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Designing Auditory Warnings for Preventing Arousal-level Decline  
during Train Operation and Examining Its Effectiveness

Kei HOSHINO Ayako SUZUKI
Human Science Laboratory, Ergonomics Division

Masahiro HONDA
Japan Freight Railway Company

Takeshi HARA
Japan Freight Railway Company (Former)

Train driving is characterized by late-night and early-morning shifts when operators may be prone to 
drowsiness. This study developed and evaluated a system aimed at maintaining and improving arousal level 
by presenting auditory warnings. First, auditory warnings were designed based on a survey of train opera-
tors’ opinions. In our experiments, designated auditory warnings were scored and selected in terms of three 
requirements (“audibility,” “distinctiveness,” and “arousal function”) under train noise. The result shows 
that the arousal effects of the warning auditory were confirmed by presenting the designed sound during a 
monotonous task with the train driver environment.

Key words: auditory warning, sound design, train operators, noise, facial expression

1. Introduction

Train drivers often work irregular hours, such as late at night or 
early in the morning when they are generally considered to be more 
prone to drowsiness, and depending on characteristics of the lines, 
there are sections where monotonous conditions continue without 
any braking or need to operate other equipment. According to previ-
ous studies, more than 60% of drivers experience drowsiness once a 
week [1].  For this reason, safety operation devices have been devel-
oped to automatically stop trains in the event of abnormal conditions 
such as a driver falling asleep or fainting. In addition, drivers are 
encouraged to review their sleeping habits and physical condition in 
order to prevent drowsiness while on board. As one measure to pre-
vent drowsiness, we have been developing a support device that can 
detect decreases in the level of arousal during train operation and 
issue warnings. In this report, we design and verify the effectiveness 
of a warning sound with a higher arousal effect, assuming the use of 
“sound” given its ease of introduction.

2. Design of warning sounds

2.1 Setting the purpose and requirements

As a procedure for designing warning tones, previous research 
has shown a two-step process.

The first step is to organize information to reflect “for what 
purpose,” “when,” and “with what sound.” The second step is to set 
acoustic parameters based on this information [2]. The response to 
the question “for what purpose” is to inform the driver that their 
arousal level has decreased and that they have entered a dangerous 
state thereby helping to prevent a lowered arousal level. As for 
“when,” it was decided that it would be the time when a decline in 
arousal level was detected during train operation.

The “with what sound” was defined as a sound with “audibility 
(ease of hearing)” that allows the driver to hear the warning sound 
in the driver’s cab when the train is running even in an environment 

with background noise, “distinguishability (ease of distinguishing 
other sounds)” that allows the driver to distinguish it from other 
warning sounds used in the cab, and “functionality” that raises 
arousal level. The functionality of the sound is that it can be objec-
tively perceived as a biological response, in addition to being sub-
jectively perceived as a signal to “wake up.” We designed the warn-
ing sound based on the above requirements of “audibility, 
distinguishability, and functionality.” 

2.2 Survey of needs at railroad sites regarding warning sounds

Interviews and questionnaires were conducted to clarify driver 
needs and opinions about warning sounds.

2.2.1 Interviews with supervisory drivers

In order to collect data on needs and opinions about warning 
sounds and to develop specific items for the questionnaire survey, 
interviews were conducted with instructors. A total of 16 people 
were interviewed, including 7 supervisors and 9 managers of opera-
tions related to trainers. In response to the question, “What kind of 
warning sound should be used to support the prevention of alertness 
loss?” the respondents answered, “A sound that cannot be disturbed 
by the sound of driving in a tunnel (audibility),” and “A sound that 
cannot be confused with other sounds heard inside vehicles (distin-
guishability).” Regarding the “functionality” of the warning sound, 
the responses were “unpleasant sound, non-monotonous sound, and 
sound that makes people feel a sense of urgency.”

2.2.2 Questionnaire for train operators

From the results of the responses concerning the interview re-
sults, the sounds listed in Table 1 were given as specific examples of 
“sounds that are unpleasant, not monotonous, or cause a sense of 
urgency,” and the respondents were asked to answer one question 
about what kind of content they would like in the warning sound. 
Table 1 shows the results of the questionnaire survey of all 117 train 
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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.
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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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drivers in charge of sections that include long tunnels. As a result, 
“buzzer-like sound,” which they are accustomed to hearing in trains, 
was the most frequently selected item, however other items tended 
to be selected frequently as well.

2.3 Setting auditory parameters

Among the sounds listed in Table 1, “buzzer-like sounds” were 
excluded from distinguishability, and the other sounds were classi-
fied into three types by “pitch variation” as shown in Table 2.

The first was “Type 1,” which was high pitched sounds such as 
an “alarm clock” and the “electronic sound of household applianc-
es,” characterized by bell tones and electronic sounds in timbre and 
high speed in tempo, with little variation in pitch. The second type 
was “Type 2,” which is a sound that evokes a sense of warning 
through a combination of specific pitches or an increase in pitch, 
such as the chime sound of the “Earthquake Early Warning.” The 
third type, “Type 3,” is a sound that evokes a sense of warning by 
changing the pitch of the ascending and descending lines of a disso-
nant sweep, as in the “siren sound of an emergency vehicle.”

The characteristics of each of these types of sounds are summa-
rized in Table 2 for the acoustic parameters of frequency, tempo, and 
timbre. For each of the three types, basic tones (tones 1, 11, and 14) 
were created by considering “audibility, distinguishability, and 
functionality” as follows.

First, for “distinguishability,” the acoustic parameters under-
lined in Table 2 were adjusted so that the sound would differ from 
existing sounds.

Secondly, for “audibility,” we took into consideration the fact 
that sounds above 1000 Hz are included as sounds that are not 
masked by driving noise [3], that ISO7731 recommends a funda-
mental frequency of 500 Hz to 2500 Hz for warning sounds [4] , and 
that the inclusion of a wide frequency band will address age-related 
hearing loss [5].

For “functionality,” in addition to adjusting the fast tempo and 
timbre, we set “scales” and “additional tones” related to frequen-
cies, as shown in Fig. 1. For the “scale,” a chromatic scale with a 
series of higher or lower semitones was used to design a “trill,” 
which is said to increase urgency, and a sound with a frequency 
change similar to the “sweep” often used in warning tones [4, 5]. 
The “added notes” were designed to include a wide frequency range 
in terms of “audibility” and to enhance the sense of warning by in-
creasing the specific pitch difference of the chords [6].

A total of 15 notes were designed using Singer Song Writer Lite 
9.5 (Internet Inc.). All sound durations were set to 4.8 seconds, and 
the loudness of the sounds was standardized using Adobe Audition 
(Adobe Corporation). 

3. Evaluation experiment of warning sound

3.1  Preliminary experiments <impression evaluation and warn-
ing sound selection>

Twenty-eight adults participated in the preliminary experiment, 
ranging in age from 26 to 52 years (mean age 37.0 years, standard 
deviation 7.23 years).

Impressions of the 15 sounds were evaluated regarding the 
three requirements” audibility, distinguishability, and functionality,” 
with respect to the sounds that were randomly played on a laptop 
computer using headphones.

Participants were asked to rate them according to a 7-point 
Likert scale (1: not applicable at all to 7: very applicable). A rating 
score of 4 (neither applicable nor not applicable) or higher indicated 
that each condition was satisfied.

The average of the evaluation scores for each sound is shown in 
Fig. 2.

Based on these evaluation results, we selected the sounds to be 
used in the next experiment (comparison of warning sounds against 
the sound of a running train).

Since the preliminary experiment was conducted to evaluate 
the “discriminability” of the sounds that we hear in our daily lives, 
we interviewed one manager with experience as a train driver to 
exclude the sounds with particularly low “discriminability” in cabs, 
and four sounds (sound No. 1, sound No. 5, sound No. 9, and sound 
No. 10) were eliminated.

Table 1 Sounds selected by train drivers Table 2  Characteristics of acoustic parameters of each 
type† Sounds selected by train drivers

Fig. 1  Example of scale and additional tones for each 
type
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 Of the remaining 11 sounds, the top four sounds with the high-
est “functionality” scores (sound No. 7, sound No. 11, sound No. 12, 
and sound No. 14), plus sound No.8 and sound No.15, which are 
similar to sound No.7 and sound No.14, were selected for evalua-
tion.

In addition, piano sounds (4 sounds of 1.2 seconds at the height 
of C5) were used as “filler sounds” as a standard for comparison. 
The composition of the acoustic parameters for a total of seven 
tones (six tones and filler tones used in the experiment) is shown in 
Table 3.

3.2  Experiment 1 <Comparison of warning sounds against 
noise of running train>

Since train running sounds are background noises in train cabs, 
Experiment 1 was conducted to compare each designed sound while 
running sounds are heard at the same time, and to select the sound 
with the highest three requirements (“audibility, distinguishability, 
and functionality.”).

3.2.1  Sound pressure and frequency of driving and warning 
sounds

In this experiment, as a typical running sound, the running 
sound when a train passing a switch outside a tunnel was used (here-

inafter referred to as “running sound”).
The sound pressure of the running sound and the warning 

sound was 75 dB (LAeq).
In this experiment, an equivalent continuous A-weighted sound 

pressure level was measured by a sound level meter (RION-NL52), 
using a tripod at a height of 1.2 meters to be at the position of partic-
ipants’ right ear. Figure 3 shows the results of the 1/3-octave analy-
sis when the running sound and selected warning sound were pre-
sented at 75 dB (LAeq).

3.2.2 Participants and experimental environment

Twenty-seven adults participated in the experiment, ranging in 
age from 26 to 56 years (mean age 37.0 years, standard deviation 
7.63 years). 

The participants sat in chairs 1 meter away from the speakers 
(WS-X66A Panasonic wireless powered speaker system) placed at 
1-meter intervals on the left and right sides of their desks. The left 
speaker presented the train running noise and the right speaker pre-
sented the warning sound respectively.

3.2.3 Experimental Procedure

Before participation, all individuals provided their written in-
formed consent. 

All sounds were compared using a Thurston’s one-pair compar-
ison method. A total of 21 pairs were presented in random order of 
two sounds from a total of seven sounds shown in the Table 3 
against the sound of a running train.

About 5 seconds after the train running noise was presented, 
the first of the two warning sounds was presented, and the second 
sound was presented after an interval of about 4 seconds. The sec-
ond tone was presented after an interval of about 4 seconds. After 
the two tones were presented, the participants were asked to choose 
the one they rated higher among the two tones for the three require-
ments of “audibility, distinguishability, and functionality,” and to fill 
out a survey form.

3.2.4 Results and Discussion of Pairwise Comparisons

The results of the pairwise comparisons are shown in Fig. 4. 
Against the sound of a running train, sound No. 11 was selected as 
the best sound because it was the most highly evaluated sound for 
all three requirements of “audibility, distinguishability, and func-

Fig. 3  1/3 octave band sound pressure level of each 
sound and noise

Fig. 2  Results of average evaluation scores for each 
condition on each sound

Table 3  Setting of auditory parameters for each design-
ing sounds
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tionality.”
Previous studies have suggested that sounds in a 2000-4000 Hz 

band may be easier to listen to against the sound of a running train 
[7], and the frequency analysis in Fig. 3 shows that the components 
in these frequency bands are larger for sound No. 11, which may 
have influenced the evaluation of “audibility” and “functionality.”

3.3  Experiment 2 <Assessment of functionality at reduced 
arousal level >

The “functionality” of the warning sound was tested on partic-
ipants with reduced arousal levels against the background noise of a 
running train.

3.3.1 Warning sounds and train running noise

Sound No. 11, the selected sound, is hereinafter referred to as 
the “warning sound.”

The background noise was the sound of a running train mea-
sured in a tunnel section (hereinafter referred to as “tunnel running 
sound”) to simulate an environment during a driving operation in a 
tunnel section, which is a considered to be prone to continuous mo-
notonous state.

As in Experiment 1, the sound pressure was set to 75 dB (LAeq) 
for both the warning sound and the running sound.

3.3.2 Participants  

Twenty-nine adults participated in the experiment, ranging in 
age from 20 to 57 years (mean age 38.2 years, standard deviation 
10.8 years).

All participants had a driver’s license and had no problems with 
their vision, hearing, or health. Participants were required to sleep 
two hours less than usual the previous night or to sleep four hours if 
that would result in less than four hours of sleep. 

These conditions were confirmed before the experiment by the 
participants’ self-reports.

3.3.3 Experimental Environment

The experiment was carried out on a train driving simulator to 
simulate conditions during a driving operation. Three speakers were 

placed approximately 1 meter in front of the participant on the back 
side of the simulator. One speaker (WS-X66A wireless powered 
speaker Panasonic) was placed front and center to broadcast the 
warning sound, and two other speakers (MSR400 Powered Speaker 
YAMAHA) were placed 75 cm apart to the left and right of the cen-
ter of the floor to broadcast the train running sound. The lighting in 
the laboratory was turned off in order to reproduce the environment 
of a driver’s cab late at night when arousal levels tend to decrease.

A monotonous task was displayed on the simulator monitor, 
and the participants operated buttons on a keyboard placed on the 
simulator table.

During the monotonous task, the tunnel running sound was 
broadcasted at 75 dB (LAeq) through two speakers.

The tunnel running sound was also broadcasted at 65 dB (LAeq) 
during breaks and when participants responded to survey forms, so 
that the train running sound would not be interrupted.

3.3.4 Experimental Procedure

After written informed consent was obtained from each partic-
ipant, a heart rate monitor (PolymatePocket MP208 Miyuki Giken) 
was equipped. Then, the participants were instructed to sit in the 
driving simulator and practiced keyboard operations for the monot-
onous task several times. Five to six sessions of the task were con-
ducted as shown in Fig. 5. The total experiment time was 120 min-
utes.

Each session consisted of a 12-minute monotonous task, fol-
lowed by a break of about 2 minutes to answer a survey form and to 
drink water.

As shown in Fig. 6, the monotonous task was to press the “×” 
button on the keyboard as quickly and accurately as possible when 
a circle composed of multiple “〇” signs was displayed on the mon-
itor and contained a “C-mark,” or to press the “〇” button when it 
did not contain a “C-mark.” The number of “〇” that make up the 
circle is randomly changed from 5 to 15 on each trial. Also, if there 
is a “c mark,” the position of the “c mark” is randomly changed with 
each trial.

The warning tone was presented once during each of the two 
sessions, with at least one session in between, for a total of two 
warning tones per person.

Fig. 4  Results of pairwise comparisons for each condi-
tion on each sound†

†: The filler sound is the piano sound used as a reference for com-
parison (C5, 4 notes of 1.2 seconds)

Fig. 5 Example of experimental time course

Fig. 6 Example of Monotonous task
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3.3.5 Measurements

The following four items were measured to verify the function-
ality.

(ⅰ) Drowsiness rating (an objective index): Average of the val-
ues obtained by recording facial images during the task and rating 
facial expressions (1: not at all sleepy, 2: somewhat sleepy, 3: 
sleepy, 4: very sleepy, 5: extremely sleepy) [8] at 5-second intervals 
for 1 minute before and after the warning tone.

 (ⅱ) Task reaction time (performance index): Average reaction 
time for 30 seconds before and after the warning sound for the key-
board button operation time of the monotonous task.

 (iii) Heart rate (physiological index): Instantaneous heart rates 
calculated from the RRI (heart rate interval) before and after the 
warning sound

 (iv) Warning evaluation (subjective index): 9-point rating of 
subjective arousal effect of the warning sound, which is answered 
during the break time of the session in which the warning sounded.

3.3.6 Data Analysis

As shown in Table 4, the measured data were divided into three 
groups according to the arousal level at the time the warning sound 
was broadcasted, to confirm the effect of the warning sound in pre-
venting a fall in arousal. In the three groups, drowsiness ratings 1 
and 2 were defined as “low,” drowsiness ratings 3 as “moderate,” 
and ratings 4 and 5 as “high.”

For indices (ⅰ), (ⅱ), and (ⅳ), a total of 58 data were obtained 
because the warning sound was presented twice for each of the 29 
participants. For the heart rate of 18 participants for whom there was 
no noise contamination or malfunction of the measurement device, 
a total of 36 data were obtained from the two times the warning tone 
was broadcasted.

3.3.7 Results and Discussion

(1) (ⅰ) Drowsiness rating and (ⅱ) Task reaction time
Figure 7 shows the change in the sleepiness rating for each 

group during the 1-minute period before and after the warning.
Figure 8 shows the change in reaction time to the monotonous 

task for 30 seconds before and after the sound of the warning for 
each group.

The median values of the sleepiness rating and task reaction 
time were compared by Wilcoxon signed test, and the median values 
of the sleepiness rating and task reaction time significantly de-
creased after the warning compared to before the warning in “high” 

drowsiness group. (p<0.05).
These results suggest that the warning sound is more effective 

when the degree of arousal decrease is high (i.e., when sleepiness is 
high) from the viewpoints of the objective and performance indices.

(2) (iii) Heart rate and (iv) Warning evaluation
Figure 9 shows the average heart rate for 10 seconds before and 

after the warning sound and for 1 minute after the warning was pre-
sented.

A two-way analysis of variance was conducted with the time 
change as a within-subjects factor and the degree of arousal reduc-
tion as a between-subjects factor, and a significant main effect was 
found for the time change before and after the warning broadcast 
(F(2,66) = 13.77, p<0.001). Multiple comparisons revealed that the 
mean heart rate significantly decreased 10 seconds after the warning 

Table 4 Number of data for each level of drowsiness† Fig. 7  Results of average drowsiness rating for each 
group

†: As a result of statistical analysis, in “high” drowsiness group, the 
drowsiness rating significantly decreased before and after the warn-
ing sound broadcast (p < 0.05).

Fig. 8 Results of average reaction time for each group
†: As a result of statistical analysis, in “high” drowsiness group, the 
reaction time significantly decreased before and after the warning 
sound broadcast (p < 0.05).
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compared to 10 seconds before the warning (p<0.001). The mean 
heart rate significantly decreased at 10 seconds after the warning 
compared to 1 minute after the warning (p<0.05). Furthermore, the 
mean heart rate significantly decreased at 1 minute after the warning 
compared to 10 seconds before the warning (p<0.05). There was no 
significant difference in the main effect of the magnitude of arousal 
reduction and the interaction effect.

Table 5 shows the results of the subjective evaluation of the 
effect of the warning broadcast, excluding omitted responses. More 
than 90% of the respondents responded to the effects of warning 
tones from options 1 to 6.

It is generally believed that a decreased heart rate is observed 
when the parasympathetic nervous system is dominant and when 
relaxation or arousal level is lowered. This response is called the 
“orienting response” and is thought to be related to the state of atten-
tion and concentration [9]. Considering the high percentage of peo-
ple who felt the effect of the warning in the results of subjective 
evaluation of the sound of the warning, it is possible that the de-
crease in heart rate due to the broadcast of the warning reflects the 
“orienting response.” Therefore, it is suggested that the designed 
warning sound functions as a sound stimulus that promotes moder-
ate alertness. 

4. Evaluation by train operators

The effectiveness of the warning sound was verified for train 
drivers to confirm its practicality, since the experiments up to Chap-
ter 3 were conducted with participants who were recruited from the 
general population.

4.1 Impression Evaluation

Train drivers were asked to evaluate their impressions of the 
warning tones. Considering the time required to obtain the coopera-
tion of the train drivers, five sounds were selected from the seven 
used in Experiment 1: sound No. 7, sound No. 8, sound No. 11, 
sound No. 15, and the filler sound. These warning sounds were re-
corded with the sound level meter, which was output at 68 dB (LAeq) 
when the running sound was presented as background noise 75 dB 
(LAeq). The sound sources of these recorded warning sounds with 
train running sound were used for impression evaluation. The sound 
files were presented from a laptop computer at a constant volume 
that was easy to hear during the impression evaluation. The evalua-
tion items were the same as in the preliminary experiment (Section 
3.1). 

Ninety-nine active train drivers (mean age: 39.3 years, standard 
deviation: 8.72 years) between 21 and 62 years old participated in 
the impression evaluation.

As a result, as shown in Fig. 10, all the evaluation values of 
“audibility, distinguishability, and functionality” for sound No. 11 
exceeded 5 (more or less true), which was the highest among the 
five tones. Therefore, it was confirmed that the results of the general 
participants’ evaluations tended to coincide with those of the train 
drivers.

4.2 Warning tone broadcast on operating trains

The practicality of the warning sound was verified by conduct-
ing a test in which a warning sound was presented to two active 
drivers and one supervisor driver when their arousal level decreased 
in an actual running train.

The warning sound “No.11” was presented at a sound pressure 
of 75 dB (LAeq) at the driver’s right ear from a speaker (MSP3 Pow-
ered Monitor Speaker YAMAHA) under the passenger seat in the 
driver’s cab. 

For the two active drivers, the sound of the warning was pre-
sented in the driver’s cab while the train was in operation, and the 
effectiveness of the warning was evaluated after the end of the train 

Fig. 10  Results of average evaluation scores for each 
condition of train drivers

Fig. 9  Results of average instantaneous heart rate for 
each group

†: As a result of statistical analysis, the average instantaneous heart 
rate decreased significantly 10 seconds after sound broadcast com-
pared to 10 seconds before broadcast (p<0.001) and 1 minute after 
broadcast (p<0.05). At 1 minute after broadcast, the mean value was 
significantly lower than at 10 seconds before broadcast (p<0.05).

Table 5  Results of subjective evaluation for arousal 
function
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ride. A simplified 6-point scale (1: very awake to 6: not at all no-
ticed) was used, taking into account the workload and two active 
drivers provided a score of “1 (very awake)” and “3 (somewhat 
awake).”

In order to have the driver examine the effect of the warning 
sound in a drowsier state, the supervisor driver was seated in the cab 
facing the opposite direction of travel, where he was not driving. 
The results of the evaluation using the items in Table 5 used in Ex-
periment 2 (Section 3.3) showed that the response was “2 (between 
[very awake] and [awake]).”

5. Summary

In this study, we designed a warning sound that “assists in pre-
venting the lowering of the arousal level during train operation” and 
confirmed that it satisfies “audibility, distinguishability, and func-
tionality.”

In addition, the practicality of the warning sound was con-
firmed by the fact that the sound presented while a train was running 
prevented the lowering of the arousal level.

On the other hand, it is necessary to continue to study the tim-
ing of the warning sound and the actions to be taken by train drivers 
after the warning sound is given, in cooperation with railroad com-
panies.

(This paper is based on Reference 10, with additions and mod-
ifications [10].)
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Experimental Verification of Handrail Effect on Injury Reduction 
for Passengers Seated in Long Seats in the Event of a Collision

Kazuma NAKAI Shota ENAMI
Ergonomics Laboratory, Human Science Division

In order to enhance the safety of passengers seated in long seats, it is important to identify the risk to 
passengers in the event of a collision. In a prior study, case studies using numerical analysis showed that the 
installation of handrails reduced the secondary impact velocity of passengers’ heads. The purpose of this 
study is to investigate the effect of handrails in reducing the severity of injury to passengers through a series 
of physical tests. The experiment results showed that the occupant behavior and the severity of injury to the 
occupants were dependent on the initial seating position, and that the severity of head and thorax injuries 
decreased significantly in the presence of handrails.

Key words: crashworthiness, sled test, interior fitting, long seats

1. Introduction

Although various approaches are adopted to prevent railway 
accidents, some situations cannot be prevented by railway operators 
alone, such as entry onto a level crossing immediately prior to a 
train approaching or natural disasters, and so on. As such, from a 
safety perspective it is important to consider counter measures to 
reduce the damage caused by accidents.

