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Abstract: This study focuses on evaluating the field performance of a newly developed eco-friendly
precast concrete slab track structure for railway/subway systems in Seoul, South Korea. Although
Ballasted railway track structures are one of the most common track structures in the railway industry,
they have some drawbacks including higher maintenance cost, un-uniform supports, and a high
level of noise and vibration. However, a ballastless (slab-based) track structure system requires
less maintenance and uniform support conditions, as well as several ballastless structure systems
developed for high-speed trains. The Seoul Metro subway in South Korea has developed a ballastless
reinforced concrete (RC) slab railway system using a type of conventional concrete. This study
presents a ballastless precast concrete slab using a newly developed eco-friendly concrete, which can
significantly improve structural performances and the manufacturability of a railway track structure
system. This study evaluates the field performance of the eco-friendly concrete slab system deployed
in one of the existing tunnel sections of the Seoul Metro subway system. A total of 10 m long slab
sections including a 5 m long eco-friendly “ballasted track to slab track (B2S)” panels section and
a 5 m long conventional B2S panels section are installed and monitored side by side. Field tests
are performed to measure the level of noise, vibration, dynamic wheel load, rail displacement, and
rail stress. The field measurements from the eco-friendly B2S section are compared to those of the
conventional reinforced concrete slab track systems. The results show that the performance of the new
B2S system using the eco-friendly concrete is comparable and/or superior to the conventional system.

Keywords: Eco-friendly concrete; ground granulated blast furnace (GGBF) slag; electric arc furnace
(EAF) oxidizing slag; ballasted track to slab track (B2S)

1. Introduction

In the railway engineering field, two basic types of railroad track structures are most commonly
used: (1) a ballasted railway track structure with either concrete prestressed sleepers or wooden
sleepers and (2) a ballastless track structure. Over several decades, the ballasted track structure has
been widely used as one of the important track structure systems. However, the ballasted system has
inherent drawbacks such as (1) ballast fouling, (2) uneven support conditions to the track structures,
and (3) negative effects on ties and rails. Ballast fouling is identified as one of the main causes that
can negatively affect the integrity of the track structure [1]. Therefore, it has been of great interest to
evaluate and detect the level of fouled ballast and its condition. A non-destructive testing method
using ground penetration radar (GPR) has been developed and its great potential has been presented
in the railway industry [1,2]. The fouled-ballast greatly affects the drainage capacity of the railway
infrastructure [3]. After investigating derailment accidents (e.g., accident no. DCA13FR009 in Bronx,
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New York, NY, USA on 18 July 2013), the investigation report indicated that the accidents were
associated with the damage of concrete sleepers including reduced the cross-section of the ties due
to abrasion, fouling, and others [4,5]. Recent studies have focused on identifying different failure
mechanisms of prestressed concrete crossties including splitting/bursting, center biding, and rail seat
deterioration [6-10]. In order to ensure the structural integrity and the safety of the track structure
including substructures and superstructures, a ballasted track requires high maintenance cost.

As opposed to the ballasted track, the maintenance cost of a continuous, ballastless, or slab track is
lower than the traditional ballasted track, although it initially requires higher construction costs [11,12].
Recently, field applications of a slab track have become more popular in Japan, South Korea, China,
and Europe, since a slab track system shows superior performance such as higher longitudinal and
lateral resistance, less buckling issue, even substructure settlements etc. [13]. In addition to the
high-speed train applications, a slab track has been used for special track systems such as tunnel,
bridges, and transit [11,14,15].

As the loading demands have increased over the last decades, in addition to the interest of
increasing speed for a high-speed train system with an environmentally-sustainable next-generation
railroad track system in South Korea, the authors developed an eco-friendly concrete, which was
adopted to develop an eco-friendly railroad structural component. The developed eco-friendly
concrete utilizes the industry slags (i.e., ground granulated blast furnace slag and electric arc furnace
oxidizing slag) while minimizing the amount of cement and natural resource usages [16,17]. Therein,
30% of Portland type III cement was replaced by ground granulated blast furnace (GGBF) slag and
100% of fine aggregate was replaced by electric arc furnace (EAF) oxidizing slag. They used the newly
developed cement-based material to manufacture eco-friendly prestressed concrete sleepers and the
new railway structural component was successfully installed in the field of a high-speed train track in
South Korea. They conducted a series of experimental tests to evaluate the structural performance
of the eco-friendly concrete sleepers and compared to conventional prestressed concrete sleepers
according to domestic/international standard tests. Static and dynamic load tests were performed and
the test results demonstrated that the bending capacity and crack initiation of the eco-friendly concrete
sleepers were higher and much delayed as compared to the conventional sleepers [16]. In addition,
the authors measured the transfer length of the developed eco-friendly concrete sleepers, since it was
critical for the railseat section to have fully developed effective stress after de-tensioning tendons.
If the transfer length was longer than the railseat area, the railseat section would be subjected to
premature failures. They used the 95% average maximum strain (AMS) method to determine the
transfer length. The transfer length of the eco-friendly concrete sleepers was not only shorter than that
of the conventional concrete sleepers but shorter than the length measured from the edge of the sleeper
to the beginning of the railseat section, which indicated that the effective stress was fully developed in
the railseat section [17]. The eco-friendly concrete not only reduced the CO, emission by replacing
30% of cement but also exhibited superior mechanical performance, which was attributed to stable
and dense microstructures and improved workability (ball bearing effect) by using the EAF oxidizing
slag and improved durability by using the GGBF slag [18] in addition to the higher 28-day minimum
compressive strength.

