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Abstract

The bearing was a key component of the mining machine tire unloader machine and was
subjected to random multiaxial stress during operation. Therefore, the life prediction of
bearing was of safety guidance. In this paper, a bearing life prediction method based on the Published: 28/04/2023
critical plane method under multiaxial random loading was proposed. Firstly, a virtual .

prototy:))e model was built based on the actual working condllzcioﬁs of the tirg unloader Accepted: 25/04/2023
machine to obtain the time load history of the bearing. Transient dynamic analysis of the DOI:

bearing was carried out to obtain the triaxial stress-strain time histories at the hazardous 10.23967/j.rimni.2023.04.005
locations of the bearing. A new coordinate system was established using the hazard node as
the coordinate origin, and the location of the critical plane was searched for based on the
critical plane multiaxial fatigue theory, combined with the maximum shear strain amplitude
on the critical plane for multi-axial rain flow cycle counting to obtain the damage amount in
each direction. At the same time, the life calculated from the maximum damage amount
was used as the final life, resulting in a cycle count of the bearing of 268,303 cycles and a
duration of 1490.58h. The results of this study could be used as a guide to predict the
service life of the bearing in large machinery subjected to multiaxial random stress
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conditions.

1. Introduction

While the machinery industry is gradually developing, rolling
bearings are widely used in complex rotating machines and
systems such as motors, ships and robots. The rolling bearing is
one of the most widely used components in modern machinery,
which relies on rolling contact between the main elements to
support the rotating parts. According to statistics, around 30%
of rotating machinery failures are caused by rolling bearing
failures. Therefore, condition monitoring and life prediction of
the rolling bearing is essential for the proper functioning of
rotating machinery.

The rolling bearing is the core component of a giant mining tire
unloader machine, which is often subjected to complex multi-
axial cyclic loads during service. This poses a serious challenge
for the accurate prediction of fatigue life. As production
progresses and time accumulates, the bearing's performance
and health status will weaken under the action of multiaxial
stress. If computer simulations are used to simulate the actual
loading of the bearing before it enters service, multiaxial fatigue
life prediction can be carried out on the bearing before it
becomes dangerous to replace it to ensure the production
schedule of the company as well as to prevent the safety of the
company's personnel and property from being endangered.

Bearing life is an important indicator of the performance of a
rolling bearing. The bearing fatigue life prediction models can
be categorized into engineering models, traditional statistical
life prediction models and state detection-based data prediction
models according to the characteristics and applications of
rolling bearing life. driven models. Engineering models include
the Lundberg-Palmgren (L-P) model [1], the Ioannides-Harris (I-

H) model [2] and the Zaretsky model [3]. In 1947, Lundberg and
Palmgren [1] proposed the L-P theory based on the subsurface
orthogonal tangential stress and combined it with the Weibull
distribution function, which became the basis of rolling bearing
life prediction. At this stage, scholars have modified the
traditional L-P theory formulation according to practical needs.
Yakout et al. [4] used the modal experimental method to find
out the frequency response function graphs of four different
bears, solved the dynamic characteristics of the bearing (natural
frequency and modal vibration pattern) by the first vibration
mode, and solved the actual equivalent dynamic load of the
bearing by the dynamic characteristics. The fatigue life of the
bearing was then solved by parameter revision according to the
L-P theory. Gupta et al. [5] compared the L-P model with the
Zaretsky model and the Zaresky model predicted a higher
bearing life at lower loads. As the load increased the Zaresky
model's sensitivity to load resulted in a dramatic decrease in the
predicted life. Klebanov et al. [6] modified the L-P model and the
Zaretsky model based on the concept of dynamic stress
capacity, using 32220bearing as an example. Comparing the
stability results of the shear stress life index of the two models
showed that the improved L-P model had higher validity
characteristics. Cheenady et al. [7] proposed a new perspective
on the use of plastic stress fields in bearing life prediction
compared to the traditional L-P, I-H and Zaretsky models, and
introduced two probabilistic models based on the Dang Van
criterion to compare with the traditional models applying elastic
stress fields. The results show that the bearing life prediction
considering the plastic stress field is more accurate. Lei et al. [8]
developed a bearing residual use life prediction method based
on a stochastic process model and demonstrated the accuracy
of the method by simulating the degradation process and
accelerated degradation tests using bearing. One disadvantage

