
 

4002 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. SEP 2016, VOL. 18, ISSUE 6. ISSN 1392-8716  

2175. Numerical analysis and optimization of wheel 
vibrations and radiation noises of the high-speed train 

Xue-yu Lu1, Zheng-qiao Lu2, Li-zong Lin3 
1School of Mechanical Engineering, Jiangnan University, Wuxi, China 
1Jiangsu Key Laboratory of Advanced Food Manufacturing Equipment and Technology, Wuxi, China 
2AECC Aero Engine Control System Institute, Wuxi, China 
3School of Mechanical and Power Engineering, East China University of Science and Technology, 
Shanghai 200237, China 
2Corresponding author 
E-mail: 1luxueyu@126.com, 2448207632@qq.com, 3lin_lizong@163.com 
Received 15 May 2016; received in revised form 20 August 2016; accepted 22 August 2016 
DOI http://dx.doi.org/10.21595/jve.2016.17170 

Abstract. Finite element and boundary element models of the standard wheel, damping wheels 
and S-type damping wheels were established and compared. The radial vibration and axial 
vibration of the standard wheel could be reduced to decrease the vibro-acoustic radiation. 
Regarding damping wheels and S-type damping wheels, the coupling between the radial vibration 
and axial vibrations of 1 pitch circle could be reduced to decrease the radiation noise. The vibration 
acceleration in the tread, rim and web plate was significantly improved after applying damping in 
the standard wheel. If the web plate was changed into S-type structure, the vibration acceleration 
of the wheel at three positions was further reduced. The radiation noise of S-type damping wheels 
was significantly improved. The radiation noise of the web plate was significantly greater than 
that of the tread, which was caused by the larger radiation area of the web plate. 
Keywords: standard wheels, damping wheels, S-type damping wheels, vibration accelerations, 
radiation noises. 

1. Introduction  

Common noises of the high-speed train were divided into wheel-rail noises, pantograph noises, 
traction noises and aerodynamic noises. As shown in Fig. 1, the aerodynamic noise would be the 
main source of noises when the train speed was more than 300 km/h, which played important 
impact on the noise of the high-speed train. The traction noise was related to the traction devices 
of the train, which was the primary source of noises when the train speed is less than 30 km/h. 
Nevertheless, its impact was significantly reduced along with the increasing speed of the train. In 
the speed range of 50 km/h-200 km/h, the wheel-rail noise was the dominant noise source of the 
train, which played a great impact on the noise generated from the intercity high-speed train and 
urban rail transit. Furthermore, the rail noise was related to the structure of the rail and the brake 
noise was relevant to the brake method of the train, but their noises were lower than that of the 
wheel-rail noise. Therefore, the research and control of wheel-rail noises were of important 
significance in solving the railway noise problem.  

The wheel-rail noise was mainly divided into the rolling noise, gear whine noises and 
wheel-rail impact noises [1, 2]. Due to the extremely large damping of wheel materials, about  
10-4, the damping of mechanical system was a most critical factor for vibration attenuation if the 
resonance of the mechanical structure was appeared [3-6]. Therefore, the vibro-acoustic radiation 
of the wheel would be effectively reduced by increasing wheel damping. In the actual operation 
of the train, a certain additional contact damping on the wheel was generated from the rolling 
contact state between the wheel and rail. Generally, the contact damping makes the wheel damping 
increase from 10-4 to 10-3. Therefore, the increased wheel damping must be greater than the wheel 
itself and the additional damping generated from the wheel-rail contact. As a result, it would 
inhibit wheel and vibro-acoustic radiation effectively [7, 8]. 

Constrained damping technology was an effective program for the vibration suppression and 
noise reduction, which was widely used in the low-noise wheel of the train. A thin layer of 
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high-damping viscoelastic material was pasted between the wheel and a rigid constraining layer. 
Since the viscoelastic damping layer was pasted between the basic layer and constraint layer, it 
was thus called constrained damping technology. The wheel with the constrained damping 
treatment of web plate, as studied by JONES [9], was applied and calculated, indicating that the 
wheel rolling noise of the wheel was reduced about 3 dB. In the experiment of Italy ETR500 
high-speed train, the aluminum plate with the thickness of 1mm was applied as the constrained 
damping of the constraint layer to treat the wheel, indicating that the rolling noise was reduced 
about 4 dB-5 dB when the speed was between 200 km/h-300 km/h. Based on the multi-objective 
optimization, the constrained damping treatment was conducted on the wheel whose 
cross-sectional area was optimized, as studied by BRACCIALI [10, 11], the simulation calculation 
was applied, finding that the method made the wheel rolling noise reduce by 10 dB. 

