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Application of Phased Array Ultrasonic Testing Method to Flaw Detection  
in Vehicle Bogie Parts

Kazunari MAKINO
Vehicle & Bogie Parts Strength Laboratory, Vehicle Technology Division

An imaging technology using phased array ultrasonic testing (PAUT) was applied to bogie parts inspec-
tion, targeting welded members in bogie frames and wheel seats in axles. Regarding bogie frames, the supe-
riority of PAUT was confirmed in detecting inclined surface flaws, and the influence of paint thickness on the 
flaw detection was clarified. When PAUT was applied to an actual bogie frame, the results of flaw detection 
were visualized clearly, demonstrating the effectiveness of PAUT in bogie frames. Regarding axles, when 
PAUT was applied to a wheel seat using shear-wave and longitudinal-wave angle-beam inspection tech-
niques, flaws on the wheel seat were detected and visualized in a wheel-fitted state.

Key words: phased array ultrasonic testing (PAUT), bogie frame, axle, visualization

1. Introduction

Nondestructive inspection techniques such as ultrasonic testing 
and magnetic particle testing are applied to bogie parts such as bogie 
frames and axles of railway vehicles during manufacturing or peri-
odic inspection [1].

During the manufacturing process of bogie frames with welded 
structures, the primary welds are subjected to internal inspection 
using ultrasonic testing to ensure a specified level of weld quality. 
On this basis, inspection systems for flaws on the surface of welds 
caused by in-service loads have been established in periodic inspec-
tions of railway vehicles, mainly by visual testing and magnetic 
particle testing. However, several cases of bogie frame damage have 
occurred in recent years. They are thought to originate from the 
weld root between the side beam of a bogie frame and a bogie mem-
ber, or from the weld toe between the side beam and its internal re-
inforcement, as shown in Fig. 1 [2, 3]. As a result, railway operators 
are now required to have internal inspection techniques for welds of 
bogie frames in periodic inspections, depending on the type of bo-
gies.

In periodic inspections, magnetic particle testing is used for 
surface flaws on axles, while ultrasonic testing is used for flaws on 
the fitted surfaces with wheels, gears, and so on that are not visually 
accessible. Recently, no cases of safety-threatening damage to axles 
have occurred in Japan. However, in ultrasonic testing in particular, 
significant experience is required to determine the presence or ab-
sence of flaws from ultrasonic waveforms, which poses a challenge 
for technology transfer in vehicle inspection and repair sites.

As mentioned above, ultrasonic testing plays a significant role 
in the nondestructive testing of bogie parts such as bogie frames and 
axles. Currently, the mainstream application is the conventional ul-
trasonic angle-beam testing method (hereinafter referred to as con-
ventional UT), which uses an angle probe with only one transducer. 
On the other hand, as one of the techniques in ultrasonic testing, 
phased array ultrasonic testing (PAUT) method [4] has attracted at-
tention recently. PAUT is a method of testing by electronically 
controlling the direction of propagation and focus of ultrasonic 
waves using an array probe with many transducers arranged in par-
allel. The application of PAUT method to the inspection of struc-
tures other than railway vehicles is increasing owing to its high 
performance in flaw detection and easier determination of flaws by 

visualizing flaw detection results.
This report presents the results of visualizing and detecting 

flaws by applying ultrasonic imaging technology with PAUT to 
welds of bogie frames and fitted parts such as wheel seats of axles. 
After overviewing conventional UT and PAUT, we evaluated the 
detection performance of PAUT when it was applied to flaws on the 
side beam of a bogie frame whose faces were inclined to the surface 
of the side beam. Furthermore, the influence of the presence or ab-
sence of coating (paint thickness) on the surface of the bogie frame 
on the flaw detection was evaluated, and then PAUT was applied to 
an actual bogie frame to confirm its flaw detection performance. 
Finally, we show the results when PAUT by the shear-wave angle 
beam and longitudinal-wave angle beam was applied to axles.

2. Overview of phased array ultrasonic testing (PAUT)

Figure 2 shows a conceptual diagram comparing conventional 
UT with PAUT in ultrasonic angle-beam flaw detection. As shown 
in Fig. 2(a), the probe used in conventional UT usually incorporates 
one transducer, which transmits ultrasonic waves with a single re-
fraction angle such as 45° or 70°. In actual flaw detection, inspection 
technicians read the distance, or beam path length of the ultrasonic 

Fig. 1  Schematic of railway bogie frame with welded 
structure

QR of RTRI, Vol. 65, No. 1, Feb. 2024 147QR of RTRI, Vol. 62, No. 1, Feb. 2021

Taisuke SANAGAWASusumu NAKAJIMA

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

Foundation and Geotechnical Engineering Laboratory, Structure Technology Division

Masayuki KODA
Structure Technology Division 

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

Keywords: earth retaining structure, aseismic reinforcement, soil reinforcement

1.  Introduction 

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

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

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

2.  Aseismic reinforcement of bridge abutments 

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

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

Fig. 2   Examples of conventional reinforcement method 
for existing masonry wall
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wave reflected by the flaw (flaw echo) from the waveform that 
changes in real time with the probe scanning. It is necessary to eval-
uate the presence or absence of flaws and their positions based on 
the path length and the refraction angle of the probe. Therefore, the 
inspection technicians are required to have a specified level of skill 
and experience. In addition, it is necessary to use multiple probes 
with different refraction angles according to the inclination of a flaw 
and the positional relationship between the probe and the flaw.

In PAUT with a typical linear array probe, dozens of transduc-
ers (elements) are arranged in a row and embedded. Ultrasonic 
waves with various refraction angles are transmitted sequentially 
using the sector scan as shown in Fig. 2(b), by controlling the order 
(1 to 8 in the figure) and time difference in the excitation of trans-
ducers. For example, ultrasonic waves with refraction angles from 
40° to 75° at intervals of 0.5° can be transmitted. Furthermore, each 
received wave in the sector scan is color-coded according to the 
echo height along the path length. By arranging them in a sectorial 
shape according to their refraction angles, the flaw detection results 
can be visualized in a cross-sectional manner. As a result, it becomes 
easier to capture the flaw positions in relation to the actual shape of 
test object.

3. Influence of flaw inclination on its detection

3.1 Overview

In ultrasonic flaw detection of surface flaws in steel plates that 
constitute a bogie frame, when flaw faces are perpendicular to the 
surface of the plate (the angle of inclination is 0°), the reflection 
behavior of ultrasonic waves is simple. Under these conditions, 
flaws can be readily detected. If the flaw faces are inclined to the 
surface of the plate, it may be difficult to detect them. In a structure 
in which a steel plate is butt-welded as shown in Fig. 3(a), weld 
defects that are inclined to the surface may occur depending on the 
groove angle. In a structure in which a bogie member is welded to 
the surface of a steel plate as shown in Fig. 3(b), fatigue cracks may 
occur depending on the shape of the heat-affected zone (HAZ) of the 
fillet weld. Therefore, it is important to quantitatively understand the 
detection performance of inclined surface flaws.

In this chapter, both of conventional UT, whose refraction an-
gle is 70° used traditionally for the welded part of steel plates, and 
PAUT were targeted. When surface flaws inclined at various angles 
from −60° to +60° were inspected by the angle beam testing method 
with the single-bounce ultrasound, the behavior of ultrasound prop-
agation was analyzed by ultrasound simulation. We focused on the 
echo height of the received wave with the change in the inclination 
angle of the surface flaw, and compared the superiority of PAUT 
over conventional UT in detecting inclined surface flaws.

In chapters 3 to 5, it is noted that both conventional UT and 
PAUT utilized shear-wave angle beams in all tests of bogie frames.

3.2 Analysis method

3.2.1 Analysis model

Figure 4 shows the two-dimensional finite element models used 
to evaluate the influence of flaw inclination on its detection. The 
thickness t of a steel plate was 8 mm, and a flaw with a height of d = 
1.76 mm was placed on the surface of the steel plate. In convention-
al UT with a refraction angle of θ = 70°, a vertically drilled hole with 
a diameter of 4 mm and height of 4 mm (hereinafter referred to as ø4  

× 4 mm VDH) is used for the sensitivity adjustment. The height of d 
= 1.76 mm corresponds to a flaw that gives an echo height four 
times that of ø4 × 4 mm VDH. The inclination angle η of the flaw 
was defined as 0° when the flaw was perpendicular to the steel plate 
surface, and was changed in the range of −60° to +60° at intervals of 
5°. The sign of the inclination angle η was defined as positive when 
the flaw was inclined away from the probe.

A situation where flaws are detected by the single-bounce 
method was assumed. The probe position when the distance from 
the probe index point to the flaw was one skip (= 2t tan θ = approx. 
44.0 mm) was defined as “0 mm in the probe position.” The sign of 
the probe position was defined as positive when the probe was 
moved from the reference position to the side approaching the flaw. 
The conventional UT probe was equipped with a transducer with a 
width of 5 mm and a refraction angle of 70°. The transducer in the 
PAUT probe consisted of 32 elements, each with a width of 0.31 
mm, and the total width of the transducer was approximately 10 mm 
(0.31 mm × 32 elements). The wedge angle of the PAUT probe was 

Fig. 3  Examples of inclined surface flaws generated in 
the welded part of steel plates in bogie frames

(a) Weld defect along the groove

(b) Fatigue crack along the weld HAZ

Fig. 2  Conceptual diagram comparing conventional UT 
with PAUT

(a) Conventional UT

(b) PAUT
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36°, and ultrasonic waves with a refraction angle of approximately 
53.9° were transmitted without phase control of the array transduc-
er. Table 1 shows material properties used in analysis models.

3.2.2 Analysis procedure

The direction of probe scanning in the analysis is also shown in 
Fig. 4 above. With the conventional UT, the probe scanned back and 
forth and the probe position was changed in the range of −10 mm to 
+10 mm at 1-mm intervals. For the PAUT, the refraction angle in the 
sector scan was changed in the range of 40° to 75° at 1° intervals. 
The focal length for PAUT was set to 50 mm.

The frequency of the transmitted wave was set to 5 MHz for 
both conventional UT and PAUT. Each probe scanned respective 
models with different inclination angles of η in the manner de-
scribed above. The maximum absolute value of the received waves 
from the flaw in a series of scanning was defined as the echo height 
h. It is noted that h was calculated by the sum of volumetric strain in 
all transducer elements. The obtained echo height was evaluated in 
the percentage value when the echo height of ø4 × 4 mm VDH was 
adjusted to 80%. This VDH-80% echo height corresponds to the H 
line in the distance-amplitude curve (DAC) for flaw echo evaluation 
in JIS Z 3060:2015 [5]. Ultrasound simulation software ComWAVE 
Ver.11.0.0 developed by ITOCHU Techno-Solutions Corporation 
(CTC) [6] was used for the calculation.

3.3 Analysis results

The relationship between the flaw inclination angle η and the 
echo height h in conventional UT with a refraction angle of 70° is 
shown as a blue line in Fig. 5. The echo height was high for a flaw 

of η = 0° and that inclined at a specific angle such as η = ±20°, which 
is the complementary angle of the refraction angle of θ = 70°. How-
ever, it decreased sharply as the angle η increased.

The analysis results for PAUT are shown as an orange line in 
Fig. 5 in comparison with conventional UT. The echo height h in 
PAUT was higher than that in conventional UT over the entire angle 
η of flaw inclination, demonstrating the superiority of PAUT in de-
tecting inclined surface flaws. In particular, the superiority of PAUT 
in detection of flaws with η > 0 inclined at an obtuse angle as viewed 
from the probe was significant.

4. Influence of paint thickness on flaw detection

4.1 Overview

In ultrasonic flaw detection of painted structures, it is common 
practice to remove the paint layer which is to be scanned with a 
probe before conducting the inspection. The reason for this is to 
avoid the attenuation of ultrasound in the paint layer during the 
back-and-forth propagation of ultrasound from the probe to the in-
side of the test object through the paint layer. It also helps prevent 
the transmission loss of ultrasound between the probe and the paint 
layer, as well as between the paint layer and the surface of test ob-
ject. However, removal of the paint layer requires the use of wire 
brushes or stripping agents, taking considerable time and effort 
during the inspection process.

This chapter presents the influence of paint thickness on the 
echo height in both conventional UT and PAUT, targeting the sur-
face of a steel test piece equivalent to the bogie frame. The echo 
height from the reflection source at a certain distance from the probe 
was analyzed using ultrasound simulation, while changing the 
thickness of paint layer from 0 mm to approximately 1 mm.

4.2 Analysis method

4.2.1 Analysis model

Figure 6 shows the two-dimensional analysis model used to 
evaluate the influence of paint thickness on the flaw detection. A 
circumferential surface with a radius of 50 mm (hereinafter referred 
to as the R surface) was used as a reflection source. The dimensions 
of the probe model and the configuration of transducers was the 
same as in Section 3.2.1.

The material properties used in the analysis model were the 
same as those in Table 1 except for the paint layer. The paint layer 

Fig. 4  Two-dimensional finite element models to evalu-
ate the influence of flaw inclination on its detec-
tion

Table 1 Material properties used in analysis models

Fig. 5  Relationship between flaw inclination angle and 
echo height in conventional UT and PAUT

(a) FE model for conventional UT

(b) FE model for PAUT
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was regarded to be made of a material equivalent to acrylic resin and 
have the same material properties as the “probe wedge (for conven-
tional UT)” in Table 1. In order to evaluate the influence of paint 
thickness on the flaw detection, it is necessary to set the attenuation 
coefficient α of the paint layer. The attenuation coefficient α is gen-
erally defined as dB/m (the attenuation in decibel when ultrasonic 
waves propagate over a distance of one meter). In this analysis 
model, the value of α = 500 dB/m, which is based on general mea-
surements at a frequency of 5 MHz [7], was applied.

4.2.2 Analysis procedure

In the analysis, the surface of paint layer was scanned with the 
probe. For the conventional UT, the probe scanned the paint layer 
back and forth, and the probe position was changed in the range of 
−3 mm to +3 mm at intervals of 0.5 mm. With the PAUT, the analy-
sis was conducted by changing the refraction angle of sector scan in 
the range of 40° to 75° at 1° intervals. The focal length for PAUT 
was set to 50 mm, the same as in Section 3.2.2. The frequency of the 
transmission wave was set to 5 MHz for both conventional UT and 
PAUT.

The paint thickness tp was set to seven steps of 0, 0.16, 0.32, 
0.48, 0.64, 0.8, and 0.96 mm (0.16 mm interval) for conventional 
UT, and nine steps of the seven steps plus 0.08 and 0.24 mm for 
PAUT. In the conventional UT, the received wave from the R sur-
face at each probe position was calculated when the paint layer in 
the model for each paint thickness was scanned back and forth with 
the probe. The maximum value obtained by polynomial approxima-
tion of these received waves with respect to the probe position was 
taken as the echo height h for each paint thickness. The obtained 
echo height h was normalized to the echo height with the paint 
thickness tp of 0 mm as 100%, and then the influence of paint thick-
ness tp on the echo height h was evaluated. For the PAUT, the echo 
height h was calculated for beams with refraction angles from 40° to 
75° in each paint thickness model. The influence of paint thickness 
tp on the echo height h was evaluated for each refraction angle.

4.3 Analysis results

Figure 7 shows the relationship between the paint thickness tp 
and the echo height h when the paint thickness was changed from 0 
mm to approximately 1 mm in conventional UT. The echo height 
decreased monotonically as paint thickness increased. By linearly 
approximating the graph in Fig. 7, the relationship between paint 
thickness tp (mm) and echo height h (%) was expressed by the equa-

tion: h = 100 (1 − 0.196 tp). That is, the echo height decreased by 
approximately 20% per 1-mm increase of paint thickness. When 
conducting flaw detection over a paint layer using conventional UT, 
it is necessary to set the flaw detection threshold considering the 
echo height reduction caused by ultrasonic wave attenuation in the 
paint layer, as determined by the above equation.

Figure 8 shows the relationship between the paint thickness tp 
and the echo height h at each refraction angle of θ = 40°, 50°, 60°, 
and 70° when the paint thickness was changed from 0 mm to ap-
proximately 1 mm in PAUT. At any refraction angle of θ, the mono-
tonic decrease in echo height h with increasing the paint thickness tp, 
which was observed in conventional UT, was not observed. The re-
lationship between the paint thickness and the echo height changed 
according to the refraction angle θ. However, within the range up to 
tp = 0.96 mm, which was the maximum value of paint thickness in-
vestigated, the echo height reduction against those without paint 
layer was within 20% in all cases of refraction angle θ.

5. Flaw detection test on actual bogie frame

5.1 Overview

So far, we have clarified the characteristics and issues in apply-
ing PAUT to bogie frames by comparing them with conventional 
UT, through the evaluation of the influence of flaw inclination and 
paint thickness on the echo height. In this chapter, we explain how 
to set up the flaw detector and adjust the sensitivity in order to apply 
PAUT to the welded part of the actual bogie frame. The effective-
ness of PAUT in the flaw detection of bogie frames is confirmed 
based on the visualized flaw detection results.

Fig. 6  Two-dimensional finite element model to evaluate 
the influence of paint thickness on flaw detection

Fig. 7  Relationship between paint thickness and echo 
height in conventional UT

Fig. 8  Relationship between paint thickness and echo 
height at each refraction angle in PAUT
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5.2 Flaw detection method

5.2.1 Flaw detector and its settings

Figure 9 shows the configuration of PAUT flaw detector. All 
components of the flaw detection system were made by ZETEC Inc. 
The main body was TOPAZ64 (maximum number of simultaneous 
excitation elements: 64), the linear-array probe was AM-10MHZ 
(frequency: 10 MHz, number of elements: 32, each element size: 10 
mm × 0.31 mm), and the wedge was AM-55SW (refraction angle: 
55°). A 1-axis rotary encoder was attached to the probe to record the 
probe position during scanning. Table 2 shows typical settings of the 
flaw detector. The focus setting was a “projection” mode, which 
focuses ultrasonic waves of all refraction angles at a position where 
the horizontal distance from the probe is constant.

5.2.2 Sensitivity adjustment

In flaw detection by PAUT, the sensitivity was adjusted accord-
ing to the following procedures (1) to (3):
(1)  Adjust sensitivity for each refraction angle on the 100-mm radi-

us surface in the STB-A1 standard test block [8], ensuring con-
stant echo heights for refraction angles between 40° to 75° in the 
sector scan range.

(2)  Set the focus to align ultrasonic waves of all refracted angles at 
a horizontal distance of one skip from the probe index point, 
which is determined by 70° refracted ultrasound in an 8-mm-
thick test piece.

(3)  To maintain compatibility with conventional UT, adjust the en-
tire flaw detector gain so that the echo height of ø4 × 4 mm 
VDH tested with 70° refracted ultrasound is at 80% (equivalent 
to the H line).

5.2.3 Scanning method

A fatigue crack was generated at the weld root along the weld 
line in the sleeper direction on the bottom side of the side beam by 
fatigue test on an actual bogie frame. The probe was placed on the 
bottom surface of the side beam at a position in the rail direction 
which was a one-skip distance of ultrasound with a refraction angle 
of 70° from the weld line. The probe with the encoder scanned the 
bottom surface along the weld line in the left-right direction (sleeper 
direction) while fixing the back-forth direction (rail direction) of the 
probe. Then, the welded part in an approximately 40-mm-length 
area along the weld line was tested using the single-bounce method. 

The coordinates output from the encoder in the left-right scanning of 
the probe were recorded, and cross-sectional images were acquired 
continuously to build a three-dimensional image of the cross section 
along the weld line.

5.3 Test results

Figure 10 shows the results of flaw detection on an actual bogie 
frame. As can be seen from the side view of the sector scan, the 
image of the flaw echo was displayed by the single-bounce ultra-
sound in a direction with a refraction angle of approximately 70°. 
The flaw size was estimated from the size of area where the echo 
height exceeds 80% in the top view from the bottom of bogie frame 
and the end view in the thickness direction. The flaw was approxi-
mately 8-mm long along the weld line in the sleeper direction. As 
can be seen from the top view, since the position of the obtained flaw 
image almost coincided with the targeted weld line (focal position 

Fig. 9 Configuration of PAUT flaw detector

Table 2  Settings of PAUT flaw detector

Fig. 10 Visualization of detected flaws along the weld line in a bogie frame by PAUT single-bounce method
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of ultrasound), we could easily determine whether the indication 
was a flaw or not. In addition, it was confirmed that similar flaw 
echoes were observed when the same location was tested by con-
ventional UT.

As described above, sensitivity adjustment was conducted 
based on the echo height of ø4 × 4 mm VDH, which ensures com-
patibility with conventional UT. It was then confirmed that the test 
results in the welded part of an actual bogie frame by PAUT could 
be visualized clearly. As a result, the effectiveness of PAUT was 
demonstrated in the flaw detection of bogie frames.

6. Ultrasonic flaw detection in axles using PAUT

6.1 Overview

For axles on railway vehicles undergoing periodic inspection, 
ultrasonic testing is applied to detect flaws on surfaces fitted with 
wheels and gears. Currently, conventional UT is the mainstream 
application used for ultrasonic axle flaw detection. However, as the 
results of flaw detection can be visualized using PAUT, it is expect-
ed that flaw detection may become easier. This chapter presents the 
inspection results of wheel seats, etc., of axles, when PAUT was 
applied to the shear-wave angle-beam and longitudinal-wave an-
gle-beam testing methods.

6.2 Axle test blocks

Figure 11 schematically shows axles with artificial flaws, re-
ferred to as model axles. The model axles were intended for driving 
and trailing axles with a length of 1900 mm used in conventional 
(other than Shinkansen) cars. Notch-shape (N) flaws with heights of 
0.5, 1, 3, 5, and 10 mm were machined by electrical discharge ma-
chining (EDM) based on the positions of A to G in each axle. Sub-
sequently, wheels, a gear component, a brake disk component, and 
bearing inner rings were fitted to the respective seats of each axle. 
Three bolt holes were machined at intervals of 120° on both axle 
ends to attach the axle end cap.

6.3 Test method

6.3.1 Shear-wave angle-beam testing

A PAUT probe was attached to the axle body surface of the 
model trailing axle through a wedge for shear-wave angle-beam 
testing. A flaw detection test was then conducted using a sector scan 
with a shear-wave refraction angle of 35° to 75°. The left column of 
Table 3 lists the equipment used and typical test conditions. Owing 
to a relatively longer distance to the test zone than that in a bogie 

frame, a large probe with a 64-element transducer at a frequency of 
5 MHz was used. The contact surface of the wedge with the axle was 
machined with a curvature to fit the diameter of the axle body. After 
the back-forth (axial) position of the probe was determined, an im-
age of the flaw detection was acquired by left-right (circumferential) 
scanning of the probe. Figure 12(a) shows the appearance of flaw 
detection.

6.3.2 Longitudinal-wave angle-beam testing

A PAUT probe was attached to each end face of the model driv-
ing axle through a 5-mm-thick wedge with a central pin. The flaw 
detection test was conducted using a sector scan with a longitudi-
nal-wave refraction angle ranged 0–30°. The right column of Table 3 
lists the equipment used and the typical test conditions. A probe with 
a 64-element transducer at a frequency of 5 MHz was used also in the 
longitudinal-wave angle-beam testing. In the measurement of flaw 
echoes, the central pin of the wedge was fitted to the lathe hole on the 
axle end face. The probe was then rotated clockwise while maintain-
ing a constant distance from the center of the axle to the probe index 
point. Figure 12(b) shows the appearance of flaw detection.

Table 3  Equipment used and typical test conditions for PAUT axle test

(a) Driving axle

Fig. 11  Schematic of two types of axles with artificial 
flaws (model axles)

(b) Trailing axle
“N” indicates the flaw type (notch-shape flaw) and the number indi-
cates its height in mm for each flaw at positions A to G.
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6.4 Test results

6.4.1 Shear-wave angle-beam testing

The 1N flaw at position E (wheel seat) has been targeted for 
detection by ultrasonic testing of axles. Figure 13 shows the result 
of the shear-wave angle-beam testing of this flaw with the wheels 
fitted, which was obtained by the PAUT probe in contact with the 
axle body surface of the model trailing axle. The 1N flaw echo was 
detected at its relevant position with a sufficient signal-to-noise ra-
tio, along with the echo due to the axle surface shape at the outer 
edge of the wheel seat appearing around the entire circumference. 
Since the flaw detection results are displayed as an image, we could 
easily determine if the echo is due to a flaw by comparing it with the 
drawing of the axle. Although not shown, it was also possible to 
detect a 0.5N flaw on the wheel seat.

6.4.2 Longitudinal-wave angle-beam testing

Figure 14 shows the results of longitudinal-wave angle-beam 
testing over the entire circumference of the model driving axle in-
cluding the 1N flaw at position E (wheel seat) with the wheels fitted. 
They were obtained by the PAUT probe in contact with the counter-
gear-side axle end face. The flaw detection results are shown with 
the axle drawing in Fig. 11(a) reversed horizontally. Ultrasonic 
waves could not be sufficiently transmitted and received when the 
longitudinal-wave angle probe passed over the three bolt holes on 
the axle end face. These were displayed as three blank lines in the 
top view of the inspection results. Relatively large noise signals 
were observed around the backing ring of the axle bearing and the 
part fitted with the wheel. However, flaws of 0.5, 1, and 3N at each 
position D (axle body), E (wheel seat), and G (bearing seat) were 
detected and visualized.

7. Conclusions

In this report, ultrasonic imaging technology using PAUT with 
an array probe was applied to welds of bogie frames and fitted parts 
such as wheel seats of axles, and the visualization and detection of 
flaws were experimented. The obtained results are as follows:
(1)  When PAUT was applied to the flaws inclined against the sur-

face of bogie frames, the echo height was higher than that in 
conventional UT, demonstrating the superiority of PAUT in de-
tecting inclined surface flaws.

(2)  The influence of paint thickness on the surface of bogie frames 
on the echo height in PAUT was evaluated. The influence 
changed according to the refraction angle. However, within the 
range of paint thickness up to approximately 1 mm, the echo 
height reduction was within 20% in all cases of refraction angle.

(3)  PAUT was applied to an actual bogie frame and its flaw detec-
tion capability was tested. After conducting sensitivity adjust-
ment based on the echo height of ø4 × 4 mm VDH, which en-
sures compatibility with conventional UT, the test results could 
be visualized clearly. Therefore, the effectiveness of PAUT was 
demonstrated in the flaw detection of bogie frames.

(4)  In the ultrasonic flaw detection of axles, PAUT was applied to 
the shear-wave angle-beam and longitudinal-wave angle-beam 
testing methods. It was demonstrated that a notch-shape flaw 
with a height of 1 mm (1N flaw) at the wheel seat with the 
wheels fitted could be detected and visualized by both methods.

Fig. 13  Flaw detection result by shear-wave angle-beam PAUT at position E (inner boss end of wheel seat) of model 
trailing axle

Fig. 12  Ultrasonic testing of model axles using a PAUT 
probe for each testing method

(a) Shear-weve angle-beam testing of a model trailing axle

(b) Longitudinal-weve angle-beam testing of a model driving axle
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By applying PAUT to the flaw detection of bogie parts, flaws in 
welds of bogie frames and those on wheel seats of axles with the 
wheels fitted can be detected as images, which is challenging to 
achieve using conventional UT. This prevents flaw detection failure 
in bogie parts and contributes to the further improvement in bogie 
safety.
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When railway vehicles running in snowy weather, the adhesive force between rails and wheels is lower 
than that in rainy weather. For this reason, we studied a method to increase the adhesion coefficient focusing 
on the temperature and the roughness of wheel treads. From the viewpoint of minimizing specification 
changes, improving the material of current abrasive block through full-scale dynamo bench test, we devel-
oped new abrasive block. An optimal wheel tread cleaner device operating pattern was found through run-
ning tests using an actual vehicle in winter. The execution of the pattern contributes to improving adhesive 
effect such as increasing roughness of wheel treads, and suppressing slipping in the high-speed range, in 
addition to reducing temperature rise and improving wear resistance.