Correspondence: Jingxiu Ling (ljxyxj@163.com), Li Haoyu (1257264616@qq.com). This is an article distributed under 1

the terms of the Creative Commons BY-NC-SA license



SCUIPEDIA

J. Ling, L. Haoyu, Q. Wang and L. Cheng, Bearing life prediction based on critical interface method under multiaxial
random loading, Rev. int. métodos numér. célc. disefio ing. (2023). Vol. 39, (2), 11

of using both engineering-based models and traditional
statistical life prediction models is that the selection of equation
parameters greatly affects the accuracy of life prediction results.
At the same time, due to the development of intelligent
bearings, it is not necessary to determine the parameters
needed for the engineering model, but rather to directly signal
the vibration of the bearing by means of sensors. As a result, a
number of data-driven bearing life prediction models based on
state detection have emerged. Depending on the class of
signals collected by the sensors, the data-driven approach is
divided into a bearing degradation phase and a bearing using
life prediction phase [9]. Many scholars have done in-depth
research on data-driven methods [10-12]. For example, Cao et
al. [13] used interval whitening methods to reduce the
disturbance from non-smooth runs, constructed a remaining
lifetime model for bearing by Gaussian process algorithm and
compared it with support vector regression methods and
artificial neural network methods. The prediction accuracy of
the method was improved by more than 65.8%. Gao et al. [14]
established a new health index and bearing degradation state
model by extracting the time domain features of bearing
vibration signals. Wu et al. [15] used the algorithm called vanilla
LSTM neural network to obtain more accurate bearing life
prediction results compared to traditional RNN and GRU in
complex operating conditions. However, the data-driven
bearing life prediction model also has disadvantages, such as
errors in the data collection process, improper handling and
uncertainties in the nature of the bearing material. At the same
time, there are shortcomings in the experimental conditions
themselves. Due to the complexity of the bearing practical
application process and the limitations on data transfer and
storage, it is not possible to carry out effective data acquisition
of the bearing vibration process.

Bearing fatigue damage mostly occurs in the multiaxial stress
state, and most critical structural components in major
equipment in service in aerospace, transportation and robotics
are subjected to complex multi-axial loads, and the accuracy of
their life prediction affects the detection and safety of critical
equipment in service [16-20]. There are three methods for
multiaxial fatigue analysis: the equivalent effect variation
method [21-24], the energy method [25-29] and the critical
interface method [30-34]. The equivariance method is simple
and only applies the uniaxial tension-compression fatigue
model to the prediction of multiaxial fatigue life, and the
relationship between equivariance and life lacks a physical
basis, as it does not take into account the influence of the
loading path and the additional strengthening of the material
during the stress cycle. As a result, the prediction accuracy of
the equivalent effect method under non-proportional loading
conditions is low. The energy method was first proposed by
Feltner and Morrow [35] in 1961, who argued that with each
cycle of stress cycling, a plastic work is accumulated, which
leads to irreversible damage to the part and ultimately to
fatigue failure. The accumulation of plastic work leads to
irreversible damage of the part and ultimately to fatigue failure.
The critical interface method was developed by Brown and
Miller [36] in 1973, after extensive fatigue life experiments,
when they concluded that two stress-strain parameters were
required for multiaxial fatigue life prediction of parts. critical
interface method. The key to the critical interface method is to
determine the location of the critical plane and to record the
damage parameters at the critical plane for fatigue life
prediction by selecting the corresponding intrinsic structure
model.

In this thesis, a 61918 deep groove ball bearing on a giant
mining tire unloading machine is studied as a concrete
example. In this paper, a virtual prototype model of the bearing
is developed to simulate the actual operating conditions of the
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bearing and to collect the time load history of the bearing in the
absence of vibration signal measurement equipment. Then, the
stress and strain histories at the hazardous locations of the
bearing are identified through transient dynamic simulation,
and the coordinate system is established using this point as the
origin of the coordinates, and the plane of maximum shear
strain with maximum positive strain is used as the criterion for
the critical plane search. The Wang-Brown cycle counting
method is used to predict the critical plane orientation and
fatigue life of the bearing based on complex multi-axial loading
situations.

