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Abstract: In this study, a full-scale train bogie derailment test was conducted. For this,
test methodologies to describe the wheel-climbing derailment of the train bogie and to obtain
accurate test data were proposed. The derailment test was performed with the casting bogie for
a freight train and a Rheda 2000 concrete track. Two different derailment velocities (28.08 km/h
and 55.05 km/h) were considered. From the test, it was found that humps in the concrete track
affected the post-derailment behavior of the bogie when the derailment velocity was 28.08 km/h.
For a higher derailment velocity (55.05 km/h), significant lateral movement of the derailed bogie was
observed. This lateral movement was first controlled by wheel-rail contact, followed by contact with
the containment wall. Finally, the train was returned to the track center.

Keywords: train derailment; derailment containment provisions; collision testing; post-derailment
behavior

1. Introduction

In Korea, there were 33 train accident cases in total during the five-year period 2012-2016.
Among these, derailment accidents accounted for 78.8% (26 cases) [1], and derailment occurred more
often than other types of train accidents. Derailment accidents can cause catastrophic damage to a
community. It is hard to prevent 100% of derailment accidents since there are always unexpected
factors that can cause derailment, such as human error and natural disasters. Thus, it is necessary
to develop technology to reduce damage due to derailment. This technology can be categorized as
derailment protection [2—4].

To reduce the damage from derailment accidents, protection facilities can be installed in the railway
track. In Korea, guard rails to prevent derailment are used at sharp curves, bridges, and switches,
as shown in Figure 1a. Containment walls are also installed on bridges for high-speed railways (where
the minimum speed of the line is 200 km/h), as shown in Figure 1b [5-7].

In European countries, three different types of derailment containment provisions (DCPs) are
used (DCP types I, 11, and III), as shown in Figure 2 [8]. The guard rail is one example of a DCP type
I facility, where the DCP is installed inside the track gauge. The wheel of the derailed train comes
into direct contact with the facility. DCP type II is similar to DCP type I, but is installed outside
of the track gauge. DCP type III facilities are installed outside of the track, similar to DCP type II.
However, they are different from DCP type II since the axis of the wheel or bogie of the derailed train
impacts this type of DCP.
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(b)
Figure 1. Examples of derailment protection facilities: (a) guard rail and (b) containment wall.
@ DCP Type I
» Installed Between Running Rails (Collision at Wheel Level)

@ DCP Type I

» Installed Outside of Running Rails (Collision at Bogie Level)

Figure 2. Concept of derailment containment provisions (DCPs).

To verify the performance of such derailment protection facilities, tests and simulations must be
conducted, including investigation of the post-derailment behavior of the train. Some researchers have
conducted derailment and post-derailment simulations by using 3D finite element analysis. Researchers
in Sweden [9,10] analyzed the post-derailment behavior of the wheel of a derailed train colliding with a
concrete railroad sleeper. Some researchers in China [11-13] investigated the post-derailment dynamic
behavior of a railway vehicle under earthquake excitations. Also, there have been studies simulating
collision with a protective facility after the derailment of a high-speed train [2—4].
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Full-scale derailment testing is the most reliable method to evaluate the post-derailment behavior
of a train and the performance of derailment protection facilities. However, it is very difficult, and only
a few such studies can be found in the literature. Wu et al. [14] performed derailment testing, but it was
lab-scale testing and the speed was limited to 16 km/h. The test methods relating to train derailment,
such as the derailing method and data filtering, are not well established and must be investigated.

In this study, full-scale train derailment testing was conducted. For realistic simulation of the
derailment situation and reliable data acquisition from the test, a derailment device and data acquisition
system were proposed. Then, from the test, the post-derailment behavior of the train was analyzed.

