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Abstract: In this study, material and dynamic stress experiments are combined with finite element
(FE) simulations to reveal the fracture mechanism of the wheelset lifting apparatus, and a structural
design optimization scheme based on the double-layer Kriging surrogate model is proposed. The
fracture mechanism of the wheelset lifting apparatus is first clarified through the material analysis
of macro/micro and dynamic stress tests. Static strength and modal analyses are then performed
to perfect the mechanism analysis in terms of structural performance. An efficient, robust, fatigue
design optimization method based on the double-layer Kriging surrogate model and improved
non-dominated sorting genetic algorithm II (NSGA-II) is finally proposed to improve the original
design scheme. For the wheelset lifting mechanism’s fracture, the crack source is found on the
transition fillet surface of the lifting lug and lifting ring, where the fracture has the characteristics of
two-way, multisource, high-cycle, low-stress fatigue. It is further revealed that the vibration fatigue
occurring at the point of maximum stress is the main cause of the fracture. The effectiveness of the
proposed design optimization method is validated via comparative analysis.

Keywords: fracture mechanism analysis; material and dynamic stress experiments; finite element
simulation; Kriging surrogate model; design optimization

1. Introduction

As the main component of a railway vehicle, a wheelset lifting mechanism is installed
on the axle-box end cover and used to lift the wheelset by the frame during lifting to
facilitate the overall movement of the bogie. However, high-dimensional time-dependent
harmonic load, random load, and the complexity and uncertainty of the environment
during the service and operation of vehicles can lead to cracks or fractures of the wheelset
lifting mechanism, seriously affecting the operational quality and reliability [1-3]. Therefore,
it is necessary to comprehensively analyze the crack-generation mechanism to reduce the
vehicle fault caused by cracks and fractures of the wheelset lifting mechanism, which can
provide a reference for structural optimization and performance improvement.

For the structure of railway vehicles, stress concentration, fatigue, corrosion, and met-
allurgical problems are the main causes of crack or fracture initiation. It has been reported
that about 90% of all mechanical failures are caused by fatigue [4,5]. To date, considerable
efforts have been made to investigate the crack initiation or fracture behaviors of fatigue
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through analytical, numerical, and experimental methods. Among those, FE and numerical
simulation methods have attracted the most attention. Lu et al. [6] studied the effects
of vibration modes on fatigue damage in a high-speed train bogie frame under random
loading conditions by combining modal analysis and dynamic simulation. Liu et al. [7]
proposed a new and improved version of the Corten-Dolan model, where the fatigue
behavior of engineering materials and structures under variable amplitude load was well
described by numerical simulation. Yang et al. [8] investigated the life prediction and
durability assessment of brake unit brackets by combining FE and numerical simulations.
Zuo et al. [9] reported a Bayesian analytical model to quantify the main uncertainty factors
that affect the bogie failure. Liao et al. [10] conducted a rigid—flexible coupling dynamic
simulation to predict the fatigue life of motor suspension seat structures. Some researchers
have attempted to analyze the causes of fatigue cracks and fractures from the perspective
of material properties and experiments. For instance, Lucanin et al. [11] performed stress
and acceleration tests on the bogie frame of a diesel multiple unit (DMU) to clarify the
reasons for fatigue cracking. Wang et al. [12] presented a new fatigue reliability evaluation
method by combining the in-service measurement of dynamic stress with the probability
method. Han et al. [13] designed a fatigue test on a full-scale test rig to evaluate the fatigue
strength of the bogie frame for an urban maglev train. Wang et al. [14] determined the
fatigue reliability of a bogie frame by using the load-spectrum-improving technology of
the on-track test. In addition, some material characterization methods have been used
to analyze the micro-phenomena of fatigue. Hu et al. [15] analyzed the metallographic
and scanning electron microscope (SEM) results of bolts after tensile tests and combined
them with dynamic stress tests to find out the cause of failure. Shen [16] and Xu [17]
determined the main causes of bogie frame cracks via fracture morphology, chemical com-
position, tensile properties, metallography, and SEM. The aforementioned studies have
mainly employed single methods to analyze the cause of cracks or fractures; thus, their
results lack comparison and verification. Therefore, Seo et al. [18] combined the FE fatigue
strength simulation of the bogie frame with a full-scale fatigue test to estimate the structural
integrity. Lu et al. [19] employed accelerated life and numerical test to predict the fatigue
life reliability. Fu et al. [20] determined the main cause of fatigue crack initiation based on
modal analysis, actual stress, and acceleration time history. Chen et al. [21] predicted the
fatigue reliability based on FE fatigue strength simulation and static fatigue experiments.
Li et al. [22] proved the causes of abnormal elastic vibration of an electric multiple unit
(EMU) car body through dynamic simulation and dynamic stress tests. Despite much
research related to analytical, numerical, and experimental methods for determining the
structure of railway vehicles, the comprehensive analysis of the mechanism of cracks or
fractures during railway operation and structural optimization has rarely been investigated.
Unlike the special cases in the experiments, the analysis of crack or fracture mechanisms
during the service period includes various uncertain factors, such as track irregularity,
wheel irregularity, etc., which can be used to better investigate the real causes of structural
failure and further facilitate structural improvement. Therefore, it is necessary to carry out
failure mechanism analysis and design optimization based on crack or fracture phenomena
during the service period.

Design optimization has been widely studied over the last several decades, and
extensive work has been done in the area of railway vehicles. Most of these studies pay
more attention to weight and stress minimization due to strict design requirements for
light weight and static strength [23-26]. However, the anti-fatigue properties of structural
design optimization based on weight and stress minimization are particularly poor. In
addition, to achieve light weight, railway vehicle structures require additional fatigue
optimization and robustness optimization to ensure the anti-fatigue properties of the
design [27]. Consequently, this improves the structural scheme via fatigue optimization to
achieve better performance compared with conventional methods. At present, although
numerous optimization approaches have been proposed to improve the performance of
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these structures, few scholars have conducted a comprehensive analysis and proposed a
mechanism-based optimization process and algorithm for railway vehicles.