2. Multiaxial fatigue life prediction model based
on critical plane method

This section begins with a review of the method for determining
the critical plane. The first step is to determine the dangerous
part of the bearing as the fatigue initiation point based on the
load time history of the bearing under actual operating
conditions. Next, the exact location of the critical plane and the
stress-strain history on its face is determined by combining the
critical plane method with the weight function method. It is
then counted by the multi-axis rain flow counting method. The
damage of a single cycle of bearing is predicted by combining
the Manson-Coffin equation, and finally the damage is
accumulated according to the damage accumulation criterion to
complete the life prediction.

2.1 General stress-strain state of arbitrary plane

According to elastodynamics, the general stress state of the
micro-element is divided into six stress components 0y, gy, 0z,
Txy, Txz, Tyz, @S shown in Figure 1. Determining the critical plane
begins by comparing the magnitude of the general stress-strain
in an arbitrary plane, which is generally obtained by rotation of
the standard Cartesian coordinates. The principle of coordinate
rotation is to first determine that the new coordinate axis is
perpendicular to the currently determined plane and that the
other two coordinate axes are parallel to the determined plane,
as shown in Figure 2. xoy is assumed to be the free surface of
the material and ABC is the new plane, perpendicular to ABC,
where ¢ is the angle between the projection of x'in the xoy
plane and x. 8 is the angle between the x' and z axes. The
transformation between the new coordinates and the original
coordinates can be expressed as the directional cosine about ¢
and 6. The directional cosines of the new coordinates to the
original coordinate system are shown in the Table 1.
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Figure 1. Stress component in the general state

Figure 2. Stress in an arbitrary plane

Table 1. Cosine of the direction between the new and original coordinates
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The relationship between the stresses in the new coordinate
system and the transformation of the stresses in the original
coordinate system can be expressed as follows:
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As with the stress state, the general strain state of a tiny unitary
body is divided into six components, €x, €y, €2, Yxy, Vxz: Vyz. The
strain state in either plane is obtained by rotating the co-
ordinate system in the same principle as the stress state, using
the directional cosine of ¢ and 0 to represent it. The strain in
the new c-ordinate system can be expressed as follows in
relation to the strain transformation in the original c-ordinate
system
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2.2 Selection of critical
parameters

surfaces and damage

For multiaxial fatigue damage calculations, the most widely
used method is the critical surface method. The criterion for
selecting the critical surface is to find the maximum shear strain
plane with the maximum normal strain. For multi-axial loading
time histories, the maximum shear strain plane with the
maximum positive strain is found as the critical plane by varying
the orientation angle, and the stress-strain history on the critical
plane is calculated. Next, the stress-strain history at the critical
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plane is converted into a single cycle fatigue damage quantity
based on a specific fatigue damage model. Finally, damage
accumulation is carried out according to the damage
accumulation criterion to complete the bearing life prediction.

Under random multi-axial loading conditions, it is known from
the  shear-strain reciprocity  theorem that mutually
perpendicular planes have the same maximum shear strain
amplitude. Therefore, there is not a single plane within the
material that has the maximum shear strain. At this point it is
necessary to compare the maximum positive strain to select the
critical plane, which determines the critical plane orientation
angle (¢, 0cr) at this point in time. From the critical angle at
each moment the shear strain at the critical plane at each
moment can be determined, i.e. Yy, for that moment. The
weights at that moment are determined by combining the
Manson-Coffin equation to calculate the damage value at that
moment. A weighted average of the critical angle is then
calculated using the weight function method to calculate the
weighted critical angle. The shear strain, positive strain and
positive stress in the critical plane after weighting are
determined. The equations for the maximum shear strain yp.
and the critical angle (¢, 6cr) are shown below:

0;
Ymax(t) = 1.3ff (2N, ) + 1.5¢5 (2N ) @)