Key words:  Shinkansen train, low temperature snowfall, adhesion, tread cleaner device, abrasive block, 
wheel tread roughness, operating pattern

1. Introduction

As Shinkansen train running speeds increase, the stopping dis-
tances must be shortened commensurately. The braking force for 
decelerating a vehicle is supplied by the mechanical braking device 
(disk, caliper, pad) mounted on the bogie, but as a fundamental prin-
ciple, braking depends on the adhesion force (in the longitudinal 
direction of the wheels) acting between the rails and the wheels, and 
this is called the adhesion method.

With regards to adhesion force behavior between the rails and 
wheels, compared to dry conditions, the adhesion force in rainy 
weather is known to decrease [1]. Therefore, braking force and con-
trol are usually designed on the safe side considering these decreas-
ing adhesion characteristics (henceforth, “adhesion formula of wet 
condition”): however, further increases in the adhesive force acting 
between the rails and wheels would enable improvement of the per-
formance of the mechanical braking device.

The ceramic injection method [2], which is already in use, is 
designed to increase adhesion by supplying hard particles between 
the rails and wheels. The device is installed on one or two axles on 
a trainset: it has been reported that the adhesion effect is exhibited 
up to about the third car in wet conditions (simulated rainy weather), 
and its effect has also been confirmed in a running test on an actual 
vehicle [3].

On the other hand, Japan’s Joetsu Shinkansen line, which re-
ceives large amounts of snowfall, was installed with a sprinkler 
system snow melting device [4], after examining weather conditions 
and water intake conditions, in order to deal with the various snow 
problems, with a view to suppressing low adhesion by changing the 
environmental conditions from icy and snowy to wet. Nevertheless, 
for projected Shinkansen lines which are not installed with sprinkler 
system snow melting devices (snow-storing track) and trains which 
will be running at high speeds not only in icy/snowy conditions but 
also in areas seeing heavier snowfall than ever before, there are 
greater concerns regarding low adhesion. 

There is already a body of knowledge regarding the use of 

snow tires and stud-less tires that have special tread patterns [5] for 
automobiles in icy and snowy (freezing) road conditions. However, 
opting to change wheels on railway vehicles would not be easy and 
it is not possible to form tread patterns on a wheel tread like on a 
road vehicle tire. Furthermore, while some studies have been carried 
out under limited conditions [6], knowledge about running in icy/
snowy rail conditions is scarce both in Japan and overseas. 

This paper therefore aims to examine countermeasures against 
low adhesion under icy/snowy rail conditions (under a snowfall en-
vironment), by experimentally investigating the characteristics of 
adhesion between rails and wheels at low temperatures and develop-
ing a new method to increase adhesion in these conditions.

2. Two-cylinder adhesion bench test

We used a wheel-rail high-speed contact fatigue tester to con-
duct a two-cylinder adhesion bench test that simulates a snowfall 
environment. Table 1 summarizes the various conditions.

Figure 1 shows the test setup and results. The adhesion formula 
of wet condition is given by µ=13.6/(V+85), where V (km/h) is the 
speed, and this corresponds to a 7-notch service brake (“B7N”). 
Additionally, the figure also shows the results for each test condition 
(A–D) and approximation curves that were obtained in the form of 
µ=b/(V+a) using the least-squares method.

As the speed increases, the approximation curve shows tenden-
cy for the adhesion coefficient to decrease in the order of 
A>wet>B≥C>D. B and C asymptotically approach the 6-notch ser-
vice brake (“B6N”), and D asymptotically approaches the 4-notch 
service brake (“B4N”) at high speed. It is speculated that the reduc-
tion rates with respect to B7N are approximately 10% for the former 
(B, C) and approximately 40% for the latter (D), suggesting that 
adhesion may be lower under icy/snowy rail conditions than under 
wet rail conditions. 

Based on the above, this study investigates a method for in-
creasing adhesion for each wheel with a focus on wheel tread tem-

QR of RTRI, Vol. 65, No. 1, Feb. 2024 947QR of RTRI, Vol. 62, No. 1, Feb. 2021

Taisuke SANAGAWASusumu NAKAJIMA

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

Keywords: earth retaining structure, aseismic reinforcement, soil reinforcement

1.  Introduction 

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

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

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

2.  Aseismic reinforcement of bridge abutments 

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

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

Fig. 2   Examples of conventional reinforcement method 
for existing masonry wall
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perature and roughness, which are known as factors that contribute 
to adhesion [7, 8]. The aim is to enhance the functions of the tread 
cleaner device and abrasive block (“current use”) shown in Fig. 2 as 
well as improving adhesion performance between rails and wheels 
in a snowy winter environment.

3. Wheel tread temperature simulation

The purpose of the ceramic injector and abrasive block are to 
increase wheel tread (“tread”) roughness, not to increase the tem-
perature of the tread, however there are various risks due to increas-
es in temperature.

The rim of Shinkansen train wheels are heat treated during 
manufacturing as a measure against breakage, and the residual stress 
(200 MPa) in the circumferential direction of the rim is specified. 

Additionally, maintaining the tread shape during high-speed run-
ning was an essential feature when developing the 0 series Shinkan-
sen train, so this series has a disk brake system which prevents ex-
cessive frictional heat transferring to the tread.

To achieve higher levels of adhesion requires development of a 
new abrasive block that suppresses rises in tread temperature as 
much as possible while increasing tread roughness. Therefore, we 
conducted a simulation on the tread temperature and the stress in the 
circumferential direction of the rim.

NASTRAN was used as the solver, and the elastic region was 
analyzed under the conditions described below. For a tread model 
expressed in two dimensions, three types of input heat ranges (17.5, 
35, 70 mm) and the following three input heat patterns were set:

(1): Tread heat input
(2): Tread heat input + wheel plate section 100°C
  (assumed to be after pneumatic emergency brake)
(3): Tread heat input + wheel load 60 kN + lateral force 48 kN 
  (assuming derailment coefficient of 0.8)
The maximum tread temperatures when the stress in the cir-

cumferential direction of the rim changed by 1, 50, and 100 MPa, 
respectively, were calculated under the condition where the input 
heat amount reached the maximum value one second after the start 
of braking and was changed linearly so that it became 0 W/mm2 in 
200 seconds afterwards.

Figure 3 shows the results of the analysis. In the case of heat 
input pattern (1), the maximum tread temperature when the stress 
increased by 100 MPa under the 17.5 mm condition was estimated 
to be 750°C. The maximum tread temperature when the stress in-
creased by 50 MPa under the 35 mm condition was estimated to be 
860°C, and this was the condition where the stress was smallest. The 
maximum tread temperature when the stress increased by 100 MPa 
under the 70 mm condition was estimated to be 410°C.

In the case of heat input pattern (2), the maximum tread tem-
perature when the stress increased by 100 MPa under the 17.5 mm 
condition was estimated to be 98°C. The maximum tread tempera-
ture when the stress increased by 20 MPa under the 35 mm condi-
tion was estimated to be 863°C, and this was the condition where the 
stress was smallest. The maximum tread temperature when the 
stress increased by 100 MPa under the 70 mm condition was esti-
mated to be 474°C.

In the case of heat input pattern (3), the maximum tread tem-
perature when the stress increased by 100 MPa under the 17.5 mm 
condition was estimated to be 756°C. The maximum tread tempera-
ture when the stress increased by 100 MPa under the 70 mm condi-
tion was estimated to be 412°C. The temperature exceeded 1,000°C 
under the 35 mm condition, so this was excluded.

 Next, we conducted a bench test in order to determine the up-
per limit of circumferential stress. The bench test was carried out by 

Fig. 1 Test setup and results

Fig. 2 Tread cleaner device and abrasive block Fig. 3 Analysis results

Table 1 Temperature and intercalary conditions
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pneumatic emergency braking with the abrasive block inactive. 
When assuming that the upper limit value is 50 MPa from the trends 
in the amount of change during braking and also assuming that the 
heat input range is 70 mm as the condition for the lowest tread tem-
perature, it was shown that the tread temperature must be kept below 
a maximum of 225°C, and this was used as the reference value for 
the tread temperature increase.

4. Development of cast iron block

4.1  Evaluation by bench test

We prototyped cast iron and sintered alloy blocks, and we com-
pared them with a current block (composite) by conducting bench 
tests using a full-scale wheel (high-speed sliding test, adhesion test 
at 100 km/h). Figure 4 shows the results of evaluating temperature, 
tread roughness, and circumferential stress under five initial speed 
(260, 300, 320, 360, 400 km/h) and two pressing force (750, 1,500 
N, current block is 500 N) conditions.

The symbols in the figure (◎, ○, △, ×) represent the test results 
for levels of convenience, with each representing excellent, good, 
acceptable, and unacceptable, respectively. We focus on the change 
in maximum tread temperature, tread roughness, and stress among 
the evaluation items, and we selected the 750 N of the superior cast 
iron block (“block A”). The adhesion coefficients using the two-cyl-
inder rolling tester at 100 km/h were 0.14 for the current block and 
approximately 1.1 times that value, or 0.15, for the block A.

Obtaining a pressing force of 1,500 N requires a new tread 
cleaner device, which inevitably leads to an increase in weight (9.4 
kg compared to the current 7.9 kg). Meanwhile, in the case of ap-
proximately 700 N, only a minor change of just adjusting the pres-
sure of the tread cleaner device is needed, and this is easy to install. 
Therefore, we decided to proceed with development on the assump-
tion that it would be used in combination with the tread cleaner de-
vice currently in use.

4.2  Evaluation by running test (no snowy season)

The maximum speed of the adhesion bench test using the 
two-cylinder rolling tester was about 100 km/h, so evaluating the 
adhesion characteristic of a Shinkansen train with a speed that ex-

ceeds 200 km/h requires conducting a running test that uses an actu-
al vehicle. Therefore, we conducted a running test outside the no 
snowy season with test block mounted on four wheels of one bogie 
of the middle car of the test train set. The order of the test was ‘cur-
rent block’ and ‘block A’.

Investigating the adhesion characteristics requires artificially 
creating low-adhesion conditions between the rails and wheels. 
Therefore, using research by Chen et al. [8] as a reference, we 
sprayed water (5°C, 5 ℓ/min/wheel) on one axle as a method for 
generating frequent large slipping. Furthermore, we proposed a new 
method for pre-calibrating the relationship between the strain value 
and torque generated in the caliper bracket using bench test as a 
method for obtaining an accurate pneumatic braking force (friction 
force).

The operation of the tread cleaner device was conducted by an 
external controller, and the control law was the current specification. 
Thermocouples were embedded at the top and bottom of the test 
block, and an ultra-compact thermal camera system [9] that could be 
mounted on the bogie was used to observe the temperature distribu-
tion of the tread, which rotates at high speed.

Conventional adhesion tests repeatedly apply a sawtooth wave-
like pressure to the brake cylinder of the evaluated axle, while the 
train is coasting to force it to slip. However, this conventional meth-
od is no longer compatible with current vehicle systems and cannot 
be applied. Therefore, in this test, the braking force of the evaluated 
car was set high, and the emergency brake was applied. Additional-
ly, deceleration braking (without ceramic injection) was conducted 
from the initial speed of 260 km/h to 230 km/h. The pressure control 
valve of the tread cleaner device was set so that the pressing force 
was 500 N and 700 N.

4.3  Test results

The slipping occurrence rate of the first axle was almost 100% 
in all conditions. The second axle had a slipping rate of 70–100% 
for the current block and 0% for block A, with similar trends for the 
rate of operation of the exhaust valve that loosens the braking force 
for each trial, so the average braking force of block A was approxi-
mately 1.1 times that of the current block.

A comparison of the adhesion coefficient at the lower limit 
value at speeds of at least 250 km/h on the first axle showed the or-
der of block A (500 N) ≒ block A (700 N) > current block (700 N) 
≒ current block (500 N), and the increased adhesion effect of block 
A was evident.

The tread roughness of the 700 N of block A was the largest at 
0.73 µm on average and approximately 1.3 times that of the current 
block, but there was the concern of not only not reaching the target 
roughness of 1.0 µm when using ceramic injection, but also about 
rolling noise due to convex roughness of the cast iron. There were 
also problems due to the metal material, such as the maximum tem-
perature of the second axle, which did not slip, exceeding 100°C. 
The tread temperature was approximately 40°C, which was below 
the reference value.

5. Development of composite block

5.1  Evaluation by bench test

To solve the problems found with block A, namely, capacity to 
generate tread roughness, noise concerns, and rising block tempera-
ture, we proceeded with the development of a composite block Fig. 4 Comparison results of full-scale bench test
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(“block B”) based on the following concepts:
(1)  Strength, capacity to generate tread roughness, composition 

of scoring iron, and composition of molding conform to 
current block;

(2)  Increase in filling ratio of hard metal, adjustment in amount 
of resin in binder. Promotion of activation of sliding sur-
face, improved capacity to generate tread roughness;

(3)  Improvement of draining performance and adhesion effect 
due to temperature increase. Improvement of thermal con-
ductivity with metal and fiber materials;

(4) Lighter than block A (2.8 kg), similar to current block.
A comparative evaluation was conducted using a high-speed 

sliding test, adhesion test, and noise test that simulated a realistic 
run curve using regenerative braking. The test conditions are given 
below:
・High-speed sliding test: three times for each condition
 Speed: 300 → 30 km/h, pressing force: 700 N
・�Adhesion test (same as Section 4.1): three times for each 

condition 
 Speed: 100 km/h, pressing force: 700 N
・Noise test: forward/reverse rotation only once
 Speed: 260, 360, 400 → 70 km/h, pressing force: 700 N
Figure 5 shows the results of the high-speed sliding test and 

adhesion test, and Fig. 6 shows the results of the noise test. The 
block B had block temperature and tread temperature suppressed to 
approximately 1.4 times and approximately 1.1 times those of the 
current block, respectively, and had similar value to those of block 
A. Furthermore, the tread roughness and adhesion coefficient in-
creased to approximately 1.7 times and approximately 1.4 times, 
respectively, and a high adhesion effect is expected.

The noise was measured at a position 1,500 mm away from the 
block. The block B was at the same level or lower than the current 
block and was confirmed to be significantly lower than that of block A.

5.2  Evaluation by running test (snowy season)

In the running test, which evaluates the adhesion performance, 
the weather during the test period is not necessarily snowy, so artifi-
cial water spraying was conducted outside snowy season. This is 
why there is little knowledge related to adhesion characteristics in 
winter.

Therefore, in this study, we decided to evaluate the perfor-
mance when running in a natural snowfall environment. The content 
of the test was generally the same as the running test conducted in 
Section 4. However, the low-temperature water spray was set at 5°C 
and 2 ℓ/min/wheel, and a train stop braking test was conducted. The 
main conditions were as follows:
・Initial speed: 160, 260, 275, 320 km/h
・Notch: emergency brake, 7-notch service brake
・Pressing force: 500 N, 700 N
・Ceramic injection: none
The results of the test were as follows. Block B tended to have 

a significantly lower number of slip than the current block, with the 
700 N being superior. For the tread roughness, there was no differ-
ence according to differences in the pressing force for the current 
block. Meanwhile, the 700 N was the largest for the block B, with a 
value approximately 1.4 times that of the current block on average, 
at 0.83 µm, which was close to the target 1.0 µm.

Figure 7 shows an example of the observation results of the 
tread temperature distribution using an ultra-compact thermal cam-
era system. In each case, the sliding width (heat-generating part) 
near the rolling part tended to be wider at 700 N than at 500 N, and 

the 700 N of the widest block B was thought to have effectively 
generated roughness in the rolling part. The tread temperature was 
approximately 30°C due to the effects of the ice and snow as well as 
the external air temperature, and the thermal effect on the tread and 
wheel stress were thought to be small.

This test was a train stop brake, and compared to the adhesion 
test, which repeats short decelerations, the operation time of the 
tread cleaner device is longer, and the ATC (Automatic Train Con-
trol) brake also works to raise the base temperature of the block. 
Even when considering these effects, block B exhibited a higher 
temperature than the current block. Although a significant tempera-
ture increase contributes to increased adhesion, there is a concern 
about the deterioration of wear resistance.

The operation logic of the tread cleaner device is to start (inter-

Fig. 5 High-speed sliding test and adhesion test results

Fig. 6 Noise test results

Fig. 7 Observation result of tread temp. (at 300 km/h)
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mittent) operation upon receiving a brake command (all notches) 
while running above a certain speed (“current pattern”). Therefore, 
we analyzed the notch frequency of ATC brakes and studied the 
following notch limits as measures for reducing the wear amount.
・Start operation at B4N or higher (“B4N limit”)
・Start operation at B6N or higher (“B6N limit”)
Due to the notch limit, the operation time decreased by approx-

imately 10% for the B4N limit and approximately 30% for the B6N 
limit compared to the current pattern, but the wear amount was 
about 10 times for the B4N limit and about 4 times for the B6N 
compared to the current block. Therefore, the 700 N of block B re-
quires a thorough review of its tread cleaner device operating pat-
tern.

5.3  Bench test for wear resistance

Figure 8 shows a diagram of the operating pattern. The current 
pattern intermittently alternates ‘contact and release’ in conjunction 
with the brake command (all notches), and different time parameters 
are set for each preset speed band. For example, at speeds V1–V2 of 
the current pattern, intermittent operation is conducted by a combi-
nation of ON time T1 and OFF time T2. Therefore, when decelerat-
ing across speed bands, two adjacent settings may operate continu-
ously, which results in the operation time becoming longer and 
affecting wear.

Therefore, as a countermeasure pattern, the speed V3 on the 
high-speed side was abolished, and the speed bands were split be-
tween those for the conventional lines and for the Shinkansen lines. 
Additionally, a limit up to B6N (operating at B6N or less) was set on 
the low-speed side with the assumption of entering a station with 
ATC brakes, and a B7N (operating at B7N or more) was set on the 
high-speed side with the assumption of insufficient adhesion.

Next, the change in sliding torque was used to determine the 
boundary between the roughness generation phase (maintaining 
high torque) and wear phase (sharp decrease in torque) and to find 
the minimum contacting time T6 for roughness generation, and 
countermeasure pattern (1) was formulated based on this. The ON 
times of countermeasure pattern (2) and countermeasure pattern (3) 
were each approximately 2 and 3 times that of countermeasure pat-
tern (1), respectively. Countermeasure pattern (1) had the shortest 
overall operation time, and the current pattern had the longest.

Under the conditions shown below, a bench test was conducted 
using a full-scale wheel, and the levels of tread roughness and wear 
were compared and evaluated.

・High-speed sliding test: 10 times each
 Speed: 260 → 70 km/h, 360 → 70 km/h
 Pressing force: 500 N (current block), 700 N (block B)
 Operating pattern: Current pattern
          Countermeasure pattern (1)-(3)
The results of the test were as follows. Each pattern maintained 

a tread roughness of at least 1.2 times more than that of the current 
pattern. The wear amount increased as the operation time increased 
and was approximately 2 times for countermeasure pattern (1), ap-
proximately 4 times for countermeasure pattern (2), and approxi-
mately 6 times for countermeasure pattern (3).

5.4  Verification of countermeasures (snowy season)

We conducted a running test in a natural snowfall environment 
in order to evaluate the wear countermeasure effect and adhesion 
performance. The test provisional structure is basically the same as 
the content implemented in Section 5.2, but the evaluation by bogie 
unit so far has a different test period for each test model, and strictly 
speaking, the weather and environmental conditions were not the 
same.

Therefore, in this running test, we mounted the current block 
(pressing force: 500 N, current pattern) on one axle and the block B 
(pressing force: 700 N, countermeasure pattern (1) → countermea-
sure pattern (2) → countermeasure pattern (3)) on the other axle, 
and we evaluated both at the same time. Additionally, we decided 
not to use low-temperature water spraying because the temperature 
is higher than the ice and snow, and it may suppress the effect of low 
adhesion. Therefore, we attached a special camera that observes the 
rail/wheel to the bogie in order to determine the running environ-
ment.

Figure 9 shows an example of an image captured by the obser-
vation camera while running. It can be seen from the video that the 
snow and ice have collected forming a dense pack. In other words, a 
large quantity of ice and snow is supplied and interposed between 
the rails and the wheels, resulting in a low-adhesion state. The cur-
rent block tends to exhibit relatively frequent slipping and skidding.

The block B has a stronger re-adhesion tendency than the cur-
rent block for all patterns, and the slipping occurrence was sup-
pressed by approximately 15–20%.

Figure 10 shows the adhesion coefficient results. Due to space 
limitations, this paper only describes countermeasure pattern (2), 
and only the results of the other countermeasure patterns are men-
tioned. Under a natural snowfall environment, it was found that 
there were cases where the adhesion tended to be lower than the 
adhesion formula of wet condition (snow-storing section, external 
air temperature about −8°C, 20% lower than adhesion formula of 
wet condition). A comparison with the approximation curves 
showed that countermeasure pattern (1) and countermeasure pattern 
(2) were almost the same as the current pattern. For countermeasure 

Fig. 8 Diagram of operating pattern Fig. 9 Rail and wheel when running (at 220 km/h)
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pattern (3), block B was slightly superior. 
However, as mentioned above, the adhesion coefficient was a 

set of point data at the start of slipping. In other words, it represents 
a momentary phenomenon at a single point, and it does not neces-
sarily represent a continuous adhesion phenomenon that changes 
dynamically. Therefore, we conducted an evaluation with a focus on 
the slip rate, which is expressed as the ratio of each axle speed to the 
train speed.

Figure 11 shows the results of countermeasure pattern (2), in 
which the slip rate is averaged for every 5 km/h speed. Looking at 
the ratio of the block B to the current block, countermeasure pattern 
(1) showed a reduction of approximately 30–70%, countermeasure 
pattern (2) showed a reduction of approximately 30–90%, and 
countermeasure pattern (3) showed a reduction of approximately 
40–80%, and each pattern showed a slipping suppression effect due 
to block B. Particularly for the high-speed range, the effect tended to 
be higher for longer operation times. In this way, suppressing the 
slip rate can reduce the frequency of slipping detection in wheel 
slide re-adhesion control, suppress the reduction in braking force 
due to the subsequent loosening operation, and contribute to short-
ened stopping distance (i.e., higher deceleration).

Figure 12 shows the results of the tread roughness and wear 
amount compared to the current block. The tread roughness of 
countermeasure pattern (2) was approximately 1.3 times that of the 
current block, and it is thought that it could adhere even under icy 
and snowy conditions. Additionally, the wear amount was approxi-
mately 2.2 times larger, which was generally in agreement with the 
results of the bench test. The block temperature tended to increase as 
the operation time increased with block B, and countermeasure pat-
tern (3) in particular is thought to have had a direct impact on the 
wear amount. Meanwhile, the tread temperature showed similar 
values in both cases, so the thermal effect on the tread and wheel-
stress is thought to be small.

Based on the above results, it is thought that countermeasure 
pattern (2) supplies both functions of adhesion effect and wear resis-
tance.

6. Conclusion

In this study, we developed an easy-to-install composite block 
with increased adhesion performance under icy and snowy rail con-
ditions (i.e., snowing conditions), where there is a concern that ad-
hesion would be lower than under wet rail conditions. We also pro-
posed a tread cleaner device operating pattern that has both an 
adhesion effect and wear resistance. In the future, the tread cleaner 

device control specifications will be adjusted according to the line 
section and time of year, and countermeasure pattern (2) will be set 
for lines with heavy snowfall and its periods, and an even shorter 
operating pattern will be set for all others, which is expected to even 
out the wear amount and allow for year-round use.
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The authors previously developed and proposed a new method called “Lotus anchor” method as a soil 
reinforcement method. “Lotus Anchor” developed as a soil reinforcement method is a method that obtains 
high pullout resistance by expanding the reinforcement material using pressurized injection. This paper re-
ports on construction tests conducted during the development process of this method, evaluation of pullout 
resistance characteristics, examples of subsequent construction, and construction management methods 
aimed at further improving the efficiency and quality of this method. 

Key words: soil reinforcement, pressurized injection, reinforcement material, pullout test, Lotus anchor

1. Introduction

The authors developed the “Lotus Anchor Method” (hereafter 
the “Lotus Anchor”) [1] as a pressure injection type soil reinforce-
ment method in 2013. Since then, this method has been used mainly 
to reinforce old-style retaining walls, embankments, and cuttings, in 
narrow areas.

The soil reinforcement method is a technology that stabilizes 
the ground by placing rod-shaped reinforcement materials inside 
natural slopes, cuttings, and embankments. Figure 1 shows the basic 
structure of the soil reinforcement method. The reinforcement mate-
rial consists of a core material and a grout. The general construction 
procedure for new construction is to bore into ground, insert a rod-
shaped tensile core material into the center of the boring, and inject 
the grout. When excavating the ground, the ground is stabilized by 
covering the surface with a concrete wall etc., and connecting the 
reinforcement material and the surface material with a head fixing 
material.

As a mechanism of soil reinforcement resistance, the surface 
friction force of the reinforcement which was constructed in the 
ground is applied as resistance to the structure. Therefore, the thick-
er and longer the ground reinforcement, the greater the expected 
resistance. As described later in Chapter 2, soil reinforcement mate-
rials are classified according to the diameter of the reinforcement 
material as shown in Table 1. There are several types of soil rein-
forcement material. In conventional methods, the grout is generally 
injected without pressure, so that the boring diameter needs to be the 

same as the reinforcement diameter.
In recent years, soil reinforcement methods have also been ap-

plied to the reinforcement of existing structures such as retaining 
walls and bridge abutments. Reinforcement construction for exist-
ing structures is subject to spatial and temporal constraints, such as 
the construction often being done adjacent to operating railway lines 
in narrow spaces in urban areas. As a result, there are several issues 
to be solved in terms of construction, such as increased construction 
costs and longer construction periods.

In order to solve the problems of the conventional method 
(non-pressure injection), the “Lotus Anchor” developed by the au-
thors as a soil reinforcement method is a method that obtains high 
pullout resistance by expanding the reinforcement material using 
pressurized injection. This paper reports on construction tests con-
ducted during the development process, evaluation of pullout resis-
tance characteristics, examples of subsequent construction, and 

Fig. 1 The basic structure of the reinforcement

Table 1 Classification of soil reinforcement method
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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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construction management methods for further efficiency and quality 
improvement.

2.  Development and overview of soil reinforcement using pres-
surized injection

2.1 Conventional method characteristics and issues 

Soil reinforcements are classified according to the diameter of 
the reinforcement material: small diameter (about 50 to 100 mm) 
nailing, medium diameter (about 100 to 300 mm) micro-piling, and 
large diameter (about 300 to 500 mm) dowelling. Table 1 shows 
construction methods often used for railway structures, including 
the Lotus Anchor developed in 2013, using pressurized injection 
material. 

Because nailing is based on rock-bolt technology used in the 
NATM, which targets hard ground of the mountain, the reinforce-
ment diameter is small. However, since the ground in embankments 
is softer than ground of mountain, in order to secure the friction re-
sistance force necessary to stabilize an embankment through nail-
ing, the reinforcement material has to be long and numerous.

