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Abstract

There exist difficulties in applying conventional pre-embedded iron seats and their fastening
systems in space-limited areas such as double-slip turnouts. To improve the convenience
of fastener installation, a novel K-type pre-embedded iron seat and its fastening system
are designed. The anchoring structure of the K-type iron seat is identical to that of the
conventional iron seat, while a symmetric structure is adopted at the bolt installation
position, reducing the projected area by 43%. Based on the design parameters of the K-type
pre-embedded iron seat, finite element models and test specimens are prepared. On this
basis, static analysis, pull-out tests, insulation performance tests, and fatigue tests are
carried out. Static calculations indicate that the K-type iron seat has the same capacity to
bear train loads as the conventional iron seat. The pull-out test results indicate that the
pull-out performance of the K-type pre-embedded iron seat meets standard requirements.
The insulation performance test results show that, whether under dry or wet conditions,
the K-type pre-embedded iron seat and its fastening system maintain good insulation
performance, far exceeding the limit of the standard. The fatigue test results demonstrate
that the K-type pre-embedded iron seat retains the track gauge well under 3 million loading
cycles, complying with standard provisions. The above results demonstrate that the K-type
iron seat satisfies the performance requirements specified in standards.

Keywords: double-slip turnout; railway fastening system; pull-out resistance; fatigue
performance; electrical insulation; laboratory test

1. Introduction

A double-slip turnout is generally composed of two sets of obtuse crossings, two sets of
acute crossings, two sets of switches, and two lead curves, together with the corresponding
sleepers, fastening components, switch machines, and circuit equipment. The layout of a
double-slip turnout is shown in Figure 1.

Through this complex track structure, a double-slip turnout enables rolling stock to
cross and change direction within a limited space, which improves the space utilization
efficiency of stations and marshalling yards [1]. Compared with single turnouts, double-slip
turnouts contain more movable rail components, which makes coordination among the
different components more difficult than with single turnouts [2]. Extensive research has
been devoted to the optimization and inspection of double-slip turnouts. Yuan et al. [3]

Appl. Sci. 2026, 16, 10489

https://doi.org/10.3390/app162110489


https://crossmark.crossref.org/dialog?doi=10.3390/app162110489&domain=pdf&date_stamp=2026-10-23
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-9577-8701
https://doi.org/10.3390/app162110489

Appl. Sci. 2026, 16, 10489

2 of 15

proposed improvement measures to address the weak geometry retention capability and
excessive switch rail wear of double-slip turnouts. Liu [4] designed a No. 9 turnout for
the 1520 mm gauge, which solved the interference problem under wide-gauge conditions.
Lan [5] proposed suggestions for the layout of double-slip turnouts in metro yards based on
existing experiencing. Xie et al. [6,7] analyzed the performance of switch machines with dif-
ferent structural configurations in double-slip turnouts. Kaewunruen [8] developed a type
of fiber-reinforced foamed urethane bearer and compared its in-service performance in a
double-slip turnout against timber bearers. Qiao et al. [9] established a finite element model
of a double-slip turnout on ballasted track, with which the mechanical characteristics of
the continuously welded turnout under thermal loads were analyzed. Zhao and Xu [10,11]
proposed improvement measures for the point rail locking device of the SC350 double-slip
turnout. Kampczyk [12] developed a method for evaluating the geometry of double-slip
turnouts using a magnetic measuring square and an electronic total station. Yang and
Tian et al. [2,13] analyzed the failures and derailment risks of double-slip turnouts and
identified the locations and frequencies of equipment failures using a Bayesian network
based on textual data. Wang et al. [14] optimized the guard rail and wing rail interval limits
of double-slip turnouts on the basis of field test data. As service time and freight demand
increase, the structures of existing double-slip turnouts can hardly meet the requirements
of mixed passenger and freight railways in terms of running speed, axle load, and traffic
density [15]. In addition, the wide variety of models and structural configurations of
existing double-slip turnouts increases operation and maintenance costs. With the aim
of unifying these models and improving the service performance of double-slip turnouts,
Wang et al. designed a new double-slip turnout that retains the interfaces of existing
double-slip turnouts [16].

