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Abstract: To date, the spring stiffness of resilience pads was mostly evaluated based on conventional
(site measurement and laboratory tests) methods. Most studies in the past analyzed the effects of
the deterioration of resilience pads on track damage. To examine the deterioration of resilience pads,
evaluations were conducted based on laboratory tests using site measurements and samples were
collected from the site, or based on loading tests using special equipment. such as TSS. However,
no methodology was proposed to prove the theoretical equations of Zimmermann which compute
the reaction force at the rail support point. Hence, this study aimed to prove that the reaction force
increased if spring stiffness at the rail support point increased; this was achieved by using a pressure
sensor according to the theoretical equations of Zimmermann. Furthermore, we aimed to propose a
method to evaluate the spring stiffness of resilience pads to predict the extent of deterioration of the
pads based on the increase in the pressure measured by a pressure sensor.

Keywords: pressure sensor; spring stiffness; resilience pad; booted sleeper track system;
evaluation method

1. Introduction

In recent years, the market size of urban railway maintenance (damage assessment,
diagnosis, repair, and reinforcement) expanded. In South Korea, related laws (enforcement
ordinances) were implemented for the systematic inspection, diagnosis, and performance
evaluation of track facilities, and diagnoses and performance evaluations were performed
on a regular basis. However, few studies were conducted on methods that evaluate elastic
materials, which are key components of concrete tracks. For the elastic-pad performance
evaluation based on current standards, on-site measurement is performed for trains in
operation or the static spring stiffness is measured in a laboratory by collecting samples
from the field. On-site measurement is a technique used to estimate the spring stiffness of
elastic materials by measuring the dynamic wheel load and vertical displacement of the
rail during train passage and calculating the track support stiffness. In the laboratory tests
used for on-site samples, a static spring stiffness test is conducted in a laboratory on elastic
materials collected from tracks in operation through nighttime construction. However,
this method cannot fully reflect actual field conditions, and nighttime track construction is
required for sampling [1,2].

Most domestic urban railways comprise concrete tracks, and the track support stiff-
ness that directly affects the performance of concrete tracks is determined by the spring
stiffness of the elastic pads. Therefore, deteriorated elastic materials may increase shock
and vibration, compromise riding comfort, cause complaints, and deteriorate other track
components, including rails. Elastic materials may lose their functions over time owing
to deterioration; thus, maintenance, such as replacement, must be performed in a timely
manner through status assessment [1,2].

Figure 1 shows the conventional evaluation techniques that are proposed in this
study [1,2].
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Figure 1. Track performance evaluation techniques: (a) on-site measurement technique (based on
strain gauges); (b) laboratory test through sampling; (¢) TSS equipment evaluation technique; and
(d) evaluation technique using a pressure sensor.

Thus far, track performance was mostly evaluated using the techniques shown in
Figure 1a,b. For on-site measurement on tracks in operation, wheel load and lateral pressure
sensors as well as displacement meters are installed at the site during the nighttime power-
outage period, as shown in Figure la. In addition, track performance must be evaluated
under the actual train load during the daytime train-operation period [1,2]. In the laboratory
test conducted on samples, a vertical stiffness test was conducted on a laboratory scale
by collecting elastic pads from the site, as shown in Figure 1b. For the test, collecting
elastic pads at the site by dismantling rail fastenings and lifting sleepers is necessary. In
addition, the spring stiffness of the elastic pads must be evaluated through a vertical
stiffness test on the collected elastic pads. Figure 1c shows the recently developed test
equipment used to evaluate the performance of concrete tracks. The TSS equipment can
apply a train load and evaluate track performance by calculating the spring stiffness of
elastic pads immediately after measurement [1]. However, the performance-evaluation
techniques shown in Figure 1a—c cannot directly evaluate resilience pads, which are the
main evaluation target. That is, they indirectly evaluate the track support stiffness through
the vertical displacement of the rail under the train load and predict the spring stiffness of
elastic pads by calculating the rail support spring stiffness [1,2].

Li et al. used Monte Carlo simulations (MCS), which are based on statistical analyses,
to analyze the correlation between the deformation behavior and the shape and size of
aggregates. The analyzed results showed that aggregate behavior was affected significantly
by the elongation index (EI) distribution, and was less affected by the excitation frequency
and flatness index (FI) distribution [3]. Fu et al. conducted an analysis by setting the
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support conditions at the bottom of the sleeper according to the surrounding environment
(gravel loss due to flooding, etc.) as a variable to evaluate safety in the case in which a
partial concrete sleep replacement method was applied for a gravel track laid with wooden
sleepers. In addition, they proposed a technique to predict the sleep support conditions
using an acceleration sensor installed on the rail and then, determined the train speed
limit [4]. Navaratnarajah et al. analyzed the sleep-gravel track interface for the shear
behavior of a gravel track when there are various types of sleepers. The analyzed results
showed that both commercial and recycled USP significantly improved the shear resistance
at the contact surface between sleeper and gravel track, and that particle decomposition
decreased compared with the contact surface between the concrete and wooden sleeper [5].
Previous studies mostly used a strain gauge to measure the wheel load, and LVDT were
used to measure the vertical displacements of the rail and sleeper. Spring stiffness at the
rail support point was estimated based on the measured results.