2. Experimental Methodologies

2.1. Test Site and Track

Full-scale train derailment testing requires a large test site. The test site consisted of acceleration,
test, and braking regions, as shown in Figure 3. To increase the speed of the train at the point of
derailment, a sufficient acceleration region is needed. Also, adequate test and braking regions should
be provided to investigate the post-derailment behavior and to ensure safety, respectively. The lengths
of the acceleration, test, and braking regions were 1200 m, 400 m, and 400 m, respectively. In the
400 m test region, a region of 100 m was used to construct a concrete track. The total length of the
test line was about 2000 m. Once the target speed of the bogie is reached, a test bogie is released at
the end of the acceleration region. The test bogie is derailed at the start of the test region and the
post-derailment behavior is observed in the test region. A braking region is provided at the end of
the test region. This is a margin region to provide safety after the unexpected behavior of derailed
bogie or train. The derailment test site was constructed using a closed railway line to save on costs and
replicate actual railway operating conditions.

Figure 3. Overview of the test site.

In this study, the focus was on the post-derailment behavior on a concrete track. A Rheda
2000 concrete track, shown in Figure 4, was constructed in the test region where the post-derailment
behavior was observed. The Rheda 2000 concrete (ballastless) track was used for the first time in
Germany in 2000 as a pilot project on the new rail line between Erfurt and Halle-Leipzig. It was also
installed on the high-speed railway in Korea in 2004. Apart for this 100-m concrete track, ballast tracks
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were used. It should be noted that the derailment containment wall was installed on the left side of the
track, as shown in Figure 4. The distance between the wall and the center of the track was 2700 m,
considering the geometric condition of the axle of the test vehicle after the derailment.
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Figure 4. The concrete track used in the test region.

2.2. Test Bogie and Acceleration Method

In this study, a bogie-level test was conducted. The bogie used in this study was a casting bogie
for a freight train, as shown in Figure 5. The total weight of the test bogie was 40.91 kN and the
specifications of the test bogie are listed in Table 1. The frame structure was made of three pieces of cast
steel. The fixed wheel base and wheel diameter were 1676 mm and 860 mm, respectively. A suspension
system with coil springs was used between the bolster and side frame.

Figure 5. Test bogie (casting bogie for a freight train).
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Table 1. Specifications of the test bogie.

Classification Specification

Frame structure 3-piece cast steel

Fixed wheel base 1676 mm

Wheel diameter 860 mm

Suspension system Coil spring between bolster and side frame
Friction device Friction wedge between bolster and side frame
Bearing AAR D class tapered roller bearings
Test weight 40.91 kN (4.17 tonf)

In order to accelerate the test bogie, several methods can be used, such as a reverse towing system,
push system, or remote-controlled system. In this study, the push system shown in Figure 6 was used.
The power car was linked to the test bogie with a connector. The test car was accelerated by the power
car. Then, the test car was released after reaching the target speed. For this, the releasing system of
the connector and braking system of the power car were designed to be controlled by air pressure
and a remote controller, as shown in Figure 7. The power car used in this study is shown in Figure 8.
The power car had a traction power of 147 kN.

Power Car Test Car
i — o— M

" Connector Data logger
Accelerometer, Gyro sensor

" :TestCar (5}_) M

\

Derailment
Point

Power Car

Figure 6. Concept of the push system to accelerate the test bogie.

Figure 7. Release and braking system for the test.
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Figure 8. Power car to accelerate the test bogie.
2.3. Derailment Device

A device to induce derailment was needed for the test. Wheel-climbing derailment is one of the
most frequent types of derailment. In this study, a derailment device that can induce wheel-climbing
derailment was developed and installed at the derailment point, as shown in Figure 9 [15]. The device
consisted of a wheel entrance part and a derailment part. In the wheel entrance part, there is an upward
slope, and the entered wheel flange reaches the same height as the surface of arail head. Then, the wheel
climbs the surface of a rail head in the derailment part, shown in Figure 9c. Thus, the train or bogie is
derailed due to wheel-climbing derailment.