Obtuse crossing

Switchers < > Switchers

:

Obtuse crossing

Figure 1. Layout of double-slip turnout.

The complex structure of double-slip turnouts imposes significant restrictions on
the installation space available for fasteners and demands the strong ability to maintain
geometric alignment. In early railway fastening systems, screw spikes were anchored
mainly by anchoring agents such as sulfur mortar, cement mortar, and resin mortar, as
shown in Figure 2a. This anchorage approach is associated with severe pollution, long
setting times, poor insulation performance [17], and turnout sleeper damage caused by
volume expansion [18]. In response to these problems, pre-embedded sleeve fasteners have
become the prevailing choice for newly constructed lines [19]. The sleeve is embedded
in the concrete, and the rail is fastened to the sleeper using rail spikes, as shown in
Figure 2b. This structure prolongs the service life of the sleeve while retaining the insulation
capability of the nylon sleeve. Similar technology has found wide application in building
construction [20], the installation of large mechanical equipment [21], and other fields.

Pre-embedded sleeves used in railways generally adopt a composite sleeve struc-
ture in which a nylon sleeve is pre-installed within a steel sleeve [22]. Sun et al. [23]
employed the finite element method to compare the stress states of screw spikes using the
sulfur anchorage method and the pre-embedded sleeve method. The results were verified
through laboratory tests, and recommendations on the selection of pre-embedded sleeve
materials were proposed. Choi and Kim [24] analyzed the causes of failure of the bolts
anchored in pre-embedded sleeves in the Korean metro. Jin et al. [25] established a vehicle—
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track coupled dynamics model to analyze the loss of pull-out resistance of pre-embedded
sleeves in ballast-less track after high-temperature scorching and proposed corresponding
maintenance measures.

Rail spike v N
—  \

Anchoring agent A
Pre-embedded sleeve

T I
L1y Sleeper %
|
|
|

@) (b)

Figure 2. Fastening systems with different anchoring mechanisms: (a) anchoring agent; (b) pre-
embedded sleeve [18].

The track resists lateral forces under train loads through the load transfer path formed
by the anchor bolt, the pre-embedded sleeve, and the concrete turnout sleeper. Under the
complex wheel-rail forces in the turnout zone, the sleeve is easily damaged, causing failure
of its threads and weakening the anchorage capacity of the bolts [26]. In addition, foreign
matter such as rain and snow can readily enter the sleeve and form standing water inside
during service in cold regions [27]. The accumulated water freezes and expands when the
ambient temperature drops below 0 °C, exerting stress on the interface between the sleeve
and the concrete turnout sleeper, which finally causes fatigue failure of the sleeve and
degrades the pull-out resistance of the fasteners under repeated freeze-thaw. The Type 23
turnout incorporates design experience gained from heavy-haul lines [28,29] and adopts a
conventional fastening system with pre-embedded iron seats in place of the pre-embedded
sleeve structure [30], as shown in Figure 3.

T-bolt Gauge block
Nut Base plate
Wesher Iron seat
Clip Iron base
plate
Insulating
gauge block Rubber plate

Figure 3. Conventional fastening system with pre-embedded iron seats.

The pre-embedded seat is simpler in structure than the pre-embedded sleeve. Through
the anchoring structure, the seat interacts directly with the turnout sleeper, which simpli-
fies the load transfer path and prevents gaps induced by differential shrinkage between
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multiple material layers [31]. Similar structures have already been widely applied in large-
scale engineering construction [32-34]. Pre-embedded seat fasteners have been widely
adopted in fields such as high-speed railways [35], heavy-haul railways [36], and urban
rail transit [37].

From the above discussion, it can be seen that current research mostly focuses on
the design and defect analysis of pre-embedded iron seats in mainline sections and sim-
ple turnout areas, while the design of pre-embedded iron seats for compact layouts and
their full-scale tests remain insufficiently investigated. As shown in Figure 4, double-slip
turnouts require a large number of turnout components to be accommodated within a
limited space, where a single sleeper may support various rail components, including
switch rails, stock rails, and nose rails. Consequently, the installation of some rail compo-
nents in double-slip turnouts is challenging. To facilitate fastener installation and optimize
the component layout in double-slip turnouts, a new type of pre-embedded iron seat is
proposed in this paper. Its performance is then verified via finite element analysis and
laboratory tests to assess whether it satisfies the requirements of standards.