In order to maximize the benefits of the developed eco-friendly concrete, this paper presents the
development of an eco-friendly precast concrete slab. Four eco-friendly ballasted track to slab track
(B2S) panels are manufactured and installed in an operating metro-subway line in Seoul, South Korea
and the field performance is measured: dynamic wheel loads, rail displacements, rail stress, and the
level of noise and vibration. The measurements are compared with the performance of a conventional
reinforced concrete slab section which was installed right next to the eco-friendly B2S.

2. B2S Panel

This study adopts one of the conventional reinforced concrete (RC) slab designs used by the Seoul
Metro subway. Figure 1 shows a 3D rendering image of the B2S panel. Its dimensions were 2.75 m
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(width) x 1.225 m (length) X 0.17 m (thickness). An elastic fastening system was used to connect the
rails to the slab panel. The B2S reinforced concrete adopted by the Seoul Metro subway system required
us to use the minimum compressive strength of 50 MPa concrete in order to meet its design criteria [19].
Their standard was established to minimize the settlement of the track structure, especially the subsoil.
The B2S track system had a higher track stiffness than a ballasted track structure with prestressed
concrete sleepers. In addition, Kong et al. reported that the installed B2S track structure system in
the Seoul Metro subway reduces the noise and vibration level as compared with the ballasted track
structure [20].

Figure 1. A 3D rending image of a ballasted track to slab track (B2S) panel.

Given the geometric design, two types of B2S panels were fabricated with (1) a conventional
concrete (minimum 28-day compressive strength, f'c = 50 MPa) and (2) the eco-friendly concrete
(minimum 28-day compressive strength, f'c = 70 MPa). Hereafter, the first panel with a conventional
concrete is named “Conventional B2S panel,” and the second panel with the eco-friendly concrete is
named “Eco-friendly B2S panel.”

Figure 2 shows the pictures of the fabrication process of the B2S panels: (1) #3 and #4 rebars were
assembled in a steel formwork (see Figure 2a), (2) concrete was poured into the formwork, (3) concrete
was cured at the ambient temperature, and finally, Figure 2d shows the prototype of two eco-friendly
B2S panels. Normally the conventional concrete takes at least seven days to reach the design strength
(50 MPa). However, the eco-friendly concrete can reach a strength of 50 MPa within one day. In order
to develop the high-early strength concrete, the eco-friendly concrete used the Portland type III cement
and GGBF slag together as the cement-binder. The water to cement-binder ratio was 0.35. In addition,
it is worthwhile to note that the self-weight of the eco-friendly concrete was at least 10% heavier
than the conventional concrete, since the density of the EAF slag (3.4 g/cm?) is heavier than natural
fine aggregate (2.6 g/cm®). The more detail of the eco-friendly concrete can be found in previous
studies [16,17].
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Figure 2. Fabrication process of the B2S panels: (a) Rebar assembly, (b) Pouring concrete, (c) Curing,
and (d) Prototype of the B2S panels.

3. Field Test Set-Up

Installation of the B2S Panels

A total of eight concrete slabs were installed in a tunnel of the operating Seoul subway lines
(i.e., Line #1): four ecofriendly B2S panels and four conventional B2S panels. The total length of
the tested B2S panels was 10 m. This line passed through a residential area. In this field tests,
the performance of the eco-friendly B2S panels such as structural behaviors and a noise level were
measured and compared with the conventional panels. For the selection of the field-testing site, some
conditions were carefully considered: (1) the same rail profile without any irregularity; (2) a section of
the lines without acceleration and deacceleration for trains; (3) same geometry including the cant and
radius of the line; and (4) the same train speed. The first 5 m section consisted of four conventional
B2S panels and the next 5 m section consisted of four eco-friendly B2S panels. The field installation
process followed four steps: (1) removal of the ballast, (2) panel installation, (3) pouring the fillers
between panels, and (4) completion of the installation. Figure 3 shows the installation process of 8-B2S
panels in the operational line. The installation of the panels took place after the regular operation
hours in order to minimize the obstruction of the operation of the subway line.

