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ABSTRACT

A primary function of railway ballast is to maintain vertical track geometry, however over time it becomes
contaminated with fines which reduce its ability to free-drain. Then, in the presence of moisture, the individual
particles have greater scope for rearrangement thus leading to increased track settlement. This behaviour has
received limited studied from a differential settlement viewpoint despite track geometry being the dominant
metric used for scheduling railway maintenance. Therefore this paper presents a novel numerical modelling
approach capable of simulating the effect of ballast fouling and moisture content on the evolution of track ge-
ometry. First the model is presented, which uses a 2.5D finite element approach with perfectly matched layers to
simulate static and dynamic stress fields from trains. Non-linear track-soil effects are considered and loading is
applied using a multi-body vehicle with train-track coupling. Differential track settlement is calculated in an
iterative manner, being updated after every train passage. It is used to perform four analyses, the first of which is
to investigate the effect of ballast fouling considering dry conditions. Next the effect of moisture of fines is
studied. Then, the effect of earthwork stiffness and train speed is analysed. It is shown that elevated levels of
ballast fouling lead to faster deterioration in track geometry, particularly in the presence of moisture. When the
ballast is heavily fouled and the moisture of fines is high, rapid deterioration occurs. In contrast, when the ballast
is kept dry, the increase in degradation rate for fouled ballast is limited. Higher train speeds and lower earthwork
stiffness’s make this effect more pronounced.

Introduction

and/or becomes contaminated. This contamination is for example due to
aggregate breakage, which results in the presence of an increased per-

Under repeated train loading railway tracks undergo plastic defor-
mation. This deterioration is not distributed uniformly along the track
but instead varies along each section. Deterioration in vertical track
geometry leads to a cycle where train-track dynamic interaction forces
increase, resulting in further track degradation. These longitudinal track
irregularities evolve with each load passage. Consequently, the charac-
teristics of the train-track dynamic interaction forces, track stress dis-
tributions, and settlements change over time. The track geometry profile
is the most commonly used factor in determining the scheduling of track
maintenance operations.

During initial construction and track renewals, fresh ballast con-
taining clean, uniformly graded coarse aggregate is incorporated into
the track substructure. However, over time, the new ballast deteriorates
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centage of smaller ballast particles in the matrix. It can also occur from
below (e.g. mud pumping) and above (e.g. coal from freight wagons).
Regardless, these contaminates are known as fouling and effect the
particle size distribution of the ballast layer. Ballast fouling can result in
track geometry issues, for example inadequate drainage, increased set-
tlement and reduced lateral track stability.

One crucial role of the ballast is to facilitate effective drainage.
However, as becomes fouled, it loses its ability to free-drain. Over the
past few decades, extensive research has been conducted to explore the
performance of unbound aggregate materials under various moisture
conditions [17,29]. Even in the case of clean aggregate materials,
moisture can introduce lubrication between particle contacts, resulting
in heightened deformation and reduced strength [36]. This effect

E-mail addresses: cncc@leeds.ac.uk (C. Charoenwong), d.connolly@leeds.ac.uk (D.P. Connolly).

https://doi.org/10.1016/j.trgeo.2024.101193

Received 12 December 2023; Received in revised form 15 January 2024; Accepted 24 January 2024

Available online 29 January 2024

2214-3912/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:cncc@leeds.ac.uk
mailto:d.connolly@leeds.ac.uk
www.sciencedirect.com/science/journal/22143912
https://www.elsevier.com/locate/trgeo
https://doi.org/10.1016/j.trgeo.2024.101193
https://doi.org/10.1016/j.trgeo.2024.101193
https://doi.org/10.1016/j.trgeo.2024.101193
http://crossmark.crossref.org/dialog/?doi=10.1016/j.trgeo.2024.101193&domain=pdf
http://creativecommons.org/licenses/by/4.0/

C. Charoenwong et al.

becomes more pronounced as the moisture of fines (w) rises, particularly
as it approaches saturation [24].

To quantify fouling, Selig & Waters [33] proposed the use of a
Fouling Index (FI), which is calculated as the sum of the percentage by
weight of ballast sample passing the 4.75 mm (No. 4) sieve and the
percentage passing the 0.075 mm (No. 200) sieve. This index serves to
quantify ballast fouling conditions and estimate the drainage perfor-
mance of wet fouled ballast.