However, in this study, a pressure sensor was directly installed on the elastic pad to
evaluate the pressure under the train load, as shown in Figure 1d. Pressure was used to
determine the reaction force at the rail support point, and the changes in spring stiffness at
the rail support point could be found. The change in elastic pad spring stiffness is a factor
that directly affects the track support performance and is highly correlated with pressure.
Therefore, this study presents a system that can evaluate this change.

The booted sleeper track system (STEDEF) was selected as the research target among
various types of concrete tracks. The STEDEF is a track system that is embedded in the
roadbed. It is a structure in which concrete sleepers are separated from the concrete bed,
and highly elastic resilience pads are installed inside the rubber boots. This structure
minimizes the transmission of the vibration and shock caused by the train load to the track
structure [6].

This study proposes a technique to evaluate the change in the spring stiffness of
resilience pads by measuring the pressure generated at the bottom of a concrete sleeper
using a pressure measurement sensor, which is defined as a pressure sensor. Figure 2 shows
the pressure sensor installation location.

P (Wheel load)

e-clip Rail

Rail pad \ ./_
RC block

Resilience pad

Rubber boots

Sensor location

Concrete bed

Figure 2. Pressure sensor location (STEDEF).

In this study, a pressure sensor was installed between the resilience pad and rubber
boots of the STEDEF to measure the generated pressure, as shown in Figure 2. The existing
track-performance evaluation method was performed based on the change in track support
stiffness, which is an indicator of support performance under the application of the train
load and a factor that can directly affect tracks and vehicles. It is also a major factor that
affects the static and dynamic behavior of tracks and is important for evaluation [2,6].

The analysis of previous studies revealed that the STEDEEF is a structure that involves
changes in track support stiffness and pressure at the bottom of the sleeper depending on
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the uplift and settlement. A decrease in track support stiffness can be evaluated under
the settlement condition; thus, the pressure at the bottom of the sleeper may decrease.
Under the uplift condition, the pressure may increase owing to an increase in track support
stiffness, which can be evaluated. Therefore, uplift and settlement sections can be evaluated
using the change in pressure at the bottom of the sleeper as well as the increase/decrease
in track support stiffness.

Track support stiffness can be evaluated through the theoretical equations of Zimmer-
mann [2]. The equations used for calculating the deflection of rails, which are continuously
supported infinite beams, and rail support spring stiffness are as follows [2]:

3
w(x) = %3_(%) (cos% +sin%), 1)
M(x) = %e_(%)(cos% —sin%), (2)
= 9 -8 (0¥ 4 sin®
F(x) = oL ¢ (cosL—l—san), (©)]

where EI is the bending stiffness of the rail, Q is the vertical force, w(x) is the rail displace-
ment at position x, M(x) is the rail moment at position x, and F(x) is the pressure load on
the sleeper at position x. The characteristics length L is as follows [2]:

_ LJA4ET _ ,[4EIa
L= P P 4)

where L is the characteristic length of track, k. is the track support stiffness, k; is the rail
support spring stiffness, and a is the sleeper distance. The equation used to calculate the ks
value of the STEDEEF is given by Equation (5) [2]. Figure 3 shows the spring model [6].

kS = 17 (5)

1
1 1
KTk Th

where kj is the spring stiffness of the rail pad, k; is the stiffness of the resilience pad, and k3
is the spring stiffness of the rubber boots [6]. Rail support spring stiffness is directly affected
by the spring stiffness of the track components. Thus, an increase in the spring stiffness of
the elastic pad may decrease the rail characteristic length or increase the reaction force at
the rail support point or the pressure transmitted to the bottom of the sleeper. However,
measuring the pressure at the bottom of the sleeper is difficult for track types, such as the
STEDEE. Thus far, track support stiffness and rail support spring stiffness were evaluated
for the STEDEF using the wheel load and the vertical displacement of rail converted
through strain gauges and low vibration displacement transducers (LVDTs). The spring
stiffness of elastic pads is calculated by installing strain sensors, such as LVDT, at the site,
and by calculating track support stiffness using the measured wheel load and displacement.
The calculated track support stiffness was used to compute the spring stiffness of the rail
support point. The spring stiffnesses of the elastic pads were also calculated.

In this study, a pressure sensor was installed at the bottom of the resilience pad, which
directly affects the rail support spring stiffness, to measure the pressure according to the
load. In addition, the validity of the pressure sensor was verified through laboratory
tests and numerical analysis. Based on the research results, a technique is proposed to
evaluate the spring stiffness of resilience pads via a pressure measurement at the bottom of
the sleeper.
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Figure 3. Booted sleeper track system spring model.

2. Materials and Methods

For the pressure sensor used in this study, the magnitude of its electrical resistance
changes depending on the applied force or pressure. The physical definition of pressure is
the load divided by the cross-sectional area, and it changes depending on the area under the
same load. Pressure sensors are generally thin, with a thickness of less than 0.5 mm, light,
and strong against impact. They are typically used to measure the pressure distribution on
robot hands, human gloves, solid surfaces, and medical appliances [7-12]. In this study, a
pressure sensor was applied to the railway (track) field. Figure 4 shows the measurement
principle of the pressure sensor that was used.

. Pressure Pressure
Conduetve =@ 9 o HIEILIIH ””I””
p ® e o
o

[
® [
Polymer = ® o Resistance
e _© oI \ Reduction

Electric current  Electric current

Figure 4. Pressure sensor measurement principle.

