kT buildings

Article

Design and Analysis of Novel Anti-Rocking Bearing

Yuqing Yang ¥, Fanchang Kong !, Longgui Bu 2 and Zaigen Mu *

Citation: Yang, Y.; Kong, F.; Bu, L.;
Mu, Z. Design and Analysis of Novel
Anti-Rocking Bearing. Buildings
2024, 14, 1645. https://doi.org/
10.3390/buildings14061645

Academic Editor: Mizan Ahmed

Received: 22 April 2024
Revised: 20 May 2024
Accepted: 23 May 2024
Published: 3 June 2024

Copyright: © 2024 by the authors.
Submitted for possible open access
publication under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/).

1 School of Civil and Resource Engineering, University of Science and Technology Beijing,
Beijing 100083, China

2 Beijing Institute of Architectural Design and Research, Beijing 100045, China

* Correspondence: yqyang@ustb.edu.cn (Y.Y.); zgmu@ces.ustb.edu.cn (Z.M.)

Abstract: To address the issue of severe rocking phenomena under seismic conditions in structures
equipped with steel spring isolation bearings, this paper investigates a novel type of anti-rocking
bearing. Firstly, the structural configuration and working principle of the novel anti-rocking bearing
are introduced, and a design method for bearing parameters is proposed. Secondly, a finite element
analysis model is established using SAP2000-v20 software to conduct nonlinear dynamic time-his-
tory analysis under seismic loading. The analysis results show that the structural arrangement of
the novel anti-rocking bearing reduces both the vertical displacement difference and the rocking
angle of the isolation layer. The bearing exhibits a certain level of anti-rocking effect, but it may
cause significant tensile forces in some bearings. The effectiveness of the anti-rocking effect im-
proves as the stiffness of the steel tension rod in the bearing increases. For structures equipped with
the novel anti-rocking bearing, the acceleration amplifies under most cases, with amplification co-
efficients ranging from 0.82 to 1.55. Through the finite element simulation of the bearing, the me-
chanical properties of the bearing are essentially the same as the theoretical analysis results.

Keywords: novel anti-rocking bearing; steel tension rod; steel spring; seismic time-history analysis

1. Introduction

With the transformation of the construction industry, modular buildings with low
carbon, energy saving, and fast installation have become a new sustainable building sys-
tem. Therefore, it is necessary to meet the seismic performance requirements of modular
structural systems and guarantee the connection between modular elements. Earthquake
disasters occur frequently, seriously threatening the safety of people’s lives and property,
and the use of seismic isolation technology can significantly reduce the damage to build-
ings caused by earthquakes [1,2]. On the other hand, with the high-speed development of
the economy and technology, subways have been sought after by many cities as a conven-
ient and fast mode of transportation. However, the problem of subway vibration has al-
ways been a concern for surrounding buildings. To alleviate the adverse effects of subway
vibration, buildings must take certain isolation measures. In particular, large-span struc-
tures are sensitive to multicomponent ground motions, especially vertical vibrations, and
require seismic isolation bearings with low vertical stiffness [3-5]. However, the effect of
traditional foundation isolation techniques on vertical-dominated vibration is limited [1].
A type of metallic springs, wire rope isolators [6,7] have been adopted for the control of
vibrations in lightweight structures. For buildings that are extremely sensitive to vibra-
tions, the use of steel spring isolation bearings is an effective method of architectural iso-
lation. Steel springs have low vertical stiffness, a low vertical frequency, and a good iso-
lation effect, for which they have been applied in more and more structures. However, as
the vertical stiffness of the structure decreases, rocking problems of the structure become
more prominent.

Many scholars have proposed corresponding structural anti-rocking measures for
the vertical seismic problem [8-11]. Liu [12] proposed a three-dimensional seismic
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isolation design method that separates the horizontal isolation layer from the vertical iso-
lation layer. The vertical isolation layer of the system is vertically arranged with steel
springs and multiple guide rails, which vertically isolate the vibration and also limit the
lateral displacement of the superstructure. Kageyama [13] proposed a swing-resistant de-
vice that works in conjunction with air springs, consisting of pulleys, steel cables, and
shafts. When the upper structure swings, the crossed steel cables are subjected to tension,
which suppresses the swing of the structure. Cesmeci [14,15] proposed a three-dimen-
sional (3D) seismic isolation system consisting of a magnetorheological damper and bi-
linear liquid springs in a single unit that acts as a vertical gradual building isolation sys-
tem to prevent the structure from rocking. Three-dimensional (3D) seismic isolation bear-
ings are suitable for synchronized seismic isolation in both the horizontal and vertical di-
rections, such as spring bearings [4,16], lead rubber bearings [17], high-damping rubber
bearings [18], and steel-confined rubber bearings [19]. The results of studies on the mesh
frame structure show that the bearing has significant seismic isolation and damping ef-
fects both horizontally and vertically [20,21]. Han [22] proposed a spring-friction pendu-
lum 3D seismic isolation bearing with low vertical stiffness to effectively isolate long-pe-
riod ground motions. Dong [23] proposed a new prestressed spring bearing that effec-
tively suppresses displacement under small ground motions of live loads in the normal
stage, prolongs vertical convergence in the seismic isolation stage, and suppresses large
vertical displacements in the limit stage.

