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Abstract Currently, most ballastless tracks in Chinese
subways are traditional cast-in-situ concrete structures,
which require long construction progress. In contrast,
prefabricated ballastless tracks can greatly reduce the
construction period. However, there are few theoretical and
experimental analyses on the prefabricated new type of
subway slab track. Hence, to study the mechanical prop-
erties of the new type of subway track slab, static bending
crack tests of one standard slab track and nine prefabricated
full-scale track slabs with basalt fiber were carried out in
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this paper. The influence of the reinforcement arrangement
method and the basalt fiber content on the performance of
the track slabs was studied. Results showed that with the
increase in the basalt fiber content in the range of
0.1-0.3%, the load—strain curve growth rate increased, the
stiffness decreased, and the flexural resistance reduced. All
the specimens exhibited a linear portion (elastic) and then a
nonlinear portion (plastic) followed by flexural failure.
During the elastic stage, the basalt fiber helped to improve
the rigidity of the track slab. During the plastic stage, the
influence of the basalt fiber content on the failure load
varied with different reinforcement arrangements. With the
reinforcement arrangement F2 and 0.1% basalt fiber con-
tent, the specimen had the smallest load—strain curve
growth rate and the best overall flexural performance and
crack resistance, and its strain was 23.35 pe at an elastic
limit of 95 kN. The results can provide a reference for the
design of the prefabricated slab ballastless track.

Keywords New type subway track slab - Basalt fiber -
Static load bending test - Reinforcing bars - Cracks -
Deflection

1 Introduction

At present, most ballastless tracks in Chinese subways are
traditional cast-in-situ concrete structures, which are cost-
effective and have good overall performance. However,
they have some obvious disadvantages, such as long con-
struction process, high labor intensity, poor quality con-
trollability, and poor working environment. During
operation, cast-in-situ ballastless tracks tend to crack more
easily than prefabricated ballastless tracks, which can then
lead to steel corrosion and loss of bearing capacity [1-4].
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In addition, the maintenance of these issues is very difficult
and their quality is difficult to guarantee [S]. Meanwhile,
due to the continuous increase in subway train operating
speed, traffic density, and the large-scale subway con-
struction in major cities [6], the traditional cast-in-situ
ballastless track can no longer meet current construction
needs. With the rapid development and application of slab
tracks for high-speed railways, more and more high-speed
railway design and construction technologies have been
applied to the subway [7, 8]. The new prefabricated sub-
way slab track absorbs the technology of the CRTS III slab
track of high-speed railway [9], which has the advantages
of strong integrity, high quality and precision, good
earthquake resistance, convenient construction and main-
tenance, etc. [10, 11]. But, unlike the CRTS III slab track
of high-speed railway [12—14], the new prefabricated slab
track does not contain the prestressed reinforcement, so its
crack resistance is different from that of the high-speed
railway slab.

Some scholars have carried out related studies of new
slab tracks for the subway. Gharighoran [15] analyzed the
dynamical characteristics of the subway slab track under
different loads and operating conditions of the Iranian
subways. Combined with the practical experience of high-
speed railway slab track, Liu et al. [16] conducted the field
test of a new type of subway slab track and verified the
dynamic test results. He et al. [17] studied the dynamic
behavior and the vibration absorption characteristics of the
new slab track through field tests and numerical simulation.
Liu and Xu [18] established a three-dimensional nonlinear
mechanical model of a precast slab subway track to study
the spatial mechanical characteristics under single and
combined loads. However, there are still few theoretical
and experimental analyses on the new type of subway slab
track. In particular, there is still a lack of the influence of
different materials on the bearing characteristics of the
track structure.

Based on the existing standard new type of subway slab
track, the static bending crack test of one standard slab
track and nine prefabricated full-scale track slabs were
carried out, and the mechanical properties of the subway
slab track with different basalt fiber content and different
reinforcement arrangements were analyzed. The results can
provide a reference for the design of the prefabricated slab
ballastless track.

2 Test Plan
2.1 Test Specimens

The test slab track is the P4700 full-size new subway slab
track produced by China Railway 23rd Engineering Bureau

Group Co., Ltd. The track slab is a prefabricated unit
structure without prestressed reinforcement; its global
dimensions are 4700 x 2300 x 200 mm. Each unit has 16
built-in 420 x 290 mm sleeper blocks. The concrete of the
specimen has average compressive strength of 50 MPa at
the age of 28 days. The reinforcement arrangements of the
standard track slab (X0) are shown in Fig. 1 and Table 1.