This paper focuses on the fracture mechanism and design optimization of the wheelset
lifting mechanism based on experiments and simulations. Macro-examination, fracture
SEM analysis, and metallographic examination of fractured lifting mechanisms are carried
out to analyze the failure mechanism from a material perspective. A dynamic stress test of
the wheelset lifting mechanism is conducted to further explore its fracture mechanism and
verify the correctness of the material-based analysis. As a supplement to the macrostruc-
ture performance analysis, static strength analysis and modal analysis are performed to
perfect the rationality of fracture mechanism analysis, and the weak parts of the structural
optimization are identified. An improved NSGA-II is first proposed and combined with
a robust fatigue optimization model and double-layer Kriging surrogate model, and an
efficient design optimization process of the wheelset lifting mechanism is presented. Finally,
the performance of the optimized structure is compared and verified.

The remainder of this paper is organized as follows: Physical tests and chemical
analyses of the fractured lifting are conducted in Section 2. The dynamic stress testing of
the wheelset lifting mechanism is described in detail in Section 3. Section 4 presents some
FE simulations as a supplement to the structural performance of the fracture mechanism.
Section 5 proposes a robust fatigue design optimization based on the double-layer Kriging
surrogate model. Finally, Section 6 summarizes and concludes the study.

2. Physical Tests and Chemical Analyses

The purpose of physical tests and chemical analyses is to analyze the fracture cause of
the wheelset lifting mechanism from the perspective of materials science, and then develop
a test scheme and simulation method matching the fracture cause to further verify the
fracture mechanism in terms of structural performance. Therefore, it is necessary to first
analyze the material fracture mechanism of the wheelset lifting apparatus from the aspects
of the macro-examination, fracture SEM analysis, and metallographic examination.

2.1. Macro Examination

Some of the wheelset lifting mechanisms of the vehicle were found with large cracks
during daily maintenance, and fractures occurred due to slight hammering, as shown in
Figure 1. As an important structure of a conical rubber spring-positioning bogie, wheelset
lifting mechanisms can lift the wheelset during lifting and transportation of the to prevent
abnormal tension of the primary rubber spring. The wheelset lifting structure achieves
the function of lifting the wheelset through the lifting pin welded on the side beam of the
frame and the wheelset lifting ring bolted on the boss of the front cover of the axle box. The
complicated operating environment—due to the small curve radius, large traction/braking
acceleration, out-of-round wheels, and other reasons—can cause abnormal vibration during
normal operation of the vehicle. Especially when directly bearing the vibration from the
ground, the wheelset lifting mechanism is susceptible to fatigue fracture of the fixed end
due to alternating load. Therefore, it is necessary to comprehensively explore its fracture
mechanism from the perspective of materials, dynamic stress, and FE simulation, and to
put a corresponding design optimization scheme to improve its structural performance.
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Figure 1. Wheelset lifting fracture: (a) full view of the lifting mechanism; (b) fractured lifting position.

Figure 2a shows the macro-morphology of the fractured lifting mechanism, with the
fracture extending along the transition fillet between the lifting lug and the lifting ring.
After a slight hammering, it was completely fractured. Figure 2b displays the macro-
morphology of the fracture, where we can see that there are obvious corrosion traces on the
fracture surface, and the characteristic of the “spindle” fatigue shell line can be observed
locally. There are multiple step-like stripes in the transition fillet area on both sides of
the cross-section near the transition fillet area between the lifting lugs and the ring. The
step-like stripes on both sides develop towards the center of the fracture and intersect
to form a “ridge” region parallel to the axis. Therefore, it can be inferred that the crack
originates from the transition fillet of the lifting lugs and rings on both sides, and fracture
occurs when the “ridge” region of the propagation center is formed.

-

(b)

Figure 2. Macro-morphology of the fractured lifting mechanism: (a) macro-morphology of the lifting
mechanism; (b) macro-morphology of the fracture.

2.2. Fracture SEM Analysis

Figure 3a shows an SEM image of the lifting mechanism’s fracture surface at low
magnification, and there are many step-like stripes at the source of the fracture, with
microfracture characteristics of dimples, as shown in Figure 3b. There are many abnormal
coverings on the surface of the fracture’s source, but no loose or slag-inclusion defects
are observed.
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Figure 3. SEM morphologies of the fractured lifting mechanism: (a) micro-morphology of the fracture
at 11x magnification; (b) micro-morphology of the fracture at 300 x magnification.

Figure 4 reveals the energy-dispersive X-ray spectroscopy (EDS) of the fracture. It can
be seen that the contents of O, Ti, Fe, and Zn in the abnormal covering are higher, where
the total atomic percentage of O and Fe is 90.61%, mainly composed of iron oxidation
products. Therefore, it can be inferred that the loose coverings and pits on the fracture
surface are caused by corrosion. This phenomenon not only demonstrates that the fracture
of the wheelset lifting is a slow process, but also accelerates the eventual fatigue fracture.
Figure 5 shows the micro-morphology of the “ridge” region in the middle of the fracture,
where fatigue striation and dimple morphology can be observed in the local area, which is
the final fracture region.

Element |Weight%| Atomic% | Element | Weight% | Atomic%
OK 36.18 65.65 TiK 431 2.62
SiK 0.77 0.80 CrK 0.78 0.44
PK 0.36 0.34 FeK 54.43 28.30
SK 0.32 0.29 CuK 0.32 0.15
ClIK 0.21 0.17 ZnK 1.48 0.66
CaK 0.83 0.60 Totals 100.00

0 2 4 6 g 10 12 14 16 18 20
Full Scale: 20062 cts Cursor:0.000 ke

Figure 4. EDS coating analysis of the fracture.

(b)

Figure 5. Micro-morphology of the “ridge” region of the fractured lifting mechanism: (a) micro-
morphology of a stepped stripe at 1500 x magnification; (b) micro-morphology of the “ridge” region
at 55x magnification; (c) micro-morphology of the “ridge” region at 1000 x magnification.

