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Abstract: A novel frame-embedded track (NFET) with additional beams between the prefabricated
rail seats before was proposed, but its geometric parameters need to be further optimized, in order to
solve the problem of difficulty in adjustment, due to the independence of the two prefabricated rail
seats during the construction of tram. Based on the finite element method, the geometric parameters
of the NFET structure are systematically studied and optimized. The research shows: (1) As the
width of the beams and the thickness of the lower slab increases, the mechanical characteristics of the
NFET structure does not change significantly; therefore, the recommended design reference value
for these two are 240 and 80 mm, respectively. (2) When considering the cable and the drainage
facilities, the stress state of the NFET structure is less affected (or even improved), which proves that
the layout of the cable and the drainage facilities is feasible. (3) According to the analysis during
different construction stages, the stress of the NFET rail seats is generally greater than the stress of
the cast-in-place concrete. It is recommended that the intensity of the cast-in-place concrete should be
greater than that of the prefabricated frame structure.

Keywords: tram; prefabricated concrete structure; novel frame-embedded track; finite element;
uneven settlement; mechanical characteristics; optimized design

1. Introduction

Modern tram belongs to the category of urban rail transit, which is similar to subway
and light rails, but at the same time has its own unique technical and operational charac-
teristics and is formed by comprehensive transformation and upgrading, on the basis of
traditional tram. As a new type of public transportation, as shown in Figure 1, modern
tram has the advantages of large passenger capacity, flexibility, comfort, and novelty, and
it is especially suitable for the needs of urban transportation development, with low and
medium passenger intensity and environmental sensitivity [1–7]. Since its application, it
has been widely recognized by countries all over the world [8]. At present, modern tram
operates in more than 100 cities in about 30 countries in Europe and more than 30 cities
in North America, becoming one of the backbone forms of urban public transportation.
In recent years, modern tram has also been rapidly promoted in Asian countries, such
as China. More than 90 cities in China have planned to build trams, with a planned line
mileage of more than 10,000 km.

With the popularization and application of the tram system, many scholars have
also made theoretical and technological innovations on the structures of tram tracks. The
previous studies on tram track structure can be generally divided into three categories: The
first category is to study the geometry and mechanical properties of track structure under
external load, from the perspective of design and construction. For example, Feng et al.
established a finite element model of tram-embedded track with continuous welded rail
on a bridge, studied the force and deformation of track structure under temperature load,
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train load, and braking load, and analyzed the influence of beam temperature difference,
line longitudinal resistance, and pier longitudinal stiffness on the expansion–constriction
force. The second category is from the perspective of operation and maintenance, in order
to study the impact of track diseases on the service performance of track structures [9].
For example, by establishing a 3D nonlinear tram track coupled dynamic model and
combining it with the generalized probability density evolution theory, Zeng et al. proposed
a stochastic analysis model of the tram track coupled dynamic system and studied the
stochastic dynamic response of trams at the small radius curved section and the accurate
influence of the rail wear amount on running safety [10]. The third category is to study the
impact of trams on human production and life, especially focusing on vibration and noise
reduction. For example, Haladin et al. investigated the impact of tram-induced vibrations
on earthquake-damaged buildings in the city of Zagreb, conducted on a tram network scale
to identify the critical locations by performing continuous monitoring on the tram network
and risk analysis based on the distance of buildings from the track, vibration amplitude
at source, and building damage [11]. Most of the existing literature conduct experimental
or theoretical research on the basis of the existing tram track structure, but there are few
reports on the innovation of track form.
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Figure 1. Tram and track structure. (a) Tram and (b) track construction site.