In the pressure sensor, conductive particles move closer to each other inside the
polymer when pressure (load) is applied from the outside. When a load is applied on
the pressure sensor, the resistance value between the particles is produced as an analog
signal. This signal needs to be converted into a digital signal to derive the applied load
value from the measurement system. For the pressure-sensor saturation criterion applied
in this study, the maximum pressure measurement was set when the signal value through
an analog-to-digital converter (ADC) reached a maximum of 255 (8 bits). Because the
pressure sensor measures the load based on the resistance value between the particles, a
resistance-value deviation may exist owing to fabrication errors. After the pressure sensor
was fabricated, it was calibrated by measuring the ADC signal according to the applied
load set by the user. Figure 5 shows the signal measurement test according to the set load.
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Figure 5. Pressure-sensor calibration.

As shown in Figure 5, the ADC signal value was measured for each load set by the
user. Figure 6 shows an example of measurement results.

240
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o

-
N
o

ADC (8 bit)
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o

40

| .
0 1 2 3 4 5 6 7
Pressure (MPa)

Figure 6. ADC measurement results according to the load (example).

For the pressure sensor, digital signal values were measured according to the load
(pressure) set by the user, as shown in Figure 6. Using the pressure-sensor calibration, the
magnitude of the load was measured when a load was applied, as shown in Figure 6.

Figure 7 and Table 1 show the specifications of the pressure sensor used in this study
and an example of visualization software for the measurement results.



Appl. Sci. 2023, 13, 4002

7 of 24

(c) (d)

Figure 7. Pressure sensor and visualization software: (a) pressure sensor; (b) pressure sensor node
(detail); (c) example of pressure sensor measurement software; (d) pressure sensor measurement sys-
tem.

Table 1. Main specifications of the pressure sensor.

Sensor size 442 x 442 mm Sensing area size 431 x 431 mm
Cell size 5 x 5mm Pitch (=center to center) 9 mm/9 mm
Temperature range —20-60 °C Number of rows 48
Number of columns 48 Number of nodes 2304 (48 x 48)

This study examined the validity of the pressure sensor. The maximum pressure
detected, accuracy, measurement speed, and measurement area were verified as validity
criteria. The maximum pressure detected was determined by the saturation of the ADC
value owing to the pressure increase. The ADC produced a measurement of 187 under a
pressure of 4.09 MPa, 196 under 5.45 MPa, and 204 under 6.81 MPa. Thus, the observations
proved that the pressure sensor could measure more than 6.81 MPa.

The pressure-sensor accuracy was determined using the error of the values measured
when the set pressure was applied two or more times. When 1.36 MPa was applied
and re-applied, the measurement was 1.38 MPa, and the error rate was observed to be
less than 1.5%. For the measurement speed, measurements were performed under the
application of pressure, and the sampling rate was then determined from the number of
datapoints recorded per second. The pressure sensor used in this study had a total of
48 x 48 (2304) nodes, and it was observed that 32 datapoints were recorded per second per
node. Therefore, the sampling rate was determined to be 73,728 (=2304 x 32) Hz.
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To determine the measurement area of the pressure sensor, the length and width of
the sensing area of the sample were measured to be 428 x 428 mm. Therefore, the error
from the sensing area considered for the design was regarded as insignificant.

As shown in Figure 6¢, the system applied in this study can display the measurement
results of the pressure sensor in two-dimensional (2D) and three-dimensional (3D) graphs.
The performance of the system was verified at a laboratory scale before its application
to an actual STEDEF site for the development of a technique for evaluating the aging
(deterioration) of resilience pads and changes in track boundary conditions by measuring
the pressure at the bottom of the sleeper via a pressure sensor.

3. Laboratory Tests
3.1. Overview

In this study, static and dynamic loading tests were conducted on the STEDEF assembly.
The static loading test was conducted within the rail fastening system (KRS-TR-0014-
15R) standard of the Korean railway standards [13]. The dynamic loading test was also
conducted to verify the performance of the pressure sensor. Figure 8 shows the installation
of the STEDEF and pressure sensor for laboratory tests.

Rubber
- boots

(a) (b)

Figure 8. STEDEF and pressure sensor: (a) pressure sensor installed; (b) STEDEF assembly.

In this study, the pressure sensor was installed between the STEDEF components,
as shown in Figure 8. In the laboratory tests, the vertical displacements of the rail and
sleeper as well as the pressure at the bottom of the sleeper were measured. The vertical
displacements were used to calculate the spring stiffness of the resilience pad. Figure 9
shows the measurement items for the laboratory tests.

The vertical displacements of the rail and sleeper were measured using LVDTs. A
sufficient sampling rate (1.0 kHz) was set to prevent the distortion and loss of measurement
data signals as much as possible and remove the signals of noise components.

The pressure sensor was inserted between the resilience pad and rubber boots to
measure the pressure under the application of a load. The pressure-sensor measurement
data were simultaneously obtained from a total of 2304 nodes by setting the maximum
sampling rate to 30 Hz for each node. In the case of the dynamic loading test, the maximum
excitation frequency was 4 Hz, and the pressure-sensor sampling rate was judged to
be appropriate.



Appl. Sci. 2023, 13, 4002 9 of 24

ey

[

Figure 9. Measurement sensors installed.