In this paper, there are three reinforcement arrangement
methods (F1, F2, F3):

F1: compared with the standard new subway track slab,
the N9, and N10 reinforcements were removed;

F2: compared with the standard new subway track slab,
the diameter of the N1 and N2 steel bars was reduced
from 14 mm to 12 mm, while the N9 and N10 steel bars
were removed, and the rest of the reinforcements were
kept;

F3: the N1, N2, N3, N4, and N5 were replaced by
smaller steel bars with 010 mm in diameter, while the
NO9 and N10 reinforcements were removed, and the rest
of the reinforcement were kept.

With each reinforcement arrangement method, three
track slabs were prefabricated with 0.1%, 0.2%, and 0.3%
basalt fiber, respectively. Meanwhile, one standard subway
slab track X0 was prefabricated. Therefore, a total of 10
track slabs (as shown in Table 2) were tested to study the
mechanical properties of new prefabricated subway slab
tracks with different basalt fiber content and different
reinforcement ratios.

2.2 Testing Method

A three-point load static test was used to study the general
flexural behavior of the new type of track slab with basalt
fiber. The static test loading setup is illustrated in Fig. 2. At
each short edge, a pair of steel pillars and a 3000 mm x
200 mm beam were installed at 550 mm from the edge to
simulate the support condition. A spreader beam 2000 mm
in length was placed longitudinally at the top of the middle
plate. The load was applied on the spreader beam with 50
tons oil jack so that the pressure could be applied uniformly
to the middle of the track slab.

The static loading test was divided into two stages, the
pre-loading stage (the first cyclic loading) and the formal
loading stage (the second cyclic loading). Pre-loading can
help to stabilize the relationship between the load and the
track slab deformation, allowing the structure to work
under normal conditions and reducing test error. Both pre-
loading and formal loading were conducted with stepwise
loading at a loading speed of 0.5 kN/s. All faces of the
track slab were visually inspected to check and mark these
limits before the test. In the first cyclic loading stage, the
load was 10 kN, which was divided into five stages in
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Fig. 1 The reinforcement
arrangement of the standard
new type subway track slab X0
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Table 1 Properties of rebar
Rebar Diameter Number Length Yield strength Rebar Diameter Number Length Yield strength

(mm) (m) (MPa) (mm) (m) (MPa)
N1 14 32 4.703 150.496 N7 10 16 0.85 13.6
N2 14 60 2317 139.02 N8 14 2 0.9915 1.983
N3 12 32 0.96 30.72 N9 25 4 4.626 18.504
N4 12 32 1.538 49.216 N10 25 4 0.932 3.728
N5 12 60 0.932 55.92 NI11 5 8 1.36 10.88
N6 10 16 1.034 16.544

increments of 2 kN per stage. After each stage, it was held
steady for 3 min to observe the apparent changes in the
track slab. The second cycle was loaded in the same way as
the pre-loading stage, but with 5 kN per stage. During the
test, the occurrence and propagation of cracks in the track
slab were focused until the rebar yield.

Figure 3 shows the layout of measurement locations of
strain gauges and linear variable differential transformers

@ Springer

(LVDTs). On the top surface (A), there are eight strain
gauges used to measure the longitudinal strain of the track
slab. On the bottom surface (B), measurements were
located at the 1/4, 1/2, and 3/4 cross-sections, each section
has three longitudinal strain gauges and three LVDTs. On
the side surface (C and D), there were three strain gauges
located at the 1/4 and 3/4 cross-sections. Five strain gauges
were located at the 1/2 cross-section of surface C, and three
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Table 2 Definition of each specimen

Specimen Reinforcement arrangement Basalt fiber (%) Specimen Reinforcement arrangement Basalt fiber (%)
X1 F1 0.1 X6 F2 0.3

X2 F1 0.2 X7 F3 0.1

X3 F1 0.3 X8 F3 0.2

X4 F2 0.1 X9 F3 0.3

X5 F2 0.2

a diagram of the test setup

Fig. 2 Static load test setup

strain gauges were located at the 1/2 cross-section of sur-
face D (as shown in Fig. 4).

