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1. Introduction

In recent years, with the rapid development of
long-span spatial structure, the stress analysis of its structure
is more and more strict. Joints are an important part of spa-
tial structure and the key to the promotion of spatial struc-
ture [1-2]. Bearing is a kind of joint. As an important com-
ponent connecting the superstructure and substructure, it
can transfer the reaction force of the superstructure to the
substructure, coordinate and release the deformation of the
superstructure [3]. Besides, it is an important factor to real-
ize the assumption of structural boundary and influence the
stability bearing capacity of the structure [4]. Bearing forms
mainly include plate bearing, rubber cushion bearing and
spherical bearing, etc. In recent years, lead-core rubber bear-
ing, high damping rubber bearing and other new energy-dis-
sipating bearings have appeared [5-7]. The spherical bearing
is a new kind of bearing developed on the basis of the basin

type rubber bearing, which belongs to a kind of steel bearing.

Due to the advantages of long service life, large bearing ca-
pacity, flexible rotation, suitable to large angle and large dis-
placement of the beam end [8, 9], spherical bearings are
widely used in highways, bridges and long-span structures
[10, 11]. In recent years, because of its good machining per-
formance, cast steel material is often used as a connector for
joints with large stress and complex structure in spatial
structures (especially special-shaped joints). In foreign
countries, especially in developed countries such as Ger-
many and Japan, cast steel joints have been widely used [12-
14].

Spherical bearing joints in engineering structures
are in a complex stress state, which is controlled by wind
load and earthquake action in addition to gravity load and
temperature action [15]. Under the action of earthquake and
temperature, the bearing may sustain a lot of horizontal
force, while under the action of wind load, the bearing may
withstand great wind suction [7, 16, 17]. However, the tra-
ditional spherical bearing is designed to transfer vertical
load, and its rotational capacity under the action of horizon-
tal force is poor [10 — 13], and its resistance to drawing is
poor under the action of tension. According to the disaster
statistics of Wenchuan and Lushan earthquakes, bearing
joints may fracture and fail during earthquakes due to the
reciprocating effects of complex stresses such as bending,
shear and tension [18]. And fatigue fracture is one of the
main failure modes. Therefore, it is very important to study
the mechanical properties of spherical bearing joints under
static loads and the fatigue life under cyclic loads.

At present, there are few studies on the fatigue per-
formance of spherical bearings. He [3] analyzed the fatigue
life of a railway spherical bearings by finite element soft-
ware ANSYS and fatigue software FEMFAT, and obtained
the fatigue life of the bearings under actual working condi-
tions. Liu [19] predicted and analyzed the service life of a
light rail bearing by the combination of finite element sim-
ulation and test, and the results verified the rationality of the
finite element method and the fatigue life of the bearing met
the design requirements. He et al. [20] studied the fatigue
temperature effect of a lead-core rubber bearing through cy-
clic loading test, and found that the temperature change
caused by fatigue temperature effect of the bearing was pro-
portional to the initial yield stress and inversely proportional
to the bearing height. Tie [21] evaluated the service life of
rubber and steel bearings of a bridge through finite element
software ANSYS, and concluded that the recommended ser-
vice life of rubber bearings is 50 years, and the steel bear-
ings can work normally in their design life. In addition, Wu
[18], Wang [22], Wang [23] et al. studied the fatigue of the
anchor bolt of the bearing joints by means of tests. Thus, it
can be seen that most research on the fatigue life of bearings
is focused on railway and bridge bearings. The mainly stud-
ied bearings are rubber bearings, and most of them adopt the
experimental research method, which has a long period,
harsh test conditions and large cost. By using finite element
software to simulate the fatigue performance of the bearing
in working state, the reliability of the test can be verified,
and a convenient method for fatigue life estimation of the
bearing is provided.

In this paper, the finite element software ABAQUS
will be used to study the static performance of a large cast
steel spherical bearing, and on the basis, the fatigue life
analysis of its each component will be mainly carried out by
the fatigue software.