In recent years, seismic isolation technology has developed rapidly and has been ap-
plied in hospitals, schools, and other buildings. However, the commonly used seismic
isolation bearings have insufficient tensile capacity, which limits their application in
buildings that are sensitive to vertical earthquakes or vertical vibration. This paper has the
purpose of investigating a new type of anti-rocking bearing with uplift- and rocking re-
straint, which can improve the vertical vibration resistance of the bearing. Firstly, the
structural configuration and working principle of the novel anti-rocking bearing will be
introduced, and a design method will be proposed. Then, SAP2000 software will be used
to perform simulation analysis on this new type of bearing, in order to investigate the
control effect of different design parameters of the bearing on the structural rocking effect.
Finally, ANSYS is used to establish a finite element model of the anti-rocking bearing to
analyze its bearing performance, and the results are consistent with the theoretical analy-
sis.

2. Working Principle and Design Method of Anti-Rocking Bearings
2.1. Structural Construction and Working Principle

The schematic diagram of the novel anti-rocking bearing structure is shown in Figure
1, which mainly consists of an upper cover plate, lower bottom plate, cylindrical steel spi-
ral spring, cylinder, steel tension rods, and joint bearings. The cylinder is connected to the
upper cover plate, while the joint bearing is attached to the lower base plate. The upper
flange of the steel tension rods is T-shaped, whereas the lower end features a ball head
structure. The lower end of the cylinder is folded inward to form an inward annular flange
with a circular through-hole in the middle of the flange. The steel tie rod passes through
the hole, and the T-shaped flange at the upper end of the steel tension rod is located inside
the steel sleeve. The diameter of the steel tension rod flange is larger than that of the in-
ward flange of the cylinder. The steel spring is assembled around the outer periphery of
the cylinder, steel tension rods, and joint bearings.
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1 - upper cover plate; 2 - lower bottom plate; 3 - steel spring; 4 - cylinder;5 - steel tension rod;

6 - joint bearing; 41 - inward flange of cylinder; 51 - upper flange of steel tension rod;
52 - bottom of steel tension rod

Figure 1. Schematic diagram of the new anti-rocking bearing structure.

The steel spring height between the upper cover plate and the lower bottom plate is
denoted as H. The distance between the upper end of the steel tension rod and the lower
end of the cylinder is represented as h. The distance between the upper flange of the steel
tension rod and the upper cover plate is hy, and the distance between the upper flange of
the steel tension rod and the inward flange of the cylinder is s. Additionally, the distance
between the upper flange of the steel tension rod and the inner wall of the cylinder is
denoted as a. Itis important to note that H and h, are specific parameters of the bearing
during normal usage, specifically representing the vertical deformation generated under
the action of gravity loads.

The working principle of this new anti-rocking bearing is as follows: During normal
usage, there is a clearance h, between the upper flange of the steel tension rod and the
upper cover plate, as well as a clearance s between the upper flange of the steel tension
rod and the lower flange of the cylinder. Importantly, the size of clearance h, is greater
than that of clearance s. In this configuration, the steel spring assumes the responsibility
of carrying all of the gravity loads of the structure, while the steel tension rod remains
unburdened. The presence of these clearances enables the steel spring to oscillate freely
within a certain range of vertical displacement, effectively fulfilling its intended function
of isolating subway vibrations.

Under the action of earthquakes, the structure will experience a significant overturn-
ing moment. Due to the relatively low vertical stiffness of the steel spring, the compression
on one side of the structure will increase, while the compression on the other side will
decrease. As a result, the steel spring on the side with reduced compression will cause the
cylinder to move upward in tandem with the upper cover plate. Once the displacement
surpasses the distance between the upper flange of the steel tension rod and the inward
flange of the cylinder (s), the upper flange of the steel tension rod will contact the inward
flange of the cylinder. Consequently, the steel tension rod will begin to bear tension.

The axial tensile stiffness of the steel tension rod is significantly higher than the ver-
tical stiffness of the steel spring. Therefore, when the steel tension rod comes into play,
the vertical stiffness of the bearing increases. This, in turn, reduces the vertical displace-
ment of the bearing and effectively achieves the anti-rocking objective. On the other hand,
for the steel spring with increased compression, the larger clearance (h,) between the up-
per flange of the steel tension rod and the upper cover plate means that they do not come
into contact. Although the steel tension rod cannot play a role, it also ensures that it will
not buckle.

The presence of the clearance a between the upper flange of the steel tension rod
and the inner wall of the cylinder allows for free rotation of the lower part of the steel
tension rod, which is connected to the joint bearing with a spherical shape. As a result,
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when subject to an earthquake’s action, the bearing experiences horizontal displacement,
and the steel tension rod can rotate along with it, without bearing horizontal seismic force.

Indeed, the design of this structure ensures that the presence of the steel tension rod
does not impede the isolation of subway vibrations by the steel spring. Under earthquake
actions, the steel tension rod not only plays an anti-rocking role but also will not be
crushed or destroyed by horizontal seismic forces.