Figure 9. Derailment device: (a) overview, (b) wheel entrance part, and (c) derailment part.
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2.4. Data Acquisition System

The position of the derailed train bogie and related data have to be accurately measured during
the test. The acceleration and angular velocity of the bogie were measured. For this, an accelerometer
and an angular velocity sensor were installed on the geometrical bogie center as shown in Figure 10b,
where the capacities of the accelerometer and angular velocity sensor were 2000 g and +1500 deg/s
full-scale range, respectively. Large impact forces are expected after derailment. Thus, the sensors
must be securely fixed to the test bogie. To measure the impact force, special accelerometers such
as MEMS accelerometers [16] can be used. However, it is hard to determine the exact impact point
after derailment. Thus, the impact force to the rail was estimated from the acceleration data of the test
bogie. A data logger was installed on the test bogie, as shown in Figure 10c. The data logger used
was a shock-resistance data logger (high shock rating of 500 g) for collision testing and it has high
sampling capabilities (max. sampling rate of 100 k samples/s/channel). The sampling rate of the data
was 1/10,000 s (10,000 Hz) in this test.

(b) (c)

Figure 10. Data acquisition system for the bogie: (a) layout, (b) accelerometer and angular velocity

sensor, and (c) a shock-resistance data logger for collision testing.

The velocity of the test bogie at the derailment point is important information for the analysis
of post-derailment behavior. Since the test bogie was released before the derailment point, it was
necessary to set up an additional velocity measurement system at the derailment point, as shown in
Figure 11. In this study, a photoelectric tube speedometer was used. Two lights and two receiver
sensors were installed at a specific distance. As the test bogie passes, the passing time between the two
lights can be obtained. Then, the initial derailment velocity of the test bogie can be calculated.
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Figure 11. Speed measuring system: (a) system conceptual diagram; (b) photoelectric tube speedometer.

In this study, a high-speed camera was also used to investigate the post-derailment behavior of
the test bogie in depth. Image data are very useful to evaluate the trace of the bogie after derailment.
The high-speed camera used in this study is shown in Figure 12. According to its specifications, it can
store 3.6 s at 1000 fps (frame/s) when the image format is 1024 x 1024. In total, three high-speed
cameras were used. One camera was used to take the top view with a crane, as shown in Figure 12.
The others were used to take the side views. For each second, 500 frames were obtained (500 fps).
Also, some ordinary digital cameras were installed to obtain image data from various viewpoints.

Figure 12. High-speed cameras: (a) side view; (b) top view.

2.5. Simultaneous Trigger System

Trigger systems are used to synchronize several different pieces of measurement equipment.
By synchronizing the equipment, data analysis is convenient since the initial time of data recording
is the same for all equipment. In this study, the three high-speed cameras and data logger were
synchronized by a trigger system with a tape switch, as shown in

The tape switch method is simple and free from spurious operation. The trigger for the high-speed
cameras was set up on the test track at the derailment point, as shown in Figure 13a. The trigger
for the data logger, shown in Figure 13b, was installed on the test bogie. When the test bogie passes
the derailment point, the trigger on the test bogie contacts the trigger for the high-speed camera.
Then, data recoding is started. It should be noted that the trigger on the bogie was made of flexible
materials since the post-derailment behavior could be affected by high stiffness and contact force
between the triggers. Figure 13.
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(b)

Figure 13. Simultaneous trigger system by a tape switch: (a) trigger for the high-speed cameras;
(b) trigger for the data logger.

2.6. Running Diagram of the Power Car and Test Bogie

It was necessary to determine the running diagram of the power car and test bogie to achieve
the target speed of the test bogie and to ensure the safety of the power car after releasing the test
bogie. Figure 14 shows a schematic view of the running diagram of the power car and test bogie.
The blue solid line and red dashed line represent the running diagrams of the power car and the test
bogie, respectively. Before releasing the test bogie, the power car and the test bogie move together.
The velocity at the release time is larger than the target speed. After releasing the test bogie, the power
car reduces its speed and stops before the derailment point. The test bogie reaches the target velocity
at the derailment point and is derailed.

Acceleration Constant Deceleration
< g- < »le »l
]
2
Deceleration ————
@;% of Test Car *\ \\“\
= 0
] Test Car
‘\
\~
~~ Power Car
[
Start Release Stop Derailment

Figure 14. A schematic view of the running diagram of the power car and test bogie.