3 Results
3.1 Strain of Track Slab

Figure 5 depicts the load—strain curve of the standard slab
XO0. From Fig. 5 it can be seen that when the load is less
than 110 kN, almost all the stress—strain relations are lin-
ear, and the overall structure of the track slab was in the
elastic stage. When the load exceeded 110 kN, the strain of
each measuring point increased nonlinearly with the
increase in load, and the structure entered the plastic
deformation stage (yield stage). At the elastic limit, the
maximum tensile and compressive strains of the track plate
were 120.39 pe and 354.11 pe, respectively. In the elastic
stage of the test piece X0, the measured strain at points 5,
6, 7, and 8 on surface A was larger than the strain at the
points of the axisymmetric distribution. This was mainly
because the support beam moved slightly during the test,
resulting in a difference in the compressive load on both
sides. A sudden change in strain was observed at measured
points 1, 2, and 4 when the load reached 110 kN, 110 kN,
and 80 kN, respectively. Combined with the observation of

b site scene of the test setup

the field test, new cracks occurred at different degrees on
the bottom surface corresponding to the measuring points.
Strain gauges on side surfaces (C and D) and close to
surface A, were under compressive conditions, and the
amplitude of the strain was low. Compared with surfaces A
and surface B, the strain points on surfaces C and D entered
the plastic stage with a certain lag. Due to the overall
tension of surface B, the slab bottom cracked when it was
loaded to a certain level, and some strain gauges on the
bottom failed. The overall strain rate of the standard
specimen X0 in the elastic stage was smaller than that in
the plastic stage, and it was more significant for the strain
at the measured points on both sides of the distribution
beam. At the late loading stage, due to the influence of the
redistribution of the force and the crack, some of the
measured values of the strain gauge changed between
tension and pressure and even failed.

To analyze the influence of basalt content and rein-
forcement arrangement methods on the crack resistance of
subway slab tracks under static load, this paper focused on
analysis of the strain gauges on the tensile surface B.

Figure 6 shows the load—strain curves of track slabs with
different volume content of basalt fiber under the same
reinforcement method. With the reinforcement arrange-
ment F1, the strain of specimens X1, X2, and X3 increased
slowly with the increase in loading, and the structures were
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Fig. 3 Layout of measurement locations

in the elastic stage before 45 kN, 75 kN, and 60 kN,
respectively. Among them, the strain of specimen X1 was
the smallest, and the maximum strain corresponding to the
elastic extreme value was 29.15 pe, while the strain of
specimen X3 with 0.3% basalt fiber content was the largest,
reaching 52.48 pe. As each specimen entered the yield
stage, the load—strain curve exhibited a nonlinear change,
and the cracks in the track slabs increased obviously. After
the three specimens were loaded to 110 kN, 110 kN, and
115 kN, respectively, the structure entered the failure

1804 180 1
160 + 160 -
140 140
1204 120 - —=—Y-18
5 Z o
. 100 % 100 —4—Y-20
= 80+ 2 801 —v—Y-23
@ 7] Y-24
60 1 60 Y26
404 40- ——Y-27
—e—Y-28
201 201 ——Y-10
04 —e—Y-8 Y, 04 —e—Y-16
-600 -500 -400 -300 -200 -100 0 90 60 -30 0 30 60 90 120 150
Strain/pe Strain/pe
a Load-strain curve of compression surface b Load-strain curves of side and tension surface

Fig. 5 Standard track slab X0 load-strain curve
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stage, and part of specimen X3 went from tension to
compression state.

With the reinforcement arrangement F2, specimens X4,
X5, and X6 entered the yield stage at 95 kN, 55 kN, and
65 kN, respectively. The load—strain curves showed non-
linear characteristics, and the corresponding maximum
strains were 23.35 pe, 47.19 pe, and 67.22 ue, respec-
tively. The bending strength of specimen X4 with 0.1%
basalt volume content was obviously larger than that of
specimens X5 and X6, and the mutation amount of speci-
men X4 at the structural failure node was smaller than the
elastic limit strain of X1. Meanwhile, as the content of
basalt fiber increased, the flexural behavior of specimens
X5 and X6 decreased slightly, which was consistent with
the conclusion in reference [19] that when the strength
level of concrete is C50, the structural performance of
concrete will decrease with an increase in the volume
content of basalt.

With the reinforcement arrangement F3, due to the
reduction of the reinforcement diameter, the structural
yield strength dropped sharply. At a load of 20 kN, there
was a sudden change in the strain of the track slab, and the
load was unloaded and the strain fell back. After that, as the
load increased, the structure entered the stage of plastic
deformation, and the strain continued to rise in a nonlinear
state. During the loading cycle, the strain growth rate and
strain of the specimen were larger than those of F1 and F2.
It can be seen that much reduction in the diameter of the
reinforcement may reduce the structural performance of the
track slab.