The “Radish anchor” dowelling method, uses mechanical stir-
ring to mix the ground as cement milk (solidifying material) is in-
jected, while simultaneously placing the core material to construct 
thick reinforcement with a diameter ranging from 300 to 500 mm. 
Because the reinforcement diameter is large and the surface area is 
large, it is particularly effective in reinforcing embankments and 
collapsible ground where it is difficult to obtain sufficient frictional 
resistance force. However, the problem of this method is that if the 
ground is hard or contains large gravel, stirring is becomes insuffi-
cient, and construction becomes difficult.

In the “Carrot anchor method” micro-piling method, the ground 
is first bored, then the bores are replaced with cement milk and a core 
material is installed in the center to construct a medium-diameter 
reinforcement material. By borings using a high-output rotary per-
cussion machine, this construction method can be used even on hard 
ground and ground containing gravel and cobblestones.

In this way, the type of soil reinforcement material is selected 
depending on the ground and site conditions, but when conventional 

methods are used to reinforce existing structures, the following is-
sues exist:
 1)  Larger construction machines are required for larger boring 

diameters, making it difficult to construct in narrow spaces 
such as urban areas. Generally, a width of approximately 3.5 to 
5.0 m is required during construction (Fig. 2 (a)).

 2)  When reinforcing existing structures such as retaining walls, it 
is necessary to bore into the concrete wall. If the core boring 
diameter is large, the preparatory work for core boring will be 
large-scale, which will account for a large proportion of the 
construction cost and period.

 3)  It is necessary to complete the construction of reinforcement 
material from boring to inserting core material in a single con-
struction period. For example, when there are time constraints, 
such as when construction is carried out at night between the last 
train and the first train, the construction period tends to be longer.
To address these issues, we developed “the Lotus Anchor” as a 

soil reinforcement method using pressurized injection material 
which can be achieved using small machines and can also expand 
the reinforcement diameter.

2.2 Soil reinforcement using pressurized injection

This article provides an overview and construction procedure 
for the Lotus Anchor. Figure 3 shows the construction procedure of 
the Lotus Anchor. The ground is pre-bored (φ115 mm) using a rota-
ry percussion drill. An injection pipe is inserted into the boring hole 
and the boring hole is then filled with cement milk (grout) as the 
injection pipe is withdrawn (STEP 1). As with the Carrot anchor 
method, by using a rotary percussion drill, construction is possible 
even on ground containing gravel or large round stones, or on hard 
ground. In addition, replacement injection can prevent the bored 
ground from collapsing, so boring and pressurized injection can be 
performed in separate processes. Next, the replacement injection 
part is split open with pressurized water, and then grout is injected 
under pressure using a double pipe double packer to expand the re-
inforcement material (STEP 2). If a larger reinforcement resistance 
force is required, it is possible to expand the reinforcement diameter 
by repeatedly injecting it under pressure (STEP 3). According to the 
results of the pullout test described below, it is possible to construct 
reinforcement material with a diameter 2.0 times larger (φ230 mm) 
in sandy soil and 1.5 times larger (φ170 mm) in cohesive soil for a 
boring diameter of φ115 mm. Figure 4 shows the side view and 
cross section of the reinforcement constructed using pressurized in-

Fig. 2 Comparison of reinforcement methods

Fig. 3 Construction process
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jection. It can be seen that the reinforcement diameter can be ex-
panded to about twice the boring diameter on average by pressur-
ized injection. The developed method can solve the above-mentioned 
problems with the following features:
 ●  Because the boring diameter is small, construction can be per-

formed in narrow spaces using a small machine with an occupied 
width of approximately 2.5 to 3.5 m (Fig. 2 (b)). In particular, if 
the space is very narrow, construction can be carried out with a 
minimum width of about 1.0 m by using a portable machine. 

 ●  It is possible to reduce the amount of core boring on the con-
crete wall of an existing structure.

 ●  It is possible to carry out the boring and the construction of re-
inforcement material by pressure injection in separate process-
es. Therefore, it is possible to significantly shorten the con-
struction period for construction affected by an operating 
railway, where there are constraints on the time available for 
construction.
The Lotus Anchor, which is applied to locations with low over-

burden pressure and requires evaluation of friction resistance force, 
has several issues in terms of both design and construction. There-
fore, the authors conducted an investigation through construction 
tests, and report the results in Chapter 3.

3.  Establishment of design and construction methods through 
construction test

3.1 Overview of construction test

Figure 5 shows an overview of the construction test. On the 
existing leaning wall constructed on sandy earth embankment, 
3m-long soil reinforcement material was constructed at the overbur-
den of 0.5 m and 1.5 m. In addition, rock bolts were installed as a 
comparison target for evaluating the pullout resistance of the rein-
forcement material.

3.2 Ground upheaval during construction

A preliminary test was conducted to verify the construction 
management conditions for pressurized injection. The specifications 
were set to be approximately three times the target reinforcement 
diameter (φ230 mm) (six times the boring diameter) in accordance 
with the RSI ground anchor standards [2]. Three injections were 
made each at a rate of 8 L/min, the upper limit injection pressure 
was 4 MPa, and the pressurized injection positions were set at a 
pitch of 1 m. As a result of the three injections, a large upheaval of 
total of about 26 mm(maximum) was observed. This is because in 
the standard for RSI ground anchors [2] the anchor body should 
have an overburden of 5 m or more, whereas the soil reinforcement 

method targets small overburdens of about 0.5 m.
Based on the results of the preliminary test, in the main test, the 

pressurized injection volume of grout was reset to a volume equiva-
lent to the target reinforcement diameter (φ230 mm), based on the 
concept of split injection. In addition to resetting the pressurized 
injection volume, based on the results of preliminary tests, the con-
trol values were set to an injection rate of 2 to 5 L/min and a pressure 
of 1.5 MPa or less to prevent ground upheaval from occurring. Par-
ticularly at the top level where the overburden is small, if a pressur-
ized injection is carried out based on the concept of split injection, 
there is a risk that the grout will flow out onto the ground surface. 
Therefore, the injection speed was adjusted to prevent abnormal 
runoff and ground displacement from exceeding allowable values. 
In addition, with reference to the railway track displacement limit 
value, in this test the allowable displacement of the ground was set 
to within 5 mm. Track loads exist in actual railway structures, but 
there was no railway track load in this test construction, so the test 
was conducted under conditions where ground displacement is more 
likely to occur.

In the test construction, by controlling injection, the maximum 
amount of upheaval was 4.02 mm and 0.81 mm, at overburden of 
0.5 m and 1.5 m, respectively. The results of the construction test 
confirmed that by controlling injection by setting limits for injection 
speed and injection pressure, there was little effect on displacement 
at the track level when the overburden was approximately 1.5 m or 
more.

3.3 Evaluation of pullout resistance

When a pullout force is applied to the soil reinforcement mate-
rial constructed using the Lotus Anchor, a resistance force as shown 
in Fig. 6 occurs. The pullout resistance in design is determined by 
the minimum value from among (1) the tensile strength of the core 
material, (2) the friction resistance force between the grout and the 
ground, (3) the adhesion force of the core material and (4) the adhe-
sion force of the injection pipe. The pullout resistance in design is 
often determined by (2) the friction resistance force between the 
grout and the ground. However, because the diameters of reinforce-
ments constructed using the Lotus Anchor are not uniform, it is not 
clear whether it is possible to evaluate the friction resistance force in 
the same way as ordinary soil reinforcement materials with uniform 
diameters. 

Therefore, we conducted pullout tests on the reinforcement 
material constructed during the construction test to confirm the ulti-
mate friction resistance force of the reinforcement material by pres-
surized injection. Table 2 shows a list of pullout test conditions and 
results. Here, a non-pressure injection type rock bolt (Case 1) was 
used for comparison, with the reinforcement diameter set to be the 
same as the hole diameter of the Lotus anchor. In Cases 2 and 3, 

Fig. 4 Side view and cross of the reinforcement
Fig. 5 Overview of construction test (unit in mm)
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constructed using the Lotus Anchor, the target reinforcement diam-
eter was twice (φ 230 mm) the boring diameter (φ 115 mm).

Based on the ultimate pullout resistance of Case 1, the ultimate 
pullout resistance of Cases 2 and 3, which received pressurized in-
jections to correspond to twice the boring diameter, is 2.2 times, 
which is more than double, and it can be considered that the rein-
forcement diameter is at least twice as large.

Generally, in the design of soil reinforcement methods, the 
pullout resistance is determined by the frictional resistance between 
the grout and the ground. The frictional resistance between the grout 
and the ground is calculated by multiplying the ultimate surface 
frictional resistance per unit area τ by the surface area of the rein-
forcement material.

Figure 7 shows the ultimate friction resistance stress degree for 
each case. In reality, the reinforcement diameter of Lotus Anchor is 
non-uniform, but this is the result of setting the ultimate friction re-
sistance stress degree τ as the target reinforcement diameter accord-
ing to the injection amount. In both Cases 2 and 3, the same ultimate 
friction resistance stress degree as that of the rock bolt (Case 1) was 
obtained. This suggested that the frictional resistance between the 
grout and the ground in a Lotus Anchor could be set by the follow-
ing method: multiplying the surface area set from the target rein-
forcement diameter according to the injection volume, by the ulti-
mate friction resistance stress degree of the conventional method. 
Figure 8 shows the relationship between the ultimate friction resis-
tance stress degree and the N value for each soil type. It is noted that 
the ultimate friction resistance stress degree was calculated using 
the method described above using the pullout resistance obtained 
from the pullout test conducted at the construction site. The results 
of this construction test are also added to the figure.

In addition, the estimated values in the Design Standards for 
Railway Structures and commentary -Retaining Structures- (herein-
after referred to as the “Retaining Standard”) [3] are shown by the 
dashed lines. Regarding the test results for the Lotus Anchor, as 
mentioned above, the target reinforcement diameter was set to twice 
the boring diameter to determine the ultimate friction resistance 
stress degree. The N value of the sandy ground that was the subject 
of this test was 4. The ultimate frictional resistance was equal to or 
larger than the estimated value for the ground with an N value of 10 
in Retaining Standard. The above confirmed the validity of calculat-

ing the pullout resistance force, also in the Lotus Anchor, by multi-
plying the ultimate friction resistance stress degree in the conven-
tional method by the surface area calculated from the target 
reinforcement diameter.

4. Application example for reinforcing existing structures

This chapter introduces some examples of the method being 
applied at railway sites.

The first example is a seismic reinforcement site for a bridge 
abutment directly under a railway [4]. Figure 9 shows a cross-sec-
tional view of the site. The bridge abutment targeted for reinforce-
ment faces an extremely narrow road with a width of 2.4 meters, so 
that it difficult to bring in construction machinery. These conditions 
were taken into account, and the Lotus Anchor was adopted. A core 
drill was used because this site is very narrow. As shown in Fig. 9, it 
is necessary to construct three stages of reinforcement material, and 
the top level has a minimum overburden of approximately 1.0 m, and 
is constructed directly below the railway tracks. For safety reasons, 
the top level was constructed with the track closed, and the presence 
or absence of any heaving was checked. The maximum pressure of 
the reinforcement material on the top level was 0.8 to 1.6 MPa, 
which was within the specified range (1.5 to 2.0 MPa), and no track 
heaving was observed. Since the weight of the soil is heavier in the 
second and deeper levels than in the top level, it was assumed that 
track heaving would not occur, so construction was carried out in 
daytime. The construction was completed safely even in daytime, 
and we were able to shorten the construction period and reduce costs.

The second example is a reinforcement site for an existing 
leaning retaining wall [5]. In the original design, the retaining wall 
was to be reinforced with rod-shaped reinforcements with a diame-
ter of 150 mm. However, constructing the reinforcement with this 
diameter, would have required a large boring machine, and a con-

Fig. 6 Resistance force of reinforcement

Table 2 List of pullout test

Fig. 7  Comparison of ultimate friction resistance stress 
degree

Fig. 8  Relationship between ultimate friction resistance 
stress degree and N value
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struction width of 4.5 to 5.0 m. As shown in Fig. 10, the road width 
was approximately 6.0 m from the end of the slope. However, since 
it is necessary to prepare a 3 m wide one-way lane, the width that 
can be prepared as the construction site width was approximately 
3.0 m. Therefore, the Lotus Anchor, which uses a small boring ma-
chine and has high boring capacity, was adopted for this site. A 
spring drill that fits within the width of the construction site was 
used as the boring machine. Among the five levels of reinforcement 
material, the top level had overburden of 0.59 to 1.29 m and was 
constructed directly under the track (Fig. 10). Because there was a 
concern that track displacement may occur when constructing the 
top level, the boring was carried out during the day, the pressurized 
injection was carried out separately at night, to measure the amount 
of track displacement. The amount of track displacement during 
pressurized injection was vertical: +0.3 mm to −0.6 mm, horizontal: 
+1.2 mm to −1.6 mm, both within the control value ±3.5 mm. Based 
on these results, it was determined that displacement exceeding the 
control value would not occur in the second and deeper levels 
during pressurized injection, and boring and pressurized injection 
were carried out in daytime. In the end, construction was completed 
safely.

5. �Quality�confirmation�method�and�points�to�note�during�con-
struction

As mentioned in the previous chapter, the Lotus Anchor meth-
od was developed in 2013 and has been applied to various sites [6] 
since then. The construction manual for this method was revised in 
2022 [7] incorporating knowledge gained from past construction 
results regarding points to keep in mind during construction and 
quality confirmation methods.

5.1 Quality�confirmation�method

The quality of reinforcement materials is checked through pull-

out tests. The pullout test consists of a suitability test to check the 
ultimate friction resistance force and an acceptance test to check the 
designed pullout resistance. Additionally, testing loading methods 
are classified into one-cycle tests and multi-cycle tests; the former 
has the advantage of simplifying the test, while the latter is highly 
adaptable to repeated loading conditions. Figure 11 shows a concep-
tual diagram of a one-cycle test and a multi-cycle test. The one-cy-
cle test is a method of applying a pullout load in stages up to the 
planned maximum load Tm one-cycle at a time to check whether the 
load will not pull out. On the other hand, the multi-cycle testing is a 
method in which multiple cycle tests are performed while gradually 
increasing the maximum load relative to the planned maximum load 
Tm. It can be seen that the multi-cycle test requires a longer test time 
than the one-cycle test. In the conventional method, at least 3% of 
the total number of one-cycle test are to be carried out by the accep-
tance test.

On the other hand, the old construction manual for the Lotus 
Anchor [6]) basically calls for conducting multi-cycle tests. This is 
because in the Lotus Anchor, the reinforcement is enlarged from the 
diameter of the boring, so it was necessary to carefully confirm the 
reinforcement diameter expected in the design and the development 
of the corresponding pullout resistance. However, as mentioned 
above, the number of construction cases has increased. Therefore, it 
is thought that more rational quality control will be possible by ex-
amining the relationship between pressurized injection volumes and 
pullout resistance forces and the influence of differences in the num-
ber of test cycles.

As part of this effort, we conducted acceptance tests on rein-
forcement materials constructed on conventional railway embank-
ments. The results of confirming the differences between one-cycle 
tests and multi-cycle tests are shown in Fig. 12 [8]. In the figure, the 
curve that includes the maximum value of each cycle is shown as 
the pullout load curve. The pullout load curves for the one-cycle and 
multi-cycle tests were similar, and no significant difference was 
observed in the amount of residual displacement after the tests. In 
addition, in the multi-cycle test, the amount of displacement was 

Fig. 9 First application example [4]

Fig. 10 Second application example [5]

Fig. 11 One-cycle tests and multi-cycle test

Fig. 12 On-site acceptance test results
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almost the same within the hysteresis load. This result indicates that 
it became clear that hysteresis characteristics were such that there 
was almost no progression. This suggests that a dominant displace-
ment occurs when initial load is applied. From the above results, it 
is considered that there is no problem in the acceptance test even if 
a one-cycle test is used for the Lotus Anchor. Based on these results, 
the revised construction manual [7] changed the principle for an 
acceptance test to a one-cycle test.

5.2 Points to note during construction

When construction is carried out adjacent to important struc-
tures, such as directly beneath the tracks, it is important to carry out 
measurements and manage the site to prevent track heaving from 
occurring. To ensure safe construction without heaving the ground, 
the construction manual stipulates control values. However, since 
the properties of the ground vary from site to site, it is assumed that 
fluctuations in injection pressure and upper limit pressure will also 
vary depending on the ground. Therefore, we added the importance 
of performing a trial injection first and setting control standards for 
injection speed and pressure that are appropriate for the ground in 
question. Furthermore, during pressurized injection, not all of the 
grout is injected into the ground, so that it may flow out from around 
the mouth of the injection pipe. In this case, since the required 
amount of injection may not be secured, there is a risk that the for-
mation of soil reinforcement material will be insufficient. Therefore, 
we added that when pressurized injection is used, the conditions of 
the surrounding ground should be measured and managed, and the 
situation around the injection port should be checked.

6. Conclusions

This paper reports on construction tests conducted during the 
development process of the Lotus Anchor method, including evalu-
ation of pullout resistance characteristics, examples of subsequent 
construction, and construction management methods aimed at fur-
ther improving the efficiency and quality of this method. The fol-
lowing results were obtained:
●  By pressurized injection, it is possible to construct reinforcement 

material with a diameter 1.5 to 2.0 times larger than a boring di-
ameter of 115 mm. Therefore, the number and length of reinforce-
ment material to be installed can be reduced compared to the 
non-pressure injection method for the same boring diameter.

●  By using a small boring machine, construction can be performed 
in narrow spaces. Since the boring diameter is small, the amount 
of boring in concrete walls can be reduced when reinforcing re-
taining walls, bridge abutments, etc.

●  Based on test constructions and field experience, it is possible to 
perform construction with managed split injection when the over-
burden is 1.5 m. Furthermore, construction can be performed 
safely even at shallower depths than 1.5 m by controlling the in-
jection speed and injection pressure.

●  The construction manual has been revised by adding more rational 
quality control and suggesting points to keep in mind during con-
struction.
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Centrifugal Model Test and Design Method for Temporary Retaining Wall  
Using Soil Buttress as Displacement Suppression

Takashi USHIDA Takaki MATSUMARU
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It is important to suppress the displacement of temporary retaining wall when excavating in urban areas 
close to existing structures. Soil buttresses have economic advantages compared to struts, such as in large-
scale excavation works. On the other hand, a challenge in designing such temporary retaining walls is 
needed to consider displacement suppression mechanism using methods such as FEM. In this paper, we 
clarified the displacement suppression mechanism of soil buttresses using centrifuge model tests with exca-
vation. Cutout shaped soil buttresses were proposed based on the test knowledge. In addition, we proposed 
a design method of temporary retaining walls using soil buttresses to suppress the displacement.

Key words:  temporary retaining wall, soil buttress, displacement calculation, beam-spring model, centrifu-
gal model test

1. Introduction

Controlling the displacement of temporary earth retaining 
walls is an essential issue in minimizing the impact of urban excava-
tion works on the surrounding ground and structures. Struts are most 
commonly used for suppressing displacement. These are steel mem-
bers installed against earth retaining walls. However, in some exca-
vation work, as the volume of steel (including intermediate piles) 
increases, economic efficiency decreases.

Soil buttresses (Fig. 1) are another method for suppressing 
displacement, which are a form of discrete wall-type ground im-
provement placed adjacent to the retaining wall to locally suppress 
displacement. This method is expected to be more economical than 
struts for large excavation works. The beam-spring model (Fig. 2) is 
the most commonly used design for temporary earth retaining walls 
[1][2]. In this method, the struts are represented as elastic founda-
tions with the stiffness calculated according to the specifications of 
the struts. On the other hand, soil buttresses are represented as a 
stiffening effect of the improved soil. Therefore, only the horizontal 
improved ratio and depth can be considered. Furthermore, the dis-
placement suppression effect disappears after the yielding of the 
unimproved ground since the improved and unimproved sections 
cannot be separated in this method. Thus, as the existing method 
considers few specifications, finite element analysis is necessary to 
design a model which covers the geometry and resistance mecha-
nism [3][4].

This paper therefore first reveals the resistance mechanism with 
a centrifuge model test focusing on the displacement suppression 
effect according to the shape of the soil buttresses. Secondly, it de-
velops a design method using the Beam-Spring model for temporary 
retaining walls using the soil buttress as a displacement suppression 
measure. Finally, the calculation result of the centrifuge model test 
is shown as an example of the application of the design method.

2. Centrifuge model test with excavation process

2.1 Test conditions

In this study, we used a centrifuge located at the National Insti-
tute of Occupational Safety and Health, Japan (JNIOSH) [5] 
(Fig. 3). The platform has plane dimensions of 1.3 m × 1.1 m, a 
turning radius of 2.38 m, and a maximum centrifugal acceleration of 
100 G.

The centrifuge is equipped with an excavation device shown in 
Fig. 4 [6], which can excavate the model soil during centrifugal 

Fig. 1 Excavation work with temporary retaining wall

Fig. 2 Beam-spring model
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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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loading. The device consists of an excavating blade, a frame, and a 
blade controller (real time controller with 3 orthogonal axis).

The overview of the model is shown in Fig. 5. The model 
ground consists of lower clay, bedding clay (divided into six layers), 
upper sand and excavated soil (divided into eight layers) and is 
made by controlling the amount of the input soil and the surface 
height. In this test, assuming ground conditions likely to cause dis-
placement of the temporary retaining wall, the following materials 
were used:

Beneath the final excavation: Kaolin clay (mixed with AX ka-
olin: MC clay = 1:1, unit volume weight 18 kN/m3, water content 
120%, E50 = 7,000 kN/m2 equivalent).

 From above the bottom of the final excavation: Toyoura sand 
(unit volume weight 15 kN/m3, unit water content 120%, E50 = 7000 
kN/m2 equivalent). The coefficient of deformation, E50, is an as-
sumed value from triaxial compression tests of confining pressure 
corresponding to the stress field of the actual dimensions.

The excavated sand was inclined at 45 degrees to facilitate ex-
cavation, and the ground water level was set around the final exca-
vation bottom. A drainage layer of compacted Tohoku Silica Sand 
No. 4 was placed at the lowest part of the model ground to drain the 
pore water generated by consolidation of kaolin clay.

As described below, this test was carried out at 50 G, the final 
excavation depth of the model was equivalent to 9.0 m in actual 
size. In general, an unbraced temporary retaining wall is not used 
under these conditions. However, the model conditions were set to 
allow displacement to occur easily, as the test focused on the dis-
placement suppression effect of the soil buttress.

The clay layer is pre-consolidated up to 100 kPa using a bellof-
ram cylinder at 1 G and then pre-consolidated by centrifugal force at 
50 G. During the centrifugal pre-consolidation, a dummy sand layer 
for centrifugal consolidation was constructed on top of the clay 
layer in order to create a stress similar to the test condition. The 
dummy sand layer was then removed, and the sand layer for the test 
was constructed.

The retaining wall model was an acrylic plate (t = 10 mm). The 
thickness was determined by focusing on the bending stiffness 
(25,000 kN･m2) at 50 G, assuming a pile-type diaphragm wall (en-
cased steel: H588 × 300 × 12 × 20 @ 600 mm). In addition, to pre-
vent rotational restraint at the bottom edge of the model, it was ma-
chined into wedge shape and installed in a V-shaped receiver.

The improvement model (soil buttress model) was made by 
mixing cement and foam beads (water : cement : foam beads = 1 : 5 
: 0.4), and its unit volume weight was matched with that of the bed-
ding clay to prevent settlement or uplift due to density difference. 
The models were installed after centrifugal pre-consolidation of the 
clay layer. The model surface was left as cast surface without Teflon 
sheet or other materials, since it was assumed that the shear resis-
tance occurred at the boundary between the ground and the soil 
buttress.

During the test, the horizontal displacement of the top of the 
retaining wall model was measured with two laser displacement 
transducers. The surface strain on the retaining wall model was 
measured with strain gauges, and the lateral pressure was measured 
with small pressure gauges. The strain gauges and small pressure 
gauges were placed at the same depth on both sides of the retaining 
wall model at vertical intervals of approximately 40 mm.

In this study, three cases were carried out focusing on the shape 
of the soil buttress: Case1 was without a soil buttress, and Case2 
was with a rectangular soil buttress (D 100 mm × B 160 mm × t 15 
mm, this B/D was used in excavation works). In addition, Case3 was 
with a notched shape soil buttress (removing the area where only a 

Fig. 3 Centrifuge [5]

Fig. 4 Excavation device

Fig. 5 Model
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small displacement suppression effect is expected from the rectan-
gular soil buttress, from the result of Case2)

The time history of the centrifugal acceleration in Case2 is 
shown in Fig. 6. The effective turning radius is set to 2.14 m (for 
letting that the centrifugal load would be applied 50G at the final 
excavation bottom) and the angular acceleration to 0.02 rad/sec2.

2.2 Test result

2.2.1  Displacement and bending moment of the retaining wall 
model

The displacement and bending moment distribution of the re-
taining wall model after the final excavation are shown in Fig. 7. In 
the following, the measured values are converted to actual dimen-
sions. The displacement of the retaining wall model after excavation 
is larger than on the upper side (Fig. 7(a)). This is the same trend as 
that of common unbraced temporary retaining walls.

The displacement distribution of the retaining wall model 
shown in Fig. 7(b) is calculated by following steps.

(1)  calculating the curvature from the increase in surface strain 
from before excavation of the retaining wall model based 
on Bernoulli-Euler theory.

(2)  fitting the displacement with following boundary condi-
tions.

  a)  the calculated displacement of the top of the model is 
equal to the measured displacement by laser displace-
ment transducers.

  b)  the calculated displacement of the bottom of the model 
is zero.

The calculated displacement distribution shows the same trend 
as the test result shown in Fig. 7(a).

The displacements at the top of the retaining wall model and at 
the bottom of the final excavation after excavation are shown in 
Fig. 8. The displacements in Case2 which used the rectangular im-
provement model resulted in 35%, 65% less displacement, respec-
tively, than those in Case1 which did not use the improvement 
model. In addition, in Case3, where improvement model with eco-
nomical shape based on the results of Case2 were used, the displace-
ments were reduced by 26% and 42%, respectively, compared to 
Case2. These results suggest that the selection of soil buttress 
shapes according to the required displacement suppression effect 
and the design method for evaluating various shapes can lead to 
more economical excavation works.

The bending moment distribution shown in Fig. 7(c) is calcu-
lated by following steps.

(1)  calculating the bending strain from the increase in surface 
strain from before excavation of the retaining wall model 
based on Bernoulli-Euler theory.

(2)  multiplying the bending stiffness of the retaining wall mod-
el by the bending strain distribution calculated with follow-
ing boundary conditions

  a)  the bending strain at the top of the retaining wall model 
is zero.

  b)  the bending strain at the bottom of the retaining wall 
model is zero.

The calculated bending moment around the final excavation 
bottom is a large negative value. This follows the same trend as 
common unbraced retaining walls. The bending moment of the wall 
model around the bottom in Cases 2 and 3 is smaller than in Case1. 
It is therefore suggested that the passive resistance increased at the 
depth where the improvement model was installed.

Fig. 6 Time history of centrifugal acceleration (Case2)

Fig. 8  Displacement of the retaining wall model after fi-
nal excavation

Fig. 7 Time history of centrifugal acceleration (Case2)
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2.2.2  Subgrade reaction distribution and resistance mechanism 
of improvement model

The subgrade reaction distribution during excavation in Cases 
2 and 3 is shown in Fig. 9. The subgrade reaction at the bottom is 
corrected for the deduction in the overburden load (weight of exca-
vated sand) due to excavation. The large subgrade reaction suggests 
that the interaction between the improvement model and the ground 
is large, and the displacement suppression effect is large in the area 
where the subgrade reaction is large.