Vmax < CTfl/G

0
W (t) ={ ()

D(t) VYmax2CT4/G
Iy
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4
Iy
Ocr =%;emwm @)
Iy
Per =%Z¢(t)wu) ®
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where D (t) is the damage value corresponding to the critical
plane at each moment, and W(t) is the weight value
corresponding to the damage at that moment. The critical plane
orientation angles at different moments are weighted and
summed according to the weights to obtain the weighted
critical angles ¢, and Bcr. 0y is the fatigue strength factor and
€ is the fatigue ductility index. The physical significance of b
and c is the fatigue strength index and the fatigue ductility
index, as well as Ny is the value of life under uniaxial fatigue.
The weight function is used to characterize the contribution of
the potential angle of the maximum normal strain with the
maximum shear strain amplitude at each moment to the
potential angle of the critical plane for the entire load history.
The critical plane for the entire load history is obtained by ty
-weighted averaging of planes of maximum normal positive
strain with the same maximum shear strain amplitude.

The multiaxial fatigue damage model used in this paper is the
Wang-Brown model. The Wang-Brown model takes into account
the additional strengthening effect due to the rotation of the
plane where the maximum shear strain is located, and
introduces positive stresses and strains in the plane where the
maximum shear strain is located in the parameter control. The
expressions of the model are as follows:
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where Ayy.4/2 is the maximum shear strain amplitude; E is the
bearing steel modulus of elasticity; Ny is the fatigue life; 0n mean
is the average positive stress within the critical surface shear
strain cycle; e; is the normal positive strain variation between
two adjacent maximum shear strain return points on the critical
plane; v is the bearing steel Poisson's ratio. The multi-axial
parameter S can be determined from the tensile and torsional
fatigue limits as in Eqgs.(4)-(11)

1-v

s=2(gt-05) 12y (11)

where 7_; and o_; are the torsional and tensile limits of the
material. Multiaxial fatigue has the parameter values shown in
the Table 2.

Table 2. Multiaxial fatigue parameter value

TG |b|c
2425(-0.0087]0.59(-0.58(0.8

2.3 Multiaxial cycle counting

The basic idea of the multi-axis rainfall counting method is to
calculate the main parameters by means of rainfall counting.
The calculation of the auxiliary parameters is then completed by
using the counting cycle for the primary parameter to
correspond to the counting cycle for the secondary parameter.
The main parameter of the critical plane is the maximum
magnitude of the shear strain in the critical plane, and the
number of positive stresses and positive strains within the
shear strain cycle is determined by the shear strain cycle. The
principle of multi-axis rainfall counting is shown in Figure 3. 2-3-
2'is a course of shear strain cycle counts, the middle point is
known as the cut-off point and the cycle is picked by comparing
the amplitudes by moving back from the previous point. The
distance 2'-3 in the figure is the maximum shear strain
amplitude. The positive strain variation and the average positive
stress are also determined within the corresponding cycle.

3. Simulation analysis

3.1 Bearing load history acquisition

The complete machine of tire unloader machine is shown in
Figure 4. Using the modelling software, a 3D model of the tire
unloader machine is created and the components of the tire
unloader machine are shown in the Figure 5. The 3D model of
the tire unloader machine is imported into the dynamics
software, and the relevant constraints and loads are added
according to the actual working conditions to establish a virtual
prototype model of the tire unloader system. The whole
mechanism of the tire unloader machine is mainly based on the
rotating sub-assemblies. The rotating sub-assemblies are
applied to the hinge of the connecting rod and the rotating
joints of the clamp plate and the ro'scker arm. The fixed ring is
fixed to the fixed ring, and the rotating connection is applied
between the guide wheel and the guide wheel shaft. The virtual
prototype model of the tire unloader machine is shown in
Figure 6. The tires unloaded by the giant mining tire unloader
machine weigh up to 6 tonnes. After the tires have been shaped
once, they need to be clamped and fixed by the unloader and
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Figure 5. Schematic diagram of tire unloader machine parts

Figure 3. Schematic diagram of a single cycle of the multi-axis rainfall counting
method

turned 90° for transport, where the mechanical arm is subjected
to downward inertia forces. A dynamic simulation of the tire
unloader as a whole was carried out, and the three-way load
history at the lowermost mechanical arm of the unloader
bearing was obtained by applying constraints and loads
according to the above working conditions, as shown in Figure 7
. The bearing is fixed in the outer ring under working conditions
and is pressed on one side, where it is subjected to axial forces
in the z -direction, transverse forces in the y -direction and
vertical forces in the x -direction. The bearing exists in pairs, so
when analyzing the forces on a single bearing, the transverse
and vertical forces are half of the load history and the axial
force remains unchanged.

