of 20,000 kN, a maximum vertical tension of 6000 kN, a maximum vertical dis-
placement stroke of £700 mm, and a maximum speed of 3 mm/s. Its horizontal parameters
include a maximum shear test force of +6000 kN, a maximum horizontal displacement
stroke of +600 mm, and a maximum speed of 10 mm/s. Test loading control and data ac-
quisition were completed by computer.
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Figure 3. The loading testing equipment.

Two specimens with a diameter of 600 mm were made for the tests. The first specimen
was the LRB [27,28]; the second specimen was the TNRB embedded by a 250 mm diameter
DSB in the middle hole, as shown in Figure 4. The basic dimension parameters of the two
specimens are described in the first part.

Figure 4. Test model of the TNRB-DSB.

3.2. Test Procedure

The vertical and horizontal stiffness of the LRB and TNRB-DSB were obtained
through the basic mechanical properties tests. Based on a design surface pressure of 12
MPa and a bearing diameter of 600 mm in this paper, the specified vertical load P was
determined to be 3400 kN. The cyclic loading of the vertical compression performance test
was carried out within the range of P + 0.3 P. Aimed at analyzing the influencing factors
of vertical stiffness, the two specimens were designed to be subjected to such loading cases
with different pre-pressures (0 kN, 1700 kN, 2040 kN, 2720 kN), vertical pressures (2900
kN, 3400 kN, 3700 kN), and loading frequencies (0.01 Hz, 0.02 Hz, 0.05 Hz, 0.1 Hz). Sub-
jected to different loading frequencies of 0.01 Hz and 0.0082 Hz, the horizontal compres-
sion shear tests of the two specimens, with a shear strain y of 25%, 50%, 75%, and 100%,
were respectively performed under the vertical pressure P of 3400 kN. When the loading
frequency was 0.01 Hz, the loading cases with a shear strain y of 100% and different ver-
tical pressures P were also selected to analyze the shear strain correlation of the horizontal
performance of the two specimens. In every case of the vertical and horizontal perfor-
mance tests, the loading was performed in four cycles.

3.3. Test Results
3.3.1. Vertical Compression Performance

Under the designed vertical pressure P of 3400 kN and loading frequency f of 0.1 Hz,
the vertical compression performance tests of +100% shear strain were carried out on the
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two bearings. Each test condition had four cycles of loading and unloading. The vertical
force-displacement curves of the two bearings are shown in Figure 5. It can be seen that
the slope of the hysteretic curves of the two bearings is sharp. This is because the rubber
and steel plate were vulcanized as a whole and were thus closely bonded to each other.
The steel plate restricted the transverse deformation of the rubber layer, which caused the
isolation bearings to have high vertical stiffness. Under axial pressure, the vertical dis-
placement of the LRB is much smaller than that of the TNRB-DSB, and the slope of the
curve of the latter is slightly less, with a hysteresis curve that is fuller as well.

4000 4000 ﬂ

Force/KN
Force/KN

e 7

0 1 2 3 0 5 10 15
Displacement/mm Displacement/mm

(a) (b)
Figure 5. Force-displacement curves of vertical compression. (a) LRB; (b) TNRB-DSB.

1. Loading frequency

The loading frequency correlation test was carried out on both LRB and TNRB-DSB,
under the loading frequencies of 0.1 Hz, 0.05 Hz, 0.02 Hz, and 0.01 Hz. For brevity, Table
2 only shows the vertical stiffness of the third loading cycle under different loading fre-
quencies when the vertical pressure was 3400 kN. It shows that the loading frequency has
little influence on the vertical mechanical properties of the LRB, especially if the loading
frequency is low. However, the vertical compression performance of the TNRB-DSB is
sensitive to the change in loading frequency.

Table 2. The vertical stiffness of the bearings under different loading frequencies(kN/mm).

Loading 0.01 Hz 0.02 Hz 0.05 Hz 0.1 Hz
Frequencies

LRB 2399.67 2369.03 2397.28 2382.17

TNRB-DSB 492.24 524.70 529.06 584.07

2. Vertical pressure

Table 3 only shows the vertical stiffness of the two bearings under different vertical
pressures of 2900 kN, 3400 kN, and 3700 kN, when the loading frequency was 0.1 Hz. The
vertical stiffness of the TNRB-DSB and LRB increased slightly as vertical pressure was
added. When the vertical pressure was 3700 kN, the vertical stiffness of the TNRB-DSB
and LRB was about 1.19 and 1.05 times that of the case at 2900 kN. This is because the
augmentation of vertical pressure leads to the strengthening of the restraining effect that
the steel plates have on the rubber layers. At this point, the rubber layers are under the
three-way stress state, whose compression modulus increases rapidly.

