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Abstract

This study utilizes a 3D DEM sleeper-ballast bed model, comprising four
sleepers interacting with the actual shape of the ballast, to comprehensively
explore the impact of sleeper-ballast interaction and ballast aggregate friction
coefficient on the lateral resistance of ballast bed. Based on the DEM numerical
simulation, the following conclusion can be drawn: 1) The friction resistance
between the sleeper and the ballast is crucial in determining the lateral resistance
in railway tracks, with the base ballast contributing to more than 50% of the
lateral resistance of the ballast bed on average; 2) The sleeper bottom resistance
and sleeper side resistance of lateral force is derived from the sleeper-ballast
friction mechanisms, while the friction coefficient between the sleeper end and
the shoulder ballast has minimal impact on the sleeper end resistance; 3) The
lateral resistance of the ballast bed is more significantly influenced by alterations
in the ballast friction coefficient than by changes in the friction coefficient
sleeper-ballast interface.
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1 Introduction

The stability of the track is crucial for ensuring normal railway transportation and
operational safety. It is closely related to factors such as train loads, the fastening
system, sleeper geometry, type and weight of sleepers, type of ballast, the thickness
and consolidation of the ballast layer, and maintenance services. Currently, track
stability is fundamentally assessed by the index of track lateral resistance, which is
essentially considered to be influenced by the ballast, the fastening system, and rails,
with contributions of 60%, 30%, and 10%, respectively [1]. The lateral resistance of
the ballast bed, referred to here as lateral sleeper resistance, constitutes the main part
of track lateral resistance. It primarily associated with the interface between the ballast
and sleepers, specifically located at the sleeper bottom (base ballast), the sleeper side
(crib ballast), and the sleeper end (shoulder ballast), as illustrated in Figure 1.
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Figure 1: Components of lateral sleeper resistance

In particular, the resistance offered by the base ballast is dependent on the vertical
load, whereas that related to the crib and shoulder is essentially related to the internal
friction of the ballast and the volume of the grains involved by the sleepers’
movements [2]. The resistance contributions offered by the base, the crib, and the
shoulder to the total resistance of the ballast bed have been identified in Ref. [3-6],
and all studies showed a minimum contribution of 60%-70% for both base and crib
zones with the friction mechanisms between the sleeper and ballast. Therefore, the
influence of interaction friction between sleeper and ballast on resistance of the
sleeper requires specially attention.

Based on the experimental research, Lichtberger [7] indicated that ballast
consolidation within the sleeper cribs enhances resistance to lateral displacement by
approximately 7%, consolidation at the sleeper ends contributes a 4% increase, while
the dynamic track stabilizer augmenting resistance to lateral displacement by 30-40%.
Mechanical stabilization following surfacing has been demonstrated as the most
effective method, as evidenced in Ref. [8] across all tested sections. Besides, Zakeri
and Mirfattahi [9] founded that the lateral resistance of the railway track increases by
approximately 67% with the use of simple mono-block concrete ties instead of friction
concrete ties. Furthermore, the results of experimental research activities on the



sleeper—ballast resistance along the lateral directions are reported and discussed in
[10-11].

Generally, these experimental studies reveal the friction interaction between
sleepers and ballast have a significant influence on the lateral resistance of the sleeper.
However, it is challenging for experimental research to control the initial contact state
between the sleeper and ballast for a series of tests. Additionally, experimental studies
face difficulties in directly or indirectly measuring the frictional contributions of
different parts of the sleepers to the lateral resistance of ballast bed. Therefore,
experimental studies struggle to statistically quantify the contribution of friction
interactions between sleepers and ballast to the overall lateral resistance.

