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Abstract
轴承是轮胎卸料机的重要旋转支撑部件，其疲劳可靠性是整个系统可靠性的重要组成部分。由于交变应力巨大，支撑轴承需要具有较高的疲劳寿命和可靠性。本文结 合 应 力 -
强度干涉模型和统计理论，利用组试验数据预测轴承钢材料的寿命分布;基于多刚体动力学和有限元数值仿真平台，利用不同尺寸干涉MOEL预测了轮胎卸料机轴
承在不同运行年限下的可靠性。结果表明：轮胎卸料机底部摇臂处轴承的最大合力可达150kN，最大横向和纵向力可达108kN和78kN;当轴承整个轮胎
的重量和转弯时，惯性力最大，最大应力值为1316.2MPa，它发生在轴承内圈和球接触部分。经统计，轴承的应力幅值分布符合威布尔分布，轴承寿命服从
对数正态分布。10点后...5 tyre unloading, the fatigue reliability of the bearing is lower than 0.82, 
which is consistent with the actual working condition. Therefore, this model can be used to 
calculate the fatigue reliability of bearings conveniently and quickly, and provide certain 
theoretical support for the safety and fatigue reliability prediction of bearings.

 OPEN ACCESS

Accepted: 10/04/2023

Keywords:
Numerical simulation; Fatigue 
life; Reliability; Different 
dimensional interference model

Revista Internacional de Métodos 
Numéricos para Cálculo y Diseño 
en Ingeniería

Correspondence: jingxiu Ling (ljxyxj@163.com). This is an article distributed under the terms of the Creative 
Commons BY-NC-SA license 1

Abstract: Bearing is an important rotating support part of tyre unloader, and its fatigue reliability is an important part 
of the whole system reliability. Because of the huge alternating stress, the support bearing is required to have high 
fatigue life and reliability. In this paper, combined with stress-strength interference model and statistical theory, the 
life distribution of bearing steel material is predicted by using group test data; Based on the multi-rigid body dynamics 
and finite element numerical simulation platform, the reliability of the bearing of tyre unloader under different 
operating years was predicted by using the different dimensional interference moel. The results show that the 
maximum resultant force of the bearing at the bottom rocker arm of the tyre unloader can reach 150kN, and the 
maximum transverse and longitudinal forces can reach 108kN and 78kN. When bearing the weight of the whole tyre 
and turning, the inertia force is the largest, the maximum stress value is 1316.2MPa, which occurs in the bearing inner 
ring and ball contact part. After the statistics, the stress amplitude distribution of the bearing conforms to Weibull 
distribution, and the life of the bearing follows lognormal distribution. After 105 tyre unloading, the fatigue reliability 
of the bearing is lower than 0.82, which is consistent with the actual working condition. Therefore, this model can be 
used to calculate the fatigue reliability of bearings conveniently and quickly, and provide certain theoretical support 
for the safety and fatigue reliability prediction of bearings.

Article highlights

● Reliability prediction model for tyre unloader bearings based on heterogeneous interference theory.

● A set of fatigue reliability calculation method for the bearing of a tyre unloader is put forward.

● Probabilistic model for calculating bearing life using mathematical statistical methods.

● Fatigue life data of bearings obtained by using group method.

●Prediction of fatigue reliability of bearings based on the equivalent force method.

关键字：数值模拟;疲劳寿命;可靠性;不同尺寸干涉模型

1. Introduction
With the continuous improvement of China's machinery production process, the life and reliability of bearings has 
been greatly improved, but the bearings running on some large machinery, because of the huge alternating stress 
and complex working environment, making the life and reliability of bearings rapidly reduced. At the same time, with 
the rapid development of heavy machinery in China, the tonnage of tyres used is also rising. The object of this paper is 
a new type of giant tyre unloading machine, which unloads tyres weighing up to 6t. In the production process, the 
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tyres need to be unloaded from a fixed position and flipped by the unloading machine after the completion of the 
previous process. During the unloading and flipping process, due to the huge weight of the tyre and the inertia force 
generated during the flipping, the tyre will collide and rub against the clamping mechanism of the tyre unloader, 
causing the system to vibrate and at the same time causing the bearings in key parts to be subjected to complex and 
variable random loads. Because of the randomness of the external load, the bearing material itself performance, size 
and other variability, the life distribution of bearings belongs to a probability distribution and with the growth of the 
use of years, bearing failure rate is on the rise. The reliability of the bearing life under different years needs to be 
studied to prevent bearing failure and subsequent safety accidents. The fatigue reliability of this new type of tyre 
unloader bearing is not systematically studied. In this paper, the fatigue reliability calculation method of the new tyre 
unloader bearing is proposed based on the theory of dynamic finite element and different dimensional interference 
model.