Table 3. The vertical stiffness of the bearings under different vertical pressures (kN/mm) .

Vertical Pressure 2900 KN 3400 KN 3700 KN
LRB 2355.99 2382.17 2472.75
TNRB-DSB 507.49 584.07 604.19

3. Pre-pressure
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With the vertical pressure P at 3400 kN and the loading frequency at 0.1 Hz, the re-
sulting influence of different pre-pressures, 1700 kN, 2040 kN, 2720 kN, and 2900 kN, on
the vertical stiffness of the two bearings are listed in Table 4. The vertical stiffness of the
supports basically increased with the rise of the pre-pressure. However, when the pre-
pressure reached 2900 kN, something unusual happened to the stiffness of the TNRB-DSB.
According to the preliminary analysis, it is because, in this working condition, the im-
proper operation of the tester led to the deviation of the inner guide cylinder from the
vertical center axis of the support and to the collision with the outer guide cylinder, which
resulted in the vertical stiffness surge. This would not return to normal until the next
working condition.

Table 4. The vertical stiffness of the bearings under different pre-pressures (kN/mm).

Pre-Pressure 1700 kN 2040 kN 2720 kN 2900 kN
LRB 2349.48 2391.32 2418.96 2355.99
TNRB-DSB 280.05 454.74 1642.93 507.49

4. The vertical stiffness results

P1 and P: are assumed to be the lower and the greater pressures in the third cycle,
which are 0.7 P and 1.3 P, respectively. Y1 and Y2 are the smaller and the larger displace-
ments in the third cycle. Using the formula Kv = (P2 - P1)/(Y2 - Y1), the vertical compression
stiffness of the bearings under each test condition was calculated. The error between the
theoretical value and the test value can be determined as follows: (test value-theoretical
value)/test value. Due to limited space, only the comparison results for each bearing are
given in Table 5, when vertical pressure was 3400 kN and pre-pressure was 0 kN.

Table 5. Error in vertical stiffness results, between theoretical value and test value.

Loading ‘ LRB _ TNRB-DSB
Frequency (Hz) Theoretical Value  Test Value Error Modified Theoretical Test Value Error
(kN/mm) (kN/mm) Value (kN/mm) (kN/mm)
0.1 2163.35 2382.17 9.19% 458.67 584.07 21.47%
0.05 2163.35 2397.28 9.76% 423.26 529.06 20.00%
0.02 2163.35 2369.03 8.68% 402.01 524.70 23.38%
0.01 2163.35 2399.67 9.85% 394.93 492.24 19.77%

3.3.2. Horizontal Compression Performance

Under an axial pressure of 3400 kN and a loading frequency of 0.01 Hz, a horizontal
shear performance test with +100% shear strain was carried out on the two bearings. In
the test, four cycles of cyclic loading were carried out. The hysteretic curves of the bearings
obtained from the test show that the bearing curves are in the shape of a spinning cone
(Figure 6a) and a crescent (Figure 6b). These demonstrate that the TNRB-DSB has a hori-
zontal energy dissipation capacity to some extent, but is not as good as that of the LRB.
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Figure 6. Force—displacement curves of horizontal shear. (a) LRB; (b) TNRB-DSB.

4. Seismic Response Analysis of Large-Span Isolated Structures

Earlier in this paper, a constitutive model for rubber bearings was established, which
considers the effect of vertical pressure and is more suitable for isolated structures. Two
large-span isolated structures with different types of isolation bearings (equipped with
LRB or TNRB-DSB) and one large-span non-isolated structure were designed to be the
analysis objects. Based on the established models, the finite element method was used to
investigate the seismic response characteristics of the large-span isolated structure under
the action of the TNRB vertical isolation device and multiple earthquakes.