3.2. Laboratory Test Condition

In this study, static and dynamic loading tests were conducted. The static loading test
was conducted in accordance with Korean Railway Standards [13]. For the static loading
test, the magnitude of the load ranged from 1 to 64 kN, and loading was performed three
times. In the case of the dynamic loading test, the average load was set to 80 kN under four
conditions. The load conditions of the static loading test are shown in Figure 10a, and the
load conditions of the dynamic loading test are shown in Figure 10b. Table 2 shows the
conditions for the static and dynamic loading tests.

70 140
60 | 120
50 | 100
Z a0} < sof
-5} [}
2 2
s 30 = 60
= =
20 40 -
10 | : 20
0 1 1 1 1 0 1 1 1 1 1 1
0 40 80 120 160 200 240 0 20 40 60 80 100 120 140
Time (s) Time (s)

(a) (b)

Figure 10. Laboratory test load condition: (a) static loading test; (b) dynamic loading test.
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Table 2. Laboratory test load condition.

Laboratory Test Mean Load Load Amplitude Min. Load Max. Load Frequency = Number of
Condition (kN) (kN) (kN) (kN) (Hz) Cycles
Static loading test - - 1 64 - 3
Load case 1 (£10%) 80 +8 72 88 4 250
Dynamic =y 4 case 2 (+25%) 80 420 60 100 4 250
loading test
Load case 3 (£40%) 80 +32 48 112 4 250
Load case 4
80 +41.04 38.96 121.04 4 250
(iTIFDesign)

Force (kN)

70

In this study, conditions for the dynamic loading test were set as shown in Table 2.
Laboratory tests were conducted by setting 10%, 25%, 40%, and 51.3% of the average load
as load amplitudes for the dynamic loading test, as shown in Table 2. In load case 4, the
load amplitude was set to 51.3%, considering a maximum track impact factor of 1.513
(V =100 km/h) for urban railway design in South Korea as the maximum load condition.

3.3. Laboratory Test Results
3.3.1. Static Loading Test

In this study, laboratory tests were conducted to analyze the change in pressure at
the bottom of the sleeper for both new resilience pads and pads that had been used for
more than ten years among the STEDEF components. The laboratory tests were conducted
according to the KR standard in this study. The main measurements for this test were the
vertical displacements of the rail and sleeper as well as the pressure at the bottom of the
sleeper. Before the pressure measurement, the difference in spring stiffness between new
and used resilience pads was analyzed. The rail support spring stiffness was calculated
using the laboratory test load and the measured vertical displacement of the rail. The
measured vertical displacement of the sleeper was used for a comparative analysis with
the numerical analysis results. The pressure at the bottom of the sleeper was also used for a
comparative analysis with the measurement and analysis results. Figure 11 shows the load—
displacement graphs obtained through laboratory tests on new and used resilience pads.

70

60 -

50 -

40t

30 -

Force (kN)

20 -

10 -

1 2 3 4 5 6 7 oo 1 2 3 :1 5 6

Vertical displacement of rail (mm)

Vertical displacement of rail (mm)

(a) (b)

Figure 11. Static loading test results (load—vertical displacement): (a) resilience pad (new);
(b) resilience pad (used).
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In this study, the load—displacement relationship was obtained via tests on the STEDEF
assembly, as shown in Figure 11. The rail support and resilience pad spring stiffness values
were calculated based on the measured load and vertical displacement of the rail. The
equation used to calculate the rail support spring stiffness using the laboratory test data
was as follows [13]:

F. —F
ksa = %, kKN/mm (Fsap = 0.8Fsamax), (6)

where Fs 41 is the minimum load applied to the assembly during the static stiffness test,
Fs Amayx is the maximum load applied to the assembly during the static stiffness test, ks
is the rail support spring stiffness, and ds, is the average vertical displacement of the
assembly. The theoretical rail support spring stiffness calculation formula is given as
follows [13]. )

1 1 17
Tk Th

ksa = @)
where kj is the spring stiffness of the rail pad, k; is the spring stiffness of the resilience pad,
and k3 is the spring stiffness of the rubber boots [13]. In this study, the rail support spring
stiffness kg4 was calculated using laboratory test data via Equation (1), and the spring
stiffness of the resilience pad was calculated using Equation (2) [1,2,6]. In this case, 400 and
2000 kN/m were applied as the spring stiffness values of the rail pad and rubber boots,
respectively, through the application of the design specifications [1,2,6]. Table 3 is the static
loading test results.

Table 3. Static loading test results (assembly).

New Used
Load Condition
Force (kN) Average Rail Displ. (mm) Force (kN) Average Rail Displ. (mm)
Fsa2 51.2 51.2
4.72 3.64
Fsa1 1.0 1.0

The rail support spring stiffness was analyzed to be approximately 10.64 and
13.79 kN/mm under the application of new and used resilience pads, respectively. The
static vertical stiffness was also analyzed to be approximately 10.99 and 14.39 kN/mm,
respectively. The spring stiffness of the used resilience pad was approximately 31% higher
than that of the new resilience pad. In the case of the new resilience pad, the average rail
displacement was analyzed to be approximately 4.72 mm.

Figure 12 shows the measurement results of the pressure at the bottom of the concrete
sleeper that were obtained using the pressure sensor under the new-resilience-pad condition.

When the pressure was measured using the pressure sensor, the maximum pressure
was observed to be approximately 2.20 MPa for the new resilience pad, as shown in
Figure 12. The maximum pressure for the used resilience pad was approximately 2.44 MPa.
An analysis of the measurement results for the new and used resilience pads showed that
the region with a pressure of 1.07-1.43 MPa was similar for both the new and used resilience
pads. The region with a pressure of 2.14 MPa or higher was larger in the used resilience
pad compared to that of the new resilience pad.