2.3. Metallographic Examination

Figure 6 shows the optical microscopic morphology of the section cutting along the
central axis of the fractured wheelset lifting mechanism. Nonmetallic inclusions near the
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source of the lifting mechanism’s fracture can be observed in Figure 6a; its evaluation
is A1.5, Al.0e, B1.0, and D1.0 according to GB/T 10561-2005 “Steel—Determination of
Content of Nonmetallic Inclusions”. The metallographic structure of the fracture source
section of the fillets on both sides, as shown in Figure 6b, is composed of pearlite and ferrite,
where the pearlite is slightly banded. There are several small and smooth cross-crystalline
cracks on the surface of the fillet at the source of the fracture, the coupling on both sides of
the crack is good, and the lifting mechanism’s fillet surface is not smooth, but there is no
oxidation decarburization. Figure 6c shows a metallographic image of the fracture’s center,
with microfracture characteristics similar to those shown in Figure 6b.

Fracture so E o

(@) (b) (c)

Figure 6. Microstructure of the fractured wheelset lifting mechanism: (a) nonmetallic inclusions of
the fractured lifting mechanism at 100 x magnification; (b) micro-morphology of the fracture source
at 500 x magnification; (¢) micro-morphology of the fracture’s center at 500 x magnification.

According to the macro- and micro-characteristics of the fractured wheelset lifting
mechanism, it can be concluded that the fracture has the characteristics of bidirectional,
multisource, high-cycle, low-stress fatigue, and that the crack source is located on the transi-
tion fillet surface of the lifting lugs and lifting rings on both sides. Obvious fatigue striations
can be observed in the crack propagation area, and dimple morphology can be found in the
“ridge” region in the middle of the fracture, which is the final fracture area. In general, the
fracture of the wheelset lifting mechanism occurred as a result of bidirectional, multisource,
high-cycle, low-stress fatigue, which was mainly because of abnormal vibration during
service, and belongs to the category of vibration fatigue. For this purpose, dynamic stress
tests and FE simulations were further employed to comprehensively analyze the fracture
mechanism of the wheelset lifting apparatus from the perspective of vibration fatigue.

3. Dynamic Stress Test

Section 2 reveals that the fracture of the wheelset lifting mechanism was related to
bidirectional, multisource, high-cycle, low-stress fatigue caused by vibration. Therefore,
on-track testing of the existing structure was carried out to further determine the conclusion.
The test line operated at the speed limit according to the curve and the actual situation of
the stations and stops, without opening the door. The load was AWO (i.e., the condition
when the train is unloaded), and the maximum speed was 80 km/h. In this test, a Somat
eDAQ dynamic data acquisition device was used to test the dynamic stress of the wheelset
lifting mechanism via the quasi-static method of strain response. We randomly selected
a wheelset lifting mechanism for measuring point layout, with a total of five measuring
points. Given that stress perpendicular to the base metal was the principal fatigue fracture
cause of the lifting mechanism, the strain gauges were all unidirectional. Figure 7 and
Table 1 show the linear strain gauge layouts and lists, respectively, in which the red lines
represent the strain gauges.
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(b)
Figure 7. Measuring point locations: (a) one side view; (b) another side view.
Table 1. List of measuring points.
Area Description Measuring Points
A Outer variable section transition arc DO01
B Inner variable section transition arc D02
C Outer variable section excessive arc root D03
D Variable section at the upper part of the circular hole D04-D05

Taking the high-stress-amplitude regions on the lifting mechanism as the fatigue
control locations can comprehensively reflect the stress state caused by external load,
structural deformation, stress concentration, and other factors. The stress—time history
measured at the fatigue control locations shows the real-time stress state of the lifting
mechanism under the actual operating conditions, which represents the fatigue damage
to the lifting mechanism under various loads [28]. For instance, the partial stress—time
history of the outer variable section transition arc of the wheelset lifting mechanism is
shown in Figure 8. Through zero-drift processing, rainflow counting, and compilation of
the stress spectrum data, the peak and trough values of the stress at each measuring point
were obtained, as shown in Figure 9. It can be seen from the figure that the stress variation
amplitudes of measuring points D04-A and D04-B are large, and the maximum variation
range is 209.1 MPa, indicating that there is a large alternating load and obvious vibration at
this location.

16.88

Siress amplilude (MI'a)
=
=]
=1

1967 e b v b b b b v b v by b w b b b o
1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 63500 7000
Time (s)

Figure 8. Stress—time history of a measuring point on outer variable section transition arc.
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Figure 9. Measured stress amplitude.

Figure 10 presents the spectral analysis diagram of the wheelset lifting mechanism. It
can be seen that the vibrational energy of the lifting mechanism is mainly concentrated at
about 270 Hz during vehicle operation, which may be the main cause of fatigue fracture. To
reasonably consider the damage caused by various stress levels, Miner’s linear cumulative
damage rule and the S-N curve recommended by IIW-1823-07 ex XIII-215r4-07 /X V-1254r4-
07 “Recommendations for fatigue design of welded joints and components” were employed
for damage calculation, and the 64 stress levels were taken to evaluate the structural
damage [29]. The fatigue cumulative damage model is as follows:

Lgnm_ L miohy,

2y 2w 1
Ly~ N; ng C @

D =

where L, is the on-track test distance (km), L is the total distance for complete service life
(3.6 million km), m and C are material constants—the material parameters of steel and
aluminum are m = 5, and the material parameters of steel are C =2.12 X 107, n; is the cycle

of each stress amplitude, N; is the total stress cycle, and ¢, . is each stress amplitude.

7001 28 26 24 22 20 18 16 14 12 10 8 6 4 2
. 600 E
N
= 500
2 400

1R BL | | ek 8§

0 1000 2000 3000 4000 5000
Time (s)

Figure 10. Spectral diagram of the wheelset lifting mechanism.

According to the dynamic stress test values of each measuring point on the wheelset lift-
ing mechanism, the cumulative fatigue damage caused by the vehicle running for 3.6 million
km under the existing wheel-rail relationship was calculated, as shown in Table 2. When
the cumulative damage to the structure is less than 0.5, it is considered to be in a safe state.
However, the damage values of the measuring points D04-A, D04-B, and D05-B in Table 2
exceed the damage limit by 0.5, indicating that the wheelset lifting mechanism under the
existing wheel-rail relationship cannot meet the operational demand of 3.6 million km.
The locations of measuring points D04-A, D04-B, and D05-B are consistent with the crack
initiation locations. It can be seen that the vibration fatigue caused by track irregularities
or wheel irregularities is the main reason for the damage and even fracture of the lifting
structure, which is consistent with the analysis in Section 2.
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Table 2. Cumulative fatigue damage and residual life.