Figure 6. Tire unloader machine virtual prototype model
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Figure 7. Load time history of bearing under actual load

3.2 Comparative verification

Figure 4. The physical diagram of mine tire unloader machine

In order to verify the rationality of the load time history results,
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the convolution neural network is used to identify the real-time
output torque proportional coefficient of the tightening motor
on the control panel when the tire unloader machine is running.
A video camera is used to capture the readings displayed on the
control panel of the tightening motor in real time at a frame
rate of 30 frames/s, i.e. 30 images per second.

Digital identification of each frame in the video in turn, as the
dynamic ring drive of the tire unloader machine consists of a
clamping motor, a reducer, and a screw. The reducer is
connected with the motor to reduce the output speed and
increase the output torque. The screw is connected with the
reducer to convert the rotation movement into the movement
of the screw and drive the rotating ring. The image data
identified is the rated output torque scale factor of the motor,
which needs to be converted into the real thrust on the moving
ring, i.e. the screw thrust. The output torque of the reducer is
related to the motor parameters as shown in Eq.(12), where the
motor power P is 0.75kW and the speed is n = 1500r/min. The
transmission efficiency is n is 98% and the motor to reducer
speed ratio r =20:1, the maximum output torque T, of the
reducer is calculated to be 94N-m. The conversion equation
between the output torque of the reducer and the screw thrust
Fq is shown in Eq.(13), with a screw lead t =10mm and a
conversion efficiency of 95%. The maximum thrust force F, of
the screw is calculated from the maximum output torque to be
56N. The motor torque output scaling factor is converted to the
thrust variation value of the moving ring and the torque factor
and actual moving ring thrust values are listed in Table 3

To = 9550271 (12)
- Fq xt
Ta = 5%314%0, (=)

Table 3. Output torque scaling factor vs. actual dynamic ring thrust value (partial)

Output torque scaling factor (%o) | Actual dynamic ring thrust (N)
232 12.99
239 13.38
244 13.66
250 14.00
258 14.45
262 14.67
269 15.06
276 15.46
283 15.85
289 16.18
295 16.52
302 16.91
309 17.30
317 17.75
321 17.98
327 18.31

Figure 8 shows the drive torque values from the dynamic
simulation.

The numerical results of the simulation are the values of the
torque variation of the dynamic ring drive, which is located in
the centre of the unloading machine. Based on the actual radius
of the unloader being approximately 1m, the value of the
kinematic ring thrust is considered to be numerically equal to
the value of the drive torque. The calculated variation of the
actual thrust of the kinematic ring is compared with the
simulated value of the kinematic ring drive of the unloader and
the results are shown in Figure 9.
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Figure 8. Simulated dynamic ring drive torque variation curve for tire unloader
machine
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Figure 9. Comparison of simulated and actual values

The simulated drive of the kinematic ring is different from the
actual drive. In the simulation, the rotational drive is applied
directly to the moving ring, which starts from a standstill to the
beginning of the movement and requires higher torque.
Afterwards, the drive torque required decreases due to the
inertia of the kinematic ring itself. To maintain the motion, it is
then gradually increased. During this process, the collision
between the moving ring and the guide wheel also causes a
sudden increase in torque, resulting in a peak. In practice, the
drive consists of a motor, a reducer and a screw. The reducer is
connected to the motor to reduce the speed and increase the
output torque, which is transformed by the screw from the
output torque of the reducer into a thrust on the screw to drive
the moving ring for rotation. This process allows for customized
settings of motor speed, output torque magnitude etc. The
torque magnitude is independent of the effect of the interaction
between the mechanisms during the operation of the device.
Therefore, the screw thrust tends to rise gradually and with
little fluctuation. However, the simulated force values are of the
same order of magnitude as the actual force values, and the
overall trend is towards a gradual increase, which justifies the
simulation to a certain extent.