The distance to the release point depends on the target speed and acceleration capacity of the
power car. The running diagram was constructed from the results of several preliminary tests. In this
study, the target speeds of the test bogie were 30 km/h and 55 km/h. Figure 15 shows a representative
running diagram of the power car through the preliminary tests. An acceleration distance of about
480 m was required for the stationary power car to accelerate to about 56 km/h, and a braking distance
of about 150 m was required for subsequent stops. The deceleration to the derailment point after the
release of the test bogie was approximately 1-2 km/h. Therefore, the running distance of the power
car to ensure safety during the experiment with a target speed of 50 to 55 km/h was determined to
be 650 m. In addition, an acceleration distance of about 140 m was required for the power car to
accelerate to about 32 km/h, and a braking distance of about 90 m was required for subsequent stops.
The deceleration to the derailment point after the release of the test bogie was approximately 2-3 km/h.
Thus, the running distance of the power car to ensure safety with a target speed of 25 to 30 km/h was
determined to be 250 m.
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Figure 15. Examples of running diagrams of the power car.

2.7. Post-Processing of Data

It is necessary to conduct a filtering process on raw data since raw data may contain unexpected
noise, especially in the case of impact or collision testing. In the case of car collision testing, the data are
analyzed after filtering the raw data obtained at a 1000 Hz or 10,000 Hz frequency. Usually, the moving
average method is used for the filtering [17,18]. The moving average method is used not only for the
smoothing of the data, but also for the evaluation of equivalent static design force. A previous study
reported that the moving average method gave a reasonable estimation of the equivalent static design
load [19]. Thus, the 50 ms moving average method was applied with 10,000 Hz data sampling in
this study.

3. Experimental Results

3.1. Test Cases

After derailment, wheel-rail interaction disappears, and the train runs along the top surface
of the track. In this case, various contact and impact conditions, such as gear box-rail, wheel-rail
fastener, and wheel-sleeper, arise. These various conditions affect the post-derailment behavior.
The post-derailment behavior is an important consideration for the design of derailment protection
facilities. In this study, full-scale train bogie derailment tests were conducted. The test bogie and test
methodologies are detailed in Section 2. The main test parameter of this study was the derailment
velocity. Two different derailment velocities were considered. For Cases #1 and #2, the derailment
speeds were 28.08 km/h and 55.05 km/h, respectively.

3.2. Case #1 (Derailment Velocity of 28.08 km/h)

For Case #1, the target speed range was 25-30 km/h. The measured derailment velocity was 28.08
km/h. Figure 16 shows a front view of the post-derailment behavior in Case #1. It can be seen that the
bogie ran in the right lateral direction after derailment (0.410-1.810 s), and the left wheel continuously
contacted the hump of the concrete track (1.810-3.570 s). Then, the bogie moved to the left direction
without contact between the right rail and left wheel (3.570-5.630 s). The direction was changed due to
the effect of the hump in this case. In this study, the Rheda 2000 type concrete track was used, and the
hump in this track affected the post-derailment behavior.

The acceleration data were analyzed to calculate the velocity and traveling distance of the test
bogie. The analysis results were compared with the results obtained in the image data from the
high-speed cameras for cross-validation of the data. It is known that the image analysis offers a certain
potential for the dynamic investigation [20]. The velocity and traveling distance of the test bogie were
also calculated by target mark tracking from the image data, as shown in Figure 17. The results are
shown in Figure 18 as a solid line. It can be seen that the velocity obtained from the high-speed camera
showed initial fluctuation. However, the overall trend of the velocity was similar to that from the
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accelerometer. The velocity decreased almost linearly, as shown in Figure 18a. The slope of Figure 18a
represents the deceleration, and it was approximately —0.97 m/s?. By integrating the acceleration data
twice, the traveling distance could be calculated, as shown in Figure 18b. The traveling distances
obtained from the accelerometer and high-speed cameras were similar to each other. The discrepancy
may come from accumulated error during the integration or distortion of the image by the use of a
wide-angle lens.

Figure 16. Post-derailment behavior of the bogie for Case #1, front view.
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Figure 17. Example of image analysis by target mark tracking.
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Figure 18. Data analysis results, Case #1: (a) velocity, (b) traveling distance.