Meas.urmg (;umulatlve Residual Life Measuring Points (.Jumulatlve Residual Life

Points Fatigue Damage Fatigue Damage

DO1-A 1.05 x 10~ Meets requirements D03-B 248 x 1074 Meets
requirements

DO01-B 2.11 x 1074 Meets requirements D04-A 4.12 x 10! 8.74 x 10*

D02-A 1.69 x 102 Meets requirements D04-B 4.45 x 10! 8.09 x 10%

D02-B 449 x 1071 Meets requirements D05-A 1.24 x 1071 Meets
requirements

DO03-A 7.38 x 1074 Meets requirements D05-B 1.12 3.23 x 10°

4. FE Simulations

Both material and dynamic stress experiments show that the fracture mechanism of the
wheelset lifting apparatus is fatigue caused by vibration, which indicates that there are some
deficiencies in the original structural design. Therefore, static strength and modal analyses
were carried out using FE simulations to verify the rationality of the original structure.
Since the dynamic stress test verified the fatigue performance of the original structure, the
fatigue simulation analysis was ignored. To ensure the calculation accuracy of a variable
cross-section area with a small chamfer, the FE model of the wheelset lifting mechanism
was modeled using 10-node tetrahedral solid elements. The axle-box end cover was also
modeled using 10-node tetrahedral solid elements to simulate the installation environment.
Considering the connection form of the wheelset lifting mechanism and the axle-box end
cover, beams and rigid elements were employed to simulate the connecting bolt. The
X/Y/Z/XOY/YOZ/ZOX displacement constraint and X/Y/Z displacement constraints
were applied to the bolt holes and the surface of the axle-box end cover, respectively. The
FE model is shown in Figure 11.

Rigid

v 9 »
cr\ ’ . 3 - Displacement constraint
- X, Y, 7)

Figure 11. FE model of the wheelset lifting mechanism.

Due to the complexity of excitation during the actual operation of the line, combined
load cases in all directions were applied to the wheelset lifting mechanism according to
the relevant provisions of BS EN 13749: 2011 “Railway applications—Wheelsets and bogies—
Method of specifying the structural requirements of bogie frames”. The specific information
is given in Table 3 (g = 9.81 m/ s%), based on which the FE analysis of the wheelset lifting
mechanism was conducted. Figure 12 displays the static strength stress contour plot for
load cases 01-08.
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Table 3. Combined load cases of static strength.

Longitudinal . . .
Load Case & . Lateral Acceleration  Vertical Acceleration
Acceleration
LCOo1 10xg 10xg 71xg
LC02 10x g -10x g 71xg
LC03 -10xg 10xg 71xg
LC04 -10xg -10xg 71xg
LCO05 10x g 10xg —69 x g
LCO06 10xg -10xg —69 x g
LCO07 -10xg 10xg —69 X g
LCO08 -10xg -10x g —69 x g
Contour Plot Contour Plot Contour Plot Contour Plot
Stress(vonMises, Max, ComerData) Stress{vonMises, Max, CornerData) Stress(vonMises, Max, CornerData) Stress(vonMises, Max, ComerData)
Giobal System Global System Global System Global System
Advanced Average Advanced Average Advanced Average Advanced Average
59.716
[40.800 }40.800 |40.800 [40.800
35703 35.703 35.704 35.703
-30.606 -30.607 30.608 -30.607
25510 =25.510 —25.512 125510
=20.413 =20.413 =20.416 =20.414
15.316 15.317 15.320 : 16.317
10.219 10220\ {vaiue - s¢.008 10223 | ffvaie = 49130] 10.220 ' Mvaive = 0431
5122 5123 . 4 5.127 5124
0.025 0.027 0.031 0.027
(b) (d)
Contour Plot Contour Plot Cantour Plot Contour Plot
Stress(vonMises, Max, CornerData) Stress(vonMises, Max, CornerData) Stress(vonMises, Max, CornerData) Stress(vonMises, Max, CornerData)
el oty oy i bt
54.877 8 57.095
l40.800 [40.800 [40 800 [40.800
35.703 35.703 35,703 35.703
—30.607 -30.606 ~30.808 —30.606
25510 1 25.510 25510 +25.509
=20.413 =20.413 +20.413 =20.413
15.316 15.316 15.316 15.316
10.220 10218 {{value = 47.680] 10.219 [ vaiue = 53,049 10.219
i5.123 t5.122 \ l5.122 . i5.122
0.026 0.025 1 0.026 0.025
(8) (h)

Figure 12. Stress contour plots of the wheelset lifting mechanism: (a) LC01; (b) LC02; (c) LC03;
(d) LC04; (e) LCO5; (£f) LCO6; (g) LCO7; (h) LCOS.

It should be noted that the material of the wheelset lifting mechanism is Q235B, which
has isotropic properties, and the plasticity or elasticity—plasticity of the material was not
considered in the FE simulation. Thus, the analysis results are not affected by the loading
path [30]. As shown in Figure 12, the stress value of the wheelset lifting mechanism under
static strength load cases is less than 225 Mpa of the material yield limit, which meets the
standard requirements. However, it can be seen from the stress contour plot that the stress
at the root of the excessive arc of the variable section is large, which is consistent with
the fracture location, indicating that there is a certain risk in the design. By comparing
the stresses under various load cases, it was found that the longitudinal and vertical
acceleration can cause large stress during lifting, and the lateral acceleration has little effect
on the stress. This illustrates that the fatigue fracture of the lifting mechanism is mainly
related to the longitudinal and vertical vibration. For this reason, Figure 13 shows a modal
contour plot of the wheelset lifting mechanism to observe the deformation state of the
structure at a certain frequency.
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Figure 13. Modal contour plots of the wheelset lifting mechanism: (a) 1st modal; (b) 2nd modal;
(c) 3rd modal; (d) 4th modal; (e) 5th modal; (f) 6th modal.