2. Basic structure of the spherical bearing

The traditional spherical bearing is composed of
upper bearing plate (including stainless steel plate), planar
PTFE plate, spherical PTFE plate and dustproof structure,
etc. The sliding between the planar PTFE plate and the stain-
less-steel plate of the upper bearing plate can meet the dis-
placement needs of the bearing, and the rotation function is
realized by the sliding between the spherical crown liner
plate and spherical PTFE plate [24].

Considering the requirements of the pull-out re-
sistance and rotation performance of the bearing, based on
the traditional spherical bearing, an improvement is



proposed in this paper. Four wedge-shaped parts are used to
make the upper and lower bearing plates butt (as shown in
Fig. 1), which effectively improves the pull-out ability of the
bearing. At the same time, a rotation angle of 0~3° is al-
lowed between the upper bearing plate and the ball core, and
the rotational ability of the bearing is also improved, as
shown in Fig. 2.
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a) upper bearing plate b) ball core c) lower bearing plate

Fig. 1 Diagram of each part of the bearing

Fig. 2 Diagram of spherical bearing rotation angle
3. Static performance of the spherical bearing structure
3.1. Finite element model
3.1.1. Geometric dimensions and material properties

The spherical bearing 3D model was established in
CAD and imported into ABAQUS for finite element analy-
sis. The dimensions of each part of the bearing are shown in
Fig. 3. The design basis of the spherical bearing is the Code
for Seismic Design of Buildings (GB50011-2010) [25],
Structural Design Standard (GB50017-2017) [26], Tech-
nical Code for Application of Cast Steel Joints (CECS
235:2008) [27] and Spherical Bearing for Building Steel
Structure (GB/T32836-2016) [28].
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Fig. 3 Spherical bearing size

Cast steel G20Mn5QT is selected as the material
for each part of the spherical bearing. The test results in the
reference [29] are adopted as the mechanical property pa-
rameters. And the material constitutive relationship adopts
the double broken line constitutive model, with elastic mod-
ulus E = 2.17x103 MPa, yield strength o, = 503.7 MPa and
ultimate strength f, = 624.5 MPa. At the position where the
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ball core is in contact with the upper and lower bearings,
lubricating oil will be applied to reduce wear, and special
wear resistant material will be added to solve the loosening
compensation caused by wear.

3.1.2. Model building and unit division

The finite element model is established as shown
in Fig. 4, with a total of 33,376 nodes. The contact part be-
tween the lower bearing plate and the upper bearing plate
adopts C3D4 element, with a total of 8,320, and the other
parts adopts C3D8R element, with a total of 25,472. The
minimum element size is 3.6 mm, and the mesh division of
the whole bearing is shown in Fig. 5.

Fig. 4 Finite element model of Fig. 5 Meshing diagram
the spherical bearing

3.1.3. Contact and constraint settings

Considering that the upper bearing plate, the lower
bearing plate and the ball core are not completely fixed in
the actual working state, sliding and rotation are allowed. So
the surface-to-surface contact method is adopted in
ABAQUS to constrain it and simulate its actual working
state [30]. The form of fixed constraint is adopted at the bot-
tom of the lower bearing plate, and the vertical pressure,
vertical tension and horizontal shear force are applied to the
upper bearing plate in the form of surface load.

3.1.4. Load condition

According to the actual working state of the spher-
ical bearing, the following four working conditions are de-
termined.

1. Working condition 1: 3400 kN vertical pressure;

2. Working condition 2: 1000 kN vertical tension;

3. Working condition 3: 3400 kN vertical pressure and
800kN horizontal shear force in X or Z direction;

4. Working condition 4: 1000 kN vertical tension and
800 kN horizontal shear force in X or Z direction.

3.2. Results and analysis

Through modeling in the software of ABAQUS
and define material, adding boundary conditions and loads,
stress results of the bearing can be obtained under the above
loads.

The maximum stress and its position of the bearing
under the working conditions 1 and 2 are shown in Table 1.

