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Abstract: Angled guide plates are used to transmit the forces induced by trains, from the
rail seat, to the concrete sleepers. Additionally, the design of the angled guide plates, with
an appropriate width, supports tilting protection. Considering the updated requirements of
the ML-1 railway line, in the Islamic Republic of Pakistan, an optimization design of the
angled guide plate of the Vossloh W14-PK fasteners was carried out herein. The design
requirements of the angled guide plate need to meet the requirements of structural stress
and protect the plates from deterioration. Given the conducted refined model of the Vossloh
W14 - PK fastener, it is shown that the force and deformation of the angled guide plate, in
the bearing groove adjacent and the outside bolt hole area, are small. Therefore, it was
preliminarily recommended that the optimization area of the angled guide plate be divided
into the section I, close to the rail groove and section Il, outside the bolt hole. The Finite
Element Model (FEM) of angled guide plate was established, which is used to analyze the
influences of length, width, depth and the number of holes, in section | and section II, on
the force distribution, across the angled guide plate. The results show that the scheme of
reducing the amount of material and minimizing the influence of force on the structure of
the angled guide plate, is to punch three holes in section | and two holes in section II.
The holes in section I/l are 20/30 mm in length, 8/8 in width, and 15/8 mm in depth,
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respectively. The fatigue test showed that the optimized angled guide plate, had good
application effects.

Keywords: Ballasted track; Fastening system; Angled guide plate; Structural design;
Fatigue test

1 Introduction

The Islamic Republic of Pakistan will upgrade the railway line ML-1. This project
mainly optimizes the ballasted trackbed, sleeper and fastener system. The research
on ballast bed has a long history, including ballast crushing [1] [2], ballast bed
settlement, ballast aggregate distribution, the force between the sleeper and track
bed, ballast flight mechanism analysis, longitudinal and transverse resistance of
trackbed, ballast screening, and reuse, etc [3-7]. The route selection scheme for
different environments and grades is relatively mature, so the ballasted track of the
ML-1 line can directly adopt existing standards.

Sleeper types of the ballasted track include wood sleeper, concrete sleeper, steel
sleeper, composite sleeper, et al. The wooden sleeper has good elasticity and easy
maintenance, but it has some problems, such as poor durability and unfavorable to
environmental protection [8] [9]. Concrete sleepers have uniform quality, low
cost, and an extensive application range [10]. Steel sleepers have corrosion,
conductivity, and other problems, and are only used in special sections [11] [12].
Composite sleepers can use new materials and environmental protection materials
to replace wooden sleepers, but now the cost is high [13] [14]. Therefore, concrete
sleepers are suitable for ML1 line

The fastening system is a substantial track component to transfer train loads from
the rail to the sleeper, minimize traffic-induced vibrations and impacts, maintain
the rail inclination and track gauge, act as an electrical insulator between rails and
sleepers, and provide adequate clamping force to rails to ensure lateral,
longitudinal and torsional stability of rails [15]. As shown in Figure 1, the
fastening system is a set of components, including screw spikes, pads, clips
(clamps), insulators, and angled guide plates that connect the rails to sleepers in
the track superstructure [16].

Due to the development of new types of railway sleepers and high-speed railways
[17] [18], selecting the appropriate types of the fastening system is one of the
important issues that should be taken into account. Given that the two terms of
structural design and flexibility, railway fastenings are divided into direct/indirect
and rigid/elastic types, respectively [19].
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Figure 1
Composition of Vossloh W14-PK fasteners1-Bolt studs, 2-Fastening clip, 3- Angled guide plate,
4-Rail pad, 5-Preburied casing

As shown in Figure 2, the direct fastenings connect the rail directly to the sleeper
through rail pads without using baseplates, while indirect fastenings connect the
rail to the sleeper through the rail pad and baseplate pad [20]. The application of
direct fastenings causes rail seat deterioration as the consequence of shock loads
on loosened fastening clips (Figure 3), while the application of indirect fastenings
led to a pulsating force distribution and fluctuating around the initial tension value
that prolongs the railway superstructure service life [21]. On the other hand,
fastenings could be classified into rigid or elastic types. The rigid fastenings were
a common system used in the early 1900s for bolting the rail to the timber sleeper
rigidly, whereas the screws are tightened in an elastic rail fastening such that an
initial tension is formed through the elastic clip or the spring washers, which
allows a slight rail movement within the rail seat. Loosening of rigid fastenings
after a relatively short period of operation is the principal disadvantage of this
type, which led to over-stressing the clips under high lateral forces and
consequential damages of the fastening clips.

The anchorage of the fastening system in the sleeper has an important role in
joining the elastic clip or spring part of the assembly to the less resilient sleeper.
It should be able to tolerate impact loads and vibration transmitted to the sleeper
without cracking or loosening it. While polypropylene and HDPE have been used
in the past for light-duty applications, anchorages for threaded fastenings are
typically made of nylon or composite materials. To avoid damage in freezing
weather, care must be taken to expel any water during the assembly of the
fastening. Shoulders for non-threaded fastenings are usually made of ductile cast
iron, such as, S.G. Iron (Spheroidal Graphite Iron).
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Rigid Rigid

Direct Indirect

Figure 2
(a) Direct rigid fastening, (b) indirect rigid fastening, (c) direct elastic fastening,
(d) indirect elastic fastening [19] [20]
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Pulling force in the serew
Pulling force in the serew

Figure 3
Pulling load distribution for (a) elastic and (b) rigid fastening

The shape of the concrete-encased portion of the shoulder has been refined over
time to ensure that it extends down into the prestressed region of the sleeper and
securely transmits lateral and torsional forces. Each part of the fastening cast into
the sleeper must be able to withstand a 60 kN pullout force without causing
damage to the sleeper.

A repeated loading test is a suitable method to evaluate the long-term performance
of fasteners subjected to traffic loading caused by passing trains. In this regard,
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cyclic loading is applied to the railhead so that the position of applying load is
depending on fastening vertical stiffness, track axle load, and curvature.
The cyclic load could be applied to an individual rail or both rails on a concrete
sleeper, as shown in Figure 4a-b. For non-symmetrical fastening systems, the rail
should be fixed between two sleepers or half sleepers. The repeated load could be
applied vertically or obliquely depending on the support position (Figure 4c-d).
The requirements of British and AREMA standards for conducting repeated load

tests are compared in Table 1.

(a)

Free pivot 5

Pv/cos a
7 S

-,

Rail Rigid support
2 6
/

Loading point
1 Sleeper
\ 1 Sleeper

Fastening 3

v

(C) 2 (d) ///,\‘ : 15 mm
L
10 mm *
Figure 4

Laboratory tests conditions: (a-b) Repeated load test arrangements, (c) Loading point on the railhead,
(d) Displacement measurement positions [22]

Table 1
Repeated loading test requirements according to different standards

BS EN 13481-2

AREMA 1-30

The minimum rail length is 500 mm.

The clamping force is determined after the
test according to BS EN 13146-7.

The magnitude and position of load are
associated with the track axle load and
curve radius presented in Table 4 and
Figure 4a-b. Cyclic loading should be
continued up to 3 x 10% cycles at a
frequency of (4 + 1) Hz.

The rail length should be 457 mm — 508
mm.

The uplift force is determined according to
Article 2.6.1.

The cyclic loading is applied at the angle of
20° relative to the vertical axis of the rail for
3 x 106 cycles at a frequency of 2.5 Hz.

The magnitude of upward loading should be
0.6P, and downward load should be 0.6P +
1335 kN or 1335 kN if a single
spring/hydraulic ram or double-acting
hydraulic ram is used, respectively.
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The maximum temperature of fastening The maximum temperature of the rail pad

components should be lower than 50°C. should be lower than 71°C.
The maximum loading rate should be 200 The maximum loading rate should be 22.24
kN/min for a single sleeper. kN/min for a single sleeper.

In this paper, the long-term performance of W14-PK fasteners was the main
concern since the Islamic Republic of Pakistan will upgrade the railway line ML-1.
with Vossloh W14-PK fasteners, which is a suitable alternative for ballasted
tracks. The fastening system modification requirements for the angled guide plate,
are as follows:

(1) 1t must fulfill requirements for ballasted track lines with gauge 1676 mm
(2) It should be capable of connecting 60E1 to 54E1 rails

(3) It should be able to be supported by China Illa prestressed concrete
sleeper with shoulder retaining

(4) It can save material while satisfying the force of the angled guide plate

2 Materials and Methods

2.1 Materials

Pakistan ML-1 railway line adopts 54E1 rail and 60E1 rail. The rail material is
350HT. It is a non-porous rail with a length of 25 m. The weight of a rail per
meter is 60.21 kg. Its elastic modulus is 210 GPa, the Poisson's ratio is 0.3 and the
density is 7830 kg/m?.

The fastener clip is type . Its buckle pressure is 10 KN. Its material is 38Si7. Its
elastic modulus is 200 GPa, the Poisson's ratio is 0.3, and the density is 7830
kg/m®. Figure 5 is the dimension of the angled guide plate. Angled guide plate
material is glass fiber reinforced PA66/PAB. Its elastic modulus is 9.6 Gpa, the
Poisson's ratio is 0.35 and the density is 1150 kg/m3. Table 2 is its physical
parameters.

Table 2
Physical parameters of the angled guide plate
No. Item Unit Index
1 Tensile strength (23°0) MPa >170
2 Tensile strength (70°C) MPa >110
3 Elongation at break (23°C) % <4
4 Elongation at break (70°C) % <7
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5 Bend strength (23°C) MPa >250
6 Bend strength (70°C) MPa >140
; Volume resistivity (wet state) Q-cm® >1010
Volume resistivity (dry state) Q-cm® >104
8 Non-notched impact strength (23°C) KJ/m2 >80
D

Figure 5
Structural details of the angled guide plate

The material of the rail pad is the CPU. Its strength is 80 kN/mm (23 °C) and its
stiffness variation is less than 30% at 70°C. Its elastic modulus is 5 GPa, the
Poisson's ratio is 0.4 and the density is 1200 kg/m?.The bolt studs material is high-
quality carbon steel or alloy structural steel. Its strength grade is 5.6. The elastic
modulus of the bolt studs is 220 GPa, the Poisson's ratio is 0.3, the density is 7830
kg/m? force is 75 kN. The sleepers’ strength grade of concrete should not be less
than C60. The elastic modulus is 36 GPa, the Poisson's ratio is 0.2, and the density
is 2400 kg/md.

2.2 Model

221 Load

Load value is determined according to the Chinese railway track design code (TB
10098-2017). The dynamic load of the wheel is expressed by the maximum
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possible value of the equivalent static load. The vertical equivalent static load on a
straight track is shown in Eq. (1).

{11 = 120km /h Py=PB(l+a) 1
120km/h <v <160km/h Py =R(l+a+B)1l+a,) @)

Pq: the vertical equivalent static load of wheel acting on the rail (kN)
Po: static wheel weight (kN)

N: Driving speed (km / h)

a,01: speed coefficient, «=0.6v/ 100, a1=0.3 4v 1/100

f: Partial load coefficient
4= 2:AhH o)
5:
Ah: unbalanced superelevation (mm)
H: height of the center of gravity of locomotive or vehicle (mm)
S: center distance between inner and outer rails (mm)

According to the design parameters, the Pakistan railway has the highest running
speed of 160 km/h, axle load of 25 t, and a track gauge of 1676 mm. It can be seen
from this that the velocity coefficient o = 0.72, a1 = 0.12, partial load coefficient
£ =0.12. The static load on the sleeper is about 40% of the axle load. Therefore,
the vertical load P4 of dynamic wheel load is 103.04 kN. The lateral force is 0.8 Pq
according to the Chinese Railway Track Design Code, so, Py =82 kN

P =P +a+p0+a)=125000 x 0.4 x 1.84 x 112 =103040N  (3)
2.2.2  Analytical Model

The angled guide plate is one of the fastening system components, and its stress is
mainly affected by the one-sided rail row. In order to optimize the angled guide
plate, a finite model of the fastener system under a single rail is established, as
shown in Figure 6. The finite element model is used to analyze the influence of
the length, width, depth, and the number of holes in section | and section 11 on the
force distribution across the angled guide plate, as shown in Figure 7.
The dimensions of length, width, depth, and the number of holes were set
according to the specific conditions of the optimization area. The optimum design
scheme is shown in Table 3.
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Figure 6
Fine finite element model of fastener system
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Figure 7

Hole area division of the angled guide plate

Table 3
The optimum design scheme of the angled guide plate
No. Nurr]n ber of Variable DmTensmn Abbreviation
oles (Unit: mm)
1 3 length 5,10,15,20 1-3-1
o 2 3 width 48,12 I-3-w
8 3 3 depth 5,10,15,20,25 1-3-d
S 4 1 length 5,10,15 -1
- 5 1 width 20,30,40 I-1-w
6 1 depth 10,15,20 1-1-d
" 7 2 length 20,25,30,35 11-2-1
-8 | 8 2 width 4,8,12,16 11-2-w
S | o 2 depth 48,12 l-2-d
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2.3 Test Method

2.3.1  Static Test

Static test including hardness, drainage rate, internal porosity, insulation
resistance, compression resistance. Hardness is measured by the Brinell hardness
tester [23].

The drainage rate test was to allow the gauge baffle to absorb water for 12 hours.
Record the weight as the initial weight Wi. Place the angled guide plate in the
heating furnace at 120 + 3 °Cfor 2 hours and then weigh it within three minutes,
after taking it out, then record the weight as W-. See Eq. (4) for drainage rate P.

pHi—We 100% 4)
Wl

The internal porosity was to cut the gauge stop into four pieces along the
longitudinal direction, and then detect whether there had porosity inside [24].
The insulation resistance test was completed by a high resistance tester.
The angled guide plate was boiled for 2 h, then, wiped the surface moisture with
filter paper quickly after taking it out. Aluminum foil was padded on the upper
and lower planes of the gauge baffle, and electrodes were placed respectively.
After the gauge baffle was placed stably, measured its resistance under 500 V DC
voltage [24]. The compressive performance test was to place the mounting frame
together with the gauge baffle on the testing machine (Figure 8). Add to 60 kN at
the loading speed of 0.5 kN/s, and unload after stabilizing for 10 s. After repeating
this three times, remove the mounting frame together with the angled guide plate
from the testing machine. The gauge baffle was taken out and placed on the
measuring platform to measure its depth of camber.

Figure 8
Compressive performance test
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2.3.2  Fatigue Test

The fatigue test device is shown in Figure 9. Before the fatigue test, slowly load
the test assembly system to the maximum load. The loading rate was 200 kN/min.
Repeat the loading 10 times. During the last 3 times of loading, the error of the
included angle between the maximum load action line and the vertical line of the
rail bottom was within £ 0.5°. Apply fatigue load to the test fastener assembly.
The minimum load was 9 kN and the maximum load was 500 kN. Unload after
3x106 load cycles, and let the fastener parts for the test stand for 24 h. Then, test
rail longitudinal resistance, insulation performance, and uplift resistance of
embedded parts.

AN SOUNNNNNNNN SOUSNANANNNNN CA|
Figure 9
The fatigue test device: 1-sleeper; 2-steel rail; 3-fastener system; 4-loading device; 5-pivot;
6-cushion on rigid foundation; 7-booster frame; 8-Maximum acting load, 500 kN

3 Results and Discussion

3.1 Analysis of Angled Guide Plate

In the three-dimensional direction, the original angled guide plate has small
displacement under train load, see Table 3. The displacement of the angled guide
plate in the X direction is larger than that in other directions under train load.
Three-dimensional stresses under train loads satisfy the requirements, see Table 4.
The tensile and compressive stress in the X direction is greater than that in other
directions. The principal stress of the angled guide plate is shown in Table 5.
The maximum tensile stress of the angled guide plate is 39.4 MPa, which is
35.82% of the allowable stress of the material. The angled guide plate has more
material safety margins, and its structure has a larger optimization space.
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Table 4
Three-dimensional displacement of angled guide plate under load (Unit: mm)
displacement of X displacement of Y displacement of Z
Max Min Max Min Max Min
1.58E-3 -1.10E-1 2.06E-2 -1.13E-2 7.68E-3 -4.36E-2
Table 5
Three dimensional stress of angled guide plate under load (Unit:MPa)
Stress of X Stress of Y Stress of Z
Max Min Max Min Max Min
37 -36.4 13.2 -24.8 21.2 -155
Table 6
Principal stress of angled guide plate under load (Unit: MPa)
1st principal stress 2nd principal stress 3rd principal stress
Max Min Max Min Max Min
394 -145 13.2 -24.9 8.84 -36.5

3.2 Analysis Scheme

e Comparison of results under condition 1-3-I

Under conditions 1-3-1, with the increase of the hole length, most of the stress
and displacement of the angled guide plate increase. Except that the displacement
in direction Y is greatly affected by the opening length, the variation of most
indexes by the increase of opening length is not greater than 50% (Figure 10).

100

—=— displacement in direction Y
#-- stress in direction Y
4 - 1st principal stress

—v-- 3st principal stress

75

)
& 50
=
o
k) .
‘:5 25
g . e
o
A A A
0 + W W v
5 10 15 20

length of holes(mm)

Figure 10
Variation of deformation and stress under condition I-3-I
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e  Comparison of results under condition 1-3-w

Under condition I-3-w, with the increase of the hole width, most of the stress and
displacement of the angled guide plate increase. When the hole width exceeds
8mm, the parameters of the angled guide plate increase rapidly (Figure 11).

—a— displacement in direction Y
®--- stress in direction Y
A 1st principal stress

--¥-- 3st principal stress

800

600

400

variation (' %)

4 8 12
width of holes(mm)

Figure 11
Variation of deformation and stress under condition 1-3-w
e Comparison of results under condition 1-3-d

Under condition 1-3-d, with the increase of the hole depth, most of the stress and
displacement of the angled guide plate increase. When the hole depth exceeds
15mm, the parameters of the angled guide plate increase rapidly (Figure 12).

600 | —®— displacement in direction Y
- stress in direction Y

500 A 1st pr?nc?pal stress

-—w-- 3st principal stress
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depth of holes(mm)

Figure 12
Variation of deformation and stress under condition I-3-d

e  Comparison of results under condition 1-1-I

Under the condition of a single hole in area I, the stress and displacement
parameters of the angled guide plate increase significantly (Figure 13). With the
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increase of hole length, the stress on the angled guide plate decreases. However,
the variation of each parameter of the angled guide plate exceeds more than 80%.

700

600 —a— displacement in direction Y
~®-- stress in direction Y

500 A 1st principal stress

2 —-v-- 3st principal stress
~ 400 v
c
o
2
€ 300
©
>
.
200 S °
o A
100 N oy
s 10 15

length of holes(mm)

Figure 13
Variation of deformation and stress under condition I-1-1

e  Comparison of results under condition 1-1-w

Under the condition of a single hole in area I, the stress and displacement
parameters of the angled guide plate increase significantly with the width of the
hole increase (Figure 14). The displacement in direction Y increases most
significantly.

—=— displacement in direction Y
~-#-- stress in direction Y

A 1st principal stress
800 | v~ 3st principal stress

1000

600

400

variation( %)

are

20 30 40
width of holes(mm)

Figure 14
Variation of deformation and stress under condition I-1-w

e  Comparison of results under condition I-1-d

Under the condition of a single hole in area I, the stress and displacement
parameters of the angled guide plate increase significantly with the depth of the
hole increase (Table 15). The displacement in direction Y increases most
significantly.
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Figure 15
Variation of deformation and stress under condition I-1-d

e Comparison of results under condition I1-2-1

Under the condition of two holes in area 11, the increase of hole length has little
effect on the stress and displacement of the angled guide plate (Figure 16). It was

found that only when the length of the hole reaches 35 mm, the displacement in
the Y direction exceeds 36%.

—=— displacement in direction Y v
®--- stress in direction Y y
30 4 1st principal stress
-—-w-- 3st principal stress
3 20
X
=
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£ 10 X 4
3 .
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0 . - R .
20 25 30 35

length of holes(mm)

Figure 16
Variation of deformation and stress under condition 11-2-|

e  Comparison of results under condition 11-2-w

Under the condition of two holes in area I, the stress and displacement of the
angled guide plate increase with the hole width increase. When the hole width

exceeds 12 mm, the parameters of the angled guide plate increase significantly
(Figure 17).
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Figure 17
Variation of deformation and stress under condition 11-2-w

e Comparison of results under condition 11-2-d

Under the condition of two holes in area Il, the increase of hole depth has little
effect on the stress and displacement of the angled guide plate (Figure 18). Only
when the hole depth reaches 12 mm, the 3rd principal stress exceeds 37%.
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Figure 18
Variation of deformation and stress under condition 11-2-d

3.3 Optimization Scheme

By comparing the displacement and stress variation of angled guide plates under
different schemes, it can be seen that the effect of the single-hole scheme is poor.
According to the spatial distribution, deformation, and stress variation of the
angled guide plate’s two areas, the optimal design scheme of the angled guide
plate is: Area | uses three holes with 20 mm long, 8 mm wide, 15 mm deep.
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Area Il uses two holes 30 mm long, 8 mm wide, 8 mm deep. The deformation and
stress variation of the angled guide plate in this scheme is shown in Table 7~
Table 9. The displacement and stress of the angled guide plate had little variation.
This realizes the purpose of ensuring the safety of angled guide plate structure and
saving materials.

Table 7
Three-dimensional displacement variation of angled guide plate under load (Unit: mm)
displacement of X displacement of Y displacement of Z
Max Min Max Min Max Min
22.60% 13.53% 37.99% 93.89% 63.29% -1.97%
Table 8
Three-dimensional stress variation of angled guide plate under load (Unit: MPa)
Stress of X Stress of Y Stress of Z
Max Min Max Min Max Min
18.47% 8.34% 7.86% 32.75% 9.26% 15.54%
Table 9
Principal stress variation of angled guide plate under load (Unit: MPa)
1st principal stress 2nd principal stress 3rd principal stress
Max Min Max Min Max Min
19.04% 6.35% 1.77% -0.13% -7.64% 15.64%

3.4 Test Results

Through static load test and fatigue load test, it is proved that all indexes of the
optimized gauge baffle meet the applicable requirements. The results are shown in
Table 10 and Table 11.

Table 10
The test results of the angled guide plate
No. item unit standard test result
1 hardness HRR >105 112

Drainage rate of
angled guide plate
after water

2 Drainage rate % . 0.85
absorption
modulation shall be
>0.4%
There should be no no bubbles or voids
3 internal porosity / bubbles or voids insid
inside inside
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4 Insulation resistance kQ >5x10° 1.91x10°
Angled guide plate
shall not be
. damaged after the .
compression - no damage and uplift
5 : / compression test, :
resistance . . value is 0.3 mm
and its uplift value
shall not exceed 0.5
mm
Table 11
Fatigue test results of the fastener assembly
No. item unit standard test result
1 Rail longitudinal resistance kN >9 12.1
Insulation performance kQ >5 7.6
After the 100kN pullout
test, the embedded parts
. . were not damaged,
3 Uplift reswtang:reisof embedded KN 100 concrete around
P embedded parts without
visible cracks and mortar
peeling
Component Components
4 state after / should not be No damage to
. components
fatigue damaged
Variation of
5 track gauge % <6 3.9
expansion
Variation of
6 Assgmbly rall _ % <0 91
fatigue longitudinal
performance resistance
Variation of
7 assembly % <20 9.4
buckle
pressure
Static stiffness
8 variation of % <25 13.2
assembly
Conclusions

The angled guide plate of the VVossloh wl4-pk fastener has a large safety margin,
under the actions of train loads and exhibits optimization space.

We divided the angled guide plate into Area I, close to the rail groove and Area Il,
outside the bolt hole. The angled guide plate was then optimized by the placement
of holes. The optimization scheme, after the theoretical analysis, is to provide
holes in Area I, 20 mm long, 8 mm wide and 15 mm deep, and holes in Area Il
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that are 30 mm long, 8 mm wide and 8 mm deep. This achieved the goal of
ensuring the safety of angled guide plate structure and te economy of material use.

The fatigue test of the optimized angled guide plate showed that the optimized
scheme met or or in most cases, exceeded the applications, standard minimal
requirements.
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