In recent years, with the widespread adoption of discrete element methods (DEM)
in ballast simulation [12-14], scholars have commonly employed DEM simulations to
further investigate the track resistance characteristic. Such as, Liu et al. [15] compared
the resistances of composite and concrete sleepers in ballast beds and obtained that
lateral resistance of the composite sleeper is about 36% lower than that of the concrete
sleeper with an increase in displacement at 2 mm. Jing et al. [16] obtained that
applying the arrowhead groove frictional sleeper is able to improve lateral resistance
by 7-24%. Guo et al. [17] indicated that the frictional sleepers can increase the lateral
resistance by 32% (maximum), due to the enhanced interaction between sleeper and
ballast particles. Esmaeili et al. [18] introduced a ‘‘nailed sleeper” for enhancing the
lateral resistance of concrete sleepers and observed that using a pair of nails of 40 mm
in diameter and 1500 mm in length can increase the lateral resistance more than 200%
compared to the normal condition. Besides, Hosseini et al. [19] investigated the
interaction between different surfaces (base, crib, and shoulder) of concrete sleeper
under lateral impact loading condition.

The above studies quantified the influence of ballast-sleeper interaction on the
lateral resistance of the sleeper in ballasted track. Since the changing of the ballast
states can alter the ballast-sleeper friction resistance, scholars have also further
investigated the influence of the ballast particles on the lateral resistance of the ballast
bed. Ngamkhanong et al. [20] evaluated ballasted track lateral resistance considering
different fouling scenarios and indicated that fouled ballast can significantly
undermine the lateral stability of ballasted tracks by more than about 50%. Esmaeili
et al. [21-22] obtained that a 27% increase in lateral resistance of track with steel slag
ballast respect to that with limestone ballast, and the lateral resistance of the common
ballasted track is about 55-80% more than that of the ballasted track with full-depth
hot mix asphalt. Besides, Woodward et al. [23], Ling et al. [24] and Xiao et al. [25]
displayed that the lateral resistance of the ballast bed could be increased to more than
three times the normal values by bonding the ballast particles.

In summary, the above studies investigated the influence of different types of
sleepers and ballast layer conditions on the lateral resistance of ballast bed. Studies
specific to certain track types have specific and clear research significance. However,
due to the poor consistency in initial contact states between sleepers and ballast, this
paper considers the sleeper-ballast contact status as changes in friction coefficient.
Further quantitative research is conducted on the characteristics of the sleeper-ballast
contact status affecting the lateral resistance of the ballast bed, aiming to provide more
universal and general conclusions. Firstly, the DEM model of the sleeper-ballast bed



is introduced and described. Then, the effects of changes in the friction coefficient at
the bottom of the sleeper, the friction coefficient at the bottom and surrounding areas
of the sleeper, and the friction coefficient of the ballast particles on the lateral
resistance of ballast bed were investigated separately.

2 3D DEM model of the sleeper-ballast bed
2.1 A description of the sleeper-ballast bed DEM model

Figure 2 shows the 3D DEM model of sleeper and ballast bed used in this work. The
model has a length of 2.4 m along the track direction including 4 sleepers, named from
nearest to furthest as No. 1 sleeper to No. 4 sleeper, with a spacing of 0.6 m between
each sleeper. For more details about the modelling process can be further referred to
Ref. [26]. Note that, since this paper primarily focuses on investigating the lateral
resistance characteristics of the ballast to sleeper lateral movement, the DEM model
in this work does not take the rail and fastening system into consideration.

The thickness of the ballast bed is 0.35 m, the top width of the ballast bed is 3.6 m,
the slope of the ballast bed is 1:1.75, and the distance between sleepers No. 1 and No.
4 and the boundary wall is 0.3 m. In this DEM model, a linear contact model [27] is
adopted to simulate the interaction behaviour between sleeper and ballast bed. The
contact model parameters used in this study are consistent with those reported in other
studies [28, 29]. Specifically, the friction coefficient between the ballast particles and
the sleeper is set at 0.5, and the friction coefficient between the ballast and the wall
units is also 0.5.
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Figure 2: The 3D DEM model of sleeper and ballast bed.

2.2 Validation of the sleeper-ballast bed DEM model

In the DEM simulation, a concentrated force is applied to individual sleepers in the x-
direction, and their resulting lateral displacement is recorded. The lateral resistance of
the ballast bed is determined when the lateral displacement of the sleepers reaches
2mm. This process is repeated sequentially for each sleeper, enabling the
characterization of the lateral resistance properties of the ballast bed across all four
sleepers.