As can be seen in Figure 13, the vibrational frequency has a significant effect on the
deformation amplitude of the wheelset lifting mechanism. It should be noted that the 1st,
2nd, and 3rd modals of vibration cause the maximum stress to appear at the root of the
transition arc of the variable section, while the locations of the maximum stress of the 4th,
5th, and 6th modals change, indicating that low-frequency vibration is the main reason for
the fracture of the wheelset lifting mechanism. In addition, by comparing the 1st modal
predicted by FE analysis with Figure 10, it can be seen that the vibrational frequency during
wheelset lifting operation is close to its natural frequency, which is about 270 Hz. It can
be seen that the wheelset lifting mechanism produces resonance during operation, which
causes the strain amplitude to increase, and the fracture occurs from the location where the
stress is the greatest.

5. Robust Fatigue Design Optimization Based on the Double-Layer Kriging
Surrogate Model

The mechanism analysis shows that the main fracture cause of the wheelset lifting
apparatus is the fatigue damage caused by vibration, which intensifies the initiation and
propagation of fatigue cracks until the final fracture. Therefore, a robust fatigue design
optimization method is proposed to improve the anti-fatigue properties and stability of the
original structure. In this regard, a double-layer Kriging surrogate model was studied to
address the efficiency problem of repeated FE computation calls, and an improved NSGA-II
algorithm was used to enhance the global search ability of the design optimization.

5.1. Determination of Optimization Variables and Objectives

According to the experiments and FE analysis results of the wheelset lifting mechanism,
it can be seen that the inner and outer arcs under the lifting hole are the main locations of
fatigue damage. Therefore, these regions should be paid more attention when the structure
is optimized. The five side lengths, inner and outer radian, and thickness of the lifting hole
are the main parameters affecting its structural performance. However, the improvement of
the transition fillet surface of the lifting lugs and lifting rings involves changes in Lj, Ly, Ly,
Ls, and Ty; thus, these are identified as the optimization variables with the greatest impact
on the lifting fatigue performance. Figure 14 provides the location of the main parameters
of the wheelset lifting mechanism, in which the optimization variables are marked in red.
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Figure 14. Schematic of the design variables” location.

In addition, fatigue strength and robustness were taken as the optimization objective
and constraint, respectively, which can improve the anti-fatigue properties of structural
optimization without being affected by manufacturing errors. However, railway vehicles
are subjected to vertical, lateral, longitudinal, and oblique symmetrical loads during their
operation, which means the the load borne by the wheelset lifting mechanism presents a
typical multiaxial load state. For this purpose, the multiaxial-uniaxial stress state transition
method provided by the railway vehicle standard ORE B12/RP17 was used to calculate the
stress and amplitude, as shown in Figure 15.

2 A

(a) (b)

Figure 15. Determination of maximum and minimum principal stresses: (a) maximum principal
stress; (b) minimum principal stress.

As shown in Figure 15, the maximum principal stress of the structure under all load
cases is regarded as the basic stress distribution direction, denoted as 0y,y; the princi-
pal stresses under other load cases are projected to the determined maximum principal
stress direction, where the smallest projection value is determined as the minimum prin-
cipal stress, denoted as 0y,,;;,. The mean stress and stress amplitude are calculated using
Equation (2), and then the transformation from a multiaxial stress state to a uniaxial stress
state is completed.

Oy = Omax ‘zi‘ Omin o, = Omax . Omin )
where 0y, is the mean stress, and ¢;, is the stress amplitude.

5.2. Parameter Optimization of the Kriging Surrogate Model

According to the relevant theories of the Kriging surrogate model, the selection of
correlation kernel function has a significant effect on its fitting ability [31,32]. Compared
with the linear kernel function, the Gaussian-based Kriging surrogate model can fit the
model surface with more smoothness. Therefore, an improved differential evolution (IDE)
algorithm with fast global search ability is proposed to determine the optimal Gaussian
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kernel function 6, and then a high-accuracy optimized Kriging surrogate model is built,
which can be obtained from Equation (3):
ming(0) = |R(6)|" 3)
A
where m is the number of design variables, o2 is the variance, and R(6) is the kernel
function with parameters.

Given that different mutation strategies have a great impact on the searchability of the
differential evolution (DE) algorithm, an IDE algorithm with a hybrid mutation strategy
is proposed to enhance its comprehensive searchability. The expression of the hybrid
mutation strategy is provided as follows:

H = Xpest T ] ¥ (Xrl - sz) B< <05 @
! X1 +J % (X2 — X,3) others

B — f(xi) — Xmin (5)
Xmax — Xmin

where H; is any individual variation set in a mutation operation, | is the scaling factor,

J € (0,1), Xpest is the best individual in the current generation, X1, X;», and X3 are the

randomly selected individuals in the current generation, B and { are uniform random

numbers in (0,0.5), f(x;) is the fitness of the first particle, and x,,;, and Xy are the

minimum and maximum values in the particles, respectively.

5.3. Improved NSGA-II Algorithm

In the fatigue limit diagram, the mean stress and stress amplitude determine the fatigue
performance of wheelset lifting mechanism; the lower the mean stress and stress amplitude,
the better it can fit the fatigue limit diagram [21]. Therefore, the fatigue optimization of
the wheelset lifting mechanism is a multi-objective optimization problem that minimizes
the mean stress and stress amplitude so that it can meet the requirements of fatigue perfor-
mance. As one of the most popular multi-objective genetic algorithms, NSGA-II reduces
the complexity of the non-inferior sorting genetic algorithm. It has the advantages of fast
running speed and good convergence of the solution set, and can be taken as the benchmark
for the performance of other multi-objective optimization algorithms. Thus, the NSGA-II
algorithm was used to deal with the multi-objective optimization problem of the wheelset
lifting mechanism in this study. However, there are also many shortcomings to the NSGA-II,
such as the optimization more easily converging to a locally optimal solution prematurely,
slow convergence, and the inability to properly balance global search and local search [33,34].
Therefore, this paper puts forward the following improvement strategies for NSGA-II:

(1) Initialization population of sine chaotic mapping

Based on the characteristics of the irregular random movement of the sine chaotic
mapping, the dispersion and uniformity of the generated population are enhanced com-
pared with a randomly generated population, which makes the convergence speed of the
algorithm faster. The expression is provided as follows:

Wry1 = Zsin(rcwk), a € (0,4] (6)

where wy, is the random number in [0, 1], and a represents the chaotic parameters.
(2) Adaptive dynamic crossover probability

To balance the global and local optimization performance of the algorithm, a nonlinear
increasing function is employed to make the algorithm quickly jump out of the local opti-
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mal solution and then turn to the global optimization process. The expression is provided
as follows:

3t
pec = 0.5 x (1 — 0.8 X cos T) (7)
where p, is the adaptive dynamic crossover probability, ¢ is the current number of iterations,
and T is the total number of iterations.
(3) Adaptive dynamic mutation probability

A nonlinear decreasing function is adopted to obtain the variation value of global opti-
mization under the condition of high variation probability, and to achieve the requirement
of rapid convergence under the condition of low mutation probability. The expression is
provided as follows:

pm = 0.3 X (0.8 X cos% + 1) (8)

where p;;, is the adaptive dynamic mutation probability.
(4) Crossover operator based on Cauchy distribution

A Cauchy distribution operator is proposed to solve the problem of high subjectivity
of cross-behavior in the original NSGA-II algorithm. The expression is provided as follows:

x1i = [pri(t) + p2,i(t)]/2 4+ | 1.481(py,i(t) — p2,i())|C{ O, \/% /2

I { ,te(0,05] ©9)
X2 = [pr,it) + pi(D]/2 — |1481(p1i(t) — pas(t)|C(0,/2) |72
x1i = [p1i(t) + p2i(t)] /2 — | 1481(p1,i(t) — p2i(t))|C{ O, \/g /2

L 1, t€(05,1] (10)
X2, = [p1i() + pai(D)/2+ | 1481 (pr,i(1) — pai(1))|C (0,1 /2 )| /2

where x7 ; and x; ; are the offspring of the variable i, p1 ;(f) and p, ;() are the parents of the

variable i1, an , — | 1S a random number rollowing a Cauc random distribution
iable i, and C( 0, /2 ) i d ber following a Cauchy random distributi

with a position parameter of 0 and a scale parameter of \/% .

(5) Mutation operator based on Cauchy distribution

The original NSGA-II algorithm uses a polynomial mutation operator, which has
subjective parameters, resulting in a slow convergence speed. For this purpose, a Cauchy
distribution mutation operator without subjective parameters is proposed to improve the
robustness of the calculation results. The expression is provided as follows:

X1, = X1+ A (11)
A= F~1(rand;0,+/7/2) rand € [0,1] (12)
I\ —=F Y(rand;0,v/7t/2) others

where xg ; is the mutated offspring, Ajis the mutation disturbance, F is the cumulative
distribution function of the Cauchy mutation, and rand is a random number.
In summary, the procedure of the improved NSGA-II is elaborated in Table 4.
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Table 4. The procedure of using the improved NSGA-II for design optimization.

Improved NSGA-II Algorithm

1: Py = sine-chaotic-map{xy,xp, -+ ,Xn}

2: t =0, P, = fast-nondominated-sort(Pp)

3: while t < gen

4: P,/ = binary-tournament-selection ()

5: Q=0

6: foreach p € P/ do

7: P, = adaptive-dynamic-crossover-probability (¢, gen)
8: if rand1 < P, then

9: g’ = cauchy-distribution-crossover(p)
10:  Q=QuUq

11: end if

12: Py, = adaptive-dynamic-mutation-probability (¢, gen)
13: if rand2 < P, then

14 : q" = cauchy-distribution-mutation(p)
15: Qr=0QrUgq"

16: end if

17: end for

18: Rt = Pt (@] Qt

19: F = fast-nondominated-sort(R;)

20 : Piy1=0andi=1

21: until |P 4| + |F| < N

22: F; = crowding-distance-assignment (F/)
23: Py1 =P UE

24 : i=i+1

25: end until

26: Sort(F;, < n)

27 Pry1 =Py UE[L: (N — |Pya])]

28 : t=t+1

29 : end while

5.4. Robust Fatigue Optimization Based on the Double-Layer Kriging Surrogate Model

In the optimization process of the wheelset lifting mechanism, the FE model needs
to be repeatedly used for analysis, which leads to low calculation efficiency. Thus, it
is necessary to digitally characterize the functional relationship between optimization
variables and objectives with the help of the optimized Kriging surrogate model established
in Section 5.2, and to solve it with the improved NSGA-II method proposed in Section 5.3.
In addition, considering the robustness of fatigue optimization, the objective functions of
expectation and variance, including mean stress and stress amplitude, are established. The
basic fatigue robustness optimization model is given as follows:

min fl(x) =wr X How + w2 X 6 x Oavn
min  f,(x) = wy X fg, + wp X 6 X 0, (13)
s.t. lbl <x < ubl; lb2 < Xy < ubz; lb3 < x3 < ubg; lb4 < xg < ub4; lb5 < x5 < ub5

where f(x) is the function of the mean value and standard deviation of mean stress, f,(x)
is the function of the mean value and standard deviation of stress amplitude, w; is the
weight of the mean fatigue strength, w, is the weight of the variance in fatigue strength,
Ue,, is the mean value of mean stress, 0y, is the standard deviation of mean stress, yg, is
the mean value of stress amplitude, 0y, is the standard deviation of stress amplitude, [b; is
the lower limit of x1, [b; is the lower limit of x,, Ib3 is the lower limit of x3, [by is the lower
limit of x4, Ibs is the lower limit of x5, ub; is the upper limit of x1, ub; is the upper limit of
x7, ubs is the upper limit of x3, uby is the upper limit of x4, and ubs is the upper limit of xs.
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The process of the robust fatigue optimization method based on the double-layer
Kriging surrogate model is shown in Figure 16, and the calculation steps are summarized
as follows:

|

i|| Boundary RMSE

1| | condition calculation

|

|

| Mixed mutation Initialize Optimization model
| strategy ]‘T{ population (RMSE and 0)

|

L i

IDE- Kriging
surrogate model

Optimal
RSME and 6

Determine optimization DoE Mean stress and stress First layer Kriging
variables and objectives amplitude (true value) surrogate model

No y
Fatigue robust optimization Yes Second layer Mean stress and stress
model @ Kriging amplitude (expectation
(multiple objectives) surrogate model and variance)

Monte Carlo

simulation

Improved NSGA-II

Forming a new Fastnon-
algorithm parent population dominated sorting
Sine-based initialize ew generation Breliti ey Individual New parent
subgroup? generations merger population?

opulation
e (Gen=2)

No

Selection | Yes
crossover
mutation

Selection
crossover
mutation

Figure 16. Robust fatigue optimization process based on the double-layer Kriging surrogate model.