4.1. Structure Ouverview

The roof of the large-span isolated structure is a steel grid with an orthogonal normal
four-pyramid structure, with a plane size of 60 m x 120 m, a height of 5.2 m, and a mesh
size of 6 m x 6 m. The lower part is a two-layer reinforced concrete frame structure sup-
ported by peripheral columns, with the same story height of 5 m. The peripheral columns,
the frame columns, the main girders, and the secondary beams were designed properly
with section forms, sizes, and reinforcement detailing. The upper chord layer of the grid
roof was subject to a uniform constant load of 0.55 kN/m? and a live load of 0.5 kN/m?2.
The lower chord layer was subject to a uniform constant load of 0.30 kN/m? and a live load
of 0.30 kN/m2. Q345 and C40 were selected for steel and concrete materials, respectively.
The structural damping ratio takes was 0.02. All the isolation bearings of the structure
were placed between the bottom plate of the first floor and the foundation. The diameters
of the bearings were calculated to be 600 mm under the conditions of permanent load and
variable load. In SAP2000, the link units were used to simulate rubber isolators. The test
values for the stiffness and damping ratio of the bearings were input when the support
attributes were defined. The three-dimensional finite element model is shown in Figure 7.
As with the distribution of supports, dozens of LRBs were arranged around the perimeter
of the structures. NRBs or TNRB-DSBs were arranged in the remaining positions of the
structures. Some LRBs needed to be arranged to provide sufficient yield force to the struc-
tures.

Figure 7. Structural 3D finite element model.

The following assumptions were adopted in the calculation and analysis of the grid
structure: (i) an ideally hinged connection pattern was selected for all nodes; (ii) all
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external loads acted on the joints of the grid roof; (iii) the upper roof structure worked
with the lower support structure, and the influence of the wall on the structural stiffness
could be ignored; and (iv) it was assumed that none of the reinforced concrete members
in the model have reached the fatigue limit. In order to comprehend the dynamic charac-
teristics of the large-span structure, the general finite element software SAP2000 was used
to conduct a modal analysis of the structure. The first 11 orders of the natural vibration

periods are listed in Table 6.

Table 6. Natural vibration period of the large-span truss structures (s).

Nominal Non-Isolated Isolated Structure with TNRB-DSB Isolated Structure with NRB and LRB
Modes Structure (Model I) (Model II)
1 0.591 2.523 2.052
2 0.503 2471 2.035
3 0.342 2.098 1.867
4 0.250 1.029 0.993
5 0.246 1.018 0.980
6 0.237 0.735 0.719
7 0.209 0.637 0.629
8 0.202 0.600 0.599
9 0.182 0.592 0.584
10 0.177 0.501 0.500
11 0.175 0.501 0.496

The natural vibration period of the Model I isolated structure is 1.23 times that of the
Model II isolated structure, while it is 4.27 times that of the non-isolated structure. For the
Model II structure, the mass participation coefficient of the first three order modes is large,
successively expressing the y-translational motion, x-translational motion, and z-torsional
motion. For the Model I structure, the mass participation coefficients of the mode shape
of the first three orders are rather large, and the main modal performances of the first three
orders are the same as that of the Model II structure.

4.2. Multiple Seismic Ground Motions

Typical earthquake ground motions from the El Centro records (in 1940) and Taft
records (in 1952), were selected as the structural seismic input, which were suitable for
type I and type III site soils. The soil condition of the site is an important factor affecting
the response results of dynamic tests. Hence, an artificial seismic wave was then synthe-
sized for use in specific soil conditions. Based on the Code for Seismic Design of Buildings
of China (CCSDB, GB50011-2010, 2016 edition), the peak value of acceleration in the test
was set to 2.2 m/s?. The three-dimensional seismic input was set to be X:Y:Z = 1:0.85:0.65.
The seismic fortification intensity of the area where the building is located was 7.5 degrees,
with a design basic seismic acceleration of 0.15 g. The earthquake was assigned to the
second group. The three seismic waves used in this paper are shown in Figure 8.
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Figure 8. Acceleration response spectra: (a) El Centro wave; (b) Taft wave; (c) Artificial wave.

4.3. Structural Seismic Response Analysis
(1) Vertical acceleration response

The effectiveness of existing buildings after the installation of seismic isolation de-
vices will be affected by the vertical seismic input. In Figures 9 and 10, the values of 0, 1,

2, and 3 on the x axis refer to the seismic isolation layer, the first layer, the second layer,
and the upper-grid layer of the structures.
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Figure 10. Vertical acceleration of structures under vertical seismic input. (a) El Centro wave (b) Taft
wave (c) Artificial wave.

