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ARTICLE INFO ABSTRACT

Keywords: The railway ballast layer provides the function of bearing loading, resisting geometry degradation, and drainage.
Railway ballast In those related research, the behaviour of ballast assembly can be obtained by laboratory (or in-situ) tests.
DEM

Limited simulation methods can be used to analyse the behaviour of ballast particles at the mesoscopic level. The
numerical simulations based on the Discrete Element Method (DEM) are employed, which treat every ballast
particle as a calculation component. However, the efficiency of DEM simulation is very low due to the algorithm
and a very large number of elements. This paper analysed the efficiency-related questions of the DEM modelling.
The influence of particle shape and contact properties on the force behaviour is studied. Further, an optimised
multi-layer ballast track model is introduced based on the most influential ballast areas. In such areas, particles
are generated with an irregular shape to ensure the reliability of results, and particles except that area are
generated with a rolling resisted ball shape to decrease the number of elements. A series of lateral resistance
simulations are conducted to show and validate the accuracy and efficiency of this method in the dimension of
the single sleeper section. Results show that this optimised multi-layer model building method largely improves

Simulation efficiency
Model optimisation
Railway track

efficiency, and it can provide accurate data.

Introduction

Railway ballast, produced by crushed hard stones, is the building
material of the substructure of railway tracks. The ballast layer is the
compacted assembly of ballast particles, which performs the function of
bearing and elasticity to rail, redistributing the force transmitted from
the sleeper, providing resistance to the sleeper to keep the track geom-
etry, and providing drainage ability and maintenance ability [1]. In
order to fulfil those functions, ballast particles should have properties of
enough strength, a coarse surface, and an angular shape. In addition, the
assembly should be within a range of Particle Size Distribution (PSD)
[2].Fig. 1.

The research methods for railway studies typically include tests
(laboratory and in-situ) and numerical simulations (Discrete Element
Method and Finite Element Method) [3-7]. Especially for railway
ballast, research is commonly conducted with DEM simulations. Because
in the DEM model, the ballast layer is built by particles, thus the contact
behaviour between particles can be found. This mesoscopic numerical
tool makes up for the limitation of tests and FEM.

In order to capture accurate results, the DEM model should present
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the irregular shape of the ballast, and a proper contact model should be
applied to simulate the physical reality. For example, in reference [8], as
shown in Fig. 2, the scale of the model is a single sleeper section, the
ballast particles are generated based on templates from real ballast 3D
scanning, and the linear contact model is verified by in-situ tests. That
model can be regarded as a high-fidelity model, where the spatial and
transient information is simulated accurately.

However, due to the complexity of the particle shape of the high-
fidelity model and the algorithm of DEM, the efficiency of DEM simu-
lations has become a major problem. The DEM simulations of a large-
scale model (or the long-term behaviour) show an unacceptable time
cost (maybe years). Under this limitation, the DEM model for ballast
research is normally built on a small scale, such as the direct shear test,
triaxial compression test, ballast box text, etc.

The model simplification methods are studied on how to use a low-
fidelity model to present the aiming results [9-11]. The low-fidelity
model can increase efficiency by missing some physical performance.
For example, up-scaling the particle size can decrease the particle
number, thus decreasing the calculation cost. However, the low fidelity
model may not present the physical reality, but methods can be built
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Fig. 1. Ballast track.

Fig. 2. DEM model of a single sleeper(wing-shape) section [8].

biased to the target by modelling approaches. It contains 2 main types:

First is the model fitting. This method uses a mathematical relation to
calculate the relationship between results obtained from the simplified
model and the accurate model (or experimental tests). Thus, proper
parameters are needed, and the results typically are key performance
indicators. The description of this method is shown in the following Eq.

).

F(x)~ F(x.a) = F(f(x).a) @

The second method is the reduce order modelling. This method is
based on the simplified model (such as, in state space dimension, de-
grees of freedom), while it still includes the needed spatial and transient
information. The description of this method is shown in the following
Eq. (2).