Collisions have two phases. The first, known as the “primary 
impact” is the collision of a rail vehicle with another rail vehicle or 
an obstacle on the track. Design approaches to reduce damage from 
primary impact include measures such as increasing car body struc-
ture rigidity to provide more space inside the vehicle and installing 
crushable zones to reduce the impact inside the vehicle. The second 
phase, known as “secondary impact” refers to when passengers 
collide with the interior fittings or other passengers following a pri-
mary impact. Design approaches against secondary impact include 
measures to reduce the degree of passenger injury in case of a colli-
sion with on-board interior fittings or other passengers. The study in 
this report focuses on secondary impact. This study is based on the 
scenario of a head-on collision between a train and a dump truck, 
drawing on the characteristics level crossing accidents in Japan 
which have caused serious damage.

The UK’s Railway Safety and Standards Board has established 
Railway Group Standards GM/RT2100 (RGS) [1] to develop a 
crashworthy structural design, which is considered to be one of the 
most advanced specifications of its kind. This standard provides a 
physical test method for evaluating the injury to passengers seated 
in a transverse seating arrangement as shown in Fig. 1. However, 
there is no standard to evaluate the injury to passengers occupying 
long seats. In other words, an evaluation method for the passengers 
occupying long seats has yet to be established. Some large cities in 
Japan have commuter trains mostly equipped with long seats, simi-
lar to some metro trains in European countries. Therefore, it is im-
portant to ensure the safety of the passengers sitting on the long 
seats.

Recently, we have conducted research on passengers sitting on 
long seats [2–4]. A previous study [4] showed that the installation of 
handrails in long seats reduces the velocity of secondary impact 
with interior fittings at the end of long seats. This was ascertained 
through case studies using numerical simulations on the assumption 
that interior fittings are rigid. This means that the previous study did 
not evaluate the severity of injury to passengers. Therefore, the pur-

pose of this study is to estimate the severity of injury to occupants 
on long seats and to verify the effect of reducing the severity of in-
jury to passengers using handrails in a physical test.

2. Sled test methods

The severity of injury to passengers was estimated using an 
experimental program based on the physical impact test, which is 
called a “sled test” to simulate the scenarios of a level crossing acci-
dent. The dynamic acceleration pulse in the direction of travel was 
used as the input condition as shown in Fig. 2(a). An ES-2 dummy 
[5] was chosen to represent the seated passengers. This type of dum-
my was selected because of its capability to assess side-impact inju-
ry. The existing bench-end partition was arranged at the end of the 
long seat on the floor. The outside of the bench-end partition is 
covered with resin materials. The inside is comprised of the steel 
frame and polyurethane filled into the frame. The bench-end parti-
tion was fitted in a fixed position on the train as shown in Fig. 2(b). 
This type of partition is common in Japan.

2.1 Input acceleration pulse

In the event of a collision, there is relative deceleration (accel-
eration) between the car body and the passengers on board. Acceler-
ations in the direction of the track were used as input. The accident 
scenario was a train collision with a 22-tonne dump truck at 54 km/h 
on a level crossing. The acceleration pulse was generated by using 
numerical simulation as shown in Fig. 3 [6-7].

2.2 Initial seating positions

Dummies were seated on the long seats. Four initial seating 
positions (Positions A, B, C, A and C) without handrail, Position C 
with handrail and Positions A and C with handrail were used, as 

Fig. 1 Secondary impact on transverse seats
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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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shown in Fig. 4, comprising twelve test conditions (Table 1). The 
T09-T12 test was conducted to assess the effect of using handrails 
on passengers seated on long seats. Position A is next to the bench-
end partition (Fig. 4(a)). Position B is the second seat from the 
bench-end partition (Fig. 4(b)). Position C is the third seat from the 
bench-end partition (Fig. 4(c)). The conditions of position A and C 
were carried out to assess the effect of secondary impact between 
passengers (Fig. 4(d)). Position C with handrail (Fig. 4(e)) and Po-
sitions A and C with handrail (Fig. 4(f)) were carried out to assess 
the effect of the handrail on injury reduction. T02-T04, T05-T07 and 
T09- T11 were carried out three times under the same conditions to 
confirm the degree of variation in the measurements.

2.3 Evaluation method

The dummy behavior was assessed using the collision position 
of the dummy’s head to the bench-end partition, and the Secondary 
Impact Velocity of the dummy’s head to the bench-end partition 
(SIVH). The kinematic motion of the dummy was measured using 
high-speed cameras (MEMRECAM GX-1). The recording flame 
rate was set 1000 Hz. The injuries caused to the dummy were as-
sessed using Head Injury Criterion (HIC), Rib Deflection Criterion 
(RDC) and Pubic Symphysis Peak Force (PSPF), which have been 
extensively used for assessing the safety of automotive occupants 
[5]. The limit values (IARVs: Injury Assessment Reference Values) 
for HIC, RDC and PSPF were 1,000, 42 mm and 6 kN, respectively. 
The HIC is calculated based on the data of three-axis translational 
resultant acceleration by using (1). The thorax of the dummies con-
sists of three rib modules, i.e. the upper rib, the middle rib and the 
lower rib. The maximum values measured in the rib deflection in 

Fig. 2 Condition of the sled test

Fig. 3 Accident scenario and acceleration pulse

Fig. 4 Initial seating conditions

Table 1 Test conditions
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each of the rib modules was defined as RDC. The maximum values 
measured in the pubic symphysis force was defined as PSPF.

 (1)

3. Results and Discussion

3.1 Evaluation of behavior

The ES-2 dummies were seated in the initial positions on the 
long seat (Fig. 5). The behavior of the dummies during the second-
ary impact is also shown in Fig. 5. The behavior of the dummy 
whose seating condition was in Position A was a secondary impact 
of chest on the partition followed by a secondary impact of head 
(Fig. 5(a)). The behavior of the dummy whose seating condition was 
in Position B was a secondary impact of shoulder on the partition 
followed by a secondary impact of head (Fig. 5(b)). Figure 5(c) de-
picts that the dummy’s head collided with the partition before the 
remaining parts of the dummy. Figure 5(d) depicts that the dummy’s 
head at Position C collided with the other dummy’s head and that 
the dummy’s shoulder at Position C collided with the other dum-
my’s right thorax. Figure 5(e) shows that the secondary impact po-
sition of the dummy’s head was lower than without the handrail. 
Figure 5(f) depicts that the dummy’s head at Position C collided 
with the other dummy’s shoulder. It was observed that the behavior 
of the dummies depends on their initial seating positions and the 
presence of the handrail, on the same acceleration condition.

Figure 6 shows the comparison of SIVH to quantitatively as-
sess the behavior of the dummy’ head. The average values of Posi-
tions B and C were calculated. The conditions of Positions B and C 
were each carried out three times. The error bar shows the maximum 
value and the minimum value. Figure 6(a) shows that the SIVH in-
creases with distance from the bench-end partition. Figure 6(b) 
shows that the SIVH at Position C decreases by 20% with the use of 
handrails.

3.2 Overall evaluation of Injury

The average values, maximum values and minimum values of 
HIC, RDC and PSPF are shown in Fig. 7. To identify high-risk ini-
tial positions in terms of head, thorax and pelvis injuries, HIC, RDC 
and PSPF were standardized by dividing their respective limit and 
compared. This figure shows that HIC values are higher than any 
other values and that PSPF values are lower than any other values.

3.3 Evaluation of HIC

HIC values at position C were higher than IARVs as shown in 
Fig. 8. Figure 8(a) shows that HIC values increase with distance 
from the bench-end partition. Figure 8(b) shows that the HIC at 
Position C decreases by 50% with the use of handrails. Figure 8(c) 
shows that the HIC for both Positions A and C also decrease with the 
application of handrails. It was observed that the HIC of the dum-
mies was dependent on the initial seating position and the presence 
of handrails at an identical acceleration pulse.

3.4 Evaluation of RDC

Figure 9(a) shows that RDC values are lower than the IARVs 

regardless of the initial seating position. Figure 9(b) shows that the 
RDC for Position C decreases significantly with the use of hand-
rails. RDC was higher than the IARVs at position A as shown in 
Fig. 9(c) because of the collision between the dummy’s thorax at 
position A and the dummy’s shoulder at position C. This figure 
shows that the RDC for Position A decreases significantly with the 
use of handrails. It was observed that the RDC of the dummies was 
dependent on the handrail at an identical acceleration pulse.
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Fig. 5 Behavior of dummy
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3.5 Evaluation of PSPF

Figure 10(a) shows that the PSPF values are less than the 
IARVs regardless of the initial seating position. Figure 10(b) and 
Fig. 10(c) show that both PSPFs were almost the same regardless of 
the presence or not of handrails. It was observed that the PSPFs of 
the dummies were very low and there was no handrail effect on in-
jury reduction.

3.6 Effect of handrail

The above results show that the HIC at Position C decreased 
significantly in the presence of handrails. This section discusses the 

reasons for this result.
The first reason is that the SIVH at Position C with the handrail 

was lower than the SIVH without the handrail (Fig. 6(b)). This ef-
fect on SIVH reduction was also observed in previous research us-
ing numerical simulation [4]. The second reason is that the collision 
position of the dummy’s head was more flexible in the presence of 
handrails than in the absence of handrails (Fig. 11). The inner parts 
of the partition were reinforced with a structural element. Therefore, 
it was observed that the stiffness of the partition varies with position.

The severity of injury to the passengers depends on the second-
ary impact velocity and the collision position. Therefore, there is a 
possibility that the handrail may not have much effect in reducing 
the severity of injury if the collision position of the head in the pres-

Fig. 6 Comparison of SIVH

Fig. 7 Comparison of injury values Fig. 8 Comparison of HIC
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ence of handrails is harder than the collision position in the absence 
of handrails.

4. Conclusions

The objective of this study was to estimate the severity of inju-
ry to occupants in long seats and to consider mitigation measures 
using sled tests. The occupant behavior and injury severity of a 
dummy were quantified in 12 test conditions. It was found that the 
behavior, HIC and RDC of the dummies depended on the initial 
seating position and the handrail at an identical acceleration pulse, 
and that the severity of head and thorax injuries decreased signifi-
cantly with the installation of handrails.

Fig. 10 Comparison of PSPFFig. 9 Comparison of RDC

Fig. 11  Collision position to bench-end partition of the 
dummy’s head
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The acceleration pulse condition was limited in this work. 
Therefore, further studies using sled tests and numerical simulation 
are needed to develop effective measures to enhance the safety of 
occupants in long seats.

This study was published in Transactions of the JSME (in Jap-
anese) in 2019 [8].
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Numerical Analysis Method for Corrosion of Segment Joints  
in Shield Tunnels Caused by Chloride Attack
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Deterioration caused by chloride ions may occur in some shield tunnels located in waterfront areas or 
near tidal rivers. In this paper, we propose a three-dimensional finite element analysis method for the main-
tenance of shield tunnels affected by chloride ions. In proposing this method, we developed a modeling 
method for deteriorated segment joints by reducing stiffness. In addition, we verified the validity of the 
method by loading tests of segmental lining specimens. 

Key words: shield tunnel, segment joint, chloride attack, corrosion, loading test numerical analysis

1. Introduction

In recent years, there have been cases of steel corrosion in RC 
segments of shield tunnels located in waterfront areas or near tidal 
rivers. This corrosion is caused by water leakage containing chlo-
ride ions. The presence of chloride ions leads to steel corrosion in 
the concrete, resulting in cracking, spalling, delamination, and a re-
duction in the cross-sectional area of the steel. Consequently, the 
performance of the tunnels is compromised. Deterioration caused 
by chloride ions is a significant issue in maintenance and manage-
ment because it often progresses rapidly once it becomes apparent, 
and effective countermeasures are often limited [1].
　In addition, water leakage in shield tunnels tends to occur 
in joints, where the joint steel is exposed to a highly corro-
sive environment. Many studies have been conducted on 
the steel corrosion of RC segments in salt-affected environ-
ments and on the behavior of chloride ions in concrete. 
However, few studies [2] have examined the effects of dete-
rioration caused by chloride ions on the mechanical behav-
ior of segmental joints.

Shield tunnels consist of numerous joints, and the stiffness of 
these joints is smaller than that of the concrete sections in the main 
body. Therefore, if the stiffness of the joints decreases due to corro-
sion of the joint steel, it can affect the mechanical behavior of the 
tunnel lining. To ensure proper maintenance and management of 
shield tunnels in salt-affected environments in the future, it is neces-
sary to understand the deterioration of joints and the associated 
mechanical behavior and develop analytical methods that account 
for these effects.

This paper proposes a modeling method of segment joints for 
3D finite element analysis that can consider the effects of deteriora-
tion caused by chloride ions. The proposed method is based on the 
results of accelerated corrosion tests [3] conducted on specimens 
simulating joints. The validity of the proposed modeling method is 
verified using the results of loading experiments. The proposed 
method applies to bolt-type joints, broadly used in railway shield 
tunnels.

2. 3D FEM of shield tunnel

2.1 Summary of the proposed method

Since having many joints is a structural feature of shield tun-
nels, the method of modeling the joints is important for understand-
ing the mechanical behavior of the tunnel. In the beam-spring 
model commonly used in the design, joints are modeled with rotat-
ing springs, and the response values such as bending moments of 
segments and joints are calculated. In addition, there are instances of 
detailed studies on segments using 3D FEM where the segmental 
linings have been modeled with shell elements and the joints with 
spring elements [4], as well as cases where the segmental linings 
have been modeled with solid elements and the joints with spring 
elements [5].

In this study, the joint modeling method was proposed for use 
in the detailed design of repair and reinforcement work for shield 
tunnels. The outline of the method is as follows: first, the segmental 
linings are modeled with solid elements to understand the response 
of the members in three dimensions. The joints are modeled with 
bolt-type joints, which are broadly used in existing railway shield 
tunnels. In this modeling approach, the steel plate of joints is mod-
eled with shell elements, and the bolts and anchor bars with joint 
springs. The effect of deterioration caused by chloride ions is then 
expressed by reducing the stiffness of the joint springs. The pro-
posed method focuses on the behavior when the stress of the joint 
steel is smaller than the yield stress since it is generally considered 
that response values should remain below the yield stress of the joint 
steel for normal use of shield tunnels.

2.2 Modeling method of the shield tunnel

The proposed modeling method of the shield tunnel is shown in 
Table 1 and Fig. 1. This method is an analysis method using solid 
and shell elements, which is characterized by modeling the joint 
behavior with two types of springs.

In the proposed method, the segment bodies are modeled with 
solid elements, and the steel plate of joints is modeled with shell 
elements, referring to the previous study [4]. The boundaries be-
tween the solid and shell elements are rigidly connected as double 
nodes. Since the shell element has three rotational degrees of 
freedom which are not included in the solid element, rigid 
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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.
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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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body elements, one type of functional element, are used to 
constrain the shell element. The bolt boxes are modeled 
with finite elements whose shape matches real ones.

In addition, the joint steel was modeled with joint springs, and 
the interaction of concrete surfaces between segments is modeled 
with contact springs. The joint spring is a composite spring, model-
ing the joint bolt and the anchor bar. According to the accelerated 
corrosion test results [3] for specimens simulating joints, it was 
shown that chloride ions penetrated along the joint steel, and defects 
occurred in the anchor bar along with corrosion of the bar tip. This 
suggests that the corrosion of the anchor bars decreased the bond 
strength to the concrete and affected the mechanical behavior of the 
lining. For this reason, the joint springs are modeled with springs 
having composite springs including joint anchor bars, and installed 
in the bolt position.

Compression springs are used as contact springs to simulate the 
interaction between the concrete surfaces of the segments. These 
springs are modeled with springs having equivalent stiffnesses that 
consider the effect of cracks in the segment body and placed on the 
entire concrete surface of the joints, and contact springs are effective 
only in compression.

2.3 Modeling of joints

2.3.1 Contact springs between segments

When tunnels are loaded, reaction forces are generated by con-
tact and compression behavior between segments. To simulate these 
forces, contact springs are modeled on the concrete surfaces be-
tween the segments. It was assumed that the joints show complex 
behaviors, including the nonlinear behavior of concrete caused by 
compressive and tensile stress, and contact/separation behavior 
caused by the discontinuity between segments, which came not only 
from material nonlinearities but also member and structural nonlin-
earities. In the proposed method, these behaviors are modeled col-
lectively with contact springs. Then, taking the length of the contact 
spring as a parameter, the non-linear stiffness is calculated assuming 
them as springs having equivalent stiffness as the segment. The 
stiffness of the contact springs is calculated by (1). The length of the 
contact spring is discussed later in the next chapter.

 (1)

where Ec = static modulus of elasticity of concrete;
A : Cross-sectional area of concrete between segments;
L : Equivalent length of the contact spring that expresses the 

non-linear behavior of the segment.

2.3.2 Joint spring

In the proposed method, the steel plate of joints is modeled 
with shell elements, and the bolt and eight anchor bars, the other 
main components of the bolt-type joints, are modeled with spring 
elements. Since tensile and bending force occur on the anchor bars 
and bolts during service, their spring stiffness is defined by (2), con-
sidering the tensile behavior (Fig. 2) and bending behavior (Fig. 3) 
of joints.

To consider the tensile behavior, the springs are modeled with 
a composite spring (referred to as ‘joint spring’) as shown in Fig. 2, 
following the calculation method of the tensile spring constant of 
one-pass joints [6]. The calculated stiffness of this spring is used as 
the stiffness of the joint spring in the circumferential direction of the 
tunnel.

To consider the bending behavior, the joint spring stiffness in 
the radial direction of the tunnel is set using the joint spring stiffness 
in the tunnel radial direction (3), assuming that the anchor bar is a 
fixed-tip-cantilever beam under bending moment. This assumption 
was based on the deformation state of the anchor bar at the joints 
after the segmental lining loading tests [3]. For simplicity, the anal-
ysis does not consider any of the restraints around the anchor bar, 
non-linearity resulting from fracture progression of the concrete 
around the anchor bars, and the effect of corrosion on the bending 
stiffness of the anchor bar, which was confirmed to have low sensi-
tivity in the analysis. In addition, since this analysis focuses on the 
behavior in the transverse direction, the joint spring stiffness is as-
sumed to be constant in the tunnel axial direction.

The results of accelerated corrosion tests [3] on specimens 
simulating joints suggested that the presence of chloride ions in the 
concrete strongly affected the joint anchor bars. Based on these re-
sults, the effects of corrosion on joint steel materials such as anchor 
bars and joint bolts are considered by multiplying the joint spring 
stiffness in the tunnel circumferential direction (k2) by the spring 
reduction factor α.

k = 
Ec A

L

Table 1 Modeling method in the proposed method

Fig. 1 Shield tunnel modeling method
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 (2)

where k1 : joint spring stiffness in tunnel radial direction;
k2 : joint spring stiffness in tunnel circumferential direction;
k3 : joint spring stiffness in the direction of tunnel depth;
kab : spring stiffness due to bending of one joint anchor bar. 

According to (3) (8 anchor bars per joint),

 (3)

kat : tensile spring stiffness of joint anchor bar;
kbt : tensile spring stiffness of the joint bolt;
α : spring reduction factor due to corrosion (α = 0 to 1.0);
Es : static modulus of elasticity of anchor bars;
I : sectional secondary moment of anchor bar.

3.  Validation of the proposed method by loading tests of seg-
mental lining specimens

3.1 Summary

　We verified the validity of the proposed analysis 
method through loading tests of segmental linings [3]. The 
purpose of the tests was to understand the joint behavior of 
the segmental lining at load levels below the yield stress. Current-
ly, railway shield tunnels have been designed using the allowable 
stress design method. Therefore, the validation of the analytical 
method was conducted in the range of less than 10 mm vertical dis-
placement of the loading plate, where the stresses that occurred on 
the segmental linings were below allowable stresses.

3.2 Loading tests of segmental lining specimens

The verification of the proposed method was conducted 

through a loading test using the large-scale model tunnel lining test 
unit [7] shown in Fig. 4. In the loading tests, all reaction springs 
were activated to simulate ground reaction forces. The loads were 
applied vertically downwards to the segmental linings using the 
loading hydraulic jacks installed at the crown of the testing unit. The 
segmental linings were assembled by joining four segmental speci-
mens shown in Fig. 5 with the bolt-type joints shown in Fig. 6. The 
following three lining specimens were fabricated: the lining speci-
men deteriorated by chloride ions (referred to as the deteriorated 
lining), the lining specimen with loss of bond between concrete and 
anchor bars (referred to as the unbonded lining), and the sound lin-
ing specimen (referred to as the sound lining).

The deteriorated lining was subjected to accelerate corrosion of 
segment specimens conducted before the loading test. Then, those 
specimens were set at the crown of the segmental lining [3] because 
the joint at the crown was considered to rotate the most during the 
loading tests. The segment specimens were connected with M20 
bolts. It was noted that to maintain the required strength for connec-
tion, the bolts were excluded from the accelerated corrosion test.

The unbonded lining was made based on the result of the accel-
erated corrosion test [3], by changing the anchor bar from D10 to φ8 
round steel (SR-24) for the bolt-type joints and by bonding butyl 
rubber tape to the anchor bar, before casting the mortar to remove 
the bond between anchor bar and mortar.
　The sound lining was fabricated for comparison with the 
other lining specimens.

8kab, , 8kab

⎡
｜
⎣

⎤
｜
⎦

[k1, k2, k3] = 
katkbt

kat + 2kbt

kab = 
3Es I

l 3

Fig. 2 Tensile behavior of bolts and anchor bars

Fig. 4 Large-scale model tunnel lining testing unit

Fig. 5 Segmental lining specimen

Fig. 6 The bolt-type joint

Fig. 3 Bending behavior of anchor bar
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3.3 Analysis conditions

The finite element model used in the analysis is shown in 
Fig. 7. The segment bodies are modeled with 8-node solid elements, 
and the steel plate of the bolt-type joint is modeled with 4-node shell 
elements. Rigid elements are modeled at the boundary between the 
solid and shell elements. The FEM model comprises 14,702 nodes 
and 11,736 elements.

The boundary conditions of this analysis are shown in Fig. 8. 
For the bottom of the segmental lining specimen, the nodes at the 
end of the ground side are fixed in both the vertical and horizontal 
directions, while the other nodes are fixed in the vertical downward 
direction. The reaction plates of the testing unit, which simulate the 
interaction with the ground, are modeled with ground springs, and 
the coefficient of subgrade reaction is assumed to be 16 MN/m3 
based on the previous study [8].

Table 2 shows the physical properties used in this analysis. In 
this analysis, the length of the contact spring (L) is defined as the 
range of compressive stress that occurred on the ground side near 
the crown, and the same value is applied to all joints. This is due to 
the following reasons. First, because the crown of the segmental 
lining model is loaded in the vertically downward direction, the be-
havior of the joints at the crown is considered to significantly affect 
the behavior of the linings. Second, because the contact spring is 
used to represent the compression and contact behavior between 
segments, and the joint at the crown is bent to generate compressive 
stresses on the ground side.

Specifically, according to the result of the previous beam-
spring analyses [9] shown in Fig. 9, since the range where compres-
sive stress occurs with increasing load converged to a constant val-
ue, the convergence value of the circumference length of the 
positive bending section near the crown is defined as the length (L) 
of the contact spring. In the loading tests, it was observed that the 
slope of the load-displacement curve did not change due to cracking 
at the displacement level at which the cracking of the concrete oc-
curred. Therefore, the length of the contact spring (L) is determined 
based on a linear beam-spring analysis.

For obtaining the spring reduction factor α due to corrosion, 
two cases were conducted: α = 1 for the sound lining and α = 0 for 
the unbonded lining. In order to take into account the change in 
spring stiffness as the loading progresses, step analyses were used in 
which load increments were given.