In both Cases 2 and 3, the bottom subgrade reaction increased 
in the first half of the excavation compared to that before the exca-
vation, suggesting that the bottom of the improvement model has a 
greater displacement suppression effect. However, in Case2 with the 
rectangular improvement model, the bottom subgrade reaction on 
the side of the retaining wall model is about 70% of that on the op-
posite side, suggesting that the displacement suppression effect is 
relatively small. In the latter half of the excavation, the bottom sub-
grade reaction decreased while the tip subgrade reaction increased, 
suggesting that the tip of the improvement model has a greater dis-
placement suppression effect. This suggests that the displacement 
suppression effect is different for each part of the improvement 
model and the stage of excavation.

The displacement suppression mechanism of the improvement 
model estimated by the subgrade reaction is shown in Fig. 10. In 
both Cases 2 and 3, the improvement model displaces in the hori-
zonal mode in the first half of excavation, with an additional rota-
tional mode in the latter half of excavation. Also, the lateral pressure 
of the retaining wall model decreases with excavation, suggesting 
that the improvement model bears some of the lateral pressure. 
These indicate that the improvement model has an effective dis-
placement suppression effect.

2.3 Summary of section

This centrifugal model test focuses on the displacement sup-
pression effect depending on the shape of the improvement model. 
The results show that the effects are different depending on the 
shape even if the installation depth is the same. These different ef-
fects cannot be calculated by the existing design method where soil 
buttresses are expressed by a mathematical model depending on 
only the improvement ratio, when dealing with the composite 
ground. This result suggests that a design method that calculates the 
displacement suppression effect of the soil buttress depending on 
the shape based on the resistance mechanism, promotes the econo-
my of excavation works.

The results of these test suggest the following facts.
(1) The displacement suppression effect is exerted by the sub-

grade reaction at the bottom and tip of the improvement model.
(2) The resistance force may be overestimated by calculating if 

the entire of the bottom and tip face is effective.
In addition, the estimation of the displacement suppression ef-

fect caused by the frictional resistance force of the improvement 
model is a future task.

3.  Design method of temporary retaining wall using soil but-
tresses

3.1 Subgrade reaction characteristics of soil buttress

This chapter presents a method for calculating the ground resis-

tance characteristics of a soil buttress based on its shape for the 
beam-spring model. The concept of the proposed method based on 
the beam-spring model is shown in Fig. 11. Since the strut is mod-
eled as an elastic spring in the beam-spring model, the soil buttress 
is modeled as an elastic bed. The elastic bed can be converted into 
nodal elastic springs and is therefore easy to handle.

The concept of calculating the coefficient of subgrade reaction 

Fig. 9 Subgrade reaction of improvement model

Fig. 10  Displacement suppression mechanism of im-
provement model
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of a soil buttress is shown in Fig. 12. In the beam-spring model, the 
balance of lateral loads is calculated. It is therefore necessary to 
convert the vertical subgrade reaction at the bottom of the improve-
ment (hereinafter referred to as “bottom resistance”) into the hori-
zontal subgrade reaction at the tip of the improvement (hereinafter 
referred to as “tip resistance”).

The following equation is proposed to calculate the coefficient 
of subgrade reaction, kh’, which is used to calculate the stiffness of 
the elastic bed, taking into account the shape of the improvement 
and the ratio between the vertical and the horizontal coefficient of 
subgrade reaction.

kh’ = a B’/D kh = (B’/D) kv (1)
where B’ is the effective width, D is the height, kh is the hori-

zontal coefficient of subgrade reaction, and a is the ratio between the 
horizontal coefficient of subgrade reaction kh and the vertical one kv 
(= kv/kh).

The effective width B’ is assumed to have the intersection of 
the bottom and the perpendicular through the center of gravity as the 
center of rotation with reference to the previous study [7]. 

In the proposed method, the bottom resistance is taken into ac-
count in the stiffness of the elastic bed, assuming that the tip resis-
tance is included in the resistance of the ground. Also, this method 
calculates the retaining wall displacement without the suppression 
effect of the friction force at the improvement of the side surface. In 
addition, this method assumes that the improvement is not damaged.

3.2 Trial calculations of the centrifugal model test

The trial calculations of the centrifugal model test shown in 
chapter 2 is carried out. The purpose of this calculation is to show 
the process and to confirm the accuracy of the estimation of the 
displacement suppression effect of the soil buttress by the proposed 
method.

Therefore, firstly, the soil properties are adjusted so that the 
displacement of the retaining wall model is equivalent to that in 
Case1 without the improvement model. Secondly, the stiffness of 
the elastic floor expressed by a mathematical model of the improve-
ment model in Cases 2 and 3 is calculated by the method shown in 
Fig. 13. Since the calculated effective width B’ of the economically 
shaped improvement model in Case3 is smaller than the rectangular 
one in Case2, the displacement suppression effect depending on the 
shape is estimated by this method.

Focusing on the displacement of the retaining wall model at the 
final excavation bottom, the trial calculation results by the proposed 
method and the results of the centrifugal model test are shown in 
Fig. 14. It shows that the displacement given by proposed method is 
larger than the test result, and indicates a trend showing that the 
displacement of the retaining wall is suppressed as B’/D increases.

4. Conclusions

This paper first shows that the displacement suppression effect 
depending on the shape of the soil buttress is shown by a centrifugal 
model test. Secondly, it proposes a design method that can calculate 
this effect and reports on a trial calculation using the method.

The next challenge will be to achieve displacement suppression 
with the side surfaces of a soil buttress.
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Natural Frequency Identification Method for Substructures  
in Railway Bridges and Viaducts

Kazunori WADA Kimitoshi SAKAI
Structural Dynamics and Response Control Laboratory, Center for Railway Earthquake Engineering Research

We have proposed a method for identifying the natural frequency of single structures from data obtained 
by measuring the vibration of railway bridges and viaducts. With this method, the natural frequency of a 
single structure can be theoretically calculated using undamped natural frequencies and the natural modes 
of whole structures. The eigenvalue analysis shows that the natural frequency of a single structure can be 
identified by the proposed method.

Key words: substructure, natural frequency, identification, railway bridges and viaducts

1.  Introduction

Railway bridges and viaducts are composed of groups of con-
tinuous substructures via superstructures and bearings. Therefore, 
vibration characteristics such as natural frequencies obtained from 
vibration measurements are the values of entire structures as whole 
systems, including the influence of vibrations of adjacent structures. 
This is clear from the comparison of actual measurements of single 
bridge piers and the entire structure of a road bridge [1], and the 
actual measurements and analytical studies of the coupling of rail-
way structure groups [2].

The vibration characteristics of entire structures obtained by 
vibration measurement have been used to diagnose their health. 
Impact and vibration testing [3, 4] has been used for many years, 
especially in the field of railways. This is a method for evaluating 
the health of a single substructure by applying impact vibration to a 
target structure of a bridge or viaduct and evaluating the natural 
frequency of the entire structure from the obtained waveform. Im-
pact and vibration testing is an effective non-destructive inspection 
method because damage to the substructure and deterioration of 
stability cause a decrease in the natural frequency of the entire struc-
ture. However, depending on the difference between adjacent struc-
tures, the effect of local substructure damage on changes in the nat-
ural frequency of the entire structure can be limited, and there may 
be cases where the characteristics of the substructure alone cannot 
be clearly evaluated. Therefore, if it is possible to directly evaluate 
the natural frequency of a substructure, it may be possible to judge 
the health of an entire structure more accurately.

The process of identifying the vibration characteristics of an 
entire structure and the rigidity of a substructure as a single unit 
based on the measurement results is called as system identification. 
System identification is roughly divided into two categories: identi-
fication of the modal parameters [5] of the structure such as natural 
frequencies, damping constants, and mode shapes, and identifica-
tion of the physical quantities [6-10] that constitute the structure 
such as mass, stiffness, and damping. This paper focuses on the lat-
ter. Methods for identifying physical parameters include methods 
that identify them in the time domain and methods that identify 
them in the frequency domain, and various studies have been con-
ducted in the fields of civil engineering and architecture. Examples 
of time-domain identification methods include research using neural 
networks [6] and a method of identification using the least-squares 
method from seismic observation records [7]. On the other hand, 
test examples of frequency domain identification methods include a 
study based on the solution of a weighted stiffness sum minimum 

design problem under the constraint of the first-order eigenvalue [8], 
a theoretical study for a model of a viscous damping model [9], and 
a method using the static limit of the transfer function [10]. All of 
these studies are based on multi-layered structures assuming archi-
tectural structures or single-degree-of-freedom models assuming 
civil engineering structures. A group of continuous bridges and via-
ducts such as railways has multiple mass points that connect with 
the ground as described later, and the governing equations are more 
complicated than in previous studies. However, research to identify 
physical parameters for the problem has not been sufficiently carried 
out so far.

We have therefore developed a method for identifying the nat-
ural frequency of a substructure [11], which is directly related to the 
rigidity of the substructure. In this method, a group of bridges and 
viaducts (Fig. 1(a)), in which multiple superstructures and substruc-
tures are connected via superstructures and bearings, is represented 
by a spring mass model (Fig. 1 (b)), and vibration measurement data 
is used. The proposed method is an identification method in the 
frequency domain derived from a theoretical study targeting the free 
vibration problem. If this method is established, it may be possible 
to judge the health of the substructure more directly and accurately 
than the judgment index of the impact and vibration test [3, 4] by 
using the natural frequency of the substructure. This method is ex-
pected to be applied when the health of the substructure is suspected 
to have deteriorated, for example, due to an earthquake or scouring 
of a river pier. This paper describes the theoretical development of 
the method for identifying the natural frequency of substructures 
and the verification of its validity through numerical analysis.

2.   Proposal of natural frequency identification method for a 
substructure

The theoretical development described in this chapter is per-
formed under the following preconditions:
・ Groups of bridges and viaducts behave elastically;
・ Frequency dependence of stiffness is not considered;
・ �Damping has proportional attenuation type characteristics such 

as Rayleigh attenuation;
・ �The model boundary is a free end considering half of the super-

structure mass outside the model range. This is based on the 
idea of the design vibration unit [12].
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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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2.1  Single substructure case

2.1.1  Undamped system

Consider a three-degrees-of-freedom system of a substructure 
with a superstructure at the start and end points behaving in a free 
vibration manner (Fig. 2). Let m1 be the mass of the substructure, k1 
be the stiffness, m2 be the mass of the superstructure at the start 
point, k12 be the coupled spring stiffness through the bearing, m3 be 
the mass of the superstructure at the end point, k13 be the coupled 
spring stiffness through the bearing, and x1 to x3 be the displacement 
waveform of the vibration of each mass point. Here, the masses m1 
to m3 can be calculated according to the mass that contributes to the 
vibration after the total mass has been determined from the design 
documents. This is calculated based on the concept of equivalent 
mass [13]. In addition, the displacement waveforms x1 to x3 can be 
obtained by performing vibration measurement and obtaining them 
with a displacement meter, or by obtaining their differential form 
using a velocimeter or an accelerometer. We consider the problem of 
identifying the stiffnesses k1, k12, and k13 under this condition.

M3 X3+K3 X3=0 (1a)

 (1b)X3 = , M3 = 
x1
x2
x3

m1
0
0

0
m2
0

0
0

m3
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(1c)K3 = 
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Using the amplitudes r1 to r3 of each displacement, the natural 
circular frequency ω, and the phase angle ϕ, the general solution of 
the above equation is as follows.

 
(2)X3 = e ± i (ωt + ϕ)
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Substituting equation (2) into equation (1a) and considering the 
conditions that hold for any time, the following equation holds.

 (3)(K3 − ω2M3) =  = 
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r3
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Here, ω=ωj (j=1, 2, 3, j-th natural circular frequency) can be 
obtained from the necessary and sufficient conditions for equation 
(3) to have a non-trivial solution.

 (4), R2 = k12 = 
m2ω2R2

R2 − 1
r2

r1

Rearranging the third line of equation (3) in exactly the same 
way, the following equation holds.

 (5), R3 = k13 = 
m3ω2R3

R3 − 1
r3

r1

Here, R2 and R3 represent the amplitude of the superstructure 
when the amplitude of the substructure is 1.

Furthermore, substituting equations (4) and (5) into the first 
line of equation (3) and arranging them, the following equation 
holds.

k1=(m1+R2m2+R3m3)ω
2 (6)

Here, consider the following two extreme examples to under-
stand the meaning of the above equation.

・ k12=k13=0
・ k12=k13=∞

When k12=k13=0, it can be seen that r2=r3=0 because R2=R3=0 
from equations (4) and (5). This is a situation in which the super-
structure is not displaced and has no effect on the substructure, 
which is equivalent to a situation in which the superstructure is not 
placed. At this time, k1=m1ω

2 is obtained from equation (6), and it 
can be seen that the system is reduced to a single-degree-of-freedom 
system consisting only of substructure stiffness and mass. On the 
other hand, when k12=k13=∞, R2=R3=1, that is, r1=r2=r3 can be said 
from equations (4) and (5). This is a situation in which the super-
structure and substructure are completely integrated, and corre-
sponds to the way of handling in the design vibration unit. At this 
time, k1=(m1+m2+m3)ω

2 is obtained from equation (6), resulting in a 
single-degree-of-freedom system with the addition of the super-
structure mass.

2.1.2  Damped system

When damping is taken into account, a damping term propor-
tional to velocity is added with the same sign as the restoring force 
term. Therefore, the equation of motion is as follows:

M3 X3+C3 X3+K3 X3=0 (7a)

¨

¨ ¨

Fig. 1  Image of bridges and viaducts and multi-degrees-
of-freedom spring mass model

Fig. 2 Free vibration problem of a single substructure
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 (7b)

In this paper, we deal with proportional damping, where the eigen-
modes are the same real numbers as in the undamped system. At this 
time, the above general solution becomes the following equation:

 
(8)X3 = eλt ± iϕ, λ = − σ ± iωD
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where λ is the eigenvalue, which is represented by the damped nat-
ural circular frequency ωD and the modal damping constant σ of the 
entire system.

Substituting equation (8) into equation (7a) and considering the 
conditions that hold for any time, the following equation holds:
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Focusing on the second line of equation (9), we can obtain the fol-
lowing equation after setting R2=r2 ⁄r1

(−c12λ−k12)+(m2λ
2+c12λ+k12)R2=0 (10)

By dividing the above equation into real and imaginary parts, the 
following equation is obtained:

[(R2−1)k12−(R2−1)σc12+R2m2(σ
2−ω2

D)]
+i{±(R2−1)ωDc12∓2m2σωDR2}=0 (11)

Real part = imaginary part = 0 is necessary for the above equation to 
hold, so the following equation holds:
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By solving the above simultaneous equations, the coupled spring 
stiffness k12 and damping coefficient c12 are obtained by the follow-
ing equations:

 (13)
m2R2
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 = k12

c12
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Also, since the same calculation can be performed for the third line 
of equation (9), the coupled spring stiffness k13 and the damping 
coefficient c13 can be obtained.

 (14), R3 = 
r3

r1

m3R3
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c13
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Next, focusing on the first line of equation (9) and applying the 
conditions of real part = 0 and imaginary part = 0, the following 
equation is obtained:

 = (m1 + R2m2 + R3m3)
k1
c1
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ωD
2 + σ2

2σ
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⎭ 

(15)

Here, since the damping matrix is assumed to be of the propor-
tional damping type, the damped natural circular frequency ωD and 
the modal damping constant σ can be expressed by the following 
equation using the undamped natural circular frequency ω and the 
damping constant h

σ = hω, ωD = ω 1 − h2
 

(16)

By substituting the above equations for equations (13) to (15), the 
following equations are obtained:

 = (m1 + R2m2 + R3m3)
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m3R3
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 = k13
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2hω
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(19)

It can be seen that k1, k12, and k13 match the undamped solutions 
(equations (4) to (6)). That is, if the undamped natural circular fre-
quency is used, the solution of the damped vibration problem can be 
expressed by the same equation as the undamped vibration problem. 
Note that k1 in equation (17) has the same form as the stiffness cal-
culation formula for the multi-layered shear spring mass model 
shown in Reference 8.

2.2  Cases of two or more substructures

Consider the damped free vibration problem in which two sub-
structures are connected via a superstructure and bearings (Fig. 3). 
The equation of motion for this problem is as follows:

M5 X5+C5 X5+K5 X5=0 (20)

The general solution of the above equation can be expressed in the 
following form, similar to equation (8):

 
(21)

By substituting the above harmonic vibration solution for the equa-
tion of motion and arranging it, the following equation is obtained:

 (λCi + Ωi
2) MiRi = −λ2 MiRi

i = 1

2

∑
i = 1

5

∑
 

(22)

Here, j is the subscript of the substructure of interest (here, 1), and 
the following formula is defined:

 (23)

Note that Ωi corresponds to the natural circular frequency of sub-
structure i. Applying the condition of real part = imaginary part = 0 
to equation (22), the following equation is obtained:

 Ωi
2MiRi = ω2 MiRi

i = 1

2
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i = 1

5

∑
 

(24)

 CiMiRi = 2σ MiRi
i = 1

2

∑
i = 1

5

∑
 

(25)

Here, ω is the undamped natural circular frequency. If we check 

C3 = 
c1 + c12 + c13
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X5 = eλt ± iϕ, λ = − σ ± iωD
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, Ωi
2 = Ci = 
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mi

, Mi = 
mi

mj

, Ri = 
ri

rj

ki

mi

Fig. 3 Free vibration problem of two substructures
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equation (24), we can see that Ω1 and Ω2 are represented by one 
equation. In this paper, since the frequency dependence of stiffness 
is not taken into consideration, Ω1 and Ω2 can be uniquely obtained 
by substituting the two types of undamped natural circular frequen-
cy ω and the eigenmode vector. Incidentally, although it is not the 
subject of this paper, if the modal damping constant σi correspond-
ing to each eigenmode can be calculated, it is also possible to calcu-
late the physical quantity Ci related to each damping coefficient 
from equation (25).

In the spring mass model (Fig. 1(b)), which generally consists 
of n substructures, the same argument as above can be made, so that 
the following equation can be obtained in the same way as equation 
(24).

 Ωi
2MiRji = ω2

j MiRji
i = 1

n

∑
i = 1

2n + 1

∑
 

(26)

For the convenience of the discussion below, we added a subscript 
to indicate that equation (26) relates to the j-th mode. Since there are 
n unknowns Ωi (i=1,2,...n), Ωi can be uniquely determined if there 
are n pairs of undamped natural circular frequencies ωj and eigen-
modes Rji.

Considering that R11=M1=1 when n=1, equation (26) coincides 
with equation (17) for one substructure, so this expression can be 
said to be general.

2.3   Use of natural frequency identification method for sub-
structure

The deterioration of health due to damage to a substructure and 
deterioration of stability mean a decrease in the rigidity of the sub-
structure, that is, a decrease in the natural circular frequency of the 
substructure itself in the spring-mass model. Therefore, it may be 
possible to judge the health of a substructure more directly and ac-
curately by using the natural frequency of the substructure than by 
using the judgment index of the impact and vibration test [3, 4].

As a specific application example of the proposed method, the 
health diagnosis procedure using the natural frequency of a single 
substructure is presented here:
・ �Understand the initial value F0 of the natural frequency of the 

substructure. For new structures, the most accurate values are 
obtained when vibration measurements are performed without 
the superstructure under construction. For existing structures, 
vibration measurements are performed at several locations, in-
cluding the substructure and superstructure to calculate the 
natural frequency and natural mode of the entire system. Using 
equation (26), the natural frequency of the substructure can be 
identified.

・  If the health of the substructure is suspected to have deteriorat-
ed due to an earthquake or scouring at a river pier, measure the 
vibration again and identify the natural frequency F of the 
substructure from equation (26).

・  Compare F with F0, and if there is a significant change such as 
a decrease in F compared with F0, it is determined that the 
health of the substructure has deteriorated.

The above assumes a health diagnosis in the event of an abnormali-
ty, but it is also possible to detect the secular change in the natural 
frequency of the substructure, such as health monitoring. Methods 
for calculating the natural frequency and natural mode of the entire 
system from the vibration measurement results include methods 
using the Fourier amplitude ratio and Fourier phase difference at the 
dominant frequency, and methods using the Frequency Domain 
Decomposition method [14].

2.4   Precautions for use with actual railway bridges and via-
ducts

2.4.1  Reference points for Mi and Rji

As can be seen from the forms of equations (23) and (26), any 
mass point can be used as a reference for the mass ratio Mi and the 
eigenmode Rji. The mass ratio can be evaluated according to the 
mass that contributes to the vibration based on the actual amount 
obtained from the design documents.

2.4.2  Calculation of undamped natural circular frequency

Strictly speaking, the dominant frequency obtained by Fourier 
transforming the waveform that can be obtained by actual measure-
ment should match the damped natural frequency. However, the re-
quired physical quantity from equation (26) is the undamped natural 
circular frequency, so its calculation is described below.

Taking the 1st-order mode as an example, the difference ∆ω1 
between the damped 1st-order natural circular frequency and the 
undamped 1st-order natural circular frequency is given by the fol-
lowing equation:

∆ω1 = ω1 − ωD1 = ( 1 − ) ω11 − h2
 

(27)

When described in terms of frequency, the following equation is 
obtained:

 (28)
f1

2π
∆ f1 = ( 1 − ) 1 − h2

Here, the damping constant h is usually in the range of a few % to 
20%, and the natural frequency f1 is in the range of a few Hz to 10 
Hz.

Next, assuming that the actual measurement time is tN(s), the 
frequency step size ∆f obtained by Fourier transform of the recorded 
waveform is given by the following equation:

 (29)

In normal vibration measurement, the measurement time tN(s) for a 
block of Fourier transforms is about several tens of seconds, and the 
sampling frequency is about 100 to 1,000 Hz. Table 1 shows exam-
ples of ∆f1 and ∆f. In the table, N is the number of data and fs is the 
sampling frequency. In order to know the approximate range of 
values that can be taken, calculations were made under conditions 
where ∆f1 and ∆f were relatively small and relatively large. Here, the 
waveform processing assumes the use of fast Fourier transform, so 
the measurement time is such that the number of data N=fs×tN is a 
power of 2. From this table, it can be seen that ∆f1 and ∆f finally 
become the same order when a structure with a damping constant of 
20% and an undamped natural frequency of 10 Hz is measured at a 
sampling frequency of 1,000 Hz for 65.536 s. These are conditions 
where ∆f1 is relatively large and ∆f is relatively small. Therefore, it 
can be seen that the difference between the damped natural frequen-
cy and the undamped natural frequency is very small and cannot be 
distinguished by the step size obtained with normal measurement 
accuracy. In other words, in practice, it can be said that the dominant 
frequency of the Fourier amplitude spectrum can be determined as 
the undamped natural frequency as it is.

2.4.3  Calculation of eigenmodes

Taking the case of two substructures as an example, substitut-

1
tN

∆ f  = 

QR of RTRI, Vol. 65, No. 1, Feb. 2024 31



ing the j-th mode and k-th mode values into equation (26) yields the 
following equation:

 (30)

Here, the fact that Rj1=Rk1=M1=1 is used from the definition of equa-
tion (23).

In order to solve this simultaneous equation uniquely, the deter-
minant on the left side = M2(Rk2−Rj2) ≠0 is a necessary and sufficient 
condition. This means that the amplitude ratios of substructure 1 and 
substructure 2 are different in the k-th mode and the j-th mode. In 
general, a similar argument can be made in the case of n substruc-
tures. As a result, unless n modes with different mode shapes are 
selected when focusing only on the substructure, Equation (30) 
cannot be solved uniquely, and the natural frequency of the sub-
structure cannot be calculated.

3.  Validation of the method based on numerical analysis

In this chapter, the validity of the method proposed in Chapter 
2 based on the theoretical development is verified by numerical 
analysis. Specifically, taking the case of one substructure and the 
case of three substructures as examples, the proposed method is 
applied based on the natural frequency and natural mode obtained 
from numerical analysis to identify the natural frequency of the 
single substructure. Then, it is compared with the correct value, 
which is the set value of the analysis model. In addition, the set 
values of the numerical analysis model dealt with in this chapter 
include a range that differs from the specifications of the actual rail-
way bridges and viaducts. For example, the natural frequencies of 
the substructure and the bearing are set in a very close range, but the 
natural frequency of the bearing is actually assumed to be sufficient-
ly higher than that of the substructure. In addition, although the 
maximum damping constant is set at 40%, the damping constant 
that is always exerted is actually around a few percent, and consid-
ering the influence of nonlinearity during earthquakes, it is thought 
to be around 30%. The reason for this setting is that the purpose of 
this chapter is to verify the validity of the proposed method. The 
validity of the proposed method is also verified separately assuming 

actual measurements on an actual bridge [15].

3.1 Single substructure case

For the case of a single substructure, a linear impact vibration 
analysis was performed, and the effectiveness of the method was 
verified by calculating the natural frequency of the single substruc-
ture using the proposed method (Fig. 4). Table 2 shows the study 
cases. The mass of the substructure was standardized at 1 ton, and 
the mass ratio Mi=mi/m1 to mass point i was varied. In addition, the 
stiffness of the superstructure-bearing spring and the substructure 
spring was set by setting the natural frequency Fi of each unit and 
converting it to ki=4π2miFi

2. The damping matrix was calculated as 
stiffness-proportional damping, and the damping constant h was set 
for the first-order mode of the entire structure. As the impact exci-
tation, a force of 1 kN at time 0.001 s and 0 at other times was ap-
plied to mass point 1. The time step was 0.001s and the analysis was 
performed for 60s. When analyzing the analysis results, it is neces-
sary to exclude the effect of the forced vibration state immediately 
after the impact, so we focused on the waveform after 5 seconds.

Figure 5 shows the results of Cases 1-3 and 1-5 as examples of 
the response displacement waveform, the Fourier amplitude spec-
trum of the response displacement, and the Fourier amplitude spec-
trum ratio. Here, the Fourier amplitude spectrum is calculated from 
the attenuation waveform from the point of maximum response 
displacement after 5 seconds. From this figure, it can be seen that 
each case oscillates in the first-order mode of the entire system, and 
that the oscillation waveform transitions on the envelope curve of 
the set damping constant. Considering these results as actual mea-
surement data, the dominant frequency, damping constant, and 
Fourier amplitude ratio at that frequency are known. The natural 
frequency F1 of the substructure unit to be identified is 2.0 Hz, but it 
can be seen that this information cannot be determined from the 
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Table 1 Examples of ∆f1 and ∆f

Table. 2 List of considered cases

Fig. 4 Image of impact vibration analysis
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Fourier amplitude spectrum.
Table 3 shows the damped natural frequency fd1 and undamped 

natural frequency f1 obtained from the complex eigenvalue analysis 
of Cases 1-1 to 1-6, and the dominant frequency f obtained from the 
Fourier amplitude spectrum of the response waveform. In addition, 
F (Hz) and Fd (Hz) are shown as the natural frequency converted 
from the natural circular frequency calculated by Equation (26) 
from the dominant frequency, damping constant, and Fourier ampli-
tude spectrum ratio. Here, F (Hz) is the result of the calculation as-
suming that the dominant frequency obtained is the undamped natu-
ral frequency, and Fd (Hz) is the result of the calculation assuming 
that the dominant frequency obtained is the damped natural frequen-
cy. Figure 6 shows the relationship between the damping constant 
and F (Hz) or Fd (Hz). In addition to the cases in Table 2, Fig. 6 also 
shows the results under the same conditions as Cases 1-3 to 1-6 with 
damping constants of 1%, 3%, 20%, and 40%. From this table and 
this figure, in Cases 1-1 to 1-3 with a damping constant of 5%, f1 and 
fd1 are almost the same, and the correct value of 2.0 Hz can be iden-

tified with high accuracy for both F (Hz) and Fd (Hz). However, as 
the damping constant increases, the accuracy of identifying the nat-
ural frequency of the substructure tends to decline, and the deviation 
is particularly large if the calculation method does not consider 
damping. This is because f1 and fd1 diverge as the damping constant 
increases in Cases 1-3 to 1-6 (Table 3). However, if the damping 
constant is up to about 30%, even the non-attenuation calculation 
method can estimate the result that is sufficiently close to the correct 
value of 2.0 Hz. A damping constant of 30% can be said to be a 
relatively large value considering the reference value of 15 to 30% 
for the damping constant given to the ground spring described in 
Design Standards for Railway Structures and Commentary (Seismic 
Design) [12], so it can be said that there is no problem in calculating 
the dominant frequency as the undamped natural frequency in prac-
tice.

