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Research and Development Trends Related to Vehicle Technology at RTRI

Makoto ISHIGE
Vehicle Technology Division

In the organizational reform of RTRI on April 1, 2022, Vehicle Structure Technology Division and Vehi-
cle Control Technology Division were merged into a new Vehicle Technology Division. The aim of this new 
division is to respond efficiently and promptly to the increasing sophistication and diversification of needs, 
such as the application of digital technology in vehicle technology, response to decarbonization, and over-
seas expansion including international standards. To this end, this division is conducting research and de-
velopment by integrating mechanical and electrical systems. This paper gives an overview of the status of 
recent activities related to vehicle technology at RTRI.

Key words: vehicle technology, driving safety, decarbonization, anomaly detection, ride comfort

1. Introduction

The Railway Technical Research Institute (RTRI) was restruc-
tured on April 1, 2022. The Vehicle Structure Technology Division 
and Vehicle Control Technology Division, which were previously in 
charge of vehicle-related research and development, were integrated 
to establish the Vehicle Technology Division. Mechanical and elec-
trical systems, which were previously separated into two research 
divisions, now work together in research and development in order 
to respond to the sophistication and diversification of needs effi-
ciently and promptly, such as the application of digital technology in 
vehicle technology, response to decarbonization, and expansion into 
overseas fields including international standards.

 In this paper, an overview is given of vehicle technology initia-
tives for each of the R&D goals of RESEARCH 2025, which are 
safety improvement, cost reduction, harmony with the environment, 
and improvement of convenience.

2. Safety improvement

2.1 Running safety evaluation

The evaluation of running safety against derailment of a new 
line or new vehicle type is conducted by attaching a strain gauge to 
a dedicated wheel, measuring the wheel load and lateral force, and 
using the derailment coefficient (lateral force / wheel load), but the 
preparation of the wheelsets and installation on the bogie are costly 
and require labor, so a simple running safety evaluation method is 
needed. One such method that is under investigation involves esti-
mating wheel load and lateral force using bogie motion data that 
could be measured by inertial measurement devices and displace-
ment sensors [1].

The problem with the conventional method for measuring 
wheel load and lateral force is that the lateral force measurement 
accuracy can decrease when the contact position shifts in the lateral 
direction. Therefore, instead of the conventional method, where the 
lateral force is measured using the bending strain on the side surface 
of the wheel, the proposed method involves reducing the effect of 
the wheel load by using the shear strain inside the wheel load mea-
surement holes as a measure of lateral force [2].

When evaluating running safety, the derailment coefficient may 
exceed the evaluation criteria, but this does not necessarily lead to 

derailment. Therefore, a new evaluation indicator for running safety 
is proposed that considers the time-series history of the derailment 
coefficient. This may allow more accurate evaluation of the safety 
margin against flange climb derailment [3]. We have also proposed 
a flange climb derailment evaluation method that evaluates both the 
derailment coefficient and amount of wheel rise [4].

Furthermore, new processing equipment and slip-ring equip-
ment are being developed since the equipment for the new continu-
ous wheel/rail contact force measurement method, which conducts 
arithmetic processing on the strain gauge output and conducts con-
tinuous measurements, is obsolete [5].

2.2 Running stability evaluation [6, 7]

When evaluating the high-speed running stability of a vehicle, 
a hunting motion test is conducted in order to determine the critical 
hunting speed using a rolling stock test stand. It is empirically 
known that the critical hunting speed can vary depending on the 
excitation mode, and results of evaluating the effect of the difference 
in excitation method on the critical hunting speed showed that there 
is a critical hunting curve that expresses the relationship between the 
initial lateral amplitude of wheelsets after excitation and the speed 
led to hunting. A method is being developed to efficiently obtain the 
critical hunting curve through analysis.

2.3 Longitudinal vibration of train set [8]

The force acting on the coupler between vehicles in the train set 
(i.e., coupler force) is a key parameter for trainset buckling. Mean-
while, the transmission of longitudinal vehicle vibration through the 
coupler also affects ride comfort, so the numerical analysis method 
for the coupler force was expanded to create an analysis model for 
the longitudinal vibration acceleration of the carbody when varying 
driving force was applied due to re-adhesion control and other fac-
tors. This analysis model could be used in the design of traction 
control systems that consider the longitudinal vibration of the car-
body caused by torque fluctuations.

2.4 Non-destructive inspection

Applications of the phased-array ultrasonic testing method, 
which visualizes the results of flaw detection as a cross-sectional 
image was investigated for ultrasonic flaw detection. The flaw de-
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Recent Activities in Vehicle Technology Research and Development

RTRI is conducting R & D with the aim of improving railway safety, reducing main-
tenance costs, and improving rail services by introducing higher running speeds. Approxi-
mately half of all R & D for vehicles is concentrated on safety, mainly focusing on research 
on running safety evaluation methods such as flange climb derailment and crashworthiness 
evaluation. To improve the quality of railway services for passengers, other research and de-
velopment aims to improve ride comfort by reducing vibration, developing tilting technology 
and noise reduction. This paper gives an overview of current research and development being 
conducted in the Vehicle Structure Technology Division, the status of crashworthiness evalu-
ation, and of work to improve ride comfort.

Keywords: vehicle, crashworthiness, ride comfort

1.  Introduction 

The Railway Technical Research Institute has been 
pursuing research and development to achieve a higher lev-
el of railway safety, higher quality of service by increasing 
running speeds amongst other goals, and to lower mainte-
nance costs. Approximately half of all vehicle research and 
development relates to vehicle running safety evaluation 
methods aimed for example at flange climb derailment and 
crashworthiness evaluation. To improve the quality of rail 
services for passengers, RTRI has been working to improve 
ride comfort through the mitigation of car body elastic vi-
bration, the development of car body tilting and other tech-
nologies, and the investigation of means to abate noise.

Of the recent research and development projects in 
vehicle structure technology, this paper reports on those 
related to crashworthiness evaluation and ride comfort en-
hancement.

2.  Crashworthiness evaluation 

The design standards for railway vehicle car body 
structures in Japan were formulated without crashing in 
mind. As such, they do not provide guidance on collision 
scenarios and other measures to evaluate vehicle crashwor-
thiness. European countries and the Unites States however, 
have design standards for vehicles which encompass crash-
worthiness. Each of these standards, however, differ as they 
were drafted on the basis of each country’s own railway 
system, accident experience and other local specifications.

While referring to the proven standards of these coun-
tries can be helpful in facilitating the study of vehicle de-
sign standards for crashworthiness in Japan, it is also nec-
essary to consider Japan’s own characteristics whilst doing 
so. One of the crash accident types with high priority for 
consideration in the process is unexpected collisions with 
automobiles at level crossings.

With this in mind, RTRI has been developing collision 
analyses and studies on a crashworthiness evaluation in-
dex to evaluate the safety of passengers in level crossing 
accidents.

2.1  Collision analysis

Car body structures capable of reducing passenger and 
crew injuries in collisions at level crossings are an impor-
tant component of railway safety. In any design process for 
car body structures that offer high levels of safety in col-
lisions, it is not realistic to conduct collision tests repeat-
edly using actual vehicles. A more practical approach is to 
evaluate crashworthiness using numerical analysis. In an 
attempt to verify and improve the accuracy of a collision 
analysis method, a collision test was conducted [1].  In this 
test, an actual-size, stainless steel, partial car body struc-
ture of a leading vehicle was crashed onto a rigid wall to 
gather fundamental data including the car body’s impact 
deformation behavior (Fig. 1). Along with this, FEM simu-
lation of the collision test (Fig. 2) was conducted, which 
showed the FEM simulation overall capable of accurately 

Fig. 2   FEM simulation

Fig. 1   Collision test using an actual-size car body
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tection performance was verified when the phased-array ultrasonic 
testing method was applied to steel sheets, and the results showed 
that it was superior to the conventional flaw detection method when 
detecting inclined flaws [9].

2.5 Crashworthiness

In Japan, no indices have been specified for evaluating collision 
scenarios or vehicle crashworthiness. Therefore, the collision sce-
narios based on previous examples of level-crossing accidents were 
set, collision analysis and passenger injury analysis were conducted 
to verify the correlation between vehicle impact deceleration and 
passenger injury value, and an evaluation method was proposed for 
vehicle crashworthiness [10].

2.6 Train fire

Understanding the characteristics of fires in vehicles is import-
ant for developing measures to ensure safe passenger evacuation 
and prevent vehicle structures causing damage or injury in the event 
of a train fire. As a basic examination of this, assuming a fire in a 
vehicle cabin was assumed, combustion tests were conducted in or-
der to understand the combustion characteristics of combustible 
materials and the scale of the fire source, and a reproduction analysis 
of the combustion test was conducted using a computational fluid 
dynamics code [11].

2.7 Brake control

In order to stabilize brake distance, deceleration control was 
improved: the deceleration of the train is fed back into the current 
braking system in order to follow a fixed target value, and a dis-
tance-based deceleration control, where a function was added to 
successively update the deceleration target value based on the brak-
ing distance, was proposed. Results of running tests confirmed that 
the braking distance accuracy was high even when the braking force 
was intentionally reduced. Future studies will investigate how speed 
accuracy influences control performance as well as aim for control 
stabilization, with the ultimate goal of practical use [12].

3. Harmony with the environment

3.1 Decarbonization

Contributing to a sustainable society requires diversification of 
energy sources for railway vehicles, and research and development 
of fuel cell hybrid trains is being conducted. Fuel cell and storage 
battery output has been increased and main circuit systems have 
been made smaller in order to improve the acceleration performance 
to that of an electric train and securing passenger space. Future tasks 
include sophistication of power flow control and energy evaluations 
such as those for fuel consumption and efficiency through simulated 
route driving using a rolling stock test stand [13].

3.2 EMC

There are many combinations of signal devices and inverter 
devices, which makes it difficult to predict the results of radiative 
emission tests, which is one of the final inspections of railway vehi-
cles. Therefore, a method was created in which quantitative model-
ing of the effect of radiative emission on the signal device was con-

ducted, and measurements and comparisons of the upper limit of 
leakage current in the combination test of the inverter and motor 
before completing the vehicle were conducted in order to enable 
advance confirmation of radiative emission testing [14].

3.3 Noise

One measure to reduce the fluctuating force caused by gear 
meshing, which is thought to be the main vibration source of gear 
noise in the driving device, is optimization of the shape of the gear 
contact surface, but this has the disadvantage of increasing process-
ing costs. Therefore, a gear is being developed that uses high-
strength ferrum casting ductile, which has high damping perfor-
mance and good conformability of tooth surface, in order to omit the 
final gear grinding process, which accounts for a large part of the 
manufacturing cost, and this has resulted in a significant reduction 
in noise when using actual gears [15].

4. Cost reduction

4.1 Battery degradation prediction method [16]

Securing the reliability of lithium-ion batteries that are used for 
the drive and control circuits of railway vehicles requires accurately 
predicting degradation and replacing them at the appropriate time. A 
capacity prediction formula that considers battery temperature fluc-
tuations under actual usage conditions was proposed in order to 
predict degradation with high accuracy, and an accelerated aging 
test using an actual battery confirmed that the battery capacity and 
internal resistance could be predicted with a high accuracy over long 
periods of time. In the future, a prediction method will be investigat-
ed for cycle degradation that cannot be ignored in drive applica-
tions.

4.2 Anomaly detection method

There have been active initiatives related to anomaly detection 
of vehicle equipment. Detecting anomalies requires capturing some 
kind of physical quantity, and if there are existing sensors for the 
operation and control of equipment, then that data could be used. 
One example of these initiatives includes the proposal of a method 
for automatically judging anomalies from vehicle condition moni-
toring data using deep learning techniques. Results of attempts to 
apply this to engine stop events and engine overheating events of 
diesel railcars showed that it was possible to determine the anomaly 
before the event occurred [17].

One initiative to detect anomalies by adding or temporarily in-
stalling sensors to acquire physical quantities is the development of 
a condition monitoring methods that combine octave band analysis 
of vibration and machine learning. One case study is the detection of 
the occurrence of anomalous vibrations due to anomalous internal 
wear that is caused by foreign bodies entering the hydraulic torque 
converter. Results of anomaly simulation tests confirmed that an 
anomaly could be detected in a high-frequency band regardless of 
the concentration of foreign bodies, and that an anomaly could be 
detected regardless of the vibration measurement point [18]. Anoth-
er case study is the anomaly diagnosis of traction motor bearings, 
where it was confirmed in stationary tests after applying to the leak-
age current of traction motors instead of bearing vibration that 
anomalies in bearings could be detected under specific no-load 
conditions [19].
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4.3 Evaluation of friction material properties

Implementation of full-scale bench tests is essential when eval-
uating the final performance of brake friction materials, but when 
focusing on the evaluation of friction materials at high temperatures, 
it can be seen that the tests require a large amount of time and effort. 
Therefore, a method that experimentally investigated and analyzed 
the relationship between the thermal change of the solid lubricant 
contained in the friction material and friction coefficient and where 
the heat resistance of the base material was evaluated was proposed 
as a simple method for evaluating friction materials [20]. In the fu-
ture, this will be used as a basic test for selecting friction materials 
in the brake friction material development process.

5. Improved convenience

5.1 Improved ride comfort

5.1.1 Carbody tilting control

In order to reduce motion sickness in a controlled natural tilting 
vehicle, the target pattern of tilt angle that matches the shape of the 
actual curve instead of the conventional step pattern, and a tilting 
control actuator that can achieve it, has been in development [21]. 
Furthermore, a train positioning system that uses track curvature 
collation instead of the positioning system based on the convention-
al ATS beacon and the tachometer generator cumulative distance 
has been in development [22], and these were combined to construct 
a tilting control system. There are plans to install them in actual 
vehicles in the future, and they are expected to improve the ride 
comfort of the tilting vehicle.

Additionally, a tilt control system with the active torsion bar 
has been developed as a new carbody tilting mechanism [23]. This 
achieves tilting performance that is comparable to that of a tilting 
bogie with a bogie configuration that is almost the same as a general 
bogie, with good tilting control performance and safety in the event 
of actuator failure verified in bench tests. Its performance is expect-
ed to be confirmed in actual vehicles.

5.1.2  Vertical vibration reduction control system

Shinkansen trains have become much more comfortable in the 
lateral direction than in the past, and passengers tend to feel more 
vibration in the vertical direction than in the lateral direction. Re-
ducing the vertical vibration of the car body is thought to be an ef-
fective way for improving ride comfort. Therefore, a vertical vibra-
tion reduction control system has been in development that 
combines variable hydraulic vertical dampers in primary and sec-
ondary suspension. A single-vehicle test using rolling stock test 
stand confirmed that vibrations in the vertical rigid body mode, 
vertical flexural mode, and roll mode could be reduced simultane-
ously, and that the ride comfort could be improved [24].

5.1.3  Reduction of carbody elastic vibration

Carbody elastic vibration needs to be reduced in order to fur-
ther improve the ride comfort of railway vehicles. An extended box 
model that could handle elastic vibration accompanied by three-di-
mensional deformed shape of the carbody and a method for mechan-
ically and efficiently determining the parameters in this model by 
using particle swarm optimization have been proposed in order to 

efficiently investigate vibration reduction methods [25].
Specific methods for reducing vibration include not only the 

previously mentioned vertical vibration reduction control system 
but also methods that use active mass dampers [26] and methods 
that use elastically supported mass of underfloor equipment as a 
dynamic vibration absorber [27].

5.1.4 Interior noise reduction

Interior noise in railway vehicles is generated by struc-
ture-borne sound and transmitted sound. For structure-borne sound, 
floating floor structures have been put to practical use in order to 
reduce floor plate vibration, but there are problems in the low-fre-
quency range. Therefore, a structure was developed in which the 
floor plates were suspended from the side structure, which is less 
prone to vibration (i.e., suspended floor structure), and stationary 
vibration tests confirmed the vibration reduction effect of floor 
plates in the frequency range of several hundred Hz or less [28].

5.2 Increased speed

5.2.1 Active bogie-steering system

In order to achieve both high-speed running stability and curv-
ing performance, an active bogie-steering system was developed 
that functions as a yaw damper when running at high speeds and 
acts as an actuator when running on sharp curves in order to gener-
ate a yaw moment between the carbody and the bogie. Running tests 
on test track confirmed that it reduced the lateral force, and running 
tests using rolling stock test stand confirmed that it did not affect the 
high-speed running stability [29].

5.2.2 Brake disk

Laser metal deposition welding, which enables the formation of 
heat resistant layers, was applied to the friction surface in order to im-
prove the heat resistance of forged steel brake disks. Bench tests of a 
full-scale disk confirmed that it had higher high-temperature strength 
and improved wear resistance than the currently used disk [30].

6. Conclusion

This paper introduced recent vehicle-related research and devel-
opment initiatives from RTRI. Future tasks include aiming to com-
bine mechanical and electrical research and development to achieve 
safer and more comfortable railway vehicles, achieve decarbonization 
through more efficient railway systems, achieve reduced maintenance 
labor through the application of digital technologies.
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Various kinds of materials are used as components of systems not only in railways but also in other in-
dustrial fields. So far, advances in material technology for structural and functional materials have contrib-
uted greatly to the development of railways. Current R&D activities mostly focus on materials with longer 
service life, the clarification of material deterioration mechanisms and so on. However, the pandemic of 
COVID-19 and rapid changes in the environment with climate change will have a significant impact on fu-
ture railways. It is necessary that material technology will adapt to this drastic transition in order to keep 
contributing to the sustainable development of railways. 

Key words:  railway materials, structural materials, functional materials, material development, phenome-
non elucidation, deterioration state analysis

1. Introduction

Materials are used for a variety of applications and purposes in 
the construction of not only railways but also systems. Materials can 
be broadly classified into structural materials that emphasize mate-
rial strength and durability in order to maintain the structure of the 
system; and functional materials emphasizing the enhancement of 
electrical, magnetic, optical, mechanical, and other properties in 
order to impart new properties through the generation of character-
istic functions. The characteristics required for structural materials 
and functional materials are generally trade-offs with each other and 
are often difficult to achieve simultaneously.  Hence, for example, 
when imparting new functionality to a structural material, it is nec-
essary to investigate the feasibility of imparting the desired func-
tionality by applying surface treatment to the necessary parts. 

Focusing on railways, use of the following materials is distin-
guished according to structural and functional requirements and 
purposes: metal materials such as steel, aluminum, and copper; inor-
ganic materials such as concrete and ceramics; organic materials 
such as rubber, paints, and lubricants; and composite materials such 
as carbon. It would not be an overstatement to say that these materi-
als have developed over the 150-year long history of railways, re-
peatedly undergoing the challenge of resolving insufficient durabil-
ity and meeting the demands for the addition of new functions. 
However, the environment surrounding railways in recent years has 
changed significantly compared to the past due to workforce short-
age caused by population decline, changes in the working environ-
ment due to the novel coronavirus disease (COVID-19) pandemic, 
and digital technology innovations. Additionally, starting with the 
Paris Agreement that was adopted in COP21 in December 2015, the 
realization of carbon neutrality has been advocated for climate 
change measures, which are one of the Sustainable Development 
Goals (SDGs). It is expected that the knowledge and experience 
cultivated over multiple years may not be able to respond to such 
changes in the surrounding environment, and it is thought that future 
materials technology will be required to adapt in a flexible manner 
and with a willingness to take on new challenges.

In this paper, recent efforts in the field of materials technology 
will be introduced, mainly the research and development of new 
materials, elucidation of the deterioration mechanism of structural 
materials, methods for evaluating the evolution of deterioration, and 
countermeasures against damage and deterioration using functional 

materials. Such topics are introduced along with future prospects.

2. Research and development of recent materials

The Railway Technical Research Institute (RTRI) has conduct-
ed research and development on a variety of topics such as vehicles, 
tracks, electric power, signal communication, and civil engineering 
structures. Additionally, the properties of materials used in railways 
often deteriorate and change during the period of service, so meth-
ods to quantitatively evaluate the state of the material at that point in 
time, elucidation of the deterioration mechanism based on that eval-
uation method, and countermeasures using new materials have been 
examined, with the aim of providing on-site feedback at railways. 
Several of these methods are introduced here.

2.1 �Development of Shinkansen axle bearing oil for cold regions 
[1]

A bearing is a member that supports a rotating wheelset on both 
sides, with the inside of the bearing lubricated with oil or the like. As 
the Shinkansen route network has expanded to cold regions, there 
were concerns that the current oil would lose its fluidity at low tem-
peratures. In order to resolve this problem, synthetic oil was initially 
used to improve low-temperature fluidity. However, its red discolor-
ation over time made it difficult for on-site workers to judge the 
soundness of the oil, and it had become a maintenance issue (com-
parison oil). Therefore, as shown in Fig. 1, additives were adjusted 
based on highly refined mineral oil in order to develop a Shinkansen 
axle bearing oil where red discoloration due to aging and mainte-
nance issues were avoided, while ensuring low-temperature fluidity.

Figure 2 shows the low-temperature fluidity of the developed 
oil. A lower pour point shown on the vertical axis of the figure indi-
cates a higher fluidity at low temperatures. It was shown that, com-
pared to the current bearing oil, the developed oil had fluidity even 
at temperatures below -40°C. Results of laboratory tests using actu-
al axle bearing also showed that no abnormalities were found in the 
developed oil even after an endurance test that was equivalent to 
800,000 km. Results showed good durability.

For the gear oil used in the gear system as well, a product is 
being developed that is suitable for cold climates, has improved 
low-temperature fluidity, and has improved starting acceleration; 
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Recent Activities in Vehicle Technology Research and Development

RTRI is conducting R & D with the aim of improving railway safety, reducing main-
tenance costs, and improving rail services by introducing higher running speeds. Approxi-
mately half of all R & D for vehicles is concentrated on safety, mainly focusing on research 
on running safety evaluation methods such as flange climb derailment and crashworthiness 
evaluation. To improve the quality of railway services for passengers, other research and de-
velopment aims to improve ride comfort by reducing vibration, developing tilting technology 
and noise reduction. This paper gives an overview of current research and development being 
conducted in the Vehicle Structure Technology Division, the status of crashworthiness evalu-
ation, and of work to improve ride comfort.
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1.  Introduction 

The Railway Technical Research Institute has been 
pursuing research and development to achieve a higher lev-
el of railway safety, higher quality of service by increasing 
running speeds amongst other goals, and to lower mainte-
nance costs. Approximately half of all vehicle research and 
development relates to vehicle running safety evaluation 
methods aimed for example at flange climb derailment and 
crashworthiness evaluation. To improve the quality of rail 
services for passengers, RTRI has been working to improve 
ride comfort through the mitigation of car body elastic vi-
bration, the development of car body tilting and other tech-
nologies, and the investigation of means to abate noise.

Of the recent research and development projects in 
vehicle structure technology, this paper reports on those 
related to crashworthiness evaluation and ride comfort en-
hancement.

2.  Crashworthiness evaluation 

The design standards for railway vehicle car body 
structures in Japan were formulated without crashing in 
mind. As such, they do not provide guidance on collision 
scenarios and other measures to evaluate vehicle crashwor-
thiness. European countries and the Unites States however, 
have design standards for vehicles which encompass crash-
worthiness. Each of these standards, however, differ as they 
were drafted on the basis of each country’s own railway 
system, accident experience and other local specifications.

While referring to the proven standards of these coun-
tries can be helpful in facilitating the study of vehicle de-
sign standards for crashworthiness in Japan, it is also nec-
essary to consider Japan’s own characteristics whilst doing 
so. One of the crash accident types with high priority for 
consideration in the process is unexpected collisions with 
automobiles at level crossings.

With this in mind, RTRI has been developing collision 
analyses and studies on a crashworthiness evaluation in-
dex to evaluate the safety of passengers in level crossing 
accidents.

2.1  Collision analysis

Car body structures capable of reducing passenger and 
crew injuries in collisions at level crossings are an impor-
tant component of railway safety. In any design process for 
car body structures that offer high levels of safety in col-
lisions, it is not realistic to conduct collision tests repeat-
edly using actual vehicles. A more practical approach is to 
evaluate crashworthiness using numerical analysis. In an 
attempt to verify and improve the accuracy of a collision 
analysis method, a collision test was conducted [1].  In this 
test, an actual-size, stainless steel, partial car body struc-
ture of a leading vehicle was crashed onto a rigid wall to 
gather fundamental data including the car body’s impact 
deformation behavior (Fig. 1). Along with this, FEM simu-
lation of the collision test (Fig. 2) was conducted, which 
showed the FEM simulation overall capable of accurately 

Fig. 2   FEM simulation

Fig. 1   Collision test using an actual-size car body
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and it is thought that these results will contribute to the stable run-
ning of the Shinkansen in cold regions.

2.2 Development of repair materials using geopolymers

Compared to cement, geopolymers can not only utilize a large 
amount of industrial byproducts during their production, but also 
reduce CO2 emissions, so they are a structural material that is ex-
pected to be an effective means of reducing the environmental load. 
Geopolymers are also characterized by high resistance to alkali-sil-
ica reactions, acid corrosion, etc., which are factors of cement dete-
rioration. As shown in Fig. 3, these features were utilized to develop 
PC sleepers and short sleepers using geopolymers [2].

The high resistance of this material has been utilized in recent 
years to develop a geopolymer mortar for plastering work [3]. This 
is expected to be applied to places where ordinary cement mortar 
could not be easily repaired under corrosive environments. 

2.3  Elucidation of mechanism of increased contact wire wear 
rate near Shinkansen pantograph stop position [4]

In the Shinkansen, the wear rate of contact wires, which are 
structural materials that make up the contact line equipment, is 
sometimes higher in low-speed sections such as near stations than in 
high-speed sections. This leads to an increase in the frequency of 
contact wire replacement, which hinders efforts to reduce mainte-
nance costs. In order to investigate the cause of this increased wear 
rate, the wear distribution of contact wires in a station was investi-
gated alongside the running speed of vehicles running in that direc-
tion. Results, shown in Fig. 4, indicated that the contact wire wear 
rate increased sharply as the vehicle approached the stop position 

and the running speed decreased. Therefore, as shown in Fig. 5, 
laboratory tests were conducted in order to investigate the speed 
dependence of the friction coefficient, where it was shown that the 
friction coefficient increased sharply as the speed decreased. As 
shown in Fig. 6, the cross-sectional metallographic observation of 
the contact wires after use indicated that this increase in the friction 
coefficient accelerated peeling wear.

Grease lubrication was tested as a lubrication method that can 
reduce the friction coefficient for suppressing peeling wear, where it 
was confirmed that the wear rate was greatly reduced, and in the 
future, we plan to study verification using actual equipment.

A detailed understanding of the mechanism of changes over 
time from initial properties such as fatigue and deterioration as well 
as friction, which must be considered when using materials, is 
thought to lead to effective countermeasures.

2.4  Concrete surface layer quality evaluation by water spray 
test

Reinforced concrete, which is one of the main structural mate-
rials for railways and is used in elevated bridges, etc., must not 
corrode the reinforcing bars that bear the tensile force. The concrete 
that protects these reinforcing bars must not only have a certain 
strength, but also a certain thickness and high resistance to water 
infiltration in order to prevent water penetration, which is the main 
cause of reinforcing bar deterioration. However, even if there are no 
defects in the appearance of the concrete in these parts, the finished 
state changes depending on the construction method. This finished 
state is referred to as “surface layer quality,” and a water spray test 
method has been developed for the simple on-site evaluation of 
water permeation resistance, which affects surface layer quality [5].

The water spray test is a method of spraying a small amount of 
water on the surface of dry concrete and visually evaluating the 
water absorption state of the surface layer. As shown in Fig. 7, the 
developed water spray test method (WIST) involves using a manual 

Fig. 1　Developed oil with red discoloration suppressed

Fig. 2　�Comparison of fluidity between current  and de-
veloped oil

Fig. 3　Sleepers using geopolymers

Fig. 4　 Speed dependence of contact wire wear rate in 
Shinkansen line
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sprayer to repeatedly spray small amounts of water at the same loca-
tion at regular intervals. Water is sprayed in the shape shown in 
Fig. 7(a), and the measurement is finished when the flow of water 
after spraying is visually confirmed, as shown in Fig. 7(b). A denser 
concrete with a higher quality surface layer results in the flow of 
water with fewer sprays. However, since WIST was a method that 
was specialized for vertical members such as pillars and walls, and 
due to the recent increase in the need for measurements at horizontal 
points such as floor surfaces, a method that can be applied in these 
areas is being developed [6].

2.5 �Examination�of�rail�grinding�amount�using�X-ray�diffrac-
tion

Rolling fatigue occurs at the contact point (rolling surface) with 
the wheel on the rail as the wheel repeatedly rolls on the rail as a 
structural material. The accumulation of this rolling fatigue may 
lead to rail damage, such as shelling. One means of suppressing this 
rail damage involves using rail grinding vehicles to remove the sur-
face layer that has suffered from rolling fatigue. However, although 
there are certain standards for this rail grinding, implementing effi-
cient rail grinding requires understanding the fatigue state of the rail 
surface layer that has suffered from rolling fatigue.

Therefore, we analyzed the surface layer of the rail using X-ray 
diffraction (henceforth referred to as X-ray Fourier analysis). As 
shown in Fig. 8(a), a characteristic of the X-ray Fourier analysis is 
that plastic flow, in which the metal structure appears to flow in a 
certain direction, and refinement of the metal structure are observed 
near the surface of the cross-sectional metal structure of rails sub-
jected to rolling fatigue as changes not seen in the original metal 
structure. The irradiation of X-rays to such changed parts yields a 
broader X-ray diffraction peak relative to that of an unused rail, as 
shown in Fig. 8(b). Quantifying this change with X-ray Fourier 
analysis makes it possible to evaluate the rolling fatigue state. So 
far, this analysis method has been applied to aged rails with no his-
tory of rail grinding, but rails with further aging have also been 

evaluated, and efficient rail grinding methods have been examined 
[7].

2.6 �Application�of�diamond-like�carbon�(DLC)�film�to�suppress 
fretting wear of axle bearings

Axle bearings used for railway vehicles are one of the vehicle 
component members that support the vehicle weight and maintain 
stable rotation of the wheelset. Fretting may occur in some of the 
parts of the axle bearing, which is one such component member. 
Fretting is damage such as wear caused by minute slippage that oc-
curs at the contact area of two objects. In the case of axle bearings, 
the entry of abrasion dust that is generated by fretting into the axle 
bearing accelerates the wear of the bearing parts and the deteriora-
tion of the lubricating oil, etc., which becomes a problem in terms of 
maintenance.

Measures for suppressing this fretting wear were investigated 
from two directions. The first is the relaxation of the contact surface 
pressure at the contact part. The uneven surface pressure distribu-
tion that was generated at the contact area and the amplitude of the 
surface pressure due to rotation were found to be correlated with the 

Fig. 5　Speed dependence of friction coefficient Fig. 6　�Results of strain analysis of actual contact wire 
cross-section

Fig. 7　Overview of water spray test
Fig. 8　�Evolution in longitudinal microstructure of rail sub-

jected to rolling fatigue and diffracted X-ray peak
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occurrence of fretting wear, and finite element analysis and labora-
tory tests were conducted to develop a shape that could suppress the 
occurrence of fretting wear on the real axle bearings of existing ax-
les. The second is to add a functional coating that reduces the fric-
tion coefficient to the contact area of the rear lid, as shown in Fig. 9. 
A segment-structured DLC film that could adhere to the rear lid and 
reduce the friction coefficient was investigated as a functional coat-
ing, and it was confirmed in laboratory tests using actual axle bear-
ings that fretting wear could be suppressed [8].

3. Conclusion

Various materials are used as structural materials and function-
al materials in railways. Needless to say, research and development 
that was related to materials has contributed to the maintenance and 

development of railways, but high safety, reliability, durability, high 
functionality, etc., will continue to be required for the research and 
development of materials. However, it is expected that there will be 
an increasing need to adapt to the environment surrounding rail-
ways, which has undergone major changes in recent years, and more 
than ever before, an awareness of social demands such as reducing 
environmental impacts and being carbon neutral will be required. 
Furthermore, rapidly advancing digital technologies such as AI may 
greatly change the nature of research and development methods of 
materials in the future. The hope is to continue research and devel-
opment so that a flexible response can be provided to these changes 
and continued sustainable development of railways can be achieved.
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In various industrial fields, innovation of systems and improvement of business operations through the 
use of information and communication technology, or so-called digital technology, have become urgent 
challenges. In railway industries, decline in the working-age population as well as changes in behavior 
triggered by the COVID-19 have led to unprecedented demands to save labor and lower costs. Digital tech-
nology innovation in railway systems is seen as a solution. This paper presents recent research and develop-
ment using digital technology, in terms of data analytics, sensing and recognition, and information networks. 
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1. Introduction

System innovation and business improvement using informa-
tion and communication technology are pressing issues in various 
industrial fields. In the railway fields, changes in behavioral patterns 
triggered by the COVID-19 pandemic in addition to the decline in 
the working-age population have resulted in increasingly stronger 
demands needed to save labor and reduce costs in the short term.

At the Railway Technical Research Institute (RTRI), one of the 
basic policies of activities in the basic plan RESEARCH 2025 is 
“innovation of the railway system by digital technology,” which 
centers on research and development into labor-conserving technol-
ogies to address issues such as labor shortages at railway sites.  This 
work concentrates, for example, on integration of information and 
communication technology to railways, autonomous train opera-
tions, and digital maintenance. Additionally, in April 2022, the In-
formation and Communication Technology Division was newly es-
tablished to boost cross-sectoral use of digital technology in 
railways. Innovation in railway systems focuses on three “cutting 
edge” perspectives: 1) technology which can be used to analyze data 
and support decision-making for maintenance, sales, and transporta-
tion services; 2) technology used to recognize and ‘judge’ output 
from sensing by cameras, LiDAR, etc., by image processing and AI, 
etc., in order reduce labor-intensity of maintenance and improve 
safety; and 3) fundamental technologies such as information net-
works and wireless communications that transmit and aggregate 
data for the use of digital technology. A total of three laboratories for 
Data Analytics, Image Analysis, and Telecommunications and Net-
working that correspond to each perspective were established. In 
order to obtain practical results, it is important to collaborate with 
technologies in each section of the railway system, so research and 
development is being promoted in collaboration with researchers in 
each section.

In this paper, recent research and development of the perspec-
tives 1–3 mentioned above are introduced.

2. Data analysis and decision making

Regarding the maintenance of equipment, various data analysis 
initiatives are underway in each system since it is becoming possible 
to automatically measure and aggregate data from multiple loca-
tions at high frequency, and due to the evolution of data analysis 
technology [1, 2]. Meanwhile, there are some facilities where direct 

data measurement and high-frequency automatic measurements are 
difficult. It may also be difficult to estimate equipment deterioration 
tendencies with high accuracy. Therefore, research and develop-
ment are being conducted of a method for data analysis using not 
only the measurement data of the own system but also the measure-
ment data of other systems in order to improve the efficiency and 
sophistication of maintenance.