Current research on tyre unloaders is limited to the control methods and modes of operation. For example, Alessio et 
al[1] introduced a robot that can assist tyre operators in the workshop to change tyres, which can be controlled in a 
variety of ways, such as automatic recognition of the user's gesture commands and remote operation through a 
control interface. In addition, Ján et al[2] carried out a 3D modelling and dynamics analysis of a robot that unloads 
tyres, thus obtaining important mechanical parameters of the robot.

Existing bearing reliability predictions are different from the subject of this paper, and most of the analysis methods 
use isotropic interference models, which is the traditional stress-strength interference model. However, the strength 
distribution of general materials is difficult to predict and difficult to obtain strength distribution data through specific 
tests, and it needs to be combined with the material life distribution to obtain the strength distribution of materials 
through complex mathematical calculations, which is not conducive to the use of engineers. Domestic scholars Xie 
Liyang and Wang Zheng[3] proposed a heterogeneous interference model, which is no longer limited to the traditional 
reliability model in which the two variables must be of the same magnitude, but can be used to calculate the reliability 
through the stress distribution and the life distribution of the material. At the same time, the model no longer relies on 
tedious mathematical calculations but obtains the fatigue life distribution of the material through tests, which makes 
the fatigue reliability analysis much less difficult and simplifies the analysis steps. Liu Kai, Wang Ming et al[4] provided 
a new analysis method for fatigue reliability of pipe structures by combining fatigue reliability of pipes under load with 
structural dynamic analysis. Zhou Jinyu, Sun Kui Zhou et al[5] provided a theoretical basis for the life assessment and 
reliability analysis of rolling bearing systems through the fatigue reliability calculation formula of bearing systems 
under continuous load spectrum. Jin Yan, Liu Shaojun et al[6] proposed an artificial intelligence method to analyze the 
fatigue reliability of aviation bearings. Qi Meiyi, Liao Aihua[7] designed a system to evaluate the reliability of rolling 
bearings of traction motors based on MATLAB App Designer, which provided a new reference for the development 
and improvement of reliability evaluation systems.

Reuben et al[8] improved this reliability assessment based on the Weibull diagram equation by estimating the 
variation in minimum bearing life and establishing confidence intervals using Monte Carlo simulations. Pape et al[9] 
improved the calculation of bearing fatigue life by introducing residual stresses to the sub-surface region of the 
bearing. Wang, Haibin[10] calculated the reliability life of ship unloader bearings by converting the tensile force of the 
ship unloader lifting mechanism into an average equivalent dynamic load on the bearings and then using the Miner 
criterion. Xia Xintao and Ye Liang et al[11] proposed a new concept of rolling bearing performance retention reliability. 
Zhang et al[12] established an analytical model for the contact fatigue reliability of main bearings based on the 
complex loading conditions of TBM main bearings and combined with fatigue cumulative damage and residual 
strength theory, based on a dynamic degradation model under complex conditions. Cheng et al[13] developed a 
modified five-degree-of-freedom quasi-dynamic model considering multi-body interactions and used the modified 
fatigue life model proposed by Jones to assess the effect of angular displacement on bearing reliability. Herp et al[14] 
proposed a bearing condition prediction method using temperature residuals and Bayesian probability statistics for 
wind turbine bearings, and this method can predict possible bearing failures within an average of 33 days. Tong et 
al[15] proposed an improved model for calculating the operating torque of angular contact ball bearings (ACBB) by 
comparing the effect of different loading conditions on the fatigue reliability of angular misalignment on tapered roller 
bearings. König et al[16] developed a model of bearing life which can determine the merits of hybrid bearings and 
allows for an analytical assessment of bearing life. Guillermo et al[17] further extended a previously developed model 
for calculating bearing life based on high cycle fatigue by incorporating a new surface damage integral based on a 
creep mechanism into the model, providing a new approach to fatigue life prediction for bearings. Zhang et al[18] 
used the maximum likelihood estimation method to calculate the actual value of the bearing, and used the SPSS curve 
and cumulative grey prediction model methods to train on some of the real data as a way of predicting the life of the 
bearing, and found that all three methods have some practical value in engineering, but the cumulative grey 
prediction was more effective. Lorenz et al[19] developed a continuous damage mechanics (CDM) finite element (FE) 
model in order to investigate the effect of surface roughness on the rolling contact fatigue life of poor quality contact 
bodies and demonstrated the feasibility of the model. Pandey et al[20] proposed a framework based on continuum 
damage mechanics and the finite element method to simulate the low circumferential fatigue crack expansion 
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process, and developed a strain-based damage model to consider the effect of different strain ratios on fatigue 
damage. Cano et al[21] developed a new intrinsic model for long-term prediction of creep deformation, damage and 
rupture by combining the Wilshire equation with continuum damage mechanics (CDM).