Figure 7 shows the load-strain curves of track slab
specimens with different reinforcement methods for the
same basalt content. When the admixture content was
0.1%, the flexural performance of specimen X4 was
obviously better than that of X1 and X7. Before the load
reached 95 kN, specimen X4 was in the elastic stage, its
strain growth rate was small and the strain was stable. After
breaking through the elastic limit, the mutation of X4 in the

plastic stage was smaller than that of the other two
specimens.

When the content of basalt was 0.2%, with the decline
of the structural performance of the reinforcement skeleton,
the bending performance of the track slab specimens
decreased, and the growth rate of strain curves was larger
than that of the specimens with a 0.1% basalt volume
content.

When the basalt content was 0.3%, the strain and strain
growth rate of the track slab structure were larger than
those of the other two groups of specimens, and the period
of entering the yield stage and the structural failure stage
were significantly shortened. Therefore, it can be seen that
with an appropriate reinforcement, adding 0.1% basalt fiber
can improve the structural performance of track slabs. At
the same time, too much basalt volume will reduce the
flexural mechanical properties of the track plate.

It can be concluded that the elastic limit and strain of the
X4 track slab were superior to those of other specimens
with different reinforcement arrangement methods and
basalt fiber content. According to the railway concrete
structure design code and the new subway slab track
quality acceptance technical standard, the reference load of
the static load anti-crack test of the track plate is not less
than 25 kN, and specimens X0-X6 all meet the test
requirements, while the X7-X9 specimens begin to show
concrete cracking, strain mutation and deflection increase
near 20 kN. Therefore, reinforcement F2 and the addition
of 0.1% basalt fiber are beneficial for improving the
mechanical properties of the track slab, while reinforce-
ment F3 has a negative effect on its performance.

3.2 Deflection of Track Slab

As shown in Fig. 8, all the specimens exhibited a linear
portion (elastic) and then a nonlinear portion (plastic) fol-
lowed by flexural failure. However, with different rein-
forcement arrangements and basalt fiber content, the
specimens

showed different deformation properties.
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Among all specimens, the standard track slab X0 was able
to bear the largest load. When the load was less than 85 kN,
the load—deflection curve of the standard track slab X0 was
basically a straight line, and the track slab was in the elastic
stage, while the elastic limit of specimens X1 and X2 was
50.06 kN and X3 was 55.02 kN. After that, with the
increase in the load, the mid-span deflection increased
significantly, and the track slab gradually exhibited non-
linear properties, indicating that the stiffness of the track
slab gradually decreased. When the load reached 200 kN,
the load and the mid-span deflection decreased rapidly, and
the track slab almost failed. The total deflection of X0
reached a maximum value of 35.7 mm. Meanwhile, the
failure loads of X1, X2, and X3 were 145 kN, 110 kN, and
180 kKN with maximum deflections of 25.45 mm,
12.76 mm, and 31.05 mm, respectively.

When the loading load was less than 55 kN, all speci-
mens exhibited almost the same linear portion, which
ended at around 55 kN with a deflection of 5 mm. Since
the reinforcement ratios of X1-X9 were smaller than that
of X0, the same linear portion indicated that basalt fiber
was beneficial for improving the elastic stiffness of the
track slab, but there was no significant difference between
the different basalt fiber content ranging from 0.1 to 0.3%.
After the elastic limit, the load applied on the track slab

Strain/ng

b specimens with 0.2% basalt fiber

Strain/pe
¢ specimens with 0.3% basalt fiber

was gradually carried by the steel skeleton, so that its
failure load decreased with the reduction in the reinforce-
ment ratio. Compared with specimens with reinforcement
F2, specimens with reinforcement F1 showed a significant
increase in the mid-span deflection of greater than 10%. At
the same time, because of the reduction in reinforcement
diameter, the stiffness degradation of the track slab with
reinforcement F3 was more severe, and the flexural and
compressive properties of the track slab were significantly
reduced. Thus it can be seen that the reinforcement
skeleton plays an important role in the stiffness of the track
slab.