In this study, laboratory tests on new and used resilience pads were conducted using
the pressure sensor. Linear regression analysis was also conducted using the measurement
results. As observed in Figure 13, the linear regression analysis results for the static loading
test showed that the slope of the pressure versus load graph for the used resilience pad
was approximately 1.13 times higher than that of the new resilience pad. This indicates
that the pressure at the bottom of the sleeper increased owing to an increase in the spring
stiffness of the resilience pad.
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Figure 12. Static loading test results (under the application of the maximum static load): (a) pressure
contour (2D, new resilience pad); (b) pressure contour (3D, new resilience pad); (¢) pressure contour
(2D, used resilience pad); (d) pressure contour (3D, used resilience pad).
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Figure 13. Static loading test measurement results (new and used resilience pads).
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3.3.2. Dynamic Loading Test

In this study, the dynamic loading test was conducted to analyze the influence of new
and old resilience pads on the pressure measurements. Through this test, the pressure
values at the bottom of the sleeper for the new and used resilience pads were compared,
and the measurement performance of the pressure sensor was analyzed.

The pressure at the bottom of the sleeper was measured using the pressure sensor.
Figure 14 shows the measurement results for the new resilience pad.

Pressure(MPa)
[ o
2.57
214
1.71

1.29
0.86

043
- 0.00

Pressure(MPa)

A
Vs
AR
GIIXARL
""0:‘,":/’?9","331'

AV,
T

18 24 30 36 42 48
Lateral Node

(a)

Pressure(MPa)
-
257
214
1.71

1.29
0.86

043
- 0.00

Pressure(MPa) \

18 24 30 36 42 48
Lateral Node

(c) (d)

Figure 14. Dynamic loading test results (load case 4): (a) pressure contour (2D, new resilience
pad); (b) pressure contour (3D, new resilience pad); (c) pressure contour (2D, used resilience pad);
(d) pressure contour (3D, used resilience pad).

Figure 14 shows the pressure measurement results under the maximum load during
the dynamic loading test for each resilience pad (load case 4). As shown in Figure 14a,c, the
2D measurement results showed a difference in the region with a pressure of 2.57 MPa or
higher, which depended on the spring stiffness. Figure 14b,d are the three-dimensional (3D)
graphs of pressure generated at each node of the pressure sensor. For the new resilience
pad, the pressure-measurement results in the dynamic test results (load case 4) were
approximately 27.3% higher than that of the static test results in Figure 12. In the case of
the used resilience pad, the pressure-measurement results in the dynamic test results (load
case 4) were approximately 20.9% higher than that of the static test results. This indicates
that an increase in resilience pad spring stiffness directly caused an increase in the pressure
at the bottom of the sleeper.

Figure 15 shows the pressure-measurement results during the dynamic loading test.
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Figure 15. Dynamic loading test measurement results: (a) load case 1, new resilience pad; (b) load
case 1, used resilience pad; (c) load case 2, new resilience pad; (d) load case 2, used resilience pad;
(e) load case 3, new resilience pad; (f) load case 3, used resilience pad; (g) load case 4, new resilience
pad; (h) load case 4, used resilience pad.



Appl. Sci. 2023, 13, 4002

15 of 24

As shown in Table 4, the minimum load decreased and the maximum load increased
as the load amplitude increased. Therefore, in the pressure-measurement results, the
minimum pressure of load case 1 was approximately 82% higher than that of load case
4 for the new resilience pad, as shown in Table 4. In addition, the maximum pressure of
load case 1 was approximately 2.1% lower than that of load case 4. In the case of the used
resilience pad, the minimum pressure of load case 1 was approximately 85% higher than
that of load case 4, whereas the maximum pressure of load case 1 was approximately 6.1%
lower than that of load case 4.

Table 4. Dynamic loading test analysis results.

Resilience Pad (New) Resilience Pad (Used)
Load Case
Min (MPa) Max (MPa) Min (MPa) Max (MPa)
case 1 (£10%) 2.55 2.74 2.61 2.77
case 2 (£25%) 2.20 2.81 2.20 2.82
case 3 (£40%) 1.82 2.90 1.70 291
case 4 (:I:TIFDeSign) 1.40 2.80 1.41 2.95

The maximum and minimum pressure analysis results in load cases 1—4 for each
resilience pad are shown in Figure 16.

3.5

3.0

N
(3]
T

N
o
T

-
(3]
T
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-
o
T

o
3]
T

—O— Dynamic loading test (New)
- i —O— Dynamic loading test (Used)

0.0 1 | 1 1 | 1
0 20 40 60 80 100 120 140

Load (kN)

Figure 16. Dynamic loading test results (measured pressure).

The dynamic test pressures of the new and used resilience pads were compared, as
shown in Figure 16. The dynamic loading test results showed that the pressure of the used
resilience pad was higher than that of the new resilience pad, except for a load of 48 kN. It
was also observed that the new and used resilience pads had similar tendencies up to 112 kN.
However, when a maximum of 121.04 kN was applied, the pressure difference between
the new and used resilience pads was analyzed to be approximately 0.15 MPa. Under a
maximum load of 121.04 kN, the pressure of the used resilience pad was approximately
5.4% higher than that of the new resilience pad.
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New products have lower spring stiffness compared with the used products. This
is attributed to the difference in the elastic restoring force when the maximum load of
121.04 kN is applied at the speed of 4 Hz.