3.4 Analysis Result

3.4.1 Load-displacement

The load-displacement curves at the crown of the lining speci-
mens obtained from model tests and analyses are shown in Fig. 10. 
In the range of 10 mm vertical displacement of the loading plate, the 
case with no reduction in spring stiffness (spring reduction factor α 
= 1) accurately represented the test results for the sound lining. The 
results indicated the validity of the proposed method, in which the 
segment bodies were modeled with a linear elastic body, and the 
effects of nonlinearity were modeled with contact springs between 
segments.

Also, the case where the spring stiffness was reduced (spring 
reduction factor α = 0), approximately represented the test results 
for the unbonded lining. However, the discrepancy emerged after a 
10 mm displacement. When considering for the loss of bond be-
tween concrete and reinforcement, the degree of reduction in stiff-
ness relative to the sound lining was greater in the analysis than in 

the model test. This result may arise from the assumption made in 
the analysis that the bond was entirely lost, while in the test, the re-
sidual resistance force remained due to the bond of the bracket and 
other factors. This result indicated the validity of the proposed 

Fig. 7 Finite element model

Fig. 8 Boundary conditions

Fig. 9  Compression range estimated by beam-spring 
analysis

Table 2 Physical properties used in the analysis
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method within the targeted deformation range.

3.4.2 Opening of joints and stress distribution

Figure 11 shows the vertical displacements and von Mises 
stresses for two cases: α = 1, assuming the sound lining, and α = 0, 
assuming the unbonded lining. The α = 0 case indicated a vertical 
displacement larger than the α = 1 case due to the reduction of rota-
tional stiffness of the joints. Consequently, the vertical displacement 
at the crown was correspondingly larger in the α = 0 case. The open-
ing of joints for the unbonded lining was approximately 2.8 mm 
larger than the α = 1 case, which was qualitatively consistent with 
the test results. The analysis results showed a larger amount of open-
ing of joints compared to the model test. This difference could be 
due to the concentration of resistance forces of the anchor bars and 
the bolts in the joint springs at the bolt position and the assumption 
made in the analysis of a complete loss in bond, as mentioned 
above.

Elements of which the von Mises stresses exceed the shear 
strength (6 N/mm2) were colored in Fig. 11 as the expected damage 
range. Where the shear strength was assumed to be equivalent to 1/5 
of the compressive strength (30 N/mm2) of the concrete used in the 
model tests. In the case of α = 1, the areas of high von Mises stress 
were concentrated inside the bolt box and around the joints. In the 
previous loading tests [3], cracks were observed at the same loca-
tions, which were in general agreement with the analytical results.

In the case of α = 0, the stress concentration near the joints at 
the crown was not observed. The stress around the joints decreased 
due to the reduction of the stiffness of joint springs and the increase 
of the opening of joints. This result showed that the results were 
qualitatively consistent with the bending moment distribution ob-
tained from the loading tests and the cracking state of the lining 
specimens [3]. This suggests that the proposed method can be valu-
able in understanding the response of a lining with changed joint 
characteristics.

3.5 Study on Case of Lining Deteriorated by chloride ions

This section presents an example of the procedure to estimate 
the state of deterioration of lining by chloride ions using the pro-
posed method, through parametric analyses. The relationship be-
tween the spring reduction factor α and the slope of the load-dis-
placement curve (referred to as the stiffness of the lining) derived 
from parametric analyses is shown in Fig. 12. The figure also shows 
the initial lining stiffness for each test case. In the case of deteriorat-
ed lining, the segment specimens were corroded assuming the accel-
erated stage of deterioration. Pitting corrosion was visually ob-
served on the joint anchor bars of this lining [3], and it was expected 
that the bond properties would deteriorate significantly. The lining 
stiffness in the FEM was about α = 0.14, which was consistent with 
the test, and it was estimated that the spring reduction factor of the 
bond properties was small. Under the conditions of this study, it was 
observed that the reduction in lining stiffness tended to be large 
when the spring reduction factor was below approximately α = 0.2.

4.  Conclusion

This study proposes a numerical analysis method for shield 
tunnels that is able to consider the effect of corrosion on joint steel. 
The proposed method is intended to be used for the detailed design 
of repair and reinforcement works in the maintenance and manage-

ment of shield tunnels deteriorated by chloride ions in waterfront 
areas or near tidal rivers. In the proposed method, the contact be-
tween segments and the compression of concrete is modeled with 
contact springs. In addition, the joint steel, except for the steel plate 
of the joints, are modeled with joint springs, and the effect of corro-
sion is taken into account by reducing the spring stiffness. The pro-
posed method was applied to the analysis of the loading test of the 
lining specimens, and consistent results were obtained in terms of 
load-displacement, opening of joints, and stress distribution.

In the future, we plan to examine the method in actual tunnels 

Fig. 10 Comparison of load-displacement curves

Fig. 11 Analysis results (Loading with 54 kN)
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and to further develop the method by organizing the relationship 
between the data obtained from visual inspections and the state of 
corrosion of the joints.
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Impact loads from train wheels passing rail joints tend to cause fatigue cracks in steel bridges near the 
rail joints. In order to evaluate the effects of impact load on the fatigue of the deck system of a steel box 
girder, we carried out stress measurements on steel girders on an existing bridge. The results showed that the 
impact loads at rail joints generate two types of high frequency natural mode vibrations of around 40 Hz, 
and around 350 Hz. It was also shown that these vibrations lead to an increase in the range and cycle of 
stress at the welded joints of the deck system.

Key words: impact load, rail joint, fatigue, steel box girder

1. Introduction

Rail joints (Fig. 1) are one of the factors that accelerate the 
initiation of fatigue cracks in steel railway bridges [1]. This is be-
cause the impact load at the rail joint when train wheels pass on it 
excites vibrations in the whole bridge and in the local area of the 
bridge member, and in fact, many fatigue cracks have occurred due 
to impact loads at the rail joints. Replacing rails on bridges with 
long rails is an effective countermeasure against fatigue cracks 
caused by the impact because rail joints are eliminated. However, 
for existing steel bridges, this is often difficult from a cost-effective-
ness point of view, as the long rail may require reinforcement of the 
bridge bearings and piers to resist the increased longitudinal load 
due to the long rail.

Since the impact load at rail joints is due to the interaction be-
tween the rails and the wheels of the train, the influence of impact is 
considered to be particularly high in bridge members which directly 
support the tracks. An example of a track-supporting member is a 
deck system such as transvers ribs of a steel box girder. On the other 
hand, since the inside of a box girder cannot be visually observed 
from above or below the girder, it is difficult to check for fatigue 
crack initiation during daily inspection. Therefore, it is important to 
clarify the members which are easily excited by vibration due to the 
impact load at the rail joints, the degree and extent of influence of 

the impact load at rail joints, in order to improve the inspection ac-
curacy of the steel box girders.

In this study, vibration-induced members and their vibration 
modes due to impact load at rail joints were estimated for longitudinal 
and transverse rib intersections in a steel box girder deck system, and 
their effects on fatigue were evaluated [2]. The effects of several fac-
tors such as train speed and distance from the rail joint on the stresses 
induced by the impact at the rail joint were also evaluated [2].

2. Outline of evaluation

The effects of impact load at rail joints were evaluated by stress 
measurements on a real bridge. In addition, the results of eigenvalue 
analysis were also used to estimate the members and their modes of 
vibration excitation due to the impact load. This chapter outlines 
those evaluations.

2.1 Target bridge

The target bridge is located on a conventional railway line and 
was constructed in the 1965s. The structure of the rail joint is shown 
in Fig. 1, and the track structure is of the bridge sleeper type. The 
rail joints are supported directly on the sleepers via a fastening sys-
tem and rail pads. A side view, plan and cross section of the bridge 
are shown in Fig. 2.

The structural type of the target bridge is a 3-continuous deck 
girder with box section supporting a single track, and the height and 
width of the box section are 2,600 mm and 2,000 mm respectively. 
The upper flange has transverse ribs at an interval of 1.4 to 1.8 m in 
the longitudinal direction. In this study, the stress of the transverse 
ribs was measured as shown in Fig. 2 (c). 

2.2 Target welded joint

Figure 3 (a) shows the detail of the welded joint of the trans-
verse and longitudinal rib intersection. The transverse and longitu-
dinal ribs are made of flat steel plate, with a plate thickness of 12 
mm and 14 mm, respectively. The transverse ribs did not have a 
bottom flange and were slit to allow the longitudinal ribs to pene-
trate. The transverse and longitudinal ribs were joined by fillet Fig. 1 Rail joint on the bridge
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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.
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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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welding, and there were no scallops on the upper and lower portions 
of the slit on the transverse rib. Fatigue cracks were observed at 
some of the transverse and longitudinal rib intersections near the rail 
joints. Those cracks initiated from the weld toe at the lower end of 
the intersection and propagated in the vertical direction, as shown in 
Fig. 3 (b).

2.3 Stress measurements

Stress measurements on the target bridge were conducted at the 
cross sections [RJ-1] and [RJ-2] which consist of the section direct-
ly under the rail joint, and the general sections approximately 5 to 10 
m away from the rail joint, as shown in Fig. 2 (b). Figure 4 shows 
the location of measured stress for the transverse and longitudinal 
rib intersection. The horizontal direction of the stress at the intersec-
tion was measured on the transverse rib because the crack propa-
gates in the vertical direction, and the sampling frequency of the 
measurement was set to 1 kHz.

2.4 Eigenvalue analysis

An eigenvalue analysis was conducted to estimate the members 
and their modes of vibration excitation due to the impact load at the 
rail joint. Figure 5 shows the analytical model. NX Nastran was 
used as the analysis code and Femap 11.4.0 as the pre-post processor 
for the eigenvalue analysis. Only the side span of the target bridge 
was mathematically modeled, and in this model the boundary condi-
tion was simple support, and the 4-node shell elements were basical-
ly used, and 2-node beam elements were used for some beam mem-
bers such as a sway bracing. The element division is shown in Fig. 5, 
with 38266 nodes and 38880 elements. The track, including rails 
and sleepers, is not modeled, and the weight of the vehicle is not 
considered.

3.  Stresses at transverse and longitudinal rib intersections and 
their causes

This chapter presents the results of the stresses induced at the 
transverse and longitudinal rib intersections near the rail joints by 
the moving loads of the train wheels, and the results of the estima-
tion of the deformation modes responsible for the generation of each 

Fig. 4 Location of stress measurement

Fig. 2 Target Bridge (Unit: mm)

Fig. 3  Detail of transverse and longitudinal rib intersec-
tion and example of fatigue crack
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component of stress, by comparing the stresses at the section near 
the rail joint with the general section without a rail joint.

3.1 Measured stress

Figure 6 shows the stress history at the intersection of the lon-
gitudinal and transverse ribs (measurement A shown in Fig. 4) at the 
rail joint section and the general section of RJ-1 when a train (12 
cars) passes, and Fig. 7 shows the enlarged stress history of Fig. 6 
when two bogies pass. Figure 6 and Fig. 7 show that the stresses at 
the section under the rail joint and the general section occur several 
times during the passage of a train, and the number of stress peaks is 
the same as the number of bogies (24 bogies). In other words, the 
stress is considered to be amplified each time a bogie passes through 
each section.

The stress at the section under the rail joint appears to have a 
high-frequency component superimposed on the stress of each bo-
gie. The high-frequency component occurs twice in each wave of 
the bogie stress, and the number of peaks and peak intervals are 
consistent with the number of axles (48 axles) and the axle distance 
(2.1 m), respectively. Therefore, the high-frequency component is 
considered to be caused by the impact load at the rail joint, since the 
high-frequency component occurs at each axle, and can only be seen 
at the section under the rail joint. 

3.2 Vibration excited by impact load at rail joint for each axle

We estimated the vibration member and the vibration mode 
excited by the impact load at the rail joint for each axle.

3.2.1 Frequency of stress excited by impact load

Figure 8 shows the Fourier spectrum obtained from the stress 
history during the passage of a train. From Fig. 8, the dominant 
frequencies can be broadly classified into three components. The 
first is the component below 10 Hz (hereinafter referred to as com-
ponent (a)), the second is the component with a peak at 44.0 Hz 
(hereinafter referred to as component (b)), and the third is the com-
ponent with a peak at 353.8 Hz (hereinafter referred to as compo-
nent (c)). 

Among the above three components, component (a) is consid-
ered to be a quasi-static stress component caused by the deflection 
of the transverse ribs due to the passage of each bogie (hereinafter 
referred to as “quasi-static component”) because the amplitudes of 
component (a) are similar in the general section and the rail joint 
section, and the frequency is consistent with the stress frequency 
generated by each bogie calculated from the train speed and bo-
gie-to-bogie distance. On the other hand, components (b) and (c) 
have small amplitudes in the general section and relatively large 
amplitudes in the rail joint section, suggesting that they are predom-

Fig. 6 Stress measured at point A shown in Fig. 4

Fig. 5 Model in Eigenvalue analysis

Fig. 7 Stress history of 2 bogie passing

QR of RTRI, Vol. 64, No. 4, Nov. 2023250



inant stress components due to the vibration excited by the impact 
load at the rail joint.

3.2.2 Vibration component (b)

The peak frequencies of component (b) shown in Fig. 8 were 
similar to the deflection vibration mode of the deck system coupled 
with the deformation of the box section (hereinafter referred to as 
vibration of the box section), which was obtained from the eigenval-
ue analysis shown in Fig. 9. Therefore, the main vibration that gen-
erates the component (b), which is excited by the impact load at the 
rail joint, is presumed to be the vibration of the box section. The 
reason for the relatively large number of spectral peaks in the vibra-
tion component of the box section can be attributed to the existence 
of multiple natural vibration modes in a relatively narrow frequency 
band, which are different deformation orders of the web panel and 
deformation areas of the deck system in the longitudinal direction, 
as shown in Fig. 10. 

3.2.3 Vibration component (c)

Component (c) shown in Fig. 8 is significantly higher in fre-

quency than the general natural frequency of the vibration mode of 
the entire structural system of a steel bridge, and is therefore in-
ferred to be caused by the vibration of the local bridge member. 
Assuming that the member excited by this high-frequency vibration 
is a transverse rib, the natural frequency of the out-of-plane vibra-
tion mode was calculated using the following equation, considering 
the transverse rib as a rectangular plate supported by the longitudi-
nal rib and the upper flange.

 (1)

where m and n are the vibration orders, ρ is the mass per unit area, a 
and b are the lengths of the long and short sides, and D is the bend-
ing stiffness of the plate. 

Calculating the natural frequency from (1), the natural frequen-
cy of the out-of-plane vibration of the transverse rib is 336.5 Hz. 
This is approximately the same as the peak frequency of component 
(c) measured on the actual bridge shown in Fig. 8. The peak fre-
quency of the actual bridge was also similar to the natural frequency 
of the out-of-plane vibration obtained from the eigenvalue analysis 
shown in Fig. 11. From these, it can be inferred that the main vibra-
tion of component (c) excited by the impact at the rail joint is the 
out-of-plane vibration of the transverse ribs.

fmn =  + ( )m2

a2

n2

b2

π
2

d
ρ

Fig. 8  Fourier spectrum of stresses at the passage of 
one train

Fig. 9 Vibration mode of box section [41.2 Hz]

Fig. 10 Natural vibration modes of box cross section
(Black line : Original shape)

Fig. 11 Vibration mode of transvers rib [361.3 Hz]
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4. Effect of impact load at rail joints on fatigue

This chapter presents the results of the evaluation of the impact 
load effect at rail joints on the fatigue of the box girder deck system, 
focusing on the vibration excited by the impact load, using the sum 
of the cubes of the stress range (ΣΔσ3) (hereinafter referred to as the 
cumulative fatigue damage) [3] as the evaluation index. The stress 
range Δσ included in the stress history during the passage of a train 
was analyzed by a rainflow method, and each vibration component 
excited by the impact load was extracted by filtering in the frequen-
cy domain.

Figure 12 shows the increase rate of cumulative fatigue damage 
at the intersection of longitudinal and transverse ribs (measurement 
B in Fig. 4) measured at the sections under the rail joints of RJ-1 and 
RJ-2 compared to the general sections. Figure 12 also shows the 
increase rate for each of the vibration components described in 3.2.1 
to 3.2.3.

Focusing on RJ-1, the increase rate of cumulative fatigue dam-
age of all vibration components was 37.0, which indicates that fa-
tigue accumulates to a very large extent due to impact load at the rail 
joint. The increase rate of cumulative fatigue damage due to the vi-
bration mode of the transverse ribs shown in Fig. 11 was 30.6. This 
indicates that the vibration component of the transverse ribs is the 
primary factor that significantly increased the cumulative fatigue 
damage due to the impact load at the rail joint.

On the other hand, focusing on RJ-2, the increase rate of cumu-
lative fatigue damage is 5.8, which is much smaller than that of RJ-
1. In other words, it can be said that the impact load effect at the rail 
joint on fatigue varies greatly from rail joint to rail joint. In addition, 
the fact that the impact load effect was small in RJ-2 was probably 
due to the positional relationship between the sleeper supporting the 
rail joints and the transverse rib, since the vibration mode compo-
nent of the transverse rib was also small.

5. Factors affecting impact load at rail joint

Factors affecting the stress caused by impact load at the rail 
joint were evaluated, focusing on the maximum stress range at the 
intersection of the longitudinal and transverse ribs.

5.1 Train velocity

Figure 13 shows the relationship between the maximum stress 
range and train velocity at measuring points A and B in RJ-1 and 
RJ-2. The maximum stress range is the difference between the max-
imum stress and the minimum stress during the train passage. The 

maximum stress range at the section under the rail joint tends to in-
crease as the train velocity increases. On the other hand, the maxi-
mum stress range in the general section increases at a smaller rate 
with increasing train velocity. This means that train speed has a 
significant effect on the impact load at rail joints.

Next, the vibration modes affected by the increase in train ve-
locity are discussed. Figure 14 shows the relationship between the 
maximum stress range measured at the section under the rail joints 
of RJ-1 and RJ-2 and the train velocity for the box section vibration 
and the transverse rib vibration components. Figure 14(a) shows 
that the vibration component of the box section remains constant 
even as the train velocity increases, but Fig. 14(b) shows that the 
transverse rib vibration component tends to increase as the train 
velocity increases. In other words, the increase in train velocity 
easily affects the increase in the transverse rib vibration component 
at the intersections of the longitudinal and transverse ribs, and as a 
result, the maximum stress range at the intersections of the longitu-
dinal and transverse ribs of this bridge is considered to have in-
creased.

Fig. 12 Increase rate of cumulative fatigue damage

Fig. 14 Effect of train velocity on vibration component

Fig. 13 Effect of train velocity
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5.2 Distance from rail joint

Figure 15 shows the relationship between the maximum stress 
range for point A and the distance from the rail joint in the direction 
of the bridge axis for RJ-1 and RJ-2. The maximum stress range is 
greater in the section under the rail joint than in the general section, 
and tends to decrease with distance from the rail joint.

Next, the influence range of vibration is discussed. Figure 16 
shows the maximum stress range for each vibration component. The 
maximum stress ranges are shown at the positions just below the rail 
joint, at 5 m, and at 10 m, respectively. The box-section vibration 
and transverse rib vibration components tend to decrease as the 
distance from the rail joint increases, and the rate of decrease be-
comes smaller when the distance from the joint exceeds 5 m. In 
other words, the range of influence of the impact load at the rail 
joints in this bridge is considered to be about 5 m.

6. Conclusions

In this paper, field stress measurements were conducted on a 
box girder used on a conventional railway line to evaluate the effect 
of impacts at rail joints on the fatigue of the deck system of box 
girders by comparing the stress properties of the section under the 
rail joint and the general section. In addition, the effects of factors 
such as train speed, and distance from the rail joint on the stress 
caused by the impact load at the rail joint were also evaluated.

The following are the results obtained in this study.
(1)  In the deck system of a box girder, stresses are generated by the 

deflection of the transverse ribs as bogies pass, but the presence 
of rail joints superimposes stresses caused by vibration excited 
by impact load.

(2)  There are two main vibration modes that can be excited by im-
pact load at rail joints: one is the out-of-plane vibration of the 
transverse ribs, and the other is the vibration mode in which the 
box section is deformed.

(3)  The degree of fatigue damage at the intersection of longitudinal 
and transverse ribs increases up to 37.0 times in the section un-
der the rail joint compared to the general section, and the main 
cause is considered to be the transverse rib vibration. In addition, 
the impact load of the rail joints on fatigue damage varies great-
ly from section to section.

(4)  As train velocity increases, the effect of impact load at rail joints 
increases due to the excitation of vibrations in the transverse 
ribs.

(5)  The influence of the rail joints decreased with distance from the 
rail joints, and on this bridge the range of influence was approx-
imately 5 m from the rail joints.
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The authors developed a prediction equation for the shrinkage strain of concrete to cope with various 
design conditions of concrete structures. The developed equation allows input of the effects of cement types, 
aggregate shrinkage strain, and the application of liquid water, in addition to the conventionally indicated 
mix proportion of concrete and ambient relative humidity. The equation is formulated using a 3D materi-
al-structure interaction analysis system (DuCOM-COM3). The equation can explain the phenomena that is 
considered to be caused in part by concrete shrinkage, such as strain of concrete in prestressed concrete 
girders in service using blast furnace cement concrete.
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1. Introduction

It is very important to reliably manage concrete bridges such as 
ensuring running safety of vehicles. Therefore, it is becoming in-
creasingly important to estimate the response of bridges, which are 
expected to have a variety of ratio of spans, and increased span 
lengths, during their design service life. In addition, there are con-
cerns that the availability of good quality aggregates will become 
more difficult in the future. To address this concern, there have been 
reports of cases in which fly ash or blast furnace slag fine powder are 
mixed into concrete to ensure the durability of structures, so that its 
effect should be considered in structural calculations [1].

The objective of this study is to develop a prediction equation 
for shrinkage strain of concrete used to predict long-term displace-
ment and deformation, especially for the design of prestressed con-
crete (PC) bridges. In order to respond to various design conditions 
of concrete structures, this study presents a prediction equation that 
can be applied to the material properties and relative humidity of the 
outside air (RH) that have been highlighted in the past. This equa-
tion can be applied to cement mixed with fly-ash and blast furnace 
slag fine powder, and can introduce regional characteristics such as 
water exposure and shrinkage strain of aggregate while ensuring 
applicability to long-term age of the concrete. In this study, unrein-
forced concrete was analyzed using a 3D material-structure interac-
tion analysis system (DuCOM-COM3). In the analysis system, 
structures of a scale that is difficult to determine based on experi-
mental results of a few years or less were considered over the design 
service period of 100 years. The results of the analysis were used to 
formulate the equation.

2. Analysis with DuCOM-COM3

2.1 Modeling of concrete

DuCOM-COM3 integrates a material physicochemical analy-
sis system, DuCOM, and a structural analysis system, COM3.  The 
DuCOM models and traces the curing process of cementitious com-

posites on the nano- to micrometer-scale, and the COM3 handles 
cracking and damage after steel bar yielding in reinforced concrete 
structures [2][3].

Figure 1 shows the analytical model using a member thickness 
H of 400 mm as an example [4]. The target model is a quarter-sym-
metric model with analytical symmetry planes in the X- and Y-di-
rections. The prediction equations to be constructed are assumed to 
be applied to PC girders. Therefore, the boundary conditions for 
weather were set to be the two exposed surfaces at the top and bot-
tom, while the other surfaces were assumed to be sealed. To ensure 
plane retention in the cross section, the width and depth of the ana-
lytical model were set to three times the member thickness in the 
direction of moisture deviation (Z-axis direction). ε’cs (t, t0) is the 
output strain in the X-axis direction for one row of elements from 
the analytical symmetry plane where plane retention is approxi-
mately established in the cross section, and the average of these 
values was used. 