Figure 4. Switching area in a double-slip turnout.

2. Structural Design and Establishment of Finite Element Model for
K-Type Pre-Embedded Iron Seat

The large vertical projected area of the conventional pre-embedded iron seat makes it
difficult to arrange the different track components in the double-slip turnout. To enable
installation in space-limited areas, the K-type iron seat eliminates the structure for placing
the clip, and the clip is instead placed on the anti-rotation board, so that one single clip can
fasten two adjacent iron baseplates. Above the anchoring structure of the K-type iron seat,
only the bolt installation structure is retained. To avoid stress concentration, a rounded
fillet design is adopted between the bolt installation structure and the anchoring structure.
Insulating gauge blocks are installed between the pre-embedded iron seat and the iron
baseplates. The overall structure of the fastening system with the K-type iron seat is shown
in Figure 5.
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Figure 5. Fastening system with K-type pre-embedded seat.

The K-type pre-embedded iron seat has the same anchoring structure as the con-
ventional fastening system, as shown in Figure 6. The vertical projected area of the bolt
fastening system on conventional pre-embedded iron seat is 7752 mm?. The K-type pre-
embedded iron seat employs a symmetric structure at the bolt fastening region, positioned
directly above the anchoring structure. The area of its vertical projected region is 4400 mm?.
Compared to the conventional pre-embedded iron seat, this area is reduced by 43%.

Figure 6. Comparison between 120.3conventional pre-embedded iron seat and a K-type pre-
embedded iron seat.

To evaluate the stress level of the K-type pre-embedded iron seat under installation
conditions, finite element models of the pre-embedded iron seats of the conventional and
K-type fastening system, each including part of the sleeper, are developed, as shown in
Figure 7. The finite element models of both types of pre-embedded iron seats are established
strictly in accordance with their actual dimensions. Both types of seats are made of ductile
iron (QT450-10), with a yield strength of 310 MPa, a tensile strength of 450 MPa, a Young's
modulus of 2.1 x 10° MPa, and a Poisson’s ratio of 0.3. The sleepers are made of C60
concrete, with a density of 2800 kg/ m?3, an elastic modulus of 4.08 x 10* MPa, and a
Poisson’s ratio of 0.2577. To ensure that the finite element model conforms to the actual
geometry of the pre-embedded iron seats, the model is meshed with tetrahedral elements
with an element size of 4 mm. To improve computational accuracy, the tet collapse of the
tetrahedral elements is maintained above 0.3. The pre-embedded iron seat and the sleeper
are connected through a tie constraint.

https://doi.org/10.3390/app162110489


https://doi.org/10.3390/app162110489

Appl. Sci. 2026, 16, 10489

6 of 15

(a) (b)

Figure 7. Finite element models of pre-embedded iron seats: (a) conventional pre-embedded iron
seat; (b) K-type pre-embedded iron seat.

3. Static Analysis of Pre-Embedded Iron Seat

The pre-embedded iron seat is a key load-transfer component of the fastening system.
During train passage, the vertical and lateral loads generated by wheel-rail interaction are
transmitted through the rails and fasteners to the pre-embedded iron seat and then to the
sleeper. The test results in reference [38] demonstrate that the lateral wheel-rail force of a
heavy-haul train passing laterally through the small-number turnout is 99 kN. According
to reference [39], the lateral load acting on the fastening system is approximately 65-70% of
the lateral wheel-rail force. To analyze the resistance of the K-type iron seat to train loads
under the most adverse scenario, a lateral force with a value of 70 kN (70% of 99 kN) is
vertically applied at the contact interfaces between the pre-embedded iron seats and the
insulating gauge blocks, which is shown as red areas in Figure 8.

(a) (b)

Figure 8. Lateral load application areas on: (a) conventional pre-embedded iron seat; (b) K-type

pre-embedded iron seat.

