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Abstract: In the Eurasian railway network, a different gauge length is used across several countries.
A railroad variable gauge allows railway vehicles in rail transport to travel across a gauge break
caused by two railway networks with differing track gauges. The variable gauge railway consists
of the bogie system to change the length of the wheel shaft and the gauge changing railroad track.
Thus, it is important to assess the structural performance of the variable gauge system. In this study,
as a performance improvement subject of the variable gauge bogie and railroad, a structural analysis
using dynamic finite element calculation was performed to evaluate the reliability and life cycle of
the release system and the variable gauge railway. First, the contact pressure and structural stress of
the release disk and the release rail were calculated, which provided the wear condition and fatigue
life prediction of variable gauge components. Second, a structural analysis of the gauge stabilization
rail after the gauge release was executed. The maximum principal stress was evaluated to guarantee
the required service life of the stabilization rail section. For the operational safety of the variable
gauge system, the operation conditions and maintenance requirements of the variable gauge railway
were proposed.

Keywords: railroad variable gauge system; structural analysis; fatigue life; wear condition

1. Introduction

A railway network is comprised of several different gauge lengths for historical reasons: narrow
gauge, standard gauge, and broad gauge. Due to this difference in gauge length, conventional trains
cannot run on the same track, and consequently, passengers are forced to transfer at intermediate
junctions [1]. To avoid transportation difficulties and the cost of different gauge tracks on the trains,
a variable gauge system is an efficient solution applied in some countries, such as in the Eurasian
railroad network [2,3]. This system effectively replaces time-consuming tasks such as transferring
freight, replacing individual wheels and axles, truck exchange, transporters, or transporter flatcars
because the systems mentioned above are both time consuming and very costly. Kondo [4] introduced
a novel traction control system of the gauge changing train, which can run through two different gauge
sections. The Spanish Talgo train, which is operating between Spain and France, is known for its
variable system, enabling it to switch between broad (1668 mm) and standard European gauges [5].

Recently a variable gauge wheelset system installed in the bogie was developed and the
fatigue strength of the system was investigated [6,7]. A life cycle cost model was developed to
assess the effectiveness of a variable gauge system [8]. Several factors can influence fatigue life,
including loading history, stress state, strain rate, and temperature, and can lead under certain
conditions (like low temperature) to brittle fracture [9,10]. Failure of a component can have catastrophic
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consequences; therefore, the study and prediction of railroad failure can prevent loss of life and property
damage [11–13]. Fatigue cracking is caused by cyclic loads, although the resultant stress level is
substantially below the material’s yield strength [14]. Besides fatigue analysis, other factors need to be
considered to avoid loss of life and property damage, such as wear and friction. Friction occurs between
two contact surfaces in relative motion, whereas wear is the phenomenon of mechanical and chemical
damage that affects the quality of the materials in contact with each other [15,16]. Wear of system
components is often a critical factor influencing the product service life. In addition, the overhead
electric wire interaction [17] to transmit the electricity to the railway vehicle and the vehicle system
dynamics [18] to reduce longitudinal oscillations in passenger trains need to be addressed in the design
of the wheelset system.

In this paper, to quantitively evaluate the life of the variable gauge railway, dynamic finite
element analysis using Abaqus was executed for the release disk and the release rail in Section 2.
Between contracting parts of the disk and the rail, there is limiting criteria for contact pressure to avoid
wear problems using the Archard formula [19,20]. Based on the finite element simulation and the wear
criteria of the contacting surface, the safe operating velocity and the fatigue issues of the release dick in
the variable gauge system were proposed with an emphasis on the lubrication of the contact surface to
minimize friction and to reduce mechanical wear. In Section 3, the fatigue life of the grooved rail in
the variable gauge railway during the gauge changing operation is estimated from the load history
of the multi-body dynamic analysis. Through fatigue life assessment by structural stress analysis,
the designed release rail and the grooved rail in the variable gauge system are guaranteed to be safe
in the sense of metal fatigue if continuous maintenance procedures such as surface lubrication and
inspection are applied adequately.

2. Structural Analysis of Variable Gauge Release Rail

To perform the gauge transformation from the standard-gauge railway with 1435 mm track gauge
to broad gauge railway with 1520 mm track gauge, the release disk is installed on the bogie gauge,
and the locked state of the bogie axle is released by the operating principle that the release disk is
pushed in contact with the release rail when the bogie is advancing. The variable gauge system of
the release rail and the release disk in the unlocking section is illustrated in Figure 1. The unlocking
section of the variable gauge railroad of 2380 mm length is shown in Figure 2.
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Figure 2. Releasing section of the railway track for a variable gauge system.