It can be seen from Table 1 that, under the same
vertical pressure, with the increase of the rotation angle of
the upper bearing plate, the maximum stress of the bearing
also gradually increases, and the position of which is at the
ball core. Under the action of the same vertical tension,
when the rotation angle of the upper bearing plate is 2°, the
maximum stress of the bearing is the largest, and located at
the lower bearing wedge-shape region.

Under the action of working condition 3, the max-
imum stress and its position of the bearing are shown in Ta-
ble 2.
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Table 1

Stress and position of the bearing under working conditions 1 and 2

Working condition Vertical pressure Vertical tension
Angle The maximum stress /MPa | Location | The maximum stress /MPa Location
0° 43.56 445.5
1° 450.5 Ball core 504.8 Lower bearing wedge
2° 504.8 505
3° 505 238.3 Upper bearing wedge
Table 2
Stress and position of the bearing under working condition 3
orking condition Pressure and shear forces in the X direction Pressure and shear forces in the Z direction
Angle The maximum stress /MPa Location The maximum stress /MPa Location
0° 513.4 Lower bearing wedge-shape 510.9
1° 4923 5117 Lower bearing
2° 492 Ball core 517.5 Wedge_shape
3° 487.9 522.5

As can be seen from Table 2, under the same com-
bined action of vertical pressure and X-direction shear force,
the maximum stress of the bearing gradually decreases with
the increase of the rotation angle of the upper bearing plate,
and the position of the maximum stress of the bearing
mostly occurs at the ball core. Under the combined action of
the same vertical pressure and the Z-direction shear force,

the maximum stress of the bearing increases with the in-
crease of the rotation angle of the upper bearing plate, and
the position of the maximum stress of the bearing is all the
wedge-shaped part of the lower bearing.

Under the action of working condition 4, the max-
imum stress and its position of the bearing are shown in Ta-
ble 3

Table 3

Stress and position of the bearing under working condition 4

Working condition | Tension and shear force in the X direction Tension and shear force in the Z direction
Angle The maximum stress /MPa Location The maximum stress /MPa Location
0° 433.5 Upper bearing 435.9 Unper bearin
1° 554.5 wedge-shape 502.2 V\f’e% gl eg
2° 399.1 . 444.9 ge-shap
Lower bearing Lower bearin
3° 245.1 wedge-shape 399.9 g
wedge-shape

According to Table 3, it can be concluded that un-
der the same combined action of vertical tension and X-di-
rection shear force, the maximum stress of the bearing ap-
pears in the case of the upper bearing plate rotation angle of
1°, and the position is the wedge-shaped part of the upper
bearing. Under the same combined action of tensile force
and the shear force in the Z-direction, the maximum stress
of the bearing also appears in the case that the rotation angle
of the upper bearing plate is 1°, and the position is the
wedge-shaped part of the upper bearing.

Under vertical pressure, the force is mainly exerted
by the ball core. Because of the deflection of the upper bear-
ing plate, the contact area between the ball core and the up-
per bearing plate becomes smaller, so the stress increases.
Under the vertical tension, according to the force transmis-
sion mechanism of the bearing, the force is mainly exerted
by the wedge parts. With the increase of the deflection angle,
the stress on the deflection side increases gradually. Under
the action of vertical pressure and shear force, the wedge-
shaped parts of the upper and lower bearings contact be-
cause of the existence of shear force.So the maximum stress
does not only appear at the ball core. Under the combined
action of vertical tension and shear force, the existence of
deflection angle will be adjusted by the ball core, so the
maximum stress is less than the undeflection angle.

4. Fatigue life of spherical bearing structure

The finite element stress calculation results ob-
tained by ABAQUS in the previous section were imported
into the fatigue software for fatigue life analysis. And the
fatigue attributes, algorithm and load of the bearing were set,
and then the fatigue calculation results were imported into
ABAQUS for post-processing analysis.

4.1. Parameters definition
4.1.1. Fatigue attributes

Correct definition of material fatigue attributes is
one of the necessary conditions for fatigue life prediction
analysis. The accuracy of material fatigue attributes directly
affects the accuracy of fatigue analysis. The model of the
spherical bearing is made of cast steel. In order to get accu-
rate fatigue properties, the required materials can be defined
in fatigue software. G20Mn5Qt in the material library is se-
lected as the cast steel material, which contains information
such as yield strength, ultimate strength, elastic modulus,
Poisson's ratio, and the corresponding S-N, &-N curves.