F(x)~ F(x,a) = F(f(x),a) + C(x,a) @

Based on those simplification methods, particle size is the first choice
to be focused on, which can solve the efficiency problem for powder and
soil materials simulations. Reference [12] uses the up-scaling method to
reduce the number of elements in a model of large-scale bulk handling
equipment and the iron ore pellets model. When using the up-scaling
method, the efficiency increased by 55 times (77 m® powders and
grab tool). In reference [13], the soil particle uniformly ranges from 10
mm to 20 mm. The fine particles are discarded to increase efficiency and
are regarded as not critical to aiming results. In addition, the cohesion
behaviour between particles is simulated by adding a parallel bond
parameter to the contact model. In reference [14], the influence of soil
particle size on soil-subsoiler interactions is analysed, and the results
indicated the most proper particle size and its efficiency.

Focusing on ballast-related research, the simplification method
based on particle size is not a proper choice because the PSD is a key
factor, and several characteristics of the ballast layer are size-related. In
addition, the size ratio between ballast and sleeper (or other test de-
vices) is relatively small compared with the size ratio between soil (or

|®=0

powder) and related tools. In Reference [15-18], the shear boxes are 5 to
10 times bigger than the largest ballast particle size. In comparison, to
obtain an accurate result of sand (or soil), the shear box has to be at least
40-60 times bigger than the largest particle size [19].

Under the above considerations, the simplification method for
ballast is normally in 2 types. The first method is using a 2D model
instead of a 3D model. In reference [20], a 2D DEM model is used to
analyse the breakage behaviour under cyclic loading. In reference [21],
a 2D DEM model is used to simulate the direct shear tests and cyclic
loading for settlement tests. This dimensional simplification can highly
improve the efficiency, making the simulation of long-term behaviour
possible, but the problem of accuracy of the 2D model is obvious due to
1-dimension loss.

The second method is reducing the complexity of the irregular shape,
using a ball or a simple group of balls to represent the irregular real
ballast shape, such as in reference [22], a 2-ball generated particle is
used to present the ballast shape. Also, in the reference, a cross-section
of 0.15 m in width of the ballast track is used to increase efficiency. In
reference [23], a cluster of disks is used to present the ballast shape. The
number of disks of a cluster ranges from 2 to 9 according to the particle
size. Also, in the reference, the simulations are carried out in 2D to in-
crease efficiency.

In addition, the model calibration methods are typically taken into
consideration because the ballast properties are influenced by the
simplified shape. Such as, the repose angle is used to qualify the
behaviour in reference [24-26]. However, there is also evidence that the
macroscopic results of an assembly can be obtained and verified, but the
contact between the particle is inconsistent with mesoscopic results
[27]. The shape simplification method improves efficiency by reducing
the number of elements, but the shape loss will lead to unclear force
behaviour (as illustrated in chapter 2).

Overall, the DEM modelling method limitation is due to the low ef-
ficiency, and previous simplification methods to improve the efficiency
have drawbacks. Based on the above-mentioned background, the aiming
of this paper is to improve the efficiency of DEM calculations. Firstly,
this paper analyses the influence of particle shape on force behaviour by
using a ballast box model, and the particle shape is selected. In addition,
the contact model and its parameters are introduced. Based on the
particle shape, the linear contact model for the irregular shape and the
linear contact model with rolling resistance for the ball shape are ana-
lysed based on the literature review. Finally, a multi-layer model of a
single sleeper section is built, and the efficiency and reliability are
validated.

Fig. 3. Definition of the distance and ratio: a) Distance = 0, b) Distance = 70, c¢) Ratio = 0.2, d) Ratio = 1 [18].
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Fig. 4. Areal shape clump generated in PFC3D software, (a) Geometry from 3D
scanning, (b) Clump with 13,148 balls.

Fy Fi
El le E] \ le
FZ
FZ

Fig. 5. Applied force on the sphere and irregular shape: a) ball shape, b)
clump shape.

Fig. 6. Different contact caused by spherical surface (black dot: contact point).

Particle shape

Particle shape is the key factor related to the accuracy of the results
because the irregular ballast particle shape provides the uneven force
transmission and force re-distribution path. And the interlock caused by
angular limits the displacement and rotation of ballast, thus providing

Table 1
Influence of different particle shapes on contact behaviour.

Transportation Geotechnics 40 (2023) 100977

strength and elasticity.

