<]
TUDelft

Delft University of Technology

Discrete Element Analysis on Mechanical Properties of Ballast Bed by Tamping in
Railway Turnout Areas

Chi, Yihao; Xiao, Hong; Zhang, Zhihai; Fang, Shuwei; Wang, Haoyu

DOI
10.1115/1.4055429

Publication date
2022

Document Version
Final published version

Published in
Journal of Computational and Nonlinear Dynamics

Citation (APA)

Chi, Y., Xiao, H., Zhang, Z., Fang, S., & Wang, H. (2022). Discrete Element Analysis on Mechanical
Properties of Ballast Bed by Tamping in Railway Turnout Areas. Journal of Computational and Nonlinear
Dynamics, 17(11), Article 111005. https://doi.org/10.1115/1.4055429

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1115/1.4055429
https://doi.org/10.1115/1.4055429

Green Open Access added to TU Delft Institutional Repository

'You share, we take care!’ - Taverne project

https://www.openaccess.nl/en/you-share-we-take-care

Otherwise as indicated in the copyright section: the publisher
is the copyright holder of this work and the author uses the
Dutch legislation to make this work public.



Yihao Chi

School of Civil Engineering,

Beijing Jiaotong University,

Beijing 100044, China;

Beijing Key Laboratory of Track Engineering,
Beijing Jiaotong University,

Beijing 100044, China

Hong Xiao®

Professor

School of Civil Engineering,

Beijing Jiaotong University,

Beijing 100044, China;

Beijing Key Laboratory of Track Engineering,
Beijing Jiaotong University,

Beijing 100044, China

e-mail: xiaoh@bjtu.edu.cn

Zhihai Zhang

School of Civil Engineering,

Beijing Jiaotong University,

Beijing 100044, China;

Beijing Key Laboratory of Track Engineering,
Beijing Jiaotong University,

Beijing 100044, China

Shuwei Fang

Beijing Mass Transit Railway Operation
Corporation,

The Line Branch Company,

Beijing 100082, China

Haoyu Wang

'.) Check for updates

Discrete Element Analysis on
Mechanical Properties of Ballast
Bed by Tamping in Railway
Turnout Areas

Turnout is the key component of the railway tracks for trains to change direction, which
is vital to operational safety and passenger comfort. Therefore, it is of great importance
to perform a scientific and reasonable tamping operation for turnout areas. In this paper,
based on the commercial software EDEM and RECURDYN, a coupled simulation model of the
large machine tamping device-rail-sleeper-ballast bed in the turnout area is jointly estab-
lished, and the correctness of the model is verified by the test results of the lateral resist-
ance of the ballast bed. The influence of tamping operation on the macro-and
micromechanical properties of ballast bed at the switching part of railway turnout areas
is studied and recommendations for the optimization of tamping operation are proposed.
The results show that in the squeezing stage, strong force chains are distributed concen-
trately under sleepers, where the distribution range is approximately elliptical with a
depth of 150 mm. After tamping, only the 200-mm ballast under the sleepers is com-
pacted, where the compactness is increased by 5.9%. On the contrary, the compactness
of the ballast in the sleeper crib is reduced by 27.4%, which is the weakest part. To
ensure favorable tamping quality, the tamping sequence at the switching part of railway
turnout areas is suggested to be conducted in order of first through track and then
diverging track. [DOI: 10.1115/1.4055429]

Keywords: ballast track, turnout, tamping operation, discrete element method (DEM),
macro and micro mechanical properties

Engineering Structures Department,
Delft University of Technology,
Delft 2628, The Netherlands