In summary, in terms of bearing reliability analysis and calculation, numerical analysis, theoretical calculation and 
experimental evaluation are mainly used at home and abroad to study the performance and life of various types of 
bearings, but there are fewer studies combining giant tyre unloaders and using heterogeneous interference models to 
analyse their bearing reliability. Therefore, this paper combines the existing information at home and abroad, mainly 
to fill the gap in the field of research on the fatigue reliability of bearings of giant tyre unloaders; Prediction of the life 
distribution of bearing steel materials using grouping method test data combined with statistical theory; Combining 
numerical simulation platforms such as dynamics and finite elements, the heterogeneous interference model is used 
to predict the reliability of bearings at different service lives. It also differs from traditional stress-strength interference 
models in that it directly uses the material life distribution for reliability calculations and is suitable for generalised 
applications in engineering.

2. Reliability analysis process

The fatigue reliability of the bearings of the giant tyre unloading machine is analysed and calculated by the numerical 
analysis platforms such as dynamics and finite element, using the theory related to fatigue reliability. The specific 
process is shown in Fig. 1.

Fig. 1 Flow chart for calculating the fatigue reliability of a tyre unloader bearing

3. Maximum stress history of bearing

3.1 Structure and modelling of the tyre unloader

The physical drawing of the tyre unloading machine is shown in Fig. 2. Because of the complex structure of the tyre 
unloader proper, the model (with tyre 2) is shown in Fig. 3 by simplifying the 3D modeling of the threads and other 
parts of the tyre unloader blank that will not have an impact on the final result.

https://www.scipedia.com/public/File:Draft_Ling_717181314-image1-c.png
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Fig. 2 Physical view of the tyre unloader

1. Clamping plate 2.Tyres 3.Guide wheels 4.Fixed ring 5.Dynamic ring 6.Fixed ring rotary 7. Rocker arm
Fig. 3 3D model of the tyre unloader

The structure of the tyre unloader mainly consists of the Plywood 1, the Guide wheel 3, the Fixed ring 4, the Dynamic 
ring 5, the Rocker arm 7, etc. 16 pairs of rocker arms are mounted symmetrically on each side of the fixed ring, with 
the upper end connected to the moving ring by a linkage and the lower end connected to the cleat. The principle of 
operation is that the dynamic ring rotates at a certain angle with respect to the fixed ring, thus controlling the 
clamping plate on the rocker arm to clamp or unclamp the tyre. The fixed ring is equipped with 8 guide wheels, which 
support the fixed ring and guide it through a certain angle of rotation, while the rotation of the fixed ring and the 
turning of the machine are controlled by an electric motor.

3.2 Numerical simulation of the operating conditions of the tyre unloader

The above 3D model of the tyre unloader (including tyre) is imported into the dynamics analysis software ADAMS, and 
the material parameters of the model are set first. The material parameters of the whole machine and tyres are shown 
in Table 1 and Table 2.

Table 1 Material parameters for tyre unloaders

Materials Elastic modulus （MPa） Poisson ratio Density（kg/m3）

Rubber 7.8 0.29 1200

Table 2 Tyre material parameters

https://www.scipedia.com/public/File:Draft_Ling_717181314-image2.png
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Materials Elastic modulus（MPa） Poisson ratio Density（kg/m3）

Carbon structural steel 207 0.29 7801

 Constraint and actuation of each mechanism according to the actual motion of the tyre unloading machine. The whole 
mechanism of tyre unloading machine is mainly rotating sub and the connecting rod articulation, plywood and rocker 
arm and other rotating connections are rotating sub.The guidewheel shaft is fixed to the fixed ring using a fixed pair, 
and a rotating connection pair is applied between the guidewheel and the guidewheel shaft.The fixed ring and the 
moving ring are provided with a planar pair to prevent relative slippage caused by the rotation of the moving ring. To 
prevent over-constraints caused by the use of too many rotating subsets, resulting in instability of the solved 
system,the conflict constraints are replaced by primary subsets such as point overlap subsets or cylindrical amplitude, 
and coplanar subsets replace some of these planar subsets to ensure the stability and accuracy of the solved 
system.The virtual prototype of the tyre unloader is shown in Fig. 4.

