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Differential railway track settlement can result in ballast voids, leading to sleepers that hang from the rail and are
no longer supported by the ballast. These hanging sleepers are damage for track component. As a solution, this
paper proposes and investigates a new concept sleeper with a wedge-shaped geometry, intended to stimulate the
migration of ballast into any voids, thus reducing the occurrence of hanging sleepers. A series of scaled labo-
ratory tests and 2D and 3D discrete element simulations are used to investigate different wedge-shaped geom-
etries. The investigations include the wedge type (single long wedge versus multiple mini-wedges) and the wedge
angle (30, 45, 60 degrees). First, the scaled laboratory tests are used to study the performance of different wedge
geometries. Next, 3D DEM simulations are performed to analyse the contact forces in the ballast due to different
wedge designs. Finally, 2D DEM simulations are performed to study the settlement behaviour. The main con-
clusions are that a single long wedge is preferable compared to multiple smaller wedges. when the wedge sleeper
angle is larger than the ballast’s angle of repose, particles have the freedom to migrate into the settlement
induced voids. Also, an increased wedge sleeper angle stimulates greater particle migration and thus improves
the support correction. However the longer wedge also leads to a decrease in effective ballast height under

sleeper which may make retrofitting on existing lines challenging.

1. Introduction

Railway tracks are supported by a variety of types of sub-structures,
including subgrade, bridges, and tunnels. The connecting area between
support structures with different stiffness’s is named a transition zone
[1,2]. As an example, when trains travel over a transition zone from an
embankment to a concrete abutment, the change in stiffness leads to
differential settlement. This can result in hanging sleepers that are un-
supported by the ballast layer [3]. Both differential settlement and
hanging sleepers constitute geometry irregularities. An overview of
those problems is shown in Fig. 1.

When a train passes unsupported sleepers, their impact on the ballast
surface when excited generates a dynamic force, thus further enlarging
the differential settlement and voids [3-5]. This results in a progressive
degradation loop. Track irregularities are an important contributor to
the increase in dynamic loads [6-8], and compared with plain line, the
degradation of ballast and other track components at transition zones is
much faster. Thus higher maintenance costs are needed to ensure the
safety and stability of the railway [9].

A variety of studies have proposed preventive solutions to decrease
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the differential settlement by lowering the dynamic force and the plastic
deformation within the ballast layer on the embankment side. These
solutions focus on smoothing the stiffness change in transition zones
[10-14] because sudden stiffness changes result in high dynamic forces
[15-18]. In addition, reinforcement on the ballast layer increases it’s
strength [19-22], thus increasing it’s resistance to deformation.

However, the above preventive solutions still have some challenges
[23,24]. Also, after implementing these solutions, hanging sleepers can
still develop and produce high dynamic forces. To eliminate these,
maintenance actions are performed, such as tamping/stone blowing
[25] and using adjustable fasteners [26]. However, these manual actions
can be costly, short-lived and also some maintenance activities (e.g.
tamping) can be challenging to perform at certain transition zone
configurations.

In an attempt to prevent the development of hanging sleepers the
Automatic Irregularity-Correcting Sleeper (AICS) was developed [27],
capable of expanding in the vertical direction to fill the void and thus
ensure contact between ballast and sleeper. The AICS consists of two
automatic subsidence compensating (ASC) mechanisms. The ASC device
consists of two nested boxes. When there is differential settlement in the
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Fig. 1. Differential settlement and hanging sleepers at a transition zone. Modified from Paixao et al. [3].

track, the outer box sinks together with the ballast, with a granular
material (e.g. stainless steel ball bearings) filling the gap between the
inner and outer boxes. As a result, the granular material compensates for
the unequal settlement. To minimise installation time, and negate the
need to remove the existing sleepers, an alternative short-sleeper version
(AICS-SS) was developed [28]. It could be more easily installed and
could be placed between existing sleepers.

Another Self-Compensating Sleeper (SCS) concept using granular
material is presented in Insley and Sharpe [29]. The SCS has conical
shaped cavities from the top surface to the bottom that house granular
material with smaller particle size distribution compared to ballast.
When the track is lifted, the granular material in the sleeper cavities falls
into the cavities under the sleeper, thus helping to fill the voids and
maintain sleeper-ballast contact.