To perform the gauge conversion between standard gauge and broad gauge, a release disk is
installed on the bogie axle to unlock the gauge system. As a fixed part, the release rail is installed in
the releasing section in Figure 2. The release rail made of SS400 low carbon steel is shown in Table 1.
The release disk is made of STS304 stainless steel that has a Young’s modulus of 190 GPa and tensile
strength of 520 MPa, as seen in Table 2. For dynamic finite element analysis using Abaqus, the model
and mesh are shown in Figure 3. Each model was constructed using a solid hexahedral element, a
spring consisting of 16,848 elements, a release disk of 23,752 solid elements, and a release rail of 62,505
solid elements. The mesh convergence was confirmed in all finite element calculations.

Table 1. Properties of SS400 low carbon steel.

Density (kg/m3) 7680

Young’s modulus (GPa) 210
Tensile Strength (MPa) 510
Yield Strength (MPa) 245

Poisson’s ratio 0.25

Table 2. Properties of STS304 stainless steel.

Density (kg/m3) 8000

Young’s modulus (GPa) 190
Tensile Strength (MPa) 520
Yield Strength (MPa) 240

Poisson’s ratio 0.27
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2.1. Stress History of Release Rail

The contact pressure was calculated, and is shown in Figure 4, when the release firstly comes
into contact with the release rail at a velocity of 5 km/h and a pressure value of initial contact of about
18.7 MPa at 5 km/h. It takes about 1.7 s for the release disk to reach the horizontal section of the release
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rail. The contact pressure of the impact area is greater than the yield strength and is presented in detail.
For the bogie traveling at a speed of 5 km/h, the contact pressures at three positions exceed the yield
strength as high as 350 MPa, and their locations are shown in Figure 5a. For the 10 km/h bogie speed,
the contact pressure locations and histories are shown in Figure 5b.
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Figure 5. Locations of excessive contact pressure and time history: (a) 5 km/h and (b) 10 km/h.

Just because the contact pressure of the impactor is greater than the yield strength, it does not
mean immediate damage to the contact location, but it means that there is the possibility of fatigue
damage such as local plastic deformation or long-term wear of cracks. When the bogie moves at 5 km/h
and 10 km/h, other high-stress locations are identified; their stress histories are shown in Figures 6
and 7, respectively. From the stress histories, the maximum von Mises stress is 20 MPa for 5 km/h
bogie speed and 160 MPa for 10km/h bogie speed.
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2.2. Life Cycle Prediction

The wear of the contact area may be indicated by a value of contact pressure and the slip velocity,
as shown in Table 3. This data refers to the information and indication of the wear of railway tracks
carried out by the Bombardier company, which quantitatively evaluates the value of the wear factor
using the Archard wear formula [18]. In the performed analysis, the contact pressure between the
release disk and the release rail is considered to be a mild wear condition for the 350 MPa at the speed
of 5 km/h (1.39 m/s), which does not cause any particular problems in the area of operation of the
variable track gauge system.

Since the wear is related to uncertainties such as the shape of the contact surface and the lubrication
conditions, then applying a lubricant between the release disk and the release rail can prevent problems
related to wear. Therefore, referring to [21] we stress the importance of applying the appropriate
lubricant for the release rail. In the dry case, the wear rate is higher than 8.0 µg/m/mm2 but decreases
to a value smaller than 1.0 µg/m/mm2 when lubricated. Performed numerical calculations indicated
only mild wear happens between the release rail and the release disk; the application of lubricants will
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minimize the uncertainties in real engineering applications. The applying schedule of lubricants is
another subject to be addressed by the real maintenance and inspection of rail conditions.

Table 3. Wear factor by contact pressure and slip velocity.

Pressure (GPa) Slip Velocity [m/s] Wear Coefficient, k [104] Wear Condition
0–2 0–0.2 1–10 Mild wear (oxide)
0–2 0.2–0.7 30–40 Severe wear
0–2 0.8–1 1–10 Mild wear (high oxidation rate)
2–3 0–1 300–400 Seizure

The results of the analysis were used to assess fatigue loads and predict the life cycle of the
release rail. Morishita et al. [12] represented the fatigue line by the correlation of the equivalent stress
amplitude vs. the number of fatigue cycles. For SS400 low-carbon steel, which is the material of the
release rail, the fatigue endurance limit, σe, was about 175 MPa. If the yield strength, σy, is 245 MPa
for SS400, the Soderberg fatigue criteria in Equation (1) is considered conservatively.