Railway operators can evaluate sales and transportation ser-
vices using multiple indicators, such as transportation revenue as 
well as passenger convenience. Improvements in convenience may 
not lead directly to an increase in income, but various effects can be 
expected, such as stimulated demand, strengthened competitiveness 
with other modes of transportation, and improved corporate image. 
Being able to collect, analyze, and evaluate various data related to 
train operations, as well as being able to evaluate and propose ways 
to improve them, can help improve the quality of transportation 
services and strengthen sales capabilities.

Below, recent research and development from these two per-
spectives are introduced. For both perspectives, data analysis is a 
means to an end, and it is important to be able to produce results that 
contribute to decision-making, such as extending inspection inter-
vals, changing maintenance systems, and deciding on sales strate-
gies.

2.1 Cross-sectoral data analysis

A railway system consists of various systems such as vehicles, 
tracks, and electric power. The data required for maintenance is 
measured, aggregated, and analyzed for each system. However, fa-
cilities in different systems influence each other, and cross-sectoral 
analysis can be considered an effective means of improving mainte-
nance efficiency. For example, the measurement data obtained from 
a vehicle is affected by the conditions of the track and power equip-
ment, so it can be said that they are mutually influencing each other, 
as shown in Fig. 1 [3]. Data formats and position standards (kilome-
ters) differ for each business system, so not only examinations of 
methods for standardizing these but also research on methods for 
integrating and analyzing data from multiple systems are being con-
ducted [4]. For example, if it is possible to find data in the other 
system data that shows a similar change tendency to the main data 
of the own system, then if the data measurement cycle is long or if 
there is data loss, then the soundness may be able to be confirmed 
from the other system data. There are also high expectations for 
cross-sectoral analysis, such as the detection of signs of deteriora-
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1.  Introduction 

The Railway Technical Research Institute has been 
pursuing research and development to achieve a higher lev-
el of railway safety, higher quality of service by increasing 
running speeds amongst other goals, and to lower mainte-
nance costs. Approximately half of all vehicle research and 
development relates to vehicle running safety evaluation 
methods aimed for example at flange climb derailment and 
crashworthiness evaluation. To improve the quality of rail 
services for passengers, RTRI has been working to improve 
ride comfort through the mitigation of car body elastic vi-
bration, the development of car body tilting and other tech-
nologies, and the investigation of means to abate noise.

Of the recent research and development projects in 
vehicle structure technology, this paper reports on those 
related to crashworthiness evaluation and ride comfort en-
hancement.

2.  Crashworthiness evaluation 

The design standards for railway vehicle car body 
structures in Japan were formulated without crashing in 
mind. As such, they do not provide guidance on collision 
scenarios and other measures to evaluate vehicle crashwor-
thiness. European countries and the Unites States however, 
have design standards for vehicles which encompass crash-
worthiness. Each of these standards, however, differ as they 
were drafted on the basis of each country’s own railway 
system, accident experience and other local specifications.

While referring to the proven standards of these coun-
tries can be helpful in facilitating the study of vehicle de-
sign standards for crashworthiness in Japan, it is also nec-
essary to consider Japan’s own characteristics whilst doing 
so. One of the crash accident types with high priority for 
consideration in the process is unexpected collisions with 
automobiles at level crossings.

With this in mind, RTRI has been developing collision 
analyses and studies on a crashworthiness evaluation in-
dex to evaluate the safety of passengers in level crossing 
accidents.

2.1  Collision analysis

Car body structures capable of reducing passenger and 
crew injuries in collisions at level crossings are an impor-
tant component of railway safety. In any design process for 
car body structures that offer high levels of safety in col-
lisions, it is not realistic to conduct collision tests repeat-
edly using actual vehicles. A more practical approach is to 
evaluate crashworthiness using numerical analysis. In an 
attempt to verify and improve the accuracy of a collision 
analysis method, a collision test was conducted [1].  In this 
test, an actual-size, stainless steel, partial car body struc-
ture of a leading vehicle was crashed onto a rigid wall to 
gather fundamental data including the car body’s impact 
deformation behavior (Fig. 1). Along with this, FEM simu-
lation of the collision test (Fig. 2) was conducted, which 
showed the FEM simulation overall capable of accurately 

Fig. 2   FEM simulation

Fig. 1   Collision test using an actual-size car body
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tion that could not be previously detected.
The first aim would be to show that the above-mentioned ef-

fects could be obtained by building an integrated analysis platform 
for cross-sectoral analysis and deepening the examination of the 
analysis methods.

2.2 Evaluation of sales and transportation services

Examples of research and development related to the evalua-
tion of sales and transportation services include the evaluation of the 
convenience of clock-face scheduling for regional railways [5], di-
saster countermeasures for freight railway networks [6], and quanti-
fication of the relationship between the image of railway routes and 
the intention of living along the routes in urban railways [7].

A timetable in which trains depart at regular intervals is called 
a clock-face schedule. Reference 5 shows that the expected waiting 
time of passengers can be reduced by changing the schedule pattern, 
and that customers’ evaluation of convenience could be improved 
by changing the schedule pattern without increasing the number of 
services.

Reference 6 shows a method for evaluating measures to im-
prove the robustness of transportation services as part of formulat-
ing a business continuity plan (BCP) in the event of a disaster. The 
aim of this method is to enable evaluations of advance measures and 
recovery procedure following a disaster (e.g., which section should 
be prioritized for recovery) from the perspectives of the costs re-
quired for advance equipment repair (i.e., investment cost), trans-
port volume when there are unserviceable sections after a disaster 
(i.e., transport volume during disruption), and the costs required for 
the operation of this transport volume (i.e., disaster cost).

Reference 7 involves the analysis and discussion of the results 
of a questionnaire survey on the relationship between the brand and 
image of an urban railway line and the intention of residents (i.e., 
intention to continue living along the line, intention to move to the 
line). The results were intended to be used for decision-making 
when formulating measures to increase and maintain the number of 
residents living along the railway line. At the current stage, only a 
qualitative image can be shown, but if this can be associated with 
quantitative factors that change the image, then it will be possible to 
use it for policies of railway operators.

Additionally, by researching and organizing candidate factors 
that can influence fluctuations in passenger transportation revenues, 
and by quantifying the causal relationship between each factor can-
didate and revenue fluctuations, attempts are being made to clarify 

the factors behind income fluctuations and their effects [8]. This is 
research that applies a new method called causal impact, and the aim 
is to estimate future transportation revenues and achieving sales 
measures to increase transportation revenues.

3. Sensing and recognition / judgment

To date, sensing used in the railway field has been to measure 
physical quantities such as voltage and displacement. It is possible 
to directly and indirectly measure the physical quantities necessary 
for equipment monitoring, so in many cases, it is possible to recog-
nize and judge the state without advanced processing. Meanwhile, if 
there are many points to be measured, then it may become impracti-
cal in terms of cost and reliability. Additionally, it is often difficult to 
substitute simple physical quantity measurements for phenomena 
whose states have been judged visually.

Sensing and recognition / judgment technologies that use cam-
eras and LiDAR are attracting attention as a way to solve this prob-
lem. These sensors can collectively acquire 2D or 3D data for the 
target range, so there is no need to attach a sensor to each measure-
ment point, and information that is equivalent to that obtained by 
visual observation could be acquired as data. The background to the 
interest in these technologies is the improvement in the performance 
and price reduction of sensors such as cameras and LiDAR, as well 
as the evolution of processing technologies such as image process-
ing and AI.

Here, recent research and development is introduced from the 
perspective of processing technology.

3.1 Object recognition

The main purpose of using sensors such as cameras and LiDAR 
is to determine the presence and type of objects. To date, it was 
possible to determine the presence and type of an object by embed-
ding image processing technology and algorithms specialized for 
the characteristics of the object, but the use of AI has significantly 
improved this performance. Figure 2 shows an example of AI being 
used in a system that extracts registered equipment from images 
taken from a driver’s train and classifies them by type [9]. The or-
ange frame indicates that it has been extracted as registered equip-
ment, and the numbers above it indicate the type of equipment and 
the likelihood of recognition. If training data could be created, then 
it can be applied to various equipment without changing the algo-

Fig. 1　Example of mutual relationships among multiple systems
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rithm. Additionally, AI for object recognition is used in a system that 
recognizes sleepers and determines their deterioration state [10].

3.2 Conversion of bird’s-eye view image

The size and shape of an object in an image change depending 
on the position and angle of the object and the camera. If the camera 
can face the object directly and shoot at a fixed distance, then the 
size and shape can be unified, and processing can be simplified. 
However, when using existing cameras or when prioritizing the ease 
of shooting, then this condition cannot always be met. An effective 
method in such a case is the method of obtaining a front-facing im-
age (e.g., bird’s-eye view image) by projective transformation [11].

Figure 3 shows an example of projective transformation. The 
image on the left side of Fig. 3 involves a set that simulated the 
tactile blocks on the platform, passengers, and the side of a vehicle, 
with an image taken from a camera installed on the side of the vehi-
cle. The image on the right side of Fig. 3 is a bird’s-eye view image 
that is converted by projective transformation. The size of the tactile 
block is known, so the distance between the person and the edge of 
the platform can be calculated by calculating the length per pixel 
[12]. As a result, the image from the camera installed on the side of 
the vehicle can be used to detect the approach of passengers, alert 
the driver, and count the number of people getting on and off the 
train.

The application in Fig. 2 also uses bird’s-eye view images to 
calculate the amount of movement of the sleepers between frames, 
making it possible to calculate the traveled distance.

3.3 Frequency analysis

There are technologies that detect objects and events by detect-
ing specific frequencies in images.

In an application that detects the blinking of an obstruction 
warning signal, a blinking pattern (bit string) is obtained by binariz-
ing each frame of the moving image to 1 or 0 (lit or unlit) by thresh-
old processing, and superimposing the continuous video frames. 
The blinking of the obstruction warning signal is detected by search-
ing for the bit string that represents the frequency of the obstruction 
warning signal from the superimposed image [13].

Additionally, in an application that detects broken barriers at 
level crossings, the spatial frequencies in a single image are ana-
lyzed in order to determine whether or not level crossing rods are 

broken [14]. “black” and “yellow” are repeated at regular intervals 
on the rods, so this repeating state is discriminated using frequency 
analysis, and deviations from a predetermined range are judged to 
be a broken level crossing rod.

4. Information network

Railways have long focused on the research and development 
of wireless and wired communication technology, and there have 
been some cases where it led the way in domestic communication 
technology. Additionally, many of the communication systems used 
for railway operations have been installed as private lines. However, 
there has been remarkable evolution in information network tech-
nologies, including these communication technologies, and the use 
of general-purpose technologies and public communication lines 
has become beneficial in terms of both performance and cost. In re-
sponse to such circumstances, there has been active research and 
development of general-purpose technologies and systems that use 
public communication lines.

4.1 Utilization of public communication lines

Currently, many of the communication systems used in railway 
operations are privately-operated networks that are designed, con-
structed, and maintained by railway operators themselves. Mean-
while, mobile communication technology has shown remarkable 
development in recent years. In particular, the 5th generation mobile 
communication system (5G) enables communication not only with 
the features of “ultra-high speed and large capacity,” but also with 
the features of “high reliability and ultra-low latency” or “multiple 
simultaneous connections.” The utilization of 5G services that allow 
the selection of these features is expected to result in the creation of 
new applications in addition to improving the functionality of con-
ventional railway applications [15, 16]. However, as applications 
that individually apply 5G are implemented, the various specifica-
tions and unique handling that arise for each case need to be ad-
dressed, and many processes and costs are required for introduction 
studies and system design for both railway operators and telecom-
munications carriers. Therefore, guidelines are being created on 
how to define the requirements for achieving the functions of traffic 
control systems, basic system design at the time of introduction, and 
basic concepts for operation [17]. Plans for these guidelines are to 

Fig. 2　Example of equipment recognition result Fig. 3　Example of projective transformation
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outline judgments of the necessity of applying 5G to operation con-
trol systems, basic policies for designing systems and equipment for 
introduction, and precautions regarding maintenance during opera-
tion, all from the perspective of railway operators that are consider-
ing the introduction of 5G. The customization of descriptions in the 
guidelines also allows railway operators to formulate the required 
specifications.

4.2 Utilization of public communication lines

As previously mentioned, the use of new technologies such as 
5G and public networks can improve the functionality of railway 
applications and reduce the maintenance and management costs of 
communication equipment. Meanwhile, from the perspective of in-
dividual railway applications, these technologies are ultimately just 
means to an end, and they are sufficient so long as they can ex-
change information with a predetermined communication quality, 
regardless of the communication medium. Research and develop-
ment are being conducted from this perspective on methods for 
trains to communicate while switching between various media [18]. 
Currently, an independent communication system is also being con-
structed for each railway application or each technical system, but if 
these communication systems can be integrated, then the reduced 
equipment necessary for communication as well as the sharing of 
information between technical systems will lead to the efficient 
maintenance described in Section 2.1. In order to achieve such a 
communication system, multiple communication media and multi-
ple railway applications have been integrated. Furthermore, a rail-
way information transfer protocol (RITP) has been proposed for 
switching communication media and routes according to require-
ments such as the degree of importance and priority of information, 
which differ for each railway application [19, 20].

5. Conclusions

In this paper, recent research and development was introduced 
from the perspectives of data analysis and decision making, sensing 
and recognition / judgment, and information networks. These tech-
nologies are ultimately shared technologies, and their effects can 
only be obtained when they are combined with the technologies of 
each operational system of the railway system. It is hoped that con-
tinued guidance and cooperation of railway operators and other as-
sociates will be provided to these endeavors.
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Development of Longitudinal Excitation Suppression Devices  
for Reducing Car-body Elastic Vibrations in Bullet Trains
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This study proposes a method to reduce car body elastic vibrations in bullet trains caused by longitudi-
nal excitation via traction devices and yaw dampers. We devised two vibration reduction devices—“dis-
placement-dependent rubber bushes” and “mesh springs” to suppress the longitudinal excitation force. We 
conducted excitation tests using a Shinkansen (bullet train) type test vehicle in a rolling stock testing plant 
to examine the running stability and car body vibrations suppression performance when mounting the devel-
oped devices. Subsequently, we confirmed that these devices meet the required performance for running 
stability and reduce the elastic vibrations in the car body. 

Key words: bullet train, car body, elastic vibration, traction device, yaw damper, rubber bush

1. Introduction

When a railway vehicle is running, it generates car body vibra-
tions, which sometimes need to be reduced as they affect ride com-
fort. As far as the improvement of ride comfort is concerned, in ad-
dition to vibration suppression measures, such as active suspension 
and semi-active suspension [1], vibrations isolation measures in the 
vibration transfer paths have been implemented. Vibration isolation 
measures that have been investigated include vibration insulation 
using air springs [2] as well as measures focused on traction devices 
and yaw dampers, which connect members in the longitudinal direc-
tion of the vehicle. To date, measures to modify the spring charac-
teristics of rubber bushes in a single-link type traction device [3, 4] 
and the damping characteristics of a yaw damper [5] have been 
proposed.

In this study, we propose two devices for suppressing the longi-
tudinal excitation force transmitted from the bogie to the car body to 
reduce the elastic vibrations of car body and ensure improved ride 
comfort in bullet trains. Specifically, we propose a displacement-de-
pendent rubber bush, which has been verified for its effectiveness in 
improving ride comfort by conducting running tests on multiple 
conventional railway vehicles, and investigate its novel application 
to bullet trains [6]. Moreover, we investigate the application of a 
mesh spring, made of fibrous stainless-steel wires, to the area where 
the single-link type traction device and yaw damper are mounted on 
the vehicle [7]. Here, we report the results obtained by our prototype 
displacement-dependent rubber bushes and mesh springs, which are 
applicable to single link-type traction devices and yaw dampers on 
bullet trains. We conducted excitation tests on the prototypes 
mounted on a test vehicle owned by RTRI. Finally, we report the 
results of an evaluation into the running stability and reduction of 
the car body elastic vibrations.

2. Excitation mechanism of car body elastic vibrations

Figure 1 illustrates a schematic representation of the vibration 

transmission paths for the elastic vibrations of the car body caused 
by the vertical track irregularity. For convenience, Fig. 1 expresses 
the state in which the car body vibrates in the modal shape of the 
primary bending deformation of the elastic beam. However, in prac-
tice, the car body also vibrates in various other modal shapes.

Figure 1(a) shows that the vertical vibrations of the wheelsets 
generated by the vertical track irregularity is transmitted to the bogie 
frames via the axle springs and then to the car body via the air 
springs, causing the car body to vibrate vertically. Here, the transfer 
path is only vertical. In contrast, Fig. 1(b) shows that the vertical 
vibrations of the wheelsets due to the vertical track irregularity caus-
es the pitching vibrations of the bogie frames via the axle springs, 
which is transmitted to the car body as an excitation force in the 
longitudinal direction via the traction devices or yaw dampers. If the 
pitching motions of the front and rear bogies are anti-phase, a bend-
ing force is exerted on the car body, resulting in elastic vibrations of 
the car body in the vertical direction.

To reduce the car body vibrations by the mechanisms shown in 
Fig. 1(a), improvements to the vertical suspension system are being 
considered. Accordingly, developments of devices, such as variable 
primary and secondary hydraulic dampers for bullet trains, are cur-
rently underway [8]. In contrast, our research focuses on the mech-
anism shown in Fig. 1(b) and aims to suppress the transfer of the 
excitation force in the longitudinal system. Note that in the “vertical 
motion of bogies (in-phase)” shown in Fig. 1(a) and “pitching mo-
tion of bogies (anti-phase)” shown in Fig. 1(b), the frequency at 
which the maximum motion occurs is determined by the distance 
between two bogies and running speed. The two motion compo-
nents are inversely related: when one is maximal, the other is mini-
mal [9, 10]. As an example, Fig. 2 shows the results of calculating 
the frequency at which the bogie motion components are maximized 
with respect to running speed when the distance between two bogies 
is 17.5 m, typical for bullet trains. The blue line represents the fre-
quency at which the in-phase bogie vertical motion component is 
maximized, while the red line represents the frequency at which the 
bogies’ anti-phase pitching component is maximized. For example, 
at a speed of 240 km/h, the vertical motion component is maximized 

QR of RTRI, Vol. 64, No. 3, Aug. 202316616 QR of RTRI, Vol. 62, No. 1, Feb. 2021

Takashi YONEYAMAKenichi OGAWA

Performance Improvement of Fuel Cell Hybrid Powered Test Railway Vehicle

Takayuki SUDO Takayuki KASHIWAGI
Hydrogen and Sustainable energy Laboratory, Vehicle Control Technology Division

Takamitsu YAMAMOTO 
Vehicle Control Technology Division

There is growing demand for high energy efficiency railway vehicles which do not emit 
CO2 and NOx. To meet this demand, we have been developing railway vehicles powered by a 
hybrid configuration of fuel cells (FC) and batteries (Bat). In the previous development stage, 
we installed FC and power converters in passenger areas on the train, because of their size. 
In addition, acceleration of the vehicle was limited to that of a conventional DMU. For this 
paper, using passenger areas was not necessary, because downsized FC and power convert-
ers were installed under the vehicle floor. Furthermore, we improved tractive performance to 
reach that of a standard EMU, by increasing the power capacity of each FC and Bat.

Keywords: hybrid powered railway vehicle, fuel cells, hydrogen energy, downsizing, perfor-
mance improvement

1.  Introduction 

In order to protect the environment, there is growing 
demand for high energy efficiency railway vehicles which 
do not emit CO2 and NOx. In addition, diversification of 
energy sources for railway vehicles is an essential part of 
building a sustainable-energy society. The Railway Techni-
cal Research Institute (RTRI) has been developing railway 
vehicles powered by a hybrid configuration of fuel cells 
(hereafter FC) and batteries (hereafter Bat) to meet these 
demands. FC generate electric power through a chemical 
reaction between hydrogen and oxygen with high energy 
efficiency. Since hydrogen is produced from various energy 
sources, it surely contributes to diversification of energy 
sources. The purpose of this work was to develop FC hybrid 
powered railway vehicles for practical use, i.e. vehicles driv-
en by a hybrid power configuration comprising FC and Bat. 
The goal of this research is to reduce CO2 emissions close to 
zero and thereby contributes to a sustainable-energy society.

In the previous stage of development [1, 2], the pur-
pose was to demonstrate the possibility of driving a railway 
vehicle using traction equipment such as a FC unit, a Bat 
unit and power converters. During this first stage there-
fore, the traction equipment was installed in space usually 
occupied by passengers because of the size of the equip-
ment, and the acceleration performance was limited to that 
of DMU (approximately 0.4 m/s2). The purpose of research 
following the present stage is to develop new FC hybrid 
powered railway vehicles and expand the scope of applica-
tion of these vehicles to electrified sections with a view to 
eliminating the need for electric substation equipment and 
overhead contact lines. To realize this goal however, first, 
we have to overcome the two constraints encountered in 
the first phase of research, i.e., improve acceleration per-
formance and downsize the traction equipment.

Consequently, the present phase of development was 
to increase FC and Bat capacity, and reduce the size of the 
traction equipment, i.e., a FC unit and power converters. 
To achieve this, first, high power density stacks were used 

to raise the power capacity of FC from 100 kW to 150 kW, 
and second, the volume per unit power was reduced by 20% 
by downsizing the cooling system. Meanwhile, the maxi-
mum power of the Bat was increased from 360 kW to 540 
kW. As a result of increase of capacity in both FC and Bat, 
total power was raised from 460 kW to 690 kW. We then 
reduced the overall volume of the converter by 45% by inte-
grating the Bat converter, traction converter and auxiliary 
converter and used SiC power devices for the FC converter. 
Following these improvements, the installation and vehicle 
were nearly ready for practical use: the acceleration perfor-
mance was equivalent to that of an EMU (approximately 
0.7 m/s2) and it was not necessary to occupy passenger ar-
eas with any equipment. Running tests were conducted on 
the RTRI’s test track, which confirmed that the test train 
had an acceleration equivalent to that of an EMU, and that 
the hybrid control met its design objectives.

This paper describes the improvements made to the 
test vehicle’s performance and presents the running test 
results. Chapter 2 outlines the design method used to in-
crease capacity of FC and Bat, which significantly modi-
fies the cost and mass of a hybrid FC vehicle. Chapter 3 
explains the process used to reduce the size of the FC unit 
and the power converters. Chapter 4 then presents the im-
provements in the test vehicle’s performance, while chap-
ter 5 gives the results from running tests on the test track.

2.  Determination of FC and Bat capacity 

2.1  Method for determining FC and Bat capacity

The standard running pattern of a train is determined 
in advance by its route and timetable. Therefore, it is pos-
sible to determine required capacity of FC and Bat through 
running simulations which reproduce conditions which are 
as close as possible to reality. Since power density per unit 
volume of Bat is approximately four times larger than that 
of FC, to reduce the size of the hybrid configuration, it was 
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at 11.4 Hz (blue circle), while the pitching component is maximized 
at 13.3 Hz (red circle).

The device proposed in this study is expected to reduce car 
body vibrations near the frequency band represented by red lines in 
Fig. 2. Especially, the application of the proposed device is expected 
to significantly affect the reduction of car body vibrations when 
these frequencies are closest to the natural frequency of the car 
body.

3. Fabrication of longitudinal excitation suppression devices

We proposed two devices for suppressing longitudinal exci-
tation between bullet train bogies and car bodies: displacement-de-
pendent rubber bushes and mesh springs. In this chapter, we present 
the results of investigating the prototype structure and characteris-
tics.

3.1 Displacement-dependent rubber bush

So far, we have been developing a displacement-dependent 
rubber bush aiming to reduce the car body elastic vibrations caused 
by wheelset mass imbalance on conventional (non-bullet) train lines 

[3, 4]. It is a rubber bush for a single-link type traction device and 
yaw damper whose spring characteristics (stiffness) are different 
from devices designed for commercial vehicles (hereinafter referred 
to as “original devices”). The structure of the displacement-depen-
dent rubber bush is shown in Fig. 3. In the original device, the inner 
fixture and rubber are bonded together. On the other hand, there is a 
small gap between the rubber and the inner fixture in our developed 
device. The small gap can be manufactured by skipping the bonding 
process between the rubber and the inner fixture. The transmission 
of excitation forces at high frequencies with small-amplitude rela-
tive displacement between the bogies and car body is isolated by the 
gap. In the case of large-amplitude relative displacement, the gap 
disappears, resulting in stiffness equivalent to that of the original 
device; accordingly, the single-link type traction device and yaw 
damper exhibit their original characteristics. Note that to prevent the 
separation of the rubber and the inner fixture when the lateral dis-
placement and the rotation angle between the car body and the bogie 
occurs at a curve or similar situation, a through hole filled with 
rubber is provided in the center of the inner fixture.

We adopted the same structure as shown in Fig. 3 for the dis-
placement-dependent rubber bush on the bullet train and built a 
prototype for a single-link type traction device. Figure 4 shows the 
prototype and its incorporation into a single-link type traction de-
vice. Generally, the stiffness of the rubber bush on the bullet train is 
set higher than that set on a conventional train line. To incorporate 
this requirement in the prototype, based on the designing processes 
of existing devices for conventional train lines, we changed the 
rubber composition and shape of the inner fixture to obtain a static 
stiffness equivalent to that of the original device. As the vehicle 
mounting dimensions of the prototype are the same as those of the 
original device, the installation does not require modifications on 
the vehicle.

We conducted an excitation test on the rubber bush alone to 
exam the stiffness of the prototype. Figure 5 shows the relationship 

Fig. 1  Excitation transfer paths that induce elastic vi-
brations in the car body

Fig. 2  Maximum values of bogie vibration derived from 
the distance between two bogies and running 
speed

Fig. 3  Structure of the displacement-dependent rubber 
bush

Fig. 4  Displacement-dependent rubber bush for bullet 
trains
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between the load and displacement in the direction perpendicular to 
the axis (the longitudinal direction when mounted on the vehicle) 
based on measured results. The slope of the plot presented in Fig. 5 
corresponds to the stiffness. In the prototype, the slope is small near 
the neutral position (displacement is zero) but increases as the dis-
placement increases. These results indicate that the stiffness of the 
prototype is a displacement-dependent property.

In addition, when the prototype is mounted on a vehicle, it is 
necessary to confirm that the rubber and the inner fixture do not 
separate when relative displacement occurs between the car body 
and the bogie, such as in a curve. Therefore, we investigated the re-
silience under maximum lateral displacement between the bogie and 
the car body.

We incorporated the prototype into a single-link type traction 
device and used the damper test equipment at RTRI [11] to conduct 
a test in which displacement was applied in the axial direction of the 
rubber bush (the lateral direction when mounted on the vehicle). 
During the test, we observed the external appearance of the rubber 
bush and measured the amount of deformation in the rubber. The 
applied displacement was set to 51 mm, derived from the design 
value of the maximum relative lateral displacement and the rotation 
angle between the car body and the bogie. Figure 6 shows the situa-
tion when the displacement of 51 mm was applied. The test results 
showed that the rubber and inner fixture were not separated and no 
abnormal deformation of the rubber was observed. Therefore, we 
concluded that resilience was not affected during lateral displace-
ment and the rotation angle between car body and the bogie in a 
curve or similar situation.

3.2 Mesh spring

We investigated the application of the mesh springs shown in 

Fig. 7 to the area where the single-link type traction device and the 
yaw damper were mounted on the vehicle as a device for suppress-
ing the excitation that does not require changes in the characteristics 
of the rubber bush. Subsequently, we manufactured a circular ring-
shaped prototype device that is applied to the bolts. Figure 7 shows 
the application of this device to a yaw damper. For the prototype, we 
considered a thickness (natural length) of 10 mm. For the single-link 
type traction device, the outer diameter was 49 mm and inner diam-
eter was 35 mm. For the yaw damper, the outer diameter was 45 mm 
and inner diameter was 34 mm. Mesh springs are made of fibrous 
stainless-steel wires that are braided and compression-molded. They 
do not exhibit the hardening and deterioration seen in anti-vibration 
rubber. In addition to being rust-resistant, they exhibit certain damp-
ing characteristics not found in ordinary sheet metals, such as a 
certain amount of damping due to the friction between fibers. When 
the mesh springs are compressed perpendicular to the mounting 
surface, in regions where the displacement is small, the stiffness is 
low owing to the gaps between the fibers. As the displacement in-
creases, the gap decreases and stiffness gradually increases. There-
fore, we expect the mesh springs to exhibit characteristics similar to 
those of the displacement-dependent rubber bush shown in Fig. 5.

When applied to an actual vehicle, mesh springs are used in a 
pre-compressed state. Accordingly, their stiffness varies with the 
amount of compression. Therefore, we conducted the same exci-
tation test as that reported in Fig. 5 using the mesh springs applied 
to a single-link type traction device to obtain the relationship be-
tween the load and displacement in the direction perpendicular to 
the axis of the rubber bush. The measurement results are shown in 
Fig. 8. In the excitation test, we started with an initial length of 82.8 
mm, as shown in Fig. 8, and then took measurements in 0.5 mm in-
crements. Notably, the test results indicated that if the initial length 
is large (precompression is low), the slope is small; however, the 

Fig. 5  Relationship between the load and displacement 
for rubber bush (bench test results)

Fig. 6  Appearance of the rubber bush in the resilience 
test

Fig. 8  Relationship between the load and displacement 
for a rubber bush fixed with mesh springs (bench 
test results)

Fig. 7 Mesh spring for bullet trains
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slope gradually increases as the initial displacement decreases. 
When the initial length is 83.3 mm or 83.8 mm, the slope near the 
zero displacement is small, but the displacement dependence of the 
slope increases as the displacement increases. Based on this result, 
we used mesh springs with an initial length of 84.0 mm, close to the 
purple line in Fig. 8, during the test on an actual vehicle described 
below.

4. �Verification�of�running�stability�and�vibration�reduction�ef-
fect of a half car body equipped with the prototype rubber 
bushes

We verified the running stability of a half car body installed 
with the prototype displacement-dependent rubber bushes before 
conducting a verification test on an actual vehicle. We conducted a 
hunting stability test at the rolling stock testing plant at RTRI with 
the prototype mounted on a single-link type traction device on a 
bullet train bogie. Figure 9 outlines the test setup. We loaded the 
bogie with a load frame equivalent to a half car body and added 
deadweight to the load frame until the weight, including the bogie, 
reached 22.9 tons. In addition to the hunting stability test, we con-
ducted excitation tests to investigate the possibility of reducing car 
body vibration. We installed a 3-axis accelerometer on the load 
frame corresponding to the car body to measure the vibration accel-
erations.

4.1 Running stability

Applying the prototype of rubber bushes, we conducted the 
hunting stability test to assess whether the hunting motion can be 
prevented at speeds up to 400 km/h. During the hunting stability 
test, we gradually increased the rotational speed of the roller rigs at 
the rolling stock testing plant. At intervals of 5 km/h or 10 km/h, we 
displaced the roller rigs in the lateral direction with three continuous 
sinusoidal waves with an amplitude of ±3 mm and a frequency of 1 
Hz. Subsequently, we determined the critical hunting speed based 
on the lateral displacement of axle box of the bogie.

The test results demonstrated that when two yaw dampers (one 
on each side of the bogie) were mounted, no hunting motion due to 
divergence of lateral displacement was observed at speeds up to 400 
km/h, the maximum speed tested.

4.2 Vibration�reduction�effect

We conducted an excitation test on the rubber bushes—cover-
ing both the prototype and the original device—mounted on a sin-

gle-link type traction device on the test bogie using an excitation 
signal that reproduces the acceleration measured on both sides of the 
axle boxes of a wheelset while running on a commercial line (here-
inafter referred to as “simulated running excitation”). Then, we 
compared the longitudinal, lateral, and vertical accelerations in the 
load frame. Note that the excitation was provided to displace the 
roller rigs simultaneously in the vertical and lateral directions in the 
rolling stock testing plant.

Figure 10 shows the acceleration power spectral densities 
(PSDs) on the load frame in the longitudinal, lateral, and vertical 
directions. Compared to the original device, the prototype exhibits 
lower acceleration PSD in the frequency range above 5 Hz in both 
longitudinal and vertical directions. On the other hand, in the lateral 
direction, corresponding to the axial direction of the rubber bush, 
there was no difference compared to the original device.

Fig. 9  Testing using a half car body in the rolling stock 
testing plant at RTRI

Fig. 10  Acceleration PSDs on the load frame (simulated 
excitation with the developed rubber bushes)
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5. �Verification�of�running�stability�of�the�test�vehicle�equipped�
with the prototype

The test results presented in chapter 4 demonstrated the possi-
bility of ensuring running stability and reducing car body elastic 
vibrations. Subsequently, we conducted a test with the prototype 
installed on a Shinkansen-type test vehicle in the rolling stock test-
ing plant at RTRI, shown in Fig. 11.

In this chapter, we conducted the hunting stability test using the 
same test method as that described in section 4.1 to verify running 
stability of the test vehicle equipped with the prototype. We set the 
two conditions for the single-link type traction device of the rear 
bogie: the displacement-dependent rubber bushes, and the mesh 
springs (on the car body side only). During the testing process, one 
yaw damper was operated near its failure condition, with the maxi-
mum test speed set to 360 km/h. To place the yaw damper in a fail-
ure condition, we intentionally mixed air into the damper to ensure 
that the damping force was approximately 1/20 of the specified 
value before it was used for the hunting stability test.

The test results indicated no lateral displacement divergence in 
the bogie axle box at speeds up to 360 km/h, which was the maxi-
mum test speed, under both the condition with the displacement-de-
pendent rubber bushes and with the mesh springs applied. Based on 
these results, we concluded that no practical problems would arise 
regarding the running stability when the prototype displacement-de-
pendent rubber bushes and mesh springs were applied.

6. �Verification� of� vibration� reduction� effect� of� the� test� vehicle�
equipped with the prototype

We conducted excitation tests in the rolling stock testing plant 
under conditions in which displacement-dependent rubber bushes or 
mesh springs were applied to the test vehicle. We measured the ver-
tical vibration accelerations of the car body floor to verify the reduc-
tion of elastic vibrations of the car body. With the condition where 
the displacement-dependent rubber bushes were applied, prototypes 
were used for the front bogie and the rear bogie. When testing the 
mesh springs, we targeted two conditions: one where we applied our 
prototype to the single-link type traction devices and another where 
we applied the prototype to the yaw dampers (on the car body side 
only).

Among the tests carried out under multiple excitation condi-
tions, here we report the results of the anti-phase pitching excitation 
in the bogies and simulated running excitation corresponding to 240 
km/h. In the case of the anti-phase pitching excitation in the bogies, 
the effect of the longitudinal excitation force is large; accordingly, it 
is assumed that the prototype has a significant effect on reducing the 
car body vibration.

6.1  Displacement-dependent rubber bushes application condi-
tion

In this section, we compare the case where the original device 
is used as the rubber bushes on a single-link type traction device 
with the case where the displacement-dependent rubber bushes are 
applied.

6.1.1 Anti-phase pitching excitation in the bogies

Figure 12 shows the longitudinal acceleration PSDs of the cen-
ter pin (the car body side of the traction device) and the vertical ac-
celeration PSD on the car body floor above the front bogie due to the 
anti-phase pitching excitation in the bogies. In the legend of 
Fig. 12(b), the number expressed in dB represents the difference 
(⊿LT) in the ride quality level (LT) [12] achieved with the original 
device and the prototype. A negative value means that the ride com-
fort was improved by the prototype.