The anti-rocking bearing is improved on the basis of the original steel spring bearing.
By setting the tension-only steel tension rod, the stiffness of the bearing is changed, so as
to increase the anti-rocking stiffness of the structure and realize the purpose of suppress-
ing the rocking effect. Combined with the steel spring bearing, it does not add an addi-
tional large rocking-suppression device, and the construction is convenient and the cost
is lower. The anti-rocking bearing can be arranged according to the actual engineering
needs, the stiffness of the steel tension rod can also be changed freely, and the arrange-
ment is more flexible.

2.2. Stiffness Calculation

Figure 2 shows a schematic diagram of the force-displacement relationship for this
novel anti-rocking bearing. The steel spring in the bearing is a linear elastic model, and
the steel tension rod is a hysteretic model assuming the vertical stiffness k; of the steel
spring and the axial tensile stiffness k, of the steel tension rod, with corresponding elastic
deformation before yielding, A, and a clearance, s, between the T-shaped flange at the
upper end of the steel tension rod and the lower flange of the cylinder. Assuming the
vertical displacement of the bearing is A, the vertical stiffness, k, of the bearing is given
by Equation (1) and converted to anti-rocking stiffness by Equation (2).

F

ky+k,

Figure 2. Load-displacement curves of the new anti-rocking bearing.

k, A<s
k=<k +k, s<A<s+As (1)
k, s+As<A
d*xk, A<s
K, =4d*x(k +k,) s<A<s+As 2)
d*xk, s+As<A

where d is the distance between the anti-rocking bearing and the center point of the struc-
ture while Kkr is the anti-rocking stiffness.
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2.3. Design of Bearing Parameters

The design of bearing parameters mainly includes the vertical stiffness k; of the steel
spring, the axial tensile stiffness k, of the steel tension rod, the clearance s between the
T-shaped flange at the upper end of the steel tension rod and the lower flange of the cyl-
inder, the clearance a between the upper end of the steel tension rod and the inner wall
of the cylinder, and the distance h, between the upper flange of the steel tension rod and
the upper cover plate.

(1) The vertical stiffness k; of the steel spring

The design of the vertical stiffness of the steel spring needs to consider the frequency
of the isolation structure. Firstly, select a suitable frequency for the isolation structure ac-
cording to the isolation target. The vertical stiffness can be calculated according to the
designed isolation frequency and the designed bearing pressure by Equations (3) and (4):

a)lﬁ

= — 3

f 2 2 \m ©
4712sz

k, = 4

. 4)

where f and T are the natural frequency (Hz) and natural period (s) of the isolation
structure, respectively. F is the design bearing pressure (kN), and F = mg.

(2) The axial tensile stiffness k, of the steel tension rod

The axial tensile stiffness of the steel tension rod has a significant impact on the anti-
rocking performance of the bearing. For a single bearing, if the steel tension rod does not
yield, the load-displacement curve of new anti-rocking bearing is as shown in Figure 3a,
and the axial stiffness k, of the steel tension rod is as shown in Equation (5):

K = kc—ks K, 5)

c—s
where ¢ is the maximum vertical displacement of the original bearing, b is the maxi-
mum vertical displacement of the designed bearing, and s is the initial clearance of the
steel tension rod.

If the steel tension rod yields under tension, assuming that its elastic deformation
before yielding is A, the yield force is F,, and the axial tensile stiffness k, of the steel
tension rod is as shown in Figure 3b if the stiffness after yielding is not considered.

F, = kyc— kb (6)
k= Ekl(c—b)
11

where f, is the yield strength of the steel tension rod, E is the elastic modulus of the steel
tension rod material, and [ is the effective length of the steel tension rod.

@)



Buildings 2024, 14, 1645

6 of 23

F F
Iy L
ki +k; f tas
| .47
ol ki +k E /'E/ E
---------------- - - -1~ 4 ] 1
VoLt re : i
: ky A : !
Sl : o
; l; C' . ss+As b c A
(a) (b)

Figure 3. Load-displacement curves of the new anti-rocking bearing: (a) Steel tension rods do not
yield. (b) Steel tension rods yield.

The required yield force or stiffness of the steel tension rod can be obtained from
Equations (6) and (7), and the cross-sectional area of the steel tension rod can be calculated.
If the steel tension rod is too large, it cannot be installed inside a single steel spring. It can
be installed inside multiple steel springs with the same support, arranged outside the
spring, or between two springs, to ensure that the total stiffness of the steel tension rod is
the same.

(3) Clearance s between the upper T-shaped flange of the steel tension rod and the
inward flange of the cylinder

A certain clearance is left between the upper T-shaped flange of the steel tension rod
and the inward flange of the cylinder to meet the requirements of vertical isolation of the
steel spring. The clearance s needs to be greater than the maximum displacement of the
subway vibration, and the maximum displacement can be obtained by the vibration anal-
ysis of the structure without the anti-rocking bearing. However, the clearance cannot be
too large, so as to ensure that the steel tension rod can play a role when the bearing un-
dergoes a small displacement and improves the anti-rocking effect. The vibration caused
by the subway is micro-vibration, and it is reasonable to set the clearance to a few milli-
meters or a dozen millimeters.