Strain gauges, accelerometers, and linear voltage differential transducers (LVDTs) were mounted
on the rails, tunnel walls, and the B2S panels. Those sensors were installed to measure vertical and
lateral wheel loads, rail bottom stress, vertical and lateral displacements, vertical acceleration of panels,
and lateral acceleration of tunnel walls. Figure 4 shows the plan view and sectional view of the
schematics of the sensor locations of the field-testing site.
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Figure 3. Installation process of the B2S panels: (a) Before removing the ballast, (b) Installation of
panels, (c) Pouring fillers, and (d) Completion of the installation.

Eco-friendly B2S Section Conventional B2S Section

.3 * [ ]2, || p=F =2 Vertical wheel load ¢ =
J,, I iemi | |-l Lateral load 1] ’L_,J
I T i) 4 a1
Q1 ]

Bottom stress -
== hT =R
—| —

-l

o ak :
L;':ﬂ ) %I Lateral displacement 4]
L—— "= Vertical displacement

N M ' N O Vertical Acceleration | e
P LA o/ ®  Vertical Acceleration o/ ° ’g“”_j “ i.-’ p
|
- - - - - - — 1 | 57 T Vertical wheel load *‘ —
« {%"_r% [ |E el i ik - ’%] 1 %('f‘% JL i iy ki) i ';l» Lateral load E! [ 1A
SRAE) { | 5 ) S S z Bottom stress BT
W LU I e (U8 S ) T L) ] 1 %
Ti_'” “ | — \:u I Lateral displacement '_ll F‘Tﬁ\
F = & = Vertical displacement [ |
- 1 I
e Lateral Acceleration ‘ ° Lateral Acceleration
I8 5m < 5m =
Station B Station A

Train direction

Figure 4. Sensor implementation plan.

Figure 5 shows a picture of the installed sensors to measure wheel loads, displacements, stress,

and accelerations.
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(b} Rail displacements

(c} Rail stress (d) Accelerometer

Figure 5. Pictures of instrumented sensors on site: (a) vertical and lateral wheel loads, (b) rail

displacements using linear voltage differential transducers (LVDTs), (c) rail stress on a bottom surface
of rail, and (d) accelerometer on a panel.

Four strain gauges (full bridge) mounted on the surface of the rail to measure vertical and lateral
loads (see Figure 4 Sensor implementation plan). The static vertical and lateral wheel load calibrations
were conducted. Figure 6 shows the vertical wheel load calibration test. A hydraulic jack was used to
apply a known vertical load with the increment of 10 kN. The calibration test was repeated three times.
A linear regression analysis was carried out to obtain the calibrated relation between the vertical

load and the strain change. This calibrated relation was used to measure the dynamic wheel load
(Figure 6b).
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(a) (b)
Figure 6. A vertical wheel load calibration test (a) and the calibration relation (b).

4. Field Test Results

A portable data acquisition logger (EDX-100A) with 32 channels together with bridge boxes
were used to obtain the field data (1 kHz). Figure 7 shows a photo of a subway train running on the
testing site. A field test was conducted under 11 different trains. The speed of the trains ranged from

31-47 km/h. The average speed and the standard deviation were 38.3 km/h and 4.2 km/h, respectively.
Table 1 summarizes the measured speed (km/h) of each run.
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Figure 7. A photo of a subway train on the field-testing site.

Table 1. Measured speed of each test run.

Speed (km/h) Speed (km/h)
Run #1 39 Run #7 41
Run #2 35 Run #8 39
Run #3 36 Run #9 31
Run #4 36 Run #10 47
Run #5 38 Run #11 37
Run #6 42 Average Speed 38.3

4.1. Dynamic Wheel Loads

Figure 8 shows the comparisons of the specific time history of the dynamic vertical wheel load
measured from the eco-friendly B2S panel and the conventional B2S panel, respectively. As shown in
the graphs in Figure 8, the change of the vertical load due to the use of the eco-friendly B2S was minimal.
Throughout the 11 runs of the field test, the maximum recorded dynamic vertical loads were 76.68 kN
and 76.92 kN for the eco-friendly B2S and conventional B2S, respectively. In addition, the average
vertical loads were found to be 69.4 (eco-friendly B2S) and 71.2 kN (conventional B2S). Figure 9a shows
the comparison between the maximum vertical load measured from the eco-friendly and conventional
slabs under 11 runs. t-test results (p = 0.260) also show that there was no statistical difference between
the dynamic vertical loads measured from each slab. In addition, the dynamic vertical wheel loads
were presented with respect to the speed. Figure 9b indicates that the change of the dynamic vertical
load was minimal as the speed of the trains increases for both B2S panels. The eco-friendly B2S showed
slightly less dynamic vertical wheel loads than those measured from the conventional B2S. Therefore,
the eco-friendly B2S panels would not increase the vertical load demand on rail and track structure.