The metal plate with the thickness of 1mm was designed in RONA project, which was mounted 
on the wheel plate to shield its radiation noise. As shown from the test result, at the speed of 
150 km/h and 300 km/h respectively, the vibro-acoustic radiation of the web plate shielding wheel 
was reduced by 5 dB and 6 dB compared with that of the standard wheel [12]. The similar web 
plate shielding device in the SILENT project was mounted on a wheel with optimized shape, 
which could reduce the wheel radiation noise by 8dB compared with standard wheels [13]. 
Combining the advantages of web plate shielding wheel and constrained damping wheel, Brunel 
developed a noise damping device for the web plate of the train wheel [14]. As indicated from the 
simulation result, the rolling noise generated from the operating high-speed train wheel could be 
effectively reduced by the noise damping device of the web plate.  

 
Fig. 1. Changes of noises with the operational speed [15] 

Through the combination of experiment and numerical simulation, the vibro-acoustic radiation 
of the standard wheel, damping wheels and S-type damping wheels were studied in the paper and 
some meaningful conclusions were obtained, which provided some reference for the design of 
low-noise wheel.  

2. Principles of damping wheels 

Combined with the advantages of web plate shielding wheel and constrained damping wheel, 
the damping wheel could reduce the vibration and simultaneously shield the radiation noise in the 
web plate area.  

The installation of shielding plate in wheel plate area was equivalent to control the radiation 
noise of wheel plate area in sound propagation path. Acoustic waves had passed through the 
intermediate layer [16-21], as shown in Fig. 2.  

The transmission sound intensity and incident sound intensity, namely transmission factor of 
sound intensity [22-24], was shown as below: 
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ଵݐ ൌ ܫ௧ܫ ൌ 44cosଶሺ݇ଶܦሻ  ሺܴଵଶ  ܴଶଵሻଶsinଶሺ݇ଶܦሻ. (1)

In Eq. (1), ܫ௧ is transmission sound intensity, ܫ is incident sound intensity, ܦ is thickness，ܴଵଶ and ܴଶଵ are the characteristic impedance of the two media, ݇ଶ is wave number. 

 
Fig. 2. Schematic diagram of web plate shielding 

and damping wheel 

 
Fig. 3. Cross-sectional diagram of wheels 

 

As shown in Eq. (1), when the acoustic waves passed through the intermediate layer, the 
transmitted wave was not only related with characteristic resistance ܴଵ and ܴଶ of the two kinds of 
media, but with ratio ܦ ⁄ଶߣ  concerning the intermediate layer thickness to the propagation 
wavelength.  

The viscoelastic damping material was a high-molecular polymer material with the 
characteristics of both viscous liquid and elastic solid. If the material was deformed under the 
alternating stress, some energy could be stored like potential energy, while the remaining energy 
was dissipated and transferred into heat. 

The wheel structure was comprised of tread, rim and web plate, respectively, as shown in 
Fig. 3. The unilateral web plate shielding damper was composed by six sector damping structures 
with the equant angle of 60°. Each sector damping structure was consisted of four layers of metal 
panels and three layers of damping materials. Both had the thickness of 2 mm and ZN03 type was 
selected as the damping material in the paper. The metal constraint layer and damping layer were 
positioned by special tooling, then adhered mutually and solidified into fixed shapes, as shown  
in Fig. 4. 