The calculation results are shown in Figure 9. The conventional pre-embedded iron
seat exhibits a maximum stress at the position where the upper edge of the anchoring struc-
ture is in contact with the sleeper. For the K-type pre-embedded iron seat, the maximum
stress occurs in the transition region between the bolt fastening location and the upper
edge of the anchoring structure. For both types of pre-embedded iron seats, the maximum
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stresses in the sleepers all occur at the contact location between the sleeper and the upper
edge of the anchoring structure of the pre-embedded iron seat.
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Figure 9. Stress distributions of: (a) conventional pre-embedded iron seat; (b) K-type pre-embedded
iron seat; (c) sleeper of conventional fastening system; (d) sleeper of K-type fastening system.

The maximum von Mises equivalent stresses of the pre-embedded iron seats and the
sleepers are extracted, as shown in Figure 10. The maximum von Mises stresses of the
K-type and conventional iron seats are 75.85 MPa and 62.27 MPa, respectively. Although the
maximum stress of the K-type iron seat is 13.58 MPa higher than that of the conventional
iron seat, it remains below the proof strength of QT450-10 (310 MPa). The maximum
principal stresses in the sleepers corresponding to the conventional and K-type iron seats
are 30.60 MPa and 15.80 MPa, respectively. Both are compressive stresses and lower than the
axial compressive strength of C60 concrete (38.5 MPa). Since the stress differences between
the two kinds of iron seat and their sleeper stresses are relatively small and the conventional
iron seat has been widely applied on operating lines [29], it can be concluded that the K-
type iron seat possesses a load-resisting capacity equivalent to that of the conventional
iron seat.

To analyze the pull-out resistance of the pre-embedded iron seats, in accordance
with reference [40], a vertical load is applied at the red areas shown in Figure 11a,b.
The load is increased from 0 to 60 kN at a rate of 50 kN/min and then held for 180 s.
The maximum displacements of sleepers are presented in Figure 11c,d. The maximum
sleeper surface displacements corresponding to the conventional iron seat and the K-type
iron seat are 1.01 x 1072 mm and 1.11 x 10~2 mm, respectively, with a difference of
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only 0.10 x 10~2 mm. The experimental results in reference [41] indicate that the surface
displacement of C60 concrete upon the onset of crack mouth opening is 6.7 x 10~2 mm.
Since the calculated sleeper surface displacement amplitudes are smaller than this threshold,
it can be concluded that the pull-out resistance of the K-type pre-embedded iron seat is
equivalent to that of the conventional pre-embedded iron seat and that cracking of the
sleeper surface is unlikely to occur.

100
Iron seat
[ sleeper
= 75.85
oY
S
172}
g
92}
=
=
£
%
<
=

Conventional K-type

Figure 10. Maximum stresses of pre-embedded iron seats and their sleepers.
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Figure 11. Pull-out resistance analysis of pre-embedded iron seats: (a) vertical loading surface on
conventional pre-embedded iron seat; (b) vertical loading surface on K-type pre-embedded iron seat;
(c) sleeper surface displacement of the conventional fastening system; (d) sleeper surface displacement
of the K-type fastening system.
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4. Laboratory Test of K-Type Pre-Embedded Iron Seat

To investigate the performance of the K-type pre-embedded iron seat, a K-type iron
seat specimen is fabricated, as shown in Figure 12a. In addition, according to the practical
layout of the double-slip turnout, a sleeper specimen is fabricated with two kinds of iron seats
embedded according to the parameters of sleepers in actual service, as shown in Figure 12b.

(b)
Figure 12. Preparation of specimens: (a) K-type pre-embedded iron seat; (b) sleeper.

4.1. Pull-Out Resistance Test

The pull-out resistance test procedure for the pre-embedded iron seat is specified in
references [9,42]. A load vertical to rail seat is applied to the K-type pre-embedded iron
seat through a fixture, as shown in Figure 13a. A vertical load is applied at a loading
rate of 50 KN/min. After the load reaches 60 kN, it is held for 3 min and then unloads
slowly without impact. The condition of the concrete around the K-type iron seat after
the test is shown within the area marked by the green circle in Figure 13b. No cracking is
observed in the concrete adjacent to the iron seat, which complies with the specifications
given in reference [43]. The test proves that the pull-out resistance performance of the
K-type pre-embedded iron seat satisfies the requirements of in-service operation.

By
' K-type iron seat

(@) (b)

Figure 13. Pull-out resistance test: (a) test site; (b) condition of the sleeper surface after the test.

4.2. Performance of Insulation Test

Following the test in Section 4.1, the rails and their fastening systems are installed
above the pre-embedded iron seat of the specimen. To analyze the insulation performance
of the K-type pre-embedded iron seat, following the procedure in references [43,44], a
spraying device is installed above the rail-sleeper assembly, which is kept insulated from
the ground by using wooden blocks and plastic pads. The device has 4 nozzles and delivers
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water onto the rail-sleeper assembly at a spray rate of 6-8 L/min for 2 min. During
spraying, the electrical conductivity of the water is maintained at 20-80 mS/m and the
temperature is maintained at 10-20 °C. Figure 14a shows the test site. The resistance of the
assembly in the dry state is 550 M(, as shown in Figure 14b.

Spraying device

K-type iron seat

Insulating block

(b)

Figure 14. Insulation test: (a) spraying device and rail fastener assembly; (b) resistance at the initial time.

After spraying, the resistance variation is continuously monitored for 5 min. The
minimum resistance is then taken and corrected according to Equation (1) [45]:

R33 =0.33 x v X Ruin (1)

where R33 is the corrected resistance; 7 is the electrical conductivity of the spray water at
25 °C, taken as 50 mS/m in this paper; and Rpin, is the measured minimum resistance.

The variation in resistance between the two rails is shown in Figure 15a. The resistance
first decreases and then increases, eventually stabilizing at about 80 k(2, with a minimum
measured value of 21.78 k(). According to Equation (1), the corrected resistance is 32.67 k().
The resistance between the rail and the baseplate on one side is measured simultaneously,
and the results are shown in Figure 15b. The resistance from both sides of the rails shows
a tendency to first decrease and then increase. The minimum resistance of the left rail is
17.66 k() and that of the right rail is 13.63 k(), which is slightly lower than left rail. The
corrected resistance between the rails and their baseplates on the two sides are 26.49 k()
and 20.45 kQ), respectively. The test results indicate that the K-type pre-embedded iron seat
and its fastening system meet the provision in reference [43], i.e., the resistance between
the two rails shall not be less than 3 k().

250 150
‘ Rail-to-rail resistance Left rail

120 - Right rail

g g

g ?3 90

2 2

s =

3 3 60}
30F

0 L L L ! ! 0 L 1 L 1 |
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time/s Time/s
(a) (b)

Figure 15. Resistance variations: (a) resistance between two rails; (b) resistance on a single side.
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4.3. Fatigue Test of the Rail-Sleeper Assembly

To analyze the fatigue performance and structural reliability of the K-type pre-
embedded iron seat, a fatigue test is performed on the specimen mentioned in Section 4.2
with reference to the requirements in references [43,46]. The test site is shown in Figure 16.
Since there exists gauge widening in double-slip turnouts with a maximum value of 5 mm,
the gauge of the specimen is adjusted to 1450 mm. The rail is fixed to the sleeper through
fastenings, and the K-type pre-embedded iron seat and its fastening system are located
on the outer side of the rails. A 38° fatigue test rig is mounted on the tops of both rails.
To evaluate the structural reliability of the K-type pre-embedded iron seat under the most
adverse scenario in which the K-type iron seat carries the entire lateral load, smaller gauge
blocks are installed between the K-type iron seat and the adjacent iron baseplates to create
a 2 mm gap, thereby preventing the adjacent iron baseplates from sharing the lateral load.
The test parameters are as follows: the vertical and lateral fatigue loads are 60 kN and
75 kN, respectively. The load is applied at a frequency of 3-5 Hz. The height of the rail is
120 mm. The nut of the fastener is further tightened by one quarter of a turn after the front
lower jaw of the clip’s middle section touches the gauge block.

Figure 16. Fatigue test of K-type pre-embedded iron seat.