Accelerated aging and fatigue tests were not performed for the resilience pads used in
the experiment. This phenomenon can be attributed to the nonlinear behavioral character-
istics of the rubber material.

Additionally, we cannot rule out the occurrence of errors in measuring sensors. How-
ever, the static test results match the logic proposed in this study. Thus, we shall be able to
identify the cause if additional research is conducted for the condition in which dynamic
loads are applied.

4. Finite Element Analysis
4.1. Overview

In this study, numerical analysis was conducted through the analytical modeling of
3D solid elements, from the rail to the concrete bed. In general, pressure is the applied load
divided by the cross-sectional area. This study analyzed the magnitude and geometry of
the pressure (stress) generated at the bottom of the resilience pad under the application of
a load. ANSYS Workbench Ver. 2023 R1, a general-purpose structural analysis software
program, was used for the numerical analysis [14].

4.2. Modeling

This study analyzed the magnitude and geometry of the pressure generated at the
bottom of the concrete sleeper, which was one of the STEDEF components. To ensure a
behavior analysis that is similar to reality, the rail, rail pad, concrete sleeper, rubber boots,
and concrete bed were set as 3D solid elements. Solid-element analysis was required to
analyze the geometry of the pressure generated under the resilience pad. Figure 17 shows
the schematic of the STEDEEF. In addition, the specifications of the STEDEF components
used in the numerical analysis are shown in Table 5.

Rail

Rail pad @

RC block (sleeper)

Tie-bar Resilience pad

Rubber boots
Concrete bed

Figure 17. Schematic of the booted sleeper track system (STEDEF) [6].
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Table 5. Material properties of the booted sleeper track (STEDEF) system components [6].

Component Properties Resilience Pad (Used)
Size Density (kN/m3) Elastic Modulus (MPa) Poisson’s Ratio (v)

Rail 11;3;)79. g ir;i 77.01 210,000 03
Rail pad Si;}ei;k?eossles ?nfgm 9.32 714 0.2
RC block SiIZ{eei:gii 20658fn$m 22.56 26,086 0.18
Tie-bar ifrfgjfi ;ogg o 77.01 200,000 0.3
Resilience pad S}ﬁcﬁigsiigor;“r;“ 6.87 - 0.49
Rubber boots "}_111?2%(}1112:513?5 1:::1 7.85 2000 0.2
Concrete bed ‘g::ﬁ ;3388 mm 22.56 26,086 0.18

In numerical analysis modeling, all the components, from the rail to the concrete bed,
were set as 3D solid elements. To verify the validity of the model, the model was set under
the same conditions as those of the laboratory tests. Figure 18 shows the numerical analysis
model, load conditions, and boundary conditions. For the boundary conditions between
track components, rail and rail pad, rail pad and RC block, RC block and tie-bar, and rubber
boots and concrete bed have a bonded condition, RC block and rubber boots, and RC
block—a frictional condition was applied for resilience pads, but no condition was applied
for resilience pads and rubber boots.

B: STEDEF
Force
Time: 32,5

ANSYS

2021

[B Force: 84000 N
[B] Standard Earth Gravity: 9806.6 mm/s*
[C] Displacernent 2
[D] Displacernent
[E Fixed Support

600.00 (rmm}

Figure 18. FE model of the booted sleeper track system (boundary and load conditions).
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C: Static Structural
Directional Deformation
Type: Directional Deformation(Z Axis)
Unit: mm

Global Coordinate System
Time: 1s

-4.5468 Max
-4.5735
-4.6002
-4.6268
-4.6535
-4,6802
-4.7068
-4.7335
-4.7602
-4.7868 Min

0.00

300.00 600.00 (mm)

The numerical analysis model contained 55,846 nodes and 28,574 elements. In the
boundary conditions, the lower surface of the concrete bed was set as a fixed support. For
both ends of the rail, the X and Y axes were fixed, and the Z axis was set to be free. The
load position was set to the center of the rail head. The load conditions were set between 0
and 64 kN, in the same manner as in the static loading test.

4.3. Analysis Result

In most of the previous studies, resilience pads were used for analysis as spring
elements. However, in this study, the elastic modulus was required for analysis because the
resilience pad was a solid element. The analysis and laboratory test results were compared
to calculate the appropriate elastic modulus of the resilience pad.

The analysis and laboratory test results were compared and analyzed to verify the va-
lidity of the numerical analysis results. The vertical displacement of the rail was compared
between the laboratory test and analysis results. Figure 19 shows the measurement and
analysis results.

Ansys E: Static Structural Ansys
2023R1 Directional Deformation 2023R1
Type: Directional Deformation(Z Axis)
Unit: mm
Global Coordinate System
Time: 1s

-3.4107 Max
-3.4369
-3.463
-3.4892
-3.5153
-3.5414
-3.5676
-3.5937
-3.6198
-3.646 Min

z

X
o |
Yﬂ 0.00 300.00 600.00 (mm) Y4
I .

150.00 450.00
450.00

(a) (b)

Figure 19. Analysis results for the vertical displacement of rail: (a) new resilience pad; (b) used
resilience pad.