The basic DEM particle is a ball, and a cluster of balls can be
generated as the clump element by controlling the arrangement of balls
in a template. In the arrangement rules, the distance parameter controls
the overlap, and the ratio parameter controls the radius, as illustrated in
Fig. 3 [18]. By this method, a clump particle can be generated very close
to a real ballast shape, with considerable balls, as shown in Fig. 4.

The high-fidelity particle contributes to high accuracy. Firstly, the
irregular shape contributes to force transmission. The comparison be-
tween a ball shape and an irregular shape illustrates it. As shown in
Fig. 5, once the relative position between the 2 components and the
centre of mass is the same, the motion and force transmission will be
relatively the same. Wherever the force is applied, this relative position
has a high possibility of being the same in a ball but a very low possi-
bility of being the same in an irregular shape.

Secondly, the angular shape is related to the contact force distribu-
tion between particle-particle because a curved surface will lead to
more contact points. As shown in Fig. 6 (the black dots are the contact
point), if the particle surface consists of serval spherical surfaces, the
contact points will change (also shown in Table 1: total contact number)
and lead to different behaviours of compressional and frictional force.

A comparison between different degrees of simplifications is used to
illustrate the difference. In this series of simulations, the 3 models were
built all the same, except for the particle shape. It shows the contact
behaviour when a wedged shape sleeper inserts into the ballast layer.
The contact parameters are listed in following Table 2 (Chapter 3). This
box model contains 3 parts, the sleeper, ballast box, and ballast particles,
as shown in following Fig. 7, and the Particle Size Distribution(PSD) is
shown in Fig. 8 (all the models in this paper use the same PSD). After the
model reaches an initial balanced state, a 4 mm/s velocity is applied to
the sleeper. Firstly, the sleeper is lifted 4 mm, then lowered to compact

Shape description Ball

Table 2
Contact parameters.
Parameters Ballast (Clump) Ballast (ball) Sleeper
Tangential stiffness(N/m) 2e7 2e7 5e9
Normal stiffness(N/m) 2e7 2e7 5e9
Friction coefficient 0.5 0.5 0.5
(Linear contact)
Friction coefficient - 0.3 -
(Rolling resistance)
Mass density(kg/m>) 2800 2800 NA
Weight (kg) - - 380
Damping coefficient 0.7 0.7 -
Clump Clump

(spherical surfaces) (non-spherical surfaces)

Representative particle shape

D/R value
Contact force distribution

Total contact number 5991

Maximum contact force 1.3
particle—particle (kN)

Maximum contact force 13.5

particle-sleeper (kN)

D120/R0.5 D130/R0.4

11,573 10,536
13.0 21.9
101.6 80.1
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Fig. 7. Ballast box model: a) sleeper, b) Ballast box.
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Fig. 8. Particle size distribution (PSD).

the ballast, and finally, stop the sleeper when it reaches the initial
location. This process simulates the sleeper-ballast contact behaviour
under 4 mm settlement. The ending state of the model was saved to show
the influence of particle shape on contact behaviour.

Under the same sleeper displacement, the results are concluded in
Table 1. The Distance/Ratio and 3 representative particles are listed. By
using those different simplifications of particle shapes, results show
differences in several aspects, such as the force distribution, maximum
contact force, and displacement.

As shown in Table 1, the number of contacts in the ball-built model is
5991, whereas the value of the clump-built model with spherical sur-
faces is 11573, and the value of that with non-spherical surfaces is
10536. The contact number of the ball-built model is 48% and 43% less
than the clump-built model. Also, the clump with a spherical surface
provides more contact points than that of a clump with non-spherical
surfaces, but the force distribution changes from uniform to chain
form. This unclear force distribution disobeys the physical behaviour of
a ballast assembly. It should be avoided in ballast research.

The shape influences the force behaviour because of the contact
number and force distribution difference. The maximum contact force
between the particle-particle of the ball-built model is 1.3kN, compared
with the value (13.0 kN and 21.9kN) of the clump-built model, which
decreases between 90% and 96%. Similar results also can be observed in
the maximum contact force between the particle-sleeper, the value of
the ball-built model is 13.5kN, and the clump-built model is 101.6kN
and 80.1kN. Those results show the influence of particle shape. It also
contributes to the importance of using irregular ballast particle shapes.