The following can be seen from the above figures: (1) Different seismic input methods
have a great influence on the vertical absolute acceleration of the grid layer, for both the
non-seismic and seismic isolation structures. For instance, compared with the vertical seis-
mic input, the peak vertical absolute acceleration of the grid layer for the non-isolated
structure under the 3D seismic actions of the El Centro wave, Taft wave, and Artificial
wave presented a decrease of 47.1%, 65.8%, and 50.6%, respectively. Accordingly, the peak
vertical absolute acceleration of the grid layer for Model I isolated structures increased by
53.9%, 53.2%, and 53.9%, respectively, indicating that the multidimensional characteristics
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Vertical Displacement/(mm)

of earthquakes and the spectral characteristics of seismic waves are non-negligible. (2) For
the Model I structure, when subjected to the 3D and vertical seismic inputs, the maximum
structural seismic isolation rate reached 75.9% (Taft wave condition) and 12.7%. This illus-
trates that the vertical isolation effect under the 3D seismic input is significantly better
than that under the vertical seismic input. This is because considering the horizontal seis-
mic component is conducive to achieving vertical seismic isolation. (3) There is no obvious
difference between the vertical acceleration of the Model I and Model II structures, indi-
cating that the seismic isolation effect of the Model I structure is comparable to that of the
vertical acceleration response of the Model II structure.

(2) Vertical displacement response

Figures 11 and 12 show the vertical peak displacement response results of the three
structural models.

Vertical Displacement/(mm)
3 m 8 B g8 ¢

(b)

Figure 11. Vertical displacement of structures under 3D seismic input. (a) El Centro wave (b) Taft
wave (c) Artificial wave.

Vertical Displacement/(mm)

Figure 12. Vertical displacement of structures under vertical seismic input. (a) El Centro wave (b)
Taft wave (c) Artificial wave.

The following can be seen in Figure 11: (1) Under the 3D seismic input, the vertical
displacement amplitudes of the seismic isolation layer of the Model I and Model II
structures are 0.291 mm and 0.337 mm (allowable value = 0.75ho = 4.2 mm); (2) The
deflection values of the grid roof of the non-seismic isolated structure for the Model I and
Model II structures are 48.5 mm, 49.0 mm, and 48.8 mm, respectively (the limit = L.2/250
=(0.24, L2 is the short span of the roof); (3) Compared with the Model [Istructure, the peak
vertical displacement of the grid layer of the Model I structure has a maximum increase
of 1.6%, which is mainly because the addition of the vertical isolation component, DSB, in
the TNRB-DSB reduces the vertical stiffness of the isolation layer to a certain extent.
However, the reduction is non-significant.

Through a comparison of Figures 11 and 12, the following points can be noted: (1)
The two seismic input methods have a great influence on the vertical displacement of the
grid layer for all three structures. For example, compared with the 3D seismic input, the
peak vertical displacement of the grid layer for the non-isolated structure under the



Buildings 2023, 13, 1288

14 of 19

vertical seismic actions of the El Centro wave, Taft wave, and artificial wave presented an
increase of 38.1%, 40.5%, and 51.1%, respectively. Accordingly, those displacement
responses for both the two isolated structures under three 3D seismic actions increased by
53.9%, 53.9%, and 54.0%, respectively; (2) Under the 3D seismic input, the maximal
displacement difference for the Model I structure under the three seismic waves was 23.9
mm, which also shows the significant influence of spectral characteristics on the structural
responses; (3) The vertical displacement responses of the isolated structures are basically
smaller than those of the non-isolated structure, under the action of different seismic
waves and different input modes; (4) The vertical displacement response law of the two
isolated structure models stayed consistent under the three seismic waves.

(3) Horizontal acceleration response
The peak horizontal absolute acceleration results of structures under 3D seismic
input and vertical seismic input are shown in Figures 13 and 14.
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Figure 13. Horizontal acceleration of structures under 3D seismic input. (a) El Centro wave (b) Taft
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Figure 14. Horizontal acceleration of structures under vertical seismic input. (a) El Centro wave (b)

Taft wave (c) Artificial wave.