Fig. 5  Response analysis result example (left: displacement waveform, center: Fourier amplitude, right: Fourier am-
plitude ratio)

Table 3 Natural frequency of the entire system and single substructure (one substructure)
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3.2  Cases of two or more substructures

If there are two or more substructures, high-order modes of the 
entire system are required, so it is difficult to excite high-order 
modes in impact vibration analysis. Since the purpose of this study 
is to numerically verify the validity of equation (26), the validity is 
verified by eigenvalue analysis instead of using the results of impact 
excitation as in the previous section. In the case of real structures, 
the natural frequency and natural mode of the entire system can be 
obtained by applying the FDD method [14] based on the results of 
microtremor observation [16]. Table 4 shows the parameters of the 
spring mass model considered in this paper. Three cases were set for 
a seven-degrees-of-freedom model with three substructures (Fig. 7). 
The method of setting the mass and stiffness is the same as in the 
previous section. Since the undamped eigenfrequency and eigen-
mode required for calculation can be obtained by real eigenvalue 
analysis, damping is not set in this model.

Next, Table 5 shows the 1st to 3rd natural frequencies f and ef-
fective mass ratios of Cases 2-1 to 2-3, and Fig. 8 shows the eigen-
mode diagram of Case 2-3. Looking at the above mode diagram, it 
can be seen that the amplitude ratios of the substructures 1 to 3 are 
all different for the 1st to 3rd modes. By using these, it may be pos-
sible to calculate the natural frequency of the substructure. It can be 
seen that the natural frequency of the substructure cannot be deter-
mined from the natural frequency of each mode.

Figure 9 shows the natural frequency of the substructure calcu-
lated by Equation (26) using the 1st to 3rd modes of each case. The 
figure also shows the correct values of the model and that the natural 
frequency of each case and each substructure can be calculated ac-
curately. From the above, it has been shown that the natural frequen-
cy of the substructure can be calculated by the proposed method 
when the natural frequency and natural mode of several whole sys-
tems can be obtained in a group of bridges and viaducts.

4.  Conclusions

In this paper, we developed a method to identify the natural 
frequency of the substructure which is directly related to the rigidity 
of the substructure. In this method, a group of bridges and viaducts, 
in which several superstructures and substructures are connected via 

Fig. 6  Relationship between damping constant and nat-
ural frequency of substructure identified

Fig. 7 Verification analysis model

Table 4 Verification analysis case

Table 5 Result of eigenvalue analysis

Fig. 8 Natural mode (Case3)
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superstructures and bearings, is represented by a spring mass model, 
and vibration measurement data is used. The validity of the identifi-
cation method was then verified by numerical analysis. The findings 
obtained in this paper are as follows:
・  In a system of n substructures, it is theoretically proved that the 

natural frequency of each substructure can be calculated using 
n undamped natural frequencies and natural modes of the 
whole system.

・ �In order to verify the validity of the theoretical formula ob-
tained as a general solution, the proposed method was applied 
based on the results of linear impact vibration analysis and ei-
genvalue analysis for the cases of one substructure and three 
substructures. The result shows that the natural frequency of 
the substructure can be identified with high accuracy.

・ �If the damping constant is within the range assumed for railway 
bridges and viaducts, the dominant frequency of the response 
waveform and the undamped natural frequency are almost the 
same. Therefore, in practice, the proposed method can be ap-
plied using the dominant frequency of the response waveform.
In addition, although not described here due to space limita-

tions, we separately performed an evaluation of the impact on the 
identification accuracy when the data contains errors and a validity 
check of the proposed method assuming actual measurements on a 
real bridge.
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Numerical Analysis of Local Scour Around Piers Based on 3D Movements of Sediment Particles

Hidenori ISHII Kohei MUROTANI Koji NAKADE
Computational Mechanics Laboratory, Railway Dynamics Division

This paper describes a numerical model developed to simulate the flow and scour around bridge piers. 
The flow is modeled by large eddy simulation. The morphological change of riverbeds is calculated by cou-
pling sediment transport with models for sediment pick-up and deposition. The sediment transport is calcu-
lated by 3D momentum equations of sediment particles. Sediment pick-up and deposition are modeled by 
stochastic models for the purpose of reducing computational demand. The numerical model was applied to 
the local scour around a vertical cylinder pile under clear water condition. The results agreed well with 
experimental data, except for the shape of the downstream riverbed. It is concluded that this model can 
evaluate local scour on the upstream side of piers considering 3D movements of sediment particles.

Keywords: local scouring, river pier, scour analysis, coupled analysis, LES

1. Introduction

Recent years have seen frequent large-scale floods due to inten-
sifying rainfall caused by changes in global-scale meteorological 
conditions. Such large-scale flooding has resulted in the scouring of 
the areas around river-bridge piers, which can cause damage such as 
subsidence and tilting of bridge piers [1, 2]. Many railway river 
bridges were built in the pre- and post-war periods, and further dam-
age to railway river bridges is expected over time, creating a need 
for the development of rational scouring depth prediction methods 
and scouring prevention measures.

Many studies have been conducted on riverbed deformation 
analysis around hydraulic structures due to its importance in terms 
of disaster prevention. In recent years, there has been progress in the 
development of riverbed deformation analysis using three-dimen-
sional fluid computations.

Roulund et al. [3] calculated the flow field using the k-ω SST 
model in the turbulence model, where they conducted riverbed de-
formation analysis around a circular pile using the riverbed defor-
mation model based on the bed load formula and sediment transport 
continuity equation, which take into account the effect of the river-
bed slope. Baykal et al. [4] used the model of Roulund et al. [3] with 
a suspended load movement model in order to analyze the riverbed 
deformation around a circular cylinder. Their results showed that the 
scouring depth was approximately double that in the model that 
considered the suspended load movement.

Nagata et al. [5] combined bed load movement computation 
using a two-dimensional equation of motion and a stochastic model 
for sediment pick-up and deposition to propose a riverbed deforma-
tion analysis method. Nagata et al. [5] used this method to analyze 
riverbed deformation around a circular cylinder and reproduced the 
characteristics of the scouring hole shape obtained in experiments. 
Ota et al. [6] incorporated a stochastic model for the transition pro-
cess from bed load to suspended load in the analysis method to 
propose a riverbed deformation analysis method that considers the 
sediment entrainment to the suspended load, and this was applied to 
the scouring upstream of structures in the transverse direction of the 
river. The results of these analyses generally reproduced the charac-
teristics of the scouring shape but tended to underestimate the max-
imum scouring depth. Ota et al. [6] stated that the effect of local flow 
needed to be considered when setting the coefficients of the transi-
tion model to suspended load in order to address the underestima-
tion of the maximum scouring depth.

A characteristic of the above-mentioned riverbed deformation 
analysis [3-6] is that sediment movement related to riverbed defor-
mation is treated separately between bed load and suspended load. 
Bed load movement is treated as a movement in two dimensions in 
a thin layer near the riverbed surface, and suspended load movement 
is either ignored or treated as an advection-diffusion phenomenon.

Meanwhile, Sekine et al. [7] used a three-dimensional equation 
of motion to compute the bed load and suspended load movement 
collectively, and they conducted a study to systematically evaluate 
their characteristics. In their results, they clarified that there were 
types of motion that were different from the conventional classifica-
tion depending on the range of the tractive force, and they indicated 
the limitations of the conventional theory.

A future goal of the riverbed deformation analysis constructed 
in this study is to be able to conduct scouring analysis under condi-
tions where multiple structures are impacted and under conditions 
where there are scouring countermeasures such as foot protection 
blocks. Sediment movement is expected to be more three-dimen-
sional under such conditions, with movement having frequent tran-
sitions between bed load and suspended load. It is difficult to say 
that conventional computations that distinguish between bed load 
and suspended load movement can sufficiently express the three-di-
mensional sediment movement in which there are frequent transi-
tions in the movement patterns. Therefore, we adopted the LES 
turbulence model, which excels in reproducing the unsteady vortex 
structure in the water flow, in this study for the flow computation; 
and we developed a riverbed deformation analysis method similar to 
Sekine et al. [7] that collectively computes the bed load movement 
and suspended load movement using a three-dimensional equation 
of motion. For sediment pick-up and deposition, we adopted a sto-
chastic model similar to that in Nagata et al. [5] in order to reduce 
the computational cost and to enable the analysis of long-term phe-
nomena in a realistic computational time. With this method, we ex-
pect to be able to reflect the movement of sediment on the actual 
grain size scale in riverbed deformation computations with a com-
putational amount that can be applied to three-dimensional flow 
fields such as around bridge piers without using the coarse-graining 
method. As the first step in verifying the validity of this method, we 
conducted a reproduction analysis of a scouring experiment [8] 
around a single circular pile conducted under static scouring condi-
tions without sediment movement in an undisturbed area upstream 
of the pier.
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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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2. Analysis method

In this study, we constructed a riverbed deformation analysis 
method that couples fluid computations using the LES turbulence 
model and riverbed deformation computations based on three-di-
mensional sediment movement. In this section, we describe in detail 
the methods of fluid computation and riverbed deformation compu-
tation.

2.1 Fluid computation

For the fluid computation, we used an air flow simulator [9], 
where non-equidistant rectangular grids are set using the finite dif-
ference method, and which is being developed by the Railway 
Technical Research Institute. The Navier-Stokes equation for in-
compressible fluids is the basic equation. A three-dimensional Car-
tesian coordinate system is used as the coordinate system, here the x 
direction is the downstream direction, y direction is the transverse 
direction of the river, and z direction is the vertical direction. Turbu-
lence computations were conducted with LES. When the represen-
tative velocity was set as U, characteristic length set to L, water 
density set to ρl, kinematic viscosity coefficient set to ν, and the 
Reynolds number Re = UL/ν, then the basic equations of the dimen-
sionless LES are as shown in (1) and (2):

 (1)

 (2)

where ui = (u, v, w) is the dimensionless grid-scale velocity, p is the 
dimensionless pressure, and Gi is the dimensionless gravitational 
acceleration term. τij is the residual stress in the flow with coarse 
grains as a result of the spatial filter, and it is modeled in the LES 
computation as a sub-grid scale model (SGS model). The SGS mod-
el used the coherent structural Smagorinsky model. Time progres-
sion was done using the Adams-Bashforth method with third-order 
accuracy, and spatial differences were done using the central differ-
ence method with second-order accuracy. The cylindrical pile and 
riverbed shapes were expressed using the voxel method, which dis-
criminates between fluids and solids in units of computational grids. 
The Froude number Fr for the reproduction analysis was small at 
0.143 (computed from average flow velocity U0=0.171 m/s and av-
erage water depth h0=0.146 m), so it was assumed that the effect of 
water height difference was small, and rigid lid conditions were ap-
plied for the water surface. Slip conditions were applied to the sides 
of the analysis domain, and non-slip conditions were applied to the 
solid wall surfaces. Additionally, the grain size of the riverbed ma-
terial that is subject to reproduction analysis is small and the non-di-
mensional roughness height is within a range that can be treated as 
a smooth surface, so the riverbed surface was assumed to be a 
smooth surface with no slip.

2.2 Riverbed deformation computation

The riverbed deformation computation in this study involves 
the computation of sediment movement by a three-dimensional 
equation of motion of point masses, and this is combined with a 
stochastic model for sediment pick-up and deposition of the bed 
load in order to compute the riverbed deformation amount.

2.2.1 Sediment pick-up

The sediment pick-up amount is calculated by the following 
equation using the pick-up rate ps:

 (3)

where Vp is the volume of removed sediment from the computation-
al grid per unit time, d is the riverbed material grain size, A2 and A3 
are the two-dimensional and three-dimensional shape coefficients 
(=π ⁄ 4, π ⁄ 6), and SP is the area of the computational grid at the depar-
ture point. The pick-up rate ps was calculated by the Nakagawa-Tsu-
jimoto-Murakami equation [10], which is a pick-up probability 
equation using the dimensionless shear stress and local riverbed 
slope.

The dimensionless shear stress τ* of the riverbed bottom was 
calculated with the following equation using the dynamic pressure 
gradient in the riverbed vicinity, referencing Marsooli et al. [11], 
after considering the fact that the dynamic pressure gradient exerts a 
pressure gradient force on the riverbed sediment:

 (4a)

 (4b)

where τ* is the dimensionless shear stress, ρs is the sediment particle 
density, eb, j is the unit vector parallel to the local riverbed surface on 
the x − z and y − z planes, τb, j is the corrected shear stress in the j-di-
rection, ub, j is the j-direction component of the flow velocity parallel 
to the local bed surface at the velocity evaluation point of the cell 
closest to the bed, μ is the viscosity coefficient, dz is the distance 
from the riverbed surface to the cell closest to the riverbed, and pd is 
the dynamic pressure at the cell nearest the riverbed.

2.2.2 Sediment movement

A tracked particle with information on the pick-up amount is 
generated on the riverbed surface of the computational cell, and the 
movement path is computed. The method by Nagata et al. [5] and 
Ota et al. [6] used two-dimensional equations of motion to compute 
the movement paths of the tracked particles, and the movement path 
of the bed load was reflected in the riverbed deformation analysis. 
Meanwhile, in this method, we computed the movement of the 
tracking particles as three-dimensional motion, which enabled us to 
reflect the movement paths of not only the bed load but also the 
suspended load in the riverbed deformation analysis. The following 
equation was used for the equation of motion of the tracked parti-
cles, as in Sekine et al. [7]:

 (5)

where up = (up,vp,wp) is the moving velocity vector of the tracked 
particle, u = (u,v,w) is the water velocity vector, ur = (ur,vr,wr) is the 
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relative velocity vector,   is the gravitational acceleration vector,  
  is the unit vector of the component, (0,0,1) CM is the added mass 
coefficient (=0.5), CD is the drag coefficient, and CL is the lift coeffi-
cient (=0.2). The drag coefficient CD was evaluated by the following 
equation using the particle Reynolds number Rep =  |ur|d/ν:

 (6)

The fourth term on the right side of (5) indicates the lift force due to 
the velocity gradient around the sediment particle, ur, xy is the relative 
velocity vector ur, xy = (ur,vr,0)) where the vertical direction compo-
nent is removed, and the subscripts T and B refer to the top and 
bottom points of the sphere, respectively.

When the tracked particles approach the vicinity of the riverbed 
surface, the simulated riverbed particles are placed on the riverbed 
along with the movement path of the tracked particles, and when the 
tracked particles collided with the riverbed particles, the inelastic 
collision process was computed, and the velocity of the tracked 
particles following collision was computed. When arranging the 
simulated riverbed particles, we referenced the study by Sekine and 
Kikkawa [12] to arrange the simulated riverbed particles so that the 
height distribution of the simulated riverbed particles around the 
mean riverbed surface follows a normal distribution with a standard 
deviation σz = d/3.

The movement path computation does not consider the impact 
of interference between tracked particles or the impact of sediment 
concentration on each coefficient. We state here that the extent to 
which these factors impact the results of the phenomena subject to 
analysis in this study is still subject to debate.

2.2.3  Determination of transition to suspended load

Ota et al. [6] determined the transition from a bed load to sus-
pended load based on a stochastic model. Meanwhile, in this meth-
od, we defined the bed load layer thickness based on the study by 
Sekine et al. [13] on the maximum jumping height of the bed load, 
and we determined the transition from bed load to suspended load 
based on the three-dimensional motion of the tracked particles. The 
bed load layer thickness T obtained from the maximum jumping 
height of the bed load is computed by the following equation:

 (7a,b)

where τ*c is the dimensionless critical shear stress. Additionally, Ab, 
m is a constant value, and we adopted the values of 1.42 and 0.64, 
which were proposed by Sekine et al. [13].

We determined a transition to suspended load when the tracked 
particle moved to the outside of the bed load layer. The deposition 
computation by the bed load deposition probability model described 
in the next section was not conducted for tracked particles that have 
transitioned to suspended load. We continued to conduct computa-
tions based on the equation of motion described in the previous 
section even after the transition to suspended load, and we assumed 
that the entire sediment quantity was deposited at the point when it 
re-attached to the riverbed surface.

2.2.4  Computation of bed load sediment deposition amount

When the sediment pick-up amount at computation point j is set 
as Vp ( j), then the deposition amount Vd ( j, n) per unit time at the posi-
tion n steps after departure of the tracked particle departing from 
this point is obtained by the following equation:

 (8a)

 (8b)

 (8c)

where Vp ( j) is the pick-up amount (initial volume), fs(S(n)) is the prob-
ability density function of the step length, S(n) is the cumulative 
movement distance of the particles, λ is the average step length, up(i) 
is the velocity vector of the tracked particle at the ith step, and Δt is 
the time step size. The average step length λ is calculated by the 
Einstein equation [14], which takes into account the variation in lift 
force.

This method involves the computation of the deposition 
amount on the movement path of the tracked particle, so the com-
puted position of the deposition amount does not match the compu-
tation grid points. Therefore, the sediment deposition amount was 
distributed by weighting the distance to the computational grid 
center points near the tracked particles.

Tracking was terminated when the deposition amount Vd ( j, n) per 
unit time evaluated in (8) and the sediment volume of the tracked 
particle were less than the volume of one sediment grain of the riv-
erbed material (= πd 3⁄ 6).

2.2.5  Riverbed height deformation computation

The temporal change in riverbed height was obtained by the 
following equation using the sediment pick-up amount and deposi-
tion amount per unit time:

 (9)

where Zb is the riverbed height, A1 is the one-dimensional sediment 
grain shape factor (=1.0), Vs is the sliding-induced movement 
amount, and Sd is the vertically projected area of the computational 
grid.

Local scouring phenomena in the vicinity of structures involves 
the formation of slopes with steep riverbed gradients in scouring 
holes as scouring in the vicinity of the structures progresses. When 
the local riverbed gradient θb exceeds the critical gradient angle θbc, 
then this results in slide failure (so-called “sliding”) of the riverbed 
slope sediment. Therefore, in this study, the slope failure model of 
Sekine [15] was used to compute the sediment movement amount Vs 
when θb > θbc. The angle of repose of sand in water was used for θbc. 
It was assumed that the movement of sediment due to sliding was 
instantaneous, and the sliding-induced sediment movement amount 
Vs was added to the pick-up amount Vp of the computational grid 
where the sliding occurs.

3. Application of analysis method

3.1 Computation case

We conducted a reproduction analysis of the scouring experi-
ment around a cylindrical pile conducted by Umeda et al. [8] in or-
der to verify the validity of this method. Figure 1 shows an overview 
of the experiment by Umeda et al. [8]. The experiment was conduct-
ed in a water channel with a length of 12 m, width of 0.4 m, depth of 
0.4 m, and gradient of 1/1000. A 1.65-m long movable bed was set 
up in the middle of the water channel, and sediment was spread to a 
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thickness of 0.135 m. The front and rear of the movable bed were 
raised with acrylic plates so that they would be level with the sand 
surface. We installed a plastic cylindrical model with a diameter of 
D = 32 mm in the center of the movable bed. We used sediment with 
properties of d50=0.139 mm, d60/d10=1.78, and specific gravity of 
2.65 for the sediment in the movable bed. Water was flowed up-
stream at a rate of Q =9.985 L/s, with an average water depth h0 of 
0.146 m and average flow velocity U0 of 0.171 m/s. The Froude 
number Fr was 0.143, and the Reynolds number Rec with respect to 
the cylindrical pile diameter was 4560. The experiment was carried 
out under clear water condition. Water was allowed to flow for 620 
minutes.

The analysis conditions are shown below. After we confirmed 
that the positions of the inflow and outflow boundaries did not sig-
nificantly impact the flow computation, we set an area with a length 
of 4.65 m, width of 0.4 m, and height of 0.281 m, shown in the red 
frame in Fig. 1, as the analysis area. The minimum grid near the 
riverbed in the vicinity of the cylindrical pile was set as a cube with 
a side length of 1.0 mm, and we set unequally spaced grids with 750 
grids in the x direction (downward flow direction), 260 grids in the 
y direction (transverse direction), and 128 grids in the z direction 
(vertical direction). The origin of the x − y coordinates was the posi-
tion of the center of the cylindrical pile model, and the initial river-
bed surface was set as z =0.0 m. The inflow boundary was fixed at 
U0=0.171 m/s, and the outflow boundary was set as the convective 
outflow condition. The time step was set as a dimensionless time 
interval ∆t =0.0002 (real time equivalent ∆treal=0.00117 s). First, we 
only conducted fluid computation with the initial value set to a uni-
form flow, and once a flow was sufficiently developed, we started 
the coupled computation of the fluid computation and riverbed de-
formation computation. The sediment constituting the movable bed 
was set as particles with a uniform size of d =0.139 mm, and the 
dimensionless critical shear stress τ*c was computed by Iwagaki’s 
empirical equation [16]. The paper by Umeda et al. [8] did not in-
clude information on the underwater angle of repose, so the under-
water angle of repose was estimated as 32° based on the shape of the 
scouring hole after the experiment, and this was reflected in the 
analysis conditions.

Using this method to generate tracked particles at all steps and 
tracking them is extremely difficult in terms of computational time 
and computer memory constraints. Therefore, in this study, we de-
cided to generate tracked particles every 100 steps (real time equiv-
alent of every 0.117 s). The tracked particle movement / deposition 
and riverbed deformation computation were conducted alternately 
with fluid computation at each step. Tracking was stopped and the 
particle deleted when the tracked particle moved out of the movable 
bed area in Fig. 1.

3.2 Computational results

Figure 2 shows the analysis results of the flow velocity distribu-
tion and streamlines of the longitudinal cross-section (on the water 
channel centerline) on the upstream side of the cylindrical pile at 
600 minutes of water flow. The color contour of the flow velocity 
distribution is dimensionless at an average flow velocity of 0.171 
m/s on the upstream side. From Fig. 2a–b, a horseshoe-shaped vor-
tex was formed, and the flow velocity on the riverbed surface in-
creased, with many pick-ups seen in this area. Meanwhile, in 
Fig. 2b–c, the flow velocity at the riverbed surface was small, so 
there were few pick-ups, and there was sliding according to the un-
derwater angle of repose as the hole made by scouring expanded.

Figure 3 shows a comparison of the experimental results and 
analysis results of the riverbed surface displacement after 620 min-
utes of water flow. The upper half of Fig. 3 shows the experimental 
results, and the lower half shows the analysis results. The left side of 
Fig. 3 shows the upstream side, and the right side shows the down-
stream side. The scouring hole in the analysis results has an inverted 
conical shape that is similar to the experimental results shown in 
Umeda et al. [8], and the scouring depth was a maximum from the 
cylindrical pile upstream shoulder to near the cylindrical pile front 
surface. The analysis results agreed well with the experimental re-
sults for the scouring range on the upstream side of the cylindrical 
pile as well. Meanwhile, on the downstream side of the scouring 
hole, though there was the temporary formation of a deposition area, 
the turbulent flow behind the cylindrical pile picked up the sediment 
grains and moved them downstream, and a deposition area seen in 

Fig. 2  Flow velocity distribution and streamlines in lon-
gitudinal cross-section of cylindrical pile at 600 
minutes of water flow

Fig. 3  Comparison of experimental results [8] (top) and 
analysis results (bottom) of riverbed surface dis-
placement after 620 minutes of water flowFig. 1 Experiment overview diagram
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the experiment was not reproduced as a result. This is thought to be 
due to the lack of reproducibility of the flow field in the wake of the 
cylindrical pile. The lack of consideration of the turbulence field 
around the structure in the average step length equation in the depo-
sition model may also be a factor behind this error. The lack of 
consideration of the impacts of interference between tracked parti-
cles and sediment concentration on the sediment movement path 
computations may also have been a factor. However, although the 
deposition area was not reproduced, the extent of the scouring, 
which is important in bridge pier stability computation, was well 
reproduced, and it is thought that useful results were obtained from 
this method.

Figure 4 shows the change in scouring depth over time. (a) 
shows the scouring depth at the cylindrical pile front surface, and (b) 
shows the scouring depth at the cylindrical pile upstream shoulder. 
The black squares show the experimental results, and the red lines 
show the analysis results. The analysis results reproduced the in-
creasing trend in scouring depth for both the cylindrical pile front 
surface and shoulder well, and the error in scouring depth at around 
600 minutes of water flow was within 10% for both the front surface 
and shoulder.

Figure 5 shows the five-second trajectory of the tracked parti-
cles that were picked up at the cylindrical pile front surface (position 
a in Fig. 5) at 100 minutes of water flow. Blue and green show the 
tracked particle bed load and suspended load states, respectively. 
The tracked particles that were picked up at the cylindrical pile front 
surface moved upstream while repeatedly coming into contact with 
the riverbed (Fig. 5a–b). The tracked particles transitioned to sus-
pended load by being lifted by the upward flow of the horseshoe 
vortex halfway up the slope on the upstream side (Fig. 5b–c) and 

moved downstream from the transition position as suspended load 
under the influence of water flow (Fig. 5c–f). This type of sediment 
movement at the cylindrical pile front surface was also reported in 
the experiments by Umeda et al. [8], and we were able to reproduce 
the characteristics of the experimentally observed three-dimension-
al sediment movement with the present method.

Figure 6(a) shows the sediment pick-up amount (cumulative 
value) for 10 minutes from 100 minutes of water flow, (b) shows the 
amount that transitioned to suspended load (cumulative value), and 
Fig. 7 shows the vertical direction component (time-averaged value) 
of the dimensionless flow velocity at the cell closest to the riverbed. 
In Figs. 6 and 7, the white lines indicate the positions where the 
riverbed surface is z = 0.0 m. As shown in Fig. 6(a), sediment pick-
up was often observed at the cylindrical pile upstream shoulder and 
in the middle of the scouring hole. The radial distribution is thought 
to be sediment pick-up due to the sliding model. Figure 6(b) shows 
that there were many transitions from the cylindrical pile upstream 
shoulder to the cylindrical pile side. There was also an area with a 
large transition volume distributed concentrically from the middle 
of the scouring hole to the outer edge. When considering the particle 
trajectories in Fig. 5 and the vertical flow velocity distribution in 
Fig. 7, it is expected that the sediment particles moving on the 
scouring hole slope are lifted by the upward flow near the bottom 
and transition to suspended load.

4. Conclusion

In this study, we constructed a riverbed deformation analysis 
method that integrates bed load and suspended load for computa-

Fig. 4 Temporal change in scouring depth

Fig. 5 Trajectory of sediment particles picked up from cylindrical pile front surface
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tions using a three-dimensional equation of motion. As the first step 
of the verification of the validity of our method, we conducted a re-
production analysis of a scouring experiment around a cylindrical 
pile [8].