Figure 3 shows the relationship between the applied force and the sleeper
displacement for four sleepers. Figure 3 indicate consistent trends in the lateral
resistance of the ballast bed across all sleepers, and the value of lateral resistance of



ballast bed is 19.3 kN, 14.3 kN, 15.4 kN, 18.6 kN for four sleepers when the sleeper
displacement reaches 2 mm. This meet the requirement of Chinese standard, with the
minimum limit value of lateral resistance of ballast bed is 12 kN/sleeper [30-31]. The
range of simulation values are covered by the measured values of 13 — 22 kN/sleeper
in Ref. [8] for well-compacted ballast beds. Therefore, the correctness of the DEM
model simulating the lateral resistance of the ballast bed has been validated.
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Figure 3: Relationship between the lateral force and displacement of sleeper.
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3 Analysis of the lateral resistance of the ballast bed with
different friction coefficients

To thoroughly investigate the influence of the friction coefficient of various
components and interactions within the sleeper-ballast bed on the lateral resistance of
the ballast bed, the friction coefficient at the interface between the sleeper bottom and
the ballast is examined in Section 3.1, while the friction coefficient of the sleeper is
focused on in Section 3.2. Section 3.3 investigates the friction coefficient of the ballast
particles. Table 1 lists set for the sleeper-ballast interface and components in this study.
the selected values for the friction coefficient settings of the parameters are 0.3, 0.5,
0.7 and 0.9, based on the typical range of friction coefficients for ballast particles,
which typically range from 0.3 to 0.9 according to DEM simulation [32-36].

Variation friction coefficient Variation friction Variation Friction
at the bottom of sleepers coefficient of sleepers  coefficient of ballast

0.3 0.5 0.7 09 03 05 07 09 03 05 07 09

At the bottom of sleepers 0.3 0.5 0.7 09 03 05 07 09 03 05 07 09
At the side of sleepers 0.5 0.5 0.5 0.5 03 05 07 09 03 05 07 09
At the end sleepers 0.5 0.5 0.5 0.5 03 05 07 09 03 05 07 09
For the ballast particles 0.5 0.5 0.5 0.5 0.5 05 05 05 03 05 07 09
For the wall elements 0.5 0.5 0.5 0.5 0.5 05 0.5 0.5 0.5 05 05 05

Parameter settings for
different components

Table 1: Setting the friction coefficient for sleeper-ballast interface and component



3.1 Influence of friction coefficient at the bottom of sleeper on the lateral
resistance

Figure 4 illustrates the relationship between the lateral resistance of ballast bed and
the different friction coefficients at the bottom of sleeper. Each point in the graph
represents the lateral resistance value of the ballast bed corresponding to the friction
coefficient at the bottom of each sleeper. From Figure 4, the lateral resistance of the
ballast bed increases as the friction coefficient at the interface between the sleeper
bottom and the ballast increases. The trend appears to exhibit an exponential growth
as the friction coefficient increases from 0.3 to 0.9, indicating a significant
acceleration in the rate of increase in the lateral resistance of the ballast bed.
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Figure 4: Lateral resistance of ballast bed under different friction coefficients at the
interface between the sleeper bottom and the ballast.

Figure 5 illustrates the contribution of ballast at different parts around No. 3 sleeper
to the lateral resistance of the ballast bed. Figure 5(a) shows that the lateral resistance
provided by the ballast beneath the sleeper increases linearly as the lateral
displacement of the sleeper increases. The same trend is evident across different
friction coefficient conditions. In Figure 5(b), it is shows that the lateral resistance
provided by the shoulder ballast initially increases significantly with the sleeper's
lateral displacement and then stabilizes, remaining constant at around 1 kN. This
contributes a relatively small proportion to the overall lateral resistance of the ballast
bed. For the ballast in the cribs on both sides of the sleeper, Figures 5(b) and 5(c)
indicate that as the lateral displacement of the sleeper increases, the lateral resistance
provided by the crib ballast initially increases significantly, followed by a reduced rate
of increase.