Fig. 4 Virtual prototype of the tyre unloader

After building a virtual prototype of the tyre unloader system, the simulation is based on the actual working conditions 
of the tyre unloader. The simulation time is set as a cycle of 2.1s. After the simulation, the load spectrum of X, Y and Z 
directions of the bearing at the bottom rocker arm is extracted, and the extraction position is illustrated in Fig. 5. The 
loads in the X and Y directions are transverse and longitudinal loads, and the loads in the Z direction are those 
perpendicular to the bearing outward. The extraction results are shown in Fig. 6.

https://www.scipedia.com/public/File:Draft_Ling_717181314-image4.png
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Fig. 5 Load extraction at rocker arm bearing

Fig. 6 Three-way force load spectrum at rocker arm bearing

According to the three-way force load spectrum, the average load in X direction and Y direction of the bearing tends to 
0 within 0.8s, and there is a certain impact load, which is caused by the vibration generated when the splint contacts 
the tyre. After the splint clamps the tyre, the fixing pair will temporarily fail. As the weight of the tyre itself is 
transferred to the bearing, the load values of the X and Y directions of the bearing at the bottom rocker arm will rise 
rapidly. After about 0.2s, the components of the X and Y directions increase and remain at about 108kN and 78kN 
respectively.

3.3 Validation of simulation results
Because the simulation analysis model is simplified to some extent, the simulation results have some errors.Therefore, 
in order to verify the reasonableness and realism of the simulation results and to provide a reasonable dynamic load 
spectrum for the subsequent analysis and prediction of the bearing reliability. Through the proportional coefficient of 
the real-time output torque of the clamping motor on the control panel of the tyre unloader (as shown in Fig. 7), the 
output torque coefficient of the motor is converted into the actual moving ring thrust of the tyre unloader and 
compared with the simulation value of ADAMS, and the reasons for the error between the actual value and the 
simulation result are analyzed.

https://www.scipedia.com/public/File:Draft_Ling_717181314-image5.png
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Fig. 7 Tyre unloader control panel

The comparison data in the test is the thrust of the tyre unloading maneuver ring, which is the current torque value of 
the birth ring in the picture. The output proportional coefficient needs to be converted into the real thrust force on the 
moving ring, namely the lead screw thrust. The relation between output torque of reducer and motor parameters is 
shown in Eq.(1) .

Ta =9550 P ⋅r ⋅η
n (1)

 Where P represents the motor power, which is 0.75kW;

N represents the motor speed, which is 1500r/min;

η represents the transmission efficiency, which is 98%;

R represents the speed ratio of motor and reducer, which is 20:1;

The maximum output torque Ta of reducer is 94N m.

The conversion formula between output torque of reducer and thrust Fa of the lead screw is shown in Eq. (2). The 
maximum thrust force Fa of the screw is calculated from the maximum output torque to be 56 N. The motor torque 
output scaling factor is converted into a value for the change in thrust of the kinematic ring, the torque factor and the 
actual kinematic ring thrust values are shown in Table 3.[[#_Ref96589010|]]

Ta = Fa × t
2 × 3.14 × η1

(2)

 Where t represents the lead of the lead screw, which is 10mm;

η1 represents the conversion efficiency, which is 95%.

Table 3 Proportional coefficient of output torque and actual thrust value of moving ring (part)

Proportional coefficient of output torque (‰) Actual moving ring

thrust (N)

232 12.99

239 13.38

244 13.66

250 14.00

258 14.45

262 14.67

269 15.06

https://www.scipedia.com/public/File:Draft_Ling_717181314-image7-c.png
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276 15.46

283 15.85

289 16.18

295 16.52

304 17.02

302 16.91

309 17.30

317 17.75

321 17.98

327 18.31

The drive torque was simulated by ADAMS with the drive position at the center of the tyre unloader. Based on the 
actual radius of the tyre unloader being approximately 1 meter, it can be assumed that the dynamic ring thrust value is 
numerically equal to the drive torque value. The actual calculated dynamic ring thrust variation was compared with the 
simulated value of the tyre unloader motor drive ring and the comparison results are shown in Fig. 8.