Actually, the embedded track structure has gradually become a commonly used
track structure for trams, as shown in Figure 2. The conventional embedded ballastless
track structure is composed of two independent standard prefabricated rail seats. In the
paving adjustment process, they are independent of each other, so they need to be adjusted
separately, where the specifications must be ensured, and the gauge should be required.
Compared with the slab track structure, the traditional embedded ballastless track greatly
increases the time cost and difficulty for the adjustment [12,13].
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In order to improve the efficiency of the track geometry adjustment, we optimized
the embedded track structure of the tram and invented a new type of frame-embedded
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track (NFET) with transverse connecting beams [14]. Additionally, this paper used the
finite element software to establish a calculation model of NFET, so as to further optimize
its geometric parameters [15–18]. According to main load forms, during the two different
construction stages of hoisting installation and vehicle running, the stress and deformation
of the track structure were used as control indicators, and the width of the beams, the
thickness of the lower slab of the rail seats and the cable, and the drainage facilities were
the key design parameters to be studied. In this way, the finite element calculation of track
structure mechanics was completed, and the differences between the different schemes
were compared. The research results can provide a basis for the design, construction, and
maintenance of track structures in the future rail transit field.

2. Specifications of New Design

The structure identification of NFET is shown in Figure 3, which is illustrated as
follows: 1, base body; 1-1, drainage well; 1-2, cable well; 1-3, drainage pipe; 1-4, cable pipe;
2, prefabricated rail seat; 2-1, beam; 2-2, first boss; 2-3, drainage hole.
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Compared with the traditional embedded ballastless track, NFET greatly improves
the integrity of the track structure and has the following advantages:

1. Connecting two prefabricated rail seats together by beams is different from the previous
separate adjustment of a single prefabricated rail seat, which can facilitate the adjustment
and leveling of the prefabricated rail seats and improve the construction progress.

2. The use of drainage wells and drainage pipes is conducive to the discharge of water
and prevents water storage in the area. The use of cable wells and cable pipes is
conducive to the placement of the cables and crossing of the track structure.

3. There are drainage holes on the beams to facilitate the flow of water between various
areas and prevent water storage, due to the beams.

3. Establishment of a Finite Element Model of NFET
3.1. Track Structure Parameters

The track slab is made up of two parts: a base body and two prefabricated rail seats.
The prefabricated rail seats are connected by three beams to form a prefabricated frame
structure. The upper surface of the base body is provided with the first and second grooves,
which are perpendicular to each other and, respectively, matched with the rail seats and the
cross-beams. The beam divides the base body into different areas, and the drainage wells
and cable wells are independently arranged in different areas. A drainage pipe and a cable
pipe are, respectively, arranged on the side of the drainage well, and the side wall of the
cable well to communicate with the outside of the base body. The beam is also provided
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with a drainage hole, and the distance between the drainage hole and the bottom of the
beam is exactly the depth of the second groove.

Therefore, according to the structure of NFET, the main geometric parameters for the
preliminary design are shown in Table 1.

Table 1. The main geometric dimensions of NFET.

Components Geometric Parameter Value (mm)

Prefabricated frame structure
Length 5600
Width 2026
Height 280

Beam
Length 966
Width 185
Height 280

Cable pipe Radius 80

Center shaft
Length 400
Width 400
Height 270

Drainage pipe Radius 80

The rail seat is prefabricated in the station yard with C50 concrete [19], the track
slab is poured on site with C40 concrete, and the steel rail is 60R2 groove steel rail. The
detailed calculation parameters are shown in Table 2. Additionally, the model of the NFET
was established using a general finite element software called ABAQUS, as shown in
Figure 4. The rails are simulated by the beam element, and the filling is simulated by the
spring element Cartesian. The standard prefabricated rail seats, cast-in-place concrete,
and subgrade are all simulated by solid elements [20–22]. The rails are simulated by two
elastic long beams, which are completely constrained at both ends. The wrapping material
is simplified to point-supported linear springs, and each track slab is designed according to
10 sets of fastener nodes. The track slab below the fastener nodes is coupled to one fastener
node and connected with the rail node by vertical spring elements. The binding constraint is
set between the prefabricated rail seats and the cast-in-place concrete and between cast-in-place
concrete and the subgrade. The bottom of the subgrade is completely constrained.