To predict differential track settlement due to train loading, various
methodologies have been proposed by de Miguel et al. [12], Grossoni
et al. [15], Kumar et al. [22] and Nielsen & Li [30]. These methods use
iterative simulations of train passages along with settlement models to
assess differential track settlement, taking into account variations in
track geometry. However, the complexities arise when trying to simulate
cyclic loading over time. Accurately representing the 3D dynamic stress
fields in the track and the ground beneath it, particularly over numerous
loading cycles, tends to require significant computational resources
[6,7,9,14].

A railway settlement prediction model primarily hinges on evalu-
ating the stress/strain behaviour of the infrastructure and then deter-
mining the subsequent settlement. When it comes to predicting
settlement, the prevalent methods are either constitutive, as detailed by
Dahlberg [11] and Guo et al. [16] and Shih et al. [35], or empirical, as
demonstrated by Indraratna & Nimbalkar [18] and Li & Selig [27,28]
among others. The constitutive methodology, while thorough, tends to
be resource-intensive in terms of computation and necessitates a
detailed set of material inputs, complicating its real-world imple-
mentation, as outlined by Chen & McDowell [5] and Shan et al. [34]. On
the other hand, empirical models, characterised by their limited number
of parameters and computational efficiency, can accurately replicate on-
track settlement behaviour when applied judiciously[32].

In this paper, a novel empirical equation for ballast settlement,
derived from laboratory data on degraded ballast exposed to both dry
and wet conditions, is presented. The proposed settlement equation is
integrated with a new numerical algorithm for computing differential
track settlement in ballasted tracks under various fouling conditions.
Train-track interaction, vehicle dynamics, and the propagation of 3D
stress fields are all explicitly modelled. The computational imple-
mentation is high, even when using solid elements to represent 3D stress
fields. An equivalent-linear wavenumber finite element method com-
bined with empirical settlement relationships is employed. This com-
bination allows track irregularities to evolve after each load passage
before applying the subsequent load. Four different case studies are
examined. The first case investigates the impact of Fouling Index (FI)
under dry subgrade conditions, with FI values ranging from 5 to 40. The
second case studies the influence of moisture of fines on fouled ballast,
exploring moisture levels of 3 %, 6 %, and 9 % (w) at a constant FI value
of 40. The third case examines the effect of a reduced embankment
stiffness considering different levels of ballast FI and moisture content.
The final case assesses the effect of linespeed under various ballast
conditions, considering speeds of 100, 150, and 200 km/h.

Differential settlement modelling
Model overview

A two-step coupled modelling strategy is employed to calculate dif-
ferential track settlement. The model is constructed using a 2.5D Finite
Element Method with Perfectly Matched Layers (FEM-PML) approach,
and is solved in a hybrid fashion, encompassing both the frequency-
wavenumber and time-space domains. This wavenumber finite
element method is a computationally efficient method for the solution of
three-dimensional domains. Two dimensions are solved via finite
element theory while the third is solved analytically. It is therefore well-
suited for 3D structures that can be approximated as having invariant
geometry and material properties in one direction (e.g. railways,
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highways and tunnels). Assuming the structure is linear and elastic, the
equations of motion can be solved in the wavenumber-frequency
domain. A double Fourier transform is used to transform all variables
into the wavenumber-frequency domain in terms of the moving direc-
tion of the train (x direction) and time (t). The main difference between
the 2.5D and a 3D solution is that discrete sleepers can be simulated
using 3D methods [23]. However, to approximate the reduced bending
stiffness due to the presence of non-continuous sleepers, the 2.5D
method uses modified anisotropy. The approach proposed by Alves
Costa et al. [1] and Karlstrom and Bostrom [19] is used. The sleepers are
modelled as continuous and orthotropic elements, incorporating the
physical properties of the sleepers in the cross-section, with stiffness set
to zero in the longitudinal plane. This approximation approach provides
acceptable results within the investigated frequency range [20]. To
capture all important waves within the frequency range of interest, the
maximum wavenumber is constrained to 10 rad/m. Over the range from
—10 to +10 rad/m, 1024 wavenumbers are sampled, a choice that
effectively captures the peaks in the integrand while minimising
computational complexity.

The two interconnected steps are visually presented in Fig. 1: Step A
involves pre-calculating transfer functions, while Step B entails an
iterative settlement process. Given the presence of repeated dynamic
train loads, the proposed transfer function approach proves advanta-
geous, as it enables the track geometry profile to be updated following
each load passage with minimal computational burden. An investigation
into the influence of track geometry update frequency on differential
settlement was undertaken by Charoenwong, Connolly, Woodward,
et al. [4]. Although updating after every axle passage is computationally
demanding, failure to do so results in the incomplete capture of the ef-
fects of train-track interaction on differential settlement.