However, complex particle shape leads to a higher number of ele-
ments in a DEM model, and the higher number leads to higher calcu-
lation costs. The efficiency and simplification of ballast particle shape
are developed in the following chapter. It combines the high-fidelity part
and low-fidelity part in a model, realised by using the irregular shape in
the most influential area and the ball particle in other less influential

Transportation Geotechnics 40 (2023) 100977

areas.
Contact properties

The complexity of particle shape influences the total number of el-
ements in a model, thus influencing the calculation efficiency. The
contact parameters are also vital to efficiency. Because the force and
displacement behaviours should be calculated and updated based on a
defined timestep, if the timestep is too long, the high increment of force
and displacement leads to the model explosion.

Considering that the ballast layer is a non-cohesive granular assem-
bly, the linear contact model can be used to simulate the contact
behaviour between ballast particles (or ballast-sleeper). Those contact
parameters contain the shear stiffness, the normal stiffness, the friction
coefficient, and the reference gap. Contact parameters work together
with the physical parameters of elements, which include density and
particle size distribution. Under external conditions, for example, the
applied force, the sample will show its performance. The details of the
calculation are as follows.

In the linear contact model, the contact force is calculated based on:
F!is the linear force. As the following Egs. (3) and (4).

Fl'=—Fia+F, M.=0 3
Fy = —Fy5. + Fii. ©)]

Where: FL is the normal component, when FL > 0 is tension.

Fl is the shear component.

The displacement of a particle is a universal value. Within a timestep
At, the displacement is calculated with the relative increase value A9,
and the surface gap g, which is set to define whether a contact is valid.
As the flowing Egs. (5) and (6):

A5, = aAS,; AS; = aAS; 5)
gS
———, (&), > Oandg, <0
a=1{ 8 — (gS)g (6)
1, otherwise

Where, (gs)o is the surface gap at the beginning of one timestep.

The force-displacement law of the linear model consists of the
following steps:

Update the linear normal force based on the normal-force update
mode. As the flowing Eq. (7).

kngs; 85 <0
.M, = 0(absolute update)
0, otherwise @

min((Ff,)a + k,AS,, 0)),M1 = 1(increase update)

Fl =

n

Where, k, is the normal stiffness,

(F},)o is the linear normal linear contact force at the beginning of the
timestep.

Update the linear shear force. As the flowing Egs. (8)-(11).

F, = (F)), — kA, 8
— ©
FL|IFE | <F
Fl = 7 _ (10)
F'—=2— otherwise
*E

true, ||F'|| <F*
§_ ) e |E < an

false, otherwise
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Fig. 9. Linear contact with rolling resistance.

Where, s is the state of slip determination,

u is the friction coefficient,

ks is the shear stiffness,

Based on that, to keep the model stable, the timestep in a calculation
cycle will be influenced by contact parameters and kinematic behaviour,
and the kinematic-related timestep is calculated as the following Egs.
(12)-(14):

_ (Fi+ gimg + Fa;)

a=~~—""—r 12
mi

(—vo+ v3+2a0x))

a

(= Vo + \/v,zm + 2apae€) )

Tkin =
a

t a3)

(14)

Then, the actual timestep used in any cycle is taken as a fraction of
this estimated critical value, which is the stiffness constraint, as the
following Eq. (15), in 1-dimension.

terip = min<\/%> (1 — dimensional)

With this method, the stiffness will be estimated by summing the
contribution from all contacts using only the diagonal terms of the
contact stiffness matrix. The final critical timestep is taken to be the
minimum of all critical time steps computed for all degrees of freedom of
all bodies.

The stiffness used for ballast particles is set with a certain value. For
example, in reference [28], the normal stiffness and shear stiffness are
2e6 and 1e6 for ballast-ballast contacts. In reference [29], the research

(15)

Shear stress(kPa)

— Experimental . -
—— Normal and shear stiffness 1x10,

Normal and shear stiffness 1x10;
—— Nommal and shear stiffness 5x10°

1 1 i 1 n il 1 1 1 i 1 1 J
40 60 80
Displacement (mm)

[b]
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defined the normal stiffness 4.2e7 as and shear stiffness are 5.5e7. On
the other hand, reference [30] summarised the contact stiffness value
that the commonly used stiffness ranges from 1le6 to 5e9. Within the

Fig. 11. Clump-built model of a single sleeper section.