Furthermore, Figure 5(a)-(c) indicate that with the increase of the friction
coefficient, the lateral resistance provided by the ballast at the bottom of the sleeper
increases, while the lateral resistance provided by the ballast at the shoulder of the
sleeper and on both sides of the crib decreases. This is mainly due to the increase in
the friction coefficient at the bottom of the sleeper, which causes the ballast at the
bottom of the sleeper to bear more lateral resistance. Consequently, this reduces the



contribution of ballast at other positions of the sleeper to the lateral resistance during
the lateral displacement of the sleeper.
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Figure 5: Contribution of ballast at different part of sleeper to lateral resistance with
different friction coefficients at the bottom of sleeper.

Table 2 summarizes the lateral resistance of the ballast bed and the lateral
resistance provided by the ballast at bottom of the sleeper. It also lists the contribution
percentage of base ballast to the lateral resistance of the sleeper. Table 2 indicates that
with a friction coefficient of 0.5 at the bottom of the sleeper, the lateral resistance of
the ballast bed fluctuates between 14.3 and 19.3 kN per sleeper. The contribution
percentage of base ballast to the lateral resistance of the sleeper ranges from 50.8% to
63.6%, with an average of 57.9%. This range aligns with the measured results of 37%-
62% reported in references [37-38].

Furthermore, from Table 2, it can be observed that as the friction coefficient
increases, the proportion of the lateral resistance provided by the bottom of the sleeper
to the total lateral resistance of the ballast bed also increases. When the friction
coefficient at the bottom of the sleeper increases from 0.3 to 0.9, the average lateral
resistance provided by the bottom ballast increases from 6.7 kN to 32.2 kN, along
with an increase in the proportion of the lateral resistance contributed by the bottom
of the sleeper to the total lateral resistance of the ballast bed from 47.8% to 85.6%.
Meanwhile, the lateral resistance value of the ballast bed increases from 14.1
kN/sleeper to 37.7 kN/sleeper. Therefore, it can be concluded that increasing the
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friction coefficient at the bottom of the sleeper can effectively increase the lateral
resistance provided by the bottom ballast and enhance the overall lateral resistance of
the ballast bed.

Lateral resistance with Lateral resistance with Lateral resistance with Lateral resistance with
friction coefficient of 0.3 friction coefficient of 0.5 friction coefficient of 0.7 friction coefficient of 0.9

Base Total Percentage Base Total Percentage Base Total Percentage Base Total Percentage
No.l 5.7 155 36.8% 9.8 19.3 50.8% 23.1 309 74.8% 38.6 457 84.5%
No.2 7.6 129 58.9% 9.1 143 63.6% 155 199 779% 239 278 86.0%
No.3 7.3 133 54.9% 9.5 154 61.7% 149 205 72.7% 274 317 86.4%
No.4 6.0 14.8 405% 10.3 18.6 55.4% 212 286 74.1% 39.0 455 85.7%
Avg. 6.7 14.1 47.8% 9.7 16.9 57.9% 18.7 250 749% 322 37.7 85.6%

Table 2: Base ballast contributes to the percentage of lateral resistance with different
friction coefficients at the bottom of sleeper.

3.2 Influence of friction coefficient of sleeper on the lateral resistance

Table 3 further summarizes the values of the lateral resistance provided by the ballast
at different parts of the sleeper when the sleeper moves laterally by 2 mm. From Table
3, as the friction coefficient of the sleeper increases, the lateral resistance provided by
the ballast at the bottom of the sleeper and on both sides of the crib increases, while
the lateral resistance provided by the ballast at the end of the sleeper decreases. This
further proved that the main contribution of the ballast at the bottom of the sleeper
and on both sides of the crib to the lateral resistance of the ballast bed is provided by
the friction interaction between the sleeper and the ballast. Conversely, the
contribution of the ballast at the shoulder of the sleeper to the lateral resistance of the
ballast is minimally affected by the friction interaction between the sleeper end and
the shoulder ballast.

Lateral resistance with  Lateral resistance with Lateral resistance with Lateral resistance with
friction coefficient of 0.3 friction coefficient of 0.5 friction coefficient of 0.7 friction coefficient of 0.9

Bottom Shoulder Crib Bottom Shoulder Crib Bottom Shoulder Crib Bottom Shoulder Crib
No.l 6.4 45 44 100 4.0 51 234 3.3 5.7 35.9 2.8 9.4
No.2 8.2 0.7 3.8 9.2 0.6 4.4 14.9 0.47 4.5 24.2 0.45 4.9
No.3 7.7 1.2 3.9 9.5 1.0 49 14.4 12 49 26.8 0.9 5.8
No.4 6.9 2.6 4.5 10.3 2.3 6.2 213 17 9.9 37.6 1.6 114
Avg. 7.3 2.3 4.2 9.8 2.0 5.2 18.5 1.7 6.3 31.1 14 7.9

Table 3: Contribution value of ballast at different part of sleeper to lateral resistance
with different friction coefficients of sleeper.

Table 4 lists the lateral resistance values of the ballast bed for sleepers under
different sleeper friction coefficients. The lateral resistance average values of the
ballast bed are 13.7 kN/sleeper, 16.9 kN/sleeper, 26.4 kN/sleeper, and 40.4 kN/sleeper
when the sleeper friction coefficients are 0.3, 0.5, 0.7, and 0.9, respectively. When the
friction coefficient of the sleeper is 0.9, the proportion of lateral resistance provided
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by the base ballast of the sleeper is approximately 77.0%. This is slightly reduced
compared to the 85.6% proportion of lateral resistance provided by the base ballast of
the sleeper with a friction coefficient of 0.9 in Table 2 of Section 3.1. This reduction
is mainly due to the increased friction resistance provided by the crib ballast when the
friction coefficient of the sleeper is 0.9, causing a slight decrease in the proportion of
lateral resistance provided by the base ballast of the sleeper. This also indicates the
variations of friction coefficient between the ballast and sleepers significantly impact
the proportion results of the lateral resistance contributed by the ballast at different
interfaces around the sleepers.

Lateral resistance with Lateral resistance with Lateral resistance with Lateral resistance with
friction coefficient of 0.3 friction coefficient of 0.5 friction coefficient of 0.7 friction coefficient of 0.9

Base Total Percentage Base Total Percentage Base Total Percentage Base Total Percentage
No.l 6.4 153 41.8% 9.8 193 50.8% 234 324 72.2% 359 481 74.6%
No.2 8.2 127 64.6% 9.1 143 63.6% 149 199 74.9% 242 295 82.0%
No.3 7.7 128 60.2% 95 154 61.7% 144 205 70.2% 26.8 335 80.0%
No.4 6.9 14.0 49.3% 10.3 186 55.4% 213 329 64.7% 376 506 74.3%
Avg. 7.3 137 53.3% 9.66 16.9 57.9% 185 264 70.0% 311 404 77.0%

Table 4: Base ballast contributes to the percentage of lateral resistance with different
friction coefficients of sleepers.

3.3 Influence of friction coefficient of ballast particle on the lateral resistance

Table 5 lists the values of lateral resistance provided by the ballast at different parts
of the sleeper under different ballast friction coefficient conditions. From Table 5, it
can be observed that with the increase in ballast friction coefficient, the lateral
resistance provided by the base ballast, crib ballast, and shoulder ballast of the sleeper
all increase. Interestingly, the increase in ballast friction coefficient also leads to an
increase in the friction coefficient provided by the shoulder ballast, contrary to the
trend observed in Table 3 regarding the increase of sleeper friction coefficient. This
is primarily due to the greater interlocking friction between the end crib ballast as the
ballast friction coefficient increases, resulting in better overall integrity of the
shoulder ballast and thus providing greater lateral resistance to the ballast bed.