As shown in Figure 19, the vertical displacement of the rail was compared between
the numerical analysis and laboratory test results. For the new resilience pad, the vertical
displacement of the rail was observed to be approximately 4.72 mm in the laboratory
tests and 4.78 mm in the numerical analysis. The error between the numerical analysis
and laboratory test results was approximately 1.3%; therefore, the analysis model was
judged to be appropriate. In this case, 0.08 MPa was used as the elastic modulus of the
new resilience pad. In the case of the used resilience pad, the vertical displacement of
the rail was observed to be approximately 3.64 mm for the laboratory tests and 3.65 mm
for the numerical analysis. The analysis model was judged to be appropriate because the
error between the analysis and laboratory test results was approximately 0.3%. In this case,
0.125 MPa was used as the elastic modulus of the used resilience pad.

The numerical analysis results for each resilience pad are shown in Figure 20.
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C: Static Structural AI'ISYS E: Static Structural I\nsys
Normal Stress 4 2023R1 Normal Stress 2023R1
lTJypte I\;I\I;rmal Stress(Z Axis) }== Eygf:hrglsrmal Stress(Z Axis)
nit: MPa nit: MPa
Global Coordinate System 111 Global Coordinate System
Time: 1s T Time:1s
[
0.037754 Max ] 0.046308 Max
0.0089832 N 0.011086
-0.019788 ] -0.024137
-0.048559 {= -0.059359
-0.077329 -0.094581
-0.1061 | ] -0.1298
-0.13487 I -0.16503
-0.16364 }=I -0.20025
-0.19241 1 -0.23547
-0.24995 Min N -0.30592 Min
1]
.
0.00 100.00 200.00 (mm) ° | 0.00 100.00 200.00 (mm) °
N . [ B .|
50.00 150.00 50.00 150.00

(a) (b)

Figure 20. Numerical analysis results (normal stress, z axis): (a) new resilience pad; (b) used
resilience pad.

In this study, the compressive stress for each resilience pad was analyzed via numerical
analysis, as shown in Figure 21. The maximum compressive stress of the new resilience
pad was analyzed to be approximately 0.25 MPa, whereas that of the used resilience pad
was approximately 0.306 MPa. The compressive stress of the used resilience pad was
approximately 22.4% higher than that of the new resilience pad.

0.5

—— New resilience pad
Used resilience pad

Compressive stress (MPa)

0.0

0 10 20 30 40 50 60 70
Vertical Load (kN)

Figure 21. Compressive stress analysis results for each resilience pad.

Figure 22 compares the analysis and laboratory test results for the new resilience pad.
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C: Static Structural

Normal Stress 4

Type: Normal Stress(Z Axis)
Unit: MPa

Global Coordinate System
Time: 1s

0.037754 Max
0.0089832
-0.019788
-0.048559
-0.077329
-0.10861
-0.13487
-0.16364
-0.19241
-0.24995 Min

0.00

50.00

Ansys

2023R1 Pressure(MPa)

2.50
a.60
0.50
0.40
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0.10
a.00

longitudinal Node

0 6 12 18 24 30 36 42 48

100.00 20000 (mm) p Lateral Node
_— .
150.00

(a) (b)

Figure 22. Comparison between the numerical analysis and laboratory test results for the new
resilience pad: (a) compressive stress analysis results (normal stress, z axis); (b) pressure sensor
measurement results (laboratory test).

The numerical analysis and laboratory test results for the new resilience pad were
compared, as shown in Figure 22. In the case of the numerical analysis results, the same area
as that measured when installing the pressure sensor was analyzed. The pressure sensor
measurement and numerical analysis results exhibited similar contours. The maximum
local compressive stress was 0.38 MPa in the numerical analysis. In the static laboratory
test results for the new resilience pad, the maximum pressure was 2.21 MPa. Thus, a
considerable difference in stress (pressure) was observed between the numerical analysis
and laboratory test results. For the pressure sensor, the pressure was measured from the
5 x 5 mm node. However, in the case of the numerical analysis, the stress was measured
from a 20 x 20 mm area with a thickness of 12 mm. Because the pressure was determined
by the area, the load acting on the actual node was calculated instead of the pressure.
When an area of 25 (5 x 5 mm) mm? was considered for the maximum pressure measured
from the pressure sensor, the load acting on the node was 55.25 N. When an area of 240
(20 x 12 mm) mm? was considered for the stress analyzed through the numerical analysis,
the load acting on the node was analyzed to be 59.98 N.

Figure 23 shows the results of converting the pressures measured through the numeri-
cal analysis and laboratory tests into the load acting on the node.

As shown in Figure 23, the correlation between the resilience pad compressive stress
and the load on each node was analyzed. Under initial loads, the load on each node
analyzed through the laboratory tests was higher than that on each node obtained through
the numerical analysis. However, under the maximum load on the rail, the load on each
node obtained through the numerical analysis was approximately 4.73 N higher than that
of the laboratory tests. Compared to the laboratory tests, the load on each node obtained
through the numerical analysis was different by approximately 7.9%.
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Figure 23. Analysis results showing the correlation between the resilience pad compressive stress
and the load on each node.

5. Results and Discussion
5.1. Overview

In this study, laboratory tests on the STEDEF assembly were conducted to verify the
performance of the pressure sensor. The pressure values measured through laboratory tests
were compared with the numerical analysis results. In addition, we proposed a process for
evaluating the spring stiffness of resilience pads in the STEDEF using a pressure sensor.