It is important to note that the value of the clearance s corresponds to the distance
between the bearing and its normal working state. During the design process, it is recom-
mended to consider the compression of the steel spring under the gravity load as the ini-
tial step. Subsequently, the appropriate value for the clearance s can be determined based
on this information.

(4) Clearance a between the upper flange of the steel tension rod and the inner wall
of the cylinder

As shown in Figure 4, when the height H of the steel spring of the bearing, the dis-
tance h between the upper end of the steel tension rod and the lower end of the sleeve,
and the design lateral displacement d are given, the rotation angle 6 of the steel tension
rod is

d

0= arctani =— (8)
H H

uzhtanﬁzhezhi 9)
H
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7 7 4 4 - cylinder
51 5 - steel tension rod
41 - inward flange of cylinder
51 - upper flange of tension
rod

Figure 4. Partial structural diagram of a novel bearing.

(5) Distance h, between the upper flange of the steel tension rod and the upper cover
plate

The distance h, needs to be greater than the maximum negative vertical displace-
ment of the steel spring bearing to ensure that the upper flange of the steel tension rod
and the upper cover plate do not contact each other when the steel spring is maximally
compressed, and to prevent buckling of the steel tension rod under compression. The ver-
tical maximum negative displacement of the bearing can be estimated by calculating the
maximum negative displacement of the structure without the anti-rocking bearing, so as
to estimate the h, required for the layout. However, h, should not be too large, because
the height of the bearing is limited, and the effective working length of the steel tension
rod should also be guaranteed. For example, the calculated maximum negative displace-
ment of the unarranged anti-rocking bearing structure is 15 mm, and it may be reasonable
to set hy to 20 mm.

2.4. Performance Evaluation Methods

For the comprehensive performance evaluation of new anti-rocking bearings, there
are two main aspects to consider:

(1) Anti-rocking effect

When a structure undergoes rocking deformation, the vertically oriented bearing will
experience vertical displacement as well. The rocking angle ¢ of the structure is defined
as the ratio of the vertical displacement difference between the two sides of the isolation
layer to the structure width B [23]. The effectiveness of the new anti-rocking bearings can
be evaluated based on the vertical displacement difference and the rocking angle.

(2) Maximum tension in the bearings

The incorporation of steel tension rods will result in significant tensile forces acting
on the bearings during seismic events. Therefore, it is necessary to consider the anchoring
of the bearings. Thus, controlling the maximum tension in each bearing within a reasona-
ble range is important to ensure the feasibility of the design. Additionally, reducing the
total tension in the bearings can minimize the usage of reinforcing bars and lower the
overall cost.

3. Analysis of Anti-Rocking Effect

To further analyze the actual performance of the anti-rocking bearings, the bearings
were subjected to a numerical model for analysis.

3.1. Analysis Model

The analysis model adopts a structural model of a theater’s vibration isolation zone.
(Figure 5), with a maximum length of 82.7 m in the X direction and a maximum width of
60.4 m in the Y direction. Most of the structure is located underground. The elevation of
the B4 layer is -30.5 m, and the elevation of the steel beam at the top of the main stage is
31.5 m. The main structure adopts a concrete frame seismic wall structure, the thickness
of the shear wall is 500~700 mm, and C40 concrete is used. The height of the beam section
ranges from 600 mm to 1000 mm, and the length of the column section ranges from 500
mm to 800 mm. The large-span roof on the top of the main stage is arranged with steel
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beams, with a span of 24 m. The top structure of the auditorium is a steel truss with a span

of 35 m.
31.5m
L
e i
s
B1 floor S3m
s
B2 floor
-19.3 m
B3 floor = A
B4 floor V_30.5 "
° o
(b)
Audience hall Main stage
steel truss roof steel beam roof

(c) (d)

Figure 5. Calculation model: (a) Perspective view. (b) Front view. (c) East-west section view. (d)
North—-south section map.

In the seismic time-history analysis, the structure mass used is 60,325 t. The vibration
isolation structure is relatively irregular, and the isolation bearings are arranged at four
different elevations B1 to B4. According to the requirements of structural vibration control,
a total of 298 bearings are installed. The total vertical stiffness of the 298 bearings is 1.94 x
107 kN/m, and the horizontal stiffness of the bearings is taken as one-third of the vertical
stiffness. The steel spring arrangement diagram is shown in Figure 6.

The software used for the analysis was SAP2000. The ordinary steel spring bearings
were simulated using elastic connection elements (steel springs). Figure 7 shows the first
and second modes of the structure. The first mode of the structure is the overall Y-direc-
tion rocking characteristic, and the second mode of the structure is the overall X-direction
rocking. The first frequency of the structure is 1.18 Hz, and the second frequency is 1.3 Hz.
Due to the arrangement of the steel springs, the structural frequency is low.
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Figure 6. Layout of steel springs.

Figure 7. Mode of structure: (a) First-order vibration mode. (b) Second-order vibration mode.

Based on the vibration isolation design, the anti-rocking bearings were arranged, and
113 steel spring bearings were replaced by anti-rocking bearings. The arrangement of the
anti-rocking bearings is shown in Figure 8, and the remaining 185 steel spring bearings
remained unchanged. In SAP2000, the new anti-rocking bearings were simulated using
elastic connection elements (steel springs) and plastic connection elements (steel tension

rods).
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Figure 8. Layout of steel tension rods.