σm

σy
+

σa

σe
= 1 (1)

where σm and σa are the mean stress and the alternating stress amplitude, respectively.
When calculating the fatigue life using the Soderberg criteria, it is common to use the principal

stresses. Alternatively, a signed von Mises theory can be utilized for fatigue evaluation under the
condition that the biaxiality ratio, σ2/σ1 is less than zero [22]. Given the von Mises stress level of
20 MPa at a velocity of 5 km/h, it can be confirmed that the variable gauge release rail is free from
fatigue damage when the bogie is traveling at 5 km/h in the variable gauge section, as the stress level is
much lower than the fatigue endurance limit of 175 MPa. To minimize uncertainties in fatigue life, it is
recommended to reinforce the area at the neck of the release rail, shown in Figure 8, where a large
stress concentration occurs.
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3. Structural Analysis and Fatigue Life Prediction of the Rail in the Stabilization Section

After the variable gauge system in the bogie releases, it passes through the stabilization track
section of 12,260 mm, which changes the wheel distance of the bogie from standard gauge railway to
broad gauge. The floor plan of this variable gauge railway is as follows. The variable gauge rail is
made of a groove-shaped section that is different in shape from the normal rail to support the wheel
when the gauge widens, and its cross-section is shown in Figure 9.
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The railway track in the release section and the stabilization section uses the same material of UIC
60 rail. It has high strength steel properties: a tensile strength of 880 MPa and an yield strength of
580 MPa. For the finite element analysis in the stabilization rail section, the wheel and the variable
gauge track of a groove section were modeled. The generated mesh used a solid hexagonal element
with 53,879 elements applied for wheels and 180,600 elements for the stabilization rail, as shown in
Figure 10.
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3.1. Input Loads by Multi-Body Dynamics

The multi-body dynamic analysis is carried out when the bogie passed the overall gauge changing
section, shown in Figure 9, at a speed of 5 km/h. The acting and reacting force results between the
wheel and the rail obtained from the multi-body dynamic analysis of the bogie and the track were
used as input loads for the analysis of the grooved rail in the stabilization track. The three-dimensional
model and numbering of the multi-body dynamics model are shown in Figure 11, and the time history
of contact forces applied to each wheel is shown in Figure 12.
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From the contact force histories shown in Figure 12, a vertical load of 85 kN by the weight of
the cargo train is applied. In the front wheel, the maximum lateral forces are 35 kN and 122 kN
for the front wheel and the rear wheel, respectively. These lateral forces occur due to the lateral
imbalance in the stabilization section. From the contact force history, the rear wheel hits the track first,
the front wheel reacts, and finally the motion of the bogie is stabilized. For the structural analysis
of the track, the maximum lateral loads are taken from the contact force history and 110 kN vertical
force in KRL-2012 standard design load for the conservative assessment. The applied load condition is
summarized in Figure 13.
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3.2. Structural Analysis of the Rail in the Stabilization Section

To verify the effect of the railroad tie as boundary conditions, the quasi-static analysis was carried
out for two cases; the first was when the front and rear wheels were located between the railroad ties,
and the second was when the wheels were placed on the railroad tie. Due to the slow change rate of
contact forces shown in Figure 12, dynamic analysis was not considered here.

1. When both wheels are placed between the railroad ties.

Figure 14 shows the analysis results, in terms of the von Mises stress resulting from the contact
between the wheel and the grooved rail. The stress at the contact position by the front wheel and by
the rear wheel was 357 MPa and 682 MPa, respectively. The contour plot of von Mises stress by the
wheel contract is shown in Figure 14 in detail.
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It is important to evaluate the contact pressure between the grooved rail and wheels to analyze
the fatigue failure of the component due to wear. Figure 15 shows that the maximum contact pressure
by the rear wheel is larger than the maximum contact pressure of the front wheel with the values of 349
MPa and 580 MPa, respectively. As seen in Table 3, this level of contact pressure and the slip velocity
of 5 km/h only result in mild wear.
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Table 4 shows a summary of the structural analysis when the wheels are placed between the
railway ties.

Table 4. Von Mises stress, maximum principal stress, and maximum contact pressure in the rail.

Stress of Grooved Rail Front Wheel Rear Wheel

Max. von Mises stress on outer groove 33.7 MPa 15.9 MPa
Max. principal stress on outer groove 29.6 MPa 5.7 MPa
Max. von Mises stress on inner groove 55.1 MPa 80.5 MPa
Max. principal stress on inner groove 37.4 MPa 23.8 MPa

Max. von Mises stress on bottom surface 25 MPa 25.9 MPa
Max. principal stress on bottom surface 37.3 MPa 28.4 MPa

Max. contact pressure 349 MPa 580 MPa

2. When the wheels are on the railroad tie

Figure 16 shows the analysis results, in terms of the von Mises stress resulting from the contact
between the wheel and the rail. The stresses at the contact position by the front wheel and by the rear
wheel were 357 MPa and 682 MPa, respectively. The contour plot of von Mises stress by the wheel
contract is shown in Figure 16 in detail.