Table 2. Track structure parameters.

Track Structure Components Parameter Value

Rail
Elastic modulus 2.1 × 105 MPa
Poisson’s ratio 0.3

Density 7.85 × 10−9 t/mm3

Wrapping material Stiffness 50 kN/mm

Prefabricated rail seat

Elastic modulus 3.45 × 104 MPa
Poisson’s ratio 0.167

Linear expansion coefficient 1.0 × 10−5

Density 2.5 × 10−9 t/mm

Cast-in-place track slab

Elastic modulus 3.25 × 104 MPa
Poisson’s ratio 0.167

Linear expansion coefficient 1.0 × 10−5

Density 2.5 × 10−9 t/mm3
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3.2. Load Values
3.2.1. Train Vertical Load

For the wheelset load, the most commonly used calculation method is called the
quasi-static calculation method. The so-called quasi-static calculation method is to apply
the basic principle of static calculation to the static calculation of the track structure, and
then, according to the dynamic characteristics of the wheel-rail system, it is simplified as
the dynamic increment problem of the wheel load [23,24]. Many countries in the world
use the speed coefficient method to determine the vertical load of the train. It is believed
that, when the train is running on the track, the dynamic effect between the wheel and the
rail leads to the increase of the wheel load of the rail [25]. However, the value of the speed
coefficient varies from country to country. This paper adopts the calculation formula of
vertical dynamic wheel load commonly used in China, as shown in Equation (1) [26].

Pd = P
(
1 + α + βp

)
(1)

where Pd is vertical dynamic wheel load; P is the static wheel load, the train axle weight
is 12.5 t, and the single-strand rail static wheel load is 6.25 t; α is the speed coefficient,
which can be calculated by the formula α = 0.6v/100, and the running speed is taken as
120 km/h, considering the later promotion and development of the trams; βp is called the
eccentric load coefficient of the curve segment, which is taken as 0, because the paper only
considers the straight line interval. In summary, the train vertical load used for the finite
element model calculation is 107.5 kN.

3.2.2. Uneven Settlement of Subgrade

The uneven settlement of the subgrade is actually the vertical uneven deformation
along the longitudinal distribution of the track. There are various forms of subgrade
settlement, and the models for simulating the uneven settlement of subgrade include the
cosine type, staggered type, folded angle type, etc. [27,28]. When the ballastless track is
located on the subgrade, the uneven settlement of the subgrade will cause additional force
on the ballastless track. A common cosine half-wave curve, shown in Equation (1), is used
for the simulation [29].

y =
f0

2
[1 − cos(

2π(Z − Z0)

l0
)] (2)
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where y is the uneven settlement value of the subgrade; f0 is the amplitude of the cosine
type subgrade settlement, which is taken as 10 mm; l0 is the standard settlement length,
which is taken as 20 m; Z is the location where uneven settlement occurs; Z0 is the starting
position of the settlement.

3.2.3. Self-Weight Load

After the uneven settlement of the subgrade, the ballastless track structure will follow
the settlement. NFET is covered with soil and greening above the track structure, and all
track structures, except the top of the track, are embedded under the road pavement. The
cast-in-place resin is generally used as a filler on both sides of the rail waist to ensure the
geometric position of the rail in the service of the tram. Therefore, when the subgrade
settles unevenly, it is necessary to consider the deflection of the track structure, due to its
own weight.