The seismic analysis method uses seismic time-history analysis with a seismic forti-
fication intensity of 7 degrees and 0.1 g. The site characteristic period is 0.35 s, and three
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natural waves are selected: Taft earthquake record, RH3TG035, and TH035TG035. The
peak acceleration of the rare earthquake is 220 cm/s2 The seismic waves in the X, Y, and Z
directions are loaded, and the peak acceleration ratio of the seismic waves in each direc-
tion is 1:0.85:0.65 under the same case.

To investigate the effects of different steel tension rod parameters on the anti-rocking
performance, the following two-parameter variables were considered:

(1) The initial clearance s between the T-shaped flange and the inward flange of the
cylinder in the upper part of the steel tension rod, abbreviated as the initial clearance of
the steel tension rod in the following text;

(2) The axial tensile stiffness k, of the steel tension rod.

In addition, h, is 30 mm, and the clearance a between the upper flange of the steel
tension rod and the inner wall of the cylinder is 5 mm. The parameter settings for the
calculation model under different cases are shown in Table 1.

Table 1. Analysis cases.

Vibration Isolation Stlffnes.s of Steel Ten- Tonnage of Steel Tension Initial Clearance of Steel Ten-
Cases Bearing Type sion Rod Rod/Ton sion Rod/mm
/(kKN/mm)

1-1  Steel Spring Bearing - - -

2-1 1500 100

2-2 New Anti-Rocking 2250 150 5

2-3 Bearing 3000 200

2-4 3750 250

3-1 2

3-2 . ) 5

33 New Antl—.ROCkmg 2250 150 3

Bearing
34 10
3-5 15

Note: All of the cases include these three seismic waves: Taft earthquake record, RH3TG035, and
THO35TGO035.

3.2. Structural Rocking Response

In this example, the bearings are uniformly distributed on the outer edge of the struc-
ture. The maximum vertical displacement difference among the bearings located at the
outer edge represents the vertical displacement difference of the vibration isolation layer.
The rocking angle, defined as the ratio of the vertical displacement difference of the vibra-
tion isolation layer to the width of the structure, is taken as 82.7 m.

According to Figure 9, the variation in the vertical displacement difference of the vi-
bration isolation layer and the rocking angle of the structure with the stiffness of the steel
tension rod can be observed. From Figure 9a, it can be seen that as the stiffness of the steel
tension rod increases, the rocking angle of the structure continuously decreases, but the
rate of decrease slows down. After the arrangement of a steel tension rod with stiffness of
2250 kN/mm, the vertical displacement differences of the vibration isolation layer were
measured at 53 mm, 39 mm, and 46 mm. Moreover, the rocking angles of the structure
decreased by 7%, 24%, and 25% respectively, indicating a certain anti-rocking effect. From
Figure 9b, it is evident that compared to the model without the arrangement of steel ten-
sion rods, the vertical displacement differences of the vibration isolation layer reduced
after the arrangement of the steel tension rods, regardless of the initial clearance size. As
the initial clearance of the steel tension rod increases, the overall vertical displacement
difference in the vibration isolation layer gradually increases, the rocking angle increases,
and the anti-rocking effect weakens. However, considering the need for the bearing to
meet the isolation requirements and production accuracy limitations, the initial clearance
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of the steel tension rods cannot be too small. Therefore, it is necessary to select a reasona-
ble clearance for the steel tension rods. In cases 2-1 to 2-4, a clearance of 5 mm for the steel
tension rods is more appropriate.

2 70
None 1500 kN/mm b None 2mm Smm
2250 kKN/mm 3000 KN/mm it ) 8mm 10mm 15mm
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: ' 0.4 30 - - 0.4
Taft RH3 THO35 Taft RH3 THO35
Seismic waves Seismic waves
(a) (b)

Figure 9. Variation in the vertical displacement difference of the vibration isolation layer and the
rocking angle: (a) Various stiffnesses of steel tension rods. (b) Various initial clearances of steel ten-
sion rods.

In addition, different seismic waves also have a significant impact on the anti-rocking
effect. For example, In the case of TH035TG035 and RH3TGO035, the arrangement of a 150
t steel tension rod anti-rocking bearing results in a decrease in the rocking angles of the
structure by 24% and 25%, respectively. This indicates a substantial reduction in rocking
motion when these seismic waves are considered. However, when exposed to the Taft
earthquake record, the rocking angle of the structure only decreases by 7%. This difference
in the reduction in the rocking angle compared to other waves is noteworthy.

Figure 10 is the horizontal displacement amplification factor of the vibration isolation
layer. The influence of the anti-rocking bearing on the horizontal displacement is not ob-
vious. The x-axis displacement amplification coefficient ranges from 0.97 to 1.11, and the
y-axis displacement amplification coefficient ranges from 0.95 to 1.10. In most cases, the
horizontal displacement is amplified, and the influence of the stiffness of the steel tension
rod on the horizontal displacement is related to the seismic waves.