Figures 13 and 14 show the following: (1) Under the 3D seismic input, the peak
horizontal absolute acceleration response results are much larger than those under the
vertical seismic input, which is consistent with people’s conventional cognition. (2) Under
the 3D seismic input for the Taft wave and artificial wave, the horizontal acceleration
response values of the Model I structure are smaller than those of the Model II structure.
When subjected to the El Centro wave, the response values of the former structure become
greater than those of the latter structure, indicating that the former has a better horizontal
seismic isolation effect. When the vertical seismic input occurs, the horizontal acceleration
curves of the two isolated structures basically coincide. (3) Compared with the non-
isolated structure, the peak horizontal acceleration responses of the two isolated
structures are greatly reduced under different seismic inputs, which reflects an excellent
horizontal seismic isolation effect. (4) Under the 3D seismic input, the horizontal absolute
acceleration of the seismic isolation layer is slightly higher than that of the frame layers.
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Under the vertical seismic input, the horizontal absolute acceleration response values of
the three large-span structures showed an increasing trend with the increase of floors.
(4) Interlayer displacement response

The interlayer displacement results of the three models are shown in Figures 15 and
16.
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Figure 15. Interlayer displacement of structures under 3D seismic input. (a) El Centro wave (b) Taft
wave (c) Artificial wave.
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Figure 16. Interlayer displacement of structures under vertical seismic input. (a) El Centro wave (b)
Taft wave (c) Artificial wave.

The following can be seen in Figures 15 and 16: (1) Under the 3D input method, the
largest horizontal interlayer displacement for the two isolated structures occurs in the
seismic isolation layers (limited value = 0.55 Dmin = 330 mm). After the seismic wave
propagates upward through the isolation layer, the interlayer displacement results of the
superstructure of the Model I structure are not obviously different from those of the Model
II structure. However, the horizontal displacement of the seismic isolation layer is greatly
affected by the horizontal seismic action under different input modes of seismic waves.
(2) Under the action of the vertical seismic input, all the interlayer displacement values of
the grid layer of the Model I structure do not exceed those of the Model II structure.
However, there is no obvious difference in the interlayer displacement response results
under the 3D seismic input. (3) The two seismic input methods have a great effect on the
horizontal interlayer displacements of the seismic isolation layer. The interlayer
displacements of the seismic isolation layer under the 3D seismic input are thousands of
times those under vertical input. For the remaining floors, the influence of the two seismic
input methods is reflected in the increasing trend of the inter-floor displacement along
with the growth of the floor.

The maximum story drift, including the 1st floor, 2nd floor, and the grid layer, are
shown in Table 7.
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Table 7. The maximum story drift under the action of rare earthquakes.

Maximum Interlayer Displacement

Structure Seismic Wave
Angle
El Centro wave 1/432
Non-isolated structure Taft wave 1/393
Artificial wave 1/487
El Centro wave 1/1055
Model I isolated structure Taft wave 1/832
Artificial wave 1/1389
El Centro wave 1/1657
Model Ilisolated structure Taft wave 1/1794
Artificial wave 1/1061

In the above table, it can be observed that the maximum story drift of the three
models under rare earthquakes are 1/393, 1/1061, and 1/832, which comply with the
provisions of the Code for Seismic Design of Buildings [16] (limit value = 1/50, for
reinforced concrete frame structures).

(5) Analysis of the influence of seismic input methods

The following discussion concerns the impact of two seismic input methods on the
vertical seismic response results of the Model I structure. Tables 8-10 provide the
comparison of vertical acceleration, vertical displacement, and horizontal acceleration
under two seismic inputs. Error is defined as the result of (response results under 3D
input—response results under vertical input)/response under the 3D input. It should be
noted that the horizontal displacement of the isolation layer varies greatly under the two
seismic input methods, which need not be discussed here.

Table 8. Vertical acceleration under two seismic input methods (m/s?).

Seismic Wave Floor Vertical Input 3D Input Error
Isolation layer 2.202 1.437 -53.3%
Bl Centro wave 1st floor 2.202 1.437 -53.2%
2nd floor 2.202 1.434 -53.6%
Grid layer 9.059 5.887 -53.9%
Isolation layer 2.200 1.438 -53.0%
Taft wave 1st floor 2.200 1.438 -53.0%
2nd floor 2.200 1.435 -53.3%
Grid layer 7.710 5.033 -53.2%
Isolation layer 2.202 1.438 -53.1%
Artificial wave 1st floor 2.204 1.439 -53.2%
2nd floor 2.200 1.435 -53.3%
Grid layer 5.569 3.619 -53.9%

Table 9. Vertical displacement under two seismic input methods (mm).