Fig. 8 Comparison of simulated and actual values

Due to the difference between the simulated and actual driving methods of the dynamic loops, the simulated and 
actual values are subject to certain errors. In ADAMS, a rotational drive is applied directly to the kinematic ring, and the 
simulation results from Fig. 8 show that the torque required to move the kinematic ring from rest to motion is large (0 
to 0.1s), after which the drive torque required decreases (0.1 to 7.9s) due to the inertia of the kinematic ring itself. To 
maintain the movement, the torque will gradually increase, during which the collision between the moving ring and 
the guide wheel will also cause a sudden increase in torque, producing a peak (7.9 to 14s). In the actual working of the 
tyre unloader, the drive unit consists of three main parts: motor, reducer and screw. The specific mode of operation is 
by connecting the reducer to the motor in order to reduce the rotational speed and thus increase the output torque, 
which is converted into thrust on the screw by means of a screw to drive the moving ring for rotation. This process 
allows for customised settings of motor speed, output torque magnitude, etc. The torque magnitude is negligibly 
influenced by the interaction between the mechanisms during operation of the device. So the screw thrust tends to 
rise gradually and with little fluctuation. But the simulated force values are of the same order of magnitude as the 
actual force values, and the overall trend is gradually increasing, which proves that the simulation results have a 
certain degree of reasonableness.

https://www.scipedia.com/public/File:Draft_Ling_717181314-image10.png
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3.4 Bearing transient dynamics analysis

From the results of the kinetic analysis, it can be seen that the bearing at the lowermost rocker is subjected to the 
greatest component of gravity of the tyre blank and is also furthest from the centre of rotation, where the centrifugal 
inertia force is greatest. The bearing selected here for analysis is therefore a deep groove ball bearing, type 61918. The 
bearing model is shown in Fig. 9. According to the actual bearing size parameters, the 3D modelling software is used 
to establish a 3D model of the bearing at the rocker arm. In order to simplify the calculation steps and save calculation 
resources, non-important parts such as the cage are omitted, the bearing dimensional parameters are shown in Table 
4.

Fig. 9 3D Model of bearing 61918
Table 4 Bearing 61918 dimensional parameters

Bearing type Outer diameter（mm） Inner diameter（mm） Thickness（mm）

61918 125 90 18

 The bearing model was imported into Ansys finite element analysis software, the inner and outer rings of the bearing 
were constrained, and the bearing material parameters were set, as shown in Table 5. The extracted X, Y and Z forces 
are loaded onto the corresponding parts of the bearing for transient dynamics analysis, with the loads and constraints 
applied as shown in Fig. 10. The results of the transient dynamics analysis (equivalent stress clouds) are shown in Fig. 
11.

Table 5 Bearing material parameters

Materials
Elastic Modulus

(MPa)

Poisson

ratio
Yield Strength（MPa） Tensile strength（MPa）

GCr15 210000 0.29 1458 1617

https://www.scipedia.com/public/File:Draft_Ling_717181314-image11.png
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Fig. 10 Bearing load and constraint settings

Fig. 11 Cloud diagram of maximum equivalent stress of bearing

The bearing of the lowermost rocker arm of the tyre unloader is subjected to the greatest inertial force when carrying 
the weight of the entyre tyre and turning it over. From the results of the transient dynamics analysis, it can be seen 
that the maximum stress value that the bearing is subjected to is 1316.2Mpa, so the part of the bearing where the 
stress is high and easy to produce fatigue is the inner ring and ball contact.

3.5 Stress history in hazardous areas
In order to obtain the distribution characteristics of the stresses in the hazardous parts of the bearings, the ANSYS APDL was used to extract the nodal stress time 

histories corresponding to the fatigue parts of the bearings according to the results of the transient dynamics. The curve for the change in stress history is shown in Fig. 

12.
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https://www.scipedia.com/public/File:Draft_Ling_717181314-image12.png
https://www.scipedia.com/public/File:Draft_Ling_717181314-image13.png
https://www.scipedia.com/public/File:Draft_Ling_717181314-image13.png


https://www.scipedia.com/public/Ling_et_al_2023a 11

J. Ling, R. Zhang, J. Shao and H. Zhang, A new calculation method of bearing reliability of tyre unloader based on 
heterogeneous dimensional interference model, Rev. int. métodos numér. cálc. diseño ing. (Online first).

Fig. 12 Stress time history in fatigue bearing areas

4. Bearing reliability calculation based on heterogeneous interference model

4.1 Stress history rain flow count statistics

From the basic theory of fatigue, it can be seen that the load average, amplitude and the number of cycles are the 
main factors that make the component produce fatigue damage, so the bearing fatigue part of the stress time course 
need to be cycle counting process. In this paper, the two-parameter rainfall counting method is used to count the 
amplitude and mean values of the loads and to obtain important relationships between the load amplitude, mean 
value and the corresponding frequency.

Rain flow counting of the stress history was carried out to convert the random variable amplitude stress into a series 
of load cycles, the amplitude and mean distribution of the load cycles were counted and the mean and amplitude were 
converted into a two-dimensional histogram and the statistical results are shown in Fig. 13- Fig. 15.

https://www.scipedia.com/public/File:Draft_Ling_717181314-image14.png
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Fig. 13 Stress history rain flow counting

Fig. 14 Stress amplitude frequency statistics
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Fig. 15 Stress mean frequency statistics

Using Goodman's theory to apply an average stress correction to the stress amplitude, the stress state is converted to 
a load cycle with a stress ratio of -1, according to an equal life, the corrected load cycles were used as equivalent 
stresses for the next step of the fatigue reliability analysis. The Goodman formula is shown in Eq. (3) and the corrected 
results are shown in Fig. 16.

σa
σ−1

+ σm
σb

= 1 (3)

 Where σa denotes the actual working stress amplitude (MPa).

σm indicates the average stress in actual working conditions (Mpa).

σb indicates the tensile ultimate strength of the material (MPa).

σ-1 denotes the stress magnitude (MPa) for a stress ratio of -1.

Fig. 16 Modified equivalent load frequency statistics
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4.2 Load amplitude probability distribution fitting and test

Due to the influence of factors such as short sampling time and large amount of data in compiling load spectrum, the 
load history obtained cannot fully reflect the actual load history of the bearing in the whole life stage, therefore, in 
order to improve the reliability of the results, the probability distribution function of random loads should be 
calculated, and then the load distribution of bearings in the whole life interval should be predicted.

According to the rain-flow counting statistics of stress time history in fatigue parts of bearings, the probability statistics 
of stress amplitude are carried out and fitted by Weibull distribution. The fitting effect and test results are shown in 
Fig. 17. It can be seen that the distribution of stress amplitudes generally conforms to the Weibull distribution.

Fig. 17 Fitting magnitude of the Weibull distribution

In order to verify whether the stress amplitude conforms to Weibull distribution, Fig. 18 is obtained by the graphical 
method. It can be concluded from the figure that the closer the data is to a straight line, the better the data fitting 
effect is. Therefore, it can be considered that the probability density function of stress amplitude conforms to Weibull 
distribution.
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Fig. 18 Weibull diagramming test

Using the great likelihood method to solve for the Weibull correlation parameters, the relevant solution parameters 
are shown in Table 6.

Table 6 Equivalent load distribution parameters

Scale parameterse parameters Shape parameters Confidence level

61.93 0.729 0.05

The equivalent load probability density function is:

f (x )= β xβ −1

θ
β

exp [−( x
θ )

β ] (4)

 Where β denotes the shape parameter, θ denotes the scale parameter. Substituting the two into Eq. (4) gives:

f (S ) = 0.72S−0.28

19.51 exp [ − ( S
61.93 )0.72] (5)

4.3 Material life distribution of bearing steel under arbitrary stress

A set of fatigue test data for bearing steel was obtained from the literature[22] and combined with Basquin's equation 
to derive a continuous probability life model for bearing steel using the great likelihood method. The test material was 
a high-carbon chromium bearing steel with the chemical composition shown in Table 7, which was machined to give 
the dimensions in Fig. 19. Then using the grouping method, a four-linked cantilever beam type rotating bending 
fatigue tester was used to carry out the test, starting with a load of 1700 MPa stress. By reducing the weights so that 
the stresses fell at intervals of 50 to 100 MPa, nine sets of fatigue test data were eventually obtained, as shown in Table 
8.
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Fig. 19 Test steel dimensions
Table 7 Chemical composition of high-carbon chromium bearing steel

Element C Si Mn Cr Cu Ni Mo P S

Content % 1.01 0.23 0.36 1.45 0.06 0.04 0.02 0.01 0.007

Table 8 Fatigue test data

Stress（MPa）
Life

（cycle）

Stress

（MPa）

Life

（cycle）

1700 4480 1300 2480000

6100 3870000

6840 1250 40560

1600 5200 52430

7790 65990

10000 128800

1500 8990 2486740

14400 4983540

34700 8950470

247000 10325090

609000 11730550

1400 13460 26058040

15900 1200 125280

17220 269920

40800 672410

839140 8771540

1540000 19548550

4970760 41502050

1300 15360 43386180

22670 61683430

39830 1150 23276820

2050180 47700000

 Due to some differences in the actual size, shape and working conditions of the tyre unloader bearings used in this 
study and the shape and loading method used for the test specimens, therefore, the S-N relationship for the test 
material needs to be corrected to the S-N relationship for the actual zero component, and the correction formula is as 
follows:

Sa = σa
Kf

ϵβCL (6)

 Where, σa  corresponds to the stress tested in the material;

Sa  corresponds to zero component stress;

ϵ  is the dimensional coefficient of the material, the value of 0.856 was taken by consulting the 《Mechanical Design 
Manual》.
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β is the material surface quality factor, here taken as 1.