1.2 1.2
g 1500 kKN/mm --2250 kN/mm g 1500 kN/mm -e-2250 kN/mm
‘§ 3000 kN/mm ——3750 kN/mm ‘§ 3000 kN/mm —3750 kN/mm
& =
'5 1.1 _5 1.1
= =
Q Q
= =
R R
< <

09 L L 09 L :

Taft RH3T  THO35 Taft RH3T  THO035

Seismic waves

(a)

Seismic waves

(b)

Figure 10. Horizontal displacement amplification factor: (a) X-axis. (b) Y-axis.
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3.3. Maximum Tension

The presence of steel tension rods in the bearings introduces tension when significant
displacement occurs. In order to withstand this tension, it becomes necessary to install
reinforcing bars in the upper and lower piers or shear walls to enhance their resistance to
tension. It is important to ensure that the tension in each individual bearing does not ex-
ceed safe limits.

Figure 11 shows a comparison of the maximum tension of a single bearing under
different cases. In case 1-1, no steel tension rod is arranged, and all bearings have no ten-
sion. From the figure, it can be seen that under a certain initial clearance of the steel tension
rod, the higher the stiffness of the steel tension rod, the higher the maximum tension of a
single bearing, and it increases nearly linearly. Under a certain stiffness of the steel tension
rod, the relationship between the maximum tension of a single bearing and the initial
clearance of the steel tension rod and the seismic wave are related, such as the
THO035TG035 wave and RH3TGO035. As the initial clearance of the steel tension rod in-
creases, the maximum tension of a single bearing also increases. However, the Taft earth-
quake record first decreases and then increases.

3000
1500 kKN/mm 2250 kKN/mm 2mm Smm 8mm
" ~o-3000 kN/mm 3750 kN/mm 22500 [ < 10mm 15mm
- =2000 F
.2
- § 1500
g
- é 1000
=
- < -
2 500
1 1 0 1 1
Taft RH3 THO35 Taft RH3 THO035
Seismic waves Seismic waves
(a) (b)

Figure 11. Maximum tension of a single bearing: (a) Various stiffnesses of steel tension rods. (b)
Various initial clearances of steel tension rods.

Figure 12 presents the maximum tension of each bearing under the Taft earthquake
wave in case 2-2 (the stiffness of the steel tension rod is 2250 kN/mm, with an initial clear-
ance of 5 mm), in the form of a bubble chart (solid blue circles represent the bearing under
tension, and empty circles represent the bearing under compression, where tension is pos-
itive and compression is negative, expressed in tons). From the figure, it can be seen that
the bearings located far away from the center of the structure generally have higher ten-
sion. Bearing No. 162 has the greatest tension, with a maximum value of 1196 kN. More-
over, only some bearings are under tension, while others remain under compression.
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Figure 12. Maximum tension of bearings.

However, the overall compression of the bearing does not mean that the steel tension
rod does not play a role. Figure 13 shows the maximum positive and negative displace-
ments of each bearing in the vertical direction under the Taft seismic wave of working
condition 2-2 (steel tension rod stiffness 2250 kN/mm, initial clearance 5 mm). The dis-
placement is positive upward and negative downward. The tensile critical displacement
and compressive critical displacement of the steel tension rod in the bearing are also
marked in the figure. The critical tension displacement is the initial clearance of the steel
tension rod s, which is 5 mm, and the critical compression displacement is the distance
between the upper flange of the steel tension rod and the upper cover plate h,, which is
30 mm. When the bearing displacement is lower than the steel tension rod’s critical com-
pression line, the steel tension rod will be compressed. It can be seen from the figure that,
under this case, the steel tension rods of all bearings have reached the tensile state and
have not reached the compressive state, so the steel tension rods will not buckle, and the
same is true for other cases.
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Figure 13. Maximum and minimum vertical displacement.
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Maximum tension(kN)
N

Figure 14 shows a comparison of the total tension of the bearings under different
cases. In case 1-1, no steel tension rod is arranged, and the total tension of all bearings is
zero. From the figure, it can be seen that under a certain initial clearance of the steel tension
rod, the greater the stiffness of the steel tension rod, the higher the total tension of the
bearings, and the increasing trend becomes tighter. Under a certain stiffness of the steel
tension rod, the relationship between the total tension of the bearings and the initial clear-
ance of the steel tension rod and the seismic wave is related. With the increase in the initial
clearance, the change trends of the total tension of the bearings are different.
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Figure 14. Total tension of the bearings: (a) Various stiffnesses of steel tension rods (b) Various initial
clearances of steel tension rods.

3.4. Hysteretic Performance of the Bearings

Figures 15 and 16siguess; rewers Show the vertical hysteresis curves of bearings No.162 and
No.167, respectively. Due to the fact that the steel tension rods in the new anti-rocking
bearing only experience tension and not compression, their hysteresis curves exhibit a
“flag” shape. In this analysis, bearing No.162 has the maximum vertical displacement,
thus generating a large tension of 1194 kN, 810 kN, and 840 kN under the three earthquake
waves, respectively. Bearing No. 167 has a smaller vertical displacement and generates a
maximum tension of 220 kN under the Taft earthquake wave, while none of the other
earthquake waves cause tension in this bearing.
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Figure 15. Vertical hysteretic curves of bearing No. 162: (a) Taft. (b) RH3TG035. (¢) TH035TG035.
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Figure 16. Vertical hysteretic curves of bearing No. 167: (a) Taft. (b) RH3TG035. (c) TH035TGO035.