3.3. Working Condition Setting
3.3.1. Beam Width

This section mainly carries out the design of beam width and propose six design
schemes of 150, 185, 210, 240, 270, and 300 mm. Taking the 150 and 300 mm models as
examples, as shown in Figure 5, the rest of the schemes follow the same way of adding
transverse connecting beams, and only the width of the beams changes. The finite element
models of embedded track structures in different construction stages are established,
respectively. The stress and deformation of the track structure are the control conditions.
The stress and displacement differences between different design schemes are compared,
the key parameters affecting the stress and deformation of the track structure are established,
and the optimal design scheme is finally determined.
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3.3.2. Thickness of the Lower Slab of the Rail Seats

This section mainly carries out the design of the thickness of the lower slab of the
prefabricated rail seats. Three design schemes of 80, 100, and 120 mm are proposed,
as shown in Figure 6. The stress and deformation of the track structure are the control
conditions. The stress and displacement differences between different design schemes are
compared, the key parameters affecting the stress and deformation of the track structure
are established, and the optimal design scheme is finally determined.
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3.3.3. Installation of Cable and Drainage Facilities

The drainage design of the tram project is mainly to remove the rainwater in the groove
of the groove rails, the rainwater in the track area, and the seepage water in the track area
of the green pavement section. Since the cast-in-place concrete layer is impermeable, the
track bed of NFET is divided into several relatively closed areas. According to the safe
driving requirements of modern trams, the wading depth of the track area cannot exceed
the technical requirements of the vehicle. Under different operating speeds, the wading
depth is inconsistent, but the safest operation method is that there is no water on the rail
surface. Since the tram has no horizontal drainage slope on the straight section of the track
surface, the rainwater in the track area can only be discharged in sections through the
longitudinal slope of the line, which also requires that the drainage facilities of modern
tram projects must be feasible.

The setting method of the cable and drainage facilities of NFET is shown in Figure 7,
and the geometric parameters, such as the radius of the cable pipes, the passing position,
and the position of the drainage well, are shown in Table 1. This article only conducts
the finite element analysis of the internal stress and deformation of the track structure in
different construction stages for the two design schemes, with or without pipelines. By
comparison, the influence of pipeline design on the mechanical characteristics of the track
is studied, and the feasibility of the original design scheme is verified.
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4. Comparison of Mechanical Characteristics of NFET Structure under Different
Period Conditions

Due to the frame-type structure characteristics of NFET, its mechanical characteristics
in the construction and operation stages are particularly worthy of attention. Through the
comparative analysis of different working conditions, the optimal combination of the width
of the NFET beams and the thickness of the lower slab of the rail seats is determined, and
the feasibility of the design of the cable pipeline and drainage facilities can also be verified.

4.1. Calculation and Analysis of the Mechanical Characteristics of Each Design Scheme in
Hoisting Stage

In the hoisting stage, the concrete has not been poured yet, and the NFET is suspended
and fixed in the designated position. Therefore, the NFET structure mainly bears its own
gravity at this stage. The deformation of the NFET structure, caused by its own weight,
should be controlled to improve the accuracy of the track geometry adjustment. According
to the on-site installation guidance of the track project, the track slab is vertically supported
by eight ground anchor bolts using the pre-embedded casing on the prefabricated rail
seats, and the pre-embedded casings are completely constrained. Since the track slab is
a symmetrical structure, the displacement of the middle of the track (TM), the end of the
track (TE), the point at the lifting holes (LHP), the tensile stress of the point at the first
beam (1BP), and the point at the second beam (2BP) are analyzed. Since the NFET is a
symmetrical structure, only two beams need to be analyzed. Therefore, 1BP and 2BP are
selected sequentially from the end of the track to the middle of the track, same as below.

4.1.1. Beam Width Comparison

The displacement and stress of the NFET structure in the construction and hoisting
period are shown in Figure 8, where the TE displacement is actually in the negative direction.

According to Figure 8, as the width of the beam increases, the displacement of the
prefabricated rail seats of the NFET does not change significantly (not more than 10%). The
stress at the LHP increases with the increase of the beam width, and the stress at the beam
remains unchanged. The reason is that the increase in the width of the beam leads to more
weight of the track slab, which contributes to the larger stress of the LHP, and it can also be
proven by the the increment of the width of the beam and the stress of the LHP being the
largest in the 150~185 mm section. During the construction hoisting period, the width of
the beam has basically no effect on the stress at the beam, but it is the decisive factor for the
stress of the lifting holes.
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Figure 8. Displacement and stress change trend under different beam widths during construction
hoisting period. (a) Displacement and (b) stress.