Looking at the PSDs shown in Fig.12, we can see that the pro-
totype exhibits lower acceleration PSD over a wide range of fre-
quencies in the longitudinal direction of the center pin compared to 
the original device. Similarly, for the vertical vibrations of the car 
body floor, a reduction in acceleration PSD is seen at frequencies 
above approximately 7 Hz: an improvement of more than 3 dB in 
ride quality level was observed. Therefore, we confirmed in an actu-
al vehicle that the longitudinal excitation force transmitted from the 
bogie to the car body was suppressed by displacement-dependent 
rubber bushes, thereby reducing the elastic vibrations of the car 
body.

Fig. 11  Testing with a Shinkansen-type test vehicle in 
the rolling stock testing plant at RTRI

Fig. 12  Acceleration PSDs (anti-phase pitching exci-
tation in the bogies with the developed rubber 
bushes)
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6.1.2 Simulated running excitation

Figure 13 shows the vertical acceleration PSDs of the car body 
floor above the front bogie (the same as Fig. 12(b)) as a result of 
simulated running excitation. The legend in Fig. 13 denotes the dif-
ference in ride quality levels achieved with the original device and 
the prototype.

Looking at the PSDs shown in Fig.13, we can see that the peak 
value occurring near 13.3 Hz is reduced with the prototype. This 
frequency corresponds to the frequency at which the anti-phase 
pitching component, indicated by the red circle in Fig. 2, reaches its 
maximum. Therefore, we conclude that the prototype can effective-
ly suppress the excitation transmission caused by this component. 
However, in terms of the evaluation of ride quality level, the im-
provement was small because of the slight increase in the peak value 
observed around 10.7 Hz when using the prototype. We speculate 
that the result is related to the dynamic vibration absorber effect of 
the bogie frame mass [13], which occurs when the resonance points 
of the car-body vertical vibration and bogie longitudinal vibration 
are close to each other. In the original device, the two resonance 
points are close to each other, which is assumed to reduce the verti-
cal vibration of the car body. On the other hand, in the prototype, 
there was a greater difference between the two resonance points, 
which likely reduced the dynamic vibration absorber effect in the 
original device, resulting in larger vertical vibrations of the car body 
than that observed with the original device.

6.2 Mesh springs application condition

This section compares the condition in which mesh springs are 
applied to single-link type traction devices or yaw dampers with the 
original condition (no mesh springs).

6.2.1 Anti-phase pitching excitation in the bogies

Figure 14 shows the vertical acceleration PSDs of the car body 
floor above the front bogie as a result of the anti-phase pitching ex-
citation in the bogies. The legend in Fig. 14 shows the difference in 
ride quality levels achieved under the original conditions and after 
applying the prototype.

Compared to the original conditions, when the prototype was 
applied to the yaw damper, a reduction in acceleration PSD was 
observed around 7 to 15 Hz. Moreover, an improvement of more 
than 2 dB in ride quality level was observed. When the prototype 
was applied to the single-link type traction device, the improvement 
in ride quality level was only 0.5 dB, which was small compared to 
when the prototype was applied to the yaw damper. 

Since the relationship between the vibration reduction effect of 
the prototype when applied to a single-link type traction device or 
yaw damper also depends on the vehicle and the excitation condi-
tions, we intend to continue with our investigation on this point in 
the future to clarify the underlying mechanism.

6.2.2 Simulated running excitation

Figure 15 shows the vertical acceleration PSDs of the car body 
floor above the front bogie as a result of simulated running exci-
tation. The legend in Fig. 15 shows the difference in ride quality 
levels achieved under the original condition and when the prototype 
application.

As with the application of the displacement-dependent rubber 
bushes shown in Fig. 13, no significant vibration reduction effect 
over a wide frequency range was obtained with the prototype. How-
ever, focusing on the peak around 13.3 Hz, where the anti-phase 
pitching component is at its maximum, it is observed that the peak 
height is smaller in the condition where the prototype is applied to 
the yaw damper than that in the original condition. This confirms 
that the mesh springs has the same effect of suppressing the transfer 
of the longitudinal excitation force as the displacement-dependent 
rubber bushes. The reason why the vibration reduction effect was 
not obtained over a wide frequency range is that, as explained in 
chapter 2, there are vibration transfer paths other than the single-link 
type traction devices and yaw dampers. Accordingly, we consider 
that the prototype cannot be expected to reduce the vibration caused 
by the mechanism shown in Fig. 1 (a).

Fig. 13  Acceleration PSDs of the car body floor above 
the front bogie (simulated running excitation 
with the developed rubber bushes)

Fig. 14  Acceleration PSDs of the car body floor above 
the front bogie (anti-phase pitching excitation in 
the bogies with mesh springs)

Fig. 15  Acceleration PSDs of the car body floor above 
the front bogie (simulated running excitation 
with mesh springs)
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7. Conclusion

We proposed to apply a displacement-dependent rubber bush to 
bullet trains as a device to suppress the transfer of the longitudinal 
excitation force between the bogie and the car body to reduce the car 
body elastic vibrations. Subsequently, we fabricated a prototype for 
a single-link type traction device. In addition, we proposed mesh 
springs, which are made of fibrous stainless-steel wires, as a method 
that does not require changes in the characteristics of the rubber 
bush and produced a prototype that can be applied to the single-link 
type traction device and yaw damper of bullet trains. To verify run-
ning stability, we applied the prototype on a Shinkansen-type test 
vehicle owned by RTRI. The results of the hunting stability test, 
which simulated the failure of the yaw damper, demonstrated that 
there was no problem with running stability at speeds up to 360 
km/h which was the maximum speed tested. Furthermore, as a result 
of verifying the reductions in car body vibrations, we confirmed that 
the elastic vibrations of the car body were reduced under the exci-
tation condition where the longitudinal excitation force from the 
bogie was large.

From the obtained results, we were able to demonstrate the ef-
fectiveness of the proposed longitudinal excitation suppression de-
vices. However, in terms of evaluating the ride quality level under 
excitation conditions simulating actual driving, the improvement 
was small. Therefore, we plan to continue our investigations regard-
ing the optimal values of the device stiffness and other factors.
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Proposal for Energy-saving Driving Method for Freight Trains Combining Constant-speed  
Operation and Coasting Operation

Tomoyuki OGAWA
Hydrogen and Sustainable Energy Laboratory, Vehicle Technology Division

This paper presents energy-saving driving methods for freight trains. First, we discuss a driving strate-
gy that conserves energy considering running resistance and motor efficiency. Secondary, we confirm energy 
consumption and maneuverability, conducting running tests on several energy-saving driving methods. We 
also establish an energy simulation method by reproducing running tests. Finally, we verify the proposed 
driving method for energy-saving conducting energy simulation. This paper proposes a driving method com-
bining constant-speed operation and coasting, which is expected to reduce energy consumption in terms of 
running resistance and motor efficiency. 

Key words: energy consumption, constant-speed operation, saw-toothed operation

1. Introduction

Various research and developments have been conducted in 
order to reduce energy consumption associated with railway opera-
tion [1]. This research and development is broadly divided into 
methods for introducing energy-saving technologies into power 
supply equipment and rolling stock equipment, and energy-saving 
methods for devising train driving methods. Of these, the latter 
method, energy-saving driving, has the difficulty that needs to be 
considered for maneuverability, which is a human factor. Therefore, 
although many theoretical studies have been conducted, there are a 
limited number of practical examples, and they may be expected to 
have a large energy-saving effect if properly achieved in the future.

It has long been known that the lowest energy consumption is 
theoretically achieved by the driving of maximum powering, con-
stant-speed running, coasting, and maximum braking (Fig. 1) [1, 2]. 
However, even when applying this theory, energy-saving driving 
cannot be realized unless applied to the actual driving maneuver-
ability of drivers. As an example of this, even though maximum 
braking saves energy, this cannot be applied to actual driving unless 
the brake can adjust the stopping position, so the maximum braking 
needs to be considered in terms of actual maneuverability rather 
than in terms of rolling stock performance. Additionally, it is well 
known that gradually changing the traction or braking force rather 
than switching the notches instantaneously is desirable to prevent 
impulsive shock. As these examples illustrate, there are various is-
sues in applying energy-saving driving to actual driving, and proper 
combinations of theory and experimentation are necessary. There-
fore, in this report, we first theoretically study energy-saving driving 
methods, after which we study the possibility of applying these 
methods to actual maneuverability, and we propose an energy-sav-
ing driving method for freight trains that combines constant-speed 
operation and coasting operation.

2. Background

2.1 Characteristics of freight train driving 

Freight trains have very different characteristics from passen-
ger trains. Freight trains have few stops at stations, no clock-face 
scheduling, the train mass varies from day to day, and have a very 
limited number of locomotives that regenerate electric power. 

Freight trains have powering notches divided into multiple stages 
because they use a concentrated traction system from the locomo-
tive; they commonly operate by incrementing powering notches 
stepwise for impulsive shock and slipping prevention. The deceler-
ation of freight vehicles varies significantly day to day due to the 
difference in the number and mass of freight wagons. Since freight 
trains have significantly different driving characteristics to passen-
ger trains, the application and evaluation of energy-saving driving 
used for passenger trains is difficult to apply to freight trains. Addi-
tionally, timetables have for freight trains train large time margins 
because they share the line and time slots with other trains. Further-
more, compared to cases where the trains are running at close- 
to-maximum speeds or at the speed limit, there is often a greater 
degree of freedom in driving. As such, there are many options avail-
able when considering energy-saving driving methods for freight 
trains, increasing the degree of difficulty in theoretical studies. 
While various energy-saving driving methods can be considered for 
freight trains, in majority of cases, most of the driving time is in 
cruising mode. In cruising mode freight trains require less use of 
brakes, except for when they are subject to signal aspects and sta-
tion-passing time restrictions, and traditionally, freight train opera-
tion is energy efficient in terms of travel distance and mass of 
freight. This would suggest that current driving is already low ener-
gy consuming when cruising; and to achieve energy-saving driving 
that consumes even less energy than now means that other actual 
freight train parameters need to be considered. Therefore, we fo-

Fig. 1 Basic theory of energy-saving operation [3]

QR of RTRI, Vol. 64, No. 3, Aug. 2023 17347QR of RTRI, Vol. 62, No. 1, Feb. 2021

Taisuke SANAGAWASusumu NAKAJIMA

Development and Application of Aseismic Reinforcement Method for Railway 
Earth Retaining Structures

Foundation and Geotechnical Engineering Laboratory, Structure Technology Division

Masayuki KODA
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Earth retaining structures, such as bridge abutments and retaining walls, are con-
structed at the boundary of bridges or embankments.  There are a variety of earth retaining 
structure failure modes, therefore in order to be able to ensure rational aseismic reinforce-
ment, it is necessary to develop a range of different aseismic reinforcement methods adapted 
to the relevant earth retaining structure’s failure mode. Moreover, there are many cases where 
construction work is severely restricted due to various limitations, such as land boundaries, 
available space, and time available for construction work. Therefore, the authors propose an 
aseismic reinforcement method, which can both improve seismic performance of earth retain-
ing structures and be carried out efficiently. This paper outlines this research and describes 
some examples of the practical application of the newly developed reinforcement method.

Keywords: earth retaining structure, aseismic reinforcement, soil reinforcement

1.  Introduction 

This paper presents the development and applications 
of aseismic countermeasures for earth retaining structures 
such as bridge abutments and retaining walls. In the 1995 
Hyogo-ken Nanbu Earthquake, not only bridges and via-
ducts but also many earth retaining structures were se-
verely damaged. In response to this, what is known as level 
2 seismic motion is now considered in the Japanese railway 
design, and aseismic reinforcement of existing structures 
is being implemented to ensure the seismic performance of 
the railway structures. Aseismic reinforcement of bridges 
and viaducts, to prevent shear failure is now almost com-
plete in Japan. Now, implementation of aseismic counter-
measures for existing earth structures, earth retaining 
structures, and bridge foundations has begun.

Figure 1 shows conventional aseismic reinforcement 
methods applied to a bridge abutment: strut work, injec-
tion method with sheet pile shut-off work, and installation 
of ground anchors or soil reinforcement. Figure 2 illustrates 
a typical type of aseismic reinforcement method applied to a 
masonry wall by soil reinforcement with additional RC fac-
ing construction. However, carrying out these reinforcement 
methods requires occupying a large space in front of the struc-
ture during construction. In locations where space is limited, 
such as in urban areas, construction itself often becomes diffi-
cult due to site restrictions and the construction environment. 
Nevertheless, the vast number of existing earth retaining 
structures and structures requiring aseismic reinforcement in 
urban areas, means that there is strong demand for the devel-
opment of an economical aseismic reinforcement method that 
can be applied even on sites subject to severe constraints.

This paper reports on the research, development and 
application of aseismic countermeasures for earth re-
taining structures that can not only secure performance 
against level 2 seismic motion but are also suitable for 
these restrictive construction conditions in urban areas.

2.  Aseismic reinforcement of bridge abutments 

Following massive earthquakes in Japan, many cases 
in of residual sliding and tilting displacement of the abut-
ment and associated backfill settlement were observed. 
Residual displacement of the abutment and settlement of 
the backfill soil results in relative displacement between 
the abutment and the backfill. In the case of railway struc-
tures, this relative displacement causes a significant track 
irregularity, which has a direct impact on train running 

Fig. 1   Examples of conventional reinforcement method 
for existing bridge abutment

Fig. 2   Examples of conventional reinforcement method 
for existing masonry wall
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cused on the cruising operation of freight trains, and we studied en-
ergy-saving operation methods through running tests and energy 
simulations based on the running resistance characteristics and mo-
tor efficiency characteristics that have been measured for freight 
trains and locomotives in recent years. Based on these results, we 
propose a combination of constant-speed operation and coasting as 
an energy-saving driving method for freight trains.

2.2 Basic theory of energy-saving driving 

We theoretically studied energy-saving driving methods for 
freight trains. For freight trains that do not use regenerated electric 
power, energy consumption is the integrated value of power con-
sumption during powering (including constant-speed operation), 
and the energy consumption needs to be reduced. Theoretical calcu-
lations confirm the idea that energy saving driving consists of max-
imum powering, constant-speed running, coasting, and maximum 
braking minimize energy consumption [2], as shown in Fig. 1. In 
this report, this is referred to as the basic theory of energy-saving 
driving. The basic theory of energy-saving driving assumes that the 
running resistance is expressed by a quadratic formula with respect 
to speed, and that vehicle equipment efficiency is constant. There-
fore, when considering vehicle equipment efficiency according to 
speed and power, there is a possibility that energy consumption 
could be reduced by driving methods that differ from the basic the-
ory of energy-saving driving.

2.3 Cruising operation method

In freight trains, specific passing times are designated at most 
of non-stop stations. And most freight trains run between designated 
non-stop stations within a specified time. There is a certain amount 
of margin given to the specified time, and there are many cases of 
cruising at a speed lower than the maximum speed limit of the line. 
In this report, we focus on the driving methods for this type of case.

Cruising can be broadly divided into saw-toothed oper-
ation and constant-speed operation. Figure 2 and Fig. 3 
show the respective conceptual speed curves of saw-toothed 
operation and constant-speed operation. The saw-toothed 
operation repeats powering and coasting, and driving has a 
certain speed range. During powering, electric locomotives 
with traction converter have 10 or more notches to choose 
from, but in such cases, large notches that exceed the train 
resistance (sum of running resistance, gradient resistance, 
curve resistance, etc.) are used. Meanwhile, in con-
stant-speed operation, trains run at an average speed that is 
calculated from the specified time and distance between the 
designated stations, and this can be achieved by using a 
powering notch that balances the train resistance or by us-
ing the constant-speed function of the traction converter. In 
recent years, electric locomotives with traction converter 
have a constant-speed operation function, so they are be-
coming easier to apply.

3. Evaluated train

3.1 Overview of evaluated train driving 

The target train was a freight train in which an inverted-con-
trolled DC electric locomotive towed tank wagons and container 
wagons loaded with tank containers (henceforth, referred to as the 

“evaluated train”). The evaluated train set has a mass that can be 
obtained with relatively high accuracy, so high reliability can be 
expected not only for comparisons of measurement results but also 
for the determination of running resistance and setting of simulation 
conditions.

The evaluated train ran non-stop for a section of about 70 [km]. 
In the section, about 20 stations have designated passage times and 
the train is required to drive in compliance with the passage time 
and speed limit. The target line partly includes gradients with a 
maximum gradient of 12 [‰], but the average gradient of the entire 
line was 1.0 [‰]; and the target line generally has many gradual 
uphill gradients (Fig. 4).

3.2 Estimation of running resistance characteristics

There are various types of train set for freight trains, and there 
are limits to the running resistance equations that can be determined 
by running tests. For this reason, it is desirable to estimate the run-
ning resistance according to the composition of the train set. There-
fore, we collected train monitoring data of the evaluated train. 
Figure 5 shows the running resistance characteristics of the evaluat-
ed train.

3.3 Estimation of motor efficiency characteristics

Type test results of the relevant traction motor were used to 
estimate motor efficiency. We calculated the motor efficiency for 
each powering notch of the locomotive of the evaluated train, and 
we used it as a motor efficiency model for simulation. Figure 6 

Fig. 2  Conceptual speed curve of saw-toothed opera-
tion [3]

Fig. 3  Conceptual speed curve of constant-speed oper-
ation [3]

Fig. 4　Overview of running track
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shows the results of calculating the motor efficiency for each pow-
ering notch of the locomotive. The motor efficiency was particularly 
high when the powering notch was between 8–9 N, with the motor 
efficiency dropping greatly when the powering notch was less than 
6 N.

4. Theoretical study of energy-saving driving 

4.1 Overview of study

We conducted an energy-saving operation test in order to study 
energy-saving driving methods for freight trains. The energy-saving 
operation test adopted the driving method shown in Fig. 7. The the-
oretical basis for these is presented in this section. For cruising op-
eration, which is the subject of this report, small-step saw-toothed 
operation and constant-speed operation were adopted, which almost 
certainly reduce energy consumption in terms of running resistance 
and motor efficiency. Specifically, we presented a theoretical study 
for adopting three types of driving methods: small-step saw-toothed 
operation, mainly constant-speed operation, and combined con-
stant-speed operation. Additionally, in the energy-saving operation 
test, there are sections in which driving other than cruising is con-
ducted, so prompt acceleration operation, constant-speed operation 
under the speed limit, and coasting toward the speed limit are imple-
mented. Theoretical studies for implementing these are also present-
ed.

4.2 Theoretical study of cruising operation

We studied the running resistance and motor efficiency during 
cruising operation.

4.2.1 Running resistance

In terms of running resistance, lowering running resistance 
when at high speeds contributes to energy-saving driving. This is 
because the running resistance increases in proportion to the square 
of the speed, so when running a certain section at the same running 
time, The smaller the change in speed, the smaller the losses due to 
running resistance, hence the loss due to running resistance is mini-
mized when running at a constant speed. Therefore, in terms of 
running resistance, constant-speed operation is advantageous for 
energy-saving driving.

4.2.2 Motor efficiency

In terms of motor efficiency, operating with high-efficiency and 
large motor output contributes to energy-saving operation. Con-
stant-speed operation, where a speed is held constant, is achieved by 
outputting a tractive force equal to the train resistance. Figure 8 

Fig. 7　Conceptual speed curve of energy-saving operation of freight train [3]

Fig. 5　Estimated running resistance characteristics [3]

Fig. 6  Motor efficiency characteristics for power run-
ning notch [3]
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shows the motor efficiency characteristics during constant-speed 
operation. The motor efficiency varies depending on the speed 
during constant-speed operation, and the motor efficiency decreases 
as the gradient decreases in constant-speed operation. Meanwhile, 
in saw-toothed operation, the motor output is large, so the motor 
efficiency increases. Therefore, in terms of motor efficiency, saw-
toothed operation is advantageous for energy-saving driving.

4.3 Study of small-step saw-toothed operation

When considering the running resistance characteristics and 
motor efficiency characteristics, it can be seen that both saw-toothed 
operation and constant-speed operation have advantages and disad-
vantages in terms of energy saving. Therefore, a small-step saw-
toothed operation that repeats powering and coasting while ap-
proaching a constant speed is a candidate for energy-saving 
operation. Figure 9 shows a conceptual speed curve of small-step 
saw-toothed operation. In other words, small-step saw-toothed op-
eration is saw-toothed operation with a small speed range.

4.4 Study of combined use of constant speed and coasting

Small-step saw-toothed operation involves frequent switching 
between powering and coasting, which causes difficulty in maneu-
verability. Therefore, we studied a driving method that did not use 
small-step saw-toothed operation. When we compared the respec-
tive influences of running resistance characteristics and motor effi-
ciency characteristics on energy consumption in constant-speed 
operation and saw-toothed operation using an energy simulation, 
which will be described later, results showed that the running resis-
tance characteristics had a larger influence. In other words, con-
stant-speed operation seems to be the second-most energy-saving 
method for maintaining a constant speed, next to small-step saw-

toothed operation. Therefore, when considering the change in gradi-
ent of actual routes, actively switching to coasting seems to be desir-
able in downhill gradients or near-flat sections, where the motor 
output during constant-speed operation decreases according to the 
running speed and the mass to be towed. In this report, the method 
of using constant-speed operation regardless of the gradient is called 
“mainly constant-speed operation,” and the method of actively 
switching to coasting according to the gradient is called “combined 
constant-speed operation.” Table 1 shows the energy-saving driving 
method during cruising.

4.5 Energy-saving driving other than cruising

A qualitative argument is presented for sections where the driv-
ing is other than cruising.

4.5.1 Rapid acceleration operation

As stated in the basic theory of energy-saving driving, maxi-
mum powering during acceleration reduces energy consumption. 
This is because driving at low acceleration requires more time while 
the train is at low speed, and if it is necessary to travel the same 
distance in the same time, then more acceleration is required at high-
er speeds to compensate for time. Therefore, it is desirable that the 
powering notch is raised quickly within a range that does not cause 
wheel slip so that rapid acceleration could be achieved.

4.5.2 Constant-speed operation under speed limit

In sections where speed is significantly limited compared to 
other sections due to speed restrictions for curves, turnouts, signal 
aspects, etc., then the time required to travel through that section 
increases significantly. Running at faster speeds in order to compen-
sate for the increase in running time results in a large amount of 
energy consumption. Therefore, the aim should be to drive at lower 
speeds in unrestricted sections closer to the limits in low-speed sec-
tions. In general, when coasting through sections with limited speed, 
speed decreases, so it is advantageous to operate as close as possible 
the speed limit while taking into account gradients.

4.5.3 Coasting toward speed limit

Prior to speed limits for curved sections, turnouts, signal as-
pects, etc., speed needs to be reduced accordingly. However, if 
brakes are used for this, the kinetic energy of the train is consumed, 

Fig. 9  Conceptual speed curve of small-step saw-
toothed operation [3]

Table 1 Energy-saving operation method for cruising [3]

Fig. 8  Motor efficiency during constant-speed operation 
(at 20 freight wagons, 1154 [t])
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which results in major energy loss. In other words, extra powering 
energy used prior to this is lost as kinetic energy coming into the 
limited-speed section. Therefore, deceleration through coasting can 
be used to avoid this loss, if running time permits.

5. Energy-saving driving test

5.1 Test running conditions

Energy-saving driving tests were conducted based on the theo-
retical study in the previous section. Figure 7 shows an overview of 
the driving method of the energy-saving driving test. In cruising 
mode, constant-speed operation or small-step saw-toothed operation 
was used to keep the speed generally constant, and we also imple-
mented other driving methods that almost certainly reduce energy 
consumption. Additionally, since adjustments are made in consider-
ation of maneuverability (including around the time of cruising) 
according to each driving method, the driving method is also partial-
ly different in areas other than cruising. Therefore, energy-saving 
driving tests do not simply show the differences in energy-saving 
driving methods. We also collected data from normal commercial 
running and compared it with these data.

As shown in Table 1, the following three driving methods for 
cruising were implemented: small-step saw-toothed operation, 
mainly constant-speed operation, and combined constant-speed op-
eration. The powering during small-step saw-toothed operation was 
set to 8-9 N, which had a particularly high motor efficiency. In 
small-step saw-toothed operation, the speed range was set to be the 
average speed ± 2 [km/h]. The driving was specified to run between 
the stations with specified passing times in the time.

In addition, an analysis of energy consumption during normal 
running confirmed that wind had a large influence. Therefore, data 
with wind speed exceeding 2 [m/s] was excluded, regardless of the 
wind direction.

5.2 Test results

Figure 10 shows a comparison of energy consumption during 
test running. The mass to be towed of the evaluated train varies each 
day, so the value that was obtained by dividing the power consump-
tion by the train set mass (sum of locomotive mass, towed cars 
mass, and their load) was used as the energy consumption for the 
evaluation. The average of seven test runs and 61 normal driving are 
shown in Fig.10. Note that the frequency distribution of 61 normal 
driving is shown in Fig. 11.

When comparing the energy consumption, the results of the 
energy-saving driving test were about 7-14% smaller than the aver-
age value of the normal driving. In the energy-saving driving test, 
since trains were operated with a strong awareness of energy-saving 
driving, it is almost certain that the high energy-saving effect was 
obtained due to the effects of both energy-saving driving during 
cruising and energy-saving driving other than during cruising. In the 
energy-saving driving test results, the energy consumption of con-
stant-speed operation is large. The reason for this seems that, when 
proceeding to the terminal station, the mainly constant-speed opera-
tion maintained as constant a speed as possible, whereas other driv-
ing methods proceeded with coasting.

Additionally, although a quantitative evaluation of maneuver-
ability was not yet achieved, there was frequent notch operation in 
small-step saw-toothed operation, and we observed that this created 
a maneuverability burden when trying to accurately match the target 

speed. In the energy-saving operation test, since there was an in-
structor-driver either driving or on the side, small-step saw-toothed 
operation was achieved. Therefore, it is necessary to carefully eval-
uate the maneuverability burden to achieve small-step saw-toothed 
operation in normal driving conditions where one person is on 
board.

6. Energy simulation

6.1 Reproduction of test run

In the energy-saving driving test, driving instructions were 
given based on energy simulations for the driving modes of small-
step saw-toothed operation, mainly constant-speed operation, and 
combined constant-speed operation. However, there may be differ-
ence between the assumed energy simulation and actual driving. 
Therefore, to validate the simulation, we conducted energy simula-
tion that replicated the results of the energy-saving driving test. 
Then, we compared the results of the combined constant-speed 
driving tests with the simulation that replicated the driving method. 
Figure 12 shows a comparison of energy consumption, and Fig. 13 
shows a comparison of speed curves. The difference in energy con-
sumption between the simulation and energy-saving driving test 
was about 2%. As the result, we confirmed the validity of the energy 

Fig. 10  Comparison of energy consumption in ener-
gy-saving operation test

Fig. 11  Distribution of energy consumption during nor-
mal operation

Fig. 12  Comparison of energy consumption in running 
tests and energy simulation
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simulation by reproducing the running test results.

6.2 Comparison of energy-saving driving methods

In energy-saving driving tests, since there are variations in 
running conditions such as daily differences in mass to be towed and 
wind effects, changes in the process of trial and error in energy-sav-
ing driving methods, and scatterings in the timing of driving instruc-
tions, it is difficult to compare energy-saving driving methods under 
the same conditions. Therefore, we compared energy-saving driving 
methods using energy simulations. For the simulation of saw-
toothed operation and small-step saw-toothed operation, we speci-
fied the point where the notch change operation was performed by 
using manual driving function so that the average speed would be 
about the speed according to the operating time between stations 
with specified passing times. The maximum notch of 14 N was set 
for the powering in saw-toothed operation, and a high-motor effi-
ciency notch of 8 N was set for the powering in small-step saw-
toothed operation. In saw-toothed operation, the speed range was set 
to be the average speed ± 15 [km/h]; and in small-step saw-toothed 
operation, the speed range was set to be the average speed ± 2 
[km/h]. For the simulation of constant-speed operation, we con-
structed a constant-speed operation calculation function and speci-
fied the average speed according to the operating time between sta-
tions with specified passing times. The constant-speed operation 
calculation function creates a constant-speed operation curve and 
calculates power consumption based on the motor output balancing 
with the train resistance. It should be noted that the running times 
were set to be as close as possible in the simulations, though some 
deviations may have occurred. Additionally, due to speed limits and 
passage time adjustments, driving in some sections deviated from 
the above-mentioned general rules. However, for the method of 
proceeding to the terminal station, which was difficult to compare in 
the energy-saving driving tests, adjustments were made so that the 
approach speed would be the same regardless of the driving method.

Figure 14 shows a comparison of energy consumption, and 
Fig. 15 shows a comparison of speed and driving. As shown in 
Fig.14 and Fig.15, it is found that the small-step saw-toothed opera-
tion consumed the least energy, followed by the combined con-
stant-speed operation. From the energy-saving driving test results 
and the maneuverability, it seems that the combined constant-speed 
operation method was good in terms of energy saving and maneu-
verability.

7. Conclusion

In this report, we focused on cruising, which is a main compo-
nent of freight train operation, and we studied energy-saving driving 
methods based on running resistance characteristics and motor effi-
ciency characteristics. Although energy-saving effects seem to fluc-
tuate depending on the running speed and the mass to be towed, it 
was confirmed through energy-saving driving tests that small-step 
saw-toothed operation and combined constant-speed operation, 
which combined constant-speed operation and coasting, were best 
for saving energy consumption. Additionally, we used energy simu-
lations whose validity was confirmed by energy-saving driving tests 
to compare the energy consumption of each method after matching 
other conditions. These simulations confirmed that small-step saw-
toothed operation and combined constant-speed operation were best 
for saving energy consumption. These results clarified that driving 
methods which maintain a generally constant speed were best for 
saving energy, and suggested that constant-speed operation was 
better in terms of maneuverability as well. Based on this, we pro-
pose an energy-saving driving method for cruising freight trains that 
appropriately combines constant-speed operation and coasting ac-
cording to operating conditions such as gradient and speed.

In future, we plan to develop a driver advisory system that pro-
poses driving methods according to operating conditions such as 
gradient and speed, to realize energy-saving driving.
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Fig. 14  Comparison of energy consumption for each 
energy-saving operation method

Fig. 13　�Comparison of running test results and energy simulation speed shifts (combined constant-speed operation) 
[3]
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Method for Evaluating Performance of Wheel Slide Protection Algorithm  
Using a Hybrid Simulator
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In performance evaluation of Wheel Slide Protection (WSP) systems, adjustment of the control algo-
rithm by an on-track test is the most important process. However, since it is not easy to stably reproduce low 
adhesion conditions between wheels and rails in on-track tests, the control algorithm must be adjusted under 
different adhesion conditions for each run. Therefore, to solve this issue, we have developed a hybrid simu-
lator that combines a real-time computer and pneumatic brake device. The developed simulator can specify 
arbitrary adhesion conditions, vehicle models, and control algorithms. This paper describes a method for 
evaluating the performance of the control algorithm for WSP using the hybrid simulator.

Key words: brake, Wheel Slide Protection, adhesion, simulator, performance evaluation

1. Introduction

Wheels of rail vehicles, which accelerate and decelerate using 
the force acting on contact surface between steel wheels and rails, 
have low rolling resistance and excellent energy efficiency. On the 
other hand, they tend to slip. This characteristic of wheels may lead 
to slippage in braking when the rail is wet, which may extend the 
stopping distance, or lead to wheel flats due to wheel locking. In 
particular, the extension of stopping distances is a major safety risk. 
Wheel flats are also a source of undesired noise and vibration, so 
that vehicles found to have wheel flats require unplanned wheel 
rolling (work to restore the tread profile), which consequently has a 
significant impact on maintenance plans. To prevent these problems, 
many recent rail vehicles are installed with a Wheel Slide Protection 
(hereafter referred to as WSP) in the braking system.

A WSP device for pneumatic brakes detects wheel sliding 
during braking and exhausts brake cylinder (hereinafter referred to 
as “BC”) pressure to quickly return the wheel circumferential speed 
to the vehicle speed for re-adhesion, and then returns the BC pres-
sure to the predetermined value. However, since exhausting the BC 
pressure leads to releasing the brake, it is important to both ensure 
braking performance and prevent wheel flats. For this reason, WSP 
algorithms with various characteristics have been proposed [1, 2].

In general, the performance of WSP is verified by intentionally 
causing wheel sliding in on-track tests. Specifically, low adhesion 
conditions are first created by spraying water over the wheel/rail 
contact surface from the running car. Then the stopping distance and 
the occurrence of wheel flats are measured to determine whether the 
WSP functioned effectively.

Pneumatic brakes are an extremely important application that 
are also used for emergency braking, and verification of their perfor-
mance through on-track testing is essential to ensure safety. Howev-
er, many factors affect slipperiness (e.g., amount, position, and 
temperature of water spray, wheel and rail surface conditions), 
making it very difficult to repeat tests under exactly the same condi-
tions. In addition, on-track testing requires an enormous amount of 
time and effort, and in practice, it is necessary to determine perfor-
mance differences due to WSP algorithms within a limited number 
of tests.

Therefore, the authors are developing a hybrid simulator for 
WSP that combines the advantages of actual machines and comput-
ers [3, 4]. This simulator is a bench test environment in which the 
responsiveness of the pneumatic brake is reproduced on the actual 

machine and the other parts are simulated by a computer. Low-adhe-
sion conditions can be set arbitrarily by testers, and a large number 
of tests can be easily conducted. Comparison and verification of 
WSP algorithms in advance of on-track testing, lead to reduction of 
the number of on-track tests.

This paper describes the mechanism of the developed simulator 
and the performance evaluation method of the WSP algorithm uti-
lizing its functions.

2. Hybrid simulator for WSP

2.1 Overall configuration

The overall diagram of the hybrid simulator for WSP (hereinaf-
ter referred to as the ‘hybrid simulator’) is shown in Fig. 1 and the 
block diagram in Fig. 2. The hybrid simulator consists of an actual 
machine and a computer.

The real machine part reproduces the compressed air flow of 
the actual vehicles and consists of the same pneumatic brake equip-
ment as the actual vehicle, from the air reservoir to the constant 
volume container simulating a BC. The responsiveness can be var-
ied by changing the length of the air piping connecting the equip-
ment. Pneumatic brake equipment is provided for four independent 
axles (per one vehicle).