To assess wear possibility by the contract pressure and the slip, the contract pressure at the
contract location was evaluated. Figure 17 shows the maximum contact pressure by the rear wheel was
larger than the maximum contact pressure of the front wheel with the values of 325 MPa and 535 MPa,
respectively. As seen in Table 3, this level of contact pressure and the slip velocity of 5 km/h only result
in mild wear.
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Table 5 shows a summary of the structural analysis when the wheels are placed between the
railway ties. From Tables 4 and 5, it is evaluated that the stabilization rail made of UIC60 is free of
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structural failure or fatigue damage from the calculated level of von Mises stress and the maximum
principal stress.

Table 5. Von Mises stress, maximum principal stress, and maximum contact pressure in the rail.

Stress of Grooved Rail Front Wheel Rear Wheel

Max. von Mises stress on outer groove 69.1 MPa 37.5 MPa
Max. principal stress on outer groove 39.1 MPa 28.2 MPa
Max. von Mises stress on inner groove 13.9 MPa 45.1 MPa
Max. principal stress on inner groove 9.7 MPa 67.3 MPa

Max. von Mises stress on bottom surface - 24.4 MPa
Max. principal stress on bottom surface 20.4 MPa 27.3 MPa

Max. contact pressure 352 MPa 534 MPa

3.3. Life Cycle Prediction

We intended to predict the rail fatigue life using the S–N fatigue curve when the load results
obtained from the structural analysis are applied to the grooved rail in the stabilization section in the
variable gauge railway. The maximum principal stress values of the rails outlined in the preceding
section are summarized as follows.

• Outer surface on the grooved rail: 39.1 MPa (maximum principal stress)
• Inner surface on the grooved rail: 67.4 MPa (maximum principal stress)
• Bottom surface of the grooved rail: 37.3 MPa (maximum principal stress)
• Maximum contact pressure between railroad wheel: 534 MPa

In reference [23], the S–N fatigue curve of UIC60 rail is given by the following formula:

S = 789.86− 96.19logN. (2)

With the estimated endurance limit of about 180 MPa, the maximum principal stress level of
67.3 MPa is not likely to cause fatigue issues. However, the fatigue life assessment using Equation (2)
based on the modified miner’s rule was executed for conservativeness. Utilizing the Soderberg fatigue
criteria, the estimated fatigue counts were 39,878,000. With the assumption of 16 cargo trains passing
100 times per day, this is equivalent to an operational life of 34 years.

These results are also predictable under load conditions in which the calculated vertical and
lateral loads of the dynamic analysis are less than KRL-2012 design load requirements. In particular,
the cross-sectional modulus of the grooved rail is greater than the normal rail, indicating that the
bending stress caused by the vertical load is negligible.

As a calculation result of contact pressure between wheels and railroads, the maximum contact
pressure is at the 534 MPa level, and this can be compared with the data in the contact pressure and
life in the reference [18], in which the contact pressure vs. cycles curve indicate 104 million cycles at
the contract pressure level lower than 1 GPa. Although fatigue failure due to wear is not expected
at the contact pressure level of 534 MPa from the data in the reference [18], the fatigue failure at the
contact area is highly affected by surface conditions and external environments, and that is why surface
lubrication and maintenance need to be carried out regularly.

4. Conclusions and Suggestions

The variable gauge railway and the bogie are mainly composed of unlocking parts to initiate
the track gauge change, a widening railway track to change the gauge of the actual bogie axle and to
stabilize the motion of the bogie. As a performance improvement subject of the release system of the
variable gauge components and the gauge changing railroad, a dynamic finite element analysis was
performed to evaluate the reliability and life of the release system and the railroad.
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In Section 2, the contact that occurs between release disk and release rail on a variable gauge
system is analyzed. We evaluated the contact pressure and the von Mises stress on the release rail
to examine the life prediction of it. As a result of the structural analysis, the operational conditions
and maintenance of the bogie are proposed by reviewing the bogie speed, fatigue life, and railroad
lubrication conditions in terms of the stress and contact pressure added between the release disk and
release rail. The proposed operation speed of the variable gauge bogie is 5 km/h. Given the stress
level of 20 MPa, the release rail is free of fatigue issues. Only mild wear happens between the release
rail and the release disk, and the application of lubricants will minimize the uncertainties in real
engineering applications.

In Section 3, we analyzed the maximum principal stress of the stabilization rail considering
two railroad-tie passing cases as boundary conditions. The calculated maximum principal stress of
67.4 MPa was analyzed to obtain fatigue life using the modified miner’s rule; the calculated life of
the variable gauge railroad is about 34 years conservatively. Contact pressure generated in the rail in
the variable gauge railroad is as low as not to cause a severe wear problem but it is highly affected by
surface conditions and external environments. Therefore, continuous maintenance such as surface
lubrication and inspection is recommended.
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