The riverbed displacement in the analysis result was different 
from that in the experimental result in that the former did not exhib-
it a deposition area downstream of the scouring hole, but the scour-
ing hole shape and scouring extent were in good agreement. Regard-
ing the temporal change in scouring depth, the increasing tendency 
of the scouring depth was accurately reproduced. Regarding the 
movement of sediment particles at the cylindrical pile front surface 
as well, we qualitatively confirmed that the experimentally observed 
three-dimensional sediment movement was reproduced by our 
method. It was concluded from the above results that it was possible 
to evaluate local scouring with consideration of three-dimensional 
sediment movement using our method. As a result, it is expected 
that this could be applied to more complex conditions, such as when 
scouring countermeasures are present. Confirmation of the repro-
ducibility of the flow field in the wake of the cylindrical pile and the 
refinement of the deposition model are thought to be tasks for future 
study.

This paper is a re-organization of Reference 17.
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Wooden Sleeper Deterioration Evaluation System 
Using Image Analysis of Video
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This paper describes the development of a low-cost, simple system for inspecting wooden sleepers using 
images taken with a forward-facing handheld camera placed at the front of a train. This system is expected 
to save labor for inspecting track facilities.  The system uses deep learning to classify the deterioration of 
wooden sleepers from images. In this paper, we report the outline of the system: classification accuracy, and 
verification results to see if the progress of deterioration can be assessed.
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1. Introduction

Track maintenance engineers manage wooden sleepers laid on 
tracks and determine their degree of deterioration by visual inspec-
tion or hammer test. In the case of successive wooden sleepers 
poorly fastened to the rails, the track gauge may expand due to lat-
eral pressure when a train passes, potentially causing a derailment 
accident. The inspection of wooden sleepers is therefore an essential 
part of track inspections. Due to the large number of wooden sleep-
ers, wooden sleeper inspection is more labor intensive than other 
types of inspection such as for track irregularity or turnouts. In addi-
tion, recent years have seen a growing shortage of track mainte-
nance engineers, creating a need to develop inspection methods that 
are more efficient and do not depend on individual expertise. How-
ever, if the sleeper inspection is to be systematized, a simple and 
low-cost inspection method is required so that it can be introduced 
to local railways as well.

This paper therefore proposes an inspection method which 
employs inexpensive equipment and systems, and involves install-
ing a handheld camera at the front of a train and automatically cate-
gorizing the degree of deterioration of wooden sleepers from the 
recorded images [1]. This method uses a commercially available 
handheld camera with an image resolution of 4K (8.29 million pix-
els) or higher. In addition, the proposed method uses deep learning 
to determine the degree of deterioration of wooden sleepers, allow-
ing inspections to be carried out independent of the skills of track 
maintenance engineers.

In this paper, we give an overview of the wooden sleepers dete-
rioration evaluation system and report the accuracy of the algorithm 
used in the system. We also discuss whether this system can monitor 
progression in wooden sleeper deterioration.

2. Wooden sleeper deterioration evaluation system

2.1  Overview of wooden sleeper deterioration evaluation sys-
tem

The wooden sleeper deterioration evaluation system uses imag-

es taken from the front of a train to evaluate the degree of deteriora-
tion of wooden sleepers (Fig.1). 

The flow chart in Fig. 2 illustrates how the algorithm in this 
system evaluates wooden sleeper deterioration. First, we perform a 
projective transformation on the image in front of the train (forward 
view images) to create a pseudo-underfloor image. Next, a mathe-
matical model to evaluate wooden sleeper deterioration, which has 
been pre-trained using deep learning, is used to extract wooden 
sleepers from the pseudo-underfloor image and determine their de-
gree of deterioration. The purpose of creating a pseudo-underfloor 
image is to prevent the non-uniform aspect ratio of wooden sleepers 
in forward view images from affecting the accuracy of extracting 
wooden sleepers and determining the degree of deterioration using 
deep learning. We also calculate the number of pixels the object 
moves between frames to determine the train's running speed and 
distance traveled, and link the kilometerage information to the ex-
tracted wooden sleepers. We then output the pseudo-underfloor im-
age, noting the extracted location of the wooden sleepers and the 
category of the degree of deterioration. We also detect rail joints 
from the pseudo-underfloor image, and use clustering to accurately 
identify the number of rails present in the captured image and the 
number of sleepers attached to each rail. This produces a sleeper 
management form for each rail.

2.2 Capturing forward facing images from the driver’s cab

We installed a handheld camera in the driver's cab at an over-
head angle to capture forward facing images from the train (Fig. 3). 
Table 1 shows the main specifications of the handheld camera used. 
If the camera has a resolution of 4K or higher, images can be pro-
cessed and used to detect deterioration through this system. In addi-
tion, we confirmed that no sleepers were missed when recording 
happened at standard frame rate of 30fps when the train was operat-
ing at conventional-line running speed.

2.3 �Creating�a�pseudo-underfloor�image�using�projective�trans-
formation

In forward view images, objects become thinner from the front 
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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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to the back of the image and appear trapezoidal. Therefore, we use 
projective transformation to convert the forward view image into an 
image which appears to have been taken from directly above. 
Figure 4 shows an example of the result of the projective transfor-
mation. The projective transformation process calculates the four 
coordinate points of a trapezoidal area (abcd) in the forward view 
image to the four coordinate points of a rectangle (abc’d’) corre-
sponding to the aspect ratio of the actual sleeper. The size of the 
image after conversion is 1,920 × 800 pixels, and it is an image that 
reflects an area approximately the size of two sleepers.

2.4 Kilometerage estimation [2]

Railway facilities are maintained and managed on the basis of 
kilometer points corresponding to the position of installations. For 

example, data measured by track inspection cars are corrected by 
detecting fixed points at assigned kilometer distances along railway 
tracks. In image analysis, a similar approach can be used to detect 
fixed points and assign kilometer distances to each frame. In this 
study, however, the aim is to achieve this using only handheld cam-
eras. Therefore, we estimate the kilometer point directly from the 
forward view images. 

The kilometerage data are generated using the speed of train 
movement calculated by image analysis from between the two im-
ages. Optical flow is used to calculate the velocity vectors for all 
pixels in the images. The moving speed [pixel / frame] of the train 
in each frame takes the most frequent value of the speed vectors 
from which outliers have been removed.

The pixel movement speed in each frame is accumulated to 
create the distance data for each pixel. When the distance at the start 
of the video is 0, the distance the pixel moves at frame t is found by 
integrating the speed from 0 to t. Since the integration results in-
clude errors, the kilometerage and travel distance at the time of the 
start of shooting are used to adjust the distance in pixels to the image 
frame and create kilometerage data for the image frame.

2.5  Wooden sleeper deterioration evaluation using deep learn-
ing

We extract wooden sleepers and determine the degree of dete-
rioration using a deterioration degree determination model that is 
pre-trained using deep learning on the pseudo-underfloor image.

2.5.1 Development of training data

To develop the deterioration evaluation model, we use VoTT 
(Visual Object Tagging Tool) provided by Microsoft to create train-
ing data by tagging areas based on the shape and degree of deterio-
ration of the wooden sleepers. Figure 5 shows the standard for 
evaluating the degree of deterioration of wooden sleepers. Defective 
sleepers are classified A1 to B, minor damage is classified C, and 
good sleepers are classified D. In addition, if the surface of the 

Fig. 1 Wooden sleeper deterioration evaluation system

Fig. 2 Flow chart of algorithm to evaluate
 wooden sleeper deterioration

Fig. 3 Camera installation status

Table. 1 Main specifications of handheld cameras

Fig. 4  Pseudo-underfloor image by a projective trans-
formation
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sleeper is hidden or buried by a lot of ballast or grass, and the degree 
of deterioration cannot be determined properly from the image, it is 
marked as undetermined (no classification is made). Besides, PC 
sleepers are determined as independent categories, thus classifica-
tion of sleepers is 7 categories. Categories A1 to B indicate that the 
sleepers are in poor condition. Based on normal management, A1 
category sleepers should be replaced as soon as possible. If there are 
3 successive category A2 sleepers, these should be replaced as soon 
as possible. Category B sleepers should be monitored over time. 
Figure 6 shows an example of training data created using VoTT.

2.5.2 Data augmentation [3]

Deep learning enables high accuracy classification through 
training from a large amount of image data. However, many of the 
pseudo-underfloor images obtained so far are of well-maintained 
sleepers, and there was a shortage of training data for degraded 
sleepers. Acquiring training data for degraded sleepers involves 
capturing photographs on various sections and is labor-intensive. 
The lack of training data can be considered one of the factors to a 
decrease in accuracy of degraded sleeper assessment. Therefore, we 
needed to efficiently obtain training data for defective sleepers.

Consequently, we performed two types of image processing on 
the images that serve as training data (referred to as “original imag-
es”) to augment the training data. The first method was image color 
tone processing. As shown in Fig. 7, four images with different lev-
els of “brightness” and “contrast” were created from the original 
images. When processing the color tones, variations of ±60% were 
applied to the brightness and light-dark ratios to account for envi-
ronmental changes that may occur during actual capturing, such as 
the influence of weather and the movement of the sun. The second 
was noise addition. As shown in Fig. 8, we used two noise process-

ing techniques. One was to assume the white noise that occurs 
during shooting, and to determine the RGB values and positions 
using random numbers we generated 1,000 dots for each original 
image. The other method was to take into account the blurring of 
images that can occur due to train vibrations or low brightness when 
shooting and used smoothing processing using an averaging filter to 
blur the images.

2.5.3 Development of deterioration evaluation model

We performed a total of 6 types of image processing, and thus 
managed to increase existing data for A1 category sleepers approxi-
mately 4 fold, approximately 5 fold for category A2 and B sleepers 
and one and half times for category C sleepers. Table 2 shows the 
number of sleepers tagged in existing original images (approximate-
ly 100,000 images) and the number of sleepers tagged in the ex-
panded number of images (approximately 100,000 images). As a 
result, we used approximately 200,000 images and attached 370,000 
tags to construct the deterioration evaluation model.

A deterioration evaluation model was created using a deep 
learning technique on the training data. For deep learning, we used 
YOLOX as the network architecture. YOLOX is a method that si-
multaneously performs object detection and identification in deep 
learning. When applied to input images, YOLOX’s identifier pro-
vides outputs including object category, category class confidence 
(probability), horizontal position, vertical position, width, and 
height.

2.6 Identification�of�sleepers

The same sleepers and rail joints are visible in several frames in 
the pseudo-underfloor image converted from forward view images, 

Fig. 5  Wooden sleeper deterioration evaluation stan-
dard

Fig. 6 Training data created using VoTT

Fig. 7 Data augmentation (color processing)

Fig. 8 Data augmentation (noise processing)
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so it is necessary to identify them as being the same. When assign-
ing kilometers to several frames, those that are close together can be 
considered to be the same sleeper or rail joint. We therefore used the 
shortest distance method, which is a type of cluster analysis method, 
to group the sleepers. The number of groups obtained corresponds 
to the number of sleepers and rail joints on the track. The threshold 
for the shortest distance between sleepers and rail joints to be either 
be grouped as the same sleeper/joint or considered separate was set 
at 20 cm from the width of the sleeper for sleepers and 1 m to 2 m 
for rail joints. To categorize the level of sleeper deterioration, the 
sleeper with the most advanced level of deterioration within the 
cluster was adopted for identification, ensuring a conservative ap-
proach for safety assessment.

3. Accuracy�verification�of�deterioration�evaluation

3.1 Evaluation�method�of�classification�accuracy

We evaluated the accuracy of this algorithm using two meth-
ods. In the first method, the evaluation was performed by comparing 
the classification results of track maintenance engineers who visual-
ly checked the pseudo-underfloor image (image classification re-
sults) with the classification results of the algorithm (system classi-
fication results). In the second method, the evaluation was 
performed by comparing the system classification results with the 
results determined visually and acoustically by track maintenance 
engineers on-site (on-site inspection results). 

3.2 �Evaluating�classification�accuracy�(comparison�with�image�
classification�results)

For the 16,033 sleepers detected using this algorithm, the im-
age classification results were used as the correct values and com-
pared with the system classification results. Figure 9 shows an ex-

ample of the system classification results, and Table 3 shows the 
agreement rate of the classification for each degree of deterioration 
of the wooden sleepers. The agreement rate for the degree of deteri-
oration of the wooden sleepers was 88.6% for category C, and over 
90% for category D and B to category A. In addition, the rate was 
72.1% for unclassified cases and 98.5% for PC sleepers. Further-
more, regarding sleeper detection accuracy, the system detected 
16,033 sleepers out of a total of 16,111 (detection rate 99.5%), indi-
cating that sleepers could be detected with a high probability. 
Figure 10 shows the ratio of system classification results to image 
classification results. The ratio of defective sleepers (categories A2 
and B) to non-defective sleepers (categories C and D) was approxi-
mately 7%.

3.3 �Evaluation�method� of� classification� accuracy� (comparison�
with�on-site�inspection�results)�[4]

For the 695 sleepers detected using this algorithm, the on-site 
inspection results were used as the correct values and compared 
with the system classification results. This means that consistency 
with the current sleeper inspection was verified. Table 4 shows the 
rate of system classifications which matched the correct classifica-
tions for “A2 and B” as “defective sleepers” and “C and D” as 
“non-defective sleepers.”

The match rate was 53% for category A2, 86% for category B, 
0% for category C, and 78% for category D. In the images used for 

Fig. 10  Proportion of system classification results to 
image classification results

Fig. 9  Detection of wooden sleepers and deterioration 
evaluation results

Table. 2 Number of tagged sleepers

Table. 3  Accuracy of wooden sleeper deterioration clas-
sification

Table. 4  Accuracy of classification by level of deteriora-
tion 
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verification, there was a lot of visible damage on the sleeper surfac-
es, so a high percentage of category C sleepers were classified as 
category A2 or category B.

Compared with the match rate in the image classification re-
sults in Table 3, the match rate with the on-site inspection results 
was low for all categories. The reason for this is thought to be be-
cause damage that is difficult to classify on images can be detected 
during on-site inspections by performing a hammer test.

The correct answer rate for defective sleepers was 99%, and the 
correct answer rate for non-defective sleepers was 74%. It is there-
fore considered that there is sufficient accuracy in determining 
whether the sleeper is defective or not. Figure 11 shows the ratio of 
the system classification results to the on-site inspection results. The 
percentage of the on-site inspection results that the system classified 
as dangerous was 47% for category A2, 2% for category B, and 8% 
for category C. Since the percentage of category A2 sleepers being 
classified as non-defective sleepers was 1%, the probability of mis-
judging defective sleepers (categories A2 and B) as non-defective 
sleepers (categories C and D) is low.

3.4 Analysis of variation in evaluation results [5]

We used the images of 218 sleepers to confirm the dispersion 
between the image classification results and the system classifica-
tion results. Figure 12 shows the image classification results and the 
system classification results for each deterioration category. We can 
confirm that there is variation in both classification results. Regard-
ing category C, the image classification results show less variation 
than the system classification results. The reason for this is that 
while the system classifies images based on limited training data, 

image classification allows more detailed images to be checked for 
damage that is difficult to categorize.

Next, we analyzed variation in correct answer rates between the 
two classification results. For example, for a category B sleeper, if it 
was classified as category B in both image categorization and sys-
tem classification, the score will be 0, if it is classified as category 
A2, it will be +1, if it is classified to be a category C, it will be −1, 
and if it is classified as category D, the score is −2. The histogram in 
Fig. 13 shows the scores for all sleepers. The shape of both histo-
grams is similar, indicating that the system results follow the same 
tendency as the results from image categorization.

4. Examination evaluation of progress in deterioration

We compared the results of the 2021 and 2022 field inspections 
to confirm whether or not the deterioration level of the 128 wooden 
sleepers had also progressed based on the system classification re-
sults.

Figure 14 shows the progression in the degree of deterioration 
from on-site inspection results and system classification results, 
while Table 5 shows the percentage of agreement between on-site 
inspection results and system classification results. Table 5 also 
shows the year-on-year percentage changes in deterioration based 
on the system classification results.

Fig. 11  Proportion of system classification results to on-
site inspection results

Fig. 12  Distribution of image classification results and 
system classification results

Fig. 13 Distribution of classification result scores

Fig. 14 Number of deterioration progression

Table. 5 Match rate by type of deterioration progression
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There was approximately 70-90% agreement on the progress 
ion from C or category D to defective sleeper category B, and ap-
proximately 30-50% agreement on the progression from each cate-
gory to category A2. In addition, the percentage of sleepers which 
had moved up a category in level of deterioration was 83%. This 
system therefore has the potential to recognize progression of dete-
rioration in sleepers with an accuracy of approximately 80%.

5. Summary and future work

This paper describes the development of a low-cost system that 
evaluates the degree of deterioration of wooden sleepers from imag-
es taken with a handheld camera from the front of a train. We veri-
fied the classification accuracy of this system and found the follow-
ing:

- Comparing the image classification results visually classified 
by track maintenance engineers with the system classification re-
sults of this algorithm, it was confirmed that the classification accu-
racy of this system was over 90%.

- Comparing the on-site inspection results by track mainte-
nance engineers with the system classification results, it was con-
firmed that this system can classify defective sleepers (categories 
A2 and B) with 99% accuracy.

- Analyzing the dispersion between image classification results 
and system classification results, it was confirmed that the system 
classification results had the same variation as the image classifica-
tion results.

- As a result of verifying the ability of this system to detect the 
progression of deterioration of wooden sleepers, we were able to 
identify approximately 80% of the sleepers whose deterioration had 
progressed based on data from on-site inspection.

 This system makes it possible to detect defective sleepers with 
a high degree of accuracy and also efficiently track progression the 
degree of deterioration of wooden sleepers. In future, we will study 
how to apply this system to the inspection of wooden sleepers and 
aim to put it into practical use.
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Rail fastening systems are generally designed to provide a certain level of electrical insulation to pre-
vent rail current from leaking through the supporting track components to the earth. Despite this, some 
cases have been reported where, in some installation environments, the electrical insulation of rail fastening 
systems has deteriorated, resulting in transport disruptions caused by incidents such as ground faults and 
short circuits. Thus, we studied the applicability of resin materials to rail fastening members to prevent the 
reduction of the electrical insulation. Based on the results of this study, we produced a prototype of a rail 
fastening system using resin members and evaluated its performance. The performance evaluation of the 
prototype confirms that the prototype has the sufficient performance to be installed on a conventional rail 
track.

Key words: rail fastening system, CFRP, FRTP, GFRP, electrical insulation

1. Introduction

Rail fastening systems are among the track components fasten-
ing rails onto rail supporting components, such as rail sleepers and 
slabs. They are required to provide electrical insulation between 
rails and supporting components to prevent signal currents and re-
turn rail currents from leaking to rail supporting components.

Surface contamination due to dust deposits, especially in wet 
conditions, can be cause of insulation performance deterioration of 
rail fastening systems.  The insulation deterioration sometimes leads 
earth faults, which may sometimes result in a track fire or smoke 
accident on steel bridges and so on. 

To address these issues, fastening systems are required to have 
sufficient electrical insulation performance even in wet and dusty 
environments.

In general, principal members of rail fastening systems, such as 
rail clips, baseplates and lateral support blocks, subject to railway vehi-
cle loads through the rail, are made from metallic material because they 
are better in terms of durability, ease of production and cost.

For reasons of cost, the use of non-metallic materials, however, 
is limited to use on members which require electrical insulation. 
Thus, applying non-metallic material to main components of rail 
fastening systems is expected to improve electrical insulation per-
formance.

However, there are few cases where non-metallic materials are 
used as the main members of rail fastening systems. As a result, 
there is so far almost no knowledge on structural optimization con-
sidering load application and the evaluation process of external 
factors. In this study, the authors conducted a feasibility study on 
using non-metallic materials for the main members of rail fastening 
systems to drastically reduce the risk of transport disruption caused 
by the electrical insulation performance deterioration of fastening 
systems.

Based on the feasibility study results, the authors also conduct-
ed a trial production of rail fastening systems made with non-metal-
lic members. Electrical insulation performance tests and fatigue life 
resistance tests were performed using the prototype rail fastening 
device.

2. Members of the rail fastening system

2.1 Selection of rail fastening system type

The “Direct eight fastening system,” D8, was selected as a rail 
fastening system using non-metallic members, since it is generally 
applied for slab tracks in Japan. Figure 1 shows the composition of 
this rail fastening (D8).

The D8 is a structure that bears the railway vehicle loads by 
means of steel rail clips and baseplates, and ensures electrical insu-
lation between the rail and the bearing by a non-metallic insulating 
plate.

This study aims to replace steel rail clips and baseplates with 
non-metallic members, among the members shown in Fig. 1.

2.2 Performance requirement of the members

While the use of non-metallic materials for components can be 
expected to improve electrical insulation, the strength of the mem-
bers may decrease. Therefore, the target performance was set for 
non-metallic rail clips and baseplates respectively, as shown in 
Table 1.

The reasons for setting the performance targets set for each are 
as follows:
(1) Rail clip

The rail clips applied non-metallic material should have the 
strength equivalent to steel enough to resist the rail tilting and with-
out excessive uplift stiffness.

When the uplift stiffness increases, the spring’s ability to follow 
the vertical displacement of the rail tends to decrease. This is why 
the performance target was set to realize spring characteristics 
equivalent to those of conventional metal materials.
(2) Baseplate

Baseplates are a large component in rail fastening systems. The 
use of non-metallic materials therefore makes it possible to integrate 
the insulation function of baseplate shims, reducing the number of 
members in the fastening system.

However, use of non-metallic materials for the baseplate may 
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some examples of the practical application of the newly developed reinforcement method.

Keywords: earth retaining structure, aseismic reinforcement, soil reinforcement

1.  Introduction 

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

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

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

2.  Aseismic reinforcement of bridge abutments 

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

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

Fig. 2   Examples of conventional reinforcement method 
for existing masonry wall
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lead to a reduction in loading capacity against lateral loads.
Considering these issues, the target performance was set to en-

sure that materials used and their shape achieved sufficient strength 
for lateral load.

2.3 Selection of non-metallic materials applied

The non-metallic materials used for the rail clip and baseplate 
were selected considering the target performance shown in Table 1.

Fiber-reinforced plastic, FRP, was selected since it has the same 
strength as metal material.

 Considering the feasibility of the target performance, we se-
lected three kinds of material shown below among FRPs.
・Carbon fiber reinforced plastics, CFRPs;
・Glass fiber reinforced plastic, GFRPs;
・Chopped carbon fiber reinforced thermoplastic, FRTPs.

Although the electrical insulation property of CFRPs is rela-
tively inferior to the other FRPs, it is superior to metal materials. 
Considering the feasibility of uplift stiffness, we finally selected 
CFRPs as the materials for the rail clip and examined them.

For the baseplates, GFRPs and FRTPs were both selected from 
the viewpoint of mechanical strength.

3. Applicability examination of non-metallic materials

3.1  Proposal and manufacture of rail fastening assembly using 
non-metallic materials

To examine suitability, we proposed a rail fastening assembly 
using materials selected in Chapter 2.3 and manufactured a proto-
type. The proposed design of each member is shown in Fig. 2.

The rail clip made with CFRP was designed to fit a bolt-on 
fastening assembly. The cross-section of the clip is a flat plate with 
a curved edge, so that the rail fastening position of the clip can be 
changed in response to the change in the vertical position of the rail. 

The baseplate made of GFRPs and FRTPs is designed consid-
ering the compatibility with the existing D8 described in section 2.1, 
such as the position of bolt holes for fastening the baseplate to a rail 
supporter. The volume of the baseplates is increased compared with 
that of D8 made of steel to increase electrical insulation and strength 
against horizontal loads. The functional integration of members of 
the fastening assembly by improving the electrical insulation of the 
baseplate means that it is possible to reduce the number of members.

Table 2 shows the configuration of the proposed fastening as-
sembly. Figure 3 shows the members of the prototype fastening as-
sembly. The molding method was as follows:
(1) CFRP fastening spring (Fig. 3(a), Fig. 3 (b))

Pre-preg which is made from carbon fiber textiles and an epoxy 
resin is laminated to form a reinforcing structure with carbon fibers 
oriented in the longitudinal direction of the rail, perpendicular to the 
rail, and in the ±45° direction thereof.
(2) GFRP baseplate (Fig. 3 (c), Fig. 3 (d))

Epoxy resin-impregnated glass fiber fabrics are laminated and 
compression molded. To provide loading capacity, the shoulder 
section has a structure in which the reinforcing fibers in the 
cross-section are bent upward by 90°.
(3) FRTP baseplate (Fig. 3(e) and Fig. 3 (f))

This is made by injection molding, in which heated molten 
resin is injected into a mold. The bottom is lattice-shaped to reduce 
the effects of strain caused by the slow cooling process, compared 
with the case of a solid structure. 

3.2 Prototype strength test of designed members

Following the material strength test, performance tests are con-
ducted to explore the feasibility.
(1) CFRP rail clip

The test is conducted to obtain the uplift stiffness of prototype 
rail clips.

Figure 4(a) shows the test setup. Following the rail fastening 
process using rail clips, when the rail is lifted using an actuator in a 
vertical direction, the uplift stiffness is obtained from the relation-
ship between vertical load and rail height.

Figure 4(b) shows the test results. The uplift stiffness of proto-
type rail clips is 7.7 MN/m between 4 kN and 12 kN in load, where 

Table 1 Target components and applied materials

Table 2 Material composition of proposed components
Fig. 1 Type direct 8 (D8) fastening system

Fig. 2 Prototype of proposed structure
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the axial force of the fastening bolts is around 5 kN. This value is 
about thirteen times that obtained using the D8. 

 It can be considered that this is the effect of the thickness of the 
rail clip. It is clear that the thickness of the clip should be reduced to 
increase its deformation in order to have the uplift stiffness near to 
that of the D8.
(2) GFRP and FRTP baseplates

Tests were conducted to obtain the loading capacity of the 
GFRP and FRTP baseplates against the lateral force applied. The 
applicable curve radius of rail for the baseplates, which is defined in 
the Japanese design standard for railway structure[1], was selected 
on the basis of this test result. 

As shown in Fig. 5, the lateral force acts on the bottom of the 
rail on the assembled rail fastening systems. The relationship be-
tween load and displacement of the rail or baseplate is obtained. The 
loading continues until the destruction of the baseplate is observed.

Figure 6 shows the test results, where the arrows indicate the 
points where baseplate slides occur. All the tested baseplate slides 
occur when the lateral load is less than 60 kN, equivalent to the lat-
eral force where the axial load is 150 kN and curve radius is less 
than 600 m. Therefore, considering this result, the applicable condi-
tion of this prototype baseplate is set as a curve radius of 600 m or 
more with a design axial load of 150 kN.

4.  Proposed calculation method for resin member design refer-
ence values 

The fatigue resistance of rail fastening members is evaluated by 
comparing the generated stress with the design reference values.

For steel members, endurance limit diagrams have been used as 
design reference values for each steel material, because the fatigue 
resistance evaluation methods have been already established.

For resin members, although their mechanical strength is af-
fected by environmental conditions of where they are installed, such 

as temperature and ultraviolet rays, so far, design reference values 
reflecting these conditions have not been defined. Therefore, the 
authors proposed a provisional method for calculating design refer-
ence values for stresses in resin members. The proposed formula is 
shown in (1).
|Dsi| = (Ps−3σ)×(1−CT)×(1−CWA)×(1−CF)×(1−CW) (1)
There, 
Dsi: design basis value
Ps: standard temperature property value
σ: standard deviation of the mechanical strength at standard tem-

perature
CT: temperature reduction factor
CWA: water absorption reduction factor
CF: fatigue degradation factor
CW: weathering degradation factor.