The computer part simulates elements other than the actual 
machine and consists of a real-time computer, an operating PC, and 
BC pressure sensors. Inside the real-time computer, the experiment-
er can arbitrarily set the numerical model of vehicle, WSP algo-
rithm, and wheel/rail adhesion conditions (hereinafter referred to as 
‘adhesion conditions’). The braking force, which is calculated based 
on the measured BC pressure and the brake rigging specifications, 
are applied to the vehicle model. In the vehicle model, the decelera-
tion motion is calculated based on the assumed vehicle specifica-
tions. The calculation of the deceleration motion uses the pre-de-
fined adhesion conditions and the WSP algorithm. For example, 
when an axle under deceleration in the computer meets the slide 
detection condition set in the WSP algorithm, an operation com-
mand is immediately output to the WSP dump valve in the actual 
machine to exhaust the compressed air in the BC. The change in BC 
pressure is always reflected in the next calculation step and the de-
celeration motion is recalculated. This calculation loop is repeated 
until the vehicle stops (Fig. 3).
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Performance Improvement of Fuel Cell Hybrid Powered Test Railway Vehicle
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Hydrogen and Sustainable energy Laboratory, Vehicle Control Technology Division

Takamitsu YAMAMOTO 
Vehicle Control Technology Division

There is growing demand for high energy efficiency railway vehicles which do not emit 
CO2 and NOx. To meet this demand, we have been developing railway vehicles powered by a 
hybrid configuration of fuel cells (FC) and batteries (Bat). In the previous development stage, 
we installed FC and power converters in passenger areas on the train, because of their size. 
In addition, acceleration of the vehicle was limited to that of a conventional DMU. For this 
paper, using passenger areas was not necessary, because downsized FC and power convert-
ers were installed under the vehicle floor. Furthermore, we improved tractive performance to 
reach that of a standard EMU, by increasing the power capacity of each FC and Bat.

Keywords: hybrid powered railway vehicle, fuel cells, hydrogen energy, downsizing, perfor-
mance improvement

1.  Introduction 

In order to protect the environment, there is growing 
demand for high energy efficiency railway vehicles which 
do not emit CO2 and NOx. In addition, diversification of 
energy sources for railway vehicles is an essential part of 
building a sustainable-energy society. The Railway Techni-
cal Research Institute (RTRI) has been developing railway 
vehicles powered by a hybrid configuration of fuel cells 
(hereafter FC) and batteries (hereafter Bat) to meet these 
demands. FC generate electric power through a chemical 
reaction between hydrogen and oxygen with high energy 
efficiency. Since hydrogen is produced from various energy 
sources, it surely contributes to diversification of energy 
sources. The purpose of this work was to develop FC hybrid 
powered railway vehicles for practical use, i.e. vehicles driv-
en by a hybrid power configuration comprising FC and Bat. 
The goal of this research is to reduce CO2 emissions close to 
zero and thereby contributes to a sustainable-energy society.

In the previous stage of development [1, 2], the pur-
pose was to demonstrate the possibility of driving a railway 
vehicle using traction equipment such as a FC unit, a Bat 
unit and power converters. During this first stage there-
fore, the traction equipment was installed in space usually 
occupied by passengers because of the size of the equip-
ment, and the acceleration performance was limited to that 
of DMU (approximately 0.4 m/s2). The purpose of research 
following the present stage is to develop new FC hybrid 
powered railway vehicles and expand the scope of applica-
tion of these vehicles to electrified sections with a view to 
eliminating the need for electric substation equipment and 
overhead contact lines. To realize this goal however, first, 
we have to overcome the two constraints encountered in 
the first phase of research, i.e., improve acceleration per-
formance and downsize the traction equipment.

Consequently, the present phase of development was 
to increase FC and Bat capacity, and reduce the size of the 
traction equipment, i.e., a FC unit and power converters. 
To achieve this, first, high power density stacks were used 

to raise the power capacity of FC from 100 kW to 150 kW, 
and second, the volume per unit power was reduced by 20% 
by downsizing the cooling system. Meanwhile, the maxi-
mum power of the Bat was increased from 360 kW to 540 
kW. As a result of increase of capacity in both FC and Bat, 
total power was raised from 460 kW to 690 kW. We then 
reduced the overall volume of the converter by 45% by inte-
grating the Bat converter, traction converter and auxiliary 
converter and used SiC power devices for the FC converter. 
Following these improvements, the installation and vehicle 
were nearly ready for practical use: the acceleration perfor-
mance was equivalent to that of an EMU (approximately 
0.7 m/s2) and it was not necessary to occupy passenger ar-
eas with any equipment. Running tests were conducted on 
the RTRI’s test track, which confirmed that the test train 
had an acceleration equivalent to that of an EMU, and that 
the hybrid control met its design objectives.

This paper describes the improvements made to the 
test vehicle’s performance and presents the running test 
results. Chapter 2 outlines the design method used to in-
crease capacity of FC and Bat, which significantly modi-
fies the cost and mass of a hybrid FC vehicle. Chapter 3 
explains the process used to reduce the size of the FC unit 
and the power converters. Chapter 4 then presents the im-
provements in the test vehicle’s performance, while chap-
ter 5 gives the results from running tests on the test track.

2.  Determination of FC and Bat capacity 

2.1  Method for determining FC and Bat capacity

The standard running pattern of a train is determined 
in advance by its route and timetable. Therefore, it is pos-
sible to determine required capacity of FC and Bat through 
running simulations which reproduce conditions which are 
as close as possible to reality. Since power density per unit 
volume of Bat is approximately four times larger than that 
of FC, to reduce the size of the hybrid configuration, it was 
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2.2 Responsiveness of pneumatic brake equipment

The response characteristics of BC pressure when detecting 
brake commands and when exhausting, holding, and supplying air 
are frequently switched during WSP and vary greatly depending on 
the length and volume of the piping. Since it is difficult to model this 
on a computer, an actual pneumatic brake equipment was used so 
that the structure was designed to allow the response to be adjusted 
by changing the piping length. The relationship between the piping 
length from the WSP dump valve to the BC and the BC pressure 
response characteristics is shown in Fig. 4. As shown in Fig. 4, the 
time constant and the time-delay increase with extending piping 
length. This indicates that the response characteristics can be adjust-
ed by the piping length. 

2.3 Vehicle model

The vehicle model in this paper specifies a motion in which the 
vehicle speed and wheel circumferential speed are slowed down by 

a braking force applied to the running vehicle and a tangential force 
generated between the wheels/rails. Only forward and backward 
motion of the vehicle on a straight and level track is considered and 
motion of vertical and sleeper direction are not considered. The 
braking force is calculated from the measured value by the BC pres-
sure sensor, the specifications of the brake rigging, and the friction 
material characteristics. The tangential force coefficient between the 
wheel and rail is calculated from the adhesion conditions described 
later.

A schematic diagram of the vehicle model (one car) is shown in 
Fig. 5, and the definitions of symbols are given in Table 1. Equations 
(1) to (4) define the mathematical formulas involved in deceleration 
motion, where the subscript i represents the axle position. Equation 
(1) represents the translational motion of the vehicle and (2) rep-
resents the rotational motion of each wheel set. Equation (3) shows 
that the tangential force is the product of the tangential force coeffi-
cient and the axle load, and (4) shows the slip rate.

Each of the four axles has independent rotational degrees of 
freedom, and the vehicle is decelerated by the resultant force of 
tangential forces on four axles. If a coupler force is applied to the 
end of the vehicle, the deceleration motion can be represented tak-
ing into account the force received from the adjacent vehicle.

 (1)

Fig. 5 Schematic diagram of vehicle model

Table 1 Symbol definitions

 − (Ft1 + Ft2 + Ft3 + Ft4) 

 − (Ff + Fr) 

(M + m1 + m2 + m3 + m4)  = 
dVc

dt

Fig. 1 Overall view of hybrid simulator

Fig. 2 Block diagram of hybrid simulator

Fig. 3 Interaction of real machine with a computer

Fig. 4  Relationship between piping length and BC pres-
sure
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 (2)

 (3)

 (4)

2.4 WSP algorithm

WSP algorithm selects one of the three operations of exhaust-
ing, holding, and supplying BC pressure, depending on the deceler-
ation of the wheel. These actions are implemented by a combination 
of command to AV (apply valve) and RV (release valve) in the WSP 
dump valve. WSP algorithms with various characteristics have been 
proposed [1, 2]. Methods for detecting wheel deceleration include 
slip rate detection, speed difference detection and deceleration de-
tection, and their combinations are also used. As an example, Fig. 6 
shows the operation of slip rate WSP and detection conditions.

2.5 Adhesion condition

The adhesion condition in this paper is defined as a method for 
giving tangential force coefficients derived from several relational 
equations. As shown in Fig. 7, it is generally known that tangential 
force coefficient is almost proportional to the slip rate in the mi-
cro-slip area but unstable in the macroscopic slip area. While it is 
difficult to actually reproduce unstable and unrepeatable phenome-
na, computers have advantage of being able to reproduce them pre-
cisely with known quantities based on empirical or theoretical rules.

This section describes the tangential force coefficients derived 
from the three relational equations of slip rate, speed and running 

position, and how they are set up.

2.5.1  Relationship between slip rate and tangential force coeffi-
cient

The relationship between the slip rate and tangential force coef-
ficient defines the most basic properties of the adhesion conditions, 
such as whether the rail surface is dry or wet. Specifically, it corre-
sponds to specifying the adhesion coefficient (the local maximum 
value of the tangential force coefficient in Fig. 7), the slip rate at 
which the coefficient is taken, and the behavior in the macro-slip 
area. In this paper, we used the relationship expressed in (5) with 
reference to Reference [5], since it is easy to handle and can express 
various characteristics.

 (5)

where η is the slip rate and A, B, and C are arbitrary constants. The 
basic properties are that the larger A, the narrower the micro-slip 
area (the slip rate with the maximum value becomes smaller), and 
the larger B, the larger the attenuation in the macro-slip area. C is the 
value of the adhesion coefficient. Combinations of constants A, B, 
and C and examples of waveforms are shown in Fig. 8.

2.5.2 Relationship between speed and adhesion coefficient

The relationship between speed and adhesion coefficient rep-
resents the property that the adhesion coefficient decreases with in-
creasing vehicle speed. In this study, (6) was used for the Shinkan-
sen and (7) for a 1067 mm gauge line, which have been 
experimentally obtained in previous studies [6]. Note that v is the 
vehicle speed (km/h).

 
(6)

 (7)

2.5.3  Relationship between running position and adhesion coef-
ficient

In an actual vehicle environment, there are characteristics 
unique to the running position, such as water and fallen leaves, rail 
joints, rail surface roughness. Therefore, the adhesion coefficient 
changes at each running position. To consider this change of the 

 =Fti R − Fbi R
dVwi

dt
Ii

R

Fti  = μi  + mi ɡ( )M
4

ηi =   ∙ 100
Vc − Vwi

Vc

Fig. 6 Schematic diagram of WSP algorithm

μη = C sin B tan − 1 A( ( ))η
100

Fig. 8  Waveform examples of tangential force coeffi-
cient

μv =  
13.6

 (v + 85) 

μv =  
32.74

 (v + 187) 

Fig. 7  Relationship between slip rate and tangential 
force coefficient
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adhesion coefficient, the simulation provides conditions that are 
closer to the actual vehicle environment. For example, the periodic 
fluctuation with respect to the running position is expressed by (8).

 (8)

where x is the running position, D is the amplitude of the fluctuation, 
E is the reference value (the value when there is no fluctuation), and 
f is the number of cycles per distance X. Although it is desirable to 
give the assumed fluctuation based on the on-track test, but it is very 
difficult to extract fluctuation of adhesion coefficients depending on 
running position independently based on the on-track test results. 
Therefore, the experimenter arbitrarily decided the relationship be-
tween the running position and the adhesion coefficient depending 
on the assumed running environment. Here, as a simple example, 
we apply periodic fluctuations with respect to the running position. 
It is noted that there is also an example [7] of a study of a method 
that gives fluctuations with randomly changing amplitude and peri-
od within a certain range.

2.5.4 Final tangential force coefficient

A conceptual diagram of the comprehensive tangential force 
coefficient that integrates the three relationships in 2.5.1 through 
2.5.3 is shown in Fig. 9. The specific tangential force coefficient is 
expressed in (9).

 (9)

μv and μx are normalized by dividing by the value at vehicle 
speed v = 0 and the reference value E, respectively, and then taking 
the product. The possible values of μ are expressed as points in a 
three-dimensional space with the slip rate and the running position 
as axes, as shown in the lower part of Fig. 9. The tangential force 
coefficient obtained by a given braking action can draw the locus of 
a point moving cubically across the surface of the figure. It is useful 
to visually understand how the sliding evolved and converged and 
how the tangential force coefficient was utilized for the set adhesion 
conditions.

Figure 10 shows an example of results of the hybrid simulator 
test based on the tangential force coefficient setting method de-

scribed above. Note that from the top in the figure are the WSP 
dump valve motion command, speed, and BC pressure. It is found 
that the complex WSP behavior is reproduced by linking the actual 
measured values with the computer’s internal model. Focusing on 
speed, it can be seen that the higher the vehicle speed is in the high-
speed range, the more likely it is to slide, reflecting the property of 
the vehicle to slide.

3. A method for evaluating performance of WSP algorithms

As described so far, the hybrid simulator reproduces the re-
sponse characteristics of pneumatic brake equipment in the real 
machine part, while the vehicle model, WSP algorithm, and adhe-
sion conditions can be specified arbitrarily in the computer part. In 
addition, the burden of testing is very small compared with on-track 
testing, so that a large number of tests can be easily conducted. This 
paper describes a method for evaluating performance of WSP algo-
rithms by utilizing this advantage and statistically analyzing the re-
sults of a large number of simulator tests.

3.1 Test conditions

The piping length of the pneumatic brake equipment was 15 m 
shown in Fig. 4. The vehicle model was a one-car model with no 
coupler force, and the vehicle specifications were shown in Table 2. 
The constants in (5) were set to A = 100, B = 1.6, and C = 0.25 for 
the relationship between the slip rate and tangential force coeffi-
cient, while (7) for conventional lines was used for the relationship 
between speed and adhesion coefficient. The initial braking speed 
was set at 130 km/h.

The relationship between the running position and the adhesion 
coefficient was assumed to be that the constants in (8) were set to D 
= 0.2, E = 1, and X = 100, and the adhesion coefficient periodically 
varied with the running position. This means a sine wave with a 
reference value of 1, an amplitude of 0.2 and f cycles per 100 m. 
Here, by giving the value of  f  from 0 to 10 in increments of 0.1, 101 
patterns of adhesion conditions with different cycles are generated. 

μx = D sin  + E( )2πfx
X

μ = μη
μv

μv (0)
μx

E

Fig. 9  Conceptual diagram of the determinate tangential 
force coefficient
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Fig. 10 An example of hybrid simulator test result

Table 2 Vehicle specifications
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The waveforms for f = 0, 0.1, 0.5, 1, 5, and 10 are shown respective-
ly in Fig. 11.

Two WSP algorithms were applied for comparison, “SR10” 
with a slip rate of 10% and “SR15” with a slip rate of 15% at detec-
tion point A in the slip rate WSP described in 2.4.

3.2 Test results

Simulator tests were carried out by applying two WSP algo-
rithms separately to each of the 101 patterns of adhesion conditions, 
resulting in a total of 202 stopping distances. The relationship be-
tween f and stopping distance for each WSP algorithm is shown in 
Fig. 12. With a constant fluctuation, both SR10 and SR15 showed a 
similar trend of an increase in stopping distance from f = 0 (no fluc-
tuation in adhesion coefficient with running position) to around f = 
1.5, followed by a gradual decrease. When compared under the 
same conditions, SR10 tended to have shorter stopping distances 
throughout. Note that when f = 0.1, both SR10 and SR15 show sig-
nificantly shorter stopping distances. This is because, as shown in 
Fig. 11, μx exceeded the reference value of 1 up to 500 m, and slid-
ing did not occur due to the given high adhesion coefficient.

3.3 Evaluation by statistics

A histogram of the results for 100 stopping distances for each 
WSP algorithm is shown in Fig. 13, and the statistics are shown in 
Table 3. Note that f = 0.1, where no sliding occurred, is excluded.

There was no significant difference between the maximum and 
minimum stopping distances for each of the two algorithms. In ad-
dition, the trend of gradual decrease in frequency from the mode to 
the maximum and the trend of marked decrease in frequency from 
the mode to the minimum were also similar for both algorithms. On 

the other hand, the mean, and the mode of the stopping distance of 
SR10 is about 10 m shorter than that of SR15, so that it can be said 
that SR10 stops in a relatively short distance in the results of the 
tests. This is probably because SR10, detecting sliding at a slip rate 
of 10%, can utilize a higher tangential force coefficient for a longer 
time than SR15 as shown in Fig. 14, where the constants in (5) are 
A = 100, B = 1.6, and C = 0.25.

Thus, statistical analysis of a large number of simulator test 
results provides the range, frequency, and distribution of possible 
braking distances, and makes it easier to understand the nature of the 
WSP algorithm than in the past. For example, it can be easily ob-
tained that the percentage of stopping distances of 575 m or more is 
3% for SR10 and 12% for SR15. Hence, it can be possible to quan-
titatively indicate the possibility of meeting certain criteria. It is also 
possible to take into account not only the short stopping distance but 
also the small dispersion, i.e., whether the stability is also compati-
ble. The above is a new performance evaluation method for WSP 
algorithms that takes advantage of the hybrid simulator which al-
lows arbitrary adhesion conditions to be specified and a large num-
ber of tests to be easily performed.

Fig. 11 Relationship between f and μx

Fig. 12 Relationship between f and stopping distance

Fig. 13 Histogram of stopping distances

Table 3 Histogram statistics

Fig. 14  Relationship between sliding detection slip ratio 
and tangential force coefficient
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4. Summary

The mechanism of the original hybrid simulator for WSP, 
which combines actual pneumatic brake equipment and a real-time 
computer, was introduced. The developed simulator allows any 
number of low adhesion conditions to be specified and a large num-
ber of tests to be easily carried out. Using this feature, we presented 
a new evaluation method that shows the distribution trend of stop-
ping distances for the test target WSP algorithm. It could be used as 
a tool for developing new WSP algorithms and as a method to re-
duce the number of on-track tests by confirming the performance of 
the WSP algorithm prior to on-track testing.

In this paper, adhesion conditions were treated as periodically 
fluctuating depending on the running position, but the actual vehicle 
environment is not limited to this and should involve more complex 
fluctuations. It is also important to conduct basic research to learn 
more the physical phenomena between the wheel and the rail, to 
understand the actual conditions in the actual vehicle environment, 
and to develop an evaluation method that reflects these conditions. 
In addition, we will develop the simulator by improving the func-
tionality of the real machine part and the modeling accuracy of the 
computer part and will utilize this method in research and develop-
ment to improve the safety of braking systems.
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It is necessary to reduce fretting wear of railway axle journal bearings caused by very slight relative 
slips between the contact surfaces of the inner ring and the backing ring. This paper proposes a backing ring 
with grooves in the circumferential direction on its oil seal sliding surface to obtain even contact pressure 
distributions in the radial direction between them. Results of a rotation test on a full‐scale railway axle 
bearing using the proposed backing ring showed that this proposal is effective in suppressing fretting wear.

Key words: axle bearing, fretting, wear, pressure distribution, contact pressure, grooving

1. Introduction

Axle journal bearings for railway vehicles support both radial 
loads resulting from the vehicle weight and axial loads generated 
while railway vehicles are running. When an axle bearing rotates 
under radial loads, the axle journal bends due to rotary bending. 
Fretting occurs because of the minute relative sliding motion in the 
contact area between inboard inner rings and backing rings for posi-
tioning axle bearings in the axial direction. When metallic wear 
particles from fretting penetrate into axle bearings, wear and lubri-
cant deterioration occur. Additionally, misalignment of the axial 
mounting position of axle bearings can arise. The penetration of 
fretting wear particles can be mitigated by inserting an O‐ring [1] or 
a rubber‐attached spacer [2] between inner rings and backing rings. 
However, neither of these methods has succeeded in preventing the 
occurrence of fretting itself.

To gain insight into how fretting between the inner ring and 
backing ring of an axle bearing develops, the authors carried out a 
test reproducing fretting using a full‐scale axle bearing to confirm 
the state of wear on the inner ring and the backing ring, measured 
the contact surface pressure distribution between them, and investi-
gated the effect of the contact surface pressure on the fretting ac-
cordingly [3]. Results showed that (1) fretting wear of the inner ring 
and the backing ring is more noticeable on the outer side of their 
contact surfaces in the radial direction, where the contact pressure is 
higher, because the deformation of the backing ring press‐fitted onto 
the axle affects the contact state with the inner ring, resulting in an 
uneven contact pressure distribution between them and that (2) the 
fretting wear can be affected by the contact pressure that fluctuates 
as the axle rotates in addition to the relative sliding motion on their 
contact surfaces caused by rotary bending due to axle deflection. 
These results suggest that reducing the contact pressure on the outer 
radial side and making the contact pressure distribution uniform in 
the radial direction can reduce fretting wear.

In this report, firstly, the shape of backing rings was investigat-
ed to make the contact pressure distribution as uniform as possible 

by a finite element method (FEM) analysis. Then, the contact pres-
sure distribution between the inner ring and backing ring was mea-
sured using a prototype backing ring based on the results of the 
FEM analysis, and a rotation test was conducted to investigate the 
effect of the prototype backing ring shape on reducing fretting wear 
[4].

2. Uniformity of pressure distribution

2.1 Target bearing

The uniformity of pressure distribution in the radial direction 
was investigated for double‐row tapered roller bearings, which are 
widely used as axle bearings for railway vehicles. A schematic dia-
gram of an axle bearing is shown in Fig. 1. The axle bearing consists 
of an outer ring with two raceways, two sets of an inner ring, cage 
and roller assemblies, two oil seals, a backing ring, and a seal wear 
ring. The inner rings and the backing ring are secured to the axle by 
an interference fit.

2.2 �Consideration�of�backing�ring�shape�by�finite�element�meth-
od analysis

When an axle bearing is press‐fitted into a journal of an axle, 
the inner diameter of the backing ring radially expands as it ascends 
the tapered part of the journal. As a result, the contact surface pres-
sure between the inner ring and backing ring increases radially on 
the outside [3]. However, even if the inner diameter of the backing 
ring expands radially, there should be no problem if the deformation 
of the backing ring does not affect the contact with the inner ring. 
Thus, to suppress the deformation of the backing ring on the contact 
pressure and achieve uniform pressure distribution in the radial di-
rection, we investigated the possibility of reducing the rigidity of the 
existing backing ring by making circumferential grooves onto its oil 
seal sliding surface. Since the groove depth, the groove distance 
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Performance Improvement of Fuel Cell Hybrid Powered Test Railway Vehicle
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There is growing demand for high energy efficiency railway vehicles which do not emit 
CO2 and NOx. To meet this demand, we have been developing railway vehicles powered by a 
hybrid configuration of fuel cells (FC) and batteries (Bat). In the previous development stage, 
we installed FC and power converters in passenger areas on the train, because of their size. 
In addition, acceleration of the vehicle was limited to that of a conventional DMU. For this 
paper, using passenger areas was not necessary, because downsized FC and power convert-
ers were installed under the vehicle floor. Furthermore, we improved tractive performance to 
reach that of a standard EMU, by increasing the power capacity of each FC and Bat.

Keywords: hybrid powered railway vehicle, fuel cells, hydrogen energy, downsizing, perfor-
mance improvement

1.  Introduction 

In order to protect the environment, there is growing 
demand for high energy efficiency railway vehicles which 
do not emit CO2 and NOx. In addition, diversification of 
energy sources for railway vehicles is an essential part of 
building a sustainable-energy society. The Railway Techni-
cal Research Institute (RTRI) has been developing railway 
vehicles powered by a hybrid configuration of fuel cells 
(hereafter FC) and batteries (hereafter Bat) to meet these 
demands. FC generate electric power through a chemical 
reaction between hydrogen and oxygen with high energy 
efficiency. Since hydrogen is produced from various energy 
sources, it surely contributes to diversification of energy 
sources. The purpose of this work was to develop FC hybrid 
powered railway vehicles for practical use, i.e. vehicles driv-
en by a hybrid power configuration comprising FC and Bat. 
The goal of this research is to reduce CO2 emissions close to 
zero and thereby contributes to a sustainable-energy society.

In the previous stage of development [1, 2], the pur-
pose was to demonstrate the possibility of driving a railway 
vehicle using traction equipment such as a FC unit, a Bat 
unit and power converters. During this first stage there-
fore, the traction equipment was installed in space usually 
occupied by passengers because of the size of the equip-
ment, and the acceleration performance was limited to that 
of DMU (approximately 0.4 m/s2). The purpose of research 
following the present stage is to develop new FC hybrid 
powered railway vehicles and expand the scope of applica-
tion of these vehicles to electrified sections with a view to 
eliminating the need for electric substation equipment and 
overhead contact lines. To realize this goal however, first, 
we have to overcome the two constraints encountered in 
the first phase of research, i.e., improve acceleration per-
formance and downsize the traction equipment.

Consequently, the present phase of development was 
to increase FC and Bat capacity, and reduce the size of the 
traction equipment, i.e., a FC unit and power converters. 
To achieve this, first, high power density stacks were used 

to raise the power capacity of FC from 100 kW to 150 kW, 
and second, the volume per unit power was reduced by 20% 
by downsizing the cooling system. Meanwhile, the maxi-
mum power of the Bat was increased from 360 kW to 540 
kW. As a result of increase of capacity in both FC and Bat, 
total power was raised from 460 kW to 690 kW. We then 
reduced the overall volume of the converter by 45% by inte-
grating the Bat converter, traction converter and auxiliary 
converter and used SiC power devices for the FC converter. 
Following these improvements, the installation and vehicle 
were nearly ready for practical use: the acceleration perfor-
mance was equivalent to that of an EMU (approximately 
0.7 m/s2) and it was not necessary to occupy passenger ar-
eas with any equipment. Running tests were conducted on 
the RTRI’s test track, which confirmed that the test train 
had an acceleration equivalent to that of an EMU, and that 
the hybrid control met its design objectives.

This paper describes the improvements made to the 
test vehicle’s performance and presents the running test 
results. Chapter 2 outlines the design method used to in-
crease capacity of FC and Bat, which significantly modi-
fies the cost and mass of a hybrid FC vehicle. Chapter 3 
explains the process used to reduce the size of the FC unit 
and the power converters. Chapter 4 then presents the im-
provements in the test vehicle’s performance, while chap-
ter 5 gives the results from running tests on the test track.

2.  Determination of FC and Bat capacity 

2.1  Method for determining FC and Bat capacity

The standard running pattern of a train is determined 
in advance by its route and timetable. Therefore, it is pos-
sible to determine required capacity of FC and Bat through 
running simulations which reproduce conditions which are 
as close as possible to reality. Since power density per unit 
volume of Bat is approximately four times larger than that 
of FC, to reduce the size of the hybrid configuration, it was 
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from the contact surface, and the number of grooves affect the pres-
sure distribution, the shape that achieves the most uniform pressure 
distribution was analyzed using the finite element method (FEM).

Figure 2 shows an example of the finite element model con-
ducted. The analytical model consists of simplified blocks that sim-
ulate the shape of the inner ring, a backing ring, and an axle, each of 
which is composed of elastic hexahedral mesh (some of which are 
pentahedral mesh). The analytical model was constructed for 1/16 
of the circumferential direction because each of these elements is 
axisymmetric around the z‐axis. Symmetry constraint was applied 
to its cross‐section. Additionally, the left side of the axle model was 
fully constrained. Young’s modulus and Poisson’s ratio were set to 
210 GPa and 0.3, respectively, and friction among the contact sur-
faces was not considered. The load condition was a uniformly dis-
tributed load of 200 kN applied to the inner ring side face opposite 
the face in contact with the backing ring. The finite element code 
used in the analysis was NX Nastran V8.5.

First, one groove with a depth of 3 mm, 6 mm, or 9 mm was 
made on the oil seal sliding surface at 6 mm apart from the backing 
ring side face in contact with the inner ring to investigate the effect 
of the groove depth. Each groove width was fixed at 2 mm, assum-
ing that the grooves would be made using a lathe. Figure 3 shows 
the contact pressure distribution between the inner ring and backing 
ring obtained by the FEM analysis, including the one without 
grooves. As the groove depth increases, the position of the maxi-
mum contact pressure moves toward the inner diameter side, and the 
area subjected to the contact pressure increases. Additionally, the 
grooving reduces the maximum contact pressure, with the greatest 
effect at a groove depth of 6 mm.

Secondly, we prepared a single groove that was provided at 6, 
12, or 18 mm in the axial direction apart from the backing ring side 
face in contact with the inner ring to determine a suitable groove 
position. Each groove depth was fixed at 6 mm providing the lowest 
maximum contact pressure. Figure 4 shows the pressure distribution 
at the contact area between the inner ring and backing ring obtained 
from the FEM analysis, including the one without a groove. When 
the groove position is 6 mm apart from the contact surface, the peak 
position of the contact pressure moves toward the inner diameter 
side and the contact pressure‐receiving area increases. On the other 

hand, when the groove position is 12 or 18 mm apart from the con-
tact surface, the peak position of the contact pressure remains the 
same, but the contact pressure‐receiving area increases.

Finally, to investigate the effect of the number of grooves, we 
prepared three cases of the grooves: one groove (at 6 mm in the ax-
ial direction apart from the backing ring side face), two grooves (at 
6 and 12 mm), and three grooves (at 6, 12, and 18 mm), provided on 
the oil seal sliding surface. The groove depth was fixed at 6 mm, 
providing the lowest maximum contact pressure. Figure 5 shows the 
pressure distribution at the contact area between the inner ring and 
backing ring obtained from the FEM analysis, including the one 
without the grooves. As the number of grooves increases, the maxi-
mum contact pressure decreases, and the contact pressure‐receiving 
area increases.

The above results show that the condition with those three 
grooves provides the most uniform pressure distribution. Figure 6 
shows the stress distribution in the axial direction under this condi-
tion.

2.3 Prototype of the backing ring

Figure 7 shows the appearance of a prototype backing ring. The 
prototype backing ring has three grooves with a 6 mm depth at three 
positions (6, 12, and 18 mm in the axial direction apart from the 

Fig. 2 Finite element model

Fig. 3  Contact pressure distributions obtained by FEM 
analysis for groove depth

Fig. 4  Contact pressure distributions obtained by FEM 
analysis for distance from the contact surface

Fig. 5  Contact pressure distributions obtained by FEM 
analysis for number of grooves

Fig. 1  Schematic diagram of a railway axle journal ta-
pered roller bearing
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backing ring side face contacting with the inner ring) on the oil seal 
sliding surface.

2.4 Contact pressure distribution measurement

2.4.1  Measurement method and conditions

The contact pressure distribution between the inner ring and 
backing ring of the axle bearing was measured using the prototype 
backing ring shown in Fig. 7. The contact pressure distribution was 
measured using a thin‐film pressure mapping system. For the pres-
sure sensor specifications, refer to the previous paper [3].

The contact pressure distribution was measured by applying 
only radial load without rotating the shaft through an axle box 
equipped with an anti‐vibration rubber while inserting a sensor be-
tween the inner ring and the prototype backing ring onto the shaft of 
an axle bearing performance test rig owned by the Railway Techni-
cal Research Institute. The radial load conditions were 0, 30, 50, and 
70 kN. When the axle bearing was press‐fitted hydraulically onto 
the shaft, the press‐fit force was approximately 230 kN. Figures 8 
and 9 show a set‐up photograph of the pressure sensor and a sche-
matic diagram of the measurement system with the axle box and 
anti‐vibration rubber, respectively. The area where the bearing is 
subjected to the radial load is called the load side, and the load side 
in this measurement is the upper side in the vertical direction.

2.4.2  Measurement results

Figure 10 shows the measured contact pressure distribution of 
the prototype backing ring at a radial load of 0 kN. Because there is 
no sensing element at the position of the tab on the sensor sheet, no 
pressure is available at that position. The red-marked area is de-
scribed in §3.4. The contact pressure between the inner ring and 
backing ring occurs over the whole circumference, but it is not uni-
formly distributed in the circumferential direction. If their contact 
surfaces were in even contact, a uniform contact pressure distribu-
tion in the circumferential direction could be obtained. In reality, 
however, the uneven distribution shown in Fig. 10 may have result-

ed due to the effects of the machining accuracy of each contact sur-
face and the mounting condition during press fitting. For compari-
son, the pressure distribution of an existing backing ring without 
grooves on the oil seal sliding surface is shown in Fig. 11. Figure 10 

Fig. 8  Pressure sensor inserted between an inner ring 
and a backing ring through an axle

Fig. 6  Calculated stress in the axial direction using FEM 
analysis

Fig. 9 Schematic diagram of the measurement system

Fig. 7 Prototype backing ring

Fig. 11  Contact pressure distribution of an existing 
backing ring for a radial load of 0 kN

Fig. 10  Contact pressure distribution of the prototype 
backing ring for a radial load of 0 kN
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shows that the grooves on the oil seal sliding surface reduce the 
maximum contact pressure and increase the contact pressure near 
the middle of the radial direction. Thus, it can be said that the 
grooves have the effect of making more even pressure distribution in 
the radial direction.

To investigate the change in the contact pressure due to the 
deflection of the axle when a radial load is applied to the bearing, the 
amount of the change in the contact pressure was obtained by sub-
tracting the contact pressure under no radial load shown in Fig. 10 
from the contact pressure under applied radial load. This eliminates 
the influence of the contact condition between the inner ring and 
backing ring caused by press fitting the bearing onto the axle. 
Figure 12 shows the change in the contact pressure when radial 
loads were applied to the bearing. As the radial load increases, the 
contact pressure on the load side decreases; the contact pressure on 
the non‐load side increases. The results show that the grooves on the 
oil seal sliding surface allowed the contact pressure to vary over a 
wide radial range and that more over the grooves reduced the maxi-
mum amplitude of the contact pressure.

The above results show that the amplitude of the contact pres-
sure between them was reduced by providing circumferential 
grooves on the oil seal sliding surface of the backing ring to make 
more even radial pressure distribution on the contact surfaces.

2.4.3  Comparison with the analysis results

As described in §2.2, the FEM analysis showed that the radial 
pressure distribution between the contact surfaces approaches uni-
formity when grooves are made on the oil seal sliding surfaces of 
the backing ring. For the prototype backing ring made on the basis 
of the analysis results, the contact pressure distribution was mea-
sured. Here, we compare the analytical values obtained by FEM 
with the experimental values obtained by a thin‐film pressure map-
ping system. The load condition for the above FEM analysis was 
calculated as an equally distributed load of 200 kN. However, the 
press‐fit force was approximately 230 kN when the axle bearing was 
press‐fitted hydraulically onto the shaft of the test rig. Thus, this 
value was used in the FEM analysis and recalculated.

Figure 13 shows the FEM analytical and experimental values 
of the pressure distribution in the case of a grooved backing ring. 
The experimental value is the pressure distribution in the radial di-
rection obtained by averaging the contact pressure at each sensing 
element of the contact pressure distribution obtained by the no‐load 
condition shown in Fig. 10 on the same circumference. The pressure 
distribution shows almost the same pattern between the FEM ana-

lytical and experimental values. Additionally, both the maximum 
values are nearly equal and are located slightly on the outer diameter 
side from the middle of the radial direction. The FEM analysis can 
be used to evaluate the pressure distribution owing to the change in 
the shape of the backing ring.

3. Bearing rotation test

3.1 Test bearing

To confirm the effect of the prototype backing ring shown in 
Fig. 7 on preventing fretting wear, we conducted a rotation test us-
ing a full‐scale axle bearing. The bearing used for the rotation test 
was the same as that examined in Chapter 2. The inner ring was 
manufactured from carburized steel equivalent to JIS SNCM 420 
steel and had a surface hardness of 58–62 HRC (equivalent to 653–
746 HV). On the other hand, the backing ring was manufactured 
from normalized medium‐carbon steel JIS S45C and had a surface 
hardness of 167–229 HBW (equivalent to 173–243 HV).