CL  is the loading method for the workpiece and the steel tension is taken as 0.85.

The fatigue notch coefficient K_f is related to the stress concentration coefficient, the bearing stress concentration is 
generally related to the roughness, here it can be considered that the bearing is consistent with the roughness of the 
test piece, take the value of 1, the correction results are shown in Table 9.

Table 9 Fatigue test data after stress correction

Test stress（MPa） Corrected stress（MPa）

1700 1030

1600 970

1500 909

1400 849

1300 788

1250 758

1200 728

1150 697

4.4 Maximum likelihood method for determining the P-S-N curve of bearing steel

The general material fatigue life follows a log-normal distribution. Assuming that the bearing steel life follows a log-
normal distribution, the Anderson-Darling hypothesis test was performed on the fatigue test data at different stresses 
in Table 8. As the A-D test can take different confidence intervals for testing, the smaller the confidence interval, the 
more obvious the test effect. So 95% confidence intervals were taken for hypothesis testing of each group of fatigue 
data, and the test results are shown in Fig. 20- Fig. 21(partial) and Table 10(all).

Fig. 20 A-D test results for material life at a stress of 1030 MPa
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Fig. 21 A-D test results for material life at a stress of 909 MPa
Table 10 Results of the A-D test for life under different stresses

Proof stress（MPa） AD P value

1030 0.264 0.371

970 0.210 0.544

909 0.279 0.484

849 0.562 0.091

788 0.603 0.062

758 0.735 0.037

728 0.707 0.042

697 0.250 0.277

 The test shows that the p-value is greater than the significant level of 0.05, which is in line with the hypothesis test, and 
therefore the bearing steel material life can be considered to be in line with the log-normal distribution.

The S-N curve of the bearing is estimated using Basquin's equation combined with the method of great likelihood, 
Basquin's equation is

Sm N = C (7)

 Where m is the exponent, N is the fatigue life and C is a constant.

Taking the logarithm of both sides gives:

lgNp = lgCp − mlgS (8)

 Where the subscript p indicates the survival rate.

When the survival rate is 50%, the median log life is equal to the mean of the log life:

μ (S ) = lgN50 = lgC − m50lgS (9)

 Where μ (S ) is the mean log life of the sample at different stress.

When S=788MPa, the mean value of the log-life sample with stress of 788MPa is substituted as the parent mean value 
in Eq. (8) and (9) to obtain.

lgC = 2.90m50 + 5.4061 (10)

μ (S ) = 5.4060-m50lgS+2.90m50 (11)
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 The log life of bearing steel follows a normal distribution and the mean log life is related to the standard deviation of 
the log life at different survival rates as follows:

μ (S ) − lgNp = υp σ (S ) (12)

 Where σ (S ) is the standard deviation of the log life of the member at different stress. υP  is the standard normal 
deviation corresponding to the probability of damage.

Substituting Eq, (8) and (9) into Eq. 12 yields:

σ (S ) = ( lgC − lgCp )
1

υp −
m50
υp

lgS +
mp
υp

lgS (13)

 The sample log life standard deviation at a stress of 788Mpa is substituted into Eq. (13) as the parent log life standard 
deviation:

σ (788)= 1
n-1 ∑i =1

n
(lg Ni −μ (788))2=(lgC −lg Cp )

1
υp

−
m50
υp

lg 788+
mp
υp

lg 788 (14)

 Also known as equation:

σ (S )=σ (788)+
m50
υp

lg 788-
mp
υp

lg 788−
m50
υp

lgS +
mp
υp

lgS (15)

 When the survival rate P = 84.1%,υ_p=1, which is collated to give:

σ (S ) = 1.1344 + m50lgS + m84.1lgS (16)

 When N follows a log-normal distribution, its probability density function is

f (N ) = 1
σ (S ) 2πN

exp { −
( lnN − μ (S ) )2

2σ2(S ) } (17)

 Substituting the different stresses and corresponding lifetimes into Eq. (17) and multiplying them together, the 
likelihood function is obtained as equation