 
Fig. 4. Schematic diagram of damping wheels 

3. Modal calculation and experimental verification of three kinds of wheels 

Three web plates of wheels, namely standard wheels, damping wheels and S-type damping 
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wheels, were given modal analysis, whose geometric shapes were shown in Fig. 5. 
According to the geometric shapes of three web plates of wheels, the structural finite element 

model was obtained and presented in Fig. 6. The hexahedral elements were applied by the three 
kinds of wheels, and there were 2035, 2165 and 2378 elements in three kinds of wheels 
respectively. Additionally, the corresponding nodes were 2145, 2398 and 2507. The center hole 
in three kinds of wheels was fixed to simulate the actual situations. Lanzos algorithm was finally 
used to calculate the natural frequency and modals of wheels. The wheel materials had the 
elasticity modulus of 210 GPa, Poisson’s ratio of 0.3, and density of 7800 kg/m3. 

 
a) Standard wheels 

 
b) Damping wheels 

 
c) S-type damping wheels 

Fig. 5. Three web plates of wheels 

 
a) Standard wheels 

 
b) Damping wheels 

 
c) S-type damping wheels 

Fig. 6. The structural finite element model of wheels 

The relatively complex finite element model would be caused by the damping applied on the 
wheel structure, which should necessarily be verified through experiments. As shown in Fig. 7, 
the wheel was conducted constrained modal experiment. The center of the wheel was fixed, and 
an acceleration sensor was used to test the vibration response of the wheel. Data collection 
equipment was used to obtain the vibration response, and it was imported into Pulse to be 
processed. The experiment was conducted by means of multi-point excitation and single-point 
response. The acceleration sensor was arranged on the position which has a serious structural 
response. Each excitation point was hit for three times. Frequency response function which has a 
good consistency was selected to be fit. Finally, the modal of the wheel can be obtained. The 
numerical modal was compared with the experimental modal as Table 1. As shown in Table 1, a 
relative small error was existed between the experimental and numerical results, thus 
demonstrating that the accuracy requirement could be satisfied by the finite element model, thus 
applicable for subsequent calculations. 

The numerical simulation modal of the wheel could be extracted based on the above finite 
element model. The vibration modal of the wheel was similar to that of the disc, including in-plane 
radial vibration modal, circumferential vibration modal and out-of-plane axial vibration modal. 
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The in-plane vibration can be represented by pitch diameter, namely radial modal ሺݎ, ݊ሻ and 
circumferential modal ሺܿ, ݊ሻ; the out-of-plane vibration modal was written as ሺ݉, ݊ሻ, wherein ݉ 
represented the number of pitch circle and ݊ was the number of pitch dimeter. The pitch diameter 
referred to one or multiple diameters passing through the center of a plate in the vibrational  
process, whose diameter was remained as 0. The pitch circle was one or multiple concentric circles 
of the boundary circle in the vibrational process, whose displacement was remained as 0. The 
modal shapes and natural frequencies of the three kinds of wheels were shown from Fig. 8-Fig. 10. 
As known from the above analysis, the radial vibration and axial vibration of the standard wheel 
could be reduced to decrease the vibro-acoustic radiation. Concerning straight damping wheel and 
S-type damping wheel, the coupling of radial vibration and axial vibration of 1 pitch circle could 
be reduced to decline the sound radiation. 

 
a) Vertical excitation 

 
b) Lateral excitation 

 
c) Acceleration sensor 

 
d) Data collection equipment 

Fig. 7. The modal experiment of the wheel 

 
Fig. 8. Modes of straight standard wheels 
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Fig. 9. Modes of straight damping wheels 

 
Fig. 10. Modes of S-type damping wheels 
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Table 1. Comparison of the experimental modal and simulation modal 
Order Simulation value / Hz experimental value / Hz Relative error / % 

1 134.7 138.2 –2.51 
2 192.8 190.5 1.21 
3 356.1 354.7 0.39 
4 417.4 413.5 –0.93 
5 1114.0 1112.2 –0.16 
6 1287.8 1280.4 0.57 

4. Transient dynamic analyses of three kinds of wheels 

The vehicle-track coupling dynamic model and Sato spectrum were presented as shown in 
Fig. 11 and Fig. 12. As a whole system, the vehicle and slab track were established a vertical 
coupling dynamics model. The differential equations regarding the vibration of the upper vehicle 
system and lower rail system were listed, and the time-history curve of wheel-rail force was 
obtained by the calculation of numerical simulation. CRH3 vehicle and CRTS slab track structure 
were applied, with the vehicle axle load of 14t, rail of P60, train speed of 200 km/h, and other 
parameters from references [25]. The time-history curve of vertical wheel-rail force was shown in 
Fig. 13(a). It could be seen that the vertical wheel-rail force of a wheel was fluctuated around 
70 kN. 