Seismic Wave Floor Vertical Input 3D Input Error
Isolation layer 0.247 0.291 15.12%
El Centro wave 1st floor 0.256 0.315 18.73%
2nd floor 0.262 0.319 17.87%
Grid layer 65.317 42.443 -53.89%
Isolation layer 0.281 0.201 -39.80%
Taft wave 1st floor 0.291 0.209 -39.23%

2nd floor 0.298 0.214 -39.25%
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Grid layer 74.265 48.250 -53.92%

Isolation layer 0.190 0.244 22.13%

Artificial wave 1st floor 0.197 0.265 25.66%
2nd floor 0.202 0.269 24.91%

Grid layer 50.373 32.720 —53.95%

Table 10. Horizontal acceleration under two seismic input methods (m/s?).

Seismic Wave Floor Vertical Input 3D Input Error
Isolation layer 0.007 2.200 99.7%
1st floor 0.082 1.228 93.3%

El Centro wave
2nd floor 0.245 1.219 79.9%
Grid layer 0.639 1.226 47.9%
Isolation layer 0.006 2.200 99.7%
Taft wave 1st floor 0.058 0.690 91.6%
2nd floor 0.174 0.728 76.1%
Grid layer 0.456 0.878 48.1%
Isolation layer 0.004 2.200 99.8%
Artificial wave 1st floor 0.052 1.328 96.1%
2nd floor 0.157 1.355 88.4%
Grid layer 0.409 1.360 69.9%

As can be seen in the three tables above, compared to vertical seismic input, the
vertical acceleration of each floor of the Model I isolated structure under 3D seismic input
has a decrease extent of more than 50%. The error of structural vertical displacements is
in the range of -55% to 26%. The structural horizontal acceleration results present an
increase extent of more than 40%. However, the vertical input will weaken the horizontal
acceleration response results of the structures, while the horizontal input will weaken
their vertical acceleration response. The above results fully illustrate that in the analysis
of the isolated structure’s response, the multidimensional characteristics of earthquakes
cannot be ignored.

5. Conclusions

(1) The natural vibration period of the Model I large-span isolated structure is 1.23
and 4.27 times as long as the Model II isolated structure and the non-isolated structure,
respectively. The longer the period of natural vibration, the less significant the earthquake
force of the structure.

(2) The isolation layer in the Model I isolated structure provides a significant
reduction in the horizontal component of seismic waves and exhibits excellent isolation
properties during different seven-degree rare seismic excitations and seismic input
modes. The peak acceleration responses of the three large-span structures show much
higher values under the 3D seismic input as compared to the responses under the vertical
seismic input, which aligns with conventional understanding. The vertical isolation effect
of the Model I isolated structure with TNRB-DSB under the 3D seismic input is superior
to that under the vertical seismic input, as horizontal seismic components are considered,
thereby facilitating vertical isolation. These results indicate that TNRB-DSB is capable of
ensuring the safety of large-span structures under seismic events of low probability.

(3) When subjected to a vertical seismic input, the interlayer displacement responses
of the Model I isolated structure are superior to those of the Model II isolated structure.
However, there are no significant differences in the interlayer displacement responses of
the two isolated structures under the 3D seismic input.

(4) Under vertical seismic input mode, the horizontal and vertical acceleration
response values of the three different large-span structures demonstrate a rising trend
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with increasing floor levels. The trend does not fit perfectly with 3D seismic input(the
horizontal acceleration of structures under 3D seismic input has a reduction). This
indicates that the vertical component of ground motion has a greater impact on the
response value of steel grid roof structures in contrast to the horizontal seismic
component. Therefore, special attention should be given to the seismic design of steel grid
roof structures in engineering.

(5) There are noticeable distinctions in the response values of the time history analysis
results between the non-isolated and isolated large-span structures subjected to various
seismic actions or input modes. For instance, under two seismic input modes, the
maximum difference in the vertical acceleration peak values of non-isolated structures
experiencing the Taft waves was 13.75 m/s%. Moreover, under the vertical seismic input,
the vertical acceleration peak value difference of the Model I structure subjected to the El
Centro wave and Artificial wave was 3.49 m/s2. This highlights the significance of seismic
spectrum characteristics and multi-dimensional seismic features in the structural
response, which cannot be disregarded.
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Abbreviations

Acronym  Interpretation
TNRB-DSB  Thick Rubber Bearing-Disk Spring Bearing

TNRB Thick rubber bearing
NRBs natural rubber bearings
NRB natural rubber bearing
DSB Disk Spring Bearing
LRBs Laminated Rubber Bearings
LRB Laminated Rubber Bearing
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