80 T T T 1

B (o2}
o o
T T

Vertical wheel load (kN)
[
o

o

20 I . I . I
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Figure 8. Time history graphs of the dynamic vertical wheel load.
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Figure 9. The maximum vertical loads under each run (a) and vs. speed (b).

Lateral loads were also measured. The maximum measured lateral loads were 7.55 kN and
6.98 kN for the eco-friendly B2S and the conventional B2S, respectively. The average lateral loads were
5.83 kN from the eco-friendly B2S and 4.24 kN from the conventional B2S. The Korean railway track
design guideline recommends that the lateral load to vertical load (L/V) ratio should be less than 0.8 to
prevent any derailment due to any excessive lateral loads [21]. Figure 10 shows the computed average
L/V ratio. The average L/V ratios for the eco-friendly B2S and conventional B2S panels were 0.08 and
0.04, respectively. Since the measurement was taken on the tangent line, both measured L/V ratios
were insignificant and satisfied the standard.
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Figure 10. Average vertical load (L/V) ratio.
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4.2. Rail Displacements and Track Stiffness

The vertical displacements of the rails were measured for the eco-friendly panel and the
conventional panel. Under 11 runs, the maximum displacement of 1.28 mm and 1.29 mm was
obtained for the eco-friendly and conventional B2S, respectively, while the average displacement of
1.12 mm (eco-friendly) and 1.19 mm (conventional) was recorded. Figure 11 compares the maximum
vertical displacements recorded from each slab. With the recorded maximum vertical wheel loads and
displacements, the track stiffness K; of each system was computed by Equation (1).

B Qu yn

K; 1)

6max

where Qdyn is the maximum vertical wheel load and 6,4y is the maximum displacement.
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Figure 11. The maximum vertical displacement.

Figure 12 compares the measured track stiffness of the two systems. The measured track stiffness
of the eco-friendly and the conventional B2S was 62.4 kN/mm and 59.6 kN/mm, respectively. Although
the track stiffness of the eco-friendly B2S was slightly higher than that of conventional B2S, this result
shows that the change of the dynamic response of the two systems was minimal. The ¢-test result
(p = 0.165) on the track stiffness also indicates that the difference between the two systems was
statistically insignificant.
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Figure 12. The measured track stiffness.
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The lateral displacement was an important measurement to ensure the safety of the track. When the
lateral displacement was too great, a derailment accident would occur. The Seoul Metro subway system
used the standard gage length of 1435 mm. The Korean Railroad Standards states that the maximum
lateral displacement of the head of rail shall not be greater than 4.00 mm [21]. Figure 13 shows the
comparison between the maximum lateral displacements measured from the eco-friendly B2S and
the conventional B2S. The maximum lateral displacement of 0.40 mm and 0.51 mm was recorded for
the eco-friendly B2S panel and conventional panel, respectively. The maximum and average lateral
displacements of both panels met the standard limit (4.0 mm).

0.5
0.4

— 03
E |
£02 |
0.1 I
0

Run Run Run Run Run Run Run Run Run Run Run
#1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11

Max. lateral displacement
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Figure 13. The maximum lateral displacement.

4.3. Rail Bottom Stress

The rail standard required by the Seoul Metro subway system states that the maximum
train-induced stress on the bottom surface of rail shall not be greater than 92 MPa. The tensile
stress was monitored and recorded for both B2S panels. Figure 14 shows a comparison between the
maximum rail bottom stress between the two systems. The maximum bottom rail stress was 39.5 MPa
and 42.9 MPa for the eco-friendly B2S and conventional B2S, respectively. The average tensile stress
measured on the bottom surface of the rails was 32.1 MPa (eco-friendly) and 35.1 MPa (conventional),
respectively. The maximum stress was only 43% (eco-friendly) and 47% (conventional) of the standard
limit (92 MPa). While both cases meet the standard, the demand on the rail in terms of the bending
stress was slightly less when using the eco-friendly B2S. Figure 15 shows the time history of the
measured rail bottom stress from both panels. The measured rail bottom stress from the eco-friendly
B2S was compatible with the conventional B2S system. The t-test result (p = 0.125) indicates the
difference between the two systems in terms of the rail bottom stress was statistically insignificant.
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o ©
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Figure 14. Maximum rail bottom stress.
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Figure 15. Time history of the stress on the bottom surface of rail: (a) conventional B2S and
(b) eco-friendly B2S.

4.4. Accelerations and Noise

Vertical accelerations on the B2S panels and lateral accelerations on the tunnel wall were monitored.
Figure 16 shows the comparison of the vertical acceleration between the eco-friendly B2S and the
conventional B2S. Some of the acceleration records from the conventional B2S were slightly higher than
those obtained from the eco-friendly B2S. The average vertical acceleration was found to be 0.0318 g
and 0.0361 g for the eco-friendly and the conventional B2S, respectively. In addition, Figure 17 shows
the comparison of the lateral acceleration on the tunnel walls. The average lateral acceleration was
0.0156 g (eco-friendly) and 0.0152 g (conventional). The difference in the lateral accelerations was
relatively small. The t-test results on the vertical acceleration and the lateral acceleration were p = 0.256
and p = 0.808, respectively. Figure 18 shows the time history graphs of the vertical accelerations as an
example. By using the eco-friendly B2S panels, the dynamic characteristics of the track structure did
not significantly change. It is worthwhile to note that some of the data were lost during the field test
(e.g., acceleration data from runs #7 and #11).
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Figure 16. Vertical accelerations on the B2S panels.

By using the time-history acceleration data, a 1/3 octave analysis was conducted in order to
evaluate the noise level. Since the Seoul Metro subway system serves many parts of residential areas
of Seoul, South Korea, it was imperative to monitor and reduce the noise level of the track infrastructure
when a train passed through/by areas. Figures 19 and 20 show the 1/3 octave analysis results on the
acceleration levels (dB). The average noise levels measured on the slab floor and the tunnel wall for
the eco-friendly B2S were 70.5 dB and 65.1 dB, while the average noise levels for the conventional
B2S were 72.4 dB and 67.1 dB. As the figures indicate, the noise levels obtained from the eco-friendly
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B2S were slightly less than the conventional B2S. The range of the noise reduction effect due to the
distance for the eco-friendly and the conventional B2S was 3.14-7.43 dB and 3.18-9.38 dB, respectively.
The noise and vibration analysis results demonstrated that the eco-friendly B2S system is as effective
as the conventional B2S system. The previous study indicates that the conventional B2S system can
significantly reduce the noise level compared to the ballasted track structure system with concrete

sleepers [20].
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Figure 17. Lateral accelerations on the tunnel wall with respect to speed.
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Figure 18. Time history graph of the vertical acceleration recorded on the B2S panels: (a) Conventional
B2S and (b) Eco-friendly B2S.
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Figure 19. Vibration acceleration level on the slab floor based on the 1/3 octave band analysis.
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Figure 20. Vibration acceleration level on the tunnel walls based on the 1/3 octave band analysis.

5. Conclusions

This study evaluated the field performance of the newly developed eco-friendly concrete slab
system for the railroad track structure. In order to accommodate the increasing loading demands
and maintenance cost, the ballastless track structure using a reinforced concrete slab was introduced
and used in the railroad industry. At the same time, there has been a great interest to develop more
environmentally friendly construction materials. This study utilized the newly developed eco-friendly
concrete to manufacture an eco-friendly railroad concrete slab (eco-friendly B2S). The prototype of the
eco-friendly B2S panels was manufactured and installed in one of the operating Seoul Metro subway
lines and the field performance was evaluated. In order to compare its performance, a conventional B2S
panel system was also installed side by side. Structural performance such as rail bottom stress, dynamic
wheel vertical and lateral loads, track stiffness, and train-induced vibration and noise were measured.
The measured performance of the eco-friendly B2S track structure indicated that the new system was
compatible to the conventional B2S track system while the new system would not compromise the
structural safety of the track system, since the rail bottom stress, the lateral displacement, and the
L/V ratio met the standard limits. In addition, the noise level was slightly reduced by using the
eco-friendly B2S panels. Finally, with the eco-friendly concrete, CO, emission was significantly reduced
in manufacturing railway track structural components while the issue of the limited natural resource
(e.g., river-sand) was addressed by recycling the industrial byproducts in South Korea. The eco-friendly
concrete was developed with the aim of not compromising the structural integrity and durability of
structural components of the rail track structural components while addressing some of the important
environmental issues. The superior and/or compatible performance of the eco-friendly concrete is
attributed to improved workability, durability, and denser microstructures with the higher 28-day
minimum compressive strength.
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