2.2 Selection of influencing factors

Table 1 shows the influencing factors considered. The mineral 
composition ratio of ordinary Portland cement was set with refer-

Fig. 1  Quarter-symmetry model and strain distribution 
in X direction (ex. H =400 mm)
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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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ence to catalog values. As the physical properties of the aggregate, 
ε’ag can be entered in the analysis. The water absorption of the ag-
gregate was set to 1.61%.

As a characteristic of the climatic conditions in Japan, the an-
nual average value of relative humidity was generally 60% to 80%, 
and the annual average monthly precipitation time was generally 1.5 
to 4 days [5]. Therefore, in the analysis, the relative humidity (RH) 
acting on the two exposure surfaces was set to the same value as 
between 55% to 85%, which encompasses the annual average hu-
midity. The effect of water exposure was assumed to be mainly due 
to precipitation, with liquid water acting on only one of the two ex-
posed surfaces, as shown in Fig. 1.

2.3 Analytical results with dryness (tpre=0 days)

Figure 2 shows the shrinkage strain ε’cs (t, t0) as a result of the 
analysis under “always drying” conditions. Here, ε’cs (t, t0) is the 
amount of change in strain from the beginning of drying at age t0 to 
age t. Shrinkage is expressed as a positive value.

As shown in Fig. 2, ε’cs (t, t0) changes over a long period of time 

as the member thickness H increases, and ε’cs (t, t0) decreases at the 
end of the analysis. This will be due to the following reasons: since 
the central part is less affected by drying, the hydration reaction de-
velops relatively unimpeded as H increases, and then the micro-
structure becomes denser, resulting in smaller drying shrinkage 
strain.

Near the exposed surface, the combination of external drying 
and self-drying due to hydration results in a significant decrease in 
the relative humidity h in the pores. When the H is large, the interior 
is less affected by external drying, so that moisture is compensated 
from the interior for external moisture loss and self-drying at the 
surface. On the other hand, when H is small, the rate of compensa-
tion by moisture absorption from the outside air has a significant 
effect on the decrease in H, so that ε’cs (t, t0) tends to decrease, as 
shown in Figs. 2(c) and (f) for H = 200 mm.

At the end of the analysis, ε’cs (t, t0) increases as the water-bind-
er ratio W/B increases. This indicates that the stiffness of the con-
crete decreases as W/B increases, the force to control the volume 
change due to water loss becomes smaller, and finally the effect of 
water loss is more dominant than self-drying due to the increase in 
the unit water content in the cement paste. The increase in the unit 
water content in the cement paste causes the effect of water evapo-
ration to be more dominant than self-drying. The increase in initial 
age-related shrinkage strain slows as W/B increases. This is because 
the dominant mechanism for shrinkage behavior in young lumber 
shifts from self-drying due to hydration to moisture loss to the open 
air as W/B increases.

In the case of large H, the strain tends to decrease for concrete 
with a low water-binder ratio (Fig. 2(a)). This is because the 
self-drying associated with the progress of hydration becomes more 
pronounced. Then, the relative humidity inside the member, which 
is less sensitive to environmental influences, is significantly lower 
than the external environment, and long-term moisture absorption 
causes a shift from shrinkage to swelling.

Fig. 2 Shrinkage strain over time (N, W=160 kg/m3, t0=7 days, always dry)

Table 1 Analysis Factors (* denotes the base case)
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2.4 Analysis results for wet and dry cycles

Figure 3(a) shows the effect of H on the increase of ε’cs (t, t0) 
with increasing age for concrete with tpre=0 and 4 days as H decreas-
es. This can be understood to be due to the increase in the percentage 
of wetted area by moisture supply relative to H, although the mois-
ture that has penetrated by moisture supply moves into the interior.

Figure 3(b)(c) shows the effect of W/B and RH on ε’cs (t, t0) of 
concrete with tpre=0 day. It is found that ε’cs (t, t0) of case W/B=0.50 
is slightly larger than W/B=0.35. The pore structure becomes coarser 
as W/B increases, which allows moisture that has penetrated by pre-
cipitation to move easily within the member. Therefore, this is 
thought to be related to the relatively large area that remains wet 
under the influence of precipitation. The ratio of ε’cs (t, t0) at tpre=4 
days to tpre=0 days is similar for both W/B at RH=55% and 70%.

3. Development of prediction equation of shrinkage strain

3.1 Basic concept of prediction equation

The prediction equation for the shrinkage strain to be devel-
oped calculates the shrinkage strain ε’cs (t, t0) that occurs from the 
age at the start of drying, t0, to any age, t. Considering the construc-
tion process of the structure, the age at which curing is completed 
and drying begins for PC bridges differs from the age at which 
shrinkage begins to be considered in structural analysis, such as in 
the calculation of prestressing loss.

In this study, it was decided to use a hyperbolic function, which 
has only one term that expresses the change over time, can handle 
the influence of each variable comprehensively, and makes it easier 
to understand the structure of the prediction equation. The predic-
tion equation for shrinkage strain using the hyperbolic function is 
expressed in (1).

ε’cs(t, t0)= ε’cs∞×[(t−t0)/{β+(t−t0)}] (1)

where ε’cs (t, t0): shrinkage strain of concrete occurring from t0 
to t (×10−6), ε’cs∞: final value of shrinkage strain (×10−6), and β: term 
representing the aging characteristics of shrinkage strain.

3.2  Prediction equation for shrinkage strain for normal drying 
(tpre=0 days)

3.2.1 Final value of contraction strain ε’cs∞

The final value of ε’cs (t, t0), ε’cs∞, can be expressed by (2).

ε’cs∞=kr×ε’cs∞k×g∞1[H/Hk]×g∞2[(W/B)/(W/B)k]
×g∞3[RH/RHk]×g∞4[t0/(t0)k]×g∞5[ε’ag−(ε’ag)k]

 (2)

where ε’cs∞k: standard value of final value of shrinkage strain, 
g∞i[Xi/Xik]: function normalized by each parameter Xik.

The parameters Xik corresponding to ε’cs∞k are assumed to be 
Hk=400 mm, (W/B)k=0.50, RH=60%, (t0)k=7 days, and (ε’ag)k=400 
×10−6, assuming the conditions of a typical structure.

Figure 4 shows the relationship between g∞i[Xi/Xik] and Xi/Xik 
obtained from the DuCOM-COM3 analysis as the effect of each 
factor on ε’cs∞ and β. The figure also shows the predicted values by a 
dotted line.

Figure 4(a) shows the effect of H on ε’cs∞. In this case where 
H=100 to 1000 mm and the age of wood is 100 years, ε’cs∞ decreased 
as H increased.

Figure 4(b) shows the effect of W/B on ε’cs∞. For W/B=0.35 to 
0.50, ε’cs∞ increased in proportion to W/B1/2. It was similar for BB 
and slightly smaller for FB relative to concrete with N.

Figure 4(c) shows the effect of RH on ε’cs∞. ε’cs∞ increased with 
decreasing RH. Prediction in the figure was formulated using data 
from RH=55% to 70%, prioritizing prediction accuracy at standard 
outdoor relative humidity, but a function proportional to RH−1 was 
used to account for the results of the analysis at RH=85%.

Figure 4(d) shows the effect of age t0 at the start of drying on 
ε’cs∞. ε’cs∞ decreased as t0 increased. The later the start of drying, the 
lower the H at the age at the start of drying due to the hydration re-
action progressing under the sealed condition before the start of 
drying. In addition, the densification of the microstructure reduces 
the rate of moisture transfer, which is thought to be due to a decrease 
in the amount of moisture lost to the atmosphere after the start of 
drying.

Figure 4(e) shows the effect of coarse aggregate shrinkage 
strain ε’ag on ε’cs∞. ε’cs∞ increased monotonically with increasing ε’ag.

3.2.2 Shrinkage strain aging characteristic β

Using the main influencing factors H and W/B, β can be ex-
pressed by (3).

Fig. 3 Change over time of shrinkage strain under repeated wet and dry conditions
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β=Aβ×gβ1[H/Hk]×gβ2[(W/B)/(W/B)k]� (3)

where Aβ: constant (=720), gβi[Xi/Xik]: function normalized by each 
parameter Xik.

Figure 4(f) shows the relationship between gβ1[H/Hk] and H/Hk, 
gβ2[(W/B)/(W/B)k] and (W/B)/(W/B)k and the predicted values using 
the DuCOM-COM3 analysis results.

When W/B is small, the increase in ε’cs (t, t0) with age tends to 
be relatively large in young lumber when autogenous shrinkage is 
predominant (Fig. 2). To represent this trend, β was set smaller for 
smaller W/B (Fig. 4(f)). The coefficients and constants of the func-
tions were determined so that gβ1[H/Hk] and gβ2[(W/B)/(W/B)k] are 
set to be 1 respectively for parameter corresponding to the standard 
values of shrinkage strain.

3.3  Consideration of the effect of water entrainment in the pre-
diction equation

Since the effect of water exposure is assumed for only one of 
the two exposed surfaces, so that the boundary conditions for mois-
ture supply are asymmetric, the trend is different from the effect of 
RH on ε’cs (t, t0). Therefore, the coefficient kr in (2), which expresses 
the effect of water exposure, is expressed as the function of the ratio 
between the shrinkage strain at the age of 2000 days with and with-
out supplied liquid water.

3.4 Prediction equation and its characteristics

Substituting the equation in Fig.4 into (2)(3) with the respective 
parameters(W/B)k=0.50, RHk=60%, (t0)k=7 days, and (ε’ag)k=400 
(×10−6) corresponding to the standard values of ε’cs∞, (4)-(10) are 
obtained.

ε’cs(t, t0)=ε’cs∞×[(t−t0)/{β+(t−t0)}] 
(4)

ε’cs∞= kr×600×(H /Hk)
−1/10 

 ×kc×(W/B)1/2×(RH/100)−1×kt0 ×kag 

(5)

kr =1.0 (always dry) 
 =0.8 (wet and dry, H=1000 mm)
 =0.6 (wet and dry, H=400 mm) 

(6)

 =0.5 (wet and dry, H=200 mm)
kc = 1.0 (N, BB) 
 = 0.9 (FB)

 (7)

kt0 = −0.16 × log (t0 / 7) +1 (8)
kag = 0.0007 × (ε’ag−400) +1 (9)
β = 2700 × (H / Hk)

1/3 × (W/B)3 (10)

where ε’cs (t, t0): shrinkage strain of concrete from age t0 to t (×10−6), 
t: age of concrete (days), t0: age of concrete at start of drying (days) 
(1 ≤ t0 ≤ 365), ε’cs∞: final value of shrinkage strain (×10−6), kr: coeffi-
cient of influence of degree of water exposure, RH: relative humidi-
ty of the air (%), (55% ≤ RH ≤ 85%), kc: coefficient of influence of 
cement type, H: member thickness (distance between exposed sur-
faces) (mm) (100 ≤ H ≤1000), Hk: standard member thickness (mm) 
(=400), kt0: coefficient of influence of age at start of drying, kag: co-
efficient for the effect of coarse aggregate shrinkage, ε’ag: shrinkage 
strain (×10−6) (0 ≤ ε’ag ≤ 1200) in the dry state of aggregate, β: term 
for the aging characteristic of shrinkage strain, W/B: water-binder 
ratio (0. 35 ≤ W/B ≤ 0.50). Equation (4) is based on the analysis re-
sults for a unit water content of W = 160 kg/m3 and dry conditions 
on two surfaces. The effect of water-holding is considered only on 
one of the two surfaces, and the liquid water action time tpre per 28 
days is less than about 4 days.

Figure 5 shows an example of the comparison of the predic-
tions by (4) with the analytical results from DuCOM-COM3. Note 
that ε’ag=800×10−6 is used here. Since the analytical values increase 
or decrease linearly with ε’ag and it is clear that this relationship is 
not affected by the age of the wood or W/B, the comparison is omit-

Fig. 4 Effect of each factor on ε’cs∞ and β
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ted in Fig. 5. Equation (4) is formulated for H=400 to 1000 mm, 
RH=70%, and W/B=0.40, which is common for prestressed concrete 
(PC) structures. In particular, shrinkage strains are captured for BB 
and FB, member thickness H (=1000 mm) and low water-binder 
ratio W/B (=0.35).

Equation (4) is formulated to capture the deformation of the 
structure over a long period of time so that the accuracy of the cal-
culation does not depend on each influence factor. Then, (4)  is cal-
culated to approach the final value of shrinkage strain, ε’cs∞, at a 
slightly earlier age than the analytical value, especially for H ≥ 400 
mm. Even in that case, ε’cs∞ was formulated to capture the analytical 
value.

In the analytical values of DuCOM-COM3, for example, when 
H=1000 mm and W/B is small, the shrinkage strain turns to decrease 
as the age of the lumber increases. This is due to the fact that FB and 
BB have a high degree of self-drying due to hydration.  (4) does not 
faithfully reproduce this decrease in strain, but ε’cs is formulated to 
approximately capture the analytical values.

4.  Comparison of measured and predicted values for PC bridges

The subject structure was one of two simple PCT-type main 
girders (38.25 m in span). BB was used as the cement of which the 
nominal strength of the concrete was 45, W/B=0.352, and W=154 
kg/m3. The annual mean normal values of air temperature and rela-
tive humidity near the measurement points were 18.6°C and 69.3%, 
respectively.

Figure 6 shows the strain in the concrete measured by the 
stress-free meter placed on the top flange and web of the PC girders, 
as well as the predicted values. As shown in Figs. 6(c) and 6(d), 
despite the small H, the increase in the measured values of the upper 

flange with age is smaller than that of the web. From this result, it is 
confirmed that the shrinkage strain is suppressed mainly due to the 
effect of water exposure.

The upper flange and the web were assumed to be the two ex-
posed surfaces, and their thicknesses were defined as H. The thick-
ness of the upper flange and the web were assumed to be the two 
exposed surfaces, and their thicknesses were defined as H. In mod-
eling the climatic conditions, the web was assumed to be always dry, 
and the upper flange was assumed to be wet-dry cyclically, assum-
ing that the exposed surface on the top of the girder is affected by 
water exposure.

The predicted values using (4) demonstrate the characteristics 
of the site-dependent (top flange, web) effect of water exposure on 
the measured BB values up to about 2000 days of age and the in-
crease in shrinkage strain with increasing age of the material.

5. Conclusions

Prediction equations for shrinkage strain of concrete for use in 
the design of concrete structures were developed based on the ana-
lytical values of DuCOM-COM3. The prediction equation using 
hyperbolic functions corresponds to BB and FB in addition to the 
previously indicated mix proportion of concrete and the relative 
humidity. Furthermore, it allows the input of regional effects such as 
relative ambient humidity, the effect of water exposure, and aggre-
gate shrinkage strain. The applicability of shrinkage strain to long-
term age is ensured, including concrete with large member thick-
nesses or low water-binder ratios.

It is confirmed that the proposed prediction equation can ex-
plain the increase in strain in in-service pc girders with BBs, which 
appears to be due in part to shrinkage of the concrete.

Fig. 5 Comparison of predicted and analyzed values using (4) (base case, always dry, ε’ag = 800 (×10−6))
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Composed of a Single Set of Rail Fastening Systems for Rail Joints
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This study aims to establish a test method for loading test tracks composed of a single set of rail fasten-
ings for rail joints. The authors of this paper constructed FEM models for railway tracks which represent 
rail joint parts accurately and performed an FEM analysis. The FEM results are in good agreement with the 
results of a load test on a test track composed of multiple sets of rail fastenings. On the basis of the FEM 
model, the authors proposed a test method for loading test tracks composed of a single set of rail fastenings 
and compared the test results of a single set of rail fastenings with those of multiple sets of rail fastenings. 
The results show that rail head displacements and rail tilting angles obtained by a single set of rail fasten-
ings are in good agreement with those obtained by multiple sets of rail fastenings. Therefore, it is concluded 
that the proposed method based on the FEM model is able to evaluate the performance of rail fastening 
systems for rail joints.

Key words: rail joints, rail fastening systems, test method, FEM

1. Introduction

Rail fastening systems are required to ensure safety against fa-
tigue fractures. The Japanese design standard for railway structures 
(Track structure) [1] requires the safety to be verified by either of the 
following two load tests:

(a)  Load test for tracks composed of multiple sets of rail fasten-
ings

(b)  Load test for tracks composed of a single set of rail fasten-
ings

Figure 1 shows examples of the two load tests. The load test (a) 
is a test using a test specimen more similar to actual railway tracks 
than (b). When the load test (a) is selected, the design loads shown 
in Table 1 are generally used as the test loads [2]. On the other hand, 
the load test (b) is normally selected because the test can be per-
formed by using a smaller number of components, simpler constitu-
tion, and less manpower than those of (a). When selecting the load 
test (b), the test load must be applied to the rail after considering the 
load dispersion by the tracks. As shown in Fig. 2, the dispersed ver-
tical loads, lateral loads, and rail tilting moments should be applied 
to a single set of rail fastenings. Vertical and lateral loads refer to the 
dispersed forces that act on a single set of rail fastenings when the 
wheel loads and lateral loads act on the tracks. Rail tilting moments 
refer to the moments by rail tilting that act on a single set of rail 
fastenings. These dispersed loads depend on the structures and 
spring coefficients of rail fastenings, and so they should be calculat-
ed according to the types of rail fastenings and the support condition 
of sleepers.

The dispersed vertical loads, lateral loads, and rail tilting mo-

ments have been calculated so far by the beam theory on an elastic 
support [3] and the practical solution based on the torsion theory [4]. 
However, a recent study has reported that the calculation values 
based on these theories do not agree well with the experimental 
values [5]. In order to improve the accuracy of calculation, the au-
thors constructed FEM models of tracks to calculate the dispersed 
loads and proposed a method to determine load conditions [6]. 
However, these models are intended for a section without rail joints.

This study aims to construct FEM models of tracks with rail 
joints and establish a method for load testing for tracks composed of 
a single set of rail fastenings for rail joints [7].

Table 1 Design loads of rail fastenings for meter-gauged line

Fig. 1  Two types of load tests to evaluate the perfor-
mance of rail fastening systems
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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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2. FEM models of tracks with rail joints

This study focuses on the standard rail joints. Figure 3 shows 
FEM models of track with standard rail joints. In order to analyze 
various types of rail fastenings, the track components have been 
simplified as much as possible in the FEM model. The rails are 
modeled by solid elements in order to simulate its bending and tor-
sion deformation. Fish plates and joint bolts are modeled using solid 

elements. The contacting surface between fish plates and rails is 
modeled using gap elements. Axial tensile forces of joint bolts are 
simulated by decreasing the temperature of joint bolts. The vertical 
supporting effect of rail clips is modeled by nonlinear elastic spring 
elements called tip elements. The lateral supporting effect of rails is 
modeled by nonlinear elastic spring elements called lateral ele-
ments. Lateral elements are divided into two types: effect of rail 
clips and effect of base plates. Rail pads and ballast are also modeled 
using nonlinear elastic spring elements called springs under rails 
and springs under sleepers. Sleepers are modeled by plate elements. 
It is possible to set the spring coefficients or the connection position 
of spring elements. Furthermore, it is possible to arbitrarily set total 
number of sleepers and sleeper spans. 

FEM analyses executed in this study are nonlinear elastic anal-
yses using NASTRAN software.

3. Validity of the FEM models

3.1 Spring coefficients

Spring coefficients were measured and incorporated into the 
FEM models. This chapter focuses on the type-H rail fastening sys-
tem as shown in Fig. 4, which is typically used in rail joints of bal-
lasted tracks in Japan.

Figure 5 shows the tests states of coefficients of springs under 
rails, tip spring and lateral springs. These tests were performed in 
the same way as the tests shown in reference [6].

Figure 6 shows relationships between loads and displacements 
obtained from the tests. The test results are approximated by 
multi-linear shapes to reflect on the FEM models. Loads shown in 
Fig. 6 are converted into the values per spring by dividing by the 
total number of springs under rails, tip springs and lateral springs. 
As the test results of tip springs, the clamping force P0 is 9.7 kN. The 
frictional forces between rail clips and rail joints are expressed by 
lateral springs and are estimated by multiplying the clamping force 

Fig. 2  Dispersed loads applied to a single set of rail fas-
tenings

Fig. 4 Type-H rail fastening systems for 50 kgN railsFig. 3 FEM analytical model of rail joint parts

Fig. 5 Measurements of spring coefficients of type-H rail fastening systems
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P0 by frictional coefficient 0.3. The value of the springs under the 
sleepers is 41.4 kN/mm. This value is the spring coefficient of the 
rubber pads which simulate the ballast and soil roadbed. The rubber 
pads are set under sleepers and compose the test track mentioned in 
the next section. 

3.2 Load test of test track

In order to check the validity of the FEM model, load tests on 
the test track were carried out and the test results were compared 
with the FEM results. Figure 7 shows the configuration of test track. 
The test track is composed of a jointed rail with the total length of 5 
m, a wooden sleeper, type-H rail fastenings, PC sleepers, type-9 rail 
fastenings and rubber pads.

Figure 8 shows the status of the load test. A maximum load of 
100 kN was applied to the side of the rail head at angles of 45° to 
65°. The relationships between loads and lateral rail displacements 

and between loads and rail tilting angles were measured.
 In order to compare FEM results with test results, analyses 

using the FEM model shown in Chapter 2 were performed. The 
components of the FEM model were the same as the test tracks and 
the total length of the FEM model was 5 m. The spring coefficients 
of type-H rail fastenings used in the FEM model were given using 
the results of Section 3.1. The temperature reduction of joint bolts 
for clamping fish plates was -300.4 ℃. This value was determined 
such that the axial force of joint bolts is 127 kN (tightening torque 
500 Nm) and was calculated by FEM analyses using temperature 
reduction of joint bolts as parameters. A rail gap of joint parts of the 
model was 6 mm and was the same as test tracks.

Figure 9 shows rail head displacements, rail base displace-
ments and rail tilting angles obtained from the FEM and load test. A 
comparison of the rail head displacements obtained in the FEM with 
those obtained in the test, showed that FEM values are 0.98-1.14 
times those obtained in the test. This shows that FEM results are in 

Fig. 9 Comparison between Test results and FEM results

Fig. 6 Relationships between loads and displacements obtained from the measurement

Fig. 7 Configuration of test track Fig. 8 View of test apparatus
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good agreement with test results. Comparing the rail tilting angles 
by FEM with those obtained in tests when the loading angles were 
45° to 60°, showed that FEM values are 0.92-1.41 times those in the 
test. This demonstrates that FEM results are in good agreement with 
test results. However, in the case of rail base displacements, the 
FEM results are 0.47-0.71 times of those from the tests.  This indi-
cates that FEM results do not agree well the test results. However, 
the differences between FEM and the test values of the rail base 
displacements are 0.2 mm. This means that the influence of the dif-
ferences on the behavior of the rail and the rail fastenings is small.

The FEM model properly reproduces the test results such as rail 
head displacements and rail titling angles which are important to 
evaluate the performance of rail fastenings. Therefore, it should be 
concluded that the FEM model is an appropriate tool for predicting 
the reaction of rail and rail fastenings at rail joints.

4.  Load test method for a single set of rail fastenings for rail 
joints and validity of the method

4.1 Test method for a single set of rail fastenings

Generally, the design loads A (the extreme loads) of rail fasten-
ings for rail joints are determined [8] by multiplying the values of 
load A shown in Table 1 by the coefficient k defined by equation (1).  
The design loads B (the typical loads) of rail fastenings for rail 
joints are the same values as those of rail fastenings for general 
section shown in Table 1.

k = (1 + 0.5 v / 100) / 1.3 (1)
where, v is train speed (km/h). The value of the coefficient k is 

more than 1.0 (v ≥ 60 km/h).
The dispersed loads such as dispersed vertical loads, dispersed 

lateral loads, and rail tilting moments that apply on a single set of 
rail fastenings can be calculated by the FEM model. When design 
loads A which are composed of wheel loads PA and lateral loads QA 
apply to the FEM model, dispersed vertical loads WA, dispersed 
lateral loads HA and rail tilting moments MA can be estimated by 
calculating the sum of reaction forces of spring elements of the FEM 
model as shown in the following equations (wherein each symbol is 
as defined in Fig. 10).