In Step A, a pre-calculation phase is undertaken, encompassing the
calculation of the 3D elastodynamic response and geostatic stresses
within both the track and the ground. The computation of the moving
load transfer function, accounting for the non-linear track-ground stiff-
ness, is executed within the frequency-wavenumber domain. Further-
more, the 3D stress transfer functions arising from quasi-static and
dynamic loading conditions are derived, while several matrices neces-
sary for the calculation of train-track dynamic interaction are also
precomputed.

Step B involves an iterative solving procedure, which operates in
both the wavenumber-frequency and space-time domains. Based on the
track irregularity profile, track compliance, and rolling stock charac-
teristics, the train-track dynamic interaction force is computed through
a multi-body model. Subsequently, the overall stresses, encompassing
quasi-static, dynamic, and geostatic components, along with settlements
in both the track and the ground, are determined across the entire length
of the model track, corresponding to the direction of train passage.
Following each axle passage, the vertical track geometry profile un-
dergoes updates, thereby necessitating the recalculating of both the
train-track dynamic force and stresses at each iteration. These steps are
repeated for the desired number of cycles, or until a threshold limit
value, potentially specified by railway standards, is reached. It should be
noted that due to the pre-calculations in Step A, Step B iteration only
requires minimal computational resources, facilitating the rapid simu-
lations of many axle passages. Additional information regarding the
numerical model can be found in Charoenwong, Connolly, Woodward,
etal. [4].

Train-track dynamic interaction

A comprehensive 2D vehicle model that incorporates the primary
structural elements of train dynamics [37] is used for the rolling stock.
The interaction between the vehicle and the track is addressed through a
compliance method, applied using a dynamic frame of reference for the
moving train [8,10]. The rolling-stock considered is a passenger train,
formulated as a rigid multi-body vehicle with two levels of suspension as
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Fig. 1. Model overview.

shown in Fig. 2. In the context of differential settlement modelling, the

errors associated with using simplified passenger vehicle models have {Fan(@)} = = (V1 + [V"] +[1]) " {Au(@)} ®
been studied by Charoenwong, Connolly, Odolinski, et al. [3], where it is

shown that a reduction of degrees of freedom results in unacceptable {Au(Q) } = su{b(Q) } ()
error levels. The analysis is carried out in the frequency domain,

factoring in the conversion of the track profile from the spatial domain. b(Q), = e 3

Equations (1) to (7) provide the calculations for the dynamic interaction

force in the frequency domain. When considering Hertzian stiffness, a 1 o

S . T(Q) = — [ ul(k,,w)dk 4
linearization approach is employed where only the dead load trans- 7 A x

mitted by the wheelset is considered when deriving a representative —e

value [21].
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Fig. 2. Multi-body vehicle model.
Vi 1 ) terms of position x is obtained using:
ky N
3 i (x) = Suje™" 1)
_ 3 =
ky 2 GP“ (6)
N T Dynamic stresses along the track
v(Q) = [Z)(K] - M) 2]’ ™
o0 0 0 0 o0 L o 0 o When calculating differential settlement, stresses along the track in
the direction of the train’s movement are determined. The total stress
7] = 6 0 0 o0 o O o0 1 0 O ®) includes geostatic stress, quasi-static stress, and dynamic stress. Both
o 0 0O o0 O o0 o0 O 1 0 geostatic and quasi-static stresses are assumed to be constant along the
0 0 0 0 0 0 0 0 1 track and can thus be computed in advance before the iterative train-

In equations (1)—(7), Q is the driving frequency, defined by Q = 2fy,;
T is the flexibility term of the track compliance; V is the flexibility term
of the vehicle compliance; V¥ is the contact flexibility matrix; kj is the
linearised (Hertzian) contact stiffness; P, is the static load transmitted by
the wheel to the rail; G is the contact constant depending on the radius
and geometry of the wheel, and rail bearing surface; Z is a constant
matrix, M is the vehicle mass matrix and K" is the vehicle stiffness. The
mass and stiffness matrices of the vehicle system with primary and
secondary suspensions can be found in Charoenwong, Connolly, Odo-
linski, et al. [3].