 
Fig. 11. The vehicle-track coupling dynamic model 

 
Fig. 12. Sato spectrum 

The simulated wheel-rail force was applied on the wheel-rail contact point, so as to study the 
transient dynamic characteristics of the wheel. Points on the tread, rims and web plates were 
selected to extract the time-history curve of their vibration accelerations, whose results were 
shown in Fig. 13. 
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The comparison result regarding vibration acceleration responses of standard wheel tread and 
damping wheel tread was shown in Fig. 13(b)-Fig. 13(d). It was shown that the maximum 
vibration acceleration was –291.3 m/s2 for the standard wheel tread, –235.1 m/s2 for the damping 
wheel tread, and –198.1 m/s2 for S-type damping wheel tread, thus demonstrating that the 
vibration of the standard wheel could be effectively attenuated after applying damping, and the 
tread vibration could be further reduced by the structural changes of wheel plate. During 3 s, the 
vibration acceleration of the damping wheel tread was significantly decreased compared with the 
standard wheel tread since the vibration could be attenuated effectively by the applied damping of 
the wheel plate, then transferred into heat energy and dissipated. The comparison result regarding 
vibration acceleration responses of standard wheel rim and damping wheel rim was shown in 
Fig. 13(e)-Fig. 13(g). It was shown that the maximum vibration acceleration was –244.2 m/s2 for 
the standard wheel rim, 201.1 m/s2 for the damping wheel rim, and 162.5 m/s2 for S-type damping 
wheel rim, thus demonstrating that rim vibration acceleration was improved significantly after 
applying damping in the wheel. Similarly, during 3 s, the vibration acceleration of the damping 
wheel rim was significantly decreased compared with the standard wheel rim. The comparison 
result regarding vibration acceleration responses of standard wheel plate and damping wheel plate 
was shown in Fig. 13(h)-Fig. 13(j). It was shown that after the stabilization of the vibration, the 
maximum vibration acceleration was –240.2 m/s2 for the standard wheel plate, –194.6 m/s2 for the 
damping wheel plate, and –132.1 m/s2 for S-type damping wheel plate. During 3 s, the vibration 
acceleration response of the damping wheel plate was significantly decreased with greater 
amplitude. Additionally, as found from the comparison regarding vibration accelerations of tread, 
rim and web plate, the vibration accelerations of tread were significantly larger than that of rim 
and web plate, which was because the vibration acceleration of tread was directly reflected by the 
rail irregularity due to the direct contact between tread and rail, while the vibration accelerations 
of rim and web plate were resulted from the tread. The wheel tread noise was mainly radiated 
vertically, basically going upward or spreading through the body to the compartment, thus 
increasing the interior noise and reducing the noise to the surrounding environment. The wheel 
plate noise was mainly radiated to the surrounding environment, which was one of the sources of 
environmental noise. Therefore, the vibration response of the web plate was significantly reduced, 
thus decreasing its radiation noise to the environment and improving the operating environment 
of the train. Furthermore, as known from the structure of the wheel, the web plate had much greater 
area than the tread; though the vibration acceleration of the web plate was small, its radiation area 
was large, which would cause the web plate to be the most serious area of radiation noise. 

5. Radiation noise analyses of three kinds of wheels 

Based on the above analysis of vibration response, the radiation noise of the wheel could be 
further studied. The vibration response result was used as the boundary condition, acoustic BEM 
[26-29] software Virtual.Lab was applied, and direct BEM was employed to calculate the sound 
radiation of the wheel. When the computational process was conducted, the air density was 
1.21 kg/m3, the propagation speed of sound in the air was 340 m/s, the frequency range was  
0 Hz-3000 Hz, and the step length was 50 Hz. The element had a great influence on the analytical 
accuracy of sound radiation. Generally, the element size of acoustic boundary element should have 
the length shorter than 1/6 of the minimal wavelength for the computational frequency and be 
consistent. The computational accuracy cannot be improved by the very small local elements 
because the precision of fluid model was controlled by multiple elements. S-type damping wheel 
was taken as the example to extract the outer surface of its geometrical model and generate the 
corresponding elements. The boundary element model was shown in Fig. 14. The model had 2103 
quadrilateral elements and 1698 nodes all together. The center hole in the geometrical model was 
closed. The computational result of the structural finite element model was imported into Virtal.Lab 
and mapped into the boundary element model. As a result, the boundary element model can obtain 
the whole characteristics of the finite element model, and the vibro-acoustic coupling was achieved.  
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a) Excitation force 