L =∏n =1
n 1

σ (Si ) 2π
exp {− (lnN −i μ (Si ))2

2σ2(Si ) } (18)

 Take the logarithm on both sides of the above equation, and get it

lnL =−∑i =1
n

{In 2π +lnσ (Si )+ (ln Ni −μ (Si ))2

2σ2(Si ) } (19)

 Convert Eq. (18) into Eq. (19) and find the minimum value of equation (19) to find the maximum value of the likelihood 
function equation

F (m50,m84.1)=∑i =1
n

{In 2π +lnσ (Si )+ (ln Ni −μ (Si ))2

2σ2(Si ) } (20)

 Find the minimum value of F to obtain the maximum likelihood estimates of the parameters m50，m84.1, m50=15.04, 
m84.1=5.32.

The values of parameters m50 and m84.1 are substituted into Eq. (11) and Eq. (16) respectively to obtain the life 
distribution parameters under any stress, and the log life mean and standard deviation parameter equations are as 
follows:
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σ (S )=29.29−9.72lgS (21)

μ (S )=48.97−15.04lgS (22)

 The parameter-stress equation derived by the great likelihood method was plotted against the sample log-life mean 
and standard deviation in the same graph for comparison. The sample log-life mean and log-life standard deviation 
are shown in Table 11 and the results of the comparison are shown in Fig. 22 - Fig. 23. Within a certain interval, the fit 
is good, which proves that the parameter equations derived using the great likelihood method are more reasonable.

Table 11 The mean and standard deviation of the log-life of the sample

Stress (MPa ) Mean log -life Standard deviation of log-life

1030 3.7572 0.0951

970 3.8692 0.1433

990 4.766 0.7922

849 5.1407 1.0905

788 5.406 1.1344

758 6.0801 1.1266

728 6.7981 1.0539

697 7.5227 0.2203

Fig. 22 Median S-N curve versus sample Log-life mean
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Fig. 23 Standard Deviation Curve Versus Sample Log-Life Standard Deviation

5. Bearing fatigue reliability

According to the heterogeneous interference model, for different reliability of fatigue life is calculated, the model as 
shown in the equation, the above calculated stress distribution Eq. (4) and life distribution Eq. (17) substituted into the 
following Eq. (23), the fatigue life curve of the bearing can be obtained as shown in Fig. 24.

R = ∫
0

+∞
h (S )∫

N

+∞
f (n , S )dndS (23)

 Where R is the fatigue reliability, h(S) is the probability density function of the equivalent load distribution and f(n,S) is 
the probability density function of the component life under different stresses.
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Fig. 24 Bearing fatigue reliability variation curve

As can be seen from Figure 24, the fatigue reliability decreases continuously with increasing fatigue life, which is 
consistent with reality. The downward trend is faster until the number of cycles is 105, after which it slows down. When 
the number of fatigue cycles reaches 105, the fatigue reliability of the bearing drops to below 0.82.

6. Conclusions
In this paper, the reliability of the bearings of a giant tyre unloader is predicted using a multi-body dynamics, finite 
and other numerical simulation platform, combined with a heterogeneous interference model, for a huge alternating 
load during operation:

(1) The joint simulation between ADAMS and ANSYS shows that the combined force on the bearing at the lowermost 
rocker arm of the tyre unloader can reach a maximum of 150kN, with a maximum of 108kN and 78kN in the transverse 
and longitudinal directions. The bearing of the lowermost rocker arm of the tyre unloader is subjected to the greatest 
inertial force when bearing the weight of the whole tyre and flipping, and the maximum stress value is 1316.2Mpa.

(2) By probability fitting and testing, the equivalent stress distribution in the fatigue part of the bearing conforms to 
the Weibull distribution, with the Weibull distribution scale parameter and shape parameter being 61.93 and 0.72 
respectively at a confidence interval of 95%.

(3) Under the modified S-N curve, the life of the bearing steel material under any stress conforms to a log-

normal distribution, and the Basquin equation exponents are 15.04 and 5.32 for a survival rate of 50% and 84.1% 
respectively, as obtained by the maximum likelihood method.

(4) Based on the heterogeneous interference fatigue reliability model and according to the reliability calculation 
results, the reliability of the bearing shows a decreasing trend with the increase of the number of times it is used, 
which is in line with the actual situation, when the service life of the bearing reaches 105 times, the reliability drops to 
below 0.82.

The kinetic simulation, finite element analysis, fatigue reliability prediction and other technical methods used in this 
paper are feasible for the fatigue reliability prediction of tyre unloading machine bearings.
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