1 Introduction

Currently in operation, heavy-haul railways and trunk railways
mainly adopt ballast track structures in China. The ballast bed is
composed of various particle sizes of cohesionless crushed stone,
which is an important part of ballast tracks [1]. Under the influ-
ence of cyclic loading of trains and the natural environment such
as wind, rain, snow, ballast is gradually crushed and powdered,
resulting in problems such as line irregularities, which affect the
safety of operations [2,3]. The turnout is the key component in
railway tracks for trains to change direction, and it is one of the
most important infrastructures for operational safety and passen-
ger comfort [4,5]. Due to the structural discontinuity and irregu-
larity of turnouts, the wheel-rail interaction is often intensified
when passing through the turnouts. As a result, the impact of
trains on the ballast bed is much larger, which makes it easy to
loosen the track structure and thus threaten operational safety. In
recent years, many train derailments have occurred in turnout
areas. For example, two derailments occurred consecutively at the
turnout area on the Datong—Qinhuangdao heavy-haul railway
derailed in August 2020. A derailment occurred on the
Qinghai-Tibet Railway due to excessive wear at the switching
part of the turnout area in July 2012. A solution to maintain turn-
outs is tamping operations using a tamping machine.

!Corresponding author.
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Many studies have been carried out on the operation mecha-
nism of tamping machines and the damage they may cause to the
ballast bed. Guo et al. [6] systematically summarized the research
progress of tamping operation, and proposed many challenges and
prospects, which laid a foundation and provided a lot of guiding
significance for the future research work. In the aspect of experi-
mental research, Przybytowicz et al. [7] explored the differences
between the vertical tamping method and the lateral tamping
method through laboratory experiments, and the results showed
that the lateral tamping method was more conducive to improving
the compactness of the sleeper end ballast. Kumara and Hayano
[8] studied the settlement characteristics of ballast samples in dif-
ferent soiled states after tamping operation with the help of an
indoor scale test platform. The results showed that the tamping
operation plan of the soiled ballast bed was closely related to the
soiling rate. McDowell et al. [9] established an indoor tamping
test bench with a ballast bed and the influence of tamping opera-
tion on the crushing and wear of ballast particles were analyzed
using the Los Angeles Abrasion and Micro-Deval Attrition. Doug-
las [10] carried out a series of laboratory tests using small tamping
equipment to analyze the impact of the tamping operation on the
crushing of ballast particles and got recommendations for ballast
selection. Aingaran et al. [11] conducted a triaxial test after tamp-
ing. The results showed that the tamping operation destroyed the
structure and elasticity of the ballast bed and had a destructive
effect on the stability of the ballast bed and the ballast particles.
Wang et al. [12] conducted field tests on the ballast bed of the
Changsha—Zhuzhou—Xiangtan intercity railway in China and
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found that the resistance of the ballast bed and the number of
tamping were not strictly linear. The ballast bed reached its best
condition after the sixth tamping. When the sleeper displacement
was about 4mm, the resistance of the ballast bed tended to be
stable.

In the aspect of numerical simulation, Tutumluer et al. [13]
used the three-dimensional discrete element analysis software
DBLOKS3D to simulate the tamping operation of a tamping machine
and compared the change of lateral resistance of ballast bed before
and after the tamping operation using the image analysis method.
They found that the shape of ballast particles had a bearing on the
change in the lateral resistance of the ballast bed. Saussine et al.
[14,15] also used the discrete element method (DEM) and found
that the tamping operation changed the occlusion and contact state
of ballast particles, resulting in a decrease in the overall strength
of ballast bed. The research of Wang et al. [16,17] showed that
the ballast under sleepers had better stability when the vibrating
frequency was 35-45Hz. Shi et al. [18,19] developed a model
consisting of four sleepers. The results showed that the tamping
operation had the most significant impact on the ballast in the
sleeper cribe and under the sleeper, where the ballast particles
were easy to break. Zhou et al. [20] studied the quality evaluation
method before and after tamping operation. The discrete element
method was used to analyze the change of ballast bed compact-
ness, and the model was verified by experimental results based on
water-filling method. Feng [21] analyzed the mechanism of the
tamping operation by using the cosmosMoTION software and the
finite element software ansys. The results showed that the energy
generated by tamping picks was transmitted to the ballast bed in
the form of vibration waves, thus making the ballast bed more
compact.

In summary, many scholars have researched the tamping opera-
tion in ballast track. However, the models in the existing studies
are incomplete enough, and they mainly focus on the main line
section, while the mechanics of the tamping operation in the turn-
out areas has been barely studied. In fact, the tamping machine,
tamping method, tamping operation parameters, and sleeper size
used in the turnout areas are significantly different from those in
the main line section, and there are some specific problems such
as tamping sequence of four rails, so the tamping operation pro-
cess is more complicated. Due to the lack of theoretical basis, the
tamping operation in the turnout areas mainly relies on the practi-
cal experience of the operators at present. Based on this, the paper
combines the discrete element software (EpEM) and multibody
dynamics software (RECURDYN) to develop a dynamic model to
study the tamping operation of the commonly used CDC-16 turn-
out tamping machine in the turnout areas. The model consists of
the tamping device, rail, sleeper, and ballast bed and is used to
analyze the distribution of contact force and coordination number
at different parts of the ballast bed during the tamping operation.
After that, the movement of ballast particles and the change in the
compactness of the ballast bed are discussed. Using the model, the
effect of the tamping operation and its sequence are studied, hop-
ing to provide scientific guidance for the maintenance and repair
operations of the turnout areas.

2 Numerical model

2.1 Model development. The switching part is an important
component of the turnout, which undertakes the transition of the
wheel loads and steering of trains [22]. There are four rails at the
switching part (from the switch point to crossing nose/frog), and
the gap between the stock rail and the switching blade is too small
for the double-pick insertion. As a result, only the single-pick
insertion can be performed and the quality of the tamping opera-
tion has not been reported in the literature. Thus, the paper devel-
ops a model at the switching part of turnout areas to study the
effect of the tamping operation, as shown in Fig. 1.

The single turnout No. 12 is studied, which is commonly used
in the Chinese railways. The rail of 60 kg/m is used in the model.
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The parameters of the first-level ballast used on existing lines [23]
are used, and the gradation of which is shown in Fig. 2.

In the DEM, the continuum is usually simulated as the geomet-
ric body, which is regarded as the fixed boundary. As a result, it is
difficult to accurately simulate the complex motion of the contin-
uum. On the contrary, the multibody dynamics (MBD) is mainly
used for the simulation of the continuum and thus unsuitable for
granular materials. Therefore, the paper combines the DEM soft-
ware and MBD software to study the tamping operation in the turn-
out. By using the coupling algorithm, the advantages of the two
methods can be exerted at the same time so that the tamping pro-
cess can be accurately simulated and the interaction between the
tamping picks, sleepers, and ballast particles can be correctly cal-
culated. The coupling of the two methods is shown in Fig. 3.

Since there is no direct contact between rail and ballast during
tamping operation and the force transmission mechanism between
rail and sleeper has little effect on tamping operation, the connec-
tion between rail and sleeper is simplified as a fixed pair. The spe-
cific modeling steps are as follows:

e Ballast particles are modeled by spherical particles and the
model of ballast bed is constructed by layering. First, accord-
ing to section size of ballast bed, ballast particles are put in a
cuboid of 5790 x 2100 x 350 mm®, wherein the gradation in
Fig. 2 is used.

e The sleepers are modeled in 3D modeling software. After
that, they are saved as a “step” file and imported into the bEm
software. Three sleepers are placed on the cuboid established
in the previous step and the sleeper spacing is 600 mm.

e The top surface of the ballast bed in the turnout section with
sleepers should be 3 cm lower than the track bearing surface.
Since the height of the sleepers is 220 mm, the buried depth
of the sleepers is 190 mm. Moreover, ballast particles are
continuously generated using the same gradation to meet the
demand.

e Compact the ballast bed shoulders using wall elements to
achieve the slope of 1:1.75. In the final ballast bed model,
the compactness is 64.5%.

e According to the dimension measured on site, the tamping
device is modeled in a 3D modeling software, which is saved
as a step file imported into the MBD software together with
the rail (60 kg/m) and sleeper models.

e The calculation parameters for the models are set in the
MBD software and then they are saved as some “wall” files
for information transmission. Import these files into the bEm
software to develop a bidirectional-coupled DEM-MBD
model of the turnout area, as shown in Fig. 4. The dimen-
sions of the model are shown in Table 1.

In the model established in this paper, there are about 480,000
particles in total, and the calculation is performed on a computer
with six cores and 12 threads. The processor is Intel® CoreTMi7-
10750H@2.60 GHz, the running memory is 8 GB, and the time-
step is set to 5 x 10~ % s. Set the time of one tamping operation to
2.072 s, and the actual calculation time is about 27 h.

2.2 Contact model. Contact is the key to discrete element
modeling analysis [24]. The interaction between two ballast par-
ticles and between a ballast particle and a geometric body in the
model is based on the Hertz—Mindlin contact model, as shown in
Fig. 5.

In Fig. 5, Ry is the contact radius and «, is the normal overlap,
which are the most important parameters for contact identification
and movement calculation. Ry and o, are expressed as follows:

oy =Ri + Ry — |rp — 13 (D

Ry = /R (@)

where r; and r, are the position vectors of two particle centers,
and R is the equivalent radius.
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Fig.1 Modeling area: (a) diagrammatic drawing and (b) spot map
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In a time-step, when the normal overlap o, between adjacent bal-
last particles is larger than 0, the contact between the particles is iden-
tified. The normal contact force between particles F,, the normal
damping force F¢, the tangential contact force F;, and the tangential
damping force F can be calculated by Formula (4)—(10).

Fy= 2B (R) o) @

5 )
Fl= 72\/%[3\/S”m*v:f[ 3)

F = —Su, (6)
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Fig. 2 Ballast gradation in the model
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where E* and m™ are the equivalent elastic modulus and equiva-
lent mass, R;, R, are the radius of the two particles, p;, {t, are the
Poisson’s ratio of the two particles, £}, E; are the elastic modulus
of the two particles, e is the coefficient of restitution, S, and S, are
the normal stiffness and tangential stiffness, o, is a noninput
parameter that represents the relative tangential displacement
between two particles [25], as shown in Fig. 6. v/ and v/*! are the
normal and tangential components of relative velocity. The mag-
nitude of the tangential force is limited by the Coulomb friction
uF,, where i is the coefficient of friction. When the tangential
force is less than the Coulomb friction, it is equal to the tangential
force at the moment. When the tangential force is greater than the
Coulomb friction, the particles slide at this moment, and the tan-
gential force is equal to p F,,.

After obtaining the contact force and damping force at the con-
tact between two ballast particles and between a ballast particle
and geometric body, the velocities and displacements are,

data transfer protocol—»/ DEM

Boundary Conditions for Discrete

Media Contact constitutive model

Spatial location update Newton's second law

Continuous Media Acceleration,
Velocity, Displacement

Discrete media acceleration,
velocity, displacement

Lagrange method Spatial location update

Receive external constraints and
the force of discrete media on
continuum media

Renewal force on continuum
media

MBD j«——data transfer protocol

/

Fig.3 Coupled simulation flowchart of DEM and MBD
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»

Tamping device
Sleeperl

Basic curved track
Inner straight track:
Inner curved track
Basic straight track

()

Fig. 4 DEM-MBD model of the turnout area: (a) CDC-16
turnout tamping device field measurement, (b) MBD model
(RecurpYN), and (c¢) coupled model (EDEM—RECURDYN)

respectively, calculated in the DEM system and MBD system.
After that, the spatial positions of particles and geometric bodies
change. In the next time-step, the forces at contact positions are
calculated again and another iteration begins. It is worth noting
that in the data processing analysis, the direction in which the two
particles approach each other is defined as the negative direction.

Table 1 Dimensions of the model

Component Parameter Value
Rail type (kgm ™) 60
Sleeper Height (mm) 220
Top width (mm) 260
Bottom width (mm) 300

Ballast bed Top surface width (mm) 3900
Thickness (mm) 350

Side slope grade 1:1.75
Tamping device Length of upper pick arm (mm) 465
Length of lower pick arm (mm) 359
Length of tamping pick (mm) 495

111005-4 / Vol. 17, NOVEMBER 2022

ballast

sleeper
O

ay/4

(b)

Fig. 5 Schematic diagram of the contact model: (a) contact
between the ballast particles and (b) contact between the
sleeper and the ballast

Therefore, it means that when the particles are approaching, the
relative velocity is negative and vice versa.

2.3 Model validation. According to Refs. [26] and [27], the
basic properties of the materials are formulated. Since the rail and
ballast particles do not have direct contact, the contact parameters
between the rail and ballast particles are not considered. Referen-
ces [28] and [29] are used to formulate the parameters of the rail,
as shown in Table 2. Since the tamping device, sleepers, and bal-
last particles are in direct contact, in order to ensure the reliability
of contact parameters, the calculation parameters of the simulation
model are drawn up by referring to Refs. [18-20] and [30-32] and
by means of control variable method, as shown in Table 3.

In fact, there is currently little research in this direction, and it
is difficult to systematically conduct the field tests of tamping in
railway turnout areas. Therefore, in order to verify the validity of
the model, refer to the actual measurement results of the lateral
resistance of the switch sleeper carried out in the turnout area in
the literature [33].

In the simulation, the sleeper is pushed in the lateral direction
at a constant speed of 1mm/s and the lateral resistance and

]
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1
1

[
]
1
1

1
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’
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1

1
1
1
'

Fig.6 Schematic diagram of «;and «, at t moment
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displacement of the sleeper are plotted, as shown in Fig. 7(a). Fol-
lowing Ref. [34], the work of lateral resistance can be calculated
using Formula (11) and the lateral resistance work—displacement
curve can be drawn in Fig. 7(b).

W= JXZ F(x)dx an

X1

where W is lateral resistance work, x is lateral displacement, and
f(x) is the lateral resistance at the x position.

According to Ref. [35], the lateral resistance at the displace-
ment of 2 mm is used to access the track condition. As can be seen
from Fig. 7(a), the lateral resistance in the simulation is 9.96 kN
and that in the field test is 10.21 kN. The difference between them
is 0.25 kN. Additionally, the lateral resistance work corresponding
to 2mm in the simulation and the field test in Fig. 7(b) is
14.86 kKN mm and 16.10kN mm, respectively, the difference of
which is 1.24 kN mm. Therefore, the results of the simulation and
the field test match well, indicating that the model can be used for
further calculations.

3 Results Analysis

3.1 Microscopic contact Characteristics of Ballast Bed
During Tamping Operation. According to the operational
requirements of large tamping machines [18-20,26,32], the tamp-
ing operation in the turnout area can be divided into four stages,
namely, the lifting stage (0-0.1s), inserting stage (0.1-0.586 s),
squeezing stage (0.586-1.186 s), and retracting stage
(1.186-2.072 s).

In the lifting stage, the sleeper rises up at a speed of 0.3 m/s up
to the height of 30 mm. In the inserting stage, the tamping device
vibrates harmonically at a frequency of 35 Hz and an amplitude of
0.5deg, while inserting the ballast bed structure downward at a
speed of 1 m/s until the tamping depth (15 mm). In the squeezing
stage, the tamping device rotates at the angular velocity of 10 deg
per second and vibrates harmonically (the parameters are the
same as the lifting stage). The purpose is to squeeze ballast par-
ticles between sleepers into the bottom. In the retracing stage, the
tamping device releases at 15deg per second and retracts at a
speed of 1m/s. Thus, a complete tamping operation cycle is
achieved.

In order to explore the mechanical characteristics of the ballast
bed in different stages of tamping operation, the effect of the
tamping on the interaction between ballast particles is analyzed at
the microscopic level. The distribution diagram of the force chain
during tamping operation at the four stages is shown in Fig. 8.

As shown in Fig. 8, in the lifting stage, the sleeper is lifted
upward and the disturbance to the ballast particles is small.

Table 2 Parameters used in the model

Component Poisson ratio  Density (kg‘mf‘%) Shear modulus (GPa)

Ballast 0.18 2800 25
Sleeper 0.23 2300 15
Rail 0.30 7800 70
Tamping device 0.30 7800 70

Table 3 Contact parameters

Types Coefficient Coefficient Coefficient
of restitution of static friction of rolling friction

Ballast—ballast 0.50 0.80 0.05
Sleeper-ballast 0.50 0.70 0.10
Tamping deviceballast 0.50 0.40 0.10

Thus, the contact forces in the ballast bed are uniformly distrib-
uted. When entering the inserting stage, due to the vibration and
insertion of tamping picks, the force chain of the ballast particles
presents a downward transmission from the tip of tamping picks
to the bottom of the ballast bed and the distribution is a cone at an
angle roughly 45 deg. When entering the squeezing stage, with the
clamping movement and the horizontal vibration of tamping
picks, a concentrated distribution of the strong force chain appears
under the sleeper. The distribution is approximately elliptical,
with a depth of 150 mm. In the retracting stage, the upward move-
ment and horizontal vibration of tamping picks cause a certain
excitation on the nearby ballast particles, but the overall effect is
slight. Additionally, the forces are significantly reduced, which
shows that the ballast is in a loose status.

Coordination number is the number of contact points between
each particle and its surrounding particles, which reflects the con-
tact state of ballast particles. In order to further analyze the con-
tact between ballast particles at various parts of the ballast bed
during tamping operation, the ballast bed is divided into eight
parts as shown in Fig. 9. The length and width of each part are

o0

T

[ |
n

%
[ ]

[ —m— test results
—e— simulation results

Lateral resistance (kN)

0 . 1 . 1 . 1 i 1
0.0 0.5 1.0 1.5 2.0

Displacement (mm)

(@)

—u— test results
—e— simulation results

Lateral resistance work (kKN-mm)

0.0 0.5 1.0 L:5 2.0

Displacement (mm)
(b)

Fig. 7 Comparison between test and simulation: (a) lateral

resistance—-displacement curve and (b) lateral resistance
work-displacement curve
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Fig. 8 Distribution diagram of the force chain during tamping operation: (a) lifting stage (t=0.1s, Fax = 208.5
N), (b) inserting stage (t=0.57s, F,.x =4055.5 N), (¢) squeezing stage (t=1.18s, F,.x=2784.4 N), and (d)

retracting stage (f=1.65s, Finax = 407.4 N)

2900 mm and 300 mm, respectively. The heights are different. JO1
and JO2 are in the sleeper crib, the height of which is 190 mm; J11
and J12 are in the lower part between sleepers, the heights of
which are both 200mm; J21 and J22 are under J11, J12, the
heights of which are both 150 mm; D1, D2 are under the middle
sleeper, the heights of which are 200mm and 150 mm, respec-
tively. The average contact force and coordination number of

J01
]

J11 '/ /Dl J12

21|/ D2 |/ 122

Fig.9 Parts of the ballast bed

111005-6 / Vol. 17, NOVEMBER 2022

each part during tamping operation are collected and their time
history curves are shown in Fig. 10.

As can be seen from Fig. 10, in the lifting stage, the contact
force is small because the overall disturbance of the ballast bed is
slight. However, at the moment of lifting sleepers, the stable state
of the ballast bed is interrupted to a certain extent, leading to a
small decrease in the coordination number. In the inserting stage,
tamping picks are initially at the same level as the rail top and the
buried depth of sleepers is 190 mm. Because tamping picks move
downward to the ballast bed at 1 m/s, it takes about 0.2 s for tamp-
ing picks to encounter ballast particles. When the encounter
occurs, the contact forces in the parts between sleepers (JO1, JO2,
J11, J12, J21, J22) increase as the insertion depth grows. When
tamping picks leave, the contact forces in the corresponding area
decrease. In the squeezing stage, tamping picks have direct con-
tact with the ballast particles in the D1 area. Thus, the maximum
contact force in the D1 area appears in this period. Due to the
clamping of tamping picks, the ballast particles in the D1 area are
continuously compacted, so the contact force in the D1 area con-
tinues to increase. In the retracting stage, first, the tamping picks
release from the squeezing final position to the vertical position,
which lasts for 0.4 s, resulting in a certain extrusion on nearby bal-
last particles.

To sum up, the area of peak contact force varies with the posi-
tion of the tamping pick during the tamping operation.
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The inserting stage has the largest impact on the parts between
sleepers, with the maximum contact force of about 680N. The
squeezing stage has the largest impact on the parts under sleepers,
with the maximum contact force of about 1100 N.

3.2 Movement of Ballast Particles Under Tamping Opera-
tion. It is well known that the tamping operation of large
machines destroys the equilibrium of the stress in the ballast bed.
In order to further reveal the movement and distribution of ballast
particles during the tamping operation, the nephograms of move-
ment in the four stages are plotted, as shown in Fig. 11, wherein
the arrow indicates the direction of particle movement and the
color indicates the speed.

Figure 11 shows that there are great differences in the motion
state of ballast particles at different stages. In the lifting stage, the
rise of the sleeper interferes with the adjacent ballast particles.
Thus, adjacent ballast particles show an upward movement trend
with the sleeper, forming a diffusion angle of about 60 deg. How-
ever, the maximum speed in the stage is low, which is only
0.11 m/s. When entering the inserting stage, the exciting force and
the insertion force of tamping picks have a significant impact on
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the ballast in the sleeper crib, causing the ballast particles between
sleepers to move down toward the bottom of the sleeper. The
movement speed in this stage increases significantly and the maxi-
mum speed appears in the area near tamping picks. In the squeez-
ing stage, tamping picks symmetrically turn at a certain angular
velocity to squeeze the ballast particles to the bottom of the
sleeper. The speeds of the ballast particles under the sleeper
become much larger and the maximum speed appears around
tamping picks. As a result, the loose part under the sleeper,
formed in the lifting stage, is gradually filled and compacted. In
the retracting stage, tamping picks retract with generating the har-
monic vibration. The movement in this stage is exactly opposite
to that in the inserting stage. The adjacent ballast particles move
upward with tamping picks, while the ballast particles in other
areas tend to be stable.

It can be seen from the above that the movement of ballast par-
ticles at various stages of tamping operation is very different. In
order to better reflect the macroscopic state of ballast in different
parts under tamping operation, the volume of ballast in different
parts is collected and their compactness is calculated using the fol-
lowing equation:
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Fig. 10 Contact force and coordination number in the ballast bed during tamping operation: (a) contact force at D01, D02,
J01, J02, (b) contact force at J11, J12, J21, J22, (¢) coordination number at D01, D02, J11, J12, and (d) coordination number at

Ji11,J12, J21, J22
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Vg
D=— 12

where Vg is the volume of the ballast in a part and V' is the volume
of the part. The compactness of the ballast in different parts dur-
ing a tamping operation is shown in Fig. 12.

As seen from Fig. 12, the compactness in the sleeper crib (JO1
and J02) decreases the most, by 27.4%, and that in the lower part
between sleepers (J11, J12, J21, J22) decreases by 6.1%. In con-
trast, the compactness at the bottom of the sleeper (D1) increases
by 5.9%. Additionally, the compactness also changes in different
stages. The main purpose of tamping operation is to eliminate the
void under sleepers and improve the compactness of the ballast
under sleepers. Therefore, the following analysis focuses on the
D1 area as an example. In the lifting stage, although the bottom of
the sleeper appears void instantaneously after the lifting of the
sleeper, the compactness in the D1 area does not vary much. In
the inserting stage, due to the contact between tamping picks and
ballast particles, the ballast in the sleeper crib moves downward,
so that ballast particles are compacted and filled to the relatively
loose area (D1) and consequently the compactness of the D1 area
increases. In the squeezing stage, the compactness of the D1 area
is further increased by clamping. In the meanwhile, the harmonic
vibration generated by tamping picks causes the fluctuation of the
compactness of the D1 area. In the retracting stage, the compact-
ness of the D1 area tends to be stable.

In conclusion, the vibration and insertion of tamping picks
cause the ballast bed to become loose. Regardless of the fact that
the compactness of the D1 area at the bottom of the sleeper is
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1.23e+00

()

improved, the uniformity of the ballast bed is reduced, which will
reduce the longitudinal and lateral resistance of the ballast bed in
the turnout area. Therefore, it is recommended that measures such
as dynamic stability should be taken to improve the compactness
of ballast between sleepers after tamping.

3.3 Study on the Influence of Tamping Operation
Sequence. Because there are four rails, namely, two stock rails
and two switching blades, the working condition of tamping in the
turnout area is different from that in the main line. Because a
tamping machine for turnouts has only four sets of tamping device
and 16 tamping picks, it is impossible to complete the tamping of
four rails at the same time. Usually, the tamping operation is per-
formed in succession, for instance, first through track and then
diverging track or vice versa. Here, the sequence can play a role
in the tamping quality. In order to study the effect of sequence on
tamping quality, two ways of tamping are simulated and changes
in the compactness of the ballast under the sleeper (D1) are com-
pared and discussed. The compactness of the ballast in D1 is com-
pared in Fig. 13. The average contact force and coordination
number of ballast particles in D1 are shown in Fig. 14.

It can be seen from Fig. 13 that when the sequence is first
through and then diverging, the compactness in D1 is slightly
higher than that of first diverging and then through, which
accounts for 0.3%. Because the ballast particles under the sleeper
are mainly affected in the squeezing stage as discussed in
Sec. 3.1, the squeezing stage is selected for comparison. Figure 14
shows that the average contact force is relatively close when the
sequence is first through and then diverging, meaning that the
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Fig. 11 Distribution of particle movement during tamping operation: (a) lifting stage (t=0.1s, Vj,ax = 0.11 m/s), (b) inserting
stage (t=0.57s, Vnax=2.10 m/s), (¢) squeezing stage (f=1.18s, V,ax=2.05 m/s), and (d) retracting stage (t=1.65s,

Vmax = 1.48 m/s)
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number of the particles pushed in different areas is similar in two
tamping operations and consequently the uniformity of the ballast
bed is better. Additionally, the average coordination number in
this sequence is large, indicating that the contact state of ballast
particles is better. To sum up, it is recommended to use the
sequence of first through track and then diverging track for the
tamping operation at the switching part of turnout areas.

4 Conclusions

(1) In the paper, a dynamic model considering a large tamping
device, rail, sleeper, and ballast bed at the switching part of
turnout areas has been developed using the EDEM—RECURDYN
coupling method and validated. Through the coupling algo-
rithm of two software, the complex tamping operation is
accurately simulated and the interactions between tamping
picks, sleepers and ballast particles are analyzed.

(2) During the tamping operation at the switching part in turn-
out areas, strong force chains concentrately distribute under
lifted sleepers due to the clamping and the horizontal vibra-
tion of tamping picks. The distribution range is approxi-
mately elliptical, with a depth of about 150 mm.
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Fig. 14 Contact status in ballasts with different tamping sequences: (a) average contact force and (b) average coordination

number

Journal of Computational and Nonlinear Dynamics

NOVEMBER 2022, Vol. 17 / 111005-9

€20z Asenuer G0 uo Jasn yjag N1 eauionaig Aq ypd'GooLLL L1~ LL0 PUO/L0ZLLE9/S00LL L/LL/LL/yPd-8)one/eRUIUOUlEUOREINdWOY/B10"dWSE  UoROB||0ole)BIPaWSE//:dRY WOl papeojumoq



The maximum contact force in the ballast between sleepers
appears in the late inserting stage, about 680 N, while the
maximum contact force in the ballast under the sleeper
appears in the late squeezing stage, about 1100 N.

(3) With the inserting of tamping picks, ballast particles in the
sleeper crib move downward. After that, ballast particles
between sleepers move to the bottom of the sleeper due to the
clamping movement of tamping picks. After tamping, the
compactness of the ballast in the sleeper crib decreased by
27.4% and that in the lower part between sleepers decreased
by 6.1%. In contrast, the compactness at the bottom of the
sleeper increases by 5.9%. It is recommended that measures
such as dynamic stability should be taken to improve the
compactness of ballast between sleepers after tamping.

(4) By changing the sequence of the tamping operation, the
compactness of the ballast under the sleeper is similar, but
the contact status of ballast particles are different. It is rec-
ommended to use the sequence of first through track and
then diverging track for the tamping operation at the
switching part of turnout areas.
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