 (2)

HA = RL + RR + FL + FR (3)

 (4)

When load test of a single set of rail fastenings is performed, 
dispersed vertical loads WA, dispersed lateral loads HA, and rail tilt-
ing moment MA calculated by equations (2), (3) and (4) should be 
applied to the rail. When dispersed vertical and lateral loads are ap-
plied to a regular height rail, a moment exceeds the value of MA 
calculated above. In order to prevent the occurrence of the excessive 
moment, a low-height rail (hereafter, test rail) should be used.

Figure 11 shows the test rail with newly produced rail joints. 
The test rail is composed of a head, a web and a base. The head and 
base are common members while the web is used to adjust the 
height of the loading points.

When the dispersed design loads A and loads B obtained from 
equations (2) to (4) are applied to the test rail alternately from the 
gauge corner and the field corner of rail, the test loads LA and LB, the 
angles of load application θA and θB, and the height of load applica-
tion h are expressed by the following equations.

 (5)

 (6)

 (7)

 (8)

 (9)

 (10)

The definition of each symbol in the above equations is de-
scribed in Fig. 12. The minimum loads L0 is applied in the opposite 
direction to LA or LB and is set at 5 kN in consideration of stability of 
the test. The distance e is determined by the width of the test rail and 
is set at 30 mm. The height h can be selected by the height of test rail 
60 mm to 110 mm and is set to satisfy equations (9) and (10). WA =  (Wi ) − (PL + PR) 

i = − n

n

∑

MA =  (Wi ∙ bi ) − 
i = 1

n

∑  (Wi ∙ bi ) + (PL ∙ dL − PR ∙ dR) 

 + (RL + RR) ∙ c + (FL + FR) ∙ f
i = − n

− 1 

∑

LA =  (WA − L0 sinθB) 2 +  (HA + L0 cosθB) 2

LB =  (WB − L0 sinθA) 2 +  (HB + L0 cosθA) 2

θA = tan − 1 ( )WA − L0 sinθB

HA + L0 cosθB

θB = tan − 1 ( )WB − L0 sinθA

HB + L0 cosθA

h = 
MA + e (WA − 2L0 sinθB)

HA

h = 
MB + e (WB − 2L0 sinθA)

HB

Fig. 10 FEM model balanced under wheel load and lateral load
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4.2 Calculation of loading conditions and its verification

This section shows the calculation of loading conditions for 
tracks composed of a single set of type-H rail fastenings and the 
verification of the calculation. In the calculation, the radius of cur-
vature of rail tracks was less than 600 m, and the train speed was 100 
km/h. By referring to Table 1 and equation (1), wheel load PA was 
112.5 kN, lateral load QA was 69.2 kN; wheel load PB was 86 kN and 
lateral load QB was 30 kN.

Applying PA, QA, PB and QB to the FEM model shown in Chap-
ter 2, the dispersed loads were calculated from equations (2) to (4). 
Then, the loading conditions were calculated using equations (5) to 
(10). Table 2 shows the calculated results for the loading conditions.

Based on the loading conditions shown in Table 2, a loading 
test was carried out on a test track composed of a single set of rail 
fastenings. Figure 13 shows the state of the test. A test rail and a 
single set of type-H rail fastenings were assembled on a sleeper, and 
the test loads LA and LB were alternately applied to a test rail from 
gauge corner and field corner. In the test, the rail head displace-
ments, rail base displacements and rail tilting angles were measured.

A load test was then carried out on a test track composed of 
multiple sets of rail fastenings. The test track was assembled in the 
same way as described in section 3.2. The design load A (the resul-
tant load LA’ of wheel load PA=112.5 kN and lateral load QA=69.2 

kN) and the design load B (the resultant loads LB’ of wheel load 
PB=86 kN and lateral load QB=30 kN) were applied to the test track, 
and then the rail head displacements, rail base displacements and 
rail tilting angles were measured.

Figure 14 shows the comparison of the rail head displacements, 
rail base displacements and rail tilting angles obtained in both load 
tests. Regarding rail head displacements, the result of a single set of 
rail fastenings was 1.08 times of the results of multiple sets of rail 
fastenings when LA was applied and was 0.85 times of that when LB 
was applied. As regards rail base displacement, the result of a single 
set of rail fastenings was 3.15 times the results obtained for multiple 
sets of rail fastenings when LA was applied and was 0.54 times of 
that when LB was applied. As for rail tilting angles, the result of a 
single set of rail fastenings was 0.78 times the result obtained with 
multiple sets of rail fastenings when LA was applied, and 0.99 times 
of that obtained when LB was applied.

From the above results, although there is room for improve-
ment in rail base displacements under loading LA, a comparison of 
the rail head displacements and rail tilting angles obtained from both 
load tests, which are important to evaluate the performance of rail 
fastenings, shows good agreement.

Therefore, it is concluded that the validity of load test method 
for a single set of rail fastenings for rail joints based on the FEM 
model is verified and that the proposed load test method can be used 
for verification of safety against fatigue fractures in rail fastenings 
of rail joints.

5. Conclusions

This study aimed to establish a test method for loading test 
tracks composed of a single set of rail fastenings for rail joints. The 
obtained results obtained in this study can be summarized as fol-
lows:

Fig. 11  Test rail for rail fastening systems of rail joints 
(50 kgN rails)

Fig. 13  State of test for test track composed of a single 
set of rail fastenings

Table 2 Calculation results of loading conditions

Fig. 12 Bi-axial loading condition
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1)  The FEM model was proposed which can represent rail 
joint parts accurately and simplify the various types of rail 
fastenings and rail supporting structures.

2)  The rail head displacements and rail tilting angles obtained 
by the FEM model were in good agreement with that ob-
tained by the load test on a test track composed of multiple 
sets of rail fastenings.

3)  The method of determining loading condition based on the 
FEM model was proposed for the load test of a single set 
of rail fastenings. Furthermore, height adjustable test rail 
of rail joints was newly produced.

4)  It is concluded that the validity of load test method for a 
single set of rail fastenings for rail joints based on the FEM 
model is verified, and that the proposed load test method 
can be used for verification of safety against fatigue frac-
tures in rail fastenings of rail joints.
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Development of a Method for Detecting Track Irregularity Anomalies by Cluster Analysis
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When a train repeatedly runs on a track, track irregularities, which are distortions of the track, gradu-
ally increase with repetition of wheel load. Tracks are normally inspected periodically so that maintenance 
can be carried out when a large track irregularities are detected. However, in rare cases, the magnitude of 
a track irregularity may rapidly increase locally. To ensure the safety of train operations, preventive mainte-
nance is required to detect the signs of such rapid increases in the magnitude of irregularities and to perform 
maintenance before large irregularities occur. In this study, to identify in advance locations where large 
track irregularities are likely to occur, we developed a mathematical model that applies cluster analysis to 
historical data for track irregularities and maintenance records.

Key words: anomaly detection, cluster analysis, track irregularity, historical data, track maintenance

1. Introduction

When trains run repeatedly on ballasted track, the ballast and 
roadbed settle due to the train load, and track irregularities, which 
are distortions of the track, gradually increase. Therefore, periodic 
track inspections are usually performed to restore track geometry 
through systematic maintenance [1]. However, unusual circum-
stances, such as a large cave-in caused by a cavity beneath the road-
bed or an initial settlement caused by the insufficient recovery of 
support after maintenance due to ballast deterioration, can result in 
rapidly developing localized track irregularities. Because such 
anomalies can threaten the safety of running trains and lead to acci-
dents and transport disruptions, it is desirable to detect the signs of 
such anomalies, identify their locations and trends, and perform 
track maintenance in advance to ensure the stability of train ser-
vices.

It may be possible to detect signs of rapidly developing track 
irregularities by analyzing temporal changes in the track measure-
ment data at wavelengths of about 5-m, which is shorter than the 
10-m wavelengths used for general track irregularity management 
[2]. A track maintenance model has been developed to minimize the 
amount of maintenance needed by predicting future track irregular-
ities based on historical track measurement data and performing 
maintenance at the optimal time [3, 4]. In addition, compact, 
high-precision track inspection devices [5] have recently been de-
veloped and installed on commercial trains to collect data multiple 
times per day, and calculation models [6] have been developed to 
predict the development of local track irregularities by utilizing this 
high-frequency inspection data. However, where it is difficult to 
obtain high-frequency inspection data, such as some railway opera-
tors or for certain line sections, such models cannot be applied. Even 
for railroad operators who are able to obtain high-frequency mea-
surement data, these models predict track irregularities based on 
recent track irregularity trends and do not consider abnormalities 
that have occurred in the past.

In this paper, we introduce a track management method that 
uses cluster analysis with a large amount of historical data to detect 

anomalies of track irregularities [7, 8].

2. Sampling methods for data collection

To develop the anomaly detection method, the following as-
sumptions were made about the characteristics of the target line 
segment to be analyzed: i) the annual passing tonnage is approxi-
mately 17 to 25 million tons; ii) the total track length is 558.9 km; 
iii) it is a high-speed line with no freight traffic (Shinkansen); and 
iv) the track inspection period of frequency is once every 10 days. 
The data were collected from 2015 to 2020. In other words, data for 
168 inspection days were obtained.

Among the possible irregularities, this study focuses on longi-
tudinal level irregularities, which represent vertical distortion. This 
irregularity is generally measured by placing a reference string on 
the rail and measuring the distance between the center of a straight 
line connecting the two ends of the string and the rail at the center of 
the string. The irregularity obtained in this manner when the length 
of the reference string is 10 m is called a 10-m-chord irregularity, 
which is widely used by Japanese railway operators as an indicator 
for track maintenance. However, the 5-m-chord irregularity, which 
is obtained when the reference string length is 5 m, is known to de-
tect anomalies caused by the defects of ballast or roadbed more ac-
curately than the 10-m-chord irregularity [2]. Therefore, the 
5-m-chord irregularity was mainly utilized in the analyses per-
formed in this study. The total track length of 558.9 km was divided 
into lots of 100 m each, and the maximum value of the 5-m-chord 
irregularity was determined for each lot. Moreover, the set of 5,589 
lots is referred to as the total lots.

In this analysis, 500 lots, which we call the sample lots, were 
selected out of the total set of 5,589 lots. In the sampling, we select-
ed the sample set of lots such that their characteristics were as simi-
lar as possible to the total set. Accordingly, we considered the fol-
lowing eight categories of characteristics related to track structure, 
type of rail length, train operations, etc.: i) for the rails, we consid-
ered unit length rail, and long rail with glued joints; ii) for the track 
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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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bed, we considered the concrete slab, ballast, direct connection to 
the sleeper, and boundary lot; iii) we classified the linear and curve 
radii into straight lines and curves. Curves were classified into three 
categories according to the curve radius, and the composites and 
joints connected to these curves were added; iv) structure; v) speeds 
above 170 km/h were classified as high-speed; vi) turnout; vii) ex-
pansion joints; and viii) glued-insulated joints of rails were selected 
so that the percentages of the total and the selected lots compose as 
similar as possible. It is well known that concrete slabs are widely 
used on high-speed lines because the occurrence of a track irregular-
ity is unlikely, and the track conditions inside a tunnel tend to be 
stable because the tracks are less affected by temperature changes at 
this location than at the mine-head of the tunnels. Moreover, the 
boundary lots of rails and structures, as well as expansion joints and 
glued-insulated joints, tend to be weak points; thus, large track ir-
regularities are more likely to occur because those points are diffi-
cult to maintain. Figure 1 shows the percentage distribution of the 
characteristics of the total and sample sets of lots. It can be observed 
that their percentage distributions are almost identical.

3.  Applying cluster analysis to detect anomalies in track irregu-
larities

The following describes an anomaly detection method that uses 
cluster analysis, which is a statistical method for grouping data 
based on similarity, where a grouping of data is called a cluster. In 
this analysis, the k-means method of non-hierarchical clusters was 
used due to the large amount of data.

3.1 Definition of variables

Table 1 lists the variables used in this analysis; these variables 

are related to the track irregularity data. MXIL, STDV, and MXDV 
denote the maximum value, standard deviation, and maximum devi-
ation of the measured track irregularities for the 5-m-chord in the 
100 m lot. The NIMP indicates the number of times that the track 
irregularity improvement was 1 mm or more on consecutive days 
during the measurement period. NRAD indicates the number of 
times that the track irregularity development was 2 mm or more on 
consecutive measurement days. For each of the MXIL, STDV, and 
MXDV variables, we know that the larger the values, the worse the 
track condition is likely to be. The NIMP indicates the number of 
maintenance cycles, whereas MXDV and NRAD are considered to 
indicate the tendency of the track condition to deteriorate rapidly (or 
to improve significantly after a single maintenance cycle). In gener-
al, the worse the track condition, the higher the maintenance fre-
quency. Therefore, there is a high correlation between MXIL, 
STDV, and MXDV. The NIMP is defined to be consistent with the 
maintenance frequency calculated from the maintenance results. In 
defining NRAD, we set the development to 2 mm because the differ-
ence between the operative maintenance target value and the ex-
treme irregularity value of the control indices was 2 mm. Therefore, 
these indicators effectively represent the line segment characteris-
tics considered in this analysis; it is necessary to consider appropri-
ate values when applying the variables to line segments under differ-
ent conditions.

3.2 Results of applying cluster analysis technique

We present the numerical results of the cluster analysis on the 
set of 500 sample lots for the five variables in Table 1. The data were 
classified into five clusters, assuming the following three patterns: 
(1) the three levels of control indices depend on the magnitude of 
the track irregularities, (2) the conditions of the track are stable, and 
(3) track structures such as slab track are unlikely to occur some 

Table 1 Variables list

Fig. 1 Percentage distribution for characteristics of the total and sample sets of lots
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track irregularities.
Table 2 shows the center-of-gravity coordinates, which are the 

averages of all corresponding values for the variables contained in 
each cluster, and it also shows the number of lots in the sample lots 
included in each cluster. Clusters {1, 2, …,5} are denoted as {C1, 
C2, C3, C4, C5}. In Table 2, the center-of-gravity coordinates of C1 
are the largest for almost all variables {MXIL, STDV, MXDV, 
NIMP, and NRAD} in other clusters. We can see that the variable 
values for C1, C2, C3, C4, and C5 decrease in the same order, ex-
cept in the case of variable NIMP, where the magnitudes of the val-
ues for C2 and C3 are reversed. This suggests that the magnitudes of 
the irregularities follow the order of C1, C2, C3, C4, and C5, and 
that the sample lots in C4 and C5 represent the majority of the sam-
ple lots, at approximately 90% of the sample lots, and have the ir-
regularities with the smallest magnitude. Furthermore, the results in 
Table 2 show that almost 70% of the 500 sample lots were in C5, 
where the center-of-gravity coordinates had the lowest irregularity.

Table 3 lists the distances of the center-of-gravity coordinates 
from one of the five clusters to another. From this result, it can be 
seen that cluster 5 is farther away from C4, C3, C2, and C1, in the 
given order. Moreover, the result shows that among the five clusters, 
C1, C2, and C3 are quite close to each other, whereas C4 and C5 are 
much farther from these three than they are from each other. Thus, 
we see that they can be divided into two groups, {C1, C2, C3} and 
{C4, C5}. We propose that the lots in the first group {C1, C2, C3} 
obtained are those that should be targeted for detection as anomaly 
irregularity lots. We know that the shorter (longer) the distance be-
tween the lot and the center-of-gravity coordinates of the cluster, the 
more (less) similar it is to the center. Thus, we find that clusters {C1, 
C2, C3} contain lots with large track irregularity fluctuations and 
high maintenance frequencies, whereas {C4, C5}, which represent 
the majority of lots, contain lots with small and stable irregularities. 
Hence, these lots have insignificant improvement frequencies.

We aim to determine the track structure characteristics of each 
lot in the cluster. Table 4 shows the percentage of lots in each cluster 
based on track structure characteristics. The characteristics found in 
the lots contained in each of the clusters {C1, C2, C3} in the first 
group defined above are as follows.

All lots in C1 recorded large values of approximately 10 mm 
for MXIL during the inspection period. In this line section, if the 
irregularity of the 10-m-chord exceeds 10 mm, it is considered to 

have an “extreme value” and maintenance work must be performed 
immediately. Moreover, all lots in C1 were ballasted, showed a large 
fluctuation in MXIL, and had several NIMP cycles. In addition, half 
of the lots were located at the boundaries of the structures, and many 
of them included expansion joints or glued-insulated joints, which 
tend to deteriorate the track condition. Therefore, C1 was the group 
that required the most maintenance because it included lots that 
were maintained at a high-frequency and had large NIMP and 
NRAD values. In addition, all lots were located in sections with 
curve radii of 3,000 m or more, or in straight sections with other 
high-speed lots. This may be due to the fact that the more high-
speed lots in this line are more likely to deteriorate track conditions. 
Moreover, C2 contains lots with MXIL values that are close to the 
extreme values. Compared with C1, C2 tended to have more lots 
with a lower maintenance frequency, even though the track condi-
tion was poor. This is because C2 contained several lots that were 
difficult to maintain on a routine schedule and required relatively 
difficult maintenance work such as track structures, structure bound-
ary areas, and bridges. Such lots often require some preparation be-
fore maintenance can be performed. The lots in C2 also belonged to 
a group that required attention to rapid advances. Lots in C3 also 
occasionally had a large MXIL with a large NIMP. Although several 
lots included turnouts, expansion joints, and glued-insulated 
joints—which are either difficult to maintain or easily return to their 
original state even after maintenance—they were maintained com-
paratively regularly. This may be because most lots were managed 
on site, as they were easily affected by the MXIL.

When we studied the characteristics found in the lots in each of 
the clusters {C4, C5}, we found C4 mainly contained lots with rela-
tively stable track conditions, although there were some lots that had 
some MXIL fluctuations and some NIMP. This is due to the fact that 
many of the lots had curves with small radius than the lots in the 
other clusters, which resulted in a slower irregularity development 
due to slower train running speeds and comparatively less impact to 
the track by the trains. C5, which contained more than half of the 
sample set of lots, showed the least fluctuation in MXIL of all the 
clusters. Most lots had no record of maintenance during the mea-
surement period, as the MXIL remained close to 0 mm without 
fluctuation. More than half of the lots were located slab track, where 
irregularities did not occur, or in tunnels, which were less affected 
by temperature changes. Therefore, this group show a relatively 

Table 2 Center-of-gravity coordinates by variables and number of lots by cluster

Table 3 Distances between the cluster centers-of-gravity
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consistent track condition.

4.  Validation of the method for detecting track irregularity 
anomalies

In this chapter, we describe the results of our verification of the 
accuracy in detecting anomalies in track irregularities. Specifically, 
we analyzed the clusters that contained lots in which large longitu-
dinal level irregularities had occurred or developed in the past.

4.1 Definition and selection of anomaly lots

First, in detecting track irregularity anomalies, we attempted to 
find lots in the set of sample lots for which a large irregularity or its 
development had actually occurred. Here again, the control indices 
based on the value of the 10-m-chord irregularities were applied. In 

selecting the anormal lots, the following three indicators were used: 
(i) lots exceeding 10 mm, (ii) lots with 4 mm/10 days advance, and 
(iii) lots with an extreme irregularity value. Indicator (i) is a lot in 
which the 5-m-chord MXIL exceeds the extreme value of 10 mm. 
The operative maintenance target value used as a guide value was 6 
mm before the extreme value of 10 mm was reached in the control 
indices for the 10-m-chord irregularity. Therefore, Indicator (ii) is a 
lot whose MXIL has reached the operative maintenance target value 
of 6 mm, and whose maximum value reaches the extreme irregular-
ity value by the next inspection, which is 10 days later. Indicator (iii) 
is a lot for which 11.2 mm has actually occurred on the 10-m-chord 
irregularity and the extreme value is exceeded owing to rapid ad-
vancement. Among the lots in the sample lot, nine lots were selected 
as anomaly lots according to Indicator (i), and one lot each were 
selected according to Indicators (ii) and (iii), for a total of 11 lots. 
Figure 2 shows examples of longitudinal level irregularities of the 
anomaly lots for each of the three indicators.

Fig. 2 Examples of longitudinal level irregularity of the anomaly lots

Table 4 Percentages of track structures in each cluster (%)
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4.2 Cluster characteristics and anomaly lots

Table 5 shows classification result of anomaly lots. The distri-
bution of the 11 lots with anomalies was five lots in C1 and six lots 
in C2. Thus, all of the anomaly lots were in either C1 or C2. The lots 
in C1 tended to have a consistently large irregularities among the 
anomaly lots and needed to be maintained to reduce track irregular-
ity frequently, which implies that these lots had been repeatedly 
maintained. In C1, five of the six lots were the anomaly lots, but the 
remaining lot also had an MXIL value of 9.6 mm and a large NIMP 
value, thus the lot showed a behavior similar to that of Indicator (i). 
On the other hand, C2 included lots with steady periods of irregular-
ity progression but that tended to occasionally suffer from rapid ad-
vances. As can be seen from the cluster analysis results, the distance 
between the center-of-gravity coordinates for C2 and C3 was small, 
and both the irregularity data characteristics and the structural char-
acteristics were found to be similar. Furthermore, the lots in C3 also 
had a large number of NIMP, and large irregularities occurred occa-
sionally. Moreover, C3 has more lots that need maintenance fre-
quently than C2. These lots tended to include lots that are main-
tained relatively regularly and managed in the field as locations 
where large irregularities are likely to occur.

Based on these verification results, we conclude that the lots 
included in C1 or C2, where a large irregularity or rapid advance 
had actually occurred, should be carefully maintained. Furthermore, 
even if the MXIL value is not extremely high, such as in C3, we 
should pay attention to lots having a large NIMP and those including 
turnouts, expansion joints, and glued-insulated joints. We consider 
that paying particular attention to the changes in the irregularities 
and material conditions around the lots included in C1 is effective in 
preventing the occurrence of extreme values and post-maintenance.

5. Track maintenance by detecting track irregularity anomalies

A cluster analysis technique was used to categorize the lots and 
characterize each cluster element. We developed a method to apply 
these classification results to track management by detecting track 
irregularity anomalies. Table 6 shows the characteristics of each 
cluster. Starting from C1, the clusters can be characterized as 
“Warning,” “Caution,” “Semi-Caution,” “Stable,” and “Quite sta-
ble.” Thus, the smaller the cluster number, the more these lots 
should be carefully monitored in terms of track condition. In addi-
tion, compared with the previous inspection, there is a possibility of 
detecting an anomaly lot in advance by choosing lots that have 
moved closer to or moved into the upper clusters that require cau-
tion.

6. Conclusions

In this study, we developed and validated an efficient method 
for detecting lots that indicate track irregularity anomalies from the 
perspective of track maintenance management.

The results obtained from this study are summarized as fol-
lows. When the cluster analysis technique using variables that were 
related to irregularities was applied to the 500 sample lots, the lots 
were classified into five clusters, C1, C2, C3, C4, and C5, in de-
creasing order from lots with the largest irregularities to lots with 
the smallest. The lots in clusters {C1, C2, C3}, which accounted for 
approximately 10% of the total lots, required track maintenance, 
whereas those in the remaining clusters {C4, C5}, which accounted 
for approximately 90% of the total, showed good track conditions 
and did not require maintenance.

Moreover, to validate the method, we analyzed the clusters that 
contained anomaly lots in which large longitudinal level irregulari-
ties or their advance had actually occurred in the past. The results 
showed that all of these anomaly lots were classified into C1 or C2. 
Therefore, paying special attention to lots classified as {C1, C2, C3} 
by this method was considered to be effective in preventing track 
irregularities that exceeded the extreme value and in preventing 
emergency maintenance.