Step 1: The optimization variables and objectives are determined according to the
mechanism analysis.

Step 2: ANSYS Workbench software is employed to parameterize the wheelset lifting
mechanism, and the design of experiments (DoE) is carried out. The true response values of
stress amplitude and mean stress are calculated by using the conversion method provided
in Section 5.1.

Step 3: Using the IDE-Kriging model to fit the DoE data, the first-layer surrogate
model is established.

Step 4: The average relative error is used as the accuracy evaluation index to test
the accuracy of the surrogate model. If the accuracy does not meet the requirements, the
Kriging surrogate model needs to be optimized, or the samples need to be increased.

Step 5: Latin hypercube and Monte Carlo sampling are carried out to establish the Kriging
surrogate model of the mean and standard deviation of mean stress and stress amplitude.

Step 6: The method in Step 4 is adopted to test the accuracy of the second-layer
surrogate model.

Step 7: The robust optimization model is solved based on the improved NSGA-II.

5.5. Design Optimization of the Wheelset Lifting Mechanism

The SolidWorks software was employed to establish the geometric model of the
wheelset lifting mechanism, and it was parameterized according to the optimization vari-
ables. Then, ANSYS Workbench was used for FE analysis, where a central composite
design was adopted for the DoE. Tables 5 and 6 present the numerical characteristics of the
optimization variables and the DoE calculation process, respectively.
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Table 5. Numerical characteristics of the optimization variables.

Optimization . . Lower Mean .
lz/ariables Sign Unit Limit Value Upper Limit
Lifting hole width Ly mm 58 60 62
Lifting hole length Ly mm 100 106 112
Lifting root width Ly mm 91 98 105
Lifting outline width Ls mm 125 128 130
Lifting thickness Ty mm 15 18 20

Table 6. DoE design and response values of the first-layer Kriging surrogate model.

Run Optimization Variables Responses
Number Ly L, Ly Ls T; o Om
1 60.00 106.00 98.00 127.50 17.50 0.43 2.33
2 60.00 106.00 98.00 127.50 15.00 0.38 2.03
3 60.00 106.00 98.00 127.50 20.00 0.47 2.63
4 60.00 100.00 98.00 127.50 17.50 0.46 2.30
24 60.57 104.30 99.98 128.21 16.79 0.38 2.15
25 60.57 104.30 96.02 128.21 18.21 0.51 2.36
26 60.57 107.70 96.02 128.21 16.79 0.30 2.10
27 60.57 107.70 99.98 128.21 18.21 0.40 2.28

The IDE-Kriging surrogate model was employed to fit the data in Table 6, and then
the first-layer Kriging surrogate model of optimization variables and objectives was built.
Eight experimental samples were selected to verify the fitting accuracy of the surrogate
model, a comparative analysis was carried out with the IDE-Kriging and original Kriging
surrogate models, and the calculation results are shown in Figure 17. It can be seen that the
fitting accuracy of the IDE-Kriging surrogate model for the mean and variance of fatigue
strength is higher than that of the original surrogate model. The RMSE values of ¢, are
0.0167 and 0.0378, and the RMSE values of 0, are 0.029 and 0.0555, respectively.

0.5 2.6
25 - -m- Real value
: ---@-- Original Kriging
s 04 s 24 A~ IDE-Kriging
E E 2.3
& 03 --#- Real value ;E 22 //,," \‘»\
---@-- Original Kriging| 2.1 ‘,]/ ...
0.2 |- IDE-Kriging 2.0 [ 4 e
1.9
01 L 1 1 1 L 1 1 1 1 I8 L L L L 1 1 1 1 ]
0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 ] 6 7 8 9
Number of test samples Number of test samples
(a) (b)

Figure 17. Comparison of prediction results of the first-layer Kriging surrogate model: (a) surrogate
model of o;; (b) surrogate model of oy,.

Latin hypercube sampling was used for the first-layer Kriging surrogate model to
obtain 200 initial sample points, and 10,000 Monte Carlo simulations were then performed
to obtain the expectation and standard deviation of each sample, and the second-layer
Kriging surrogate model was finally built. The sample data are shown in Table 7.
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Table 7. DoE design and response values of the second-layer Kriging surrogate model.

Run Optimization Variables Response
Number Ly L Ly Ls Ty o, oo, Ho, Ho,
1 61.58 102.25 103.83 125.27 18.36 2.227 0.0814 0.4140 0.00354
2 60.40 107.38 91.42 125.98 16.94 2.122 0.0804 0.4120 0.01110
3 61.22 109.52 91.28 128.32 16.04 2.278 0.0837 0.4150 0.00502
24 58.82 101.99 98.89 129.42 16.76 16.760 2.1860 0.0919 0.411
25 58.24 100.17 104.39 127.38 18.13 18.130 2.2530 0.0835 0.414
26 61.42 105.36 93.827 125.32 16.34 16.340 2.0790 0.0462 0.410

Using the method provided in Figure 17 to verify the accuracy of the second-layer
Kriging surrogate model, the calculation results are shown in Figure 18. It can be seen
that the fitting result of the IDE-Kriging surrogate model is almost consistent with the real
value, which can be used for subsequent robust optimization.