4.1.2. Thickness of the Lower Slab of the Rail Seats

The stress and displacement of the NFET structure in the construction hoisting period
are shown in Figure 9, where the TE displacement is actually in the negative direction.
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Figure 9. Trends of stress and displacement under different lower slab thickness conditions during
the construction hoisting period. (a) Displacement and (b) stress.

According to Figure 9, as the thickness of the lower slab of the prefabricated rail
seats increases, the displacement of the prefabricated rail seats at the TM does not change
significantly, but the displacement at the TE decreases. The stress of LHP increases slightly
with the increase of the track thickness, and the stress at the beam decreases slightly with
the increase of the plate thickness. It can be seen that the thickness of the lower slab is not
the controlling factor of the displacement and stress in this period.

4.1.3. Comparison of Cable and Drainage Facilities

Figure 10 shows the stress and displacement of the NFET structure during the hoisting
period, which shows the displacement and stress of the NFET under the structure without
pipelines (NP) and the structure with pipelines (WP).
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Figure 10. Stress and displacement in the hoisting period of construction. (a) Displacement and
(b) stress.

According to Figure 10, when considering the pipelines, the LHP stress has increased
by 13%, and the displacement and stress of other positions are basically unchanged. On
the one hand, the gravity of the track slab in this period is borne by the LHP completely.
Although the pipeline’s design slightly reduces its gravity, it aggravates the stress con-
centration, which, in turn, increases the stress of the LHP; on the other hand, due to the
high rigidity of the track structure, under the condition of no additional load, regardless of
whether the pipeline is considered, the track slab hardly produces vertical displacement.

4.2. Calculation and Analysis of the Mechanical Characteristics of Each Design Scheme in
Running Stage

At this time, the NFET structure mainly bears the load of the tram, its own weight, and
the weight of the green soil above the track. In the design process, the additional load of the
track structure caused by the uneven settlement of the subgrade should not be included in
the design load of the track structure for structural calculation, but regarded as an abnormal
load with a small probability of occurrence in the track structure. It is considered as a check
condition in the design of the track structure.

The model uses five track slabs for analysis. The tram load is transformed into a
concentrated force, and a tram bogie is loaded. The front axle of the bogie is loaded at the
middle of the track (TM), the fixed wheelbase is 1600 mm, and the single-wheel static load
is 107.5 kN. The lowest point of settlement is set at the front axle of the bogie to explore
the deformation and mechanical characteristics of the track structure under the uneven
settlement of the subgrade.

The model selects the loading point of the bogie at the position in the plate of the
No. 1 plate. The displacement measuring points of the No. 1©– 3© rail seats and cast-in-
place concrete slabs are shown in Figure 11. For the prefabricated rail seats, the vertical
displacements of the six measuring points, shown in Figure 11 (1 MP to 6 MP), as well as
the stress of the bottom of the middle of the track (TMB), the upper part of the middle of
the track (TMU), the bottom of the end of the track (TEB), the upper part of the end of the
track (TEU), the point at the first beam (1BP), and the point at the second beam (2BP), were
selected for analysis. For the cast-in-place concrete, the vertical displacements of the six
measuring points, shown in Figure 11, as well as the stress of upper part of the middle of
the track (TMU), the bottom of the end of the track (TEB), the upper part of the end of the
track (TEU), and the point where the settlement begins (SBP), are analyzed. Through the
force analysis of different design schemes, the difference in the deformation and stress of
the track structure under different design schemes is compared.



Appl. Sci. 2022, 12, 10441 11 of 17

Appl. Sci. 2022, 12, x FOR PEER REVIEW 12 of 19 
 

Although the pipeline’s design slightly reduces its gravity, it aggravates the stress con-
centration, which, in turn, increases the stress of the LHP; on the other hand, due to the 
high rigidity of the track structure, under the condition of no additional load, regardless 
of whether the pipeline is considered, the track slab hardly produces vertical displace-
ment. 

4.2. Calculation and Analysis of the Mechanical Characteristics of Each Design Scheme in Run-
ning Stage 

At this time, the NFET structure mainly bears the load of the tram, its own weight, 
and the weight of the green soil above the track. In the design process, the additional load 
of the track structure caused by the uneven settlement of the subgrade should not be in-
cluded in the design load of the track structure for structural calculation, but regarded as 
an abnormal load with a small probability of occurrence in the track structure. It is con-
sidered as a check condition in the design of the track structure. 

The model uses five track slabs for analysis. The tram load is transformed into a con-
centrated force, and a tram bogie is loaded. The front axle of the bogie is loaded at the 
middle of the track (TM), the fixed wheelbase is 1600 mm, and the single-wheel static load 
is 107.5 kN. The lowest point of settlement is set at the front axle of the bogie to explore 
the deformation and mechanical characteristics of the track structure under the uneven 
settlement of the subgrade. 

The model selects the loading point of the bogie at the position in the plate of the No. 
1 plate. The displacement measuring points of the No. ①–③ rail seats and cast-in-place 
concrete slabs are shown in Figure 11. For the prefabricated rail seats, the vertical displace-
ments of the six measuring points, shown in Figure 11 (1 MP to 6 MP), as well as the stress 
of the bottom of the middle of the track (TMB), the upper part of the middle of the track 
(TMU), the bottom of the end of the track (TEB), the upper part of the end of the track 
(TEU), the point at the first beam (1BP), and the point at the second beam (2BP), were 
selected for analysis. For the cast-in-place concrete, the vertical displacements of the six 
measuring points, shown in Figure 11, as well as the stress of upper part of the middle of 
the track (TMU), the bottom of the end of the track (TEB), the upper part of the end of the 
track (TEU), and the point where the settlement begins (SBP), are analyzed. Through the 
force analysis of different design schemes, the difference in the deformation and stress of 
the track structure under different design schemes is compared. 

 
Figure 11. Layout of track slab displacement measuring points. 

4.2.1. Beam Width Comparison 
The displacement and stress values of each design scheme in the running period are 

shown in Figures 12 and 13, respectively. The displacement of each measuring point is 
actually in the negative direction. 
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4.2.1. Beam Width Comparison

The displacement and stress values of each design scheme in the running period are
shown in Figures 12 and 13, respectively. The displacement of each measuring point is
actually in the negative direction.
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Figure 12. The vertical displacement trend of the rail seats and the bottom of the cast-in-place
concrete under the conditions of different beam widths during the running period. (a) Rail seats and
(b) cast-in-place concrete.
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Figure 13. The change trend of the cast-in-place concrete stress under different beam widths during
the running period. (a) Rail seats and (b) cast-in-place concrete.
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According to Figure 12, considering the uneven settlement of the subgrade and the
load of the tram, the vertical displacements of the bottom of the rail seats and the bottom
of the cast-in-place concrete slab at the same measuring point are almost the same as each
other. The reason is that, in this period, through the cementation effect of cast-in-place
concrete, the coupling of the track slab is greatly improved and results in transforming
into a systematic body. In addition, it can also be found that increasing the width of the
beam will hardly change the displacement at each position of the structure, indicating that
the width of the beam is not a controlling factor for the vertical displacement of the track
structure in this period.

According to Figure 13, the stress of the existing concrete structure is generally greater
than the stress of the rail seats. For the rail seats, when the beam width is 150 mm, the
stress at the beam is relatively small. When the beam width changes from 185 to 300 mm,
the stress at each position does not change significantly, and the maximum stress appears
in TMU; for cast-in-place concrete, TEB is the most dangerous point. The maximum stress
is 1.33 MPa, the beam width is 240 mm, and the TEB and stress at the SBP are the smallest.