Regarding track irregularities, their profile can be characterised
using power spectral density (PSD) based on spatial frequency, for which
multiple formulations exist. In this study, the methodology proposed by
the Federal Railway Administration (FRA) that classifies tracks into
distinct categories to quantify their unevenness is adopted[13]. The
formulation based on FRA is defined using the equations (9)-(11):

2(12 2
S,,(kx) — Ak? (kx + kZ) (9)
ki (2 + K3)
where the spatial frequency is k, = ff, Air is the wavelength of the ir-
regularity, A is a roughness constant, and k; and k3 are spatial frequency
constants.
After computing the PSD, the amplitude of unevenness in terms of
spatial frequency is:

5u,-:< ZSn(kX,)AkX>e’”’f (10)

where Ak, is the resolution retained for the spatial frequency, and 0 is
phase angle, taken as a random variable with uniform distribution in the
range 0-2r. The metric considered for threshold exceedance is the
standard deviation over a 200 m track length. The initial track profile in

track interaction process. However, dynamic stresses vary based on ir-
regularities in track geometry and are updated with every iteration
when the track geometry profile changes. To compute dynamic stresses
along the railway track considering the full vehicle model, the subse-
quent steps are undertaken:

(1) Pre-calculate the unit load stresses oypit_ioad(€2, kx) in the fre-
quency Q and wavenumber k, domain. In this study, stresses are
calculated every 0.2 m along the track length and at vertical
depth intervals of 0.25 m.

(2) To minimise the run time during the calculation of dynamic
stresses along the track within the iterative process, the unit load
stresses Ounir_ioad (2, kx) in the frequency Q and wavenumber k,
domain are converted to the unit load stresses oypir_oad () in the
frequency domain prior to the iterative process, using the
following equation:

+00

/ O—Lm[[_lrmd(Qy kx)dk,\ (12)

—o0

1

O—unil_loud(g) = g

(3) Pre-calculate the variables [V], [V#], [T] and b(Q) based on the
chosen vehicle model.

(4) Use Equation (1) to calculate Fgy, 1(Q), Fayn_2(Q), Fgyn_3(Q) and
Fgyn_4(Q). These represent dynamic forces from the four wheels,
with Au(Q) denoting the amplitudes of the updated track irreg-
ularity profile.

(5) Calculate dynamic stresses in the frequency domain based on the
dynamic forces from the four wheels:



C. Charoenwong et al.

1

— — — — Test data: FI=0
09r Predicted: Fl=5 1
———— Test data: FI=10

0.8 Predicted: FI=10 _
9 ~——~ Test data: FI=20 =
071 Predicted: FI=20 L 1
© Test data: FI=30 A
061 Predicted: FI=30 )
2 — — — — Test data: FI=40 P
g 05k Predicted: FI=40 % .
o
o
2041
©
=} P
E03r -
=1 ==
O P ==

021 Y /f/f’ PR

/,/ // */~~“'/‘/’47
01F S == S e
0 — //’\rr< 1 I I
0 1000 2000 3000 4000 5000

Number of cycles

Fig. 3. Comparison of proposed ballast settlement model with experimental
data for varying ballast fouling indices.

0.12 T T

Test data: 3% miosture
Test data: 6% miosture
01r Test data: 9% miosture
— — — — Predicted: 3% miosture
— — — — Predicted: 6% miosture
0.08 Predicted: 9% miosture 7

0.06

0.04

Cumulative plastic strain

.0.02 . . . .
0 1000 2000 3000 4000 5000

Number of cycles

Fig. 4. Comparison of proposed ballast settlement model with experimental
data, considering moisture of fines.

Odyn_1 (Q) = Uuml_loud(g) X den_l(g)
Odyn_ Q = Ounit_loa Q) x F, n_ Q
1-2©) = O 10a(@) % Fa 2(@) )
Cayn_3(Q) = Cunit_toad(Q) X Fayn_3(Q)
Cayn_4(Q) = Cunit_toad () X Fayn_4(Q)

(6) Before using the stresses to calculate settlement along the track,
the four dynamic stresses in the frequency domain are trans-
formed into the time-space domain using the following equation:

Oayn_1 (1) = Zjil”dyn-l ()it
o-dyn_Z(t) = Z]}i]gﬂf}'"—z (Q]) in[
14)
O3 (1) = ) O3 ()it
Ganalt) = D Can 4 ()it

j=1

Fouled ballast settlement model

Large-scale triaxial tests were performed by Qian et al. [31] using the
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University of Illinois Triaxial Ballast Tester. The investigation aimed to
assess the influence of moisture on the mechanical performance of
degraded ballast. It focused on analysing permanent deformation and
shear strength attributes under varying moisture conditions, encom-
passing both dry and wet scenarios. The ballast was varied at FI levels: 0,
10, 20, 30, and 40, while the moisture content of the finer particles was
varied at: 3 %, 6 %, and 9 %.