The total number of fatigue cycles is 3 x 108, conducted in two stages. The first stage
consists of 1000 cycles, after which the track gauge is measured. The remaining cycles are
applied in the second stage, and the track gauge is measured upon completion of the fatigue
test. The variation in the track gauge is illustrated in Figure 17. Compared with the gauge after
the first stage, the left-side gauge after 3 x 10 cycles reaches 1450.71 mm with an increase of
0.62 mm. The right-side gauge reaches 1451.88 mm, with an increase of 0.28 mm. The average
gauge (the gauge between the two sides of rails) after 3 x 10° cycles is 1451.30 mm, with an
increase of 0.45 mm. The increase in the average gauge value complies with the requirement
specified in reference [47], i.e., the gauge widening shall not exceed 6 mm.

1460
irst stage
Second stage
1455
g 1451.6 143188 1451.295
5 1450
2
=
&}
1445 -
1440

Left rail Right rail Average

Gaugue mmeasuring position

Figure 17. Track gauge variations after the fatigue test.
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The aforementioned test results indicate that the pull-out performance, insulation
performance, and gauge retention of the K-type pre-embedded iron seat conform to the
standard and meet track operation requirements.

5. Discussion

To address the difficulty of installing fasteners in the space-limited areas of double-slip
turnouts, this paper proposes a K-type pre-embedded iron seat structure. Its mechanical
properties are analyzed using the finite element method. In the new design, the contact
position between the insulating gauge block and the pre-embedded iron seat is raised,
which increases the moment acting on the seat anchoring structure. Consequently, the
stress at the rounded fillet of the K-type iron seat is enlarged under horizontal loads. In this
case, the maximum stress of the K-type pre-embedded iron seat is 75.85 MPa, far below
the specified proof strength of its material (310 MPa), which ensures the safety of this
structure. Laboratory tests show that the pull-out resistance, insulation performance, and
gauge retention of the K-type iron seat all satisfy the requirements of existing standards.
Compared to the conventional iron seat, the K-type iron seat and its fastening system
feature a simplified structure and provide improved installation convenience for double-
slip turnouts. Further studies should concentrate on the structural strength and gauge
retention ability of the K-type iron seat under in-service train loads, thereby providing a
foundation for future design optimization and engineering application.

6. Conclusions

To enable the installation of fastening systems in space-limited areas such as the
crossing region of double-slip turnouts, a new K-type pre-embedded iron seat is proposed
in this study. Static analysis, pull-out tests, insulation performance tests, and fatigue tests
are then conducted on the new pre-embedded iron seat, and the following conclusions
are drawn:

(1) The new pre-embedded iron seat adopts the same anchoring structure as the conven-
tional pre-embedded iron seat, but with a symmetric structure at the bolt anchoring
positions. The vertical projected area of iron seat is reduced by 43% and the load
transfer path is optimized, which improves the convenience of installing fastenings in
space-limited areas.

(2) The static analysis results reveal that under lateral loads, the stress level of the K-type
pre-embedded iron seat is close to that of the conventional pre-embedded iron seat,
with a difference of 13.58 MPa. The pull-out resistance of the K-type pre-embedded
iron seat is consistent with that of a conventional pre-embedded iron seat. Under
vertical loads, the difference in the maximum sleeper surface displacement is only
0.10 X 1072 mm.

(3) The insulation performance test results show that in the dry state, the K-type pre-
embedded iron seat and its fastening system exhibit good insulation performance,
with an initial resistance of 550 M(Q). In the wet state, the resistance of the fasten-
ing system decreases: the equivalent resistance between the two rails is 32.67 k(,
and the equivalent resistances between each rail and its baseplate are 26.49 k() and
20.45 kQ), respectively, all of which remain higher than the requirement of 3 k(2 in
the specification.

(4) The fatigue test results demonstrate that after 3 million loading cycles, the K-type
pre-embedded iron seat shows good gauge retention ability. The increase in average
gauge is 0.45 mm, which is less than the standard limit of 6 mm.

(5) The results of the numerical analysis and laboratory tests indicate that the K-type
pre-embedded iron seat meets the performance requirements specified in standards.
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