4.2.2. Comparison of the Thickness of the Lower Slab of the Rail Seats

During the running period, the displacement and stress values of each measuring
point on the track are shown in Figures 14 and 15, and the displacement of each measuring
point is in the negative direction.
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Figure 14. The vertical displacement trend of the bottom of the cast-in-place layer under different
lower slab thickness conditions during the running period. (a) Rail seats and (b) cast-in-place concrete.

According to Figure 14, considering the uneven settlement of the roadbed and the load
of the tram, the vertical displacements of the bottom of the rail seats and the bottom of the
cast-in-place concrete slab at the same measuring point are almost the same. It is also due to
the cementation effect of the cast-in-place concrete, which forms a common organic whole
between the various components of the track. Consistent with the foregoing conclusions,
the vertical displacement of the structure does not change with the thickness of the lower
slab, indicating that the thickness of the lower slab in this period is not a controlling factor
for the vertical displacement of the track structure.
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Figure 15. The stress change trend of the rail seats and the cast-in-place concrete under different lower
slab thickness conditions during the running period. (a) Rail seats and (b) cast-in-place concrete.

According to Figure 15a, it can be seen that, with the increase of the thickness of
the lower slab of the rail seats, the stress at the two beams of the prefabricated rail seats
continues to decrease, and the change between 80 and 100 mm is the most significant, with
a decrease of 26.3 and 35.1%, respectively, and then flattened out with no obvious changes
in the other positions. According to Figure 15b, it can be seen that, with the increase of
the thickness of the lower slab of the rail seats, the stress at each point of the cast-in-place
concrete does not change significantly.

4.2.3. Comparison of Cable and Drainage Facilities

The displacement and stress of the bottom of the prefabricated rail seats and the
bottom of the cast-in-place concrete are shown in Figures 16 and 17, which shows the
displacement and stress of the NFET under the structure without pipelines (NP) and the
structure with pipelines (WP).
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Figure 16. The vertical displacement of the rail seats and the bottom of the cast-in-place concrete
during the running period. (a) Rail seats and (b) cast-in-place concrete.
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Figure 17. The vertical stress of the rail seats and the bottom of the cast-in-place concrete during the
running period. (a) Rail seats and (b) cast-in-place concrete.

According to Figure 16, it can be seen that, when the pipeline is considered under
the uneven settlement of the subgrade and the load of the tram, the displacement of each
position of the structure is almost the same as that when the pipeline is not considered. It
shows that during the running period, the vertical displacement of the rail seats and the
bottom of the cast-in-place concrete is hardly affected by pipeline design.

According to Figure 17, it can be seen that, under the effects of uneven settlement of
subgrade and tram load, for prefabricated rail seats, the stress at TMUP increased when
the pipeline is considered, and the increase was 14.6%. However, the stress of the other
measuring points were basically unchanged, or even slightly reduced, for cast-in-place
concrete structures. The stress at TMB increased slightly when the pipeline was considered,
and the stress at the SBP increased slightly by 4 and 6%, respectively. The stresses at the
other measuring points remained unchanged, or even slightly reduced.

5. Discussion

According to the shortcomings of the existing tram track structure, a novel frame-
embedded track (NFET) with transverse connecting beams has been developed. Through
the establishment of a finite element model of the NFET, the static characteristics of NFET
structure in two different construction stages were systematically analyzed with the beam
width, the thickness of the lower slab of the rail seats, and the cable and the drainage
facilities as the research variables.

In the hoisting stage, with the increase of beam width, the displacement of NFET struc-
ture did not change significantly, and the stress at the lifting hole increased continuously,
but the stress at the beam remained unchanged. With the increase of the thickness of the
lower slab of the rail seats, the displacement in the thickness of the lower slab of the rail
groove did not change obviously, but the displacement of the plate end decreased; the stress
at the lifting holes increased slightly, and the stress at the beam decreased slightly. When
considering the cable and the drainage facilities, the stress at the lifting holes increased,
while the displacement and stress at other measuring points remained unchanged. It can
be seen that, at this stage, the thickness of the lower slab of the rail seats and the cable and
the drainage facilities had no significant effect on the mechanical properties of the NFET
structure. However, the width of the beam is the determining factor for the stress at the
lifting holes.