Since the steel tension rod is located inside the spring and its length cannot be too
long, the steel tension rod’s length is taken as { = 300 mm, and the elastic deformation
before yielding is only 0.66 mm. Although it can yield early and dissipate energy, it will
leave a large residual deformation. Moreover, the steel tension rod in the new anti-rocking
bearing only undergoes tensile stress, and residual deformation will continue to accumu-
late. Assuming a set initial clearance of 5 mm for the steel tension rod, in the steel spring
bearing, the upper end of the steel tension rod is only required to move upward by 5 mm
to function. After the first yielding occurs, the residual deformation causes the clearance
to be greater than 5 mm, which delays the function of the steel tension rod. The residual
deformation continues to accumulate, ultimately resulting in an increase in the initial
clearance and a gradual weakening of the function over time.

3.5. Structural Acceleration Response

Figure 17 illustrates the amplification factor of structural acceleration. When anti-
rocking bearings are employed in the structure, the acceleration is amplified under the
majority of operating conditions. The amplification factor ranges from 0.82 to 1.55. As the
stiffness of the steel tension rods increases, the vertical acceleration of the structure is also
amplified, while the amplification trend of the horizontal x-axis and y-axis is not obvious.
There is no evident pattern observed for the acceleration with an increasing initial clear-
ance of the steel tension rods.
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Figure 17. Acceleration amplification factor: (a) X-axis. (b) Y-axis. (c) Vertical. (d) X-axis. (e) Y-axis.
(f) Vertical.

3.6. Selection of Steel Tension Rod Stiffness

The stiffness of the steel tension rod has a strong correlation with the anti-rocking
effect and the maximum tension of the bearing (Figures 9 and 11). Part of the bearing will
experience tension after adding the steel tension rod. To prevent the upper and lower col-
umns from detaching from the bearing, reinforcement bars should be arranged on the
upper and lower columns. However, the tensile strength of the reinforcement bars is lim-
ited. Therefore, it is important to ensure that the maximum tension in each individual
bearing is not too high and does not exceed the design’s maximum tension requirement.
Setting the stiffness of steel tension rods reasonably is particularly important.

Figure 18 shows the relationship between the maximum tension of the bearing, the
vertical displacement of the bearing, and the reference pressure of the bearing under the
Taft seismic wave of case 1-4 (steel tension rod stiffness 3000 kN/mm, initial clearance 5
mm). The reference pressure of the bearings refers to the pressure that the bearings bear
in normal cases. From the graph, it can be seen that the maximum tension of the bearing
is positively correlated with the vertical displacement and negatively correlated with the
reference pressure of the bearing.
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Figure 18. Relationship between the maximum tension of the bearing, the vertical displacement of
the bearing, and the reference pressure of the bearing.

The stiffness of steel tension rods in anti-rocking bearings should be selected based
on the reference pressure of the bearing and the maximum tension of the designed bear-
ing. First, the maximum tension of the designed bearing and the reference pressure of the
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bearing should be determined according to the design requirements, and an appropriate
steel tension rod should be selected for calculation. The stiffness of the steel tension rod
should be adjusted according to the size of the bearing reaction force. Since actual struc-
tural bearings are more numerous and subject to more complex stresses, multiple adjust-
ments may be necessary.

As a parameter of the result, the vertical displacement of the bearing is affected by
the stiffness of the steel tension rod, the reference pressure of the bearing, and the maxi-
mum tension of the designed bearing, and it cannot be directly controlled.

4. Finite Element Simulation of Bearing

In order to further understand the mechanical characteristics of the bearing, the static

tensile simulation of the bearing was carried out using the finite element analysis software
ANSYS 2021.

4.1. Material of Steel Tension Rods

The material of the steel tension rods is high-ductility special steel, which has high
yield strength and good ductility. The elongation after fracture can reach 67.8% (Table 2).
The mechanical characteristic curve of special steel is shown in Figure 19. Special steel has
high ductility and no obvious necking after fracture. From the characteristic curve, it can
be seen that with the increase in deformation, the stress of the steel increases. In the range
of allowable elongation, the necking phenomenon can be ignored.

Table 2. Comparison of physical and mechanical properties of steel.

Elastic
Steel Yield Ultimate Tensile Elongation af-
1 Modul R k
Steel Category Strength/MPa Strength/MPa ter Fracture/% ((glItla )u y emarks
Special Steel 438.1 994.0 67.8 195 Measured value
Different plate thickness,
Q235B 235 375~460 >26 206 the performance is differ-
ent
1200
1000 r
£ 800 |
2
% 600 r
=
@
400
200 |
0 1 1 1 1
0 30 60 90 120 150

Displacement (mm)

Figure 19. Mechanical characteristic curve of special steel.

4.2. Finite Element Model

Considering that the spring bearing is composed of spring components with the same
parameters in parallel, ignoring the interaction between the spring components, it can be
approximated that the mechanical performance parameters of the spring support are the
sum of the spring components, so the finite element analysis model can only establish a
single spring model. Taking bearing No.162 in the above section’s analysis model as an
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example, the vertical stiffness of the spring is 52,600 kN/m, and the total stiffness of the
steel tension rod is set to 2250 kN/mm. It is assumed that the bearing is composed of 12
independent springs. The vertical stiffness of a single spring is 4383 kN/m, and the stiff-
ness of a single steel tension rod is 188,926 kN/m. Based on these data, a finite element
analysis model was established.

The total height of the finite element model bearing is H, =391 mm, the net length of
the steel tension rod is 300 mm, and the radius is 9.61 mm. The thickness of the upper
flange of the steel tension rod is 20 mm, the radius is 30 mm, the gap between the flange
of the steel tension rod and the inner flange of the cylinder is s =5 mm, the gap with the
side wall of the cylinder is a =5 mm, and the gap with the upper cover plate is = 30 mm;
the thickness of the side wall and the inward flange of the cylinder is 15 mm. The radius
of the joint bearing and the steel tension rod is 19.1 mm, and the radius of the spherical
support shell is 19.6 mm.

In the software, the steel spring is modeled by the spring element combin14, the steel
tension rod and other components are modeled by the solid model, and the steel tension
rod material is selected by the multi-linear elastic model. The elastic modulus is 195E3
MPa, the yield strength is 430 MPa, and the post-yield strength of the steel rod is not con-
sidered (that is, the post-yield stiffness is 0). The yield strength of the remaining parts is
345 MPa. Contact conditions are established between the steel rod and the ball hinge sup-
port as well as the cylinder, and the finite element analysis model is shown in Figure 20.
For the tensile simulation, static displacement loading is applied. The upper cover plate is
loaded step by step to move upward by 20 mm, and the analysis results are observed.

Steel spring

Steel tension rod

Figure 20. Section of finite element analysis model.

4.3. Modeling Results

The bearing’s force—displacement curve is shown in Figure 21, and the bearing’s stiff-
ness—displacement curve is shown in Figure 22, which is essentially consistent with the
force-displacement curve in Figure 21. When the displacement is 5.2 mm, the steel tension
rod begins to work, which may be caused by the gap between the ball hinges of the steel
tension rod.
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Figure 21. Bearing force-displacement curve.
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Figure 22. Stiffness—displacement curve of the bearing.

Figure 23 is the result of bearing displacement, and Figure 24 is the result of element
stress under 20 mm deformation. It can be seen that the steel tension rod reaches the yield
state under 20 mm deformation, and the maximum stress is 430 MPa, but there is no ob-
vious necking phenomenon, which is more in line with the material characteristics of the
special steel itself. Figure 25 shows the stress result of the cylinder under 20 mm defor-
mation. The maximum stress is 235 MPa, which is located at the connection between the
inward flange and the side wall and does not reach the yield state. From the displacement
results of the steel sleeve in Figure 26, it can be seen that the lower flange does not deform
and will not bring a large stiffness change to the support. Figure 27 is the stress result of
the joint bearing under 20 mm deformation. The contact area of the contact position with
the steel tension rod is small, and the stress is large, so special strengthening is needed
here.
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Figure 23. Element displacement results.
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Figure 24. Element stress results.
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Figure 25. Stress results of the cylinder.
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Figure 26. Displacement results of the cylinder.
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Figure 27. Stress results of the joint bearing.

From the above simulation analysis results, it can be seen that the mechanical prop-
erties of the bearing are essentially the same as the theoretical analysis results. For the
cylinder and the joint bearing, it is necessary to calculate and take certain structural
measures to ensure their strength and stiffness.

5. Conclusions

This paper presents an analysis of a new type of anti-rocking bearing, and we ob-
tained the following main conclusions:

(1) The structure of the newly designed anti-rocking support system reduces both the
vertical displacement difference of the isolation layer and the structural rocking angle un-
der seismic action, achieving a certain anti-rocking effect. However, it may lead to a sig-
nificant increase in tensile force in the support system.

(2) The anti-rocking effect of the bearing improves as the stiffness of the steel tension
rods increases, resulting in larger maximum tension values for individual bearings and
total bearing tension. Similarly, a smaller initial clearance of the steel tension rods en-
hances the anti-rocking effect of the bearing. It is crucial to consider the steel spring isola-
tion requirements when selecting the clearance of the steel tension rods.

(3) The new anti-rocking bearing does not impede the horizontal displacement of the
structure during seismic events. Structures equipped with the new anti-rocking bearing
experience an amplification of acceleration under most operational conditions, with an
amplification factor ranging from 0.82 to 1.55. The performance of the new anti-rocking
bearing may exhibit significant variations across different seismic waves.

(4) The stiffness of the steel tension rods should be determined based on the reference
pressure of the bearing and the maximum tension of the bearing. Multiple adjustments
may be necessary to suit the actual placement of the structure.

(5) The material used for the steel tension rods is special steel. Through the finite
element simulation of the bearing, the mechanical properties of the bearing were found to
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be essentially the same as the theoretical analysis results. For the cylinder and the joint
bearing, certain structural measures need to be taken to ensure their strength and stiffness.
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