3.3 Bearing transient dynamic analysis

The bearing chosen for the mechanical arm is the 61918 deep
groove ball bearing, the actual parameters are shown in Table 4
. In the process of clamping and flipping tires, complex multi-
axis cyclic loads are applied, and the normal operation of the
deep groove ball bearing ensures the smooth operation of the
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mechanical arm of the tire unloading machine. According to the
actual parameters of the bearing, a three-dimensional model of
the bearing is built, omitting non-important structures such as
chamfers, rounded corners and cages. The simplified 3D model
is shown in Figure 10.

Table 4. 61918 bearing parameters

Symbol Size Meaning of the symbol

d 90mm Inner diameter
D 125mm Outer diameter
B 18mm Width

dy =101.4mm Inner ring shoulder diameter

Dy =113.7mm |Outer ring shoulder diameter/internal seat diameter

T2 |min.1.1mm Outer ring chamfer size

Figure 10. 61918 bearing 3D model

The load time history of the bearing is loaded and the bearing is
restrained according to the actual working conditions. The
bearing is loaded as shown in Figure 11. The bearing as a
support component does not rotate during the clamping of the
tire by the tire unloader and during the 90° flip. Therefore, the
bearing is set to be fully fixed on the outer ring and fully
constrained on the bottom surface of the inner ring, and the
cage action on it is simulated by constraining the direction of
rotation of the ball using the column coordinate system. The
simulation time step is set to 0.005s and the results of the
equivalent force and deformation of the bearing are shown in
Figure 12 to Figure 15. The maximum equivalent force appears
on the bearing ball, with a value of 1361.2 MPa, and the
maximum equivalent effect becomes 7.40e-3 mm/mm, as well
as its position is close to the maximum equivalent force. This
can be assumed that the bearing ball will be the first to suffer
fatigue damage.

A: Transient Structural
Transient
Time: 2.5

[A Force: 12100 N
[BJ Force 2: 59500 N
[8 Force 3: 74400 N
[BJ Fixed Support
[E] pisplacement 2
[F] Displacement

000 500 900 fmm)

250 150

Figure 11. Actual bearing load
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Figure 12. The cloud map of equivalent strain of transient dynamics of 61918
bearing
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Figure 13. The equivalent strain local cloud map of 61918 bearing ball transient
dynamics
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Figure 14. Equivalent stress cloud map of 61918 bearing transient dynamics
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4. Results and discussions

After completing the transient dynamic analysis of the bearing,
the maximum point of the equivalent force is found by coupling
with ANSYS. The maximum equivalent stress node number is
917. The triaxial stress strain history of node 917 is extracted
and part of the stress-strain history is shown in Figure 16.
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Figure 16. Stress and strain at node 917

Translate the general state of stress and strain to any plane
according to Egs.(1-3). 6 and ¢ take values in the range [0,
180°]. Taking into account the calculation accuracy and
calculation time, the angular step is set at 10°. The plane with
the maximum positive strain variation and the maximum shear
strain amplitude is the critical plane according to the angle
change. A total of 64800 search results were obtained by
searching 18 x 18 faces at each moment. The strain results on
different planes at any given moment are shown in the Table 5.

Table 5. Different dimensional strain values at any given moment (partial)

€72 VYxz Yyz
0 0 0
2.82E-04 | 1.03E-03 | 9.30E-04
6.62E-04 | 1.13E-03 |-2.50E-05
1.05E-03 | 1.10E-03 |-9.79E-04
1.41E-03 | 9.29E-04 |-1.90E-03
1.69E-03 | 6.51E-04 |-2.77E-03
1.86E-03 | 2.95E-04 |-3.55E-03
1.89E-03 [-9.74E-05 | -4.22E-03
1.79E-03 |-4.78E-04|-4.77E-03
1.56E-03 |-8.00E-04|-5.17E-03
1.24E-03 [-1.03E-03 | -5.42E-03
8.62E-04 |-1.13E-03|-5.49E-03
4.70E-04 [-1.10E-03|-5.41E-03
1.13E-04 |-9.29E-04 |-5.15E-03
-1.65E-04 | -6.51E-04 | -4.75E-03
-3.32E-04 |-2.95E-04 | -4.19E-03
-3.67E-04 | 9.74E-05 | -3.51E-03
-2.65E-04 | 4.78E-04 | -2.73E-03
-4.00E-05 | 8.00E-04 | -1.86E-03
-2.04E-04 | 1.95E-03 | 1.83E-03
5.25E-04 | 2.91E-04 | -6.96E-04
1.15E-03 | 1.43E-03 | -5.12E-04
1.49E-03 | 9.09E-04 |-1.62E-03
9.55E-04 |-2.75E-04 |-3.17E-03

In a random multiaxial stress state, the plane in which the
material has the maximum shear strain at different moments is
identified according to the weighted average critical plane
criterion. According to the shear strain reciprocity theorem, a
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pair of mutually perpendicular planes have equal maximum
shear strains at the same moment. Therefore, the maximum
positive strain variation is introduced as a measure, and the
plane with the maximum positive strain is used as the critical
plane. The plane of maximum shear strain with maximum
positive strain in the material at each moment is selected as the
critical plane at that moment. The results of the calculation are
shown in Table 6.

Table 6. Selection of critical surfaces at different moments (partial)

60° |¢°|e (mm/mm)|y (rad/rad)
100(60( -1.32E-02 1.09E-02
100(60( -1.30E-02 1.08E-02
100|60| -1.31E-02 1.09E-02
100(60| -1.33E-02 1.10E-02
100(60| -1.32E-02 1.10E-02
100|60| -1.31E-02 1.08E-02
100|60| -1.32E-02 1.09E-02
100|60| -1.33E-02 1.10E-02

As can be seen from the data in the table, because of the small
time step set for the transient analysis, the changes in the
stress and strain state at the danger point are small at adjacent
moments and the critical plane does not produce large changes.
At different moments, the plane of maximum shear strain with
maximum positive strain is mainly concentrated in the (100°, 60°)
plane.

According to the Manson-Coffin equation, the maximum shear
strain on the critical plane at each moment is calculated as a
weight and weighted sum, and the critical plane of the weights
is found to be 6 =100° and ¢ =60°. 60 =100° and ¢ = 60" are
chosen as the final critical plane.

According to the Wang-Brown model, the mechanical
parameter for damage calculations is an equivalent effect
variable Ay/2 synthesised from the maximum shear strain
amplitude on the critical plane and the maximum positive strain
variation. Under random multiaxial stress, the direction and
magnitude of the maximum shear strain varies from moment to
moment. Damage calculations based on shear strains in
different directions give different results. In this chapter, in
order to obtain the amount of damage in the maximum
damage direction, a new direction angle w is introduced so that
the direction angle w is searched on the critical plane in steps of
10° to find the shear strain history in each direction. Combined
with the positive strain and stress on the critical plane,
multiaxial cycle counting is performed on the damage
parameters in each direction. Finally, the multiaxial fatigue
model and the cycle counting results are used to find the
damage in each direction and the life calculated from the
maximum damage is the final life. The results of the damage
calculation in each direction, the strain history in the maximum
damage direction and the results of multiaxial cycle counting in
the maximum damage direction are presented in Tables 7, 8
and 9.

Table 7. Calculation results of damage in different directions

Directional angle w (°)| Amount of damage

0 1.05E-14
10 5.15E-15
20 1.44E-15
30 3.34E-16
40 4.60E-17
50 3.06E-18
60 2.29E-23
70 2.75E-15
80 1.97E-07
90 9.23E-07
100 1.38E-06
110 1.87E-06
120 2.39E-06
130 2.89E-06



https://www.scipedia.com/public/File:Draft_Haoyu_945478465-image115.png
https://www.scipedia.com/public/File:Draft_Haoyu_945478465-image115.png

SCUIPEDIA

J. Ling, L. Haoyu, Q. Wang and L. Cheng, Bearing life prediction based on critical interface method under multiaxial
random loading, Rev. int. métodos numér. célc. disefio ing. (2023). Vol. 39, (2), 11

140 3.32E-06
150 3.61E-06
160 3.73E-06
170 3.65E-06

Table 8. Time course of normal positive strain, positive stress and maximum damage
direction shear strain on the critical plane (partial)