 
b) Tread – standard wheel 

 
c) Tread – damping wheel 

 
d) Tread – S-type damping wheel 

 
e) Rim – standard wheel 

 
f) Rim – damping wheel 

 
g) Rim – S-type damping wheel 

 
h) Web plate – standard wheel 

 
i) Web plate – damping wheel 

 
j) Web plate – S-type damping wheel 

Fig. 13. Excitations forces and vibration accelerations of three kinds of wheels 
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The field point models of three planes were established to observe the radiation noise 
distribution in various regions, as shown in Fig. 15. The vibration acceleration of wheels was 
imported into Virtual.Lab software and mapped to the acoustic boundary element model. 
Therefore, the structural vibration acceleration response would be obtained by the acoustic 
boundary element mesh, ultimately realizing the coupling between structure and acoustics. The 
radiation sound power levels of three kinds of wheels could be obtained based on the above 
calculation process and method, as shown in Fig. 16. It was shown from Fig. 16 that radiation 
sound power of standard wheels had the maximum value of 85.1 dB and minimum value of  
–39.2 dB, with the difference of 124.3 dB. Many obvious peaks were appeared in the whole 
frequency spectrum. The damping wheel had the maximum radiation sound power of 52.2 dB and 
minimum value of –49.2 dB, with the difference of 101.4 dB. Though many obvious peaks were 
appeared in the whole frequency spectrum, however, it was unobvious as the standard wheel.  
S-type damping wheels had the maximum radiation sound power of 47.8 dB and minimum value 
of –47.4 dB, with the difference of 95.2 dB. Compared with the damping wheel, its radiation 
sound power throughout the whole frequency spectrum was improved at most frequency points, 
and it was enlarged at only a small part of frequencies. 

Fig. 14. Boundary element models of wheels 
 

 
Fig. 15. Observation points of radiation 

noises of wheels 

 
Fig. 16. Comparison of radiation noises of three kinds of wheels 

The sound pressure and vibration acceleration contours of S-type damping wheels were 
extracted at 300 Hz, 1000 Hz, 1500 Hz and 2000 Hz, whose results were shown in Fig. 17. It was 
shown that the noise of the tread was mainly transmitted in the vertical direction, eventually into 
the train. However, the noise of the web plate was mainly transmitted in the horizontal direction, 
thus increasing the noise of the operating environment. Moreover, a clear corresponding relation 
was existed between the radiation sound power and vibration accelerations of the wheel. For 
example, the vibration acceleration of some areas was relatively large, and the radiation noise near 
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these areas was also larger. As can be seen from the figure, the radiation noise of the web plate 
was obviously much larger than that of the tread, which was caused by the relatively larger 
radiation area of the web plate. 

 
a) 300 Hz 

 
b) 1000 Hz 

 
c) 1500 Hz 

 
d) 2000 Hz 

Fig. 17. Vibration acceleration and radiation noise contour of S-type damping wheel 

6. Conclusions 

1) Finite element models of the standard wheel, damping wheels and S-type damping wheels 
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were established, and their modals were compared with the corresponding experiment results. As 
shown from the result, the relative error was very small and the model accuracy was high, thus 
meeting the requirements.  

2) Modes of three kinds of wheels were extracted and analyzed. The radial vibration and axial 
vibration of the standard wheel could be reduced to decrease the vibro-acoustic radiation. 
Regarding damping wheels and S-type damping wheels, the coupling between the radial vibration 
and axial vibrations of 1 pitch circle could be reduced to decrease the radiation noise.  

3) The vibration acceleration responses of three kinds of wheels were calculated. After 
applying damping in the standard wheel, the vibration acceleration in the tread, rim and web plate 
was significantly improved. If the web plate was changed into S-type structure, the vibration 
acceleration of the wheel at three positions was further reduced. Moreover, the vibration 
acceleration of the tread was significantly greater than that of the rim and web plate.  