In contrast to using granular compensation mechanisms, an alter-
native was proposed using automated air-bag technology [30]. When
the ballast settles, the air bag restricts movement in the opposite di-
rection by air injection. This helps to minimise gaps between the sleeper
and the ballast. Another alternative proposed using hydraulic oil under
pressure to automatically compensating for the loss of sleeper-ballast
contact during track differential settlement [31].

The above solutions are useful for preventing the growth of voids at
transition zones, however are semi-active solutions and may have
increased cost compared to a standard sleeper. Further, they may
require resetting after they have met their vertical expansion limit.
Passive solutions may help overcome these issues, for example by using
a dual ballast gradation approach [32-35]. This involves first installing
ballast with standard PSD up to the sleeper bottom level. This will
ideally be well-compacted to provide a solid foundation for the sleeper.
Then, the crib/shoulder ballast above, which is more for confinement
rather than vertical support, is installed, but with a smaller PSD. Then, if
voiding starts to develop, the smaller upper crib/shoulder particles
automatically migrate into the voids to minimise their growth.

A challenge with using a dual-gradation approach is that it can be
challenging to ensure compatibility with railway standards. Therefore,
as an alternative, this paper proposes the use of a wedge-shaped sleeper.
The concept is that the wedge allows larger particles to flow between it
and any voids that may develop. Therefore it increases the contact be-
tween sleeper and ballast. To design a wedge sleeper, first the concept is
explained in detail, and the working principle and challenges in design
are presented. Next the methodology is described, including the scaled
laboratory tests, 3D and 2D DEM simulations. Then, the analysis of the
results, including the influence of wedge type (single-wedge and multi-
wedge) and the wedge angle (30, 45 and 60-degree) on the support
correction effect are presented.

w. Affected Ballast Particles

Stage 1 - No Differential Settlement

Stage 2 -Differential Settlement without contact

Diferencial
Settlement

Stage 3 -Differential Settlement with Contact

“‘ Ballast Particles to slide

Fig. 2. Void correction concept using wedge sleeper.
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Fig. 3. Wedge-sleeper designs. (a) Single wedge design, (b) Multi-wedge design, (c) Side-view of both designs, (d) Top-view of both designs.

2. Wedge sleeper concept

The rail is fixed to the sleeper via a clip meaning in the presence of
differential ballast settlement a gap can appear between the sleeper and
ballast. The working principle of the wedge sleeper is that the crib and
shoulder ballast can, via gravitational forces and dynamic vibration
during train passage, migrate into the gap between sleeper and ballast.
The wedge shape helps to promote the migration of ballast, which works
autonomously and is related to the angle of repose of the ballast. The
correction behaviour is illustrated in Fig. 2.

Two designs for the wedged sleeper were tested. First, the single
wedge was tested, which is the simplest design to promote ballast
migration underneath the sleeper. The multiple wedge solution follows
the same principle while also aiming for material saving and allowing
particle flow in two directions. Therefore potentially both lateral and
longitudinal ballast migration can contribute to correction. The design
of full-scale sleepers is shown in Fig. 3. The idea of improving sleeper
performance by adding extra components has been used in several de-
signs [36,37]. In this paper, the prototypes are based on the existing
mono-block sleeper (Lankorst type 202), with a dimension of 2600
mm*250 mm*200 mm (L*W*H). It is High-Density Polyethylene Poly-
mer (HDPE) with reinforcing bars. The material is flexible to modifica-
tion to meet the requirements, such as weight, strength, and dimension
of reinforcement.

Some key design parameters of the wedge(s) are the angle and

height. For example, when the angle is larger than the repose angle of
the ballast, the displacement and rotation of the ballast can contribute to
void correction. Thus, the wedge angle is crucial to the design. In gen-
eral, a larger angle increases the possibility of ballast movement.
However, this decreases the effective depth of ballast below the sleeper,
thus weakening the function of the ballast, for example, lowering the
elasticity and strength. In addition, the sharper the tip of the wedge, the
higher the force concentration on both itself and the ballast. This can
cause accelerated degradation/breakage of both the tip and ballast
stones. Therefore these issues are investigated in this paper.

3. Methodology
3.1. Overview

This paper aims to use a combination of scaled laboratory testing and
discrete element modelling (2D and 3D) to investigate:

1. Performance of different wedge types. Scaled laboratory tests are
used to investigate both single and multi-wedge designs. The tests pro-
vide understanding of general wedged sleeper behaviour.

2. Performance of different wedge angles. 3D discrete element
modelling is used, capable of simulating the contact between the sleeper
and ballast. It is used to study the effect of wedge angle and the rela-
tionship between ballast migration and sleeper height.

3. The effect of support correction effects: validating the predicted
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Fig. 4. Scaled testing. (a) 5 different types of sleepers under test, (b) Schematic of the scaled laboratory transition zone, (c) Final laboratory model.

correction under different settlement levels, and the influence of the
correction behaviour on the force state of sleeper and ballast layer. To
study the long-term behaviour under different settlement levels, 2D
discrete element modelling is used.

The laboratory testing and numerical simulations are now described.

3.2. Laboratory testing

First, scaled laboratory testing was used to investigate wedge angles
and types (single or multi-wedge), with a mono-block sleeper used as a
reference. Wooden sleepers with the dimensions 300x45x45mm were
used, comparable with the typical sleepers used in the Netherlands, with
a scale factor of 1:7.5. The rails were U profiles (channel steel) of
10x20x10mm. Thus, to evaluate the settlement correction of the TU
Delft Sleeper designs, their scale was set as approximately the same as
one of the ballast particles. The relationship between the average ballast
particle dimension (40 mm) and the gravel particle (6 mm) was 1:6.6.

A retaining box of 1900 x 700 x 250 mm was filled with gravel to act
as ballast. A steel beam, of 300 mm of height, is used to replicate a
bridge, thus creating a transition zone between the ballast and bridge. At
the beginning of the tests, the steel beam is lifted 10 mm to introduce the

initial differential settlement. The sleepers under test are shown in
Fig. 4a, and the scaled transition zone is shown in Fig. 4b and c. The
scaled train vehicle passed over the transition zone 16 times for each
designs, and the displacement of sleepers was recorded using a video
gauge system with targets placed on each sleeper end. Comparing the
particle size, sleeper size, and the introduced settlement, the scaled tests
provide an easier condition to qualify the correction. Under this condi-
tion, if the sleeper cannot show a good performance, the sleeper is
considered to be even worse in reality. Thus, the scaled tests were only
used to primarily qualify the performance.

3.3. Discrete element modelling

Discrete Element numerical simulation (DEM) was used to develop a
detailed understanding of the contact behaviour between the sleeper
and the ballast particles [38-40]. The cooperation between the 2D and
3D methods (co-simulations) is employed in this research.

Because of the huge calculation efforts, the 3D model is impossible to
simulate a long-term time period, but the results are more accurate [41].
In comparison, the 2D models are time-saving but less accurate due to
one dimension loss. The co-simulations are developed, which use the 2D
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model as the supplement for the efficiency loss of the 3D model, and it
uses the results of the 3D model as a resource of calibration to improve
the reliability of the 2D model. This combination largely improves the
feasibility of the DEM modelling method.

Also, due to the efficiency problems, different loading processes are
applied. The 3D simulations used a 1-cycle loading, which is close to the
quasi-statics process, mainly to obtain the contact behaviour between
sleeper and ballast. Whereas the 2D models used cyclic loading, by
which the repeated train loading and restriction from rail and fasteners
are simulated, and the sleeper displacement is the main focus.

3.3.1. 3D model

The 3D model includes 3 parts: a box, ballast particles, and a sleeper,
as shown in Fig. 5. The ballast particles are clumped elements, made by
assembling several balls together to present one ballast particle. The
ballast box and sleeper are wall elements, which are assemblies of tri-
angle facets [42].

The 3D model is comprised of the following key parts:

1. The ballast box (formed from wall elements) is the container for
the ballast particles, with dimensions: 600*600*600 mm. The box is
filled with ballast clumps to 500 mm height. Wall elements. The walls
contains the force condition, but cannot transmit forces to another side
and move under unbalance forces. It is generated typically as the
boundary.

2. Ballast particles (formed from 3D clump elements) are generated
from 10 different templates, as shown in Fig. 6a. The templates were
derived from real ballast particles using 3D scanning (Fig. 6b), which
makes sure that the contact behaviour between ballast particles is reli-
able in geometry. The Particle Size Distribution (PSD) of the ballast
particles in the ballast box is shown in Fig. 6c.

3. Sleepers (formed from wall elements) were simulated according
to the different wedge geometries under test. The mono-block reference
sleeper has dimensions 300*300*250 mm and also acted as the basis for
the different wedge geometries (Fig. 7). Considering ballast’s angle of
repose ballast [40], the wedge angles were chosen as 30 degrees, 45
degrees, and 60 degrees. The height of the sleepers is a function of the
wedge angle, and are: 87 mm, 150 mm, and 260 mm, respectively. Those
sleepers are located at the same position by controlling the location of
the sleeper top height, which is 125 mm higher than the ballast top
surface, as shown in Fig. 5.

4. The contact model is used to define the force-displacement
behaviour for ballast-ballast contact and ballast-wall contact. The linear
contact model is used with the parameters listed in Table 1. All pa-
rameters were verified in earlier studies [43-46]. Additional details
regarding the contact models and parameters can be found in [42].

The support correction effect was validated using a loading simula-
tion with a pre-set settlement condition. Considering the computational
cost of 3D DEM simulation, a 1 cycle loading process is used. It is
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Fig. 5. Sleeper & Ballast box model. (a) Box and sleeper, (b) Box filled with ballast.

controlled by applying a positive or negative z-direction velocity (4 mm/
s) to the sleeper. The loading process was divided into 3 stages as shown
in Fig. 8 (and Fig. 3):

Stage 1: Lift the sleeper 4 mm, for the purpose of introducing initial
ballast settlement.

Stage 2: Stopping the sleeper movement at a fixed position, followed
by time window to allow the ballast to move (under gravity) and fill the
ballast-sleeper void. The time window was controlled with 50 k calcu-
lation cycles to ensure the ballast movement was sufficient. Note that the
calculation cycle is a timestep for the software to determine and update
information used to keep the kinetic balance of the model through all
calculation processes. It is different from the loading cycle and presents
no physical significance.

Stage 3: Lower the sleeper 4 mm back to it’s initial location. This
process is used to calculate the force behaviour after settlement.

3.3.2. 2D model

It is challenging to use 3D FEM simulations to study long-term ballast
settlement. Thus, as an alternative, a series of 2D DEM simulations were
used. The 2D model contained particles simplified as ball shapes to
maximise computational efficiency. 3D simulations were used to cali-
brate the 2D model and thus ensure accuracy. The 3D model is
comprised the following key parts:

The ballast box is built using wall elements and had dimensions:
600*500 mm. The ballast layer was 450 mm in total, where 350 mm is
under the bottom of the mono-block sleeper (or the bottom of the cubic
part of the wedged sleeper), and 100 mm is filling in the crib.

The ballast particles are simulated using ball elements.

The wedged sleepers are built using wall elements, according to the
cross-section of KLP sleeper type 202, which is a High-Density Poly-
ethylene Polymer developed by Lankhorst and used as the prototype in
the IN2ZONE project. The main part of wedged sleeper (also the mono-
block sleeper) is 150 mm*250 mm. The only wedge considered was the
45 degrees case, which has a height of 125 mm.

The contact model is linear, capable of considering rolling resis-
tance. The rolling resistance can simulate the interlock between parti-
cles, thus compensating for the loss of using ball particles.

The 2D model is shown in Fig. 9, and the contact parameters are
shown in Table.2.

Due to the characteristics of the DEM wall elements, the sleepers
could not obtain an acceleration for an unbalanced force [47]. Therefore
a suitable loading method was important to simulate the long-term
behaviour under repeated loading from the train and the positional re-
striction from the rail/fasteners. The loading approach was the
displacement and force double-controlled method, which is described in
the following 4 stages, and Fig. 10:

Step1: Lift the sleeper 5 mm to produce an initial settlement.

Step2: Set a downward velocity (4 mm/s) on the sleeper. Stop the
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Fig. 6. DEM ballast particle size distribution, (a) Ballast particle Templates, (b) 3D scanning of ballast shape, (c) Particle size distribution.

sleeper when the ballast-sleeper contact force reaches 40kN (corre-
sponding to the contact force in [6]). This step is force controlled,
aiming to simulate the process when a wheel passes and produces
loading on the sleeper.

Step 3: Reverse the velocity direction (so now upward 4 mm/s). Stop
the sleeper when it reaches the location from step 1. In this step, the
sleeper movement is displacement controlled, aiming to simulate the
process when wheels have passed the sleeper. At the end of this step, the

velocity is reversed downwards, thus prepared for next loading.

Step 4: Repeat step 2 and step 3. Step 2 and step 3 combine together,
making up the whole process of the train passage. After several cycles,
the correction effect of the sleeper leads to a steady state. The total
loading was around 500 cycles, and the calculation cycles were around
600 k.
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Fig. 7. Wedge sleepers designs used in the DEM model, (a) Mono-block sleeper, (b) 30-degree wedged sleeper, (c) 45-degree wedged sleeper, (d) 60-degree

wedged sleeper.

Table 1

Linear contact model Parameters for ballast box model.
Parameters Ballast (Clump) Sleeper
Tangential stiffness(N/m) 2e® 5¢°
Normal stiffness(N,/m) 2¢® 5¢°
Friction coefficient 0.5 0.5
Mass density(kg/m®) 2800 -
Damping coefficient 0.7 -

4. Analysis
4.1. Wedge sleeper type

The scaled laboratory tests were used to compare the different de-
signs against the reference sleeper. The results of the final displacement
of the sleepers are shown in Fig. 11. The sleeper displacement proves the
function of the support correction. The smaller displacement of the
wedged sleeper shows better correction under 10 mm initial settlement.
Due to the tests lifting the bridge 10 mm as the initial settlement, and the
ballast particle size is around 6 mm, the mono-sleeper also showed a 5.8
mm correction. In comparison, all the wedged sleepers showed a better
correction effect than the mono-block sleeper. The correction of the 45-
degree sleeper is approximately 7.4 mm, and the correction of 60-degree
sleeper is approximately 8 mm.

The single-wedge showed no significant difference in displacement
compared with the multi-wedge sleeper. After 16 runs, voids between
the sleeper and ballast layer were observed between the wedges of the
multi-wedged sleeper, as shown in Fig. 12. This phenomenon is mainly
related to the complex contact surfaces of the multi-wedge sleeper. Only
longitudinal ballast movement filled the void, but minimal lateral
ballast movement (between the wedges, dark area in the red circle)
contributed to the correction. Therefore the multi-wedged design was
discarded and the remaining analyses focused on single-wedge
solutions.

4.2. Wedge sleeper angle

To analyse the influence of wedge angle on the support correction
effect, the contact behaviour between the sleeper and the ballast parti-
cles was obtained using 3D DEM simulations.

During the loading process, the displacement of the sleeper and the
contact force between the sleeper and ballast were recorded. Fig. 13
shows the results corresponding to the 45-degree sleeper. Two points
(Point a and Point b) and 1 range (Range c) were used to analyse the
force performance of the wedge sleeper.

Point a: When the sleeper lifting process is finished and stops at the
position represented for settlement. The biggest frictional force (z-di-
rection) can be seen near this point. It presents the frictional interaction
between the hanging sleeper and ballast.

Point b: The point where the contact force between the sleeper and
particles begins to increase rapidly. Thus the displacement at this point
can be regarded as ballast beginning to provide effective support. The
global displacement at this point is an indicator. A higher value presents
a better support correction.

Range c: The increase in contact force during the last 1 mm
displacement in Stage 3. A higher value indicates a better support
correction.

The contact forces of 30 and 60 degree wedge sleepers are shown in
Fig. 14, and detailed results are concluded in Table 3, which reflects the
support correction effect due to the different angles. When the wedge
angle increased from 30 degrees to 45 degrees, the sleeper displacement
at point b increased from 0.86 mm to 1.51 mm. When the wedge angle
was 60 degrees, the sleeper displacement was 2.36 mm. These results
demonstrate that a bigger wedge angle led to a better settlement
correction.

The correction is related to the angle of repose for ballast, which is
normally observed to range from 30 to 45 degrees [40,48,49]. When the
slope of the ballast-sleeper interface is higher than that range, ballast
particles have the freedom to migrate into the ballast-sleeper void. This
statement also explains why an increased correction effect occurred with
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Table 2 6.0
Contact parameters for 2D model. 1 Step1 Step 3: displacement-controlled
Parameters Ballast (Ball) Sleeper E 5.0 ; N
Tangential stiffness(N/m) 5e 1e° é ] “\
Normal stiffness(N/m) 2e® 1¢° - h \
c 4.0 | ! .
Friction coefficient 0.5 0.5 [} h \ Cyclic loading
Rolling resistance coefficient 0.3 - g ] / - (repeat step 2&3)
Mass density(kg/m>) 2800 - O 3.0 5o
Damping coefficient 0.7 - & ] 10 : T
a ] 03| |
2,0 wd 1 I
T 2.0 by g T A 1A Wi
. . . ) ] -0
the angle increase. The.: correctuf)n increase from 30 to 45 degrees, or 2 ] 201 Egree-controlled
from 45 to 60 degrees, is much higher than that from 0 to 30 degrees. In $1.04 s
addition, because the sleeper is displacement controlled, the peak con- n ] 60
- 6.000 6.100 6.200 6.300
tact force, maximum force and the force increase in the last 1 mm are all 0.0
OLt—"r——

increased along with the angle increase. This behaviour shows that a 0
higher angle can lead to better support.

Note that the settlement came from the upward sleeper lifting in the
simulations. In contrast direction, the settlement comes from the ballast Fig. 10. Loading process of the 2D model.
deformation in reality. So, the higher peak contact forces on the wedge

T
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Fig. 12. Voiding under multi-wedged sleeper after 16 runs, (a) Laboratory
tests, (b) Schematic diagram.

sleeper are caused by the higher compaction when compelling the
sleepers back to a designed position. The extra high contact forces will
not appear because the real settlement pattern will not produce extra
compaction between sleeper and ballast.

However, the mono-block sleeper also can be regarded as a 90 degree
wedge, which may produce the steepest slope for ballast particles to
slide into the void. The results do not prove the hypothesis because
under the same settlement, the mono-block sleeper provides a smaller
void and the possible restriction on ballast, compared with wedged
sleeper. The void under the sleeper is related to both settlement and the
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Fig. 13. Sleeper displacement and contact force for the 45-degree wedged
sleeper, (a) Sleeper displacement and contact force, (b) Stages 1 & 2 (zoomed),
(c) Stage 3 (zoomed).

wedge angle, as shown in Fig. 15. In addition, the side of the mono-block
restricts ballast rotation and displacement.

The maximum contact forces are shown in Fig. 16, which are 8.66
kN, 21.85 kN, and 48.20 kN, corresponding to 30, 45, and 60-degree
wedged sleepers, and 3.92 kN of the mono-block sleeper, respectively.
The increase of maximum contact force shows an increasing trend. It
was in accordance with the increasing wedge angle and proved that a
higher wedge angle leads to better support. As for the ballast-sleeper
contact force distribution, the maximum contact forces (red dot in
Fig. 16) are observed on the slope of the wedge. In contrast, the
maximum contact forces of the mono-block sleeper are observed at the
edge of the bottom.

A higher angle leads to improved support correction behaviour, force
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process, (b) Stages 1 & 2 (zoomed), (c) Stage 3 (zoomed).

distribution, and maximum contact force. However, the effective ballast
thickness for the 60-degree wedged sleeper is less than 100 mm, which is
not enough to provide resilience [50]. Thus, 45 degrees was selected as
the solution to take forward for the long-term settlement analysis.