The method to determine the various factors are shown below. 
(1) Temperature reduction factor CT

The temperature reduction factor is the reduction ratio in the 
minimum mechanical strength between -20 and 60°C relative to the 
mechanical strength at the standard temperature of 23°C. CT of 
CFRPs is not considered because the tensile strength of CFRPs gen-
erally have no temperature dependence.
(2) Water absorption factor CWA

The mechanical strength of FRTP decreases due to moisture 
absorption. Therefore, the water absorption factor is defined as the 
reduction ratio of the strength on water absorption from the strength 

Fig.5 Test of lateral spring coefficient (FRTP)

Fig. 6  Relationship between load and lateral displace-
ment

Fig. 3 Components appearance

Fig. 4 Measurement of spring coefficient of CFRP clip
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on drying.
(3) Fatigue degradation factor CF

In this case, the fatigue degradation factor is provisionally set at 
0.1, assuming use in conditions where fatigue failure does not occur.
(4) Weathering degradation factor CW

It was assumed that no significant reduction in member 
strength would occur because the effect of UV rays would be limited 
to within a few hundred micrometers on the surface layer. There-
fore, the value was provisionally set at 0.1.

Based on the above, measured and provisionally assumed val-
ues were set as the reduction factor and design basis values were 
calculated. Table 3 shows the results of the calculation.

In order to improve the accuracy of the reference values, mate-
rial characterization tests should be conducted for CF and CW, which 
were set as provisional values.

This formula focuses only on mechanical strength. In addition 
to the above-mentioned properties, tests on creep and abrasion resis-
tance properties should be conducted when assessing the applicabil-
ity of resin materials.

5. Performance tests of prototype members

5.1 Static and dynamic two-directional loading tests

Static and dynamic two-directional loading tests were conduct-

ed to evaluate the fatigue resistance of the rail fastening assembly 
consisting of the prototype members, such as the rail clip and base-
plates. Figure 7 shows the setup of the loading tests. In the test, the 
reproduced load which railway vehicle generates is applied to the 
gauge side and the field side of rail tracks, respectively.

The static two-directional loading test was conducted to evalu-
ate the generated stress of the rail clip against the design load. 
Table 4 shows the design conditions. The distributed force which 
acts on a set of the rail fastening assembly are calculated using the 
proposed finite element method (FEM) model [2] for the derivation 
of rail tilt considering the design conditions and several stiffnesses 
of rail fastening assembly obtained in the tests conducted in ad-
vance. Table 5 and Fig. 8 show the loading test loading conditions 
based on the distributed force. 

Figure 9 and Fig. 10 show the measuring point of the stress and 
the relationship between load and stress respectively. The dotted 
line in Fig. 10 is the design value of mechanical strength calculated 
using the proposed formulas indicated in Chapter 4. It was con-
firmed that the maximum tensile and compressive stress of the rail 
clips and baseplate are within the proposed design value. It is noted 
that the generated stress of the rail clip is small enough in relation to 
the physical properties of CFRPs. Hence, it is possible to reduce the 
thickness of the rail clip.

Dynamic two-directional loading tests were conducted to eval-

Table 4 Design conditions

Fig. 7 Two-directional loading test

Table 5 Two-directional loading conditions

Fig. 8 Two-directional loading conditions

Table 3 Calculation results
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uate the fatigue resistance of the rail fastening assembly. One mil-
lion cyclic loadings were carried out by applying alternate loads 
from the gauge side and field side under the same conditions as the 
static loading test. After completion of cyclic loading, a visual check 
was conducted, and no damage was observed. 

As a result, it was confirmed that the prototype fastening mem-
bers had fatigue resistance that could be installed under the track 
conditions shown in Table 4. 

5.2 Electrical insulation resistance test

The electrical insulation resistance test was conducted to com-
pare the electrical insulation properties of the prototype fastening 
members with the existing rail fastening system. 

Figure 11 shows the test setup. In the test, the concrete block on 
which the fastening assembly is fastened is placed on a grounded 
electrode. The alternating voltage of 10 V is applied between the rail 
and electrode. The electrical insulation resistance value is obtained 
under three testing conditions – dry, wet, and dirty, as shown in 
Table 6 following the Design Standard for Railway Structure. In 
particular, the dirty condition is the most severe for electrical insu-
lation among them. It simulates the condition where the dust accu-
mulation on the rail fastening members in a wet environment causes 
a significant decrease in the electrical resistance on the surface of 
the members. 

Figure 12 shows the test results. In this figure, the dotted line 
indicates the electrical resistance of design standard value of 1.6 kΩ 
defined as the required value of forming a track circuit for a set of 

Fig. 9 Measuring point of stress

Fig. 10 Relationship between load and generated stress
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rail fastenings at the rail fastening intervals in Table 4.
The test results show that the electrical resistance values of the 

two kinds of prototype and existing D8 exceed the limit value under 
all test conditions. In particular, the resistance of the prototypes is 
ten times that of the D8 under the dirty condition.

These results show that the electrical insulation of the proposed 
prototypes is superior to that of the existing fastening assembly even 
under the most severe conditions, i.e., with dirt.

6. Conclusions

In this paper, the authors conducted a feasibility study on ap-

plying non-metallic materials to the main members of rail fastening 
systems. The authors proposed and prototyped the CFRP rail clip, 
and a GFRP and FRTP baseplate. Performance tests of the rail fas-
tening system assembled with the proposed FRP members were 
conducted to confirm fatigue and electrical resistance. Test results 
indicated that the prototype of the rail fastening systems can be in-
stalled on conventional track. However, the spring coefficient of the 
CFRP rail clip should be justified by refining its shape, and it is 
necessary to grasp the material degradation properties of the 
non-metallic members for accurate evaluation. In future work, the 
authors will aim to resolve the above issues and optimize the shape 
of fastening members for application to sections with sharper 
curves.
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Actual Condition Survey of the Effects of Aging and Accumulated Tonnage  
on the Load-bearing Capacity of PC Sleepers
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Prestressed concrete (PC) sleepers have been treated as replacement track materials that are replaced 
each time deformation occurs. For this reason, so far, no criteria have been established for quantitative 
soundness assessment nor for replacement of these sleepers. In this research, to establish a new maintenance 
management system of PC sleepers, we collected aged PC sleepers to conduct a survey of aging deteriora-
tion, with various tests such as bending tests specified by Japanese Industrial Standards (JIS). Using the 
results, we evaluated the load-bearing capacity of aged PC sleepers through numerical analyses using a 
three-dimensional FEM model. Finally, we proposed a guideline for the service life of PC sleepers.

Key words: prestressed concrete sleeper, maintenance, service life, track

1. Introduction

Prestressed concrete (hereafter referred to as PC) sleepers are 
an important and essential track component for high-speed opera-
tion, ride comfort, and stable transportation. PC sleepers in Japan 
were first installed on a trial basis in 1951. Since then, over 40 mil-
lion sleepers have been built by the Japanese National Railways and 
the Japan Railways Group alone excluding private railway compa-
nies.

Although PC sleepers are generally expected to last approxi-
mately 50 years [1], in recent years, a large number of PC sleepers 
have exceeded this life span. This service life of 50 years is only a 
design period, and in reality, if there are no problems in operation, 
they can continue to be used. Nevertheless, it is certain that aging 
deterioration of PC sleepers will progress due to frequent train loads 
and environmental effects such as solar radiation, wind, and rain. As 
a result, there is concern that the number of PC sleepers with 
load-bearing performance problems will increase in the future. In 
addition, despite the large number of PC sleepers installed on com-
mercial lines in Japan, the number of sleepers that can be replaced 
in one night’s work is extremely limited. Consequently, there is a 
concern that at some point in the future, replacement work will not 
be able to keep up with the demand to replace a large number of PC 
sleepers which no longer satisfy load-bearing capacity performance 
in fast succession. Therefore, there is a need to set a quantitative 
service life in advance to shift to a planned maintenance manage-
ment system in the future.

Based on this context, the authors have recently been evaluat-
ing the load-bearing capacity of PC sleepers to establish a new 
maintenance management system [2, 3]. These studies have clari-
fied the tendency of deterioration in the load-bearing capacity of PC 
sleepers to some extent, but fall short of proposing a specific service 
life. Based on the above results, in this study, we collected a wide 
range of aged PC sleepers installed on commercial lines and focused 
on the following points:
(1)  Conduct various mechanical tests specified in JIS (Japanese In-

dustrial Standards) to understand the load-bearing capacity of 
PC sleepers;

(2)  Evaluate the effects of physical properties of concrete and steel 
on load-bearing capacity by numerical analysis;

(3)  Propose a reference service life for PC sleepers based on the re-
sults of a survey of actual conditions such as the load-bearing 
capacity of PC sleepers.

It should be noted that in this study, PC sleepers with deterioration 
such as frost damage and alkali-silica reaction were excluded.

2.  Load-bearing capacity evaluation of PC sleepers based on 
mechanical tests

2.1 Evaluation method

2.1.1 Outline of a PC sleeper

Figure 1 shows an outline of PC sleepers. The target PC sleep-
ers are Type 3 PC sleepers classified as 3PR and 3PO in JIS (Japa-
nese Industrial Standards) E 1201 and JIS E 1202 respectively. The 
method of introducing prestress in 3PR is the pre-tension method, 
and that in 3PO is the post-tension method. The majority of PC 
sleepers in Japan are Type 3 PC sleepers installed on straight sec-
tions and curved sections with a radius of 800 m or more. The design 
standard strength of concrete is 49.1 N/mm2. The 3PR sleepers use 
12 PC steel strands, in which each strand consists of 3 steel wires 
that are twisted together to form one strand, and each wire has a di-
ameter of 2.9 mm. The 3PO sleepers use 4 PC steel bars, in which 
each bar has a diameter of 10 mm. The 3PR sleeper has a top cover 
concrete of 25 mm and a bottom cover concrete of 30 mm, while the 
3PO sleeper has a top cover concrete of 38 mm and a bottom cover 
concrete of 37 mm.

Table 1 shows the number of the PC sleepers tested: 70 3PR 
sleepers and 65 3PO sleepers. We mainly collected PC sleepers in-
stalled in multiple railway sections in urban areas.

2.1.2 Bending test specified in JIS E 1201 and JIS E 1202

Figure 2 shows an outline of the bending test specified in JIS E 
1201 and JIS E 1202 [4, 5]. Positive and negative bending tests were 
conducted on the rail seat and center sections of the PC sleepers, 
respectively. The loading span was 700 mm. The flexural proof load 
Pcr and flexural fracture load Pu were obtained using Equations (1) 
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Earth Retaining Structures
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Earth retaining structures, such as bridge abutments and retaining walls, are con-
structed at the boundary of bridges or embankments.  There are a variety of earth retaining 
structure failure modes, therefore in order to be able to ensure rational aseismic reinforce-
ment, it is necessary to develop a range of different aseismic reinforcement methods adapted 
to the relevant earth retaining structure’s failure mode. Moreover, there are many cases where 
construction work is severely restricted due to various limitations, such as land boundaries, 
available space, and time available for construction work. Therefore, the authors propose an 
aseismic reinforcement method, which can both improve seismic performance of earth retain-
ing structures and be carried out efficiently. This paper outlines this research and describes 
some examples of the practical application of the newly developed reinforcement method.

Keywords: earth retaining structure, aseismic reinforcement, soil reinforcement

1.  Introduction 

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

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

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

2.  Aseismic reinforcement of bridge abutments 

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

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

Fig. 2   Examples of conventional reinforcement method 
for existing masonry wall
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and (2), respectively. In the test, no cracks occurred when the Pcr 
was applied, and the PC sleepers did not break when the Pu was 
applied.

Pcr = 4 * (σCPr * 0.9 + fta) * Z / L (1)
Pu = 4 * 3σpe * Z / L (2)

where σCPr is the concrete stress due to the applied prestress force, fta 
is the allowable tensile stress (3 N/mm2), σpe is the concrete stress 
due to the effective prestress force (65% effective rate), Z is the 
section modulus, and L is the loading span (700 mm). Regarding test 
results, the relationship between aging and accumulative passing 

tonnage (hereafter, the “passing tonnage”) was determined for crack 
generation and ultimate loads. The crack generation load was the 
load at which a crack was first detected via visual observation. The 
ultimate load was the maximum load, past which the PC sleeper 
could no longer hold the load due to bending.

2.1.3 Compressive strength test and static elastic modulus test

In order to determine the compressive strength and static mod-
ulus of concrete for PC sleepers, a concrete compressive strength 
test specified in JIS A1108 and a static modulus test specified in JIS 
A1149 were carried out. The maximum diameter of the cylindrical 
specimen is 50 mm because it interferes with the PC steel stranded 
wire.

2.1.4 Compressive strength test and static elastic modulus test

Figure 3 shows the measurement points for wear on the bottom 
surface of PC sleepers. The wear on the bottom surface of PC sleep-
ers was measured at three points widthways for each of the 11 cross 
sections shown in Fig. 3. There are 33 measurement points in total 
per PC sleeper. In addition, the results of measurement points that 
were clearly determined to be “chipped” rather than worn out by 
visual inspection were excluded.

2.2 Evaluation method

2.2.1 Bending test

Figures 4 and 5 show the positive bending test results for the 
rail seat section, including the flexural proof load Pcr and the flexur-
al fracture load Pu. The figures indicated that the crack generation 
load and maximum load decreased gradually with increases in age 
and accumulative passing tonnage. The right vertical axes of these 
figures indicate the bending moments generated in the PC sleepers. 
In addition, the green data points in Fig. 4 shows the maximum 
bending moment of PC sleepers measured at a commercial line 
(which had been installed on a straight continuous welded rail sec-
tion of a conventional line) [6]. The bending moment was obtained 
by converting the measured values of two strain gauges attached to 
the upper and lower edges of the PC sleepers.

Figures 6 and 7 show the negative bending test results at the 
center section of sleepers, including the flexural proof load Pcr and 
the flexural fracture load Pu. The results of the negative bending test 

Table 1 Number of 3PR and 3PO PC sleepers

Fig. 1 Outline of PC sleepers

Fig. 2  Outline of bending test specified in JIS E 1201 
and JIS E 1202

Fig. 3  Measurement test of wear on bottom surface of 
PC sleepers
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were arranged in the same manner as the positive bending test. All 
results of the 3PR PC sleepers exceeded the Pcr and Pu. Some results 
of the 3PO sleepers were lower than the Pcr and Pu, but the degree of 
decrease was smaller than that of the positive bending test.

2.2.2 Compressive strength test and static elastic modulus test

Figures 8 and 9 show the compressive strength test results and 
static modulus test results of concrete, respectively. Since there 
were no clear differences between the results of the 3PR sleepers 
and 3PO sleepers, they were plotted on the same graph. In addition, 
the figure shows the design standard strength of concrete for PC 
sleepers of 49.1 N/mm2, and the static elastic modulus standard 
corresponding to the design standard strength of 33 kN/mm2 shown 
in the Design Standards for Railway Structures and Commentary 
Concrete Structures [7].

2.2.3 Wear at the bottom surface of PC sleepers

Figure 10 shows the measurement results of the wear on the 
bottom surface of the PC sleepers. The amount of wear exceeding 
the bottom cover was not measured for the 3PR sleepers, but the 
amount of wear exceeding 40 mm was measured for the 3PO sleep-
ers. It should be noted that the reason for the difference in the max-
imum wear due to the tensioning method cannot be clarified by this 
investigation alone, as we did not investigate the individual laying 
conditions of PC sleepers in detail. Thus, the investigation of the 
cause of this problem is a future issue. 

However, when focusing on the maximum amount of wear 
around 40 years of age, despite a maximum value of 23 mm, there 
were also results which revealed only a small amount of wear, 
showing that there were very large variations. Therefore, it may not 
be rational to uniformly determine the service life by using a certain 

Fig. 4  Positive bending test results of 3PR sleepers at 
rail seat section

Fig. 5  Positive bending test results of 3PO sleepers at 
rail seat section

Fig. 6  Negative bending test results of 3PR sleepers at 
center section of sleepers

Fig. 7  Negative bending test results of 3PO sleepers at 
center section of sleepers

Fig. 8 Results of compressive strength test

Fig. 9 Results of static elastic modulus test
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maximum wear amount as a threshold value.

3. Results of experiments

3.1 Evaluation method

3.1.1 Bending test

Figure 11 shows the outline of the numerical analysis model for 
a positive bending test at the rail seat section of a 3PR PC sleeper. 
The concrete, loading point and support point were modeled with 
8-node solid elements, and the PC steel strands and stirrups were 
modeled with beam elements. Also, in order to reduce the analysis 
time, a 1/2 model was used, taking into account the symmetry of the 
structure. The standard element size was based on 10 mm, with a 
maximum size of no more than 20 mm. There was a total of 42,262 
nodes in the entire analysis model, and a total of 34,856 elements. 
The PC steel strand and stirrup beam elements were modeled by 
embedding them in concrete elements. In the model, the nodes of 
the PC steel strand and stirrup beam elements were assumed to be 
completely attached to the concrete elements.

3.1.2 Material model

Table 2 shows the material constants used for the numerical 
analysis. The material constants of the concrete were set with refer-

ence to the unconfined compressive strength of the test piece and the 
design standard [7]. For the material constants of the PC steel 
stranded wire, the design standard values were used for the static 
elastic modulus and Poisson’s ratio, and the mill sheet values were 
used for the yield strength and tensile strength.

Figure 12 shows the material model used in this analysis. 
Figure 12 (a) shows the uniaxial stress-strain relationship for con-
crete. On the compression side, the stress gradually softens as the 
strain increases after reaching the compressive strength [8]. Howev-
er, on the tension side, the softening curve after reaching the tensile 
strength was approximated by two straight lines based on the tensile 
fracture energy of concrete [7]. Figure 12 (b) shows the uniaxial 
stress-strain relationship for PC steel strands. In this material model, 
the tensile test force-elongation relationship read from the mill sheet 
was converted into the stress-strain relationship and input, where f ’c 
is the compressive strength of the concrete, σy is the yield strength of 
the PC steel strand, σu is the tensile strength of the PC steel strand, ft 
is the tensile strength of the concrete, and E is the static elastic mod-
ulus. The effective prestress rate of 75% in the analysis model was 
determined by trial and error so that the load-displacement relation-
ship between the test results and the analysis results would be iden-
tical.

3.1.3 Numerical analysis cases

Table 3 shows the conditions for the numerical analysis cases. 
The design standard strength of concrete, the strength of PC steel, 
and the prestress ratio were set as parameters. Based on the results 

Fig. 11 Outline of numerical analysis model

Table 2 Material constants used for numerical analysis

Fig. 12 Material model

Table 3 Conditions for numerical analysis cases

Fig. 10  Test results of wear on bottom surface of PC 
sleepers
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in Section 2, it was assumed that these values fluctuated due to aging 
of materials and the frequent train loads. In order to verify the effect 
of this assumption on the load-bearing capacity, the values of the 
material strength were decreased. The static elastic modulus of con-
crete was set to a value corresponding to the design standard 
strength based on the design standard [7]. In addition, as a matter of 
course, it was assumed that these values might decrease in combina-
tion, but in this study, in order to understand the effect due to the 
individual factors, we decided to change the values individually.

3.2 Numerical analysis results

3.2.1 Validity of the numerical analysis model

Figure 13 shows a comparison of the test results with the anal-
ysis results. The test results were for three PC sleepers (tests 1, 2 and 
3). As found in Fig. 13, by using the material constants shown in 
Table 2 and setting the effective prestress rate to 75%, the load-dis-
placement relationship was accurately reproduced. It is also found 
that this figure includes the generation of the cracks, decrease in ri-
gidity, load-bearing capacity (maximum load), and bending frac-
ture.

3.2.2 Influences of the various parameters

Figure 14 shows the influences of the various parameters set in 
Table 3 on load-bearing capacity. As a matter of course, if the mate-
rial strength and effective tension (prestress force) were reduced, the 
load-bearing capacity decreased. For example, when the compres-
sive strength of the concrete decreases from 60 N/mm2 to 30 N/mm2, 
the maximum load decreased from 197.3 kN to 156.0 kN (reduction 
of 20%); when the strength of the PC steel decreased by 60%, the 
maximum load decreases from 197.3 kN to 146.3 kN (reduction of 
26%); and when the effective prestress decreased from 100% to 
60%, the maximum load decreased from 213.7 kN to 183.0 kN (re-
duction of 15%). As described in Chapter 2, the reason why the 
maximum load in the bending test results decreased due to aging 
and the increasing of the accumulative passing tonnage, and the 
reason there were PC sleepers that did not satisfy the JIS standard 
values despite being factory products, was potentially a decrease in 
their material strength. However, the evaluation of the influence of 
the combined deterioration of concrete and prestressing steel, the 
elucidation and the verification of phenomena related to the effects 
on material strength due to the frequent train loads were left as fu-
ture tasks.

4. Proposal for a reference service life for PC sleepers

Figure 15 shows the reference service life of 3PR PC sleepers 
and 3PO PC sleepers based on the results in Chapter 2. Accumula-
tive passing tonnage, in which the approximation straight line of the 
maximum load in the positive bending test of the rail seat section 
was below the JIS standard value Pu, was proposed as the reference 
service life. The reasons for this are as follows: (1) From Fig. 4 to 
Fig. 7, it was observed that the crack generation load and the maxi-
mum load tended to decrease over time, but it was unreasonable to 
manage the high transport density railway sections in urban areas 
and low transport density railway sections in rural areas over the 
same period of time, (2) In the negative bending test of the center 
section of the PC sleeper, almost no results fell below the JIS stan-
dard value Pu, (3) All compressive strength of the concrete exceeded 

the design standard strength, (4) There was no standard value for the 
static modulus of elasticity, and (5) It was extremely rare to measure 
wear that exposed the PC steel wire.

Table 4 shows the reference service life of PC sleepers arranged 
from the above viewpoints. Specifically, it is a proposal of 3 billion 
tons for 3PR PC sleepers, and 1.2 billion tons for 3PO PC sleepers.

5. Conclusions

The findings from this study are summarized as follows: 
(1)  The bending test of aged PC sleepers (3PR, 3PO) revealed that 

both the crack generation load and the maximum load tended to 

Fig. 13 Comparison of test results with analysis results

Fig. 14 Influences of various parameters
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decrease with aging and accumulative passing tonnage.
(2)  As a result of numerical analysis, the reason why the maximum 

load in the bending test results decreased due to aging and the 
accumulative passing tonnage was potentially a decrease in ma-
terial strength. The same reason may also be responsible for the 
existence of PC sleepers that did not satisfy the JIS standard 
values, despite being factory products.

(3)  Based on the results of the tests and the survey of aged PC sleep-
ers, the reference service life of PC sleepers were suggested. 
Specifically, it is a proposal of 3 billion tons for 3PR PC sleep-
ers, and 1.2 billion tons for 3PO PC sleepers.

We will continue to investigate aged PC sleepers to understand 
changes in load-bearing capacity. In addition, we will pursue re-
search to elucidate the mechanism underlying aging deterioration of 
PC sleepers.
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Rail Profile Selection Method to Reduce Gauge Corner Cracking Initiation
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Gauge corner cracking (GCC) occurs on heat treated rails on the high rail of curved sections with a 
radius of 600 to 800 m. Deep GCC propagation may cause rail breakage. It is therefore very important to 
prevent the occurrence of GCC to ensure safe railway operation. Previous research has proposed a counter-
measure method to suppress the occurrence of GCC by applying rail wear profiles to the high rail of curved 
sections to relieve contact pressure between the wheel/rail. Since the wear development of rails is closely 
related to wheel/rail contact conditions, rail wear profile prediction becomes complex due to the variety of 
contact conditions. The aim of this study is to examine the rail cross-sectional profile that is the most effec-
tive in suppressing crack initiation for the high rail of curved sections with a radius of 600 to 800 m where 
the occurrence of GCC is a concern. 

Key words: wear development, fatigue index, wheel/rail, multibody dynamics, machine learning

1. Introduction

In Japan, gauge corner cracking (GCC) occurs at the gauge 
corners of heat treated rails laid on high rail in curved section with a 
radius of 600 to 800 m (see in Fig. 1). Like rail squats, GCC is a 
fatigue crack that originates from a fatigue layer accumulated on rail 
surfaces due to wheel/rail rolling contact. If GCC propagates deep-
ly, it will cause rail defects. Although countermeasures have been 
taken to detect the occurrence of GCC using ultrasonic flaw detec-
tion, preventive measures against GCC have not been established. 
Previous research [1] has reported that the risk of fatigue crack ini-
tiation can be reduced by reducing wheel/rail contact pressure. In 
addition, the authors have proposed a countermeasure method for 
suppressing the occurrence of GCC by applying rail wear profiles to 
the high rail of curved sections to suppress wheel/rail contact pres-
sure [2]. Since wear development is closely related to wheel/rail 
contact conditions, prediction of rail wear profiles is complex due to 
the variety of contact conditions. Therefore, to implement this meth-
od on an actual line in service, it is necessary to predict the wear 
profile for each location individually. The aim of this study is to 
examine the optimal rail profile that is most effective in suppressing 
crack initiation for high rails in curved sections with a radius of 600 
to 800 m where the occurrence of GCC is a concern. A proposal for 
suitable rail profiles which can suppress GCC for various curve radii 
should eliminate the need to consider individual construction meth-
ods depending on construction location, leading to the development 
of a heat treated rail with a new profile that is effective in suppress-
ing the occurrence of GCC. This study investigates a method for 

selecting the rail profile with the highest crack suppression by using 
machine learning to search for rail profiles that alleviate wheel/rail 
contact conditions.

2. Crack initiation evaluation

A method for evaluating rolling contact fatigue (RCF) cracks 
such as rail squats or GCC by a fatigue index (FI) based on shake-
down theory [3][4] has been proposed in previous research [5]. In 
this theory, RCF depends on the contact pressure and creep force 
between the wheel/rail. When the contact stress exceeds the shake-
down limit, RCF cracks will occur due to accumulation of plastic 
strain. The relationship between wheel/rail contact conditions and 
the shakedown limit can be explained using the shakedown dia-
gram. Furthermore, the fatigue index of FI model is obtained in (1).

 (1)

where Fx and Fy are the longitudinal creep force and lateral 
creep force respectively. Fz is the contact force between wheel/rail. 
Furthermore, ks is the rail material yield stress in shear and p0 is the 
maximum contact pressure.

The crack initiation prevention effect is assumed by the reduc-
tion of the value of FI which is described above. As for preventive 
methods for crack initiation, previous research includes the follow-
ing methods [1]:

● The reduction of the contact stress by controlling the contact 
geometry

● Increasing the material resistance ks by introducing materials 
with a higher yield limit

●The reduction of friction loads by lubrication
In a previous paper [2], the authors proposed a method for reducing 
wheel/rail contact pressure and the occurrence of GCC by applying 
a worn profile to high rails in curved sections with a radius of 800 m 
where GCC is likely to occur.

FI =  − 
Fx

2 + Fy
2

Fz

ks

p0

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

Keywords: earth retaining structure, aseismic reinforcement, soil reinforcement

1.  Introduction 

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

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

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

2.  Aseismic reinforcement of bridge abutments 

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

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

Fig. 2   Examples of conventional reinforcement method 
for existing masonry wall
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3. Wear development analysis

In this chapter, in order to accumulate rail wear profile data and 
fatigue indexes that will be used as training data for selecting the 
optimal profile to suppress the GCC initiation, a wear development 
analysis using a multibody dynamics method was applied to a 
curved section with a radius of 600 m to 800 m.