In the future, we will focus on improving the generality and 
practical application of this method.
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Method for Evaluating Rail Corrugation Growth Process  
by Monitoring Vertical Rail Vibration

Hirofumi TANAKA Kazuhiro KAJIHARA
Track Geometry & Maintenance Laboratory, Track Technology Division

Rail corrugation causes noise, vibrations, and deterioration of track components, which increase the 
frequency of track maintenance work. However, a measurement method that efficiently evaluates the growth 
of rail corrugation has not been established. The authors of this paper have developed a monitoring system 
for rail corrugation that enables long-term remote measurement of rail vibrations by means of battery-pow-
ered accelerometers and a wireless sensor network. In this study, the relationship between vertical rail vi-
bration characteristics and actual rail corrugation measured on commercial lines was investigated to verify 
the applicability of the developed system for identifying the growth process of rail corrugation.

Key words:  rail corrugation, growth process, rail vibrations, monitoring system, wireless sensor, harmonic 
component

1. Introduction

Rail corrugation, as shown in Fig. 1, is regular surface rough-
ness that forms on rails as railway vehicles travel on them. Rail cor-
rugation occurs in various alignment and track structures. When 
railway vehicles travel across sections with rail corrugation, noise 
and vibrations are generated leading to deterioration of track compo-
nents and promotion of further track irregularity. Hence, railway 
operators work to ascertain the generation of rail corrugation and, 
depending on conditions, remove surface roughness, mainly by using 
a rail-grinding car (hereinafter, rail grinding). However, it is difficult 
to accurately ascertain sporadic rail corrugation on railway tracks.

Many studies and research [1-4 for example] have attempted to 
identify the mechanism underlying rail corrugation from a variety of 
viewpoints, but none have been fully successful, so no basic mea-
sures against rail corrugation have yet been proposed. The authors 
of this paper posit however, that it is possible to model the increas-
ing tendency in the amplitude of rail corrugation on a growth curve 
from the results of regular measurements of rail corrugation on 
commercial lines [5] and dynamic simulation accounting for track/
vehicle interaction [6]. In addition, we believe that the noise and 
vibrations that pose problems during actual operation actualize 
during the final “saturation stage” of the growth process. Conse-
quently, more efficient track management may be expected from 
observing the degree of rail corrugation growth and formulating 
maintenance plans based on when the “saturation stage” is reached. 
An efficient method for measuring rail corrugation is the practical 
use of a portable trolley that continuously and directly measures rail 
surface roughness [7]. Using this trolley for regular measurement of 
rail surface roughness makes it possible to ascertain the growth 
tendency in rail corrugation [5], however high-frequency measure-
ments are labor-intensive.

Therefore, in this study, we explored a method for constantly 
monitoring measurable rail vibration acceleration with relative ease 
and evaluating the growth process of rail corrugation from changes 
in vibration characteristics. We therefore constructed a measure-
ment system using a battery-powered wireless acceleration sensor, 
installed it in a sharp curve on a commercial line where rail corruga-
tion had been generated, and continuously acquired data. Thus, we 
analyzed the relationship between the vibration characteristics of 
rail vibration acceleration and rail surface roughness and verified 
the efficacy of the proposed method.

2. Growth process of rail corrugation and its characteristics

Figure 2 shows a model of the growth process of rail corruga-
tion proposed by the authors [6]. The growth process of rail corru-
gation has three stages – the “formation stage,” “growth stage” and 
“saturation stage” – and the increasing tendency of rail corrugation 
amplitude can be modeled with a growth curve. Here, the “forma-
tion stage” is when minute irregular rail surface roughness forms, 
the “growth stage” is where the rail surface roughness of a specific 
wavelength selectively grows, and the “saturation stage” is when 
growth in rail surface roughness is inhibited. In the “saturation 
stage,” the wheels of a vehicle can no longer follow rails because of 
growing roughness and are repeatedly in and out of contact with the 
rails, resulting in the roughness waveform transforming from sinu-
soidal to triangular. Simulations confirm that this results in compo-
nents, that are integral multiples of basic spatial frequency (harmon-
ic components), appearing in the spatial frequency components of 
the roughness waveform [6], and harmonic components appear in 
the response of tracks and vehicles [8]. Thus, it is believed that col-
lisions between wheels and rails at the saturation stage result in the 
actualization of the noise and vibration posing problems during ac-
tual operation.

Fig. 1 Example of rail corrugation generation
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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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3. On-site measurement system for rail corrugation

Continuous monitoring of rail vibrations using a wireless accel-
eration sensor is considered an easy and inexpensive method for 
evaluating the characteristics of the growth process of rail corruga-
tion described in section 2. Since rail vibrations are actually easy to 
measure and a consistent relationship is seen with rail corrugation 
generation, a method for monitoring rail corrugation using rail vi-
bration measurements has previously been proposed [9].

Adopting a wireless acceleration sensor to evaluate the growth 
process of rail corrugation demands a small-sized unit that can be 
easily installed on a track, is durable and power-saving, is for long-
term continuous measurement, and has a sufficient sampling fre-
quency for the frequency of the vibrations excited by rail corruga-
tion. Based on such observations, in this study, we adopted a 
wireless measurement system utilized in monitoring the seismic 
behavior of building structures and building health [10] (Sonas, 
Inc.: Wireless Vibrations Measurement System x02).

Figure 3 shows an outline of the measurement system. The 
measurement system consists of a sensor unit (acceleration sensor / 
battery powered) and a base unit (control and communication de-
vice / 100 VAC powered). Table 1 shows the specifications of the 
sensor unit. Measurement data is stored in recording media built 
into the sensor unit, and then transmitted from the sensor unit to the 
base unit by wireless communication. The data compiled in the base 
unit is transmitted to a dedicated ground server via a mobile phone 
line, and then can be browsed or downloaded from an information 
terminal. Furthermore, the measurement system can compile data 
for a certain period of time before and after the specified measure-
ment period or use the vibrations of a passing train as a trigger. This 
reduces sensor unit battery consumption.

4. Measurement on commercial lines

4.1 Outline of measurement site

In this study, we performed long-term measurement of rail 
surface roughness, and of rail vibrations using this measurement 
system, in a sharp curve on a commercial line where rail corrugation 
had actually been generated. Rail vibrations were measured using 
the measurement system during daytime hours when train operation 
density was low in order to match operating conditions such as train 
speed, vehicle type, and occupancy rate as much as possible. Fur-
thermore, although rail vibrations are measured every day, in this 
study, we excluded data continuously measured for a maximum of 
about eight months from the day after rail grinding impacted by high 

measurement noise and similar factors, and then selectively ana-
lyzed data for about one to two trains per day.

Figure 4 shows an outline of the measurement site. As shown in 
the figure, the measurement site is in the sharp curve of a commuter 
line (curve radius R = 185 m, cant C = 105 mm). The track structure 
consists of two types of ballastless track: coil spring anti-vibration 
track and direct fastened track with anti-vibration sleepers. The tar-
get vehicles were two types of commuter trains with an annual 
passing tonnage of approximately 19 million tons, and a measure-
ment point train speed of about 40 to 45 km/h. The points for mea-
suring rail vibrations with the measurement system were on the low 
rail at measurement point A (in the section of coil spring anti-vibra-
tion track) and measurement point B (in the section of direct fas-
tened track with anti-vibration sleeper) shown in the figure. Further-
more, a friction modifier [11] was sprayed on the low rail for the 
purpose of reducing lateral force near measurement point B.

Figure 5 shows an example of the installation of the sensor unit. 
The figure shows that the acceleration sensor of the sensor unit was 
fixed with an epoxy adhesive to the bottom of the rail outside the 
gauge in the middle between the rail fastening systems. The battery 
and communication device were fixed with an epoxy adhesive on 
the upper surface of the end of the sleeper near the acceleration 
sensor. Furthermore, although not shown in the figure, the base unit 
was installed beneath the platform of a nearby station.

Fig. 2 Model of rail corrugation growth process Fig. 3 Outline of measurement system

Table 1 Sensor unit specifications
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4.2 Rail surface roughness generation

In order to investigate the generation of rail corrugation near 
the measurement point of rail vibrations, rail surface roughness was 
measured at two times with different passing tonnages after rail 
grinding (approximately 5.05 million tons and 14.03 million tons 
after rail grinding). To measure rail surface roughness, we used the 
rail surface roughness continuous measurement trolley [7] devel-
oped by the Railway Technical Research Institute shown in Fig. 6.

Figure 7 shows rail surface roughness generation on the low rail 
of the curve. In addition to the rail surface roughness waveform and 
a spectrogram of the rail surface roughness waveform, the figure also 
shows track structure. The rail surface roughness waveform is ob-
tained by subjecting the restored waveform to band pass filter pro-
cessing with a wavelength of 50 to 200 mm. From the figure, we find 
that rail corrugation generation differs depending on track structure. 
Near measurement point A in the section of coil spring anti-vibration 
track, the rail corrugation amplitude (total amplitude) was about 0.05 
mm or less when about 5.05 million tons passed after rail grinding, 
which increased to about 0.2 mm when about 14.03 million tons 
passed after rail grinding. However, near measurement point B in the 
section of direct fastened track with anti-vibration sleeper, no signif-
icant increase in amplitude was seen. This is believed to have been 
influenced by the effects of the aforementioned spraying of friction 
modifier, in addition to differences in track structure.

The spectrogram in the figure was obtained from a short-term 
Fourier transform of the restored waveform of rail surface rough-
ness. The spectrogram shown here expresses the magnitude of the 
power spectral density of the amplitude in color, and shows the 
magnitude of rail surface roughness, the spatial frequency, and the 
kilometer information in a unified manner. According to the figure, 
no dominant spatial frequency component was observed in the spec-
trogram when about 5.05 million tons passed after rail grinding in 
the section of coil spring anti-vibration track including measure-
ment point A. However, we found that when about 14.03 million 
tons passed after rail grinding and rail corrugation amplitude 
reached about 0.2 mm, a dominant spatial frequency component (① 
in the figure) was recognized, and rail corrugation of about spatial 

frequency 10 [1/m] (wavelength 100 mm) was being generated. In 
addition, the dominant spatial frequency component near 20 [1/m] 
in this section (② in the figure) is approximately two times the 
aforementioned basic spatial frequency of rail corrugation and is 
believed to be a harmonic appearing at the saturation stage of corru-
gation [6]. On the other hand, we see that in the section of direct 
fastened track with anti-vibration sleeper including measurement 
point B, the component of spatial frequency 18 [1/m] (wavelength 
55 mm) increased slightly as the passing tonnage increased after rail 
grinding (③ in the figure). Thus, differences in the basic spatial 
frequency of rail corrugation near both measurement points are due 
to differences in the growth factor of rail corrugation [12] attribut-
able to differences in track structure.

Here, the frequency of vibrations excited by rail surface rough-
ness existing at measurement points is calculated by the following 
equation.

 (1)f = 
v

3.6 × λ

Fig. 4 Outline of measurement site

Fig. 5 Sensor unit installation

Fig. 7 Rail surface roughness generation (low rail)

Fig. 6  Measurement with rail surface roughness contin-
uous measurement trolley
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Here, f is frequency [Hz], v is train speed [km/h], and λ is the wave-
length [m] of rail surface roughness [m]. Accordingly, if we assume 
that the train speed in this section is 40 to 45 km/h, then it may be 
assumed that rail vibrations are excited at about 110 to 125 Hz (cor-
responding to 10 [1/m]) at measurement point A and 200 to 225 Hz 
(corresponding to 18 [1/m]) at measurement point B due to the 
aforementioned roughness.

5.  Time-dependent changes in vertical rail vibration accelera-
tion

5.1 Acceleration generation

As shown in Table 1, the measurement system measures 3 axes 
of vibration acceleration in the rail, but in this paper, we focus only 
on the vertical vibration acceleration of the rail, which shows a char-
acteristic trend. A comprehensive analysis including horizontal vi-
bration acceleration and longitudinal vibration acceleration, can be 
found in the literature [13].

Figure 8 shows a waveform at measurement point A as an ex-
ample of the waveform of vertical rail vibration acceleration. This 
waveform was obtained by subjecting the acceleration waveform 
recorded by the measurement system to 900 Hz low pass filter pro-
cessing. In subsequent analysis, the target waveform is 30 seconds 
including the time when the train passes. In the figure, the time 
when there is an increase in acceleration amplitude corresponds to 
the time when the vehicle bogie is passing. The maximum value of 
total amplitude was less than 50 m/s2 when about 110,000 tons 
passed after rail grinding but increased to about 400 m/s2 when 
about 13.98 million tons passed after rail grinding.

5.2 Changes in amplitude

The amplitude of vertical rail vibration acceleration is believed to 
increase in accordance with the amplitude of rail surface roughness. 
Therefore, we computed the RMS (Root Mean Square), which can 
serve as an index of the mean amplitude of acceleration waveform and 
analyzed the changes. Figure 9 shows an example of changes in the 
RMS of vertical rail vibration acceleration. According to the figure, at 
measurement point A, the RMS remains at a small level until about 5 
million tons after rail grinding, and then increases rapidly. At this time, 
wheels can no longer follow rail surface roughness, and rail corruga-
tion is presumed to shift from the “growth stage” to the “saturation 
stage.” After passing about 10 million tons after rail grinding, the RMS 
remained almost constant. Here, as shown in Fig. 7, a harmonic com-
ponent can be seen in the rail surface roughness waveform measured at 
this time (when about 14.03 million tons passed after rail grinding), so 
it is thought the stage at which growth in the roughness is inhibited has 
been reached. On the other hand, at measurement point B, the RMS 
increases slightly with increased passing tonnage, but the RMS is 
small compared to measurement point A, and no clear increasing ten-
dency is seen. This tendency, as shown in Fig. 7, conforms to no clear 
increase being seen in rail corrugation amplitude in the section of di-
rect fastened track with anti-vibration sleeper. Furthermore, plot irreg-
ularities seen in these figures are thought to be influenced by train 
speed, roughness in the wheel tread, and differences in vehicle type.

5.3 Changes in frequency characteristics

Figure 10 shows an example of the PSD (power spectral densi-
ty) of vertical rail vibration acceleration measured at times of differ-

ing passing tonnage after rail grinding. According to Fig. 10 (a), at 
measurement point A, there is a pronounced increase in power of 
about 115 Hz, 230 Hz and 345 Hz as passing tonnage increases after 
rail grinding. If we consider the wavelength of rail surface rough-
ness (about 100 mm) and train speed (about 40 to 45 km/h) in this 
section, then these conform with the fundamental frequency (about 
115 Hz) and harmonic thereof (about 230 Hz, 345 Hz) of vibrations 
excited by rail surface roughness during train passing. Furthermore, 

Fig. 8  Example of waveform of vertical rail vibration ac-
celeration (measurement point A)

Fig. 9  Example of changes in RMS of vertical rail vibra-
tion acceleration

Fig. 10  Example of PSD of vertical rail vibration acceler-
ation
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the peak around 65 Hz seen in the PSD for about 110,000 tons after 
rail grinding may be a vibration component [14] attributable to the 
coil spring just below the track slab and minute roughness in the low 
rail, and the peak near 450 Hz is thought to be a vibration compo-
nent attributable to periodic traces accompanying rail grinding 
(hereinafter, rail grinding traces).

According to Fig. 10 (b), at measurement point B, there is a ten-
dency of the 220-Hz band power to increase as passing tonnage in-
creases after rail grinding, but the appearance of a harmonic compo-
nent (440 Hz) is not clearly seen compared to measurement point A. 
Furthermore, the gentle peak near 300 to 320 Hz may be derived from 
the intrinsic vibrations of the vertical vibration system of the track, 
because its magnitude is roughly the same regardless of the passing 
tonnage. In addition, the gentle peak near 500 Hz is thought to be at-
tributable to rail grinding traces similar to measurement point A.

In order to evaluate the fundamental frequency of rail vibra-
tions due to rail corrugation growth and the increasing tendency of 
the harmonic component, we analyzed changes in PSD per frequen-
cy band. Here, the frequency bands corresponding to fundamental 
frequency and harmonic thereof we focused upon were the 115-Hz 
and 230-Hz bands at measurement point A and the 220-Hz and 440-
Hz bands at measurement point B, and we computed the mean value 
of the PSD in these bands.

Figure 11 shows respective examples of changes in PSD per fre-
quency band of vertical rail vibration acceleration at measurement 
points A and B. According to Fig. 11 (a), there is a tendency for power 
to increase in each frequency band from approximately 7 million tons 
after rail grinding at measurement point A, and the power of the funda-
mental frequency band (115-Hz band) increases ahead of the second 
harmonic band (230-Hz band). Here, based on the characteristics of 
the “saturation stage” according to numerical analysis [8], increased 
power in the fundamental frequency band in the vertical rail vibration 
is attributable to increased amplitude in the “growth stage,” and in-
creased power in the second harmonic band is attributable to the colli-
sion of the rail and wheels when transitioning to the “saturation stage.”

According to Fig. 11 (b), at measurement point B, a tendency is 
seen in which the power of the fundamental frequency band (220-
Hz band) increases slightly as passing tonnage increases. However, 

an increasing tendency in the PSD of the fundamental frequency and 
harmonic band as seen at measurement point A and shown in Fig. 11 
(a) is not confirmed. This result conforms with no clear increased 
amplitude or harmonic being seen in the rail surface roughness 
waveform in Fig. 7, so it is presumed that the “saturation stage” of 
rail corrugation is not reached at measurement point B.

Based on the above, vertical rail vibration monitoring is effec-
tive in evaluating growth process based upon the characteristics of 
the “saturation stage” of rail corrugation [6].

6. Evaluation of growth process using vertical rail vibration

So far in this paper up to section 5, constant monitoring of ver-
tical rail vibration has been considered effective in evaluating the 
growth process of rail corrugation. Therefore, we use the measure-
ment results at measurement point A to discuss the correspondence 
between changes in the RMS of vertical rail vibration acceleration 
and the growth process of rail corrugation.

Figure 12 shows an example of the relationship between the 
RMS of vertical rail vibration acceleration at measurement point A 
and the mean value of the PSD of the second harmonic band. From 
the figure, if we consider that a harmonic component appears in 
vertical rail vibration when the “saturation stage” of rail corrugation 
is reached, then it may be inferred that the period where the RMS is 
small and no harmonic component is seen (before approximately 5 
million tons after rail grinding) corresponds to the “formation 
stage,” the period where the RMS starts to increase very gradually 
and no harmonic component is seen (approximately 5 to 7 million 
tons after rail grinding) corresponds to the “growth stage,” and the 
period where the RMS increases rapidly and a harmonic component 
appears (from approximately 7 million tons after rail grinding) cor-
responds to the “saturation stage.” However, since the boundary 
between the formation stage and the growth stage is not clear, fur-
ther verification is still required.

Thus, using the measurement system adopted in this study to 
measure vertical rail vibration acceleration, and monitor changes in 
PSD per frequency band corresponding to the RMS and the wave-
length of rail corrugation, resulted in the prospect of being able to 
evaluate the growth process of rail corrugation, specifically the 
transition from the growth stage to saturation stage.

It is assumed that the method for evaluating rail corrugation 
growth developed here may be used in evaluating the growth ten-
dency of rail corrugation at individual sites and the effects of 
countermeasures, in predicting the remaining period until rail grind-
ing is required and the rail grinding cycle, in evaluating the finished 

Fig. 11  Examples of changes in PSD per frequency band 
of vertical rail vibration acceleration

Fig.12  Example of relationship between RMS of vertical 
rail vibration acceleration and mean value of PSD 
(measurement point A)
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rail grinding, and in supporting scheduling of rail grinding based on 
amplitude estimates. Being able to evaluate when the “saturation 
stage” occurs, which is when noise and vibrations are actualized, 
will be beneficial to actual operations. A data analysis method is re-
quired in order to realize the above uses, and the plan is to build one 
and verify it through field measurements.

7. Conclusion

In this study, we investigated a method to constantly monitor 
rail vibrations and evaluate the growth process of rail corrugation 
using a measurement system constructed with a battery-powered 
acceleration sensor and wireless sensor network. The obtained find-
ings are shown below:
(1)  Based on the results of long-term measurement using a measure-

ment system in a sharp curve of a commercial line where rail 
corrugation had been generated, findings were seen in which the 
RMS of vertical rail vibration acceleration and the PSD per fre-
quency band corresponding to the wavelength of rail corrugation 
remained small for a certain period of time after rail grinding, 
but then increased rapidly and reached saturation.

(2)  We confirmed that power increases in order of the fundamental 
frequency and harmonic band of rail corrugation during the peri-
od that the RMS of rail vertical acceleration and the PSD per 
frequency band corresponding to the wavelength of rail corruga-
tion rapidly increased. This tendency was thought to be an obser-
vation of rail corrugation transitioning from the “growth stage” 
to “saturation stage.”

(3)  According to (1) and (2), constant monitoring of vertical rail vi-
bration appeared effective in evaluating the growth process of 
corrugation. In addition, this resulted in the prospect of being 
able to evaluate the growth process of rail corrugation and the 
period until the saturation stage is reached.

The future plan is to verify the relationship between the degree 
of rail corrugation growth and vertical rail vibration acceleration 
based upon data from regular measurements of rail surface rough-
ness. The plan is also to construct a method for ascertaining the 
impact of track structure and differences in vehicles and operating 
conditions upon evaluation of the growth process of rail corruga-
tion, and then automatically determine when the saturation stage has 
been reached.
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Methods for Applying Public Communication Lines to  
Communication-based Train Control Systems

Takayasu KITANO Akihiro GION
Train Control Systems Laboratory, Signalling and Operation Systems Technology Division

A method for applying public communication lines to communication-based train control systems is 
proposed. Applying public communication lines to train control systems differs from when applying them to 
conventional systems in that transmission lines which cannot be controlled by railway operators, intervene 
between safety devices. Therefore, this paper presents a configuration where train control function and in-
formation transmission are independent of each other in order to build a system which meets safety critical 
requirements without depending on transmission lines. This paper also presents threats posed by informa-
tion transmission functions from the perspective of the train control function and countermeasure require-
ments, as well as implementation methods which meet these requirements using current techniques.

Key words:  communication-based train control (CBTC), public communication line, security, system config-
uration

1. Introduction

With a declining population, it may become difficult in future 
for railway operators to source sufficient labor to maintain and pre-
serve their equipment. Under these circumstances, technological 
developments are expected to help reduce the amount of ground 
equipment which needs to be maintained. One system that is expect-
ed to reduce the amount of safety equipment needed on the ground, 
is communication-based train control (CBTC), which is already 
being deployed [1], using advanced on-board equipment and wire-
less track-to-wayside information transmission. However, while 
conventional CBTC systems reduce the amount of ground equip-
ment based on conventional technology, such as track circuits, they 
also require additional transmission equipment to transmit control 
information between the ground and the train, and increase the num-
ber of functions in on-board equipment. In some cases, the system 
as a whole may not necessarily reduce the amount of equipment, 
depending on the conditions of the line section where the system is 
introduced. In order to further reduce the amount of ground equip-
ment to be maintained and managed by railroad operators, it is ex-
pected that general-purpose technologies widely used in other fields 
will be applied to safety equipment. In particular, the application of 
general-purpose communication lines such as public communica-
tion lines for the transmission of control information between the 
track and the train in CBTC systems, can reduce the need for dedi-
cated radio equipment such as base stations and antennas, and save 
maintenance labor. Therefore, in this paper, we propose a method 
for constructing CBTC systems whose communication network 
does not depend on either a dedicated private communication line or 
a public communication line. We define the concept of ensuring se-
curity when public communication lines are used for CBTC sys-
tems, and propose a procedure for developing such a system, includ-
ing the determination of requirements for communication lines, and 
a method for implementing security.