Additionally, from Table 5, it is evident that the lateral resistance provided by the
shoulder ballast is significantly smaller compared to other sections under different
ballast friction coefficient conditions. When the ballast friction coefficient is 0.9, the
friction resistance provided by the base ballast, shoulder, and crib ballast increases by
135%, 48%, and 149%, respectively, compared to when the ballast friction coefficient
is 0.7. This indicates that the shoulder ballast has a limited effect on enhancing lateral
resistance, while the crib ballast exhibits the greatest increase. Therefore, when
employing methods such as ballast bonding to enhance the lateral resistance of
existing ballast bed, it is advisable to focus on bonding the crib section of the ballast.
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Lateral resistance with  Lateral resistance with Lateral resistance with Lateral resistance with
friction coefficient of 0.3 friction coefficient of 0.5 friction coefficient of 0.7 friction coefficient of 0.9

Bottom Shoulder Crib Bottom Shoulder Crib Bottom Shoulder Crib Bottom Shoulder Crib
No.l 6.3 2.4 34 100 4.0 51 239 6.5 102 541 8.2 33.8
No.2 6.4 0.6 34 9.2 056 4.44 197 0.5 6.9 50.4 0.8 12.7
No.3 6.1 1.1 3.6 9.5 1.0 49 214 1.0 7 48.3 1.4 14.1

No.4 6.4 1.8 41 103 2.3 6.2 239 2.9 17.7 557 5.7 43.2
Avg. 6.3 1.5 3.6 9.8 2.0 52 222 2.7 105 52.1 4.0 26.0

Table 5: Contribution value of ballast at different part of sleeper to lateral resistance
with different friction coefficients of ballasts.

Figure 6 compares the lateral resistance of ballast bed with different friction
coefficients for the sleeper bottom, the sleeper and the ballast. From Figure 6, it can
be observed that the average lateral resistance of the ballast bed under a ballast friction
coefficient of 0.9 is 82.1 kN/sleeper, which is significantly larger compared to 37.68
kN/sleeper and 40.43 kN/sleeper when the friction coefficient of the sleeper and the
base of the sleeper is 0.9, respectively. This is mainly due to the increased friction
coefficient between the ballast particles, which enhances the interlocking effect
between them, thereby improving the overall integrity of the ballast bed and
significantly increasing its lateral resistance. Moreover, when the ballast friction
coefficient is 0.3, the lateral resistance of the ballast bed is lower than when the sleeper
friction coefficient is 0.3, suggesting a larger reduction in lateral resistance as the
ballast bed deteriorates. In summary, changes in the ballast friction coefficient have a
more pronounced effect on the lateral resistance of the ballast bed compared to
changes in the sleeper friction coefficient.
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Figure 6: Lateral resistance of ballast bed with different friction coefficients for
sleeper-ballast interface and component.

4  Conclusions and contributions

This work utilizes a 3D DEM of sleeper-ballast bed to study the lateral resistance of
the ballast bed with different friction coefficients of ballast aggregate and sleeper-
ballast interaction.
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Considering that friction sleeper designs usually modify the structure of the bottom
to increase friction, the first part of this work investigates the influence of changing
the friction coefficient at the contact between the sleeper bottom and the ballast on the
lateral resistance. Based on the numerical simulation conducted in this study, the base
ballast contributes between 50.8% and 63.6% to the lateral resistance of the sleeper,
with an average contribution of 57.9%. Additionally, the results indicate that
increasing the friction coefficient at the bottom of the sleeper can effectively enhance
the lateral resistance.

By exploring the effect of altering the friction coefficient around the sleeper on the
lateral resistance of the sleeper, the simulation results prove that the sleeper bottom
resistance and sleeper side resistance of lateral force is derived from the sleeper-ballast
friction mechanisms, while the friction between the sleeper end and the shoulder
ballast has minimal impact on the sleeper end resistance. Besides, the results also
indicate that the variations in the friction coefficient between the ballast and the
sleeper significantly impact the proportion of the lateral resistance contributions from
the different positions of sleeper-ballast interface.

Finally, given friction coefficients depends on the materials, degradation and
gradations of ballast particle, the impact of changes in the surface friction coefficient
of ballast particle on the lateral resistance of the sleeper is examined. The DEM
simulation results indicate that changes in the ballast friction coefficient have a more
substantial impact on the lateral resistance of the ballast bed compared to alterations
in the friction coefficient at the sleeper-ballast interface. Furthermore, increasing the
ballast friction coefficient significantly boosts the contribution of lateral resistance
from the crib ballast. Therefore, for existing ballasted tracks, it is advisable to
prioritize bonding the crib section to enhance lateral resistance when using methods
like ballast bonding.
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