4) The acoustic boundary element model of the wheel was established based on vibration 
response analysis to calculate the radiation noise. Compared with the other structures, the radiation 
noise of S-type damping wheels was significantly improved. Besides, the noise of the tread was 
mainly transmitted in the vertical direction, eventually into the vehicle. However, the noise of the 
web plate was primarily transmitted externally in the horizontal direction, thus increasing the noise 
of the operating environment. Additionally, an obviously corresponding relation was existed 
between the radiation sound power and vibration accelerations of the wheel. For example, the 
vibration acceleration of some areas was relatively large, and the radiation noise near these areas 
was also larger. The radiation noise of the web plate was significantly greater than that of the tread, 
which was caused by the larger radiation area of the web plate.  

References 

[1] Jin X. S., Zhang X. S., Zhang J., et al. Mechanics in performance of wheel-rail. Journal of 
Mechanical Strength, Vol. 27, Issue 4, 2005, p. 408-418. 

[2] Rao M. D. Recent applications of viscoelastic damping for noise control in automobiles and 
commercial airplanes. Journal of Sound and Vibration, Vol. 262, Issue 3, 2003, p. 457-474. 

[3] Li J. Q., He S. Q., And Ming Z. An intelligent wireless sensor networks system with multiple servers 
communication. International Journal of Distributed Sensor Networks, Vol. 7, 2015, p. 1-9. 

[4] Zhu S. J., Zheng Y. F., Fu Y. M. Analysis of non-linear dynamics of a two-degree-of-freedom 
vibration system with non-linear damping and non-linear spring. Journal of Sound and Vibration, 
Vol. 271, Issue 1, 2004, p. 15-24. 

[5] Lin Q. Z., Zhu Q. L., Huang P. Z., Chen J. Y., Ming Z., Yu J. P. A novel hybrid multi-objective 
immune algorithm with adaptive differential evolution. Computers and Operations Research, Vol. 65, 
2015, p. 95-111. 

[6] Trindade M. A., Benjeddou A., Ohayon R. Piezoelectric active vibration control of damped 
sandwich beams. Journal of Sound and Vibration, Vol. 246, Issue 4, 2001, p. 653-677. 

[7] Wei W., Fan X., Song H., et al. Imperfect Information dynamic Stackelberg game based resource 
allocation using hidden Markov for cloud computing. IEEE Transactions on Services Computing, 2016. 

[8] Thompson D. Railway Noise and Vibration: Mechanisms, Modelling and Means of Control. Elsevier, 
2008. 

[9] Jones C. J. C., Thompson D. J., Frid A., et al. Design of a railway wheel with acoustically improved 
cross-section and constrained layer damping. Proceedings of Internoise, Vol. 2, 2000, p. 673-678. 

[10] Bracciali A., Bianchi M. Lucchini CRS Syope® damped wheels noise qualification. 13th 
International Wheelset Congress, Roma, Italy, Vol. 17, 2001, p. 21-9. 

[11] Cervello S., Donzella G., Pola A., et al. Analysis and design of a low-noise railway wheel. 
Proceedings of the Institution of Mechanical Engineers, Part F: Journal of Rail and Rapid Transit, 
Vol. 215, Issue 3, 2001, p. 179-192. 

[12] Thompson D. J., Gautier P. E. Review of research into wheel/rail rolling noise reduction. 
Proceedings of the Institution of Mechanical Engineers, Part F: Journal of Rail and Rapid Transit, 
Vol. 220, Issue 4, 2006, p. 385-408. 

[13] Hemsworth B., Gautier P. E., Jones R. Silent freight and silent track projects. Proceedings of 
Internoise, 2000, p. 714-719. 



2175. NUMERICAL ANALYSIS AND OPTIMIZATION OF WHEEL VIBRATIONS AND RADIATION NOISES OF THE HIGH-SPEED TRAIN.  
XUE-YU LU, ZHENG-QIAO LU, LI-ZONG LIN 

4014 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. SEP 2016, VOL. 18, ISSUE 6. ISSN 1392-8716  

[14] Brunel J. F., Dufrénoy P., Demilly F. Modelling of squeal noise attenuation of ring damped wheels. 
Applied Acoustics, Vol. 65, Issue 5, 2004, p. 457-471. 