With different reinforcement arrangements, differences
were observed in the influence of basalt fiber content on the
failure load. For the reinforcement arrangement F1, the
failure load of the specimen with 0.3% basalt fiber was the
largest at 165 kN, while for the reinforcement arrangement
F2, the failure load of the specimen with 0.1% basalt fiber
was the largest at 150 kN. Because of the low reinforce-
ment ratio, the failure loads of specimens with reinforce-
ment arrangement F3 were much smaller than those of
specimens with reinforcement arrangements F1 and F2,
only about 90 kN, and the basalt fiber had almost no effect
on the failure load.
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Fig. 8 Load versus mid-span deflection for track slabs
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Fig. 9 Side cracks of track
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3.3 Cracks of the Track Slab

Before the static loading test, the initial cracks, including
surface shrinkage cracks and surface damage cracks, were
inspected with a 10-fold magnifying glass. All initial
cracks were less than 0.04 mm in width. Except for the
initial cracks, there were no obvious transverse or longi-
tudinal cracks on the bottom and sides of the track slabs
X0-X6 until the load reached 25 kN. The maximum crack
widths of the standard track slab X0 and specimens X1-X6
were both less than 0.2 mm until the test load reached 1.5
times the elastic limit load, while the maximum crack
widths of specimens X7-X9 exceeded 0.2 mm when the
load was about 70 kN. For specimen X0, the initial max-
imum crack was 0.032 mm in width, and micro-cracks can
be seen at the bottom when the load reached 25 kN. With
the load increased to 35 kN, two initial cracks in the mid-
span bottom rapidly propagated in the transverse direction.
For specimen X4, the maximum initial crack was 0.02 mm
in width, and new cracks were found at the bottom when
the load reached 45 kN. When the load increased to 60 kN,
the initial crack in the middle span of the bottom propa-
gated as a longitudinal through-all crack. Cracks in both
track slabs were mainly concentrated in the mid-span of the
bottom and sides, which was near the load point, and the
occurrence of side cracks lagged behind that of bottom
cracks. It can be seen from Fig. 9 that new cracks and

propagating cracks appeared on the sides of specimens X0
and X4 when the load reached 60 kN and 80 kN, respec-
tively. Among all specimens, the total number of cracks
and the number of through-all cracks of track slab X4 were
the lowest. Thus, it can be concluded that track slab X4 had
the best crack resistance.

4 Conclusion

Compared with the traditional cast-in-situ track slabs, the
prefabricated new type of track slab is more suitable for the
rapid development subway. Therefore, in this paper, we
investigated the bearing performance of the new subway
track slab with static load tests, and evaluated the influence
of the reinforcement arrangements and the basalt fiber
content on the bending performance and crack resistance.
The results showed the following:

1. The elastic limit of the standard track slab specimen
was the largest among all specimens, at 110 kN, and
the increasing rate of the load-strain curve and the
strain variable of the track slab were larger than that of
the specimen with basalt fiber.

2. With an increase in the basalt fiber content in the range

of 0.1-0.3%, the load-strain curve growth rate
increased, and the stiffness and flexural resistance
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decreased, indicating that the flexural performance of
the new subway slab track declined with the increase
in the basalt fiber volume content.

3. All the specimens exhibited a linear portion (elastic)
and then a nonlinear portion (plastic) followed by
flexural failure. When the loading load was less than
55 kN, all specimens exhibited almost the same linear
portion, indicating that the addition of basalt fiber
helps to improve the rigidity of the track slab in the
elastic stage. During the plastic stage, the influence of
the basalt fiber content on the failure load varied with
different reinforcement arrangements. For the rein-
forcement arrangement F1, the failure load of the
specimen with 0.3% basalt fiber was the largest at 165
kN, while for the reinforcement arrangement F2, the
failure load of the specimen with 0.1% basalt fiber was
the largest at 150 kN.

4. With the reinforcement arrangement F2 and 0.1%
basalt fiber content, the specimen had the smallest
load—strain curve growth rate and the best overall
flexural performance and crack resistance. Specifically,
its strain was 23.35 pe at an elastic limit of 95 kN. The
results showed that the structural flexural performance
of the track slab could be improved by appropriately
reducing the reinforcement amount and the diameter of
the reinforcement and adding volume content of 0.1%
basalt fiber. Based on the static bending tests, we found
that the prefabricated new type track slab with the
reinforcement arrangement F2 and a 0.1% basalt fiber
content had the best flexural performance. The results
will be useful for the design of the prefabricated slab
ballastless track. But since all the track slabs are
subjected to dynamic vehicle loads, the dynamic tests
need to be researched further.
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