2.5 0.12
- - Real value 0.11
2id .\\ ---@-- Original Kriging 0']0 ":ﬁ"
< | )\ -4 [DE-Kriging < 0‘09 A\ $
& | 7 s 0 . .
= | \ ~ S 008 A i
e i \ s 0.07 \ /X _ Fi
o122 I ¢ n o 0.06 \ S 4
v \\.: /. 0'05 \\ 7 --m- Real value l»\s /
2.1 ll g 7 |--®-- Original Kriging LY
‘/ / 88§ y |-~ Improved Kriging J
20 1 1 1 1 1 ! L L 1 1 ) . 1 1 1 I T I T 1 1 1 )
o 1 2 3 4 5 6 7 8 9 10 11 o 1 2 3 4 5 6 7 8 9 10 11
Number of test samples Number of test samples
(b)
0416 0.016  |--m- Real value °
0.415 . 0.014 - |--®-- Original Kriging *
P Sy & 0012 | [-A-IDEKriging Fi
z 0.414 goos’ S 0010 /
Ss 0413 ef ¥ 0.008
X 0.412 - - Real value A\ = 0.006 /,;
---®-- Original Kriging k ) 0.004 :
0.411 A IDE-Kriging 0.002
0.410 L L 1 1 1 1 1 1 1 1 ] 0.000 1 1 |
0o 1 2 3 4 5 6 7 8 9 10 11 0o 1 2 3 4 5 6 7 8 9 10 11
Number of test samples Number of test samples
(9 (d)

Figure 18. Comparison of prediction results of the second-layer Kriging surrogate model: (a) surrogate
model of 0y, ; (b) surrogate model of oy, ; (¢) surrogate model of i, ; (d) surrogate model of ..

A robust fatigue design optimization model for wheelset lifting mechanisms was
constructed based on the surrogate models provided in Figure 18 and Equation (13). The
optimization objectives were solved as the fitness function, and the improved NSGA-II
algorithm was adopted to improve the optimization accuracy and efficiency. The optimiza-
tion results are described in Figure 19. It can be seen that the improved NSGA-II-based
optimal solution set is better than the original NSGA-II under the same constraints, and
the obtained optimal solution set is relatively small, which verifies the effectiveness of the
improved NSGA-II optimization algorithm.
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Figure 19. Comparison of the Pareto optimal solution set.

The degree of dominance can better deal with the relationship between two objectives
in the Pareto optimal solution set; the higher the degree of dominance, the better the
performance of the solution. Therefore, fuzzy theory was employed to calculate the
dominance of each solution in the Pareto optimal solution set, and the solution with the
highest dominance was selected as the optimal solution of the Pareto set. The distribution
diagram of the degree of dominance of the solution in the Pareto optimal solution set was
obtained through analysis, as plotted in Figure 20, which shows that the highest degree of
dominance for the optimized design is 0.01125, which can be used as the optimal solution.
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Pareto solution number of robust optimization

Figure 20. Dominance degree distribution of the Pareto optimal solution set.

Table 8 provides the optimal design variables for the wheelset lifting mechanism.
Considering the influence of manufacturing and other factors, engineering regression
was carried out on the design optimization results to obtain the final design optimization
scheme, as shown in Figure 21.

Table 8. Comparison of optimization results.

Optimization
Method

Original NSGA-II 62.00 103.00 105.00 126.00 18.00
Improved NSGA-II 60.00 110.00 103.00 124.00 17.50

Ly L, Ly Ls Ty
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Figure 21. Optimized structure of the wheelset lifting mechanism.

On the premise of ensuring the robustness of structural fatigue strength, preventing
the resonance between the lifting mechanism and the car body is the main index by which
to judge the rationality of structural optimization. Thus, modal analysis of the optimized
structure was carried out and compared with the results in Figure 13. As shown in Figure 22,
in terms of numerical analysis, the frequencies of the first six orders are lower than the
original structure except for the third; in particular, the first modal frequency is 254 Hz. This
represents a certain gap from the car body’s mode frequency (270 Hz), which can effectively
prevent resonance. Judging from the modal contour plot, each vibration modal will not
produce a large stress-concentration phenomenon, especially at low-order frequencies. The
maximum stress generated by the vibration is at the bolt joint surface, which will not affect
the fracture of the lifting mechanism. In general, the optimized lifting structure not only
ensures the robustness of fatigue strength, but also effectively avoids resonance with the
car body and reduces stress concentration.
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Figure 22. Modal comparison of the wheelset lifting mechanism before and after optimization.

6. Conclusions

This study comprehensively evaluated the fracture mechanism of a fractured wheelset
lifting apparatus, including material characteristics analysis of fractures, on-track dynamic
stress tests, and FE analysis; a robust fatigue design optimization process based on a
double-layer Kriging surrogate model and an improved NSGA-II algorithm was presented,
aiming to provide an efficient design optimization method. The main conclusions can be
summarized as follows:

(1) The cracks in the wheelset lifting mechanism originate at the transition fillet on both
sides of the lifting lug and lifting ring, and there are multiple crack intersection steps.
Obvious fatigue striations can be observed in the expansion area; the final fracture
region presents a “ridge” shape, and some dimples can be observed. The overall
fracture of the wheelset lifting mechanism has the characteristics of bidirectional,
multisource, high-cycle, low-stress fatigue, and it can be preliminarily concluded that
the reason for this is the abnormal vibration during service.
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(2) Dynamic stress testing reflects that the tested wheelset lifting mechanism does not
meet the operational requirements of 3.6 million km under the existing wheel-rail
relationship; the minimum remaining life is about 80,000 km, and the damage location
is consistent with the fracture location. The reason for this is that the track irregularity
or wheel irregularity leads to the high-frequency vibration of the wheel and axle,
and worsens the stress state of the lifting mechanism; thus, this fracture can be
characterized as being caused by vibration fatigue.

(3)  The first natural bending frequency of the wheelset lifting mechanism is 272 Hz, which
is consistent with the spectral results of on-track operation. This demonstrates that the
fracture of the lifting mechanism at the maximum stress is caused by resonance during
train operation. The mechanism-based comprehensive analysis shows that the main
cause of fracture of the lifting mechanism is fatigue damage caused by resonance,
and a fracture with bidirectional, multisource, high-cycle, low-stress fatigue fracture
characteristics is finally formed.

(4) The proposed double-layer Kriging surrogate model and improved NSGA-II algo-
rithm improve the efficiency and accuracy of the robust fatigue optimization of the
wheelset lifting mechanism. The first natural bending frequency of the optimized
wheelset lifting is 254 Hz, which can effectively avoid stress concentration and fatigue
damage caused by resonance.
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