In the driving stage, the vertical displacement of the same measuring point at the
bottom of the rail seats and the bottom of the cast-in-place concrete slab was almost the
same. It was not affected by the changes of the width of the beam, the thickness of the
lower slab of the rail seats, and the cable and the drainage facilities. When the beam width
was 150 mm, the stress at the beam of rail seals was small. When the beam width was
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240 mm, the stress at the bottom of the cast-in-place concrete slab end and at the beginning
of settlement reached the minimum. In particular, the stress of the cast-in-place concrete
structure was generally greater than that of the prefabricated rail seats. With the increase
of the thickness of the lower slab of the rail seats, the stress at the prefabricated rail seats
beam decreased continuously and changed most significantly in the 80~100 mm range, then
tended to be gentle, and there were no significant changes in the other measuring points.
When the cable and the drainage facilities are considered, the stress at the middle and
upper parts of the prefabricated rail seats slab, the middle and bottom of the cast-in-place
concrete slab, and the beginning of the settlement increased slightly, while the stress at
other measuring points remained unchanged, or even decreased slightly.

Of course, the study also has some limitations. First of all, in terms of research
methods, this paper only uses numerical simulation, and subsequent research can consider
continuing to carry out model tests or physical tests on the basis of this paper. Secondly,
in terms of research content, this paper only studies the static performance of an NFET
structure under conventional loads and has not conducted in-depth research on its dynamic
performance and some special loads (such as earthquake). Moreover, in terms of the scope
of application, this paper only studies the feasibility of NFET structure in the tram field
and its applicability in other rail transits, such as subway, high-speed railway, and heavy
haul railway, remains to be discussed.

6. Conclusions

The following important conclusions can be obtained, which can be used as a reference
for optimizing the design of the modern tram track structure:

1. As the width of the beam increases, the vertical displacement of the NFET structure
does not change significantly. The LHP and TEB are the two most dangerous points
in the whole construction process, and the tensile stress can reach more than 1.3 MPa.
The former increases slowly, in the range of 185~240 mm, while the latter achieves the
minimum value at 240 mm. Therefore, it is recommended that the design reference
value of the beam width is 240 mm.

2. When the thickness of the lower slab increases by 20 mm, the displacement or stress
of most of the measuring points of the NFET does not change much (within 10%),
and the increase point and the decrease point are roughly equal in number. It is
worth noting that the LHP stress will increase with the increase of the thickness of the
lower slab and is close to the design value of the axial tensile strength of C35 concrete.
Therefore, it can be considered that the stress state of the track structure has not been
improved by increasing the thickness of the lower slab. At the same time, in order to
save manufacturing costs and consider factors such as construction convenience, it is
recommended that the design reference value of the lower slab thickness is 80 mm.

3. When considering the cable and the drainage facilities, the displacement increase is
generally within 10%, but for stress, only three measuring points have an increase of
more than 20%, and they are all safer points (the maximum is 0.976 MPa), indicating
that the pipeline design is not the decisive factor of the displacement and stress of
NFET. Therefore, it can be considered that the cable and the drainage facilities are
not enough to destroy the original stress state of the NFET structure, and the pipeline
layout in the original design scheme is feasible.

4. The stress of the rail seats is generally greater than that of the cast-in-place concrete.
It is recommended that, when the NFET structure is adopted, the intensity of the
cast-in-place concrete should be greater than that of the prefabricated frame structure.
At the same time, in order to reduce the generation of clutch joints, it is recommended
to take measures to control the shrinkage of cast-in-place concrete, such as choosing
cement with low drying shrinkage and pouring in sections during construction.
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