5.2. Comparison between Laboratory Test and Numerical Analysis Results

The results of laboratory tests that used the pressure sensor were compared with the
numerical analysis results, as shown in Figure 24.

3.5
30+
_25¢
]
==
= 20
]
A
2 1.5
5]
&
1.0 +
—O— Dynamic loading test (Used)
0.5 —0— Dynamic loading test (New)
. Linear fit of Static(Used) : Y=0.033X+0.36, R*=0.99
Linear fit of Static(New) : Y=0.029X+0.44, R?=0.99
0-0 1 1 1 1 1 1
0 20 40 60 80 100 120 140

Load (kN)

Figure 24. Laboratory test analysis results (static and dynamic).
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As shown in Figure 24, the dynamic test results showed that the pressure at the
bottom of the sleeper linearly increased as the load increased from 0 to 70 kN. However,
as the load exceeded approximately 70 kN, the pressure gradient according to the load
decreased. Therefore, the pressure levels of the static and dynamic tests were similar for up
to approximately 70 kN. However, from 70 kN onwards, the linear regression gradient was
different from the gradient of the dynamic test results.

The linear regression line for the static test results was compared with that of the
dynamic test results, as shown in Figure 24. The comparison showed that the pressure did
not linearly increase proportionally to the increase in the test load. The results under the
minimum loads of load cases 1-4, which are dynamic test conditions, were compared with
the static test results. In load case 1, the static laboratory test pressure was approximately
0.8% higher than that of the dynamic laboratory test for the new resilience pad. However,
in the case of the used resilience pad, the static laboratory test pressure was approximately
4.6% lower than that of the dynamic laboratory test. In load case 4, the static laboratory test
pressure was approximately 10.2% lower than that of the dynamic laboratory test for the
new resilience pad. In the case of the used resilience pad, the static laboratory test pressure
was also approximately 14.9% lower than that of the dynamic laboratory test.

5.3. Method to Improve the Resilience Pad Spring Stiffness Evaluation Technique

This study proposed a method to improve the evaluation technique for the spring
stiffness of resilience pads in the STEDEF. In general, track performance was evaluated
through the track support stiffness and track impact factor calculation results. Track
performance was evaluated based on the spring stiffness results of elastic materials (elastic
pads), which are key elements among the track components.

An anomaly-detection system process for SOC facilities using a pressure sensor is
shown in Figure 25.

F
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Location / Measured
e X
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(Machine Learning) automatic
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(3D display)
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| .))

—

Suggestion of
Prediction results

Anomaly Detection System for
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Figure 25. Anomaly-detection system process for SOC facilities using a pressure sensor.

A pressure sensor and automatic measurement system were installed in the field, and
data measurements were obtained. The measured data were stored in a database and
transmitted to the administrator PC. For the analysis of the measurement results, machine
learning analysis was conducted based on the data stored in the database to evaluate the
behavior of SOC facilities. In addition, the measured data were examined using 3D display
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software. Moreover, an anomaly-detection system for facilities can be constructed using a
pressure sensor through the process shown in Figure 25.

6. Conclusions

This study proposed a technique to evaluate the spring stiffness of resilience pads in
the booted sleeper track system (STEDEF) using a pressure sensor. Previous studies used a
strain gauge to measure the wheel load, and LVDT to measure the vertical displacement
of rail and sleepers. Then, spring stiffness at the rail support point was estimated using
the measurements. However, this study used a pressure sensor to measure the pressure
acting on the resilience pads. Pressure is a factor determining the reaction force at the
support point and indicates the changes in spring stiffness at the rail support point. In
other words, the purpose of this study was to estimate the spring stiffness of resilience
pads by measuring the pressure. Laboratory tests showed that the pressure at the bottom
of the sleeper increased owing to the aging (spring stiffness increase) of resilience pads in
the STEDEF. Therefore, we experimentally verified that the change in the spring stiffness of
resilience pads in the STEDEF can be detected using a pressure sensor. Numerical analysis
showed that an increase in the spring stiffness of the resilience pads had a direct impact
on the increase in pressure at the bottom of the sleeper and the stress of the resilience
pads. The analysis model was proven to reflect the experimental conditions well because
it exhibited very similar results to those of the experiment. It is possible to determine
an increase or decrease in the spring stiffness of resilience pads based on the pressure
generated in the new resilience pad. This can be utilized when evaluating the deterioration
and uplift of sleepers. The STEDEF is a track type in which changes in the sleeper support
conditions and the spring stiffness of resilience pads cannot be easily identified according
to the uplift and settlement of underground structures. Therefore, the use of the proposed
technique will make it possible to evaluate the sleeper support conditions of the STEDEF
and the spring stiffness of resilience pads together. In addition, this real-time monitoring
technique will be highly useful for tracking maintenance because the deterioration process
of resilience pads can be monitored for railways in operation based on the pressure at the
bottom of the sleeper. Given that this study derived the results at the laboratory level,
additional research is needed to propose the replacement period for resilience pads. Thus,
it is required to conduct additional studies to (1) validate the suitability of a pressure sensor
based on a field test and (2) analyze the correlation between spring stiffness and pressure
considering the nonlinear behavior of resilience pads based on fatigue tests. Therefore,
conducting additional studies will help propose more accurate results on the replacement
period of resilience pads.
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