3.2 Test condition

The rotation test was carried out using the test rig for axle bearing 
performance until the cumulative distance reached 600,000 km, 
which is the mileage at which axle bearings undergo inspections. The 
test method and condition were the same as those in the previous pa-
per [3]. The surface temperature of the outer ring during the rotation 
test was about 51 K higher than the ambient temperature at the maxi-
mum and within the range of the predetermined regulation value 
(ambient temperature +70 K or less) specified in JRIS J 0455 [5].

Fig. 13  Comparison of the result of the contact pressure 
by the FEM analysis with that by the experiment

Fig. 12 Changes of the contact pressure distribution for each radial load in case of using the prototype backing ring
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3.3 Test results

Figures 14 and 15 show the appearance and wear depth distri-
bution of the prototype backing ring side face and the inboard inner 
ring back face after the rotation test, respectively. The wear depth 
distribution was measured in the circumferential direction using a 
two‐dimensional laser displacement sensor. During the rotation test, 
the inner ring and the backing ring were in contact with each other 
at the coordinate phase of the circumferential direction without any 
relative rotation.

Wear is observed on both contact surfaces and the inner ring is 
covered with reddish-brown colored grease. Fretting wear particles 
are generally known to be reddish‐brown iron (III) oxide (α‐Fe2O3) 
[6]. When fretting occurs on the contact surfaces of the inner ring 

and the backing ring and fretting wear particles are mixed into the 
grease, the grease turns reddish brown. Accordingly, the wear on the 
backing ring side face and the inner ring back face was caused by 
fretting wear.

The wear depth distribution shows that the fretting wear of the 
inner ring back face occurs over the entire contact surface with a 
maximum wear depth of approximately 0.08 mm. On the other 
hand, the fretting wear of the backing ring side face occurs from the 
middle to the outer diameter in the radial direction with a maximum 
wear depth of approximately 0.08 mm.

Profile curve measurements were taken for the area having se-
vere fretting wear (red marks) in Figs. 14 and 15. Figures 16 and 17 
show microscope images and their profile curves of the prototype 
backing ring side face and the inner ring back face after the rotation 

Fig. 14 Prototype backing ring side face after the rotation test

Fig. 15 Inboard inner ring back face after the rotation test

Fig. 16  Microscope image and corresponding profile 
curve of prototype backing ring side face after 
rotation test (enlarged image of section indicat-
ed with red mark in Fig. 14)

Fig. 17  Microscope image and corresponding profile 
curve of inboard inner ring back face after rota-
tion test (enlarged image of section indicated 
with red mark in Fig. 15)
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test, respectively. The fretting wear on the backing ring side face 
shown in Fig. 16 is noticeable in the vicinity of its outer circumfer-
ence, and the maximum wear depth is approximately 0.07 mm. Ad-
ditionally, the wear tends to be more marked on the outer side in the 
radial direction at all circumferential areas, which is almost consis-
tent with the wear depth distribution shown in Fig. 14(b). On the 
other hand, the fretting wear on the inner ring back face shown in 
Fig. 17 is almost uniform in the radial direction with a maximum 
depth wear of approximately 0.06 mm.

3.4 Relation between fretting wear and contact pressure

As shown in §3.3, the fretting wear on the inner ring back face 
and the prototype backing ring side face was not uniform in the cir-
cumferential direction. This may be related to the fact that the con-
tact pressure was not uniform in the circumferential direction when 
the axle bearing was press‐fitted onto the axle, as shown in Fig. 10. 
Accordingly, we checked the positional relationship between the 
wear depth distribution and the contact pressure distribution and 
found that they coincided. Furthermore, the most significant wear 
area on the profile curve of the backing ring side face (red arrow in 
Fig. 14) coincided with the high contact pressure area on the radial 
direction of the pressure distribution (red arrow in Fig. 10), as 
shown in Fig. 18. Thus, the degree of the fretting wear on the inner 
ring and the backing ring in the axle bearing is affected by the mag-
nitude of the contact pressure between them that becomes uneven 

when the axle bearing has been press‐fitted onto the axle.

4. �Effect�of�reducing�fretting�wear�by�equalizing�pressure�distri-
bution

In our previous paper [3], we confirmed that the fretting wear 
area of the backing ring side face coincides with the place where the 
amplitude of the contact pressure is high. When the pressure distri-
bution in the radial direction between the inner ring and backing 
ring is made even, the fretting wear on the contact surfaces can be 
reduced. As described in Chapter 2, when the pressure distribution 
in the radial direction between them was made uniform by adding 
circumferential grooves to the oil seal sliding surface of the backing 
ring, the maximum contact pressure and the maximum amplitude of 
the contact pressure were reduced accordingly. Thus, the wear depth 
distribution was measured on the existing backing ring side face 
without grooves after the rotation test, as shown in the previous pa-
per [3], and compared with the results obtained in this paper.

Figure 19a and 19b show the wear depth distributions of the 
backing ring side face without grooves on the oil seal sliding surface 
and with grooves (same as Fig. 14b), respectively. Note that there is 
an unmeasured area in Fig. 19a, which was cut off for the material 
evaluation and the wear condition of which was reported in the pre-
vious paper [3]. Although the fretting wear of the backing ring is 
generated all over the contact surface regardless of the grooves, a 
comparison of the two shows that the wear on the grooved backing 
ring side face is less.

Additionally, to investigate the amount of the fretting wear 
particles in the grease with and without grooves on the backing ring, 
the grease adhered to the inside of the cage bars and the roller large 
end faces was collected from the inboard inner ring of the tested 
bearing after the rotation test. Their iron content was determined 
using a scanning X-ray fluorescence spectrometer. Table 1 gives the 
results. The grooves on the backing ring reduced the iron content of 
the grease collected from the inside of the cage bars and the large 
end faces of the rollers.

Fig. 18  Measured pressure distribution for a radial load 
of 0 kN and profile curve of the prototype back-
ing ring after the rotation test

Fig. 19  Comparison between the amplitude of the contact pressure in the radial direction for the presence of grooves 
and for the absence of grooves

Table 1  Iron content of the grease collected after the 
bearing rotation test
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The above results indicate that the grooves on the oil seal slid-
ing surface of the backing ring reduce the fretting wear between the 
inner ring and backing ring by making the pressure distribution in 
the radial direction closer to even.

5. Conclusions

To prevent fretting wear that occurs between the inner rings and 
backing rings of axle bearings, we proposed cutting circumferential 
grooves on the oil seal sliding surface of the backing ring to bring 
the radial pressure distribution between them closer to even. To 
confirm the effect of the grooved backing ring, we analyzed and 
measured the pressure distribution and conducted a rotation test us-
ing an actual bearing. The main results obtained are shown below.

1.  We investigated the shape of the backing ring to make the contact 
pressure distribution between the inner ring and backing ring as 
even as possible using FEM analyses. When a circumferential 
groove is made on the oil seal sliding surface of the backing ring, 
the maximum contact pressure between the inner ring and back-
ing ring is reduced, and the pressure distribution in the radial di-
rection becomes more even.

2.  A prototype backing ring was fabricated under the conditions that 
produced the most even pressure distribution among those studied 
in the FEM analysis. The contact pressure distribution between 
the inner ring and backing ring was measured using it, and the 
measured distribution agreed with the result of the FEM analysis.

3.  The area of significant fretting wear in the backing ring with 
grooves on the oil seal sliding surface coincides with the area 
where the amplitude of the contact pressure is high, as in the case 
of existing backing rings without grooves.

4.  The bearing rotation test result showed that the fretting wear on 

the contact surface of the prototype backing ring with grooves 
was less than that of the existing backing ring without grooves. 
Besides, the iron content of the grease in the bearing with the 
grooved backing ring was smaller than that with the existing 
backing ring.

From the above, we confirm that circumferential grooves on the 
oil seal sliding surface of backing rings generate more even contact 
pressure distributions in the radial direction between inner rings and 
backing rings and have the effect of reducing fretting wear that oc-
curs on inner rings and backing rings of axle bearings.

References

[1]  Takano, K. and Asai, H., “Axle bearing equipment,” Japan Pat-
ent JP3529691B2, 2004 (in Japanese).

[2]  Oka, R., “High speed and long life technology for railway axle 
journal bearings,” Journal of Japanese Society of Tribologists, 
Vol. 58, No. 7, pp. 479-484, 2013 (in Japanese).

[3]  Okamura, Y., Fukagai, S. et al., “Effect of the contact pressure 
on the fretting of railway axle journal bearings,” Transactions of 
the JSME, Vol. 82, No. 834, DOI: 10.1299/transjsme.15-00523, 
2016 (in Japanese).

[4]  Okamura, Y., Suzuki, D. et al., “Reduction of fretting wear in 
contact surfaces of inner ring and backing ring of railway axle 
journal bearings,” Transactions of the JSME, Vol. 84, No. 859, 
DOI: 10.1299/transjsme.17-00324, 2018 (in Japanese).

[5]  Rolling stock—Performance tests for axle journal rolling bear-
ings, JRIS J 0455, 2009 (in Japanese).

[6]  Waterhouse, R. B., Fretting Corrosion, Pergamon Press Ltd., 
Headington Hill Hall, Oxford, England, pp. 83-88, 1972.

Authors

Yoshiaki OKAMURA,  Ph.D.
Senior Chief Researcher, Head of Lubricating 
Materials Laboratory, Materials Technology 
Division
Research Areas: Tribology, Roller Bearing, 
Metallic Material

Daisuke SUZUKI
Assistant Senior Researcher, Lubricating 
Materials Laboratory, Materials Technology 
Division
Research Areas: Tribology, Roller Bearing, 
Mechanical Engineering

Ken TAKAHASHI,  Ph.D.
Senior Researcher, Lubricating Materials 
Laboratory, Materials Technology Division
Research Areas: Tribology, Roller Bearing, 
Mechanical Engineering

Shinya FUKAGAI,  Ph.D.
Senior Researcher, Frictional Materials 
Laboratory, Materials Technology Division
Research Areas: Friction Management 
between the Wheel and Rail, Tribology

Takafumi NAGATOMO,  Ph.D.
Senior Chief Researcher, Head of Lubricating 
Materials Laboratory, Materials Technology 
Division (Former)
Research Areas: Tribology, Roller Bearing, 
Metallic Material

QR of RTRI, Vol. 64, No. 3, Aug. 2023192



Autonomous Damage Detection System for Damaged Axle 
 Bearings of Railway Car Bogies

Shogo MAMADA Tatsuya OHTA
Vibration-Isolating Materials Laboratory, Materials Technology Division

Yoshiaki OKAMURA
Lubricating Materials Laboratory, Materials Technology Division

Axle bearings of railway car bogies are important parts that support the running of the cars. It is desir-
able to detect damage to axle bearings at an early state. Therefore, an autonomous damage detection system 
(ADDS) was developed that does not require a power supply nor wiring and notifies axle bearing damage to 
the vehicle. The ADDS utilized an anti-vibration rubber with a built-in piezoelectric element and a wireless 
transmitter; which was installed on the axle box. The damage detection performance of the ADDS was eval-
uated using a test machine. In the case of a damaged bearing, the power generated by the piezoelectric ele-
ment built-in the rubber could drive the transmitter, and the damage could be notified.

Key words:  axle bearing, autonomous damage detection system, anti-vibration rubber, piezoelectric ele-
ment, transmitter

1. Introduction

Axle bearings in railway bogies are critical for the smooth rota-
tion of axles while supporting car bodies. Damage to these axle 
bearings may cause running difficulty. Therefore, damage to axle 
bearings must be detected as soon as possible [1, 2].

Currently, temperature is used to monitor axle bearings. On 
some conventional lines, irreversible temperature seals are used, 
which change color at certain temperatures [1]. On Shinkansen 
trains, shaft temperature detection sensors are attached to axle boxes 
that house axle bearings and will disconnect internal cables at high 
temperatures [2]. However, when the temperature of axle boxes 
rises to a level that is detected by these sensors, it is assumed that the 
damage is advanced.

The authors have been studying a method for detecting abnor-
mal vibrations caused by damaged axle bearings using piezoelectric 
elements incorporated in the axle spring rubbers installed on the 
axle boxes, as shown in Fig. 1. Piezoelectric elements generate elec-
trical signals in response to applied vibration. The results of this 
study showed that by analyzing the electrical signals generated from 
the piezoelectric elements, bearing damage could be detected before 
the temperature of the axle boxes rose [3]. On the other hand, in this 
method, it is necessary to wire a cable from the piezoelectric ele-
ment built into the axle spring vibration isolator to the car and ana-
lyze the electrical signals obtained, and implementing this on a real 
vehicle is complicated. One solution is to use wireless devices 
which can send a notification in case of detected damage. However 
it is difficult to secure power supplies to drive the transmitters of 
wireless devices on axle boxes.

Therefore, as a technology to secure the power to drive the 
transmitter, we examined the use of energy harvesting, which stores 
and utilizes the minute electric power generated by piezoelectric 
elements [4]. It was assumed that if this technology could be utilized 
to drive a transmitter using electric power generated from the piezo-
electric element built into the axle spring vibration isolator due to 
abnormal vibration caused by axle bearing damage, the system 
would be an autonomous damage detection system (ADDS) that 
could autonomously detect and notify the user of damage. This pa-
per presents a summary of the fabricated ADDS and the results of 

evaluating its basic and damage detection performance.

2. Summary of ADDS

The ADDS consists of a damage detection rubber (DDR) which 
is an axle spring vibration isolator for the system and a receiver for 
the wireless device.

2.1 DDR

A schematic diagram of the DDR is shown in Fig. 2. As shown 
in Fig. 2, the DDR has three components: a power generation com-
ponent, a capacitor component, and a transmission component. 
Each component can contain the components of each component by 
providing grooves in the rubber.

2.1.1 Power generation component

The power generation components contain a power generation 
module that uses lead zirconate titanate (PZT) as a piezoelectric el-
ement. There are two power generation components, each of which 
contains one power generation module. The power generation mod-
ule is made of two stacked disks of PZT with a diameter of 50 mm 
and a thickness of 2 mm. When stacking them, conductive rubber of 
50 mm in diameter and 0.5 mm in thickness was interposed between 

Fig. 1 Installation location of axle spring rubber
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Development and Application of Aseismic Reinforcement Method for Railway 
Earth Retaining Structures
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Earth retaining structures, such as bridge abutments and retaining walls, are con-
structed at the boundary of bridges or embankments.  There are a variety of earth retaining 
structure failure modes, therefore in order to be able to ensure rational aseismic reinforce-
ment, it is necessary to develop a range of different aseismic reinforcement methods adapted 
to the relevant earth retaining structure’s failure mode. Moreover, there are many cases where 
construction work is severely restricted due to various limitations, such as land boundaries, 
available space, and time available for construction work. Therefore, the authors propose an 
aseismic reinforcement method, which can both improve seismic performance of earth retain-
ing structures and be carried out efficiently. This paper outlines this research and describes 
some examples of the practical application of the newly developed reinforcement method.

Keywords: earth retaining structure, aseismic reinforcement, soil reinforcement

1.  Introduction 

This paper presents the development and applications 
of aseismic countermeasures for earth retaining structures 
such as bridge abutments and retaining walls. In the 1995 
Hyogo-ken Nanbu Earthquake, not only bridges and via-
ducts but also many earth retaining structures were se-
verely damaged. In response to this, what is known as level 
2 seismic motion is now considered in the Japanese railway 
design, and aseismic reinforcement of existing structures 
is being implemented to ensure the seismic performance of 
the railway structures. Aseismic reinforcement of bridges 
and viaducts, to prevent shear failure is now almost com-
plete in Japan. Now, implementation of aseismic counter-
measures for existing earth structures, earth retaining 
structures, and bridge foundations has begun.

Figure 1 shows conventional aseismic reinforcement 
methods applied to a bridge abutment: strut work, injec-
tion method with sheet pile shut-off work, and installation 
of ground anchors or soil reinforcement. Figure 2 illustrates 
a typical type of aseismic reinforcement method applied to a 
masonry wall by soil reinforcement with additional RC fac-
ing construction. However, carrying out these reinforcement 
methods requires occupying a large space in front of the struc-
ture during construction. In locations where space is limited, 
such as in urban areas, construction itself often becomes diffi-
cult due to site restrictions and the construction environment. 
Nevertheless, the vast number of existing earth retaining 
structures and structures requiring aseismic reinforcement in 
urban areas, means that there is strong demand for the devel-
opment of an economical aseismic reinforcement method that 
can be applied even on sites subject to severe constraints.

This paper reports on the research, development and 
application of aseismic countermeasures for earth re-
taining structures that can not only secure performance 
against level 2 seismic motion but are also suitable for 
these restrictive construction conditions in urban areas.

2.  Aseismic reinforcement of bridge abutments 

Following massive earthquakes in Japan, many cases 
in of residual sliding and tilting displacement of the abut-
ment and associated backfill settlement were observed. 
Residual displacement of the abutment and settlement of 
the backfill soil results in relative displacement between 
the abutment and the backfill. In the case of railway struc-
tures, this relative displacement causes a significant track 
irregularity, which has a direct impact on train running 

Fig. 1   Examples of conventional reinforcement method 
for existing bridge abutment

Fig. 2   Examples of conventional reinforcement method 
for existing masonry wall
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the PZT and the electrodes. This is because past findings have 
shown that the power generation performance of the power genera-
tion module improves when conductive rubber is interposed [5]. 
The thickness of the power generation components s is thicker than 
that of the capacitor and transmission comoponent to ensure that the 
load is applied to the stored power generation module.

2.1.2 Storage component

The power storage component contains a rectifier circuit using 
a diode to rectify the power generated by the power generation mod-
ule, a capacitor to store the rectified power, and a switching regula-
tor circuit to supply power from the capacitor to the transmitter 
when capacitor voltage reaches 5 V. The rectifier circuit has two 
systems to rectify the power generated by the two generation mod-
ules individually, and the power generated by the individual genera-
tion modules can be added together and stored in the capacitor. The 
capacitance of the capacitor was set to 220 µF in consideration of 
the minimum power required to drive the transmitter.

2.1.3 Transmission component

The transmitter of the radio equipment was housed in the trans-
mitting component. Considering the size and power consumption, a 
specified low-power radio station with a frequency in a 315 MHz 
band and a transmission output of 0.3 mW was selected for the 
transmitter. The thickness of the storage and transmitter component 
s was made thinner than that of the generator component in order to 
prevent damage to the stored components due to direct loading on 
these components.

2.2 Receiver for wireless devices

The receiver of the wireless devices was selected to be paired 
with the transmitter. When the receiver receives a radio signal from 
the transmitter, the LED turns on for about 1 second and then auto-
matically turns off, and the receiver enters a standby state until the 
next radio signal is received.

3. Basic Performance of ADDS

3.1 Static spring constant of DDR

The DDR is intended to be used in place of the current ax-

le-spring rubber. Therefore, the static spring constant, which indi-
cates the anti-vibration performance as axle-spring bearing rubber, 
should be the same as that of the current axle-spring rubber.

Therefore, a static loading test was conducted with the two 
power generation modules in the fabricated DDR, and the spring 
constants were measured. As a result, it was found that the spring 
constant of the DDR was within the range of ±10% of the spring 
constant of the current axle-spring rubber. Even when the maximum 
load expected to be applied when the rubber is installed on a bogie, 
no load is directly applied to the storage and transmission compo-
nents.

3.2 Power generation performance of DDR

To evaluate the power generation performance of the DDR, the 
rubber was installed in a dynamic vibration machine and subjected 
to a vibration test in which a sinusoidal load was applied in the di-
rection of its thickness. Figure 3 shows the appearance of the vibra-
tion test.

The conditions of the vibration test were as follows: the aver-
age load was 50 kN, the amplitude load was 1 kN, 5 kN, and 10 kN, 
and the vibration frequency was 0.1 Hz, 1 Hz, and 10 Hz, assuming 
the load applied when the rubber was installed on a bogie. During 
the vibration test, the capacitor voltage was measured to evaluate 
the power generation performance of the DDR.

Figure 4 shows examples of the relationship between excitation 
time and capacitor voltage in the vibration test. Figure 4(a) shows 

Fig. 2 Schematic diagram of the DDR

Fig. 3 Appearance of the vibration test
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the results for excitation frequencies of 0.1 Hz, 1 Hz, and 10 Hz at 
an amplitude load of 1 kN, and Fig. 4(b) shows the results for ampli-
tude loads of 1 kN, 5 kN, and 10 kN at a vibration frequency of 1 Hz.

Figure 4(a) shows that for the same amplitude load, the capacitor 
voltage at the same excitation time peaked at 10 Hz, followed by 1 Hz 
and 0.1 Hz. Figure 4(b) shows that for the same excitation frequency, 
the capacitor voltage peaked at 10 kN, followed by 5 kN and 1 kN. 
These results indicate that the power generation performance of DDR 
improves with increasing excitation frequency and amplitude load. As 
shown in Fig. 4(b), the capacitor voltage dropped sharply to about 3.5 
V after reaching 5 V at amplitude loads of 5 kN and 10 kN. This is 
because the switching regulator in the storage component operated 
when the capacitor voltage reached 5 V, and power was supplied to 
the transmitter. At this time, it was confirmed that radio waves were 
transmitted to the receiver. After the amount of electric power de-
creased to about 3.5 V, it increased again until it reached 5 V, and 

electric power was supplied to the transmitter again and radio waves 
were transmitted.

Next, the conditions for driving the transmitter were examined. 
When using a piezoelectric element to store electricity in a capaci-
tor, the higher the input voltage, the more the stored electricity [6]. 
Therefore, the voltage generated by the generation module was 
measured during a vibration test, and the difference between the 
maximum and minimum values was determined as the generated 
voltage. The relationship between amplitude load and generated 
voltage is shown in Fig. 5. The generated voltage in Fig. 5 indicates 
the value of the smaller of the two generation modules. The shading 
in Fig. 5 indicates the conditions under which the transmitter was 
driven, and the radio was transmitting.

Figure 5 shows that the generated voltage increases in propor-
tion to the amplitude load and with increasing excitation frequency. 
This trend is similar to that of the capacitor voltage. The reason why 
the generated voltage of the generation module increased with in-
creasing amplitude load and vibration frequency is due to the char-
acteristics of PZT, since the generated voltage of PZT itself has 
shown a similar trend in past studies [6]. In this vibration test, it was 
found that when the generated voltage from either of the generation 
modules reached approximately 13 V or higher, the capacitor volt-
age got 5 V or higher, and the transmitter was able to transmit a ra-
dio wave.

4. Damage Detection Performance of ADDS

The damage detection performance of the ADDS was evaluated 
through evaluation tests conducted by installing an artificially dam-
aged bearing in an axle bearing endurance test machine owned by 
the RTRI. Figure 6 shows the test conditions.

4.1 Damaged bearings

The damaged bearing used in the test had an indentation artifi-
cially pressed on the surface of the outer ring, and then flaking 
damage was made starting from the indentation. Flaking of outer 
rings is one of the types of damage that can occur in bearings, and if 
flaking develops, the flakes can get mixed in with the grease and 
cause lubrication problems, leading to seizure.

The bearing was mounted on the test machine after the indenta-
tion was made. A load of approximately 50 kN in the vertical direc-
tion was exerted on the DDR while the main shaft rotated at a speed 
equivalent to 300 km/h and a horizontal load of 14.7 kN was applied 
repeatedly for 5 seconds at 5-second intervals to generate and devel-
op flaking in the damaged bearing from the indentation. Figure 7 
shows the occurrence and propagation of flaking. As shown in 
Fig. 7, clear flaking occurred after cumulative rotation equivalent to 
running of 100,000 km and developed as the running distance in-
creased. It was difficult to detect flaking solely through temperature 
of the shaft box even after cumulative rotations equivalent to a run 
of 200,000 km.

4.2  Damage detection performance evaluation method

The damage detection performance of the AADS was evaluated 
by measuring the capacitor voltage in the DDR and generated volt-
age by the power generation module. Measurements were taken 
before (0 km) and then every 50,000 km running after the indenta-
tion was made artificially. During the measurements, the main shaft 
rotated at a speed equivalent to 30 km/h~300 km/h with a load of 

Fig. 4  Relationship between excitation time and capaci-
tor voltage

Fig. 5 Generated voltage in vibration tests
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approximately 50 kN applied in the vertical direction. The location 
of the flaking in the evaluation was set at the center of the loading 
zone where the load was applied most, as shown in Fig. 6. As shown 
in Fig. 8, two arrangements of DDR for damage detection were 
used: the arrangement in which the power generation component is 
directly above the flaking (Pattern A), and the arrangement in which 
the storage and transmission components are directly above the 
flaking (Pattern B).

4.3 Damage Detection Performance with ADDS

The maximum terminal-to-terminal voltage at 5 minutes after 
measurement is shown in Fig. 9. Figure 9 (a) and (b) show the re-
sults for arrangement A and B, respectively. When the capacitor 
voltage did not reach 5 V in 5 minutes, capacitor voltage hardly in-
creased thereafter, and the transmitter was not driven.

As shown in Fig. 9, the capacitor voltage increased with in-
creasing running distance for both patten A and B. This can be con-
sidered as follows: flaking develops as the travel distance increases, 
the axle box vibration increases with the development of flaking, 
resulting in an increase in the load applied to the power generation 
module in the DDR for damage detection. The vibration accelera-
tion of the axle box, measured separately in this test, increased with 
increasing running distance. On the other hand, when the maximum 
value of the capacitor voltage under the same test conditions was 
compared between pattern A and B, pattern A was larger, indicating 
a higher power generation performance. Note that in pattern A, there 
is a possibility of detection of the flaking when the bearing rotates at 
the equivalent speed of 70 km/h or more after the cumulative rota-

tion has reached the equivalent travel of 50,000 km~100,000 km 
after the flaking occurred.

4.4 Wireless transmitter driving conditions

As shown in Fig. 9, the maximum values of the capacitor volt-
age were different between pattern A and B. To understand this fac-
tor, as in the shaking test, the conditions required for the capacitor 
voltage to reach 5 V and for the transmitter to be driven were exam-
ined using the measured results of the capacitor voltage and the 
generated voltage of the power generation module.

As examples of the results of capacitor voltage and generated 
voltage immediately after the start of measurement in patterns A and 
B, the results for a rotational speed of 110 km/h after rotation equiv-
alent to 100,000 km of driving are shown in Fig. 10. In Fig. 10, (a) 
is the capacitor voltage and (b) is the generated voltage.

As shown in Fig. 10, both the capacitor voltage and the gener-
ated voltage are larger in pattern A than in pattern B. Therefore, to 
evaluate the difference in power generation performance between 
pattern A and pattern B, the amount of electric energy was calculat-
ed from the results of the capacitor voltage at 1 second after the start 
of measurement using the following equation.

 (1)

where W is the electric energy (J), C is the capacitance (C/V), 
and V1s is the capacitor voltage (V) 1 second after the start of mea-
surement.

W = CV 2
1S

1
2

Fig. 7  Occurrence and progress of flaking of damaged bearings used in damage detection performance evaluation 
tests

Fig. 8  Arrangement of DDR for damage detection in the 
test

Fig. 6  Condition of the evaluation test of damage detec-
tion performance
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The amount of electric energy W calculated from the results in 
Fig. 10(a) was 0.11 mJ for pattern A and 0.01 mJ for pattern B. From 
these results, it was assumed that the higher the amount of electric 
energy, the higher the capacitor voltage. Therefore, the relationship 
between the amount of electric energy and the capacitor voltage for 
all test conditions was determined. The results are shown in Fig. 11.

Figure 11 shows that the maximum capacitor voltages of both 
patterns A and B tend to increase as the electric energy increases. On 
the other hand, comparing the capacitor voltages of patterns A and B 
at the same electric energy level, the capacitor voltage of pattern B 
is generally lower. In addition, the condition for the electric energy 
to reach the capacitor voltage of 5 V may be less than 0.05 mJ in the 
case of pattern A, but may not reach even at 0.05 mJ or more in the 
case of pattern B. These results indicate that the magnitude of the 
electric energy differs depending on the arrangement and that fac-
tors other than the electric energy may affect the condition for the 
terminal-to-terminal voltage to reach 5 V.

Therefore, the influence of the generated voltage from power 
generation modules was examined in the same way as in the case of 
the vibration test. As an example, in the case of the results shown in 
Fig. 10(b), the generated voltage is about 18.9 V for pattern A and 
about 7.9 V for pattern B. The relationship between the generated 
voltage and the maximum value of the capacitor voltage is shown in 
Fig.12. However, as in the case of the vibration test, the figure 
shows the generated voltage of the smaller of the two power gener-
ation modules.

Figure 12 shows that the capacitor voltage increases as the 
generated voltage increases for both patterns A and B. The capacitor 
voltage reaches 5 V when the generated voltage is approximately 14 
V or higher. This value is almost equivalent to the result of approx-
imately 13V obtained in the vibration test.

The above results show that the magnitude of the generated 

voltage from the power generation module has a significant effect on 
driving the transmitter. One of factors that makes the generated 
voltage of pattern A higher than that of pattern B and makes it easier 
to drive the transmitter is that in the case of pattern A, the power 
generation components of the DDR are located at the center of the 
load zone, which is directly above the flaking, and the power gener-
ation module is easily subjected to the load.

5. Proposal of damage detection method during actual driving

When DDRs are installed on an actual bogie, radio signals may 
be transmitted even during normal running because the DDRs are 
subjected to various vibrations that occur during running. On the 
other hand, if damage occurs to the axle bearings, the frequency of 
radio transmission is likely to increase. Therefore, as shown in 
Fig. 13, it is thought that damage can be detected by sensing the 
difference in radio transmission intervals between normal running 
and running when damage occurs.

Furthermore, when ADDSs are installed in actual vehicles, re-
ceivers are assumed to be installed in vehicle bodies, so it is neces-
sary to select their installation location based on reception sensitivi-
ty and other factors.

6. Conclusion

As an ADDS, a DDR with a built-in piezoelectric element and 
a transmitter for a wireless device was built, and its basic perfor-
mance and damage detection performance were evaluated.

Fig. 9 Max. of capacitor voltage Fig. 10  Example of measurement results of capacitor 
voltage and generated voltage (after 100,000 km, 
rotation speed 110 km/h)
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As a result, it was found that, as basic performance, the higher 
the amplitude and frequency of the load applied to the DDR, the 
higher the piezoelectric efficiency. As for damage detection perfor-
mance, it was found that when damage occurs in the bearing, the 
piezoelectric element in the DDR can generate enough electricity to 
drive the transmitter of the wireless device and signal the occurrence 
of damage, if the bearing rotates at an equivalent vehicle speed of 70 
km/h or more after having experienced a cumulative run of 50,000 
km to 100,000 km from the damage. Furthermore, it was found that 
to drive the transmitter, a voltage of 13 V~14 V or higher must be 
generated from a power generation module using a piezoelectric 
element housed in the DDR.

References

[1]  Chiba, S., Ishi, K., “Application and improvement of reliability 
of the TC type of the temperature detector system,” JR EAST 
Technical Review, No. 29, p. 31, 2009 (in Japanese).

[2]  Uemura, Y., Nakata, K., Oba, T., Hirano, M., “Development of 
the temperature detector of the axle box of bogie of the shinkan-
sen,” JREA, Vol. 56, No. 5, pp. 377714-377717, 2013 (in Japa-
nese).

[3]  Nogimura, R., Mamada, S., Okamura, Y., Yamanaka, S., Suzu-
ki, Y., “Development on detection technique of bearing damag-
es by sensor rubber isolator,” J-Rail2017 Proceeding, S2-7-5, 
2017 (in Japanese).

[4]  Yoshida, Y., Kobayashi, Y., Uchida, T., “Development of the 
monitoring system that operates with the power generated from 
the bridge vibration,” Journal of Japan Society of Civil Engi-
neers, SER. AI Structural Engineering & Earthquake Engineer-
ing, Vol. 70, No. 2, pp. 282-294, 2014 (in Japanese).

[5]  Mamada, S., Takenaka, H., Ohta, T., Takahashi, K., Suzuki, D., 
“Damage detection of bearing in gear case by using piezoelec-
tric element incorporated in hanging rubber for gear case of 
rolling stock (Evaluation of defection performance by bench 
test),” Transactions of the JSME, Vol. 86, No. 890, 2020 (in 
Japanese).

[6]  Fujimoto, S., Imai, T., Ichiki, M., “Study on method of vibration 
power generation using piezoelectric element (3rd report, exam-
ination of optimal layer number of laminated piezoelectric ele-
ments),” journal of Japan Society for Design Engineering, Vol. 
52, No. 9, pp. 567-582, 2017 (in Japanese).

Authors

Shogo MAMADA, Ph.D. in Eng.
Senior Chief Researcher, Head of Vibration-
Isolating Materials Laboratory, Materials 
Technology Division
Research Areas: Isolating Rubber, Functional 
Rubber, Composite Materials

Tatsuya OHTA
Assistant Senior Researcher, Vibration-
Isolating Materials Laboratory, Materials 
Technology Division
Research Areas: Isolating Rubber, Composite 
Materials, Environment Materials

Yoshiaki OKAMURA, Ph.D. in Eng.
Senior Researcher, Lubricating Materials 
Laboratory, Materials Technology Division
Research Areas: Tribology, Roller Bearing, 
Metallic Material

Fig. 11  Relationship between max. of capacitor voltage 
and electric energy

Fig. 12  Relationship between max. of capacitor voltage 
and generated voltage

Fig. 13 Image of damage detection in actual driving

QR of RTRI, Vol. 64, No. 3, Aug. 2023198
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This study aims to understand the effect of decarburization on microcrack formation on rails by an on-
site (laying) test. Test pieces with and without decarburization were compared under the same test condi-
tions. The results show that decarburization affects the formation of microcracks and plastic flow. Further-
more, we investigated the decarburization effect on microcrack formation using test pieces taken from 
actual tracks. A comparison of test pieces with and without a decarburized layer showed that the crack 
density of rails on the unground was 2.7-5.7 times higher than that of rails ground at a cumulative tonnage 
of 23 MGT.

Key words: rail, decarburization, on-site (laying) test, microcrack
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1. Introduction

One problem that occurs when using rails is squats, which are a 
type of rolling contact fatigue (RCF). It is believed that squats are 
caused by the formation of microcracks on a rail surface due to re-
peated wheel contact, and that some of these cracks can grow in size 
[1-5]. If squat cracks continue to grow, a rail may break. Therefore, 
railway operators need to inspect rails and identify squat formation, 
which accounts for part of the cost of railway maintenance. In addi-
tion, railheads are often ground to prevent squats [6-9]. 

During rail manufacturing processes, rail material is heated in 
the atmosphere. At high temperatures, oxygen in the air reacts with 
carbon on the surfaces of steel, and carbon is eliminated as a gas: 
this process is called decarburization. Decarburization decreases the 
carbon concentration beneath the surface of steel. The portion of the 
surface where decarburization occurs forms a decarburized layer. It 
is well known that this decarburized layer reduces mechanical prop-
erties and hardness. The thickness of a decarburized layer depends 
on many factors, including the atmosphere in the heating furnace 
[10, 11]. 

A study on the effect of a decarburized layer on RCF was pre-
viously conducted using a two-cylinder test [12-14]. These labora-
tory studies revealed the following: wear is promoted by decarbu-
rized layers, but the effect on RCF is small because decarburized 
layers are shallow compared to the depth of the maximum applied 
shear stress or the RCF crack propagation mechanism. However, the 
two-cylinder test conditions adopted a slip ratio of ～1%-4.5%, and 
head checks were targeted. Therefore, the aforementioned test was 
not appropriate to be applied to squats in straight rail sections.

Thus, in this study, we investigated microcracks and decarburi-
zation layers in rail steels through laying tests. In laying tests, spec-
imens, or actual rails with decarburization layers were compared to 
those without decarburization layers.

2. Survey of rail decarburized layer formation

Survey targets were 50-kg∙N rails and 60-kg rails manufactured 
in Japan as specified in JIS E1101 [15]. The number of rails was 30 
and the rails had no heat history. The depth of the decarburized layer 
was measured at the depth of the closed ferrite network specified in 
ISO3887 [16]. The evaluation of decarburized layer depth complied 
with the method defined in ISO 5003; the observed cross section 
was in the longitudinal direction of the rail and the observation po-
sition in the width direction of the rail was at the center of the width 
of the rail head. After the observed cross section was mirror polished 
and corroded with 5% Nital, metallographic photographs were tak-
en.

A decarburized layer with thickness of about 0.14 to 0.45 mm 
was formed on the 30 new rails. The average depth of the decarbu-
rized layer of the surveyed rails was 0.29 mm, and the standard de-
viation was 0.14 mm. Figure 1 shows a photograph of the metal 
structure of the average investigated decarburized layer depth.

Fig. 1  Example photograph showing typical metallo-
graphic structures of new unused rails
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Development and Application of Aseismic Reinforcement Method for Railway 
Earth Retaining Structures
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Earth retaining structures, such as bridge abutments and retaining walls, are con-
structed at the boundary of bridges or embankments.  There are a variety of earth retaining 
structure failure modes, therefore in order to be able to ensure rational aseismic reinforce-
ment, it is necessary to develop a range of different aseismic reinforcement methods adapted 
to the relevant earth retaining structure’s failure mode. Moreover, there are many cases where 
construction work is severely restricted due to various limitations, such as land boundaries, 
available space, and time available for construction work. Therefore, the authors propose an 
aseismic reinforcement method, which can both improve seismic performance of earth retain-
ing structures and be carried out efficiently. This paper outlines this research and describes 
some examples of the practical application of the newly developed reinforcement method.

Keywords: earth retaining structure, aseismic reinforcement, soil reinforcement

1.  Introduction 

This paper presents the development and applications 
of aseismic countermeasures for earth retaining structures 
such as bridge abutments and retaining walls. In the 1995 
Hyogo-ken Nanbu Earthquake, not only bridges and via-
ducts but also many earth retaining structures were se-
verely damaged. In response to this, what is known as level 
2 seismic motion is now considered in the Japanese railway 
design, and aseismic reinforcement of existing structures 
is being implemented to ensure the seismic performance of 
the railway structures. Aseismic reinforcement of bridges 
and viaducts, to prevent shear failure is now almost com-
plete in Japan. Now, implementation of aseismic counter-
measures for existing earth structures, earth retaining 
structures, and bridge foundations has begun.

Figure 1 shows conventional aseismic reinforcement 
methods applied to a bridge abutment: strut work, injec-
tion method with sheet pile shut-off work, and installation 
of ground anchors or soil reinforcement. Figure 2 illustrates 
a typical type of aseismic reinforcement method applied to a 
masonry wall by soil reinforcement with additional RC fac-
ing construction. However, carrying out these reinforcement 
methods requires occupying a large space in front of the struc-
ture during construction. In locations where space is limited, 
such as in urban areas, construction itself often becomes diffi-
cult due to site restrictions and the construction environment. 
Nevertheless, the vast number of existing earth retaining 
structures and structures requiring aseismic reinforcement in 
urban areas, means that there is strong demand for the devel-
opment of an economical aseismic reinforcement method that 
can be applied even on sites subject to severe constraints.

This paper reports on the research, development and 
application of aseismic countermeasures for earth re-
taining structures that can not only secure performance 
against level 2 seismic motion but are also suitable for 
these restrictive construction conditions in urban areas.

2.  Aseismic reinforcement of bridge abutments 

Following massive earthquakes in Japan, many cases 
in of residual sliding and tilting displacement of the abut-
ment and associated backfill settlement were observed. 
Residual displacement of the abutment and settlement of 
the backfill soil results in relative displacement between 
the abutment and the backfill. In the case of railway struc-
tures, this relative displacement causes a significant track 
irregularity, which has a direct impact on train running 

Fig. 1   Examples of conventional reinforcement method 
for existing bridge abutment

Fig. 2   Examples of conventional reinforcement method 
for existing masonry wall
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3.  Investigation of decarburized layer and microcracks by lay-
ing tests

3.1 Investigation method

For rails with different decarburized depths, partial rail replace-
ment was performed every constant passing tonnage and microcrack 
formation was investigated. Metallographic observation was per-
formed on a surplus portion of rails generated during rail replace-
ment with new rails. The sections where the decarburized depth of 
each rail at the replacement point had been examined in advance 
were selected as investigation locations. For applicable rails, partial 
rail replacement was performed every 10 to 50 MGT in cumulative 
passing tonnage. 

The relationship between the decarburized depth and passing 
tonnage and microcrack formation was investigated. For part of the 
investigated section, the rail top surface was ground with a one-
grindstone-type rail grinder so that it had no decarburized layer. 
Figure 2 outlines the replacement and grinding of the rails. The track 
conditions of the selected investigation locations were a straight 
section, a double-track section, and a station-to-station section. Rail 
replacement and rail grinding were performed for these line sections 
in the stages described below.

Stage I:   A ‘New Rail 1’ was laid in place of an ‘Existing Rail.’ 
During the rail replacement, a new rail surplus portion 
was generated, and part of the Existing Rail (A in Fig. 2) 
was provided to us. Metallographic observation was con-
ducted to investigate the decarburized depth and crack 
formation status.

Stage II:   Two weeks after the New Rail 1 was laid, the decarburized 
layer on the rail top surface was removed using a one-grind-
stone-type rail grinder on a selected portion of the New Rail 1.

Stage III:  Twelve months after the ‘New Rail 1’ was laid, rail re-
placement was performed for a part of the ‘Existing Rail 
Section’ (B in Fig. 2), the ‘New Rail 1’ (C in Fig. 2) and 
the ‘Rail Grinding Section’ (D in Fig. 2). Microcrack for-
mation status was investigated. 

  The newly replaced section was defined as the ‘New Rail 
2.’ Metallographic observation of the surplus portion gen-
erated at the replacement was performed and the decarbu-
rized depth was investigated.

Stage IV:  Six months after the New Rail 2 was laid, rail replacement 
was performed for the ‘Existing Rail Section’ (E in Fig. 2), 
the ‘New Rail 2’ (F in Fig. 2), and the ‘Rail Grinding Section’ 
(G in Fig. 2). Microcrack formation status was investigated.

3.2 Removal of decarburization layer via grinding

In this investigation, the rail top surface was ground using a 
one-grindstone rail grinder to create a section with no decarburized 
layer. Regarding the decarburized depth trend of the New Rail, the 
average decarburized depth of new rails was 0.29 mm. Figure 3 
shows the appearance of the ground rail top surface and Fig. 4 
shows the grinding amounts calculated from the rail profile mea-
surements made for unground and ground rail profiles. No temper 
color due to overheating during grinding was observed in the grind-
ing trace and the grinding finish was good. The grinding amount of 
the rail top surface, which ranged ±20 mm from the center of the rail 
width, was generally about 0.40 to 0.80 mm.

3.3 Decarburization layer depth of each rail

After a rail is laid, its wear progresses due to repeated contact 
with wheels. Therefore, surplus portions generated at the replace-
ment were used to examine decarburized layers formed during the 
rail manufacturing stages. To examine the decarburized layer of the 
Existing Rail, the decarburized depth was investigated via metallo-
graphic observation of a railhead portion not in contact with wheels 
because it was assumed that wear had already progressed. Figure 5 
shows photographs of the metallographic structures of the rails. A 
decarburized layer had formed in each of the rails with a depth of 
～0.21 to 0.42 mm. In addition, the rail grinding amount in the pre-
vious subsection was generally about 0.40 to 0.80 mm; therefore, 
the decarburized layer on the section where one-grindstone-type rail 
grinding was performed (New Rail 1) was considered to have been 
removed. Figure 6 shows the distribution of carbon concentration of 
a New Rail 1 test piece by an EPMA. The quantitative evaluation of 
carbon concentration obtained via an EPMA was similar to the re-
sult obtained by measuring the depth of the decarburized layer. 
Table 1 summarizes the decarburized depths of the rails, also includ-
ing the passing tonnage at rail replacement during the investigation.

3.4  Measurement of microcracks via metallographic observa-
tion

For each rail with different decarburized depths and passing 
tonnages, a metallographic observation was performed on the cross 
section in the rail-width direction to investigate microcrack forma-
tion status. The running bandwidth is different for each rail; there-
fore, metallographic observation was performed near the center of 
the section where the running bandwidth was common among the 
rails. Metallographic observation was performed at a length of about 
150-mm length in the longitudinal direction of the rail. 

Fig. 2 Outline of replacement and grinding of rails
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Figure 7 shows photographs of typical microcracks observed in 
each rail (left) and photographs of locations where these cracks 
formed after corrosion by 5% Nital (right). Tables 2 summarizes the 
microcrack formation results observed for each rail. Shading in the 
table indicates that the rails are from the same production lot. The 
order of the table is based on the number of passing tonnages and the 
history of rail grinding. Regarding the scope of measurement, this 
investigation excluded cracks with a length of 10 μm or less, which 
become wear debris or are difficult to identify, and those with no 
inward extension of the rail. Figure 8 shows boxplots and whisker 
plots describing the cracks on the rails. The whisker lengths indicate 
the maximum and minimum lengths of the measured cracks. The 

line in the middle of the boxplot represents the average and the 
width between the top and bottom lines represents the standard de-
viation. Figure 9 shows the relationship between crack density and 
passing tonnage.

Fig. 3 Ground rail top-surface appearance

Fig. 4  Unground and ground rail profiles (upper: rail pro-
file; lower: grinding amount)

Fig. 5 Decarburized depths of each rail type

Fig. 6  Carbon concentration distribution for the New 
             Rail 1 test piece obtained by EPMA

Table 1  Decarburized depths of rails and passing ton-
nages at replacement
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4. Discussion

4.1 Crack density and decarburization layer

All unground rails had a remaining decarburized layer and, 
near their microcracks, had a plastic flow layer and decarburized 

layer generated by contact with wheels. Further, a decarburized 
layer was confirmed in rail E, which had the largest passing tonnage 
among all the rails. This is because the depth of the decarburized 
layer was larger than the amount of wear at the observation position. 
This plastic flow layer was considered to be formed by a partial 
slipping in a contact patch against wheels.

Rails D and G were sufficiently ground and decarburized layers 
were removed. A ferrite layer, which is pro-eutectoid ferrite formed 
in the equilibrium state of the steel of the rail composition, was 
partially observed via metallographic observation for rails D and G. 
Rail C (New Rail 1) and D (Ground Rail) having the same decarbu-
rized depths formed during manufacture, were located, respectively 
where grinding was performed or not after rail laying. Since their 
passing tonnages were identical (23 MGT), the difference in the 
existence of the decarburized layer has meaning for evaluation.

The crack density of the rail having a decarburized layer was 
～5.7 times higher. Focusing on the measured maximum crack 
length, the crack length of the rail having a decarburized layer was 
approximately 1.5 times longer than that of the rail whose decarbu-
rized layer was removed. Previous studies [17] have reported the 
influence of RCF crack initiation by pro-eutectoid ferrite using a 
testing machine. The results of this field tests agreed with those re-
ports. However, no remarkable difference was found in crack depth. 
Considering that the observed crack depth was almost the same as 
the depth of the plastic flow layer, it is probable that the passing 
tonnage was not large enough to affect the crack depth until these 
cracks significantly grew.

4.2 Crack formation due to increased passing tonnage

Rails A, B and E were all the same Existing Rail, except that 
their passing tonnages were different (18, 41 and 52 MGT, respec-
tively). This allowed us to evaluate the changes in crack formation 
due to increased passing tonnage. The crack density tended to in-
crease as the passing tonnage increased.

It was previously reported that squat increases with rail age, 
that is, passing tonnage [18]. Observations for a passage tonnage of 
up to 50 MGT have revealed that the number of microcracks caused 
by the decarburized layer also increased. These microcracks may 
grow into squats as passing tonnage increases. However, it must 
also be considered that squats disappear due to wear and competi-
tion after the formation of microcracks.

4.3 Effect of grinding

Rail G was ground after rail laying and reached a passing ton-
nage of 34 MGT. The crack densities at its investigation location 
were ～0.30 cracks/mm; these cracks were less severe than those 
observed at Rail F (unground rail with a passing tonnage of 11 
MGT) in terms of crack density (0.77 cracks/mm). From this result, 
the first rail grinding after laying can be considered to have reduced 
the number of cracks by removing decarburized layers. However, 
even when rail grinding was performed, microcracks were observed 
on the rails. Previous studies have indicated that pro-eutectoid fer-
rite in hypoeutectoid steels may cause squats [19]. Since the rail 
studied here is also hypoeutectoid steel, this could be the cause of 
the observed microcracks.

4.4 Progression of microcracks to squats and effects of grinding

Crack propagation is related to factors such as wheel load 
change, track irregularity [20], residual stress [21] in rails and the 

Fig. 7 Example of metallographic observations of each  
             rails
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effect of liquid inside the crack [22]. In the range analyzed in this 
study (150 mm rail length), more cracks were present in rails with 
decarburized layers than in those without decarburized layers. The 
potential for these cracks to propagate into squats is related to the 
aforementioned factors. Therefore, it was not possible to confirm 
whether the microcracks investigated in this study grow directly 
into squats, but it is thought that the relationship between microc-
racks and decarburized layers, which could be the initial of squats, 
could be understood.

Since all the observed crack depths were <0.1 mm, the cracks 
will be removed by grinding 0.1 mm at a cumulative passing ton-
nage of 50 MGT, which is a general rail grinding index in Japan [9]. 
However, squats occur at ≤50 MGT [23]; and there is a high tenden-

cy for squats to occur when rail grinding is performed at a passing 
tonnage of ≥50 MGT after the rail laying [24]. However, we are 
unsure whether these are caused by rolling fatigue or white etching 
layers. According to the analysis results of rails with 50 MGT or less 
in this investigation, the crack density and the maximum crack 
length tended to increase due to the decarburized layers. Therefore, 
we need to consider the operation of a rail grinding machine and the 
grinding cost, but rail grinding at a passing tonnage of less than 50 
MGT may reduce cracks that cause squats.

5. Conclusion

To identify the effects of decarburized layers of rail surfaces on 
crack initiation, the effect of the decarburized layer was confirmed 
via the laying test on the same line section.
(1)  In the laying test, a comparison between unground rails (with a 

decarburized layer) and ground rails (no decarburized layer) at a 
cumulative passing tonnage of 23 MGT showed that the crack 
density of rails with a decarburized layer was ～5.7 times higher, 
and the maximum crack length of the rails was ～1.7 times larg-
er than that of rails whose decarburized layer was removed.

(2)  For rails that experienced grinding shortly after rail laying and 
then reached a passing tonnage of 34 MGT (with no decarbu-
rized layer), the crack densities at investigation locations were 
approximately 0.30 cracks/mm. Micro crack formation was less 
severe than in the case of the rail having crack densities (0.77 
cracks/mm) which experienced a tonnage of 11 MGT without 
grinding (with decarburized layers). The removal of decarbu-
rized layers by grinding effectively suppressed microcrack prop-
agation.

(3)  In the range analyzed in this study (150 mm rail length), more 
cracks were present in rails with decarburized layers than in 
those without decarburized layers. Therefore, it is not possible to 
confirm whether the microcracks investigated in this study grow 
directly into squat, but it is thought that the relationship between 
microcracks and decarburized layers, which could be the initial 
of squats, could be understood.
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Appropriate maintenance of tracks is vital for the safe operation of railways. Properly managing track 
facilities is necessary to prevent buckling of rails. Changes in society are creating a shortage of workers, a 
decrease in skilled engineers, a decrease in passenger income, and an increase in the need to develop low-
cost inspection methods which do not require experience. Therefore, we have developed a method using only 
inexpensive camcorders, which can extract information from images to detect joint gaps, wooden sleeper 
deterioration and ballast shape, and estimate the kilometer point of these images to locate the installations 
in question. This paper describes the outline of the method and its application results.

Key words: image analysis, train front image, track facilities, inspection

1.  Introduction

Proper track maintenance is important to ensure safe operation 
of railways. Track information related to buckling stability in partic-
ular needs to be verified and track facilities properly managed. 
However, a shrinking workforce and decreasing passenger revenue 
are leading to a shortage of workers and skilled technicians. As a 
result, it is necessary to develop low-cost methods to inspect the 
condition of track facilities that do not require special experience.

Therefore, we have developed a method to extract information 
about the condition of track facilities related to vehicle running 
safety from images taken from the front of a train using only an in-
expensive and easily obtainable handy camera. The extracted infor-
mation includes the size of joint gaps, the degree of sleeper deterio-
ration, whether a fastening device has fallen off, and the width of the 
ballast bed shoulder and the height of excess ballast for determining 
the lateral resistance of the ballast bed. Automating inspections that 
have been previously performed on foot or by using special vehicles 
can reduce costs, increase inspection frequency, and make inspec-
tions more flexible depending on the situation.

This paper describes the following developed methods: a pro-
jective transformation method that converts images taken from the 
front of trains taken by train-mounted handy cameras into an un-
der-floor image for inspecting the condition of track facilities, a ki-
lometer estimation method for each image to identify the location of 
facilities to be inspected, a rail spacing measurement method, a 
method for determining the deterioration of wooden sleepers, and a 
method for estimating ballast bed geometry. In addition to describ-
ing the methods, this paper also reports on the results obtained from 
the application of these methods.

2.   Generation of underfloor images by a projective transforma-
tion

2.1 Capturing forward-facing images from a train cab

When photographing a track surface, it is desirable to install a 

handy camera to obtain a bird’s-eye view from directly above. How-
ever, considering that the camera is installed in the driver’s cab of a 
train, we took images diagonally downward from the cab as shown 
in Fig. 1. In this case, the lower part of the captured image will be 
large because the distance from the camera is close, and the upper 
part of the image will be small because the distance from the camera 
is far. When acquiring information about track facilities by image 
analysis, there should be no difference in scale depending on the 
coordinates in the image. Therefore, we transformed the acquired 
image using a method called projective transformation to generate 
an underfloor image as if it were a bird’s-eye view of the track sur-
face from directly above.

2.2 Underfloor imaging by a projective transformation

In this section, we describe projective transformation in two 
dimensions. Each pixel in an image can be denoted as a point in 
two-dimensional space, and its coordinates are represented by two 
values x = (x, y, 1)∈ℝ3. The coordinates before the transformation 
are denoted by x, and the coordinates after the transformation are 
represented by x′, and the geometric transformation in two dimen-

Fig. 1 Example of capturing images in front of a train
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Earth Retaining Structures
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Earth retaining structures, such as bridge abutments and retaining walls, are con-
structed at the boundary of bridges or embankments.  There are a variety of earth retaining 
structure failure modes, therefore in order to be able to ensure rational aseismic reinforce-
ment, it is necessary to develop a range of different aseismic reinforcement methods adapted 
to the relevant earth retaining structure’s failure mode. Moreover, there are many cases where 
construction work is severely restricted due to various limitations, such as land boundaries, 
available space, and time available for construction work. Therefore, the authors propose an 
aseismic reinforcement method, which can both improve seismic performance of earth retain-
ing structures and be carried out efficiently. This paper outlines this research and describes 
some examples of the practical application of the newly developed reinforcement method.

Keywords: earth retaining structure, aseismic reinforcement, soil reinforcement

1.  Introduction 

This paper presents the development and applications 
of aseismic countermeasures for earth retaining structures 
such as bridge abutments and retaining walls. In the 1995 
Hyogo-ken Nanbu Earthquake, not only bridges and via-
ducts but also many earth retaining structures were se-
verely damaged. In response to this, what is known as level 
2 seismic motion is now considered in the Japanese railway 
design, and aseismic reinforcement of existing structures 
is being implemented to ensure the seismic performance of 
the railway structures. Aseismic reinforcement of bridges 
and viaducts, to prevent shear failure is now almost com-
plete in Japan. Now, implementation of aseismic counter-
measures for existing earth structures, earth retaining 
structures, and bridge foundations has begun.

Figure 1 shows conventional aseismic reinforcement 
methods applied to a bridge abutment: strut work, injec-
tion method with sheet pile shut-off work, and installation 
of ground anchors or soil reinforcement. Figure 2 illustrates 
a typical type of aseismic reinforcement method applied to a 
masonry wall by soil reinforcement with additional RC fac-
ing construction. However, carrying out these reinforcement 
methods requires occupying a large space in front of the struc-
ture during construction. In locations where space is limited, 
such as in urban areas, construction itself often becomes diffi-
cult due to site restrictions and the construction environment. 
Nevertheless, the vast number of existing earth retaining 
structures and structures requiring aseismic reinforcement in 
urban areas, means that there is strong demand for the devel-
opment of an economical aseismic reinforcement method that 
can be applied even on sites subject to severe constraints.

This paper reports on the research, development and 
application of aseismic countermeasures for earth re-
taining structures that can not only secure performance 
against level 2 seismic motion but are also suitable for 
these restrictive construction conditions in urban areas.

2.  Aseismic reinforcement of bridge abutments 

Following massive earthquakes in Japan, many cases 
in of residual sliding and tilting displacement of the abut-
ment and associated backfill settlement were observed. 
Residual displacement of the abutment and settlement of 
the backfill soil results in relative displacement between 
the abutment and the backfill. In the case of railway struc-
tures, this relative displacement causes a significant track 
irregularity, which has a direct impact on train running 

Fig. 1   Examples of conventional reinforcement method 
for existing bridge abutment

Fig. 2   Examples of conventional reinforcement method 
for existing masonry wall
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sions can be expressed by (1) when expressed by matrix multiplica-
tion in the homogeneous coordinate system.

x′ = Mx (1)
In this case, the type of geometric transformation depends on 

the matrix M. Table 1 shows that the type of geometric transforma-
tion depends on the matrices corresponding to the transformations, 
and Fig. 2 shows the concept of each transformation. Where I de-
notes the unit matrix, and R denotes the rotation matrix.

In the case of transforming a forward-facing image taken from 
the front of a train to an underfloor image, since the transformation 
is from a trapezoid to a rectangle, a projective transformation is 
used, which can transform any four of these two-dimensional geo-
metric transformations to any four points. The homography matrix 
H can be calculated by solving a system of simultaneous equations 
if the four corresponding points are known. Figure 3 shows an ex-
ample of an underfloor image of the front of the train using the 
projective transformation. Figure 3 shows that the trapezoid points 
abcd have been transformed into the rectangle a′bcd′.

3.  Kilometer estimation [1]

3.1 Purpose of kilometer estimation

Since railway facilities are maintained and managed on the 
basis of kilometers corresponding to the position of installations, it 
is necessary to calculate kilometers for each frame of the image in 
front of the train when inspecting by image analysis. Therefore, we 
calculate the kilometers from the front image of the train.

3.2 Calculation of train speed by optical flow

Although there are methods to calculate the velocity field be-
tween two images by template matching, these are sparse methods 
that calculate the velocity field for only some pixels. We used the 
optical flow method, which is a dense method that calculates the 
velocity field of all pixels in the image. This allows us to calculate 
the velocity field for every pixel in the image. We removed outliers 
by finding the mode of the calculated velocity field, and found the 
velocity vector in this frame as the moving velocity of the train 
[pixel/frame].

3.3 Correspondence with kilometers

The algorithm creates per-pixel distance data accumulating the 
speed of pixel movement in each frame. If the distance at the start of 
the video is zero, the pixel distance at frame is obtained by integrat-
ing the velocity from zero to t. Using the pixel unit distance data for 
the image frame and the reference data for the frame such as the 
kilometer distance of the station, the image frame-pixel unit dis-
tance is scaled up or down for each section of the reference data to 
create the kilometer distance data for the image frame.

Figure 4 shows the running curves calculated with the proposed 
method and the running curves calculated with the conventional 
method, template matching, for the same run. The conventional 
method has many obvious calculation errors around 0.9 km to 1.8 
km, while the proposed method has almost no errors. This indicates 
that the proposed method calculates speeds with fewer errors than 
the conventional method.

4. Joint gap measurement [2]

4.1 Purpose and overview of joint gap measurement

Since rails expand and contract due to the axial force generated 
by the rise and fall of rail temperatures, it is necessary to control the 
gap between the ends of adjoining rails at the joint (joint gap) to 

Fig. 4 Calculated run curve

Fig. 3 Track Image by projective transformation

Table 1  Matrices corresponding to 2D geometric trans-
formations

Fig. 2 Basic 2D geometric transformations

QR of RTRI, Vol. 64, No. 3, Aug. 2023206



prevent rail buckling or breaking, which can lead directly to acci-
dents. During joint gap inspection, a rail maintenance engineer 
measures the size of the gap at each joint using a gap gauge, com-
pares the results with a reference value, and judges whether the gap 
is admissible (as in within a pre-determined admissible range). If the 
joint gaps are below the reference value, the specified gap size can-
not be secured (no gap) at hot temperatures in summer, so the joint 
gaps need to be straightened. Until now, joint gap measurement 
work has been done on-site. Therefore, to replace on-site joint gap 
measurement work with photographing of the track surface by a 
train attendant, we developed a method to measure the joint gap 
using image analysis from the captured images.

4.2 Extraction of joint locations

To inspect joint gaps from images taken from the front of a 
train, it is necessary to extract joints from the image. Therefore, we 
extracted rail joints using deep learning. We used YOLOv4 as the 
network architecture, the method for the simultaneous detection and 
identification of objects. When the input image is applied to the 
YOLOv4 discriminator, the obtained outputs are: the object catego-
ry, the confidence (probability) of the category class, the horizontal 
position, the vertical position, the width, and the height. As training 
data, we specified that the entire structure of the joint, including the 
joint board and the bolts, fits into the training region, and used a total 
of 3,127 images (437 images with joint tags and 2,690 jointless im-
ages). Figure 5 shows an example of the results of deep-learning 
joint extraction.

4.3 Extraction of joint locations

Figure 6 shows the basic concept of the joint gap measurement 
algorithm. First, a “rail image without a gap” is pseudo-created by 
performing moving average processing in the longitudinal direction 
of the rail on the “rail image with a gap” that was taken. The joint 
gap (pixel) is calculated by labeling the shape obtained by the differ-
ence between the two images. Next, the vertical size of the joint 
plate that fastens the rail is extracted from the image. The resolution 
of the image is calculated using the ratio of the number of pixels 
obtained from this process to the actual dimension of 560 mm. Fi-
nally, using the calculated image resolution, the gap calculated by 
the number of pixels in the image is converted into the length of the 
implementation (mm), and it is found that the gap is measured from 
the captured track image.

Figure 7 shows the results of measuring the joint gap using this 
method. The joint gaps in the left rail and the right rail are 4.8 mm 
and 11.6 mm, respectively, and the joint gap shapes extracted by the 
algorithm are overlaid in red. Since the joint gap inspection requires 
measuring the smallest point for safety reasons, the gap measure-
ment algorithm uses the smallest value of the shape as the measure-
ment value after noise elimination.

4.4 Accuracy of measurement of joint gaps

To verify the accuracy of the gap measurement algorithm, as 
shown in Fig. 8, the size of joint gaps measured by humans from 
images (horizontal axis) was compared with the size of joint gaps 
based on the algorithm (vertical axis). This figure has a strong cor-
relation with a coefficient of determination of 0.95, so we can say 
that the algorithm estimated the values well. The maximum error 
was 2 pixels. Note that the image should be acquired at a resolution 
corresponding to the required accuracy for actual use in inspections.

5. Determination of deterioration of wooden sleepers [3]

5.1 Purpose of determining deterioration of wooden sleepers

Deterioration of sleepers affect the reduction of rail fastening 
force and, if continuous, is a factor in vehicle derailment. Hence, the 
deterioration of wooden sleepers is a crucial element in assessing 

Fig. 5 Extraction result of two joints

Fig. 8 Measurement results by image analysis

Fig. 6 Joint gap measurement algorithm

Fig. 7 Measurement results by image analysis
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the condition of track facilities in terms of vehicle running safety. 
Currently, sleepers are inspected individually by workers on foot. 
As an alternative to this work, we have developed an algorithm to 
determine the deterioration of each wooden sleeper based on images 
taken from the front of a train.

5.2 Criteria for judging deterioration of wooden sleepers

We extract sleepers and evaluate the degree of deterioration 
using a deterioration evaluation model trained by deep learning on 
underfloor images. Based on the deterioration judgment standard for 
wooden sleepers shown in Fig. 9, the model outputs a total of seven 
classes of evaluation: “A” and “B” for defective sleepers, “C” for 
minor damaged ones, “D” for good ones, “Uncategorized” for undi-
agnosed sleepers when the sleeper surface is hidden or buried or 
hidden by ballast, grass, etc., and “PC” for PC sleepers.

5.3 Extension of training data

As well known, Deep Learning has the property of discriminat-
ing categories with high accuracy by learning a large amount of 
image data. To extend training data, we assumed the influence of 
color tones due to weather and sun movement as environmental 
changes that may occur during actual shooting, creating four pat-
terns with a ±60% strength in the brightness and light/dark ratio. In 
addition to these four patterns, assuming white noise and blurring 
may occur during shooting, we expanded the data by adding 1,000 
pieces of noise and smoothing using random numbers to create two 
patterns. By combining these six image processing patterns, we in-
creased the number of data in A2 and B by a factor of about 5 and 
the number of data in C by a factor of about 1.5. This process ex-
panded the number of frames by a factor of 2, which was originally 
about 100,000, to build the model. We tagged about 370,000 sleep-
ers for about 200,000 images.

5.4 Management of evaluation results

Since the same sleeper and rail joint are reflected in multiple 
frames, when plotted on the kilometer axis, the plots are clustered 
according to the number of shots of the same sleeper. Since the clus-
tered plots are identical sleepers and rail joints, the clustered plots 
can be counted as a single facility. Therefore, we used the shortest 
distance method (single linkage method), which uses the shortest 
distance between plots among the cluster analysis methods, to clas-
sify the plots into classes. In this case, the number of classes is the 
number of sleeper and rail joints installed. Here, the threshold of the 

shortest distance between plots to be classified as different classes 
was set as follows. For sleepers, the threshold was set at 20 cm 
based on the vertical size, and for rail joints, the threshold was set at 
1 to 2 m because the rail length is 10 m or longer in most cases. For 
the ranks of sleeper defects, we adopted the rank with the worst 
condition for intra-class identification so that the system would de-
cide on the safe side.

5.5 Accuracy verification of degradation determination method

We evaluated the accuracy of the algorithm for judging the de-
terioration of wooden sleepers. We compared the results of the algo-
rithm’s evaluation with the results of the visual evaluation of the 
underfloor images by a maintenance engineer on 16,033 detected 
sleepers. Note that the results of visual evaluation by a maintenance 
engineer were used as the correct values for the evaluation. 
Figure 10 shows an example of the evaluation results, and Table 2 
shows the percentage of correct answers for each degree of deterio-
ration of the wooden sleepers. The percentage of correct answers for 
the degree of deterioration of the wooden sleeper is 88.6% for C, 
more than 90% for D and B to A, 72.1% for “not evaluated,” and 
98.5% for “PC.” Although the accuracy of evaluation for C is infe-
rior to that of the other deterioration levels, the average percentage 
of correct answers for D to A2 is more than 90%, indicating that the 
accuracy of evaluation of deterioration levels in this model is high. 
The sleeper detection accuracy was 16,033 (detection rate 99.5%) 
out of 16,111 total sleepers, indicating that the algorithm can detect 
sleepers with high probability.

6. Rail fastener dropout detection [4]

6.1 Detection method for rail fastener dropout

On concrete sleeper and slab track, it is important to control the 
condition of rail fasteners, which are intensively inspected by foot 
patrols. To completely replace foot patrols with cameras, it is neces-
sary to detect all the current inspection items, such as the overhang 
of track pads, etc. However, this study focused on rail fasteners, and 
developed a method to automatically detect rail fasteners based on 
images taken from the front of a train using deep learning detection 

Fig. 9  Standards for judging the degree of deterioration 
of wooden sleepers

Fig. 10  Detecting wooden sleepers and determining the 
degree of deterioration

Table 2  A matrix corresponding to a 2D geometric 
transformation
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and clustering as described in Chapter 5. The algorithm detects the 
locations where the calculated spacing of rail fastening devices is 
greater than the design value as the locations of rail fastening device 
dropouts.

6.2 Verification results of dropout detection

To verify the detection accuracy of the rail fastener, we pro-
cessed and calculated the detection rate for about 2.8 km of images 
(about 16,000 images) taken. The results showed that the detection 
rate was more than 99.6%, indicating that the system detected with 
high accuracy. The main reasons for non-detection were due to 
shadows of overhead wires and vegetation, which were clearly not 
detectable even visually. As an example of the estimated locations 
of rail fastening device dropouts, the distribution of rail fastening 
devices is shown in Fig. 11. The plots of rail fastening devices are 
generally aligned at intervals of 0.6 m and can be accurately cap-
tured. In addition, the algorithm detected two cases where the spac-
ing between rail fasteners was 1.0 m or more. The detected locations 
are shown in Fig. 12. Although the detection results are output with 
a mixture of “dropped” and “unextracted” locations of rail fastening 
devices, the practical impact is considered to be minimal.

7. Estimation of ballast bed geometry [5]

7.1 Purpose of ballast bed geometry estimation

One of the most important aspects of rail running safety is the 
lateral resistance of the ballast bed. The lateral resistance of the 
ballast bed is the resistance to sleeper movement in the left-right 
direction and plays a significant role in preventing rail buckling. 
Sufficient height and width of the ballast bed shoulder are required 
to ensure the lateral resistance of the ballast bed. The extra heights 
are the highest points of each of the left and right sleeper shoulders. 
The shoulder width is the distance from the edge of the sleeper to the 
point on the outside of the hemming where it is the same height as 
the edge of the sleeper. The smaller value is measured as the safe 
side during the inspection. Since the ballast bed is subject to settle-
ment and collapse due to external factors such as a train running, it 
must be maintained periodically. Therefore, we have developed a 
method to estimate the shape of the ballast bed.