[15] Licitra G. Railway Noise in Urban Areas: Possible Source Noise Reduction Measures. UIC, Pisa, 
2006. 

[16] Guyomar D., Richard T., Richard C. Sound wave transmission reduction through a plate using 
piezoelectric synchronized switch damping technique. Journal of Intelligent Material Systems and 
Structures, 2007. 

[17] Zhu Z., Xiao J., Li J. Q., et al. Global path planning of wheeled robots using multi-objective memetic 
algorithms. Integrated Computer-Aided Engineering, Vol. 22, Issue 4, 2015, p. 387-404. 

[18] Liu G. R., Cai C., Lam K. Y. Sound reflection and transmission of compliant plate-like structures by 
a plane sound wave excitation. Journal of Sound and Vibration, Vol. 230, Issue 4, 2000, p. 809-824. 

[19] Wei W., Xu Q., Wang L., et al. GI/Geom/1 queue based on communication model for mesh networks. 
International Journal of Communication Systems, Vol. 27, Issue 11, 2014, p. 3013-3029. 

[20] Lin Q., Wong K. W., Chen J. An enhanced variable-length arithmetic coding and encryption scheme 
using chaotic maps. Journal of Systems and Software, Vol. 86, Issue 5, 2013, p. 1384-1389. 

[21] Hopkins C. Statistical energy analysis of coupled plate systems with low modal density and low modal 
overlap. Journal of Sound and Vibration, Vol. 251, Issue 2, 2002, p. 193-214. 

[22] Du G. H. Acoustic Basis. Nanjing University Press, 2012. 
[23] Chen J. Y., Lin Q. Z., Hu Q. B. Application of novel clonal algorithm in multiobjective optimization. 

International Journal of Information Technology and Decision Making, Vol. 9, Issue 2, 2010, p. 239-266. 
[24] Wei W., Yang X. L., Zhou B., et al. Combined energy minimization for image reconstruction from 

few views. Mathematical Problems in Engineering, Vol. 16, Issue 7, 2012, p. 2213-2223. 
[25] Chen G. Vertical-lateral model of vehicle-track coupling system and its verification. Journal of 

Vibration and Shock, 2001. 
[26] Cheng A. H. D., Cheng D. T. Heritage and early history of the boundary element method. Engineering 

Analysis with Boundary Elements, Vol. 29, Issue 3, 2005, p. 268-302. 
[27] Chen J., Lin Q., Shen L. L. An immune-inspired evolution strategy for constrained optimization 

problems. International Journal on Artificial Intelligence Tools, Vol. 20, Issue 3, 2011, p. 549-561. 
[28] Fuchs M., Kastner J., Wagner M., et al. A standardized boundary element method volume conductor 

model. Clinical Neurophysiology, Vol. 113, Issue 5, 2002, p. 702-712. 
[29] Franzoni L. P., Bliss D. B., Rouse J. W. An acoustic boundary element method based on energy and 

intensity variables for prediction of high-frequency broadband sound fields. The Journal of the 
Acoustical Society of America, Vol. 110, Issue 6, 2001, p. 3071-3080. 

 

Xue-yu Lu received Master degree in College of Electromechanical Engineering from 
Qingdao University of Science and Technology, Qingdao, China in 2005. Now she is a 
lecturer for the School of Mechanical Engineering, working at Jiangnan University, Wuxi, 
China. Her current research interests include mechanical design and theory, finite element 
analysis. 

 

Zheng-qiao Lu received his degree in Northwestern Polytechnical University, Xi’an, 
China in 2012. Now he works at the AECC Aero Engine Control System Institute, Wuxi, 
China. He current research interests include digital control and computer analysis. 

 

Li-zong Lin received Ph.D. degree in mechanical manufacture and automation from 
Nanjing University of Science and Technology, Nanjing, China, in 1991. Now he is a 
Professor for Mechanical Engineering, working at East China University of Science and 
Technology. His current research interests include vibration analysis; mechatronics 
technology, robot and numerical control. 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [4000 4000]
  /PageSize [612.000 792.000]
>> setpagedevice