Fig. 12. Ball-built model of a single sleeper section.

e

Fig. 13. Multi-layer model with clumps and balls of a single sleeper sec-
tion model.

| Target simulation I

|

| Most influential ballast decision |

l

I

I

I

I Model Building | :
1 : | Loading controlled |

E

I

I

I Displacement controlled |

| Contact parameter applying |

l

| Model initial balancing

l

| Calculation

l

| Results I

| Target results |

Fig. 14. Process of multi-layer model simulation.
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Fig. 10. Shear stress influenced by: a) Stiffness, b) Rolling friction coefficient [32].
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Fig. 15. PIV setting on lateral resistance test [34].

Unit: mm

100 degrees i 12

T T T ————— -0.2

16
-3.0
4.4
-5.8
7.2
-8.6

Positive displacement

Ballast shoulder Ballast goes down

1 [—' Harizontal

Vertical

d

Fig. 16. PIV data of the lateral resistance test (under 7 mm sleeper displacement): a) Side-view of ballast horizontal displacement, b) Side-view of ballast vertical
displacement, b) Top-view of the ballast horizontal displacement, d) Top-view of the ballast vertical displacement [34].

Table 3
Key performance of lateral resistance simulations.
Particle type Time Peak lateral Maximum
consuming force contact force
(sleeper) (particle)
Clump 43 h 23 min 12.03kN 2.18kN
(Reference model)
Multi-layer 15 h 45 min 9.92kN 1.56kN
Half clump/ half ball by
height
Multi-layer 10 h 25 min 11.20kN 2.93kN

Optimised by most
influential ballast area

Ball 2h 32 min 16.02kN 4.65kN
With rolling resistance
Ball 3h 05 min 3.76kN 0.37kN

Without rolling resistance

Fig. 17. Optimised multi-layer model of a single sleeper section: a) Top-view of
the clump-build layer, b) Side-view of the clump-build layer, c¢) Over-view of
the multi-layer model.
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range, the force behaviour is proved suitable for ballast simulation.

However, lower stiffness leads to a larger timestep thus less time
consuming, so a proper value should be chosen to fit the ballast
behaviour of reality. In a low-fidelity model, the irregular shape can be
simplified to a ball, and the interlock between particles can be simulated
by adding rolling resistance to the linear contact model. The rolling
resistance-related parameter is the friction coefficient (or stiffness).
With this setting, the rolling effect of a ball can be restricted [25,31,32].
In FPC3D software, the rolling resistance is set by rolling friction. When
rolling resistance is added, the contact moment in is Eq. (3) is updated to
the Eq. (16). And as shown in Fig. 9.

F’:—Ff,nij@ M. =M" 16)
M =M — kAb,
Where, M is the rolling resistance moment to restrict the rotation,

k; is the rolling resistance,

Ad, is the relative bend-rotation increment of a contact.

In reference [32], the influence of stiffness and rolling friction is
analysed by a series of direct shear simulations (ball-built model), and
results are shown in the following Fig. 10. In addition, a case of rolling
resistance also can be seen in the next chapter, the comparison between
0.3 rolling friction coefficient and without it.

Based on those results, the contact parameters in this paper are listed
in the following Table 2.

Efficiency optimisation

With the above-mentioned knowledge, a multi-layer model can be
used to improve DEM efficiency. As a case to show the efficiency, the
single sleeper section of a ballast track is built.

Firstly, the reference model, using the clump for all particles, is
shown in Fig. 11. In this section, the shoulder width is 500 mm, the
ballast height (under sleeper) is 350 mm, the shoulder slope is 1:1.75,
the top width is 600 mm, and the sleeper is 2600 mm*280 mm*185 mm
(L*W*H). This was the commonly used model before optimised. The
linear contact model is used, and the contact parameters are listed in
Table.2. This model contains 647,323 elements of particles, 86 elements
as the sleeper and boundary wall (The boundary wall is shown with the
transparency setting and is not displayed in the following models).
Related research using this model by the author can be seen in reference
[18,33-35]. Thus, its reliability and accuracy have been validated.

Also, a model with ball particles is built, as the additional reference,
to show the behaviour loss of shape simplification, as shown in Fig. 12.
For this model, with and without rolling resistance are calculated
separately. All the contact parameters are shown in Table 2. This model
contains 24,394 elements of particles, 86 elements as the sleeper and
boundary wall.