B y o
-1.28E-021.04E-02 [-2.04E+03
-1.29E-02 | 1.05E-02 | -2.05E+03
-1.29E-02 | 1.05E-02 | -2.05E+03
-1.29E-02 | 1.05E-02 | -2.05E+03
-1.30E-02 | 1.05E-02 |-2.06E+03
-1.30E-02 1.06E-02 |-2.07E+03
-1.32E-021.07E-02 |-2.10E+03
-1.34E-021.09E-02 |-2.13E+03

1
1
1
1
1
1
1

-1.34E-02[1.09E-02|-2.13E+03
-1.33E-02 [ 1.08E-02|-2.12E+03
-1.32E-02(1.07E-02|-2.10E+03
-1.30E-02| 1.06E-02 [-2.07E+03
-1.31E-02|1.07E-02 [-2.09E+03
-1.33E-02| 1.08E-02 [-2.12E+03
-1.32E-02|1.07E-02 [-2.10E+03

Table 9. Shear strain amplitude, maximum normal strain variation, mean positive stress
(partial)

AYmax | €h | %n,mean
2.76E-07 | 7.34E-07 | -2.05E+03
1.06E-04 | 2.63E-04|-2.12E+03
9.58E-05|2.37E-04|-2.12E+03
1.37E-04 | 3.40E-04 |-2.14E+03
1.17E-04 [ 2.90E-04 | -2.09E+03
3.07E-05|7.63E-05|-2.08E+03
1.17E-04 (2.91E-04 | -2.08E+03
1.44E-04 (3.57E-04|-2.14E+03
8.21E-05|2.04E-04 |-2.15E+03
1.08E-04 [ 2.69E-04 | -2.15E+03
1.37E-04 | 3.39E-04 | -2.15E+03
7.88E-05 [ 1.96E-04 |-2.16E+03
9.67E-05 | 2.42E-04 |-2.17E+03
1.19E-04 | 2.98E-04 |-2.13E+03
5.24E-05|1.35E-04|-2.17E+03

Based on the results of the damage calculation in different
directions, the maximum damage direction was found to be in
the direction of w =160° on the critical plane. The mechanical
parameters in the w =160° direction were multiaxial cycle
counted and the amount of damage was calculated for each
cycle. The resulting cumulative damage D was found to be
3.73E-06. The damage was converted to 268303 cycles
according to the Miner criterion, which translates into a time
duration of 1490.58 h in cycles.

5. Conclusions

A detailed review of the life prediction models and methods of
bearing has been presented in this paper. The development of
life prediction models and life prediction methods was
reviewed, and their advantages and disadvantages were
discussed. The bearing which is used in rocker arm of mining
unloader machine is investigated. Based on the results and
discussion, the following conclusion can be drawn:

(1) The virtual prototype model is built to obtain the time
force history of bearing based on the actual working
conditions in the absence of virbration signal measurement
equipment. Meanwhile, the accurcy and effectiveness of
time force history is vertfied by the convolution neural
network.

(2) The fatigue of the bearing which occurred at the ball is
shown from stress&strain nephogram. Based on the
stress&strain nephogram, itis known that the fatigue of
the bearing occurred at the ball. The maximum equivalent
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force is 1361.2 MPa and the equivalent strain becomes
7.40e-3 mm/mm.

(3) The stress-strain history at the hazardous location is
obtained. A new coordinate system is established through
the hazard nodes and the critical plane search is carried out
based on the principle of maximum normal strain variation
for maximum shear strain. The critical plane of the weights
is determined to be ¢ =100°, 6 =60° according to the
Manson-Coffin equation.

(4) The amount of damage is calculated for different
directions on the critical plane, and the direction that
produces the maximum damage is w = 160°. The maximum
amount of damage to the bearing is 3.73E-06 for one
operation of the tire unloader. The Miner theory calculates
the number of cycles the bearing can make to be 268,303,
which translates into a time duration of 1490.58h.

This article has important reference and practical significance
for life prediction of bearing. It provides methods and technical
support for life prediction which is used under multiaxial
random loading.
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