4.1.2. Fatigue algorithm

In the fatigue simulation, it is necessary to choose
the appropriate fatigue algorithm. The fatigue algorithms in



the software include biaxial strain fatigue, biaxial stress fa-
tigue, uniaxial fatigue and advanced fatigue. Considering
that Brown Miller method in biaxial strain fatigue can obtain
relatively accurate results for ductile metals and can provide
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multi-axis elastoplastic correction when elastic stress is used.

Therefore, it is used in this paper to effectively avoid calcu-
lation errors.

4.1.3. Fatigue load

When the load input of fatigue analysis is carried
out, the node stress results of unit load should be first input,
and then it should be taken as the time load history and mul-
tiplied by the corresponding load history coefficient. In this
paper simulated the fatigue life of the spherical bearing un-
der four working conditions were simulated, namely pres-
sure cyclic load, tension cyclic load, pressure-shear cyclic
load, and tension-shear cyclic load. Therefore, when setting
the load history coefficient, the selected coefficients are 1, 0
and 1. The load spectrum is shown in Fig. 6.
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Fig. 6 Load spectrum
4.2. Results and analysis
4.2.1. Vertical pressure action

The stress results of working condition 1 were im-
ported into the software for fatigue life calculation. Taking
the rotation angle of 1° as an example, the calculation result
is shown in Fig. 7.

T

¢) lower bearing plate

Fig. 7 Fatigue life cloud diagram of the bearing under vertical pressure

As can be seen from Fig. 7, under the action of ver-
tical pressure, when the rotation angle is 1°, the position of
the lowest fatigue life of the bearing is the blue position of
the ball core, that is, the area where fatigue failure occurs
first, which is consistent with the result of the maximum
stress calculation. The fatigue life of this position is
10°4%3=304088 times. The fatigue life of the upper bearing

plate and the lower bearing plate is close to the "infinite life".

The maximum fatigue life limit set for cast steel material is
10E7=10 million times.

When the upper bearing plate tilt occurs at 0°, 1°,
2° and 3°, the minimum fatigue life is "infinite life", 103483=

a) upper bearing plate

304800 times, 1054%°= 309029 times and 1034%8= 307609
times, respectively. And the location of the occurrence is at
the ball core, which is consistent with the results of the max-
imum stress position.

4.2.2. Vertical tension action

The stress results of working condition 2 were im-
ported into the software for fatigue life calculation. Taking
the rotation angle of 1° as an example, the calculation result
is shown in Fig. 8.

w e v

b) ball core

c) lower bearing plate

Fig. 8 Fatigue life cloud diagram of the bearing under vertical tension



As can be seen from Fig. 8, under the action of ver-
tical tension, when the rotation angle is 1°, the lowest fa-
tigue life of the bearing is at the wedge-shaped position of
the lower bearing plate, which is also the first area where
fatigue failure occurs. The fatigue life of this position is
10548=308318 times. The lowest fatigue life of the upper
bearing plate is 10°74=941889 times, which appears in the
wedge-shaped part. Due to the small force on the ball core
under the vertical tensile force, the fatigue life of the ball
core is close to the "infinite life".

When the upper bearing plate tilt occurs at 0°, 1°,
2° and 3°, the minimum fatigue life is 103%%3=781627 times,

a) upper bearing plate

194

b) ball core

1054%9=308318 times, 10347=95940 times, and "infinite
life", respectively. And the location of the occurrence is
wedge-shaped region of the lower bearing plate, which is
consistent with the results of the maximum stress position.

4.2.3. Combined action of pressure and shear

The stress results of working conditions 3 were im-
ported into the software for fatigue life calculation. Taking
the rotation angle of 1° as an example, the calculated results
are shown in Figs. 9 and 10.

¢) lower bearing plate

Fig. 9 Fatigue life cloud diagram of the bearing under pressure and X-direction shear force

As can be seen from Fig. 9, under the combined
action of vertical pressure and X-direction shear force, when
the rotation angle is 1°, the lowest fatigue life of the bearing
is at the blue position of the ball core, which is the area
where fatigue failure occurs first. The fatigue life of this po-
sition is 10°°!4=326587 times. The fatigue life of upper and
lower bearing plates is close to "infinite life".

. %

a) upper bearing plate

According to Fig. 10, under the combined action of
vertical pressure and Z-direction shear force, when the rota-
tion angle is 1°, the position of the lowest fatigue life of the
bearing is the wedge-shaped part of the lower bearing, and
the fatigue life of this part is 10°1%4=156314 times. The min-
imum fatigue life of the upper bearing plate is
103-249=173780 times, which occurs at the root of the wedge-
shaped position. The minimum fatigue life of the ball core
is 10°347=222330 times, which occurs at the part in contact
with the lower bearing plate.

When the upper bearing plate tilt occurs at 0°, 1°,
2° and 3°, the minimum fatigue life of the bearing is

b) ball core

Fig. 10 Fatigue life cloud diagram of the bearing under pressure and Z-direction shear force

When the upper bearing plate tilt occurs at 0°, 1°,
2° and 3°, the minimum fatigue life is 10>13=134896 times,
10°°14=326587  times ,10°°'7=328851 times and
10°48=305492 times, respectively. When the rotation angle
is 0°, the first fatigue failure occurs at the wedge-shaped part
of the lower bearing plate. At other rotation angles, the first
failure occurs at the ball core, which is consistent with the
calculation results of the maximum stress.

c) lower bearing plate

10>2%=171790 times, 10°'**=156314 times, 10°'#=152405
times and 10°23'=170215 times, respectively. The first place
where fatigue failure occurs is the lower bearing wedge-
shape, which is consistent with the position of the calculated
maximum stress.

4.2.4. Combined action of tension and shear

The stress results after the working condition 4
were imported into the software for fatigue life calculation.
Taking the rotation angle of 1° as an example, the calculated
results are shown in Fig. 11 and Fig. 12.



a) upper bearing plate
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b) ball core

c¢) lower bearing plate

Fig. 11 Fatigue life cloud diagram of the bearing under tension and X-direction shear force

As can be seen from Fig. 11, under the combined
action of vertical tension and X-direction shear force, when
the rotation angle is 1°, the position of the lowest fatigue life
of the bearing is at the wedge-shaped part of the upper bear-
ing plate, which is the area where fatigue failure occurs first.
The fatigue life of this position is 10>2%3=171001 times. The
minimum fatigue life of the lower bearing plate is
10%2%=199067 times, which occurs at the wedge-shaped po-

a) upper bearing plate

b) ball core

sition. For the ball core, its fatigue life is "infinite life".

When the upper bearing plate respectively occurs
0°, 1°, 2°, 3° tilts, the minimum fatigue life is 10°7%=
512861 times, 10°2= 171001 times, 10%2%2= 1836538
times and "infinite life", respectively. The position occurs at
the upper bearing plate wedge-shaped position, the upper
bearing plate wedge-shaped position and the lower bearing
plate.

¢) lower bearing plate

Fig. 12 Fatigue life cloud diagram of the bearing under tensile and Z-direction shear force

According to Fig. 12, under the combined action of
vertical tension and Z-direction shear force, when the rota-
tion angle of the upper bearing plate is 1°, the position where
the lowest fatigue life of the bearing occurs is the wedge-
shaped part of the upper bearing plate, and the fatigue life at
this position is 10336°=363078 times. The minimum fatigue
life of the lower bearing plate is 10367°=467735 times,
which occurs at the wedge-shaped position corresponding to
the upper bearing plate. The fatigue life of the ball core is
close to "infinite life" because of the small stress.

When the upper bearing tilts 0°, 1°, 2° and 3°, the
minimum fatigue life is 10°778=599791, 10°3%=363078,
1057%=625172 and 10°>#15=653130 times, respectively. The
location of the occurrence is respectively the upper bearing
wedge position, the lower bearing wedge position, the upper
bearing wedge position and the lower bearing wedge posi-
tion.

5 .Conclusions

According to this study, the following conclusions
can be drawn:

Under vertical pressure load, when the rotation an-
gle of the upper support plate is 1°, the minimum fatigue life
of the bearing is the smallest, compared with 1°, when the
rotation angle is 2°, 3°, the proportion of the minimum fa-
tigue life increase is 1.4%, 0.9%.When the rotation angle of
the upper bearing plate is 0°, the fatigue life is close to the
"infinite life".

Under vertical tension load, when the rotation an-
gle of the upper bearing plate is 2°, the minimum fatigue life
of the bearing is the smallest. Compared with 2°, when the
rotation angle is 0° and 1°, the proportion of the minimum
fatigue life increase is 714.7% and 221.3%, respectively.
When the rotation angle is 3°, the fatigue life is close to the
"infinite life".

Under the vertical pressure and shear force in the
X direction, the minimum fatigue life of the upper bearing
plate is increased when it is inclined. Compared with 0°,
when the inclination angle is 1°, 2° and 3°, the proportion of
the minimum life improvement is 142.1%, 143.7% and
126.4%, respectively. Under vertical pressure and shear
force in the Z direction, the minimum fatigue life occurs
when the rotation angle is 2°, and the minimum fatigue life



increases by 12.7%, 2.5% and 11.6% when the rotation an-
gle is 0°, 1° and 3°, respectively.

Under the vertical tension and shear force in the X
direction, when the rotation angle of the upper bearing plate
is 1°, the minimum fatigue life of the bearing is the smallest.
Compared with 1°, when the tilt Angle is 0° and 2°, the pro-
portion of the minimum fatigue life is 199.9%, 973.9%.
When the rotation angle is 3°, the fatigue life is close to the
"infinite life". Under the vertical tension and shear force in
the Z direction, when the rotation angle of the upper bearing
plate is 1°, the minimum fatigue life of the bearing is the
smallest. Compared with 1°, when the rotation angle of the
upper bearing plate is 0°, 2° and 3°, the proportion of the
minimum fatigue life is 65.1%, 72.1% and 79.8%, respec-
tively.
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Y. Fu, H. Wang, Y. Fu

STUDY ON THE FATIGUE OF A SPHERICAL
BEARING UNDER DIFFERENT LOADING
CONDITIONS CONSIDERING ROTATION
EFFECT

Summary

In order to study the fatigue life of a large spherical
bearing under actual working conditions, the finite element
software ABAQUS was firstly used to establish the spheri-
cal bearing model and simulate the mechanical properties of
the bearing at different rotation angles under four working
conditions of pressure, tension, pressure shear, and tension
shear. And the stress characteristics under the corresponding
working conditions were obtained. On this basis, the stress
results were imported into the fatigue analysis software, and

o
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the fatigue life of each component of the spherical bearing
was calculated under the four working conditions. The re-
sults show that: the rotation angle of the upper bearing plate
has obvious influence on the maximum stress of the bearing
under various working conditions. The maximum stress is
554.5 MPa and locates in the wedge-shaped region of the
lower bearing plate under the working condition of the joint
action of tension and X-direction shear force, and when the
rotation angle of the upper bearing plate is 1°. In other work-
ing conditions, the maximum stress of the bearing mostly
occurs in the wedge-shaped position of the upper and lower
bearing plates. The influence of the rotation angle of the up-
per bearing plate on the minimum fatigue life of the bearing
shows the same trend as the influence on the maximum
stress. The minimum fatigue life is 13,000 times and locates
in the wedge-shaped region of the lower bearing plate under
the working condition of the joint action of tension and X-
direction shear force, and when the rotation angle of the up-
per bearing plate is 1°. In other working conditions, the low-
est fatigue life of the bearing is also mostly found in the
wedge-shaped area of the upper and lower bearing plates.
So, the wedge-shaped area should be strengthened in the de-
sign.

Keywords: spherical bearing, finite element analysis, static
performance, fatigue life.
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