Transportation Geotechnics 40 (2023) 100977

Further, the model is simplified by the multi-layer method to reduce
the number of elements while keeping relatively high-fidelity results.
This method uses the ball shape as ballast in the bottom layer and the
irregular shape (clump) in the area where sleeper contact with the
ballast. In detail, the lower layer of the ball is 265 mm in height, and the
clump layer is 80 mm under the sleeper bottom and 185 mm in the crib.
The 80 mm equals 2 times bigger than the average ballast size. It makes
sure the sleeper is well-contact with the clump particles.

This method can largely decrease the element number and present
the high-fidelity contact between sleeper-ballast. However, the bottom
layer is simplified, but rolling resistance is added to the ball-ball contact
to simulate the interlock within the irregular particles. The clump-clump
contacts model is the linear contact model. All the contact parameters
are listed in Table 2. As shown in Fig. 13, this model contains 14,887
elements of balls and 229,222 elements of the clump, which are 264,109
elements of particles in total. The number of elements for the sleeper and
boundary wall is 86, which is the same as the reference model.
Compared with the model built with clump, this multi-layer model re-
duces the number of elements by 59%.

Further, the simplification can be optimised depending on the
different test types, according to the loading condition (loading
controlled test) or displacement condition (displacement controlled
test). For example, in a settlement test, the loading condition is vertically
applied to the sleeper, and the most influential ballast is located at the
bottom of the sleeper. Thus, the bottom ballast particles should be the
clump, and other particles (crib and shoulder ballast) can be simplified
to the ball. This means the multi-layer model is optimised based on the
force distribution. The method is shown in the following Fig. 14.

In order to verify the efficiency and reliability of the optimisation
method, the lateral resistance test is simulated with the reference model,
the multi-layer model, and the optimised multi-layer. The loading
resistance test is displacement controlled. A certain velocity is applied to
the sleeper, the direction is lateral and horizontal, and the test is quasi-
static status. The target results are the force distribution, lateral resis-
tance, and source contribution (sleeper bottom, end, and side).

In the author’s previous work, Particle Image Velocimetry (PIV) was
used to analyse the displacement distribution [34]. By this method, the
ballast displacement can be obtained through video analysis. As shown
in the following Fig. 15, a box of ballast in the dimension of a single
sleeper section was used. One side of the box is made of glass. Thus the
camera can capture the displacement of ballast particles under the
sleeper. Another camera was placed above the ballast shoulder to record
that part.

The ballast displacement map is shown in Fig. 16. This result pro-
vides the most influenced (displacement) ballast area, which can be used
as a guide to building a DEM model. Normally the lateral resistance tests
are controlled to stop at 4-5 mm sleeper displacement to better show the
ballast behaviour, reference [34] pushed the sleeper to 20 mm.
Considering the normal condition, ballast displacement under 7 mm
sleeper displacement is enough to be used as guidance in multi-layer
modelling.

As shown in Fig. 17, an optimised multi-layer DEM model was built,
where the ballast in the most influential area is generated by the clump
elements with linear contact model, and other particles are the ball el-
ements with rolling resistance linear contact model. This model-building
method makes sure that the number of elements is decreased to the
largest extent. It contains 19,358 elements of balls and 131,388 elements
of clumps, which are 150,746 elements for particle generation. And the
number of elements for the sleeper and the boundary wall is 86.
Compared with the reference model (fully clump-built model, in
Fig. 10), the total number of elements decreases by 77%.

In order to validate the optimised model, a single sleeper pushing test
is conducted on the 3 different models. A lateral velocity is applied to the
sleeper, which is 4e-3 mm/s. This low speed ensures the simulation is in
a quasi-static state. The weight of the sleeper is 380 kg in the test. In the
simulation, the weight is presented by adding a vertical servo force on
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Fig. 19. Ballast displacement after 5 mm sleeper displacement: a) Reference model (all particles are clump), b) Multi-layer model(Half clump and half ball, by
height), ¢) Optimised multi-layer model (based on most influential ballast area), d) Ball-built model (with rolling resistance), e) Ball-built model (without roll-

ing resistance).

the sleeper. The simulation is stopped when the sleeper displacement
reaches 5 mm. During this process, the contact force-displacement data
of the sleeper is recorded. In addition, the force distribution at the end
state is saved to show the difference between each model, thus providing
validation. The time consumption shows efficiency. All the simulations
were conducted on a workstation with Dual Xeon E5 processor and 64G
memory. Results are listed in following Table 3.