The longitudinal, lateral, and vertical acceleration data of the test bogie were analyzed with
the video images together. The first impact was observed at 0.410 s after derailment, as shown in
Figure 19. It can be seen that there were sudden changes in acceleration at the time of the first impact,
as shown in Figure 19a. The maximum acceleration was found in the vertical direction, and it was
5.07 g (49.78 m/s?). If the total mass of the bogie is included in the calculation of the impact force, it is
equivalent to approximately 207 kN of impact force. The first impact occurred between the left wheel
and hump, as shown in Figure 19b. Figure 19¢ shows the damage to the hump and rail fastener due to
the first impact.
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Figure 19. First impact, Case #1: (a) acceleration vs. time (0.3-0.6 s); (b) test bogie at first impact;
(c) damage to the hump and rail fastener due to the first impact.
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Similar to Figure 19, information about the second and third impacts is presented in Figure 20.
The second and third impacts were observed at 0.750 s and 0.810 s, respectively. In the second impact,
the right and left rear wheels impacted the fourth hump, as shown in Figure 20b,c. The maximum
vertical acceleration was approximately 5.57 g—larger than that from the first impact. This may be
attributed to the pitching moment of the bogie after the first impact. In the case of the third impact,
the front right wheel contacted the sixth and seventh humps in succession. At the third impact, the peak
of the vertical acceleration was markedly decreased.
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Figure 20. Second and third impacts, Case #1: (a) acceleration vs. time (0.65-0.95 s); (b) test bogie at the
second and third impacts; (c) damage to the hump and rail fastener due to the second and third impacts.

After the third impact, the test bogie ran the track without any further significant impact with
track components. However, considerable lateral displacement was observed. For example, at 1.170 s,
the front left wheel was located at almost the center of the track, as shown in Figure 21a. The lateral
displacement continuously increased at 1.170-1.810 s, and the front left wheels contacted the humps in
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the left rail at 1.810 s. Then, the test bogie returned to the center of the track at 3.750-5.630 s, as shown
in Figure 21b.

(b)
Figure 21. Position of the test bogie: (a) 1.170-1.810 s, (b) 2.150-5.630 s.

In summary, for Case #1, where the derailment velocity was 28.08 km/h, the derailed test bogie ran
the track with considerable lateral movement. The lateral movement was restrained by contact with
the humps in the concrete track. Then, the test bogie returned to the center of the track. The whole
trace of the test bogie is shown in Figure 22. The maximum vertical acceleration was approximately
5.57 g at the second impact with the humps. The maximum lateral acceleration was approximately
2.62 g at the first impact with the humps. From the results, it can be seen that the effect of the humps
on the post-derailment behavior was significant when the Rheda 2000 track system was used. Thus,
the type of track must be considered when evaluating the post-derailment behavior of a derailed train.
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Figure 22. Trace of the left and right wheels for Case #1.
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3.3. Case #2 (Derailment Velocity of 55.05 km/h)

In Case #1, the derailed wheel was not guided by the rail or containment wall. However, it was
guided by the humps on the track. To identify the effects of the rail and containment wall, the derailment
velocity was increased for Case #2. The target derailment velocity range was 50-55 km/h. The measured
derailment speed was 55.05 km/h. Figure 23 presents the variation in the velocity and longitudinal
traveling distance after derailment for Case #2. The data were obtained by the accelerometer as well as
the high-speed cameras. However, the data from the high-speed cameras cannot be interpreted well after
2 s since the test bogie left the camera range due to the increased speed of the test bogie. The deceleration
of the test bogie was approximately —1.48 m/s?. The traveling length was approximately 38 m at 3 s.
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Figure 23. Data analysis results, Case #2: (a) velocity, (b) traveling distance.

Figure 24 shows the test bogie at derailment. It was found that the test bogie seemed to jump,
bypassing the derailment device as shown in Figure 24a. Then, the front left wheel contacted with
the third hump and rail fastener at 0.240 s due to the roll of the test bogie, as shown in Figure 24b.
When the test bogie passed through the derailment device, the vertical acceleration in Case #2 was
much greater than that in Case #1 before the first wheel contact with the track (0.242 s), as shown in
Figure 24c. If higher-speed experiments are carried out, the derailment device should be improved
because excessive jumping is expected.