Based upon the test data, a model for ballast settlement is introduced,
which takes into consideration both Ballast Fouling Index (FI) and
moisture of fines (w). The new settlement equation is a modified version
of that proposed by Li and Selig as shown in Egs. (15) and (16) [26]. The
coefficient A associated with plastic strain after the initial cycle of
repeated loading is adapted to consider both ballast fouling and mois-
ture. Additionally, it incorporates the ratio between the stress invariant
quantity (t) and the Mohr-Coulomb failure criterion (t;.) for a more
universal/flexible approach that can be applied to all track layers.
Considering the need to regularly update the track profile, the equation
is also further refined to account for the settlement from previous axle
passages in the build-up of plastic settlement, rather than simply
consider the total number of cycles as is common in settlement model-
ling. This modification enables computation at each iterative step. This
offers multiple benefits, for example being able to better capture the
non-linearity of track settlement and greater flexibility in considering
the rate of growth of track geometry (e.g. due to different magnitudes of
axle loads [3]. The computation of permanent strain can be formulated
as Eq. (17)., considering Egs. (15) and (16):

€, = AN’ (15)

A= a(ﬂ>m (16)
()—S

where ¢, is the cumulative plastic strain (%); o4 is the deviator stress; o,
is the material static strength; @, b and m are material constants for
different soil types corresponding to clay content and soil plasticity as
determined by Li [25].

e

Ay i = ((w+1) o) x (FI e d) x <i) x [(((@n o i)+ Ny
“1) = ((@ve 1) +m) - 1) ] a7
The corresponding settlement is then:
ASy; = Z/‘]ZIAS,,J_,., ol (18)

The term .- defines the stress invariant quantity (t) and the

'me

Mohr—Coulomb failure criterion (t,,.) which can be calculated as follows:

1=V2\/1, 19)

_ V2sin@'s + V6cosg ¢ (20
sinfsin® + \/376050

Where 0 is the lode angle, defined as:

1. ., [3V3 ([
P2 ()]

Where J, and J; are the 2nd and the 3rd invariant of deviatoric stress,
defined as:

me

Jz:é{(‘;l 6’2)2+(6/275’3)2+(5/37”’1)2] (22)
5 = (0,-0,)(0,~0,)(0;-0,) (23)

Where s is the stress invariant quantity, defined as:

(24
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Table 1
Ballasted track properties.
Component Parameter Value
UIC 60 Rail (single rail) Height (m) 0.172
Length in transversal direction (m) 0.015
Section area (m?) 7.677 x 10°
Moment of Inertia y-y (m*) 3.038 x 107°
Moment of Inertia z-z (m4) 0.512 x 107°
Young’s modulus (MPa) 2.11 x 10°
Density (kg/m>) 7850
Poisson’s ratio 0.3
Hysteresis damping coefficient 0.01
Railpad (spring element) Continuous stiffness (N/m?) 200 x 10°
Viscous damping (Ns/m?) 22.5 x 10°
Sleeper (G44) Height (m) 0.2
Length in transversal direction (m) 2.5
Sleeper spacing (m) 0.65
Young’s modulus (MPa) 3 x10*
Density (kg/m°%) 2500
Poisson’s ratio 0.2
Hysteresis damping coefficient 0.01
Ballast Height (m) 0.35
Length in transversal direction (m) 2.8
Young’s modulus (MPa) 220
Density (kg/m>) 1600
Poisson’s ratio 0.12
Hysteresis damping coefficient 0.06
Sub-ballast Height (m) 0.25
Length in transversal direction (m) 3.5
Young’s modulus (MPa) 210
Density (kg/m%) 2000
Poisson’s ratio 0.3
Hysteresis damping coefficient 0.05
Embankment Height (m) 1.0
Young’s modulus (MPa) 200
Density (kg/m%) 2000
Poisson’s ratio 0.3
Hysteresis damping coefficient 0.05
Shear wave speed (km/h) 706
Subgrade Young’s modulus (MPa) 70
Density (kg/m>) 2000
Poisson’s ratio 0.35
Hysteresis damping coefficient 0.03
Where ¢, is the mean effective stress, defined as:
' o O. (o
o, = W (25)

where Ag, ;; is ballast permanent strain increment; i is iterative step; Ny,
is the number of load cycles since the last ballast renewal/tamping; ASp;
is ballast settlement increment; h; is the thickness of each layer; k is
number of sublayers; dN is the frