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Abstract. Fatigue analysis of a railway vehicle axle-box hydraulic damper was carried out in this 
study. The damping force profiles under nominal and actual in-service load conditions were 
simulated, and the corresponding load spectra were obtained using the rain-flow cycle counting 
approach. Further fatigue analyses of the hydraulic damper under nominal and actual in-service load 
spectra and with welding imperfections were conducted. Results demonstrate that the maximum local 
stress of the damper would increase and fatigue life would be remarkably reduced when using the 
actual in-service load spectra. If the damper also has multiple welding imperfections, such as with 
porosities and misalignment of parts, the damper would be readily subject to premature failures. For 
this reason, many current high-speed rail hydraulic dampers are still subject to premature failures 
despite being designed to nominal load cases. Thus, a nonlinear in-service damper model and the 
actual in-service load spectra should be used in further damper structural development, the results 
obtained in this study could also be instructive in improving damper structure welding technique and 
inspection. 

Introduction 

In recent years, rail vehicle speeds and loads have greatly increased and vehicle maintenance 
reports show that some key components such as the hydraulic dampers are now frequently subject to 
premature failures. In the case of failures of welded joints, fractures of the axle-box and yaw damper 
attachments, which may threaten vehicle safety, more frequent inspections are required. 

Many previous researchers have addressed fatigue analyses of welded structures of rail vehicle 
bogie frames [1, 2], wheel/rail rolling contact [3] and rail welded joints [4] by using simulated and/or 
tested loading spectra with Finite Element Analyses (FEA). The rain-flow cycle counting method [5] 
was often used to obtain load spectra, the variable amplitude loading conditions [6] and weld residual 
stress [7] were also considered in the fatigue behaviour analysis of steel structures. 

Service failures of an automobile shock absorber [8] with welding imperfections were investigated, 
and the fretting fatigue failure and crack under cyclic loading of the shim valve of an automotive 
shock absorber [9] was also studied. However, research concerning failures of railway hydraulic 
damper structures and the reasons why railway hydraulic dampers are still subject to premature 
failures under actual in-service load conditions, need further investigation. 

Fatigue analyses of an axle-box hydraulic damper installed in a Chinese high-speed electric 
locomotive was carried out in this study. The nominal and actual in-service load spectra were 
obtained using the rain-flow cycle counting approach, fatigue analyses of the hydraulic damper under 
different load spectra and with various welding imperfections were conducted, valuable results were 
obtained to illustrate the reason why many current high-speed rail hydraulic dampers are still subject 
to premature failures despite being designed to nominal load cases. The results obtained in this work 
could also be instructive in improving damper structure welding technique and inspection. 
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Actual In-service Load Spectra 

Using the high-speed electric locomotive simulation model established in literature [10], simulation 
was performed when both a conventional axle-box damper model and an actual in-service damper 
model were respectively incorporated, and the corresponding load profiles and their rain-flow cycle 
counting results of the axle-box hydraulic damper were obtained, as shown by Fig. 1. 

Figure 1 illustrates that the actual in-service load spectra involve many dead-zone-induced impact 
peaks, the scattering range and rain-flow cycle counts of the maximum damping forces of the actual 
in-service load spectra and are much larger than that of the nominal load spectra. 

 
Figure 1. (a) Nominal load profile and its rain-flow cycle counting result (the minimum and maximum damping forces) of 
an electric locomotive axle-box hydraulic damper when a conventional damper model was used, (b) Actual in-service 
load profile and its rain-flow cycle counting result of the axle-box damper (Simulation conditions: vehicle speed 160 
km/h in tangent track, time: 10 s, a 1.5 mm fitting clearance of the damper was used in the in-service load simulation) 

Fatigue Analysis 

FEA Modelling 

In order to perform fatigue analysis of the axle-box hydraulic damper using the obtained load spectra, 
A FEA model of the rod-and-attachment assembly of the hydraulic damper was built in the ANSYS 
environment, as shown by Fig. 2. 

 
Figure 2. FEA model of the rod-and-attachment assembly of the axle-box hydraulic damper 
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In the modeling process, the No. 20 steel with Density of 7850 kg/m3, Elastic Modulus of 2.06e+5 
MPa, Poisson’s Ratio of 0.3, Yield Strength of 254 MPa, Strength of Extension of 392 MPa and 
Fatigue Strength of 59.4 MPa are used; The solid186 element is used to model the steel and welding 
seams, the whole FEA model has 16851 elements with 56120 nodes. 

Fatigue Analysis 

Fatigue analysis was performed under various conditions, and the results are shown in Figs. 3-4. As 
an example, comparing Fig. 4(c) with 4(d) to find that, if both with porosity and misalignment 
welding imperfections, the maximum local stress will increase from 42.190 MPa to 59.022 MPa 
when the damper is subjected to actual in-service load spectra, i.e., a 39.9% increase will occur, and 
the maximum local stress 59.022 MPa is almost close to the Fatigue Strength 59.4 MPa. The 
maximum local stress of the damper under different conditions are summarized in Table 1. 

The fatigue life coefficient of the rod-and-attachment assembly under stochastic vibrations can be 
calculated by using the three-region estimation approach [11], which is based on the Gaussian 
distribution and Miner fatigue cumulative damage law. The fatigue life coefficient is formulated by 
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where n1σ, n2σ and n3σ are respectively the cycle numbers when the stresses fall within the scopes of 
1σ, 2σ and 3σ; N1σ, N2σ and N3σ are respectively the allowed cycle numbers corresponding to the 
stress scopes of 1σ, 2σ and 3σ, N1σ, N2σ and N3σ can be obtained by looking up the S-N curve of a 
particular material in the materials handbook. For this research, the rod-and-attachment assembly is 
made of No. 20 steel. 

Calculating by Eq. (1), the fatigue life coefficients of the damper under different conditions are 
obtained and summarized in Table 1.  

 
Figure 3. Maximum local stresses under the conditions of (a) nominal load spectra, no welding imperfection, (b) actual 

in-service load spectra, no welding imperfection, (c) nominal load spectra, with porosity, (d) actual in-service load 
spectra, with porosity 
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Figure 4. Maximum local stresses under the conditions of (a) nominal load spectra, misalignment of rod and attachment, 

(b) actual in-service load spectra, misalignment of rod and attachment, (c) nominal load spectra, with porosity, 
misalignment of rod and attachment, (d) actual in-service load spectra, with porosity, misalignment of rod and attachment 

Table 1. A comparison of the key fatigue indices of the hydraulic damper under various conditions 

 Load Spectra 
Maximum Local Stress 

(MPa)/Change 
Fatigue Life 

Coefficient/Change 

No welding imperfection 
Nominal 34.209 

↑39.9% 
0.3994 

↑40.7% 
Actual in-service 47.857 0.5620 

With porosity 
Nominal 38.122 

↑39.9% 
0.4250 

↑100.1% 
Actual in-service 53.331 0.8922 

Misalignment of rod and attachment 
Nominal 34.900 

↑39.9% 
0.4001 

↑47.4% 
Actual in-service 48.824 0.5896 

With porosity and misalignment of rod 
and attachment 

Nominal 42.190 
↑39.9% 

0.7605 
↑25.6% 

Actual in-service 59.022 0.9549 

Table 1 shows that the maximum local stress will increase about 39.9% when the damper is 
subjected to actual in-service load spectra, and fatigue life coefficient will increase (i.e., the fatigue 
life will decrease) about 25.6% to 100.1% according to the conditions of welding imperfections. 
Particularly, the gas porosity in the welding seam has a great effect on the stress and fatigue life of the 
damper structure, if with porosity welding imperfection and under actual in-service load condition, a 
hydraulic damper is readily subject to premature failures. 
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Concluding Remarks 

(1) Actual in-service load spectra of the hydraulic damper are affected by key in-service parameter 
variations, so the actual in-service load spectra have many impact peaks and are much stronger than 
the load spectra obtained when a conventional damper model is used. 

(2) The maximum local stress of the damper would increase and fatigue life would be remarkably 
reduced when using the actual in-service load spectra. If the damper also has multiple welding 
imperfections, such as with porosities and misalignment of parts, the damper would be readily subject 
to premature failures. This is why many current high-speed rail hydraulic dampers are still subject to 
premature failures despite being designed to nominal load cases. 

(3) A nonlinear in-service damper model and the actual in-service load spectra should be used in 
further damper structural development, the results obtained in this study could also be instructive in 
improving damper structure welding technique and inspection. 
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