In Table 3, the clump-built model costs 43.38 h, whereas the ball
model only costs 2.5 and 3 h. This result shows the heavy influence of
element number on efficiency. With the optimisation, the efficiency is
largely increased. The multi-layer model (half clump and half ball) costs

15.75 h. For the multi-layer model with further optimisation, the time
consumption is 10.41 h, and the force behaviour is also the closest to the
results of the clump-built model. The force-displacement curves of the
sleeper are shown in the following Fig. 18. The increasing trend and
peak force between the reference model and the optimised multi-layer
model are in a similar state.

On the contrary, the results of the ball-built models (with and
without rolling resistance) are all less reliable. The particle displacement
at the end of the simulation is shown in Fig. 19, where the ball model
with rolling resistance has an extra disturbance on the crib side, which is
against the results of the reference model. The force distribution
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Fig. 20. Contact force chain after 5 mm sleeper displacement: a) Reference model (all particles are clump), b) Multi-layer model(Half clump and half ball, by height),
¢) Optimised multi-layer model (based on most influential ballast area), d) Ball-built model (with rolling resistance), e) Ball-built model (without rolling resistance).

(Fig. 20) also proves the impossibility of acquiring high reliability using
a ball-built model because it shows clear force chains in the crib area but
unclear force chains in the shoulder area.

In addition, it can be observed that the added rolling resistance
highly increases the peak lateral force from 3.76kN to 16.02kN because
the rolling resistance restricts the particle, thus compensating the
interlock of angular loss, as expected. The peak lateral force of the ball-
built model with the rolling resistance is even higher than the clump-
built model. But, it does not mean using a lower value of rolling resis-
tance can reach better fitness. Because the mesoscopic results should
also be taken into consideration.

Fig. 19 and Fig. 20 proved the accuracy of the results. The particle

displacement is presented. The optimised multi-layer model is very high
compared with the results of the reference model. In comparison, other
models are not in accordance with the tests. That means the optimised
multi-layer model has not only higher efficiency but also higher
reliability.

Conclusion

For ballast research, the DEM simulations can provide mesoscopic
results. However, the efficiency problem restricts the feasibility of this
method. In order to improve the calculation efficiency of DEM, several
methods can be used, but all those methods are not proper for ballast
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research. With this consideration, this paper explained the importance
and influence of particle shape and contact properties of the DEM model
for ballast and introduced an optimised multi-layer model-building
method. This method, based on the aiming simulations, simplifies the
irregular ballast shape to ball shape and uses irregular shape (clump) in
the most influential area. As an illustration, to show the accuracy and
efficiency of the optimised model, later resistance simulations are used.
The results of different models are validated by comparing them with a
reference model (clump-build), which is used in the author’s previous
work. The main conclusions are listed below:

(1) Particle shape in a DEM model influences the force behaviour of
the ballast layer. In a ball-build model, the simple particle shape
leads to fewer contact numbers and lower contact force. For the
clump-built model, the spherical surface of a clump leads to a
higher contact number and clear force distribution.

Contact model is the law for force-displacement calculation.
Among those parameters, stiffness influences calculation effi-
ciency, and the rolling resistance (rolling friction) applied to a
ball element can restrict the rolling behaviour, thus maintaining
the loss of irregular shape.

However, the rolling resistance can compensate for the interlock
loss of irregular shape, but the reliability of force distribution and
particle displacement is low.

The idea of the optimised multi-model is to decrease the number
of elements used in a model. It is realised by using irregular
shapes in the most influential area and balls in other areas. The
case shows this method can increase efficiency and keep
accuracy.

The most influential area is different for different simulations.
Therefore, selecting the proper area is the first step of model
building. The selection should be based on the type of simulations
and the target results. In this paper, the lateral resistance is
simulated, and the most influential area is defined by particle
displacement, which is obtained by previous tests using the PIV
method.
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