4.3. Settlement behaviour

4.3.1. 2D model calibration

2D DEM simulations were used to study longer-term settlement
behaviour instead of 3D simulations due to the efficiency problem. The
2D models are time-saving, making the long-term analysis to be possible,
but accuracy is low. The calculation shows that even if the same
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Table 3
Key results of wedged sleeper.

Wedge Biggest Displacement when Force Peak sleeper
angle frictional sleeper begins to get  increase contact force
(degree) force support (mm) in last 1 (Z-direction)
(z- mm (kN)  (kN)
direction)
o)
30 —-0.14 0.86 1.56 39.31
45 —0.32 1.51 74.95 80.12
60 —0.34 2.36 21.88 284.33
Mono- —0.29 0.98 11.71 13.49
block
sleeper

Free to move

)

>

Void=settlement/cos(angle)

(a)

Restricted

Void=settlement

(b)

Fig. 15. Ballast in the void after settlement, (a) wedged sleeper, (b) mono-
block sleeper.

parameters are used to build models, results still vary. Thus, each con-
dition (different sleepers under different settlements) is calculated 20
times. Then the contact force results, especially the force distribution of
the 3D model, are used to calibrate the 2D model.

The calibration is to distinguish and discard the failure model. For
example, the contact force distribution and displacement results in
Fig. 17 show a representative model of failure calculation. The force and
compaction status of ballast are against the results of 3D simulations.

Note that the curve shape in Fig. 17b is similar to that shown in
Fig. 10, but it contains around 500 loading cycles (8.2million calculation
cycles) in a limited axle length, thus leading to a dense and black layout.
As an explanation, the curve contains 4 parts:
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Fig. 17. A case of wedged sleeper with bad correction, (a) Contact force distribution (unit: N), (b) Sleeper displacement (unit: m).

1) The zero point is the sleeper location before settlement;

2) The top yellow line is the location of the sleeper after the initial
settlement. The location is fixed because of the restriction of the
fastening system and rail;

3) The red bottom line is the location of the sleeper when the loading (of
the wheel) is fully applied on the sleeper;

4) The distance between the yellow line and the red line is the settle-
ment under cyclic loading.

In detail, the settlement of the failure model is 16 mm in total, and no
settlement correction through all the loading cycles. This behaviour is
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Fig. 16. Contact force on sleeper (unit: N). (a) Mono-block sleeper (b) 30-degree wedged sleeper, (c) 45-degree wedged sleeper, (d) 60-degree wedged sleeper.
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caused by the contact between the sleeper bottom and the ballast is un-
compacted. In addition, the maximum contact force is 2.25kN, which is
observed at the tip of wedged sleeper, but this peak force did not appear
in the 3D model (Fig. 16). All of the force and compaction status of
ballast are against the results of 3D simulations. For this reason, this
simulation is considered to be an failure then discarded.

A representative 2D model, whose results are in accordance with 3D
results, are shown in Fig. 18. In this case, the settlement correction
happens at the very beginning of the cyclic loading, the final correction
is more than 4 mm, and the sleeper is stable through the cyclic loading
process. The maximum contact force is 13.9kN. The contact force
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Fig. 18. A case of wedged sleeper with good correction, (a) Contact force distribution (unit: N), (b) Sleeper displacement (unit: m).
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Fig. 19. A case of mono-block sleeper, (a) Contact force distribution (unit: N), (b) Sleeper displacement (unit: m).

Table.4
Results of the 2D model under 5 mm initial settlement.

Sleeper type Correction Final settlement Maximum contact
(mm) (mm) force (kN)
Mono-block —-4.3 9.3 24.31
sleeper -3.8 8.8 37.96
—4 8 17.57
Wedged sleeper 5 0 18.49
4 1 23.40
5 0 13.94

distribution is similar to that of the 3D ballast box model (Fig. 16). Both
the force distribution and maximum contact force are in accordance
with the 3D simulations. This model is accepted for further analysis.