(a) (b)
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«
.
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Figure 24. Test bogie at derailment for Case #2: (a) 0.124 s; (b) 0.242 s (first impact); (c) vertical
acceleration when derailed (0-0.20 s).
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The main impact to the track was observed around from 0.4 s to 0.7 s, as shown in Figure 25.
At 0.460 s, the front right wheel came into contact with the eighth rail fastener. Then, the front
right wheel impacted the ninth hump and the rear right wheel immediately came into contact with
the seventh rail fastener. The maximum vertical acceleration was found at this time, and it was
approximately 3.53 g. The maximum acceleration in Case #2 was smaller than that in Case #1. This is
because increased velocity is related with the longitudinal direction and vertical impact force is mainly
a function of the velocity in the vertical direction.
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Figure 25. Impact of the test bogie after derailment for Case #2: (a) acceleration vs. time (0.4-0.7 s),
(b) 0.460 s; (c) 0.534 s.

After 0.7 s, the test bogie ran the track with considerable lateral movement, similar to Case #1.
However, for Case #2, the wheel flange was in contact with the rail as shown in Figure 26b. Then, the test
bogie impacted the containment wall at 1.910 s, as shown in Figure 26c. The lateral acceleration was
increased due to the impact with the rail and containment wall, as shown in Figure 26a. The lateral
acceleration values were approximately 1.17 g (11.51 m/s?) and 0.75 g (7.36 m/s?) for the rail and
containment wall impact, respectively. Thus, it was expected that the impact force on the containment
wall would be reduced approximately 36% by the first guide by the rail for Case #2. Finally, the test
bogie returned to the track center direction after containment wall impact, as shown in Figure 27.
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As mentioned in the introduction, the basic concept of DCP type IIl is that the derailed train is
first guided by the rail and the containment wall, preventing excessive lateral movement [8,21,22].
The containment wall installed in this test is DCP type III, and it was seen that the derailed train was
effectively guided by DCP type IIl in test Case #2.

4. Conclusions

This study presented full-scale train bogie derailment test methodologies and post-derailment
behavior based on the test results. The derailment tests were conducted at the bogie level, and the test
speeds were 28.08 km/h and 55.05 km/h. The major findings of this study are as follows:

1.  Train bogie derailment tests can be successfully conducted by using the methodologies proposed
in this study. A push system and automatic release device for the test bogie were proposed. Also,
a derailment device to induce wheel-climbing derailment and a simultaneous trigger system to
synchronize different pieces of equipment were suggested. The proposed methodologies may be
applicable to other types of full-scale derailment tests.

2. For the test in Case #1 (derailment velocity of 28.08 km/h), the derailed bogie ran the track with
significant right (direction of derailment) lateral movement, and the left (opposite direction to
derailment) wheel continuously came into contact with the hump of the concrete track. Then,
the bogie moved to the left without contact between the right rail and left wheel. This indicates
that the lateral movement for Case #1 was controlled by the humps, and the humps in this track
significantly affected the post-derailment behavior of the derailed bogie. In Case #1, the maximum
vertical acceleration was approximately 5.57 g at the second impact with the hump. The maximum
lateral acceleration was approximately 2.62 g at the first impact with the hump.

3. For the test in Case #2 (derailment velocity of 55.05 km/h), the maximum vertical impact to the
track was observed at 0.460-0.560 s, and the maximum vertical acceleration was approximately
3.53 g. The test bogie ran the track with considerable lateral movement, similar to Case #1.
However, in Case #2, the wheel flange came into contact with the rail, and then the test bogie
impacted the containment wall. The lateral acceleration values were approximately 1.17 g and
0.75 g for the rail and containment wall impacts, respectively. Thus, it was found that the impact
force on the containment wall was reduced by approximately 36% by the first guide by the rail.
Finally, the test bogie returned to the track center direction after containment wall impact.
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