2. Concept of applying a public communication line

2.1 Outline of CBTC

(1) Outline

An overview of a CBTC is shown in Fig. 1. In this system, 
control information is transmitted between the ground and on-board 
equipment by radio, the train position is detected on-board, and the 
on-board equipment takes the initiative in controlling the train, 
thereby realizing flexible train operation and reducing the amount of 
ground equipment involved in operational safety [2]. The important 
functions of the system are: correct recognition of the train position 
by the on-board equipment; correct transmission of the train posi-
tion, recognized by the on-board equipment, to the ground equip-
ment; configuration of the route and setting of the movement author-
ity, according to each train position, by the ground equipment; 
transmission of the set movement authority to the on-board equip-
ment; creation of brake profiles according to the transmitted infor-
mation. The ground equipment is responsible for configuring the 

Fig. 1 Outline of CBTC system
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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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route and setting the movement authority according to the positions 
of each train, communicating the set movement authority to the on-
board equipment and controlling the train according to the transmit-
ted information.

(2) Issues in reducing ground equipment

CBTC systems developed in Japan use dedicated private com-
munication lines for information transmission between the ground 
and on-board equipment. Such conventional systems reduce the 
amount of safety equipment needed on the ground, but require trans-
mission equipment to establish the private communication lines. As 
such, they do not necessarily reduce the overall amount of equip-
ment actually used. For example, conventional systems use track 
circuits for train detection, whereas in CBTC systems, on-board 
equipment transmits the train position to ground equipment. In such 
cases, track circuits are not required, but new transmission equip-
ment needs to be installed along the wayside. On low density lines, 
such as regional lines, there is more wayside equipment to be main-
tained relative to the number of trains, which increases the burden of 
maintenance.

2.2  Concept of system development applying public communi-
cation line

(1) Safety assurance

In CBTC systems, mechanisms are needed to ensure safety, 
such as stopping the train, even when information transmission be-
tween the ground and on-board equipment is not correct. As shown 
in Fig. 2, both ground and on-board equipment have mechanisms to 
check that the messages sent and received and the equipment to 
which they are sent are legitimate, and to stop the train if an abnor-
mality is detected.

(2) Ensuring stable train operation

As mentioned in the previous section (1), when the train stops 
in the event of a transmission error, the train will stop every time the 
information transmission is not correct, disrupting train operations. 
Therefore, to ensure operational stability, two possible approaches 
can be adopted: (i) the use of high-quality transmission, or (ii) the 
design of train control systems that can be used even with unstable 
transmissions. CBTC systems currently in operation, which use 
dedicated private communication lines in order to adopt the ap-
proach described in (i). If a system uses public communication lines, 
it is necessary to determine the functions required to ensure safety, 

assuming that the communication equipment cannot be equipped 
with dedicated safety functions. This paper thus describes a method 
for applying public communication lines to train control systems, 
with a focus on ensuring safety.

(3) Issues involved in applying public communication lines

Equipment used in conventional train control systems, includ-
ing the transmission equipment, has been developed for fail-safe 
operation based on defined safety conditions, whereas transmission 
devices for public communication lines have not. Therefore, when 
using public communication lines, it is necessary to implement mea-
sures based on IEC 62280 [3], assuming that non-fail-safe transmis-
sion devices intervene between safety devices. Therefore, in addi-
tion to conventional safety technologies, countermeasure 
technologies against attacks on safety by malicious third parties are 
important. It is necessary to have mechanisms to ensure the fail-safe 
role of safety equipment, independent of the transmission device, so 
that the safety equipment can operate in fail-safe mode even if infor-
mation transmission between the safety devices is like a black box.

3.  Application of public communication lines to train control 
systems

3.1 �Procedure� for�determining� the�configuration�of� train�con-
trol systems

Before drafting specifications, it is necessary to determine the 
basic functions required in the ground and on-board equipment in 
the train control system. The following procedure is proposed, as 
part of the system configuration, to determine the functions and ac-
tions of the train control system based on the purpose of introducing 
the system and the operating conditions of the line, and to apply el-
emental technologies such as train detection.

(1) System introduction policy

The most effective way to reduce the cost of using public com-
munication lines is to use existing equipment as much as possible 
without modification. On the other hand, if a public communication 
line is applied as it is, some operational tasks such as restoration in 
case of breakdowns or anomalies may no longer be possible. There-
fore, the direction in which the system should be structured is either 
to maintain the conventional operation by improving the existing 
equipment, even if the cost is relatively high, or to reduce the costs 
by changing the operation. These policies are related to the func-
tions to be allocated to the ground and on-board equipment and have 
a significant impact on the final system development and implemen-
tation process, and should be decided before the specific train con-
trol and train detection methods are decided.

(2) Determination of train control system

The operations and tasks that cannot be changed due to the 
specific circumstances of the line sections where they are to be in-
troduced shall be identified in advance, and the train control func-
tions required to satisfy these requirements shall be determined. It is 
particularly important to identify the operational requirements. 
Once the functions have been determined, the functions to be allo-
cated to the ground and on-board equipment shall be determined 
based on the train operation, maintenance, and renewal equipment.Fig. 2 Example of safety control for transmission error
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(3) Determination of train detection system

In CBTC systems, train detection uses train position detected 
by on-board equipment, but the functional allocation of the train 
positioning technology and the train detection function shall be tak-
en into account. The specific allocation of train detection functions 
to on-board and the ground equipment has to be determined taking 
into account the operational requirements of the introduced line 
sections extracted in the previous section (2) and the specific train 
control functions. Furthermore, it is necessary to determine the ac-
curacy of the position recognition required to satisfy the train con-
trol system functions and to adopt compatible technology.

(4) Selection of communication network

The communication network responsible for the transmission 
of information between ground equipment and on-board equipment 
is selected by determining the requirements after the functions of 
train control and train detection have been defined. The determina-
tion of the requirements for their selection is described below in 
Section 3.3. Based on (1) to (4), the configuration of the CBTC 
system can be determined.

3.2 Configuration�of�train�control�systems

Development of transmission equipment used in public com-
munication lines does not assume a fail-safe application and cannot 
be equipped with safety-related functions. Therefore, it is not possi-
ble to replace only the transmission equipment and use the same 
configuration as current CBTC systems: system configuration needs 
to be reviewed [4]. We therefore propose a train control system con-
figuration that clearly separates the functions related to the safety of 
train operation (safety function) from the functions related to the 
transmitting of information (transmission function), thereby elimi-
nating the dependency between the two functions (Fig. 3). In this 
configuration, in the transmission of messages between the ground 
and on-board equipment, which is the safety equipment, the func-
tions of the ground and on-board equipment alone can ensure safety 

and security, without depending on the information transmission 
function.

3.3 Determining the requirements for the transmission system

It is important that the information needed to fulfil the safe-
ty-related functions can be reliably transmitted between ground and 
on-board equipment. Based on the requirements of the control 
equipment needed to fulfil the functions of the train control system 
and the operating conditions of the line, the amount of information, 
the transmission cycle, and the transmission quality (error rate, de-
lay time) of the information needed between the equipment are de-
fined as requirements. A transmission system that meets these re-
quirements is used (Fig. 4). This method also corresponds to the 
procedure defined in IEC/TS 62773. Generalizing the transmission 
system by focusing on safety-related functions as shown in Fig. 5 
facilitates the extraction of functions required for safety-side control 
and the definition of requirements for the transmission system.

Fig. 4  Procedure for determining requirements for 
transmission systems

Fig. 5  Approach to determining requirements for trans-
mission systems

Fig. 3 Configuration of train control systems
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4.  Security measures when applying public communication 
lines

4.1 Threats to and requirements for transmission systems

(1) Cyber attacks

Threats to transmission systems can be categorized into cy-
ber-attacks such as spoofing, tampering, and Denial of Service 
(DoS) attacks. In spoofing, spoofing of the other device and replay 
attacks are assumed. Spoofing of a remote device is the act of pre-
tending that an external third party is one of the devices in the sys-
tem. A replay attack is an attack in which an external third-party 
records messages sent by devices within the system and resends the 
same messages that were sent in the past at different timings. Tam-
pering is the rewriting of information through the intervention of a 
third party in the process of sending or receiving messages. A DoS 
attack is an attack that impedes normal operation by sending a large 
amount of irrelevant information to the target device. The attacked 
device will process many transmitted messages, and there is a pos-
sibility that the processing will be delayed or that it will behave ab-
normally.

(2) Threats to transmission systems

IEC 62280 has been standardized as an international standard 
for safety-related transmissions and defines seven threats (Repeti-
tion, Deletion, Insertion, Re-sequencing, Corruption, Delay, Mas-
querade). These can be organized in terms of threats to the input 
information of on-board or ground equipment as security devices, as 
shown in Table 1.

(3) Countermeasures against third-party threats

Threats to the transmission systems of train control systems 
include “unintentional errors” caused by naturally occurring factors 
such as noise and “intentional errors” caused by external malicious 
third parties. In current train control systems, measures have been 
implemented according to the definition of IEC 62280. For uninten-
tional errors, verification of messages based on sequence numbers, 
time stamps and safety codes and detection of transmission interrup-
tions are used. Against intentional errors, measures focusing on 
confidentiality are implemented by encrypting. When public com-
munication lines are used, verification against intentional errors is 
particularly important. In this regard, methods for verifying authen-
ticity and integrity are the most promising: authenticity indicates 
that the device from which the information is transmitted is the 
correct party, and integrity verifies that the information is accurate 
and up-to-date (Fig. 6).

Therefore, the attack categories for intentional errors, threats to 
security and their countermeasures are listed in Table 2. For spoof-
ing, the threat is the “input of incorrect information” from another 
device impersonating the transmitting device, which induces dan-

gerous behavior. Countermeasures can be taken against this by ver-
ifying the authenticity of the transmitted messages. Replay attacks 
can be dangerous because the message itself is the same as the one 
transmitted between devices in the system, and the device receiving 
the message sent for the purpose of a replay attack will misidentify 
the current state and operation. In this case, both “input information 
contains delays” and “incorrect information is input” are threats. For 
tampering, the threat is “incorrect information being entered” for 
DoS attacks, “information disruption” and “transmission delays” 
occur as a result of the enormous amount of processing involved in 
a large number of messages. Also, when large amounts of random 
information are transmitted, there is a possibility of “incorrect infor-
mation being entered.” Against replay attacks, tampering and DoS 
attacks, measures can be taken by verifying the integrity of the 
transmitted messages. As described above, it is effective to take 
countermeasures against attacks from third parties based on authen-

Table 1 Impact of threats on the transmission system to inputs of safety equipment

Fig. 6 Authenticity and integrity of messages
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ticity and integrity. When applying public communication lines to 
train control systems, it is important to design the system after 
checking that the safety control function has implemented the mea-
sures listed in Table 2.

4.2 Proposed countermeasures against threats

(1) Application of message authentication

Message authentication is an effective way of verifying the 
authenticity of the counterpart device and the integrity of the infor-
mation. This is a technique used in anti-tampering measures, where 
a verification code (MAC) corresponding to a message is generated 
from a cryptographic key, and the message tampering by a third 
party is detected by hiding the cryptographic key. However, the 
MAC generation process is based on computational security, in 
which the security of a cipher is ensured by the complexity of the 
time required for analysis according to the processing performance, 
so the processing load is high and it is difficult to implement on 
current fail-safe CPUs. In addition, cryptographic techniques such 
as those used in message authentication have a fast life cycle and it 
is desirable to have a configuration where only the relevant func-
tions can be replaced. Therefore, it is conceivable to assign the ver-
ification code generation process to a non-failsafe module with fast 
processing speed, but if the non-failsafe module is not operating 
normally, tampering cannot be detected and the control may be dan-
gerous. Based on this, we propose a method in which the verifica-

tion code generation is processed by the non-failsafe module and the 
correctness of the processing performed by the non-failsafe module 
is verified by the fail-safe CPU (Fig. 7).

(2)��Advantages� and� considerations� of� the� proposed� configura-
tion

Although the life cycles of security devices for railway signal-
ling and transmission devices used in public communication lines 
are different, the combination with a general-purpose non-fail-safe 
module facilitates the response to updates in information security 
technology. However, when transmitting security information using 
public communication lines, it is important to consider the safe side 
behavior of the system as a whole, including the analysis and ex-
traction of items to be verified by the fail-safe modules installed in 
the safety equipment.

5. Summary

This paper proposes a method for applying public communica-
tion lines to CBTC systems. It differs from current train control 
systems in that it uses uncontrollable transmission equipment and 
communication networks to transmit information between pieces of 
safety equipment. Therefore, we proposed a system configuration in 
which the safety functions and transmission functions are function-
ally independent. By separating the functions, the train control sys-

Table 2 Cyber-attack methods in transmission systems

Fig. 7 Processing and verification in message authentication
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tem that does not depend on communication networks can be con-
figured. This paper also presents third-party threats to the system 
and the requirements for countermeasures which would need to be 
applied when using public communication lines.  Finally, this paper 
proposes a configuration that meets these requirements at the cur-
rent technological level. Future work will focus on the drafting of 
specifications and construction of a prototype of the system with a 
view to bringing this train control system, which uses a public com-
munication line, into practical use.
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Roller-rig Test of Instrumented Wheelset Utilizing Shear Strains on Wheel Web

Takatoshi HONDO
Vehicle Mechanics Laboratory, Railway Dynamics Division

Instrumented wheelsets are widely utilized in the railway industry to measure wheel-rail interaction 
force. In a conventional instrumented wheelset, the measurement accuracy of the lateral force is reduced due 
to the bending moment induced by the wheel load. The author has proposed a new configuration for an in-
strumented wheelset to reduce the influence of the wheel load on the measurement of the lateral force. This 
proposed configuration utilizes the shear strains of a wheel web as a measure of the lateral force. This paper 
describes the accuracy verification of the proposed configuration under a wheel rotating condition. Tests 
using a single-wheelset roller-rig were carried out and the test results show that the proposed method can 
reduce the influence of the wheel load even under a rotating condition.

Key words:  running safety, measurement of wheel-rail interaction force, derailment quotient, 3-axis strain 
gauge, bending moment

1.  Introduction

Measurement of a wheel load and lateral force between wheels 
and rails is important for assessing running safety and evaluating the 
curve passing performance of railway vehicles. A wheel load (P) is 
the vertical force that acts between a wheel and a rail, and lateral 
force (Q) is the force in the lateral direction. The value Q/P obtained 
by dividing the lateral force by the wheel load is known as the de-
railment quotient and is used as an indicator for evaluating running 
safety. One method for measuring wheel loads and lateral forces 
continuously when vehicles travel on actual tracks, is to use an “in-
strumented wheelset” (Fig. 1) which has multiple strain gauges on a 
wheel surface [1]. Although there are several ways to construct an 
instrumented wheelset, the common measurement principles in in-
strumented wheelsets used in Japan are as follows: the wheel load is 
measured using the vertical strain generated on the side surface of 
holes, and the lateral force is measured using the bending strain on 
the side surfaces of wheels [2, 3].

In the lateral force measurement method using the bending 

strains (hereinafter referred to as the ‘conventional method’), when 
a contact position between a wheel and a rail moves in the lateral 
direction, measurement accuracy may decrease due to the influence 
of the bending moment induced by the wheel load (Fig. 2). Specifi-
cally, the measured lateral force of wheels on the outer rail side of a 
curve, which come into contact near the flange while passing 
through a curve, may exceed the real force due to the influence of 
the wheel load. This sometimes leads to an assessment that is harder 
than the reality. In previous work, the author proposed a novel meth-
od for measuring lateral force that utilizes the shear strains of a 
wheel web and it was confirmed that the proposed method is less 
affected by the wheel load than the conventional method through 
finite element analyses and static load tests [4]. In this paper, roll-
er-rig tests were carried out to verify the proposed method under a 
wheel rotating condition.

2. Instrumented wheelset utilizing shear strains on wheel web

2.1 Configurations of bridge circuit

The configurations of the bridge circuits of the proposed meth-

Fig. 1  Principle of measuring wheel-rail contact forces 
using instrumented wheelset

Fig. 2  Mechanism of reducing measurement accuracy 
of lateral force due to wheel load
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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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od for measuring lateral force are shown in Fig. 3. In this method, 
3-axis strain gauges, which are generally used for rosette analyses, 
are attached where strain gauges for measuring the wheel load are 
attached, and shear strains are simultaneously measured with verti-
cal strains. The vertical strains are used as a measure of the wheel 
load. On the other hand, the concept of the proposed method is to 
measure the shear strains with remaining two orthogonal strain 
gauges and use them as a measure of the lateral force.

2.2 Approximation of static sensitivity as analytic functions

Static load tests were carried out to calibrate the instrumented 
wheelset before rolling tests. The conditions of the static load tests 
are as follows:
●  Lateral force loading: A lateral force was applied to 32 points in 

the circumferential direction of the wheel from the back surface 
of the wheel.

●  Wheel load loading: A vertical force was applied to 32 points in 
the circumferential direction and three points in the lateral direc-
tion (96 points in total on the wheel tread).

The results of the above static load tests were arranged for each 
loading position as bridge output per unit load, that is, the sensitivi-
ty of bridge output. The bridge circuits of the conventional method 
were also configured to compare the two methods (Fig. 4). The 
bridge circuits for measuring the wheel load are configured using 
the method proposed by Ishida et al [2].

The characteristics of sensitivity of the proposed and conven-
tional methods are shown in Fig. 5 when the lateral force is applied 
in each circumferential position. The proposed method reduces the 
sensitivity to the lateral force to about 1/3 of that of the convention-
al method. On the other hand, both the conventional method and the 
proposed method have the same periodic characteristics of sensitiv-
ity as shown in the figure. The output sensitivities of the bridge cir-
cuits for the lateral force measurement, qs1 and qs2, are expressed 
by the periodic function h(ϕ):

Fig. 3  Configuration of bridge circuits in the proposed 
method

Fig. 4  An example of configuration of bridge circuits in 
the conventional method

Fig. 5  Characteristics of sensitivity with respect to the 
lateral force in the proposed and conventional 
methods
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 (1)

where   and   are the Fourier coefficients, which are determined 
by using a least square method with the results of calibration test, 
and D is the maximum order of the Fourier series. In this investiga-
tion, D was set to 11 empirically. This expression of sensitivity can 
also be applied to the conventional method.

Unlike the lateral force sensitivity, the cross-sensitivity, which 
is the output sensitivity appeared in the bridge circuit for measuring 
lateral force when a wheel load or longitudinal force is applied, de-
pends not only on the loading position in the circumferential direc-
tion ϕ, but also on the lateral position y. To express such character-
istics, a function f (ϕ, y) is introduced as follows:

 (2)

This function is a combined function of the linear function and the 
Fourier series. The output strain ϵ can be approximated as Eq. (3) 
using Eq. (1) and Eq. (2), when the contact positions (ϕ, y), applied 
wheel load P and applied lateral force Q are given.

 (3)

The parameters of the function f (ϕ, y) are also determined using a 
least square method; in the case of the bridge circuits, qs1 and qb1, 
implemented on the wheelset used for this investigation, the param-
eters were identified as shown in Table 1. As a reference, Fig. 6 
shows a plot of the function f (ϕ, y) as a two-variable function.

Although it is beyond the scope of this paper, recent research 
has clarified that even when longitudinal force is applied to the 
wheel tread, an output is generated in each bridge circuit for the 
lateral force measurement and the characteristics can also be ap-
proximated by the form of function f (ϕ, y) [5]. When longitudinal 
force acts during a run at a curve section, this effect can also lead to 
errors in the lateral force measurement. On the other hand, the mag-
nitude of the cross-sensitivity with respect to the longitudinal force 
is slightly smaller than the magnitude of the cross-sensitivity with 
respect to the wheel load. In addition, in most cases, the longitudinal 
force is smaller than the wheel load. Those facts mean that the influ-
ence of the longitudinal force is smaller than that of the wheel load 
with regard to the accuracy of the lateral force measurement. In ad-
dition to those facts, the periodic function of cross-sensitivity with 
respect to the longitudinal force is orthogonal to the function of 
sensitivity with respect to the lateral force, which means that the 
cross-sensitivity on the longitudinal force is zero at the point where 
the lateral force sensitivity is the maximum. Therefore, by introduc-
ing an intermittent method, which is one of signal processing tech-
niques that detects only peak values of strain signals and converts to 
force, the influence of the longitudinal force can be negligible. In 
this investigation, under consideration of applying an intermittent 
method to the proposed method, only the effect of wheel load is 
examined in detail. Hereinafter, the lateral force and wheel load 
extracted by the intermittent method are referred to as “intermittent 
lateral force” and “intermittent wheel load,” respectively.

h (ϕ) =  sin nϕ +  cos nϕ)∑
n = 1

D

(Sn
H Cn

H

Sn
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H

f (ϕ, y) = y  sin nϕ +  cos nϕ)∑
n = 1

D

(Sn
F Cn

F

+  sin nϕ +  cos nϕ)∑
n = 1

D

(Rn
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F

ϵ ≈ Qh (ϕ) + Pf (ϕ, y)

Table 1  Fourier coefficients identified by static load 
tests

Fig. 6  Characteristics of cross-sensitivity with respect 
to wheel load in the proposed and conventional 
methods
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3. Single-wheelset roller-rig test

3.1 Test and evaluation method

Rolling tests were carried out using a single-wheelset roller-rig 
test bench (Fig. 7) owned by the Railway Technical Research Insti-
tute. The instrumented wheelset was rolled for more than one min-
ute under various conditions of the angle of attack and wheel load 
imbalance, and strain signals were recorded using a data recorder. 
The rolling speed was set to 30 km/h in all of cases. In addition to 
recording strain signals, the lateral contact positions between 
wheels and rollers were measured by using a marker. Specifically, a 
rolling test was performed with a marker applied to the wheel tread, 
and after the test was completed, the both ends of the area where the 
marker had peeled off were measured with a special ruler. The aver-
age value of the both ends was calculated as the lateral contact posi-
tion.

The peak values were extracted from the recorded strain signals 
and converted to the intermittent lateral force by the following pro-
cedure:
●  A low-pass filter with a cut-off frequency of 100 Hz is applied to 

the strain signals to remove high frequency components from 
the strain data for a period of 40 seconds while the roller speed 
is constant.

●  The contact position in the circumferential direction ϕ is evaluat-
ed by Eq. (4).

 (4)

where ϵqb1 and ϵqb2 are the strain outputs of the conventional bridge 
circuits, qb1 and qb2.
●  The average values ‾ϵqb1 and ‾ϵqb2 of ϵqb1 and ϵqb2 respectively are 

calculated over the range of −0.02 rad < ϕ < 0.02 rad.
The intermittent lateral forces    and    for the conventional and 
proposed method are calculated using the sensitivities with respect 
to the lateral forces at ϕ = 0 rad obtained from the calibration test; 
the sensitivities are 33.1 μϵ/kN for the conventional method and 
−10.2 μϵ /kN for the proposed method, therefore the    and    are 
calculated as ‾ϵqb1/33.1 and −  ‾ϵqs1/10.2 respectively. For the later dis-
cussion, the intermittent wheel load is also calculated in the same 
way.

3.2  Comparison of intermittent lateral forces acquired by con-
ventional and proposed methods

In this section, the four sets of test data are evaluated as repre-
sentative data of all 21 sets of test data, which are described later in 
detail. The four sets of data have variations in contact positions with 
increments of about 5 mm. Figure 8 indicates the waveforms of 
strains in the four sets of data. Note that the indicated waveforms 
were processed by the low-pass filter. The coordinate system of the 
contact position is defined as Fig. 9.