7.2 Estimation method of ballast bed geometry

To estimate the ballast bed geometry from undercarriage imag-
es transformed from forward-facing images taken from the train, we 
applied the principle of triangulation. Figure 12 shows a conceptual 
diagram of the principle. When the camera moves, objects close to 

the camera are captured with a larger displacement, and objects 
farther from the camera are captured with a smaller displacement. In 
other words, the relationship between the distance h from the cam-
era and the amount of object movement l seen from the camera is 
proportional. Using this relationship, the shape of the ballast bed is 
estimated from the amount of movement. The amount of movement 
is calculated using the optical flow described in Chapter 3. The spe-
cific processing procedure is as follows:
(1)  Perform a projective transformation on the captured for-

ward-facing images from the front of the train to generate an 
underfloor image.

(2)  From the information on the rail and its vanishing point in the 
image from the front of the train, the tilt angle of the camera and 
the distance from the camera to the object are derived, and these 
values are used to determine the height of the camera from the 
center of the track surface sleeper.

(3)  Calculate the optical flow from the under-floor images of succes-
sive frames.

(4)  Calculate the height of each point in the image from the ratio of 
the height of the camera to the height of the track surface ob-
tained in the procedure above. Then estimate the cross-sectional 
shape of the ballast bed at that point.

(5)  Form the three-dimensional shape of the ballast bed by connect-
ing the cross-sectional shapes at each frame.

7.3 Estimation results of ballast bed geometry

Figures 13 and 14 show the results of the 3-D estimation of the 
ballast bed and its 3-D cross-sectional profile. The results correctly 
represent the extra heights of sufficient ballast at the sleeper ends. It 
was also confirmed that the ballast bed shoulder width and extra 
heights can be measured based on this cross-sectional view.

Fig. 12  Relationship between distance from camera and 
amount of movement

Fig. 11 Distribution of rail fasteners
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8. Summary and future work

To reduce the cost of inspecting track facilities, we have devel-
oped the following methods: a projection transformation method to 
convert images taken by a handy camera from the front of a train 
into under-floor images for inspection, a kilometer estimation meth-
od for each image to identify the location of the inspected facilities, 

a method for measuring joint gaps, a method for determining deteri-
oration of wooden sleepers, and a method for estimating ballast bed 
geometry. Each method has a detection and measurement perfor-
mance of more than 90% and has the potential to be used in inspec-
tions. We will improve these methods for use in actual inspections. 
Since these image analysis technologies can be applied to systems 
other than track facilities, we will also investigate their application 
to other systems.
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We developed a method for evaluating the effect of disaster countermeasures using two indices: volume 
of freight transportation on a freight railway network during disruptions caused by natural disasters and 
sum of costs borne by freight railway operators during restoration periods. The evaluation method aims to 
support train operator decision-making regarding implementation of disaster countermeasures. A case study 
applying the evaluation method demonstrated that the method could provide appropriate evaluation results 
contributing to decision-making by operators.
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1. Introduction

Natural disasters are becoming more severe and more frequent. 
When they do occur, they often cause long-term disruption to rail-
way freight transportation. Therefore, it is necessary to minimize the 
impact of natural disasters, even when they exceed expectations, by 
ensuring that freight transportation can continue as much as possible 
or by restoring it as early as possible. In other words, it is important 
to improve the resilience of railway freight transportation against 
disasters.

Under these circumstances, freight railway operators have de-
signed business continuity plans (BCPs) in case of large-scale natral 
disasters, and as part of this, the operators have been considering 
various disaster countermeasures. However, resources that the oper-
ators can invest in disaster countermeasures are limited. Moreover it 
takes a lot of time to implement these countermeasures. Therefore, 
to maximize the effectiveness of investment in disaster countermea-
sures, it is desirable that decision-making by the operators regarding 
disaster countemeasures, such as judgment of the necessity of im-
plementation or prioritization of implementation, is based on quan-
titative evidence.

Several studies have reported on methods for evaluating the 
effects implementing disaster countermeasures in Japan [1, 2], how-
ever they focused on mainly road networks. In addition, the evalua-
tion indices in those methods were selected mainly considering 
benefits to users, such as reducing detour losses or opportunity 
losses in the event of disasters, and social benefits, such as prevent-
ing areas becoming isolated immediately after disasters, without 
considering the costs covered by the operators responsible for trans-
portation.

Based on the above, to support decision-making by freight 
railway operators regarding implementation of disaster countermea-
sures, we developed a method for evaluating implementation effects 
of disaster countermeasures for freight railway networks [3, 4]. The 
evaluation method has two indices: DV and TC. DV stands for vol-
ume of freight transportation during restoration period. Restoration 
period means a period from the day a freight railway network is 

damaged by a disaster to the day when it is completely restored. TC 
is the sum of DC and IC. DC stands for the sum of restoration costs 
and additional transportation costs due to irregular transportation 
covered by the operators during the restoration period. IC stands for 
investment costs covered by the operators for implementation of 
disaster countermeasures.

In this paper, chapter 2 describes definitions of the study. Chap-
ter 3 describes a method for evaluating the implementation effects of 
disaster countermeasures, including a method for estimating DV 
and TC. Chapter 4 describes a case study using the evaluation meth-
od and consideration of the results. Chapter 5 offers a conclusion 
and highlights future issues.

2. Definitions in this study

2.1 Freight railway networks

A freight railway network in this study consists of nodes corre-
sponding to freight stations or signal stations and railway links 
connecting each node, as shown in Fig. 1. In addition, some nodes 
are also connected by road links which use substitute transportation 
by trucks. The number of railway links and road links connecting 
each node is limited to one each, and their lengths (km) are given in 
advance.

2.2 Freight demand and processing methods

Freight demand is defined as transportation orders generated 
for each OD on each day, and volume is obtained from values con-
verted to the number of 12-ft containers, which is the most common 
unit for railway freight transportation. OD stands for Origin and 
Destination. To simplify calculations, freight demands for each OD 
on each day are regarded to be constant and their volumes are given 
in advance. In addition, transportation routes for freight demands in 
normal times are also given in advance. Moreover, although some of 
ODs require more than two days of transportation in normal times, 
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Earth retaining structures, such as bridge abutments and retaining walls, are con-
structed at the boundary of bridges or embankments.  There are a variety of earth retaining 
structure failure modes, therefore in order to be able to ensure rational aseismic reinforce-
ment, it is necessary to develop a range of different aseismic reinforcement methods adapted 
to the relevant earth retaining structure’s failure mode. Moreover, there are many cases where 
construction work is severely restricted due to various limitations, such as land boundaries, 
available space, and time available for construction work. Therefore, the authors propose an 
aseismic reinforcement method, which can both improve seismic performance of earth retain-
ing structures and be carried out efficiently. This paper outlines this research and describes 
some examples of the practical application of the newly developed reinforcement method.

Keywords: earth retaining structure, aseismic reinforcement, soil reinforcement

1.  Introduction 

This paper presents the development and applications 
of aseismic countermeasures for earth retaining structures 
such as bridge abutments and retaining walls. In the 1995 
Hyogo-ken Nanbu Earthquake, not only bridges and via-
ducts but also many earth retaining structures were se-
verely damaged. In response to this, what is known as level 
2 seismic motion is now considered in the Japanese railway 
design, and aseismic reinforcement of existing structures 
is being implemented to ensure the seismic performance of 
the railway structures. Aseismic reinforcement of bridges 
and viaducts, to prevent shear failure is now almost com-
plete in Japan. Now, implementation of aseismic counter-
measures for existing earth structures, earth retaining 
structures, and bridge foundations has begun.

Figure 1 shows conventional aseismic reinforcement 
methods applied to a bridge abutment: strut work, injec-
tion method with sheet pile shut-off work, and installation 
of ground anchors or soil reinforcement. Figure 2 illustrates 
a typical type of aseismic reinforcement method applied to a 
masonry wall by soil reinforcement with additional RC fac-
ing construction. However, carrying out these reinforcement 
methods requires occupying a large space in front of the struc-
ture during construction. In locations where space is limited, 
such as in urban areas, construction itself often becomes diffi-
cult due to site restrictions and the construction environment. 
Nevertheless, the vast number of existing earth retaining 
structures and structures requiring aseismic reinforcement in 
urban areas, means that there is strong demand for the devel-
opment of an economical aseismic reinforcement method that 
can be applied even on sites subject to severe constraints.

This paper reports on the research, development and 
application of aseismic countermeasures for earth re-
taining structures that can not only secure performance 
against level 2 seismic motion but are also suitable for 
these restrictive construction conditions in urban areas.

2.  Aseismic reinforcement of bridge abutments 

Following massive earthquakes in Japan, many cases 
in of residual sliding and tilting displacement of the abut-
ment and associated backfill settlement were observed. 
Residual displacement of the abutment and settlement of 
the backfill soil results in relative displacement between 
the abutment and the backfill. In the case of railway struc-
tures, this relative displacement causes a significant track 
irregularity, which has a direct impact on train running 

Fig. 1   Examples of conventional reinforcement method 
for existing bridge abutment

Fig. 2   Examples of conventional reinforcement method 
for existing masonry wall
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each transportation for all ODs in this study are defined as one-day 
transportations. 

To process daily freight demands, one of the processing meth-
ods shown in Table 1 is applied to each demand. In the case of sub-
stitute transportation that combines railway and road transportation, 
the freights are transshipped between railway and trucks at a node in 
the middle of the route (hereafter referred to as “relay node”). 

Processing capacities of nodes and railway links are defined by 
constraints given in advance shown in Table 2.  When nodes or rail-
way links are damaged, processing capacities of these are temporar-
ily lost until restoration work, described later, is completed. Since 
this study focuses on railway freight transportation when freight 
railway networks are damaged, road links are assumed not to be 
damaged by the disasters, and the upper quantity limit of freight 
transportation that can pass through is not also set.

The volume of freight that can be transported between each OD 
is defined by processing the capacities of origin nodes, destination 
nodes, relay nodes, and railway links in transportation routes. Pro-
cessing capacities of nodes in the middle of transportation routes 
through which freights just pass (hereafter referred to as “pass 
node”) have no effect on the volumes of freight that can be trans-
ported between each OD. In other words, if only pass nodes on a 
transportation route are damaged, freight transportation on that 
route can continue.

2.3 Restoration work

Restoration workers (persons/day) are dispatched to damaged 
nodes and railway links on each day. The processing capacity of 
damaged nodes or railway links is restored when the cumulative 
number of restoration workers (persons) dispatched to each dam-
aged location has reached a certain number (persons) required to 
restore each damaged location. Since most railway links on the 
freight railway networks in Japan are managed by passenger railway 
operators, in this study, restoration workers that can be sent to dam-
aged nodes and railway links are independent of each other. 

It is assumed that restoration work for damaged nodes and rail-
way links is carried out within the constraints given in advance, as 
shown in Table 3.

3. Method for evaluating effect of disaster countermeasures

3.1 Outline of the evaluation method

The purpose of disaster countermeasures for freight railway 
networks is to improve the resilience of railway freight transporta-
tion against disasters, and the ideal is that freight demand can be 
processed on each day without delay even in the event of large-scale 
disasters. In addition, considering the business continuity of freight 
railway operators, it is also necessary to consider the costs covered 
by the operators in the event of disasters. Therefore, DV and TC 
which is the sum of DC and IC are appropriate as indices to evaluate 
the effect of disaster countermeasures. Furthermore, the effect of 
disaster countermeasures is often evaluated by comparing two cas-
es: the case when disaster countermeasures have been implemented, 
and the case without disaster countermeasures (status quo).

Based on the above, to quantitatively evaluate implementation 
effects of disaster countermeasures, as shown in Fig. 2, the differ-
ence in DV (index 1) and the difference in TC (index 2) between 
these two cases are used as evaluation indices. The methods for es-
timating DV and TC in each case are described later.

The evaluation method can evaluate a wide range of disaster 
countermeasures, including hard measures such as strengthening 
equipment to improve the resistance of freight stations against di-
sasters, and soft measures such as strengthening substitute transpor-
tation systems by truck to ensure redundancy of freight transporta-
tion.

Table 3 Constraints on restoration work

Table 2  Constraints on processing of freight demands 
at nodes and railway links

Table 1 Processing methods of freight

Fig. 1 Example of freight railway network
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3.2 Method for estimating DV and TC

Freight demands for each OD are processed using regular 
transportation in normal times. However, if nodes or railway links 
are damaged by a disaster, freight demands may have to be pro-
cessed differently than normal times. In addition, once restored, 
nodes and railway links restore their processing capacities, so 
freight transportation conditions can be changed day to day during a 
restoration period. Therefore, to estimate DV and TC, it is necessary 
to estimate the restoration process of a freight railway network after 
a disaster and have a framework of processing methods for each day 
during the restoration period.

3.2.1  Estimating the restoration process of a freight railway 
network

When a node loses its processing capacity, only the freight de-
mands which depart from or arrive at the node are affected. Howev-
er, when a railway link loses its processing capacity, all freight de-
mands transiting the railway link on route are affected, and thus the 
impact on freight transportation is likely to be large. Therefore, in 
this study, the restoration process of the freight railway network is 
estimated first on the basis of damaged railway links and damaged 
nodes second.

First, the restoration process of damaged railway links is esti-
mated using optimization calculations aimed at minimizing the loss 
in freight transport volume, and assuming that all nodes maintain 
their processing capacities. Lost freight transport volume means, as 
shown in Fig. 3, the total quantity of freight transport on a freight 
railway network that cannot be transported by regular transportation 
during the restoration period. The reason why minimizing a quantity 
of freight transportation loss is set as the objective function is that 
the aim of restoration work is to restore transportation conditions 
back to normal times as soon as possible. Constraints of the calcula-
tion are shown in Table 3.

Secondly, the restoration process of damaged nodes is also es-
timated using optimization calculations aimed at minimizing lost 
freight transport volume, assuming that damaged railway links are 
restored according to the restoration process estimated in the previ-
ous step. Constraints of the calculation are also shown in Table 3.

The cost of restoring damaged nodes and railway links is calcu-
lated by multiplying cumulative numbers of restoration workers 
dispatched to each damaged node and damaged railway link until 
completion of restoration work at each location by the unit cost of 
restoration workers (yen/person-day). The unit cost of restoration 
workers for nodes and railway links are distinguished and both are 
given in advance.

Natural disasters can also cause extensive damage to social in-
frastructures other than railways, such as large-scale power outages 
or widespread flooding. As such, it is necessary to consider the im-
pact of these constraints on restoration work, which may mean that 
the freight railway network restoration process is not ideal for min-
imizing loss of freight transportation volume. In response, it is pos-
sible to set different scenarios to defines the restoration process for 
damaged locations (hereafter referred to as a “restoration scenari-
os”).

3.2.2  Determining processing method to apply on each day 
during a restoration period

Assuming that a freight railway network will be restored ac-
cording to a process based on the approach described in the previous 

paragraph, it is possible to determine which processing method 
should be applied on each day during a restoration period. The pro-
cessing methods are shown in Table 1, with the order of priority 
being regular transportation, detour transportation, substitute trans-
portation, storage, and return. This order was defined on the basis of 
freight transportation records of past disasters and subsequent rail-
way freight operator policies. Figure 4 is a flow chart showing how 
each processing method can be applied on each day of a restoration 

Fig. 2  Evaluation method of implementation effects of 
disaster countermeasures

Fig. 3 Visualization of lost freight transportation volume
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period.
First, detour transportation is selected for day during a resto-

ration period that meet two conditions found using optimization 
calculations: maximizing the sum of freight volume transported by 
detour transportation for each OD on the day that cannot be trans-
ported by regular transportation and minimizing total transportation 
costs for each OD on that day compared to normal times (hereinafter 
referred to as “detour cost”). Of the two conditions, the former has 
priority. The cost of regular transportation on the day is the total cost 
calculated by multiplying volume of freight transported by regular 
transportation for each OD (number of containers), length of each 
regular transportation route (km), and unit cost of railway transpor-
tation (yen/number of container-km). The detour cost on a day is 
calculated in the same way. The unit cost of railway transportation 
is given in advance. Since regular transportation has a priority, pro-
cessing capacities of nodes and railway links that can be used in 
detour transportation use surplus capacities after regular transporta-
tion has been carried out, and this is one of the constraints in this 
calculation.

Secondly, substitute transportation is applied when two condi-
tions are met following optimization calculations: maximizing total 
freight volume transported by substitute transportation for each OD 
on days where detour transportation is not possible and minimizing 
total transportation cost for each OD on the day compared to normal 
times (hereinafter referred to as “substitute cost”). Of the two condi-
tions, the former has priority. Substitute transportation cost is calcu-
lated in the same way as regular transportation. However, railway 
sections and road sections on substitute transportation routes are 
distinguished, and the unit cost of railway transportation and road 
transportation are also distinguished. The unit cost of road transpor-
tation (yen/number of containers-km) is given in advance. In gener-
al, the unit cost of road transportation is higher than railway trans-
portation, so this study also sets the unit costs accordingly.

The processing capacities of nodes and railway links that can 
be used in substitute transportation use surplus capacities after de-
tour transportation has been carried out, and this is one of the con-
straints in this estimation.

Finally, storage during a restoration period is applied when 
freight demand for an OD on a day where substitute transport is not 
possible. The freight is then stored at its origin node as much as 
possible. The stored freight demands are added to the next day’s 
volume for that OD on. Storage cost is the total cost calculated by 

multiplying freight volume stored in each origin node and the unit 
cost of storage (number of containers/day). The unit cost is given in 
advance. As shown in Table 2, each node has its own upper limits of 
storage volume per day, and all freight above this limit for each OD 
is returned to shippers. The penalty for returning to shippers is the 
sum of costs calculated by multiplying freight quantities returned 
for each OD (number of containers) and the unit cost of return (yen/ 
number of containers). The unit cost of return is given in advance.

3.2.3 Estimation of DV and TC

DV is estimated as the sum of freight volume transported by 
regular transportation, detour transportation, and substitute trans-
portation during a restoration period. TC is estimated as the sum of 
restoration costs, detour costs, substitute costs, storage costs, and 
return costs during a restoration period. 

3.3 Verifying accuracy of estimation method

To verify the accuracy of the estimation method, DV for a case 
when the freight railway network was actually damaged by a past 
natural disaster was calculated and compared with the actual DV at 
that time. The actual data of freight transportation at that time was 
provided by JR Freight. Here, since there was no actual TC data at 
that time, accuracy of TC estimation cannot be directly verified. 
However, as mentioned above, restoration costs are calculated by 
multiplying the sum of cumulative numbers of restoration workers 
dispatched to damaged locations and the unit cost of restoration 
workers, and it does not change depending on the restoration pro-
cess of the freight railway network. In short, the accuracy of TC 
estimation is determined by the costs of each freight processing 
method, and these depend on the estimation accuracy of application 
of each processing method, that is, the estimation accuracy of DV. 
Therefore, if DV can be estimated accurately, it can be considered 
that TC can also be estimated accurately.

The freight railway network in this simulation is shown in 
Fig. 5. To reduce the scale of the network, areas not directly affected 
by the disaster were excluded from the network. Moreover off-rail 
stations and small freight stations were merged into large freight 
stations nearby. In this case, although no nodes were damaged, mul-
tiple railway links were damaged, and it took more than 50 days to 
restore all of them.

Fig. 4 Flow chart to determine application of each processing method on each day during a restoration period
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Freight demands for each OD on each day during the resto-
ration period were substituted with an average of the actual volumes 
of freight for each OD during the two weeks before the disaster oc-
curred.

Since there was no data that clearly indicates the processing 
capacities of nodes and railway links, these were substituted with 
values to process enough freight demands when occur in normal 
times. In addition, since the number of restoration workers sent to 
damaged nodes and railway links was unknown, a restoration sce-
nario was given based on the actual restoration process.

Figure 6 shows the transition of the estimated DV and the actual 
DV during the restoration period. Actual freight demands have peri-
odicity on a weekly basis, thus actual DV also has the same periodic-
ity. On the other hand, since the estimated DV is calculated on the 
basis of freight demands assumed to be constant on each day, it did 
not have the periodicity as the actual DV. Therefore, the accuracy of 
the estimated DV was verified by comparing it with the actual DV that 
smoothed the periodicity by applying a 7-day moving average (the 
average of a reference day and the three days before and after).

Figure 6 shows that the estimated DV accurately reproduced 
the actual DV processed with the 7-day moving average, except for 
the period of long consecutive holidays when freight demands tem-
porarily declined. Therefore, we concluded that the estimation 
method has high estimation accuracy.

4. Case study to evaluate effects of disaster countermeasures

A case study to evaluate the effects of disaster countermeasures 
was conducted for past disasters different to the one in Section 3.3. 
The freight railway network in this case study is shown in Fig. 7. As 
in Section 3.3, areas not directly affected by the disaster were ex-
cluded, and off-rail stations and small-scale freight stations were 
merged into nearby large-scale freight stations to reduce the scale of 
the network.

In this case, although no nodes were damaged, multiple railway 
links were damaged, and it took about two weeks to restore all of 
them. The disaster countermeasure in this case study was to 
strengthen substitute truck transportation.

As shown in Fig.7, the sections to be strengthened were five 
sections connecting stations A and B to station F (Case 1 to Case 5). 
These are major freight stations in each area. Then, the implementa-
tion effects were evaluated for each of the five cases, Case 1 to Case 
5, in which the disaster countermeasure was implemented only in 
one of these sections. Various conditions for estimating each DV 
and TC for each case were defined in the same way as in Section 3.3.

Actual data of freight transportation used in this case study was 
provided by JR Freight. Various unit costs such as the unit cost of 
regular transportation were defined based on published data about 
freight transportation. Moreover, in Cases 1 to 5, there was no limit 
to the number of trucks that could be used.

Since strengthening truck substitute transportation is a soft 
measure that does not require large-scale capital investments, the 
main components of the ICs were truck lease costs, driver costs, fuel 
costs, and miscellaneous costs. Here, these costs except miscella-
neous costs are proportional to the lease period and defined to be 
included in the unit cost of road transportation, that is, included in 
the DC. In addition, since the implementation period of the substi-
tute truck transportation in this case study is a short period of about 
two weeks and the amounts would not change significantly in each 
case, the miscellaneous costs were defined as sufficiently small 
amounts and did not affect the evaluation results. 

Figure 8 shows the estimated DV and TC in each case. Case 0 
means the case that no disaster countermeasures have been imple-
mented (status quo). The DV was improved in Case 3, Case 4, and 
Case 5, with greatest improvement in Case 5. Considering only the 
maintenance of a volume of freight transported in the event of a di-
saster, Case 5 was the best disaster countermeasure.  However, in 
case 5, since the TC increased, considering the maintenance of 
business continuity of freight railway operators as well, it was not 
the best disaster countermeasure. The reason for this result is as-
sumed that the volume of freight transportation was maximized by 
truck substitute transportation whose unit cost is higher than that of 
railways, between stations A and F where a large volume of freight 
was transported over a long distance. 

Both the DV and TC were improved only in Case 3. Consider-
ing both the maintenance of transported freight volume and the 
maintenance of business continuity of freight railway operators, 
Case 3 was the best and only effective disaster countermeasure.

From the above results, we concluded that the evaluation meth-

Fig. 5 Freight railway network in the case study

Fig. 6 Transition of the estimated DV and the actual DV

Fig. 7 Freight railway network in this case study
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od can provide useful information to help railway freight operators 
decide which disaster countermeasures are needed and in which or-
der of priority.

5. Conclusion

This study aimed to offer support to railway freight operators 
making decisions about disaster countermeasures. The following 
results were obtained:
●  A method for evaluating the impact of disaster countermeasures 

was developed.   This method is based on indices obtained from 
comparing differences in DV and TC in cases where disaster 
countermeasures have and have not been implemented. 

●  A method for quantifying DV and TC was developed. This meth-
od was based on estimated results of restoration processes imple-
mented on freight railway networks and processing methods ap-
plied on each day of a restoration period. 

●  The quantification method was demonstrated to have high estima-
tion accuracy by comparing reproduced DV calculated with past 
disaster data with actual DV at that time.

●  The results of the case study showed that the evaluation method 
can effectively evaluate the effects of disaster countermeasures in 

terms of both maintaining freight transportation volume and busi-
ness continuity in the event of a disaster.

 Future efforts and issues are as follows:
●  To obtain more accurate and realistic evaluations of the effects of 

disaster countermeasures, work will be carried out to expand and 
refine disaster conditions and freight railway networks by improv-
ing the estimation method. 

●  A system that implements these methods will be developed to 
automate a series of calculations related to the evaluation.

●  Since disaster countermeasures are expected to be effective over a 
medium to long term, the evaluation method will be improved so 
that the effects of disaster countermeasures can be evaluated for 
all disasters that are expected to occur within a certain period in 
the future.

●  Expansion of the evaluation method will be studied so that effects 
of disaster countermeasures for passenger transportation can be 
evaluated.
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Evaluation of Delay Mitigation Measures based on Delay Propagation Scores and Affected  
Passenger Numbers

Taketoshi KUNIMATSU Aiko KUNISAKI Kosuke NAKABASAMI
Transport Operation Systems Laboratory, Signalling and Transport Technology Division

In recent years, train delays have become one of the most serious problems affecting rail transportation 
in Japan. Although timetable planners try to improve punctuality by modifying current timetables, they have 
few means to determine how to increase train running time supplements or station dwelling time supple-
ments. In this research, we developed a method for evaluating train delays based on their propagation range. 
We also proposed an evaluation method which takes into passenger perspectives. We applied these methods 
to timetable changes on existing railway lines and confirmed that the proposed methods can identify which 
trains are critical for measures to be effective and improve overall punctuality of the railways.

Key words:  delay propagation, punctuality, passenger flow, running time supplements, dwell time supple-
ments

1. Introduction

Train delays and their subsequent impact on many other trains 
on a daily basis are a problem many railways face today. Direct 
trains which run through several lines are particularly affected, since 
once a train is delayed on a certain line, numerous other trains on 
many lines may be affected for a long time. Because such wide-
spread delays may cause inconvenience to large numbers of passen-
gers, maintaining punctual transportation service is a priority for 
railway companies.

Nowadays, railway companies try to improve punctuality by 
analyzing the state of train operations on a daily basis and modify-
ing current train timetables by increasing running time / dwelling 
time supplements. Today, delay data for every train and station on 
daily bases is recorded and accumulated in train control systems. 
Railway companies statistically analyze this data to know the state 
of delays. One of the conventional methods used to analyze train 
delay data is constructing a chromatic diagram. It is a kind of a train 
diagram, colored according to mean values or medians of train de-
lays for a certain period. This diagram helps easily identify and 
distinguish which points (a set of train, station, and arrival or depar-
ture) are prone to delay on a daily basis. However, little is known 
about how timetables can be adjusted to improve punctuality. That 
is, it is unclear where countermeasures, such as increasing running 
time/ dwelling time margins, should be aimed to improve punctual-
ity of the whole line efficiently. In addition, since only the number 
of train delays is calculated for each train and station, this informa-
tion does not clearly show the number of passengers affected, or the 
degree of inconvenience caused by the delay.

In this research, we first focused on delay propagation, instead 
of length of delay. We developed a method for evaluating delay 
propagation for train delay data, by counting points where delays 
occurred as the result of the delay propagation from a certain point. 
This was called the “Delay Propagation Score (DPS).” DPS is con-
structed on the idea that, when a delay at a certain point propagates 
widely to many points, if we can eliminate the delay at that point, 
punctuality of the line can be increased efficiently. Then, we devel-
oped a second evaluation method called “Affected Passengers 
(AP).” That estimates the number of passengers arriving at their 
destination station behind schedule due to train delays at the target 
point. AP is calculated by using passenger data collected by auto-
matic ticket gates in addition to recorded delay data. Each passen-

ger’s train journey both with and without delays is estimated. By 
comparing the two journeys, the number of passengers arriving at 
their destination station behind schedule can be specified.

We applied both the evaluation methods to three railway lines 
having different features, like single/double tracks, or main line/
commuter line. We picked up the sets of trains and stations for 
which calculated DPS or AP were significantly large. After we dis-
cussed the results with a timetable planner for the target line, we 
found that the timetable planner also thought that countermeasures 
for delays should be implemented for these trains and stations to 
improve punctuality. In addition, at the next timetable change, the 
timetable was modified to increase running time /dwell time supple-
ments at target points. After the timetable change, we confirmed that 
punctuality at the points were largely improved.

In section 2, we describe procedures and problems in timeta-
bling to improve punctuality. Details of two evaluation methods are 
described: for DPS in section 3 and for AP in section 4. After that, 
we show the results in which the two methods were applied to an 
actual line in section 5. Finally, we summarize the conclusion in 
section 6.

2. Train delays and timetabling

2.1 Train delays

Train delays can be divided into two categories [1]. One is 
“large-scale delays,” caused by operational disruptions such as pas-
senger related accidents or signal failures. The other is “small-scale 
delays,” caused by an extension of train dwelling time at stations 
due to heavy congestion. To cope with small-scale delays, counter-
measures, such as increasing time supplements, tend to be taken in 
a case of timetable changes. In this research, we developed new 
evaluation methods for those small-scale delays.

In some cases, a small-scale delay may propagate to an ex-
tremely wide area and extend over a long period of time. In fact, as 
shown in Fig. 1, there was a case in which a local train on main line 
Q, departing from St. A, was delayed because there was a route 
conflict between a delayed arrival train on branch line P. The delay 
of this local train in turn propagated to a limited-express train sched-
uled to pass the station, and trains on the single track line R were 
delayed due to the direct route of the delayed limited-express train. 
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Development and Application of Aseismic Reinforcement Method for Railway 
Earth Retaining Structures

Foundation and Geotechnical Engineering Laboratory, Structure Technology Division

Masayuki KODA
Structure Technology Division 

Earth retaining structures, such as bridge abutments and retaining walls, are con-
structed at the boundary of bridges or embankments.  There are a variety of earth retaining 
structure failure modes, therefore in order to be able to ensure rational aseismic reinforce-
ment, it is necessary to develop a range of different aseismic reinforcement methods adapted 
to the relevant earth retaining structure’s failure mode. Moreover, there are many cases where 
construction work is severely restricted due to various limitations, such as land boundaries, 
available space, and time available for construction work. Therefore, the authors propose an 
aseismic reinforcement method, which can both improve seismic performance of earth retain-
ing structures and be carried out efficiently. This paper outlines this research and describes 
some examples of the practical application of the newly developed reinforcement method.

Keywords: earth retaining structure, aseismic reinforcement, soil reinforcement

1.  Introduction 

This paper presents the development and applications 
of aseismic countermeasures for earth retaining structures 
such as bridge abutments and retaining walls. In the 1995 
Hyogo-ken Nanbu Earthquake, not only bridges and via-
ducts but also many earth retaining structures were se-
verely damaged. In response to this, what is known as level 
2 seismic motion is now considered in the Japanese railway 
design, and aseismic reinforcement of existing structures 
is being implemented to ensure the seismic performance of 
the railway structures. Aseismic reinforcement of bridges 
and viaducts, to prevent shear failure is now almost com-
plete in Japan. Now, implementation of aseismic counter-
measures for existing earth structures, earth retaining 
structures, and bridge foundations has begun.

Figure 1 shows conventional aseismic reinforcement 
methods applied to a bridge abutment: strut work, injec-
tion method with sheet pile shut-off work, and installation 
of ground anchors or soil reinforcement. Figure 2 illustrates 
a typical type of aseismic reinforcement method applied to a 
masonry wall by soil reinforcement with additional RC fac-
ing construction. However, carrying out these reinforcement 
methods requires occupying a large space in front of the struc-
ture during construction. In locations where space is limited, 
such as in urban areas, construction itself often becomes diffi-
cult due to site restrictions and the construction environment. 
Nevertheless, the vast number of existing earth retaining 
structures and structures requiring aseismic reinforcement in 
urban areas, means that there is strong demand for the devel-
opment of an economical aseismic reinforcement method that 
can be applied even on sites subject to severe constraints.

This paper reports on the research, development and 
application of aseismic countermeasures for earth re-
taining structures that can not only secure performance 
against level 2 seismic motion but are also suitable for 
these restrictive construction conditions in urban areas.

2.  Aseismic reinforcement of bridge abutments 

Following massive earthquakes in Japan, many cases 
in of residual sliding and tilting displacement of the abut-
ment and associated backfill settlement were observed. 
Residual displacement of the abutment and settlement of 
the backfill soil results in relative displacement between 
the abutment and the backfill. In the case of railway struc-
tures, this relative displacement causes a significant track 
irregularity, which has a direct impact on train running 

Fig. 1   Examples of conventional reinforcement method 
for existing bridge abutment

Fig. 2   Examples of conventional reinforcement method 
for existing masonry wall
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Then, another limited-express train for the other direction was de-
layed as it waited for the limited-express train. Finally, another 
limited-express train for the other direction propagated the train 
delay on main line Q again. In this case, although the length of the 
delay was only between 2 min. and 5 min., the secondary propagat-
ed delays continued for more than 4 hours. To cope with such wide 
propagation of train delays, it is important to find the point of prima-
ry delay, and understand its propagation range.

2.2 Timetabling and countermeasures for delays

Timetable planners plan countermeasures for train delays, how-
ever doing so is very time consuming, because it involves the fol-
lowing 5 tasks: 1) finding train delays, 2) analyzing the causes, 3) 
planning countermeasures, 4) estimating the effects of countermea-
sures, and 5) validating the timetable change. One of the most diffi-
cult tasks in this process is pinpointing and selecting effective points 
for applying countermeasures. This task requires great amount of 
timetable planning experience. Drafts of countermeasures also have 
to be compared quantitatively. In addition, since increasing time 
margins may reduce speed and frequency or service, they must be 
minimized. Moreover, planners must examine train operations on 
site multiple times and qualitatively explore the tradeoffs of each 
countermeasure before selecting one, which impacts their produc-
tivity.

2.3 Related work

In the case of small-scale delays, several methods have been 
already proposed. For example, a chromatic diagram visualizes train 
delay trends over a certain period [2]. A method for detecting delay 
propagation paths by correlation rules has also been proposed [3]. 
These methods can help timetable planners in their work, such as:  
1)  finding train delays, 2) analyzing the causes, 4) estimating effects 
of countermeasures, and 5) validating the timetable change. Howev-
er, for 3) planning countermeasures, these methods are not enough. 
That is, even if we understand current train delay conditions on a 
target line, this insight does not help decisions about how to modify 
current timetables. For example, we still do not know which trains 
or stations in the timetable should be changed, nor why applying a 
countermeasure for one train may be more effective than applying it 
to another. In addition, since the evaluation results from these meth-
ods are summarized as trains or stations, they do not tell us how 
many passengers are affected by the train delays in question.

Nevertheless, there is research which evaluates the effect of 
train delays from a passenger perspective by means of disutility 
values, including transfer failures [4]. Another method estimates the 
total volume of passengers or sum of delays caused by operational 
disruptions using smart card data [5]. These methods evaluate the 

impact of delays from a passenger perspective. However, they only 
calculate the total impact of a delay over a whole day: they do not 
tell us how much each delay point contributes to the overall delay. 
As such, these methods cannot support timetable planning counter-
measures. In other words, they do not offer the insight required to 
know which point of delay, out of many, countermeasures should be 
aimed to achieve greatest effectiveness.

2.4 Objectives and requirements of the research

This research develops evaluation methods which satisfy the 
following requirements:

 - Evaluation can be done using several days of recorded train 
delay data;
 - Immediate understanding of the delay conditions represented 
by the evaluation results;
- Representation of train delay propagation range; 
- Estimation of countermeasure effect;
 - Representation of the number of passengers affected by the 
delay.

3. Delay propagation score (DPS)

3.1 Objectives and basic ideas

This section introduces the “Delay Propagation Score (DPS)” 
which is used instead of length of delay to identify individual trains 
or stations where countermeasures such as increasing time supple-
ments will effectively lead to better punctuality over an entire line. 
DPS is defined as the number of points over which the target delay 
is propagated, for example the target train’s delayed arrival at the 
next station, or delayed arrival of the following train at the same 
station. In Fig. 2, train 1M has a primary delay of 5 min at Station B 
as indicated by point 1. The delay propagates to trains and stations, 
and arrival or departure sites across 28 points.  The DPS for point 1 
is therefore calculated to be 28. On the other hands, another train 
9M has a primary delayed of 7 min at St. B, as indicated by point 2. 
The delay propagates to trains, stations and arrival or departure sites 
across 12 points. The DPS for point 2 is thus calculated to be 12. In 
this case, although the delay is longer for point 2 than point 1, the 
DPS is higher for point 1 than point 2. This indicates that a delay at 
point 1 has an overall greater effect on punctuality of the line than 
point 2. In addition, if delays at point 1 are avoided, this will prevent 
delays across 28 points, which covers more points than if point 2 
delays are avoided, which would only prevent delays across 12 
points. Therefore, it can be said that, to improve the overall punctu-
ality of trains on this line efficiently, it is better to take countermea-
sures for point 1, instead of point 2. Therefore, by calculating the 
DPS, we can identify the points where countermeasures should be 

Fig. 1　Wide propagation of train delay

Fig. 2　Definition of delay propagation score
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taken to optimize their effectiveness.
Railway timetable planners know that these problematic points 

which lead to wide propagation of train delays need to be targeted 
with countermeasures as a priority, because delays are eliminated 
not only at that point, but also across a large number of other points. 
Therefore, DPS is an evaluation method which follows timeta-
ble-planning practice.

3.2 Evaluation procedure

DPS can be calculated as follows. First, we prepare data about 
the base timetable and recorded delay data, in which arrival and 
departure delays of every train and station for everyday are record-
ed. Following this, records for train, station, and arrival or departure 
delays which exceed a certain delay threshold are extracted. At the 
same time, a range of propagation for each point of delay is speci-
fied by the method described in the next section. Second, by count-
ing the number of delay points within the specified range, DPS for 
the day for that point is calculated. Finally, we take medians of DPS 
for several days for each set of train, station, and arrival or depar-
ture. We define that as the median DPS. When there is no train delay 
at a certain point on a certain day, we set 0 for DPS on the day for 
that point.

In the case of disruptions due to passenger related accidents or 
emergency passenger assistance, both length and propagation range 
of delay increase, and DPS is also significantly higher than usual. 
Because our main target is small-scale delays, this kind of data on 
the day with operational disruptions should not be included. Howev-
er, this type of disruption can happen at different locations and time 
periods, so it is not appropriate to exclude all recorded data for dis-
rupted days, because this limits the available data for analysis. This 
is why we use DPS medians instead of mean values, to exclude in-
appropriate data.

3.3 Specification of propagation range 

The propagation range of a certain point of delay is determined 
as follows: First, we take a certain point of delay, and search for 
neighboring points of delay in the “downstream” area of the target 
delay. If the delay at the neighboring point is not greater than the 
length of delay at the target point, then the neighboring point delay 
is considered as a point of propagation of the original (target point) 
delay. 

The “downstream” area means areas satisfying the following 
conditions: Tmin stands for the actual minimum headway on the 
target line, which is set by adding a margin which takes into account 
variations in running time.

(1) When the target point is train arrival:
- Departure of the target train from the target station;
- Arrival of the following train to the target station;
(only in case when the following train arrives within Tmin)
(2) When the target point is train departure:
- Arrival of the target train to the next station;
- Arrival of the following train to the target station using
 the same track as the target train;
(only when the following train arrives within Tmin)
- Departure of the succeeding train from the target station; 
(only when the following train departs within Tmin)
(3) When the target point is train arrival on a single track line:
- Departure of the oncoming train from the target station;
(only when oncoming train departs within Tmin)

In Fig. 2, when we set Tmin as 3 min, and when the arrival of 
train 1M at St. C (point 3) is delayed for 4 min, the delay at point 1 
is considered to propagate to point 3. Similarly, when the arrival of 
train 3M at St. B (point 4) is 2 min after the departure of train 1M, 
and delayed for 3 min, the delay at point 1 is considered to propa-
gate to point 4.

Then, we specify the area of reachable points of the target point 
i, by crossing the neighboring point which is considered to have a 
propagated delay. We denote the set of points as E(i). E(i) is the 
propagation range of target delay i. DPS can be calculated by count-
ing the number of points inside E(i). As described in the previous 
sections, we take medians of DPS in the target period.

4. Affected passengers (AP)

4.1 Objectives and basic ideas

This section describes the method for evaluating “Affected 
Passengers (AP)” for evaluating the magnitude of train delays from 
a passenger perspective. The basic idea is that AP stands for the 
number of passengers arriving at their destination station behind 
schedule due to a delay at the target point. In section 3, DPS evalu-
ates the range of delay propagation by sets of train, station, and ar-
rival or departure. However, DPS cannot reflect the number of pas-
sengers on the target train. As a result, both heavily congested trains 
during peak hours, and less occupied trains running in suburban ar-
eas may be evaluated as being the same, if they have a similar delay. 
In the case of AP, by using passenger data collected by automatic 
ticket gates, the number of passengers affected by a delay on the 
target train can be determined. So, AP is an evaluation from the 
viewpoints of passengers.

4.2 Evaluation procedure

The procedure for calculating AP is as follows [6]. In addition 
to the collected data described in 3.2, we also gather passenger data 
from automatic ticket gates. It is enough for us to prepare passenger 
data for a standard day.

First, using the methods described in 3.2, we determine the 
delay points and propagation range of the delays. Then, we estimate 
what the passenger journeys would be with no delay by using base 
timetable data and passenger data. This is called the “planned jour-
ney” below. Similarly, we estimate each passenger journey on the 
target day including train delays, by using base timetable data, re-
corded delay data, and passenger data. This is called “actual jour-
ney” below. 

Next, we determine which passengers arrived at their destina-
tion station behind schedule. That is, we compare the planned jour-
ney and actual journey of each passenger. If the arrival time at the 
destination station in the actual journey is later than the planned 
journey, this is considered to be behind schedule due to the delay. 
For example, in Fig. 3, passenger P takes train 1M from St. A to St. 
B. Passenger Q travels from St. A to St. C, taking train 1M and 3M 
by transferring at St. B. On the target day, only train 1M is delayed 
for 5min., and train 3M is not delayed at all. Passenger P arrives at 
St. B 5 min. behind the schedule. Passenger Q, on the other hand, 
arrives at St. C with no delays, because they managed to catch the 
connection at St. B despite the delay with 1M. In this case, only 
passenger P is affected by the delay of train 1M. So, in this case, AP 
is calculated as 1. 

Then, we link each affected passenger to a point of a train delay 
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by the method described in the next section. After that, we count the 
number of passengers linked inside the propagation range of the 
target set of train, station and arrival or departure. This is calculated 
as AP on the target day. Finally, we take medians of AP for all target 
days. Note that, if there was no delay at the target point on a day, AP 
is considered as 0.

4.3 Passenger delay linking to train delay

In this section, we describe a method for linking passengers to 
train delays. Linking is only conducted in cases described below 
because passenger delays are caused by train delays, except in cases 
when passengers fail to transfer at intermediate stations.

 - When the arrival of a train at the passenger’s final destination 
station in the planned journey is delayed on the target day, they 
are linked with the arrival of a train at that station;
 (Except the arrival of trains which passengers cannot board due 
to delays of other trains in the transferring station);
 - When the arrival of a train at a passenger’s destination station 
on their actual journey is delayed on the target day, they are 
linked with the arrival of a train at that station.

5. Test application on actual lines

5.1 Outline of the target line

The target railway line was double track with limited express 
trains, rapid trains, and local trains running on it. To confirm the 
appropriateness and usefulness of the proposed methods, they were 
applied for analyzing recorded delay data both before and after the 
timetable change.

5.2 Data and conditions

We prepared base timetable data and recorded delay data for 
weekdays during the month both before and after the timetable 
change. Recorded delay data included the length of arrival or depar-
ture delays in minutes for every set of train and station. When we 
calculate the DPS, if a set of train, station, and arrival or departure 
had a delay more than 1 min it was counted as a delay point. When 
we calculated AP, we counted passengers arriving at their destina-
tion station more than 1 min behind the schedule. In addition, we set 
Tmin as 3 min considering the minimum headway on the target line.

5.3 Length of train delay before timetable change

At first, we visualized train delay conditions before the timeta-
ble change using the conventional method. In Fig. 4, the train dia-
grams are colored according to the median length of departure delay 

for each train and station. Train lines colored deep blue indicate 
trains without any delay (0 min), while deep red indicates trains with 
long delays, and green indicates the middle. From this, it is clear that 
many trains were delayed on a daily basis. However, it is difficult to 
determine which countermeasures should be taken.

It seems to be effective to take measures for trains with long 
delays, indicated by red or orange lines and black circles in Fig. 4. 
However, on many days, these are not primary delays. Primary de-
lays often occur on trains and stations within the red circles. As a 
result of delay propagation, the delays of trains inside the black cir-
cles become longer. In this case, it is more efficient for us to take 
measures aimed at trains within the red circles than those within the 
black circles. However, the conventional method does not consider 
delay propagation, and the method does indicate which points 
should be targeted to optimize the countermeasures.

5.4 Results after applying DPS

Next, we calculated the median value of DPS for each train and 
station by using recorded delay data before the timetable change. 
Fig. 5 illustrates this by adding the DPS to the colored diagram. 

Comparing Fig. 4 with Fig. 5, it is clear that DPS easily detects 
the problematic trains which lead to wide propagation of delay. In 
particular, trains and stations within the red circles in Fig. 4 are 
clearly highlighted by the DPS in Fig. 5. Therefore, mitigating these 
delays with countermeasures can prevent many other delays.

5.5 Results applying AP

We calculated the median values of AP using delay data and 
passenger data before the timetable change. Figure 6 illustrates this 
by coloring the diagrams according to the AP score. 

Fig. 3　Specification of passengers behind the schedule

Fig. 4　Length of delay (before timetable change)

Fig. 5　DPS Score (before timetable change)
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Comparing Figs. 4, 5 and 6, it is clear that there are relatively 
fewer points with high AP scores than those showing long delays, or 
a high DPS scores. That is, lines of train 1 and 3 around St. F and 
train 2 around St. A are green or yellow. This means they have rela-
tively high AP scores. For trains 1 and 3 around St. F, this is because 
St. F is a central station with a high volume of passengers. This 
means that to optimize delay mitigation, countermeasures should 
target train 1 or 3 around St. F, rather than sections around other 
stations. This would significantly reduce the number of delayed 
passengers.

On the other hand, train 2’s delay around St. A led to several 
passengers have their departure delayed from St. A before arriving 
at St. B or St. C. In addition, train 2’s delay propagated to numerous 
other trains running between St. F and St. I. This led to the delay of 
passengers boarding trains from St. F. That is why the AP scores for 
train 2 around St. A is relatively large.

Timetable planners for this line had already identified that 
trains 1 and 2 were critical before we got the results of evaluation. 
So, it can be said that DPS or AP scores are effective for identifying 
trains for which countermeasures would be most effective.

5.6 Length of train delay after timetable change

Based on the evaluation results above, when considering the 
next timetable change, the following countermeasures were adopt-
ed:

 - In the case of train 1, since primary delays tend to occur on the 
railway lines before St. I, the timetable on that line was adjust-
ed to decrease delayed arrivals of train 1 at St. I.
 - Train 2 departure delays from St. A however, tend to occur 
when trains from other railway lines arrive with a delay at St. 
A. In addition, train 2 delays tend to increase between St. A and 
St. B due to heavy congestion. Therefore, the departure track 
for train 2 from St. A was changed, and it was given extra 
dwelling time supplements for the journey between St. A and 
St. B.

The lengths of delays after the timetable change are shown in 
Fig. 7. Comparing Fig. 4 with Fig. 7 shows that train 1 and train 2 
delays were almost eliminated. At the same time, secondary train 
delays caused by train 1 and train 2 were also prevented. This indi-
cates that the countermeasures above seem to be effective. On the 
other hand, in the case of train 3, no countermeasures were taken. 
Figure 7 shows however, that although delays for train 3 were miti-
gated, some remained and these delays propagated to following 
trains around St. C.

After the timetable change, Covid-19 significantly changed the 
volume of passengers on the target line. However, because there 

were some differences in the delays comparing train 1 and train 2 
with train 3, the countermeasures in the timetable change were con-
sidered to be effective. In this way, we confirmed the appropriate-
ness and usefulness of DPS and AP.

6. Conclusions

In this research, we developed two methods to evaluate train 
delays to optimize current timetable adjustments and improve punc-
tuality. DPS is calculated by counting sets of train, station, and arriv-
al or departure within a propagation range. DPS is an index which 
stands for the propagation range of the target delay. AP, on the other 
hand, estimates the number of passengers arriving late at destination 
due to the delay. AP is an index which evaluates train delays from a 
passenger perspective.

By applying DPS and AP to an actual railway line, we con-
firmed that both indices can determine the sets of trains and stations 
which timetable planners consider to be problem points. Moreover, 
after adjusting timetables at the identified points we confirmed it 
was possible to mitigate train delays across a whole line. We there-
fore conclude that the proposed methods are useful for modifying 
timetables to improve punctuality. In addition, we confirmed these 
methods on two other railway lines with different features.

In future, we are going to extend the proposed methods to spec-
ify the range of delay propagation, or to evaluate passenger perspec-
tives. For example, we are going to apply the methods to train re-
scheduling, or to evaluate the impact of decreases in train frequency.
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Adhesion Increase Method for Shinkansen Vehicles 
under Snowfall in Winter
Shinichi SAGA, Hua CHEN, Junji MATSUNO
(Vol.37, No.5, 1-8, 2023.5)

When railway vehicles running in snowy weather, the adhesive force be-

tween rails and wheels is lower than that in rainy weather. For this reason, 

we studied a method to increase the adhesion coefficient focusing on the 

temperature and the roughness of wheel treads. From the viewpoint of min-

imizing specification changes, improving the material of current adhesive 

blocks through full-scale dynamo bench testing, we developed new adhesive 

blocks. An optimal wheel tread cleaner operation pattern was found through 

running tests using an actual vehicle in winter. The execution of the pattern 

contributes to improving adhesive effect such as increasing roughness of 

wheel treads, and suppressing sliding in the high-speed range, in addition to 

reducing temperature rise and improving wear resistance.

Seismic Response Analysis of Piers with Foundation 
Composed of Micropiles and Soilbags
Tatsuya DOI, Yoshitaka MURONO, Feng ZHANG
(Vol.37, No.5, 9-17, 2023.5)

In this paper, the authors propose a new type of foundation, which is a 

combination of micropiles and soilbags. The proposed foundation is charac-

terized by laying soilbags on the pile head and constructing structures on 

the soilbags. The effects by the adoption of the new foundation are expected 

to result in the omission of joint between piles and a footing, a reduction of 

diameter of piles, and a reduction of response acceleration of structures. In 

this study, seismic response evaluation method for the proposed structure 

with actual size was constructed to compare the seismic responses of the 

proposed foundation with those of pile foundation under the different condi-

tions of input acceleration.

Natural Frequency Identification Method for a Sub-
structure in Railway Bridges and Viaducts
Kazunori WADA, Kimitoshi SAKAI
(Vol.37, No.5, 19-27, 2023.5)

We have proposed a method to identify the natural frequency of a single 

structure from data obtained by measuring the vibration of railway bridges 

and viaducts. In the method, the natural frequency of a single structure can 

be theoretically calculated by using undamped natural frequencies and 

natural modes of a whole structure. The eigenvalue analysis was performed, 

and it was shown that the natural frequency of a single structure can be 

identified by the proposed method.

Effect of Decarburisation Layer Removal by Rail 
Grinding on Reduction of Microcrack Formation
Yoshikazu KANEMATSU, Naotaka UEHIGASHI, Moto-
hide MATSUI, Hidenori NISHIMURA
(Vol.37, No.5, 29-36, 2023.5)

This study aims to understand the effect of decarburisation on microcrack 

formation on rails using a twin-disc test and an on-site (laying) test. Test 

pieces with and without decarburisation were compared under the same 

test conditions using a twin-disk test. The results show that decarburisation 

affects the formation of microcracks and a plastic flow. Furthermore, we in-

vestigated the decarburisation effect on the microcrack formation using test 

pieces taken from actual tracks. The comparison between the test pieces 

with and without a decarburized layer showed that the crack density of rails 

on the unground was 2.7-5.7 times higher than that of rails ground at a cu-

mulative tonnage of 23 MGT.

Development and Performance Evaluation of Rail 
Fastening System Using Non-metallic Materials Ap-
plied to Its Main Components
Atsushi MATSUO, Tadashi DESHIMARU, Yoshihiro MA-
SUDA, Minoru SUZUKI
(Vol.37, No.5, 37-43, 2023.5)

A function of rail fastening systems is to fasten rails to supporting struc-

tures such as sleepers. In addition to the fastening function, rail fastening 

systems are designed to provide a certain level of electrical insulation to 

prevent rail current from leaking through the supporting structures to the 

earth. Despite this, some cases have been reported where the electrical in-

sulation of rail fastening systems has deteriorated in some installation en-

vironments, resulting in transport disturbances such as ground faults and 

short circuits. Thus, we studied the applicability of resin materials to the 

rail fastening components to prevent the reduction of the electrical insula-

tion. Based on the results of this study, we produced a prototype of a rail 

fastening system using resin components and evaluated its performance. In 

order to evaluate the performance of the prototype, design reference values 

were proposed to reflect the influence of the installation environment on the 

material strength. The performance evaluation of the prototype based on 

the proposed value confirms that the prototype has the performance to be 

installed on a conventional rail track.

A Method of Internal Resistance Estimation by Mea-
suring Ripple During Charging for Traction Battery
Kosuke OSAKI, Yoshiaki TAGUCHI, Aruto WATANABE
(Vol.37, No.6, 1-6, 2023.6)

We developed a method for calculating internal resistance using RMS 

values of ripple voltage and current in charging process of a traction battery. 

Since the ripple voltage and current contain many frequency components, 

we built frequency filters to measure required components. The internal 

resistance calculated by the developed method was found to be in good 

agreement with the value calculated using the main frequency components 

of ripple. The results showed the effectiveness of the developed method us-

ing frequency filter and RMS value meter which are small and inexpensive 

devices.

Application of Phased Array Ultrasonic Testing 
Method to Flaw Detection in Vehicle Bogie Parts
Kazunari MAKINO
(Vol.37, No.6, 7-14, 2023.6)

An imaging technology by the phased array ultrasonic testing (PAUT) 

was applied to bogie part inspection, targeting welded parts in bogie frames 

and wheel seats in axles. Regarding bogie frames, the superiority of PAUT 

was confirmed in detecting inclined surface flaws, and the effect of paint 

thickness on the echo height was clarified. When PAUT was applied to an 

actual bogie frame, the results of flaw detection were visualized clearly, 

demonstrating the effectiveness of PAUT in bogie frames. Regarding axles, 

when PAUT was applied to a wheel seat using shear-wave and longitudi-

nal-wave angle beam inspection techniques, flaws on the wheel seat were 

detected and visualized in a wheel-fitted state.
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Recent Topics on Human Science for Railways
Koji OMINO
(Vol.35, No.2, 1-4, 2021.2) 

The Human Science Division of the Railway Technical Research Institute 

in Japan, has been conducting research on prevention of human error and 

occupational accidents as well as the measures for transport disorder and 

improvement of user environments in order to improve safety, convenience 

and comfort of railways. This paper outlines the recent accomplishments 

of the representative research on prevention of human error accidents and 

improvement of user environments.

 
Developing a Hazard Perception Training for Train 
Drivers
Takayuki MASUDA, Ayanori SATO, Yasuhiro KITAMURA
(Vol.35, No.2, 5-10, 2021.2) 

In this study, two training tasks for improving hazard perception skill 

were developed: the “Scenario Drawing Task” and the “Overlooking Experi-

ence Task”. The “Scenario Drawing Task” helps trainees acquire knowledge 

of hazards through drawing a picture of their workplace and considering 

hazards from the viewpoints of human factors perspective. The “Overlooked 

Experience Task” enhances trainee’s attitude to search for hazards through 

an overlooking experience. The results of experiments confirmed that the 

number of hazards extracted, and their viewpoints were more in the “Sce-

nario Drawing Task” than in the hazard prediction task without drawing 

pictures. It was also confirmed that experiencing the “Overlooking Experi-

ence Task” enhanced the attitude to search for hazards.

 
Analysis of Driving Performance Data for Prevent-
ing Train Stop Position Errors
Daisuke SUZUKI, Ayako SUZUKI, Yutaka KAKIZAKI
(Vol.35, No.2, 11-16, 2021.2) 

The purpose of this study is to clarify factors causing train stop position 

errors through analysis of driving performance data. One of the factors that 

adversely affect the accurate operation of railways is the error related to sta-

tion stop. We classify train stop position errors into two kinds of error:  the 

delay in braking manipulations, and the misrecognitions of stop positions. 

In logistic regression analysis used in this study, the objective variables are 

existences of driver’s experience of the delays in braking manipulations and 

the misrecognitions of stop positions. As the explanatory variables, we use 

evaluation indexes based on the driving characteristics recorded in driving 

performance data and characteristics of stations. The results of logistic re-

gression analysis used in this study reveals the relationship between these 

errors and various factors. This paper describes the relationship obtained in 

this study.

 
Developing a Decision-Making Skill Assessment 
Method in Railway Workplace
Yasuhiro KITAMURA, Ayanori SATO, Takayuki MASUDA, 
Yousuke KAWACHI, Noriko ONOMA
(Vol.35, No.2, 17-22, 2021.2) 

Incidents can occur due to decision-making errors, such as not checking 

the results of one’s work or decisions after the work. In order to prevent 

mistakes in the decision-making process, it is effective to educate and train 

employees depending on their individual decision-making skills. However, 

it is not easy to evaluate individual decision-making skill quantitatively. In 

this study, we model “decision making” not only on judgment and choice as 

a result, but also on a process that consists of four stages, including the situ-

ation awareness before and after the decision is made. On the basis of  the 

model, we develop a method to evaluate individual decision-making skill.

 
Enhancement of Pedestrian Safety at Level Cross-
ings Using Rubber Filling Up a Gap Between Rail 
and Road Surface
Tatsuya OTA, Shogo MAMADA, Ayano SAITO, Naohiro 
AKIU, Yosuke TSUBOKAWA
(Vol.35, No.2, 23-28, 2021.2) 

A gap between the rail and the road surface at a level crossing can cause 

a misstep to the pedestrians with stroller, walking aid and wheelchair. In 

this study, newly shaped rubber filling up the gap to prevent accidents was 

developed. The authors examined the influences of setting the filler rubber 

on rolling stock running through a bogie running test. A usability test was 

also carried out to investigate effects on users with stroller and walking aid. 

Furthermore, a durability test was performed at a railway crossing of the 

test line of RTRI. As a result, the filler rubber makes it easier for pedestri-

ans to walk across a rail crossing.

 
Influence Factor on Severity of Injury to Rail Pas-
sengers Occupying Longitudinal Seats in the Event 
of Level Crossing Accident
Kazuma NAKAI, Shota ENAMI, Tomohiro OKINO
(Vol.35, No.2, 29-34, 2021.2) 

It is important to enhance the safety of passengers on board in the event 

of a train collision. In order to design a carbody to reduce the passenger in-

jury levels, it is necessary to examine the influence factor of the accidents on 

safety to passengers. The purpose of this study is to grasp the elements in 

a level crossing accident scenario, including the horizontal collision position 

to a dump truck, the collision angle, the vertical collision position and the 

load weight of the dump truck by using numerical simulation. The scenario 

influences the severity of injury to passengers sitting on longitudinal seats. 

We find that the impact position in the horizontal direction to a dump truck 

and the load weight of the dump truck have a big influence on the injury 

level.

 
Quantitative and Qualitative Research of Surface 
Bacteria on the Floor of Station Restrooms with Two 
Types of Cleaning Methods
Tamami KAWASAKI, Takashi KYOTANI, Tomoyoshi USH-
IOGI, Sachiko YOSHIE
(Vol.35, No.2, 35-40, 2021.2) 

There are two types of methods for cleaning of restrooms in railway sta-

tions.  One is a cleaning method that does not use water for cleaning floors，

and the other is one that uses water for cleaning floors.  In this study，

quantitative and qualitative research were performed for surface bacteria 

on floors of station restrooms where each type of cleaning method was done.  

The concentrations of surface bacteria were analyzed by conventional cul-

ture method, and microbiomes on floors of station restrooms were analyzed 

with bacterial 16S rRNA genes.  As a result， the floor of restroom where wa-

ter is not used for floor cleaning, shows that the concentration of bacteria is 

less and similarity of microbiome is higher compared with those of the floor 

of restroom where water is used for floor cleaning.

Development of a Deer Deterrent Equipment for the 
Mitigation of the Deer-Train Collisions
Minoru SHIMURA, Tomoyoshi USHIOGI, Masateru IKE-
HATA
(Vol.35, No.2, 41-46, 2021.2)
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Centrifugal Model Test and Design Method for Tem-
porary Retaining Wall Using Soil Buttress as Dis-
placement Suppressing
Takashi USHIDA, Takuya NAKASHIMA, Takaki MATSU-
MARU, Takashi NAKAYAMA, Nobutaka HIRAOKA, Ka-
zuya ITOH
(Vol.37, No.6, 15-21, 2023.6)

It is important to suppress displacement of the temporary retaining wall 

when excavating in the urban area nearby existing structures. Soil buttress-

es have economic advantages compared to struts, such as in large-scale ex-

cavation works. On the other hand, an issue in designing such temporary 

retaining walls is that displacement suppressing mechanisms need to be 

considered by FEM and so on. In this paper, we clarified the displacement 

suppressing mechanism of soil buttresses by centrifuge model tests with 

excavation. Cutout shaped soil buttresses were proposed based on the test 

knowledge. Furthermore, we proposed the design method of temporary re-

taining wall using soil buttresses as displacement suppressing.

Effect of Opening on Walls of Small Train Sheds on 
Wind Pressure and Response of Shed Members
Daisuke ISHIKAWA, Katsuyuki SHIMIZU, Minoru SUZU-
KI, Yuhei NOGUCHI
(Vol.37, No.6, 23-29, 2023.6)

It is important to evaluate wind loads on small train sheds constructed on 

passenger platforms, since they have relatively light mass and both upper 

and lower surfaces of the roofs are exposed to the wind. In this study, we 

examined differences in forms, conducting wind tunnel tests and frame 

analyses using the results of the wind tunnel test for small train sheds, and 

obtained following findings. Wind loads acting on the sheds and the stress of 

their members produced by the wind loads are smaller as the openings 

formed in the back walls of the sheds are larger, but do not depend on the 

arrangement of the openings.

Development and Construction of Ground Rein-
forcement Method using Pressurized Injection Ma-
terials
Yuki KURAKAMI, Susumu NAKAJIMA, Masaaki BEPPU, 
Sumio YAZAKI
(Vol.37, No.6, 31-37, 2023.6)

A new method called Lotus anchor method was developed as a soil rein-

forcement method using grout injection. This method enables the construc-

tion of ground reinforcement with a diameter larger than the boring diame-

ter (φ=115 mm) by pressurized injection. The pullout test results showed 

that the design pullout resistance can be evaluated reasonably by setting 

the reinforcement diameter twice than that of the boring diameter. It was 

also confirmed that the proper management of injection pressure and injec-

tion rate secures the safe construction. Using an ordinary soil reinforcement 

method, we need a large construction machine with a width of about 5 m, on 

the other hand only a width of just 3 m will do for the developed method. 

Moreover, using a small core drill machine, required space can be reduced to 

just a 1 m site width, allowing the construction in narrow place.

Improvement of Flame Retardancy of Seat Cushion 
Materials for Railway Vehicles Using Intumescent 
Flame Retardant
Tadashi TOYOHARA, Sho YAMANAKA, Mikiya ITO
(Vol.37, No.7, 1-7, 2023.7)

In order to further improve the flame retardancy of seat materials in 

railway vehicle, the authors investigated to apply new flame-retardant to it. 

During the selection stage of flame retardants, their attention was focused 

on intumescent flame-retardants. The intumescent flame-retardant ex-

pands and produces char foam during burning state, and the produced char 

foam plays a role of protect shield against rapid flame spread. Various test 

pieces using the flame-retardants were prepared to confirm their character-

istics. As a result of the cone calorimeter fire tests, it was found that inser-

tion of a resin containing intumescent flame-retardants into the existing 

seat cushions can improve the flame retardancy.

Application of Cylindrical Roller Bearings with Ribs 
to Gear Units of Railway Vehicles
Ken TAKAHASHI, Daisuke SUZUKI, Yoshiaki OKAMU-
RA, Takafumi NAGATOMO
(Vol.37, No.7, 9-15, 2023.7)

Helical gears are commonly used in the gear units of railway vehicles in 

Japan, and a bearing type used for the gear units is a tapered roller bearing. 

In order to prevent seizure of bearings, this study examined the use of cylin-

drical roller bearings with ribs that allow a certain degree of axial displace-

ment of inner rings and outer rings, and compared its performance with 

that of a conventional structure using tapered roller bearings through vari-

ous rotating tests. The results showed that the temperature rise immediate-

ly after the start of rotation and torque of the pinion shaft are lower in cy-

lindrical roller bearings with ribs than those in tapered roller bearings, 

through the rotation tests using an actual gear unit.

Estimation Method of Lateral Vibration Accelera-
tion of Car Body used for Safety Evaluation of Rail-
way Vehicles against Crosswind
Hiroyuki KANEMOTO, Yu HIBINO
(Vol.37, No.7, 17-25, 2023.7)

The critical wind speed of overturning is often evaluated by the “RTRIʼs 

detailed equation.” In the equation, the lateral vibration inertia force of car 

bodies is considered as one of acting forces affecting overturning, and the 

lateral vibration acceleration is assumed from past running test results. 

This paper shows that the critical wind speed of overturning can be accu-

rately calculated by using simulation results of the lateral vibration acceler-

ation occurring at the center of gravity of a car body under strong cross-

winds. In addition, a new method is proposed to estimate the lateral 

vibration acceleration using track alignment data.

Wind Tunnel Test to Reproduce Track Surfaces Flow 
When Shinkansen Trains Pass for Ballast and Bal-
last Screen Scattering
Tatsuya INOUE, Takashi NAKANO, Atsushi IDO
(Vol.37, No.7, 27-33, 2023.7)

Air flow is induced on track surfaces when Shinkansen trains pass. To 

prevent ballast scattering due to the air flow, measures such as ballast 

screens are taken on track surfaces. However, considering the extension of 

Shinkansen lines and speed up in the future, it is necessary to improve 

current measures to prevent ballast scattering and to develop new ballast 

screens. Therefore, in this study, we developed the wind tunnel test method 

that can be used for research on measures to prevent ballast scattering and 

studied the scattering phenomenon of objects.

Concept of Storage Battery Electricity Source Rail-
car and Power Supplying Procedure to e.m.u.-trains
Masamichi OGASA
(Vol.37, No.7, 35-41, 2023.7)

Here we propose a concept of a storage battery electricity source railcar to 

run e.m.u. (electric multiple unit)-trains on non-electrified lines of a middle 

distance beyond 100 km. This method has advantages in formation possibil-

ity as a train and in the total cost of the first few decades in some cases 

compared to the usual electrification method of a whole line. To embody a 

battery source car, a circuit configuration and a power supply method when 

connecting and releasing it to a train has been presented. The procedure of 
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replacing source cars at a nodal station is also specifically described, while 

preventing electric shocks.

Examination of Wireless Acceleration Measurement 
for Ballasted Track
Izumi KURITA, Satoko RYUO, Nagateru IWASAWA, Aki-
ko KONO
(Vol.37, No.7, 43-50, 2023.7)

Railway operators examine dynamic characteristics of ballast vibration 

using wired sensors. To improve the efficiency of maintenance works in 

track. In terms of prevent disconnection of sensor cables during tamping 

works, wireless measurement of the vibration is required. In this research 

we discussed specifications of wireless sensors such as an operation pattern 

and a radio system. We evaluated the wireless characteristics of some bur-

ied wireless devices in a ballasted track and confirmed that RSSI which is a 

wireless indicator exceeds the minimum received sensitivity. Furthermore, 

we confirmed the behavior of the buried sensors during a road railer run 

over them.

Relationship between Levels of Urban Railway Ser-
vices and Residential Location Preference in Metro-
politan Area
Takuya WATANABE, Noriko FUKASAWA, Daiki OKUDA, 
Takamasa SUZUKI
(Vol.37, No.7, 51-58, 2023.7)

Railway operators are endeavoring to improve levels of their services in 

order to gain more residents nearby. However, no studies have been focusing 

on the relationship between levels of railway services and residential loca-

tion preference in metropolitan areas. In this study, a questionnaire survey 

was conducted in metropolitan areas. We applied a conjoint analysis to the 

collected data and quantified the effect of each transportation services on 

residential location preference. We confirmed that the effects can be com-

pared quantitatively among each transportation service. The result of the 

analysis suggests that railway services that affect residential location pref-

erence differ depending on residentʼs attributes such as where they live 

and/or how often they use rail.

Relevant Standards and Requirements of Coordina-
tion between Electric Railcars and Power Supply 
Systems
Takayuki NAKAMURA, Masataka AKAGI, Satoru HAT-
SUKADE
(Vol.37, No.7, 59-64, 2023.7)

Coordination between electric railcars and power supply systems is es-

sential to introduce new technical elements in onboard power conversion 

systems. The standard on the coordination is established in Europe, where-

as there are no documents to rely upon in Japan. The European standard, 

which operates as a mandatory standard concretely designates technical 

specific values. Therefore, understanding the standard is essential of per-

forming business abroad. The standard is also useful for performing busi-

ness in Japan, in situations such as determination and assessment for new 

technical elements. Considering these circumstances, this paper explains 

the requirements regarding the coordination to be also useful for business 

in Japan.
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RTRI Develops a Dynamic Gauge and Twist  
Measurement Device TRACK2er

RTRI developed a dynamic gauge and twist measurement device TRACK2er. This 
device is capable of measuring track displacement caused by passing trains. 
Since this device can be mounted on a maintenance vehicle instead of using 
a track inspection car, it is possible to measure track displacement more easily, 
with lower cost.
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