3.1 The outline of the wear development analysis

The rail wear analysis was carried out using a multibody dy-
namics prediction model. The analysis flow of this model is shown 
in Fig. 2. 

This model consists of the vehicle dynamics analysis using 
multibody dynamics tool “Simpack” and the wear prediction model. 
Firstly, the vehicle and track models are constructed in Simpack. 
Then, the vehicle dynamics analysis is carried out using these mod-
els. Secondly, the details of the wheel/rail contact conditions are 
calculated for each section of the track model. According to the re-
sults of the contact conditions, the wear volume of the rail at each 
section are calculated by Archard’s wear law in (2). The wear pro-
files of the rail are obtained from the wear depth and the rail profiles 
in the track model. Finally, the rail wear profiles are updated in the 
track model at each section. By repeating this procedure, the 
changed rail profiles for each section and time series are obtained. In 
this research, the update of the wear profiles was repeated 15 times 
as shown in Fig. 2. The number of the wear profiles updated is indi-
cated by n. This means that, the update number for the design pro-
files is n=0. Furthermore, in the previous research, kw=1.73×10−4 is 
identified by the results of the laboratory test [6].

 (2)

3.2 Analysis conditions

The track model of wear development analysis was constructed 
for a curved section with a radius of 600 m ~ 800 m where GCC 
appearance was observed on an actual line. The details of the track 
model are shown in Fig. 3 and Table 1.

The vehicle model was constructed to simulate standard vehi-
cles with modified arc wheel treads operated in commuter lines. The 
vehicle speed in the analysis was set to 105 km/h, which is the same 
as in actual operating conditions.

3.3 Analysis results

The analysis results of the wear profiles of the high rail on the 
curved section are shown in Fig. 4 according to updated numbers. 
Note that, in Fig. 4, the horizontal axis shows the distance from the 
center of the rail to the gauge corner side. 

Fig. 2 Flow chart of the wear development analysis

W =
kw ∙ F ∙ S

H

Fig. 3  The outline of the track model (wear development 
analysis)

Table 1  The specifications of the track model of the 
wear development analysis

Fig. 4 The results of wear development analysis
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As shown in Fig. 4, the wear profiles at each radius have been 
predicted. These predicted wear profiles will be utilized for the 
wheel/rail contact analysis in the next chapter.

4. Crack initiation evaluation for the worn profile

In this chapter, as in the previous chapter, a wheel/rail contact 
analysis was carried out using the rail wear profiles calculated from 
the wear development analysis in order to accumulate training data 
for machine learning. Furthermore, the FI model described in Chap-
ter 2 was used to evaluate the influence of rail wear profiles on crack 
initiation.

4.1 Analysis conditions

As in the previous chapter, a wheel/rail contact analysis was 
carried out using Simpack (ver.2019) for curved sections with a ra-
dius of 600, 700, 800 m where GCC appearance had been con-
firmed. However, for the high rail on the circular curved section, the 
design profile (n=0) and the 15 updated wear profiles (n=1~15) ob-
tained from the wear development analysis in the previous chapter 
were placed (Fig. 5). Table 2 shows the analysis conditions for the 
wheel/rail contact analysis conducted in this section.

As shown in Table 2, in order to accumulate training data for 
selecting the rail profiles that are highly effective in suppressing 
GCC initiation by machine learning, wheel/rail contact analyses 
were carried out for cases with other curve radii in addition to the 
curve radii in the previous chapter. In other words, the wear devel-
opment analysis in the previous chapter was conducted with a radius 
of 600 m (the worn profiles (n=1 to 15) obtained from the analysis 
of case 1 in the previous chapter and the design profile (n=0)). The 
wheel/rail contact analysis is applied not only to curved sections 
with a radius of 600 m (case 4-a shown in Table 2) , but also to 
curved sections with a radius of 700 m (case 5-a shown in Table 2) 
and 800 m (case 6-a shown in Table 2). Similarly, regarding the 
wear profiles on curved sections with a radius of 700 m and 800 m, 
wheel/rail contact analyses were also applied to curved sections 
with different radii from the wear development analysis. Further-
more, according to the results of contact conditions obtained from 
the contact analysis (approximately 20 to 22 mm from the center of 
the rail top to the gauge corner side), the crack initiation was evalu-
ated using the FI model described in Chapter 2.

4.2 Evaluation of crack initiation

The fatigue index of the high rail on the circular curved section 
was calculated from the results of the wheel/rail contact analysis 
carried out under the conditions described in Table 2. The shear 
strength ks in (1), 1200 N/mm2 was adopted as the value for the heat 
treated rail material. The results are shown in Fig. 6 for each of 
analysis conditions (case 4 to 6) shown in Table 2. In both figures, 
the horizontal axis is the number of updates n of the profiles in the 
wear development analysis. In addition, in the case of multi-point 
wheel/rail contact, the highest value of the fatigue index was adopt-
ed for a safer evaluation.

As shown in Fig. 6, when the worn profile is applied to the high 
rail of each curved section, the fatigue index tends to decrease com-
pared to the designed profile (n=0). In particular, this tendency was 
more noticeable in case 5 with a radius of 700 m and case 6 with a 
radius of 800 m. On the other hand, the multiple results shown in 
cases 4 and 5 (for example, the results for n=8 in case 4-a and the 
results for n=14 in case 4-b and case 5-b) indicate that there is mul-
tiple contact between the wheel/rail. This is because under a contact 
condition where the local contact pressure is high, the value of the 

Fig. 5  The outline of the track model (wheel/rail contact 
analysis)

Table 2 The specifications of the track model of the wheel/rail contact analysis
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fatigue index increases.
As a general trend, except for some conditions, the fatigue in-

dex calculated from the contact conditions with the wear profile to 
the curved sections (Fig. 6 (a) to (c)) tends to decrease compared to 
the fatigue index with the design profile.

5.  Method for selecting rail profile with high crack suppression 
effect by machine learning

In this chapter, we attempted to select the most effective rail 
profile to suppress crack initiation for any curve with a radius of 600 
to 800 m by machine learning using the wear profiles (Fig. 4) from 
the wear development analysis in Chapter 3 and the fatigue index 
(Fig. 6) calculated from the wheel/rail contact analysis in Chapter 4 
as training data. However, if the wear profiles obtained in Chapter 3 
are uniformly used as training data for machine learning, a non-
smooth uneven profile that combines wear profiles at various curve 
radii is the optimal solution, which is unsuitable for the wheel/rail 
contact possibly causing abnormal contact conditions such as multi-
point contact or localized high contact pressure. 

Therefore, in this study, it was decided to search for the optimal 
rail profile with a high crack suppression effect for each curve radi-

us, instead of treating the predicted wear profile for each curve radi-
us all at once. This method is expected to avoid the creation of a 
unique profile that combines the wear profile with various curve ra-
dii or the unique wheel/rail contact, as the candidate profile is based 
on the wear profile explored using a single curve radius model. 
Therefore, an optimal rail profile with a high crack initiation sup-
pression effect was selected following four steps described below, 
including the wear development analysis in Chapter 3 and the 
wheel/rail contact analysis in Chapter 4.

●Predicting wear profiles for each curve radius
● Calculating the fatigue index under each contact condition 

using wheel/rail contact analysis with the predicted wear pro-
files

● Searching for the profile with the lowest fatigue index using 
machine learning with the wear profiles at each curve radius

● From the candidate profiles in the previous step, selecting the 
optimal profile that is effective in reducing the fatigue index 
for all curve radii

The scheme from 1 to 3 are shown in Fig. 7, and the scheme 4 
is shown in Fig. 8. The details of each step are also described below.

(Step 1)
Firstly, wear profiles for circular curved sections with a radius 

of 600 to 800 m were predicted using the wear development analysis 
described in Chapter 3. Figure 7 shows the wear profiles with radii 
of 600, 700 and 800 m (n=0 to 15) predicted by this procedure.

(Step 2)
Secondly, the wheel/rail contact analysis was carried out by 

applying the rail wear profile obtained in the previous step to a high 
rail in a curved section, and the fatigue index was calculated. As 
described in Chapter 4, the fatigue index calculated from the wheel/
rail contact analysis is used as training data in machine learning. 
Therefore, in addition to the curve radius modeled in the wear devel-
opment analysis, the wheel/rail contact analysis was also carried out 
for other curve radii. The calculated fatigue indexes corresponds to 
FI_1

2(1) and FI_3
1(2) in Fig. 7. Hence, FI_1

2(1) in Fig. 7 is the fatigue 
index of the wear profile updated once (n=1) for the wear develop-
ment analysis with a radius of 600 m, and applied to a high rail with 
a radius of 700 m. Similarly, FI_3

1(2) shows the fatigue index of the 
wear profile updated twice (n=2) for the wear development analysis 
with a radius of 800 m, and applied with a radius of 600 m. In this 
study, the wear development analysis was carried out for three curve 
radii of 600, 700 and 800 m, and the worn profile was updated 15 
times (n=1 to 15) for each condition and the wheel/rail contact anal-
ysis was carried out for the same three curve radii. Therefore, data 
for 48 rail profiles (n=0 is the designed profile, so it has the same 
profile) and 144 of the fatigue indexes associated with profiles (n=0 
has the same profile, so the fatigue index is the same value) are cal-
culated.

(Step 3)
As mentioned at the beginning of this chapter, there is a possi-

bility that a rail profile combining the profiles with various curve 
radii, which is uneven or not-smooth, may converge as the optimal 
solution in the profile search, by treating the 48 profiles data and 144 
fatigue indexes obtained in step 2 as a whole. In order to avoid these 
problems, machine learning was carried out to search for the opti-
mal profile for each curve radius, using the wear profiles of the same 
curve radius and the corresponding fatigue indexes as training data. 

Fig. 6 The analysis results of fatigue index
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In other words, machine learning was carried out to search for the 
profile with the lowest fatigue index when applied to curves with a 
radius of 600, 700 and 800 m using 16 wear profiles (n=0 to 15) 
predicted by the wear development analysis in which a curved sec-
tion with a radius of 600 m was modeled and 48 fatigue indexes 
FI_1

1(1) to FI_1
3(15) corresponding to each profile used as training 

data. Let the profiles obtained by machine learning be profile (1), 
profile (2) and profile (3) respectively (Fig. 7). Similarly, machine 
learning was carried out to search for the profiles with the lowest 
fatigue index using the predicted wear profiles of 700 and 800 m 
radius and their fatigue index, so we obtained six profiles, i.e. profile 
(4) to profile (9). The machine learning in this study was carried out 
by neural networks constructed with 5 layers.

(Step 4)
Finally, the fatigue indexes (FI1(1) to FIm(n)) (see in Fig. 8) 

were calculated from the wheel/rail contact conditions on the high 
rail of circular curves, where nine profiles (profile (1) to profile (9)) 
obtained in step 3 were applied to the three curved sections with a 
radius of 600, 700 and 800 m as shown in Fig. 5. In this study, as 
mentioned above, there are three types of curve radii and nine pro-

file candidates, so m=3 and n=9 in Fig. 8. As shown in Fig. 8, the 
applicability of the candidate profile for the curved section is ob-
tained by calculating the sum of the fatigue index under each condi-
tion as shown in the following (3). In other words, when applying 
the candidate profiles to three curved sections with radii of 600, 700 
and 800 m, if the crack suppression effect is high for all curve radii, 
the calculated sum of fatigue indexes will be low. Conversely, if the 
crack suppression effect is low, the total fatigue indexes will be 
high.

 (3)

where FIt is the sum of fatigue indexes and FIk (i) is the fatigue 
index calculated by applying each profile.

It is possible to select the optimal rail profile with the highest 
crack suppression effect for any curve radius by the sum of the fa-
tigue indexes calculated under various conditions. For the nine 
candidate profiles shown in Fig. 7, the wheel/rail contact analysis 
was carried out for each of the three curved sections with radii of 
600, 700 and 800 m as shown in Fig. 5 to calculate the fatigue index 
for each curve radius. In addition, the sum of the fatigue indexes 
applied to the three curved sections with radii of 600, 700 and 800 
m is given by (3). The results of the total effective fatigue index are 
shown in Fig. 9. For comparison, the results of applying the JIS 60 
kg profile under the same conditions are shown.

FIk (i)  (i = 1~n)
k = 1

m

∑FIt =

Fig. 7 Scheme for searching for candidate rail profiles

Fig. 8  Scheme for searching for optimal profile from 
candidate profiles

Fig. 9 The analysis results of the total fatigue index
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Figure 9 shows that all of the nine candidate profiles investigat-
ed in this study have the effect of suppressing crack initiation be-
cause these candidate profiles given by (3) have lower total effective 
fatigue indexes than the result of the JIS 60 kg profile. In particular, 
profile (3) has the highest suppression effect on crack initiation of 
the nine candidate profiles in this study because its total effective 
fatigue index is the lowest.

6. Conclusions

This study proposed rail profiles for multiple curve radii which 
suppress crack initiation at the gauge corners, which are the starting 
points of GCC. Machine learning was carried out using the results 
of wear development analysis and the fatigue indexes as training 
data. Finally, an optimal profile for the high rail of curved sections 
with a radius of 600 m to 800 m was proposed.
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Outline of Revised Design Standard and Commen-
tary for Railway Structures (Concrete Structures)
Ken WATANABE, Toshiya TADOKORO, Manabu IKEDA, 
Masaru OKAMOTO
(Vol.37, No.11, 1-5, 2023.11)

Design Standard and Commentary for Railway Structures (Concrete 

Structures) was revised in January of 2023. In this revision, in addition to 

reorganization of the previous design standards established mainly for each 

type of structure and material, the introduction of the latest verification 

techniques results in making the design standards easier to use. The appli-

cation of the revised design standard to design practice will lead to realizing 

superior railway structures.

Design Standard and Commentary for Railway 
Structures (Concrete Structures) “Outline of Part I: 
General Principles”
Toshiya TADOKORO, Ken WATANABE, Manabu IKEDA, 
Masaru OKAMOTO
(Vol.37, No.11, 7-13, 2023.11)

The functional requirements for a railway system that railway structures 

must satisfy are the same regardless of the type of structure, such as bridg-

es, earth structures, and tunnels. Therefore, in order for railway structures 

to function as members of a railway system, “Design Standard and Com-

mentary for Railway Structures (Concrete Structures), Part I: General 

Principles” was established, which includes the basic policy of railway struc-

ture design by unifying the general items such as design concepts, perfor-

mance requirements, and verification for all structures that compose the 

railway system.

Design Standard and Commentary for Railway 
Structures (Concrete Structures) Outline of “Part II: 
Bridge Structures”
Ken WATANABE, Manabu IKEDA, Masaru OKAMOTO
(Vol.37, No.11, 15-23, 2023.11)

This paper outlines Design Standard and Commentary for Railway Struc-

tures (Concrete Structures) “Part II: Bridge.” All technology related to the 

design of railway bridges is summarized in this Part II, which have been 

described commonly into related design standards. By developing “Part II: 

Bridge,” the detail of bridge dimension is optimized, not optimized only 

beams, columns, foundations, and other members. In addition, it supports to 

address compatibility with society and to evaluate redundancy and robust-

ness. 

Design Standard and Commentary for Railway 
Structures (Concrete Structures) Outline of “Part 
III: Concrete Structure”
Ken WATANABE, Yuki NAKATA, Shuntaro TODOROKI
(Vol.37, No.11, 25-33, 2023.11)

Design Standard and Commentary for Railway Structures (Concrete 

Structures) “Part III: Concrete Structure” summarizes interpretations of 

the verification described in Part II: Bridge, as well as concrete struc-

ture-specific techniques: materials, structural analysis methods, member 

verification, load-bearing capacity formulas, etc. that can be used as refer-

ence in the verification. The latest information is introduced, such as formu-

las, values, etc., which have been published through actual results, specifica-

tions, and papers, and have been verified and validated in the committee 

meetings.

Design Standard and Commentary for Railway 
Structures (Concrete Structures) Outline of Part IV: 
Bearing Structures
Manabu IKEDA, Toshiya TADOKORO, Shuntaro 
TODOROKI, Akihiro TOYOOKA
(Vol.37, No.11, 35-40, 2023.11)

This paper outlines the Design Standard and Commentary for Railway 

Structures (Concrete Structures) “Part IV: Bearing Structures.” Every tech-

nology related to the design of bearing structures in railway bridges is 

summarized in this part, which has been described in several related design 

standards. This part provides common design methods for bearing struc-

tures, and specific design methods for three typical bearing structures: (a)

rubber bearings and stoppers, (b)steel bearings, and (c)bearings for horizon-

tal force dispersing structures and isolation structures. This paper introduc-

es the outline of each chapter of this part and revisions from related design 

standards.

Trial Design of the RC Rigid Frame Viaduct Applying 
the Revised Standard for Railway Concrete Structures
Ryo SUZUKI, Katsunari ARAKI, Yuki NAKATA, Shuntaro 
TODOROKI, Ken WATANABE
(Vol.37, No.11, 41-44, 2023.11)

Based on previous research, the formulas and values in the Design Stan-

dard and Commentary for Railway Structures (Concrete Structures) have 

been revised. In this report, we compare RC rigid frame viaduct designed 

based on the revised standard (published in 2023) with those designed 

based on the current standard (published in 2004). Consequently, this com-

parison resulted in more rational design, for example, in the reduction rebar 

ratios by revising the shear strength equation of RC members and the spec-

ification for stirrup ratio in a joint.

Trial Design of the RC Pier Applying the Revised 
Standard for Railway Concrete Structures
Ryo SUZUKI, Katsunari ARAKI, Yuki NAKATA, Shuntaro 
TODOROKI, Ken WATANABE
(Vol.37, No.11, 45-48, 2023.11)

Based on previous research, the formulas and values in the Design Stan-

dard and Commentary for Railway Structures (Concrete Structures) have 

been revised. In this report, we compare RC piers designed based on the 

revised standard (published in 2023) with those designed based on the cur-

rent standard (published in 2004). Consequently, this comparison resulted 

in more rational design, for example, in the reduction of reinforcing-bar ra-

tio, by increasing applicability of yield strength of rebars and revising for-

mulas for the shear strength of RC members and pile foundation.

Development of Safety Check Support Device for 
Driver Using Side Camera on Rolling Stock
Wataru GODA, Hiroki MUKOJIMA, Nozomi NAGAMINE
(Vol.37, No.12, 1-7, 2023.12)

This paper describes the development of a safety check support device to 

further enhance safety check on the platform using side cameras on rolling 

stocks. Utilizing deep learning-based image processing techniques, the de-

veloped device detects the approach of passengers on the platform in re-

al-time from camera footage to notify the driver of it, providing assistance in 

safety checks. Additionally, the device is equipped with the function of auto-

matic passenger counting at each station. This paper presents an overview 

of the developed device and reports the results of the evaluation experi-

ments.
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Recent Topics on Human Science for Railways
Koji OMINO
(Vol.35, No.2, 1-4, 2021.2) 

The Human Science Division of the Railway Technical Research Institute 

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

occupational accidents as well as the measures for transport disorder and 

improvement of user environments in order to improve safety, convenience 

and comfort of railways. This paper outlines the recent accomplishments 

of the representative research on prevention of human error accidents and 

improvement of user environments.

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

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

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

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

of hazards through drawing a picture of their workplace and considering 

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

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

an overlooking experience. The results of experiments confirmed that the 

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

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

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

ence Task” enhanced the attitude to search for hazards.

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

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

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

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

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

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

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

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

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

evaluation indexes based on the driving characteristics recorded in driving 

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

gression analysis used in this study reveals the relationship between these 

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

this study.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

ans to walk across a rail crossing.

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

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

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

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

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

a level crossing accident scenario, including the horizontal collision position 

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

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

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

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

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

level.

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

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

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

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

quantitative and qualitative research were performed for surface bacteria 

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

The concentrations of surface bacteria were analyzed by conventional cul-

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

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

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

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

of restroom where water is used for floor cleaning.

Development of a Deer Deterrent Equipment for the 
Mitigation of the Deer-Train Collisions
Minoru SHIMURA, Tomoyoshi USHIOGI, Masateru IKE-
HATA
(Vol.35, No.2, 41-46, 2021.2)
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Aluminothermic Welding Method Applicable to 
Shinkansen High-Speed Sections
Yoshihiro TERASHITA, Yuta TAKAGI
(Vol.37, No.12, 9-16, 2023.12)

In a previous study, aiming at introduction of an aluminothermic welding 

method to Shinkansen lines, we developed the aluminothermic welding 

method that can improve bending fatigue strength. However, since the rails 

at the base of the rail foot weld collar did not melt slightly, and this had to 

be removed by grinding. In addition to this, there is concern about the occur-

rence of “solidification crack” in the aluminothermic welding method, which 

is a factor preventing its introduction to the Shinkansen lines. Therefore, in 

this study, we solved the problem that the rail at the base of the rail foot 

weld collar does not melt by improving the mold shape and welding condi-

tions. We also generally clarified the mechanism of solidification crack and 

proposed a welding procedure to prevent it.

Study on Interlocking Device on Cloud Computing 
Environment
Natsuki TERADA, Shunsuke SHIOMI, Takashi TOYAMA
(Vol.37, No.12, 17-25, 2023.12)

We report our study and proposal on interlocking devices in a cloud com-

puting environment, which realizes resilience, reduction of time and cost for 

replacement, and provides the interlocking process as a service. The pro-

posed system has the feature of processing interlocking logics of different 

stations independently. The proposed system has three layers: terminal de-

vices to interface track circuits, signals, and switches, etc., logic units to 

process interlocking logics, and controllers to assign the interlocking table 

to logic units. We defined the specification of the terminal devices, logic units 

and controllers, and carried out verifications on them.

Development of Automatic Calculation Method for 
Maintenance Worker Scheduling Using Tabu Search
Tatsuya KOKUBO, Satoshi KATO, Taichi NAKAHIGASHI
(Vol.37, No.12, 27-33, 2023.12)

Maintenance worker scheduling is a daily schedule for each worker group 

to perform inspection and maintenance work such as cleaning of rolling 

stock during a turnaround operation of a superior trains at a terminal sta-

tion. Since it varies from day to day according to changes in daily train 

timetables and rolling stock operations, it is required to be created for each 

day. We have proposed a method for automatic creation of maintenance 

worker schedules with tabu search, one of meta-heuristics. In this paper, to 

confirm the effectiveness of the proposed method, we compared an actual 

schedule with schedules by proposed method. The results indicated that the 

proposed method could generate a stable solution within a practical compu-

tation time of 3 minutes, regardless of the size of the train schedule.

Introduction Manual of Natural Frequency Identifi-
cation System of Bridge Piers by Constant Micro-
tremor Measurement
Satoshi WATANABE, Hiroki IRI, Shoma FUJIWARA
(Vol.37, No.12, 35-40, 2023.12)

In recent years, disasters have frequently occurred due to rapid river 

flooding and prolonged high water levels caused by typhoons and localized 

heavy rainfall. It is therefore necessary to establish a method for monitoring 

the destabilization of river piers during rising water. In response to this 

need, we have prepared an introduction manual for a natural frequency 

identification system, which that includes an the algorithm for identifying 

the natural frequencies of piers from microtremor measurements, the basic 

specifications of the acceleration sensors required to construct a microtrem-

or measurement system, the application conditions of this system, and 

methods for evaluating the measurement results.

Elucidation of Noise Near the Bogie using Sound 
Source Visualization Method
Minoru SASAKURA
(Vol.38, No.1, 1-7, 2024.1)

There are many sources of noise generated from equipment such as gear 

devices for a railway vehicle installed in the narrow space of a bogie frame 

under the floor of a vehicle. Therefore, it is difficult to separate sound sourc-

es onboard a vehicle with a sound level meter, and up to now there is no 

method for separating sound sources. As a method to solve this problem, we 

are working on applying a sound source visualization method to noise mea-

surement of railway drive device. As the sound visualization method, the 

4-channel beamforming method (BF method) and the envelope intensity 

method (EI method) are used as appropriate, and the test results are com-

pared. This paper reports the results of noise measurement using a sound 

source visualization method in a bench test of a drive device, and the results 

of a study on improving accuracy. We confirmed that the beamforming meth-

od has excellent imaging stability for transient sounds, and that image 

processing using multiple small microphone arrays improves the imaging 

accuracy of the BF method.

Snow Falling Experiments and Modeling to Simulate 
Phenomena of Snow Falling from Railway Vehicle
Yasushi KAMATA, Hiroki TSUJI, Daisuke TAKAHASHI
(Vol.38, No.1, 9-15, 2024.1)

In order to elucidate the mechanism of snow-falling from railway vehicles 

in winter, a mathematical model was studied to estimate the time taken for 

snow to fall in a warm tunnel. In addition, to validate the model which is 

based on the heat balance to the accreted snow plate, snow-falling experi-

ments were carried out in a low-temperature room, and the onset time of 

snow-falling was compared between the model and the experiments. The 

result showed that it was possible to estimate the onset time when 

snow-falling begins, by setting the appropriate influence range on snowmelt 

at the interface between the plate and the accreted snow in the model.

Proposal of an Equation for Calculating Fatigue 
Strength of SD685 Rebar Considering the Range of 
High Frequency Repetitive Loading
Yuki NAKATA, Masaru OKAMOTO, Ken WATANABE, 
Toshiya TADOKORO
(Vol.38, No.1, 17-20, 2024.1)

The slope k of the S-N line in the range of high-frequency repetitive loading 

used in the current equation for calculating the fatigue strength of SD685 

rebars is not unmitigated because of the small number of experimental data. 

In this paper, an equation for calculating the fatigue strength of SD685 re-

bars was proposed based on experimental data including the range of 

high-frequency repetitive loading. SD685 rebars had k=0.22 within 2×106 

cycles, which was larger than that of SD490 rebars. On the other hand, it was 

found that the fatigue strength can be calculated on the safe side at 2×106 

cycles or more even if k is set to 0.06, which is the value of SD490 rebars. 

Field Verification of Combining Ballast Tamping and 
Rail Grinding and Application to Planning System
Shuhei KONNO, Mami MATSUMOTO, Kenya MORI
(Vol.38, No.1, 21-26, 2024.1)

In ballasted tracks, track irregularity and rail surface irregularity gradu-

ally increase due to the load of repeated train running. To repair these irreg-

ularities, ballast tamping or rail grinding are performed as the general 

maintenance work. This paper verifies effect of combining these two types of 

track maintenance to reduce a speed of track deterioration. Furthermore, 

extending the previously developed combined maintenance planning sys-

tem, the authors simulate maintenance plans considering the effect of 

combined maintenance.
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Concrete Creep Strain Estimation Formula and De-
sign Values of Concrete by Considering the Strength 
Development 
Ken WATANABE, Mami NAKAMURA
(Vol.38, No.1, 27-32, 2024.1)

Based on a literature survey on creep of mixed cements, this paper pres-

ents an estimation of creep coefficients in order to investigate design values 

of creep coefficients for different types of cement., An compressive strength 

estimation formula during loading used to calculate the creep strain used in 

estimating the creep strain coefficient was formulated based on the existing 

compressive strength estimation formula. First, the design values of creep 

coefficients for effective prestress calculations are presented. The values 

were calculated assuming cement types and standard conditions for pre-

stressed concrete (PC) bridges. Then the authors confirm the effect of the 

creep coefficients on the verification of simple PC girder.
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