For the mono-block sleeper, the model and results are also calibrated
by the results of 3D models, although most of the 2D results are at a
similar level. Among them, a representative result is shown in Fig. 19.
The correction effect is not observed. The maximum force appears near
the edge of the sleeper bottom. The force distribution and maximum
contact force are in accordance with the 3D simulations.

The DEM simulations provide both mesoscopic results and macro-
scopic results. In the 3D models, the particle shape and contact behav-
iour were verified in the author’s previous research. By the calibration,
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the mesoscopic results of 2D models are qualified, then the failure model
is discarded, and the left 2D models show similar results in mesoscopic.
Because the macroscopic results are the external appearance of meso-
scopic behaviour, those 2D models are also verified by the 2D/3D
calibration.

4.3.2. Settlement behaviour

As mentioned above, the 2D models are calibrated according to the
results of 3D models. The results of the accepted models are listed in
Table 4. The 3 representative results are selected to show the deviation
according to the force range. Those are the biggest value, the middle
value, and the minimum value of the maximum contact force. Note that
the negative value means no correction, but a further settlement beyond
the initial setting is observed after the loading process.

The settlement of mono-block sleeper after cyclic loading is 8 mm to
9.3 mm, whereas the settlement of wedged sleeper is only 0 mm or 1
mm. The maximum contact force for the mono-block sleeper range from
17.57 kN to 37.96 kN, whereas the maximum contact force of wedged
sleeper range from 13.94 kN to 23.40 kN, the decrease ratio is around
20% to 38%. In addition, the force distribution area of a mono-block
sleeper is much smaller than the wedged sleeper (as shown in Fig. 18
and Fig. 19). That is to say, the wedged sleeper not only provides a
support correction effect but also decreases the maximum force.

Further, a calibrated 2D model is employed to analyse the correction
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Fig. 20. A case of wedged sleeper with good correction under 10 mm settlement. (a) Contact force distribution (unit: N), (b) Sleeper displacement (unit: m).
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Fig. 21. A case of wedged sleeper with good correction under 15 mm settlement. (a) Contact force distribution (unit: N), (b) Sleeper displacement (unit: m).
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Fig. 22. A case for wedged sleeper with good correction under 20 mm settlement. (a) Contact force distribution (unit: N), (b) Sleeper displacement (unit: m).
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effect under a higher settlement. The initial settlement is enlarged to 10
mm, 15 mm and 20 mm, and the results are listed in Figs. 20 to 22 and
Table 5. Results show that the wedged sleeper can correct all the set-
tlements under 5 mm and 10 mm conditions. When the settlement in-
creases to 15 mm and 20 mm, the correction is still effective, and the
force behaviour is similar to that of cases under 5 mm settlements.
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5. Conclusions

Railway track transition zones are areas with rapidly changing track
stiffness. It is common for hanging sleepers to develop on the softer side
due to differential settlement. To address this problem, this paper pro-
posed and investigated a new concept sleeper with a wedge-shaped
geometry. First, scaled laboratory tests are used to study the perfor-
mance of difference wedge geometries, and it is found that a single long
wedge is preferable compared to multiple smaller wedges. Next, 3D
DEM simulations are performed to analyse the contact forces in the
ballast due to different single wedge designs. Finally, 2D DEM simula-
tions are performed to study the long-term settlement behaviour. The
main conclusion were:

1. When the bottom angle of wedged sleeper is larger than the repose
angle of ballast material, particles have the freedom to migrate into
the settlement induced voids

2. An increased wedge sleeper angle stimulates greater particle
migration and thus improved, the support correction. However the
longer wedge also leads to a decrease in effective ballast height under
sleeper.

3. The ability of wedge-shaped sleepers to reduce the presence of
sleeper voids is promising, however further study is needed.

4. Compared with the mono-block sleeper, the wedged sleeper reduces
the contact force between the sleeper and the ballast due to a wider
contact area.

Following with the paper finished, the full-scale (45-degree) wedge
sleeper was produced. The long-term behaviour was analysed based on a
series of large-scale laboratory tests. Primary results were obtain, which
are in accordance with the results of numerical simulations. Further
works and optimisation of the sleeper is ongoing.
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