The comparison of intermittent lateral forces acquired by the 
conventional and the proposed method is indicated in Fig. 10. It is 
thought that the condition of the wheelset changed during the rolling 
test, and it was confirmed that the lateral force was distributed over 
a wide range in each test. A strong correlation was observed between 
the intermittent lateral force acquired by the conventional and the 
proposed method; the correlation coefficients for each test were Test 
1: 0.97, Test 2: 0.99, Test 3: 0.99 and Test 4: 1.00. On the other hand, 
as shown in Fig. 5, the sensitivity of the proposed method to the 
lateral force is reduced to about 1/3 of that of the conventional meth-
od, and there were concerns that the S/N ratio would deteriorate. 
However, as can be seen from the waveforms shown in Fig. 8, the 
noise effects were at a level that could be addressed with a common-
ly used low-pass filter, at least in the rolling test. Therefore, the 
proposed method is sufficiently practical as an alternative to the 
conventional method. The intermittent lateral force of the proposed 
method tends to be generally smaller than that of the conventional 
method. We discuss in the next section whether this is caused by the 
reduction effect of the influence of the wheel load, which was dis-
cussed in the previous work [4].

3.3  Evaluation of reduction effect in cross-sensitivity with re-
spect to wheel load

In the evaluation described in the former section, the intermit-
tent lateral force was calculated using the average strain value 
around ϕ = 0 rad. This way of calculation is equivalent to the follow-
ing procedure: ϕ is set to zero in Eq. (3) then Eq. (5) is calculated.

 (5)

ϕ = tan−1 ( )ϵqb2

ϵqb1

Qb
int Qs

int

Qb
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ϵ ≈ Qh (0) + Pf (0, y)
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n = 1

D

Cn
H  + ∑

n = 1
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D
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Fig. 7 Overview of the single-wheelset roller-rig test bench
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Since      is the sensitivity with respect to the lateral force at ϕ 
= 0 rad, the process of calculating the intermittent lateral force Qint 
from the strain ϵ can be expressed as follows:

 (6)

Note that Q and P represent the true values of the lateral force and 
the wheel load, while the error due to the influence of the wheel load 
is superimposed on Qint. The intermittent lateral force Qint can be 
calculated by both the conventional and the proposed method as 
follows:

 (7)

where αb, βb, αs and βs are the constants determined by the results of 
calibration tests. These constants are calculated for both the conven-
tional and the proposed methods. Subtracting the intermittent lateral 
force acquired by the proposed method from that of conventional 
method and dividing by wheel load P results in Eq. (8).

 (8)

That is, if the reduction in lateral force of the proposed method com-
pared to the conventional method, which is indicated in Fig. 10, is 
because of reducing the influence of the wheel load, the difference 
in the intermittent lateral force divided by the intermittent wheel 

load should be a linear function of the lateral contact position y.
In order to verify whether the relationship shown in Eq (8) is 

observed in the test results of the rolling test, the total of 21 test re-
sults, including the Test 1, 2, 3 and 4 in Fig. 8, were evaluated. In 
concrete, the right side of Eq. (8) was calculated by using the mea-
sured lateral contact position using the marker, and the left side was 
calculated by using the measured lateral forces and the wheel load 
using the instrumented wheelset, then the relation between them was 
evaluated. The measured results of contact position, intermittent 
wheel load and intermittent lateral force for all 21 tests are shown in 
Fig. 11. From the figure, the contact position was distributed in the 
range of 5 mm to 35 mm, the intermittent wheel load was distributed 
in the range of 15 kN to 40 kN, and the intermittent lateral force was 
distributed in the range of 0 kN to 15 kN in the series of test.

The relation between measured        , which is called 
as “normalized difference of lateral force,” and measured contact 
position is shown in Fig. 12. This figure also indicates the linear 
function, which predicts the relation between the normalized differ-
ence of lateral force and y using the constants obtained by the cali-
bration test αb, βb, αs and βs. The plots which indicate the experimen-
tal results are distributed near the linear function with strong 

Σn = 1
D Cn

H

Q  = Q + P (αy + β ), int

∑n = 1
D Cn F

∑n = 1
D Cn H

α = 
∑n = 1

D Bn F

∑n = 1
D Cn H

,  β  = 

Qb  = Q + P (αb y + βb), int

Qs  = Q + P (αs y + βs)int

Qb
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P
 = (αb − αs) y + (βb − βs)

 − (Qb
int Qs

int − ) /P

Fig. 8 Waveforms of strains in the four sets of data which are evaluated in the section 3.2

Fig. 9  Definition of the coordinate system of the contact 
position

Fig. 10  Comparison of intermittent lateral forces be-
tween proposed and conventional methods
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correlation (correlation coefficient was 0.97). This result supports 
the hypothesis that “the lateral force reduction in the proposed meth-
od is due to the effect of reducing the influence of the wheel load 
compared to the conventional method,” and it was shown that the 
proposed method is less affected by the bending moment caused by 
the wheel load than the conventional method, even under the rotat-
ing conditions of the wheelset.

4. Conclusions

This paper reported the verified results for validating a method 
designed to measure lateral force using the shear strains of a wheel 
web under the rotating conditions of a wheelset. The verification 
through the single-wheelset roller-rig tests clarified the following:
●  There was a strong correlation between the intermittent lateral 

force measured by the conventional and the proposed method. 
Although the sensitivity with respect to the lateral force is re-
duced to about 1/3 in the proposed method, the effect of noise 
was at a level that can be dealt with using a low-pass filter.

●  The measurement result of lateral force by the proposed method 
was smaller than that by the conventional method under the 

condition where the wheel tread contacts the rail in the area 
from the center of the tread to the flange.

●  The reduction of the lateral force in the proposed method was 
considered to be due to the effect of reducing the bending mo-
ment caused by the wheel load, which had been confirmed in 
static load tests carried out in previous work.
In sum, this paper shows that the proposed method is sufficient-

ly practical as an alternative to the conventional method, since it 
reduces the influence of wheel load which is one of the factors that 
reduce accuracy.
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Evaluation Method of Passenger Thermal Comfort 
Considering Effects of Airflow by Cross-flow Fan in 
Commuter Vehicles in Summer
Hiroharu ENDOH, Shota ENAMI, Fumitoshi KIKUCHI, 
Sachiko YOSHIE, Yasuhiko IZUMI, Jun NOGUCHI
(Vol.37, No.8, 1-8, 2023.8)

The purpose of this study is to propose a method for evaluating passenger 

thermal comfort in non-steady state thermal environments with airflow by 

cross-flow fans in commuter trains in summer. The proposed method is com-

posed of a human thermoregulation model applicable to non-steady state 

thermal environments and a statistical model derived from the results of 

experiments conducted in commuter trains in summer. To evaluate the 

thermal comfort considering the influence of a cyclic wind by cross-flow fans, 

the proposed method converts the cyclic wind to a constant wind speed 

equal to the total amount of heat loss from the whole-body calculated by 

human thermoregulation model. Applying the proposed method to our pre-

vious research, it was confirmed that the observed data and predictions are 

agree well.

Monitoring Method to Prevent Rail Defects due to 
Water Drips in Tunnel from Occurring
Hiroyuki AIZAWA, Mitsuru HOSODA, Ryuichi YAMAMO-
TO, Hirofumi TANAKA, Kenya MORI
(Vol.37, No.8, 9-13, 2023.8)

There have been cases where rail defects due to water dripping in tunnels 

occur. This paper proposes a monitoring method to prevent this kind of rail 

defects from occurring. Firstly the authors investigate the cause of broken 

rails in tunnels, and it is revealed that rail-head irregularities and hanging 

sleepers cause significant bending stresses at rail foot. Field tests and nu-

merical simulations were used to derive relationship between rail-foot 

stresses, rail-head irregularities and hanging sleepers. Finally, we devel-

oped a method for evaluating soundness of rails based on rail-foot stresses 

using data acquired by track inspection cars.

Crossing Rod Breakage Detection Method Using 
Surveillance Camera Images
Ryo KAGEYAMA, Nozomi NAGAMINE
(Vol.37, No.8, 15-20, 2023.8)

For early and automatic detection of crossing rod breakage caused by ve-

hicles forcibly entering in level crossing, we developed a method for detect-

ing crossing rod breakage using surveillance camera images. The proposed 

method determines the presence or absence of stripes peculiar to level 

crossing by extracting the color components from images and identifying the 

spatial frequency of the waveforms converted from the extracted color com-

ponents. This paper describes the details of the proposed method and the 

results of performance evaluation tests.

Evaluation Method of Structural Design of Imped-
ance Bonds Molded by Resin
Shunsuke SHIOMI, Takuro SHINDO, Tsuyoshi KAMIYA, 
Terutaka SATO, Naoyuki OKO
(Vol.37, No.8, 21-27, 2023.8)

Thermal effects on signalling field devices, such as high air temperature, 

intense sunlight, and Joule heat by return currents, can be tested inde-

pendently. However, it has been difficult to evaluate the effects by multiple 

sources of heat. Therefore, failures of signalling field devices occasionally 

have occurred relating heat, such as a deformation of a structure by heat. To 

reduce such failures, we developed a method for evaluating thermal effects 

for impedance bonds using a computer simulation of heat-stress analysis. 

We also proposed a method for evaluating thermal effects for impedance 

bonds by combination of analytical and experimental methods.

Cage Wear Prediction Based on Measurement of 
Contact Force between Rolling Element and Cage in 
Traction Motor Bearings in Railway Vehicles
Daisuke SUZUKI, Ken TAKAHASHI, Fumihiro ITOIGA-
WA, Satoru MAEGAWA, Yoshiaki OKAMURA
(Vol.37, No.9, 1-7, 2023.9)

Bearings used in traction motors in railway vehicles are used under light 

loads and at high rotational speeds, so that their life is determined by cage 

wear due to contact with rolling elements rather than raceway flaking. In 

this paper, in order to predict the cage wear, we measured the forces of roll-

ing elements which act on cage. As a result, the magnitude, duration of ac-

tion, and frequency of the forces could be obtained. In addition, the forces 

were integrated with time to obtain impulses to show the relationship be-

tween the impulses and the cage wear.

Automating Visual Inspection for Underfloor Equip-
ment of Railway Vehicles Using On-Track Cameras
Takashi KOJIMA, Kohei MIYAHARA, Akihito KAZATO, 
Masato UKAI
(Vol.37, No.9, 9-15, 2023.9)

The authors developed an image capturing system and a diagnosis algo-

rithm for automating visual inspection of underfloor equipment of railway 

vehicles. The developed system consists of a line scan camera, line lights, a 

laser Doppler velocimeter and a computer, to scan passing vehicles from the 

ground. Test results using real vehicles indicate that the system can obtain 

detailed continuous images of the side of vehicles. The proposed algorithm 

using template matching and subtraction is designed to be robust against 

disturbances. The algorithm was tested on images captured under simulat-

ed variations in weather and the stain of underfloor equipment. As a result, 

the algorithm diagnosed, for example, whether the valve was fully open 

normally with an accuracy of AUC 0.990.

Method for Estimating Bending Stiffness of Con-
crete Girder during Train Passage Considering Ef-
fects of Concrete Cracks and Non-Structural Mem-
ber
Munemasa TOKUNAGA, Manabu IKEDA
(Vol.37, No.9, 17-24, 2023.9)

This paper presents the results of a study on the evaluation method of 

concrete girder stiffness when calculating the impact coefficient and deflec-

tion. Based on the fatigue test of concrete members, we proposed an estima-

tion formula that considers bending stiffness reduction due to crack propa-

gation in cyclic loading. In addition, we quantified the stiffness contribution 

of each type of nonstructural members by means of finite element analysis 

for various girder structures. Finally, we proposed a simple evaluation 

method for the reloading bending stiffness of the girder considering the 

stiffness reduction due to concrete member cracks and the stiffness contri-

bution of non-structural members.
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Recent Activities for Research and Development of 
Vehicle Technology
Makoto ISHIGE
(Vol.34, No.5, 1-4, 2020.5) 

RTRI is conducting R & D with the aim of improving railway safety, 

reducing maintenance costs, and improving convenience by speed-up. For 

safety, approximately half of the total R & D themes in the vehicle field are 

being conducted, mainly focusing on research on running safety evaluation 

methods such as flange climb derailment and crashworthiness evaluation. 

To improve convenience, we are conducting research and development on 

improving ride comfort by reducing vibration and tilting technology and 

noise reduction. This paper introduces the current status of the research 

and development of the Vehicle Structure Technology Division, the status 

of efforts on crashworthiness evaluation, and the efforts on improving ride 

comfort.

 
Performance Improvement of Fuel Cell Hybrid Pow-
ered Test Railway Vehicle
Kenichi OGAWA, Takashi YONEYAMA, Takayuki SUDO, 
Takayuki KASHIWAGI, Takamitsu YAMAMOTO
(Vol.34, No.5, 5-10, 2020.5) 

There is growing demand for railway vehicles that has high efficiency and 

does not emit CO2 and NOx.  To meet such a demand, we have been develop-

ing fuel cell (FC) hybrid powered railway vehicles.  In the past development 

stage, we had to install the FC and the power converters on the passenger 

space because of their large sizes.  Also, the vehicle acceleration had been 

limited to local diesel motive units.  We nowadays succeeded in securing the 

passenger space by equipping the downsized FC and the power converters 

under vehicle floor.  In addition to that, we also improved the tractive per-

formance to standard electric motive units by increasing the power capaci-

ties of the FC and the battery.

 
The Influence on Bogies Strength by Wheel Flat
Katsuhiro KOYANAGI, Ryo KURODA, Masataka YAMA-
MOTO
(Vol.34, No.5, 11-16, 2020.5) 

Wheel flats are known to produce profound impacts on track and rolling 

stock. In this study, running tests were conducted using a wheelset with an 

artificial wheel flat. The strains of the rail, axle, and bogie frame of a test 

vehicle were measured to evaluate the loads on the rail, axle, and bogie 

frame caused by the wheel flat. Results show that the impact load decreases 

as it is transferred from rail to axle and then the bogie frame. Moreover, the 

loads caused by wheel flats have a relatively small effect on the axle and 

bogie frame strength.

 
Performance Evaluation of Low Noise Gears Using 
H-FCD
Minoru SASAKURA
(Vol.34, No.5, 17-22, 2020.5) 

In order to reduce gear noise, it is general to perform a process such as 

shape correction of the gear contact surface. However, it causes a problem 

that the processing cost increases. We are developing a method that makes 

the gears low noise at low cost, by taking advantage of the damping char-

acteristics of the gear material, without changing the shape of the gear 

contact surface by machining. High strength ferrum casting ductile (H-FCD) 

has high material damping performance, but the fatigue strength of H-FCD 

is lower than the steel materials. It is necessary to improve the fatigue 

strength of H-FCD. In this paper, first, we describe the experimental results 

of the noise reduction effect compared to conventional gears through the ro-

tation test of H-FCD gears used in a real vehicle. Next, the heat treatment 

of H-FCD follows. Finally we introduce the effect of nitriding surface treat-

ment on improving fatigue strength.

 
Method for Evaluating Running Safety of Railway 
Vehicle by Measuring Bogie Motion
Kosuke NAKABASAMI, Taketoshi KUNIMATSU, Daisuke 
Tadanobu IIDA
(Vol.34, No.5, 23-28, 2020.5) 

In order to evaluate a running safety of railway vehicles, measurement 

of wheel/rail contact force is generally carried out. However, measuring the 

force is troublesome and costly, because a specially designed wheelset need 

to be prepared and replaced with the normal one, as well as securing mea-

surers. On the other hand, it is found that the bogie motion, which can be 

measured relatively easily by using an inertial measurement unit (IMU) or 

a displacement meter, is highly correlated with the lateral force and wheel 

load. In this paper, we investigate a simple method to evaluate running 

safety by estimating lateral force and wheel load from bogie motion data.

 
Parameter Determination Method of Three-Dimen-
sional Analytical Models for Elastic Vibration of 
Railway Vehicle Carbodies
Yuki AKIYAMA, Tadao TAKIGAMI, Ken-ichiro AIDA
(Vol.34, No.5, 29-34, 2020.5) 

Reducing elastic vibration of railway vehicle carbodies is required to im-

prove passenger comfort. This paper describes a parameter determination 

method of a three-dimensional (3D) analytical model for elastic vibration of 

the carbody of a railway vehicle. In the proposed method, parameters that 

minimize the difference of the natural frequencies between the measured 

and calculated results are determined by using the particle swarm optimi-

zation (PSO), which is one of the optimization techniques. Application to a 

Shinkansen-type test vehicle shows good agreement between measured and 

calculated results with a maximum natural frequency difference of the tar-

geted six elastic vibration modes within 1%, which indicates the effective-

ness of the parameter determination method.

 
Wayside Monitoring Systems for Railway Vehicles
Takeo SHIROTORI
(Vol.34, No.5, 35-40, 2020.5) 

Wayside monitoring systems for railway vehicles have the ability to col-

lect information about the condition of their running gear.  Since these 

wayside monitoring systems are capable of detecting and identifying bogies 

with poor performance, they help railway operators to conduct effective 

maintenance and to enhance the safety of railway vehicles. For this reason, 

a wide variety of wayside monitoring systems have been developed and used 

in practical fields. The aim of this article is to summarize their history and 

the technical trends of wayside monitoring systems in order to contribute to 

researchers who are developing those systems and railway company opera-

tors who are in a position to decide to introduce them.

Requirements and Transition of Onboard Reactor
Takayuki NAKAMURA
(Vol.34, No.5, 41-46, 2020.5) 

The technology of active components such as semiconductors advances. 

This progress enables traction inverters for railway vehicles to be small 

and light. On the other hand, problems remain with passive components 

such as reactors. As for onboard reactors, requirements should be consid-
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Simple Estimation Method of Buckling Temperature 
of Continuous Welded Rail Considering Lateral 
Track Irregularities
Daiki YAMAOKA, Shingo TAMAGAWA, Yuki NISHI-
NOMIYA
(Vol.37, No.9, 25-31, 2023.9)

The control index for buckling of continuous welded rails in Japan is set 

based on the lowest rail temperature increase that buckling can occur theo-

retically. However, there is a considerable difference between the index 

temperature and the buckling temperature at which the actual rail buckling 

occurs. Therefore, the current buckling control index may have an excessive 

safety margin for buckling. In order to improve the accuracy of control in-

dex, it is necessary to estimate buckling temperature affected by lateral 

track irregularities. In this study, we have proposed a method for easily es-

timating the buckling temperature of continuous welded rails considering 

lateral track irregularities measured by a track inspection car.

Quantitative Evaluation Method of Lifetime Pro-
longing Measures for Electronic Signalling Equip-
ment
Hiroyuki FUJITA, Ken TAKASAKI, Takuro SHINDO, 
Tsuyoshi KAMIYA
(Vol.37, No.9, 33-39, 2023.9)

There is a strong need for prolonging the lifetime of electronic signalling 

equipment to reduce the replacement costs. On the other hand, the avail-

ability of equipment has become an issue due to the recent shortage of 

semiconductors. Since the actual lifetime of electronic signalling equipment 

depends on the lifetime of the electronic components and solder joints with 

the substrates, it is possible to prolong the lifetime by selecting suitable 

electronic components and improving the environment of use. In this paper, 

a method for quantitatively evaluating the effect of lifetime prolonging 

measures was investigated utilizing the developed method for evaluating 

the lifetime of electronic signalling equipment.

Typology of off-Train Evacuation from the View-
point of Information Provision and Sorting out Is-
sues
Ayano SAITO, Takayuki MASUDA, Hiroaki SUZUKI, 
Tadashi TAKAI, Kana YAMAUCHI
(Vol.37, No.9, 41-47, 2023.9)

As a baseline study on the provision of information to enable a prompt 

evacuation from a train, the types of evacuation were grouped into three 

categories: immediate evacuation with passengers only, evacuation by re-

mote instruction and evacuation by Staff Guidance. The web-based survey 

has shown that there is a certain degree of role awareness in helping fellow 

passengers each other during escape, and that cooperative behavior can be 

expected. It has also shown that those who understood instructions more 

clearly tended to act more immediately. Thus, it is considered important to 

inform passengers about their expected role, the flow of action to be taken, 

and the overall evacuation process.

Design Method for Corrosion of Reinforcing Bars in 
Concrete Structures by Water Penetration and Car-
bonation Progress
Shuntaro TODOROKI, Tetsuya ISHIDA, Hiroshi UEDA, 
Toshiya TADOKORO
(Vol.37, No.10, 1-8, 2023.10)

The effect of water and carbonation on the corrosion of reinforcing bars 

was investigated by field surveys on members with different levels of water 

supply. In addition, a design method for corrosion of reinforcing bars due to 

water penetration was verified by comparison with the cover depth where 

spalling had occurred, or the design cover depth determined by consider-

ation in terms of carbonation. Even if the un-carbonation depth (=cover 

depth – carbonation depth) becomes less than 10 mm, when water is not 

supplied, the risk of the spalling of concrete is low and the corrosion rate of 

the reinforcing bars is slow, thus, it is important to consider the impact of 

water supply for the reinforcing bars. It was also confirmed that the design 

method based on corrosion of reinforcing bars due to water penetration is 

applicable.

Evaluation Method for Shear Strength of RC Pile 
Foundation Footing with Small Shear Span Ratio
Shuntaro TODOROKI, Toshiya TADOKORO, Yukihiro 
TANIMURA, Yoshinori SHINDO
(Vol.37, No.10, 9-14, 2023.10)

The authors investigate the shear failure properties of pile foundation 

footings with a small shear span ratio of 1.0 or less and an equation to cal-

culate the effective width used for shear strength evaluation. The result 

showed that the shear strength increases with a smaller shear span ratio 

even when the shear span ratio is less than 1.0. In contrast, when using the 

conventional equation to calculate the shear strength in design, the shear 

strength calculated tends to be smaller as the shear span ratio is smaller, 

when the shear span ratio is approximately 1.0 or less. To solve this prob-

lem, we have proposed an equation to calculate the effective width used for 

shear strength evaluation so that the shear strength is not calculated too 

small even if the shear span ratio is smaller.

Cross-Section Repair of Track Slab for Tunnel Sec-
tion Using Polymer Cement Mortar
Takatada TAKAHASHI, Masaru HOJO, Narita TAKA-
HASHI
(Vol.37, No.10, 15-22, 2023.10)

Direct seat fastening systems are used for slab tracks laid in straight 

sections in tunnels. A shoulder of a track slab supports the curved part of a 

plate-spring used in the fastening system. However, it is reported that 

shoulders of some track slabs are damaged due to ASR or rebar corrosion. To 

repair the damages, resin mortars with high material costs are generally 

used for cross-section repair of track slabs. Therefore, from the viewpoint of 

cost, we investigated the application of Polymer Cement Mortar (PCM) with 

lower material costs than Resin Mortar, to the cross-section repair of track 

slabs in tunnel sections. As the results of various tests, we confirmed that 

the shoulder repaired with PCM has sufficient shear capacity and trains 

can be passed after 2 hours of material age.

Rolling Stock Scheduling Algorithm for Temporary 
Timetable After Natural Disaster
Satoshi KATO, Jun IMAIZUMI, Taichi NAKAHIGASHI, 
Tatsuya KOKUBO
(Vol.37, No.10, 23-28, 2023.10)

In this paper, we focus on rolling stock scheduling after a large-scale nat-

ural disaster. In general, a temporary timetable is generated when some 

sections in of the line are partially disrupted from the damage caused by the 

disaster. The next step is to create a rolling stock schedule that is as close as 

possible to the basic schedule at the time of the timetable revision. We pro-

pose a two-phase rolling stock scheduling method based on the mathemati-

cal programming algorithm to cope with the temporarily changed timetable. 

In addition, we confirm that the proposed algorithm can produce a practical 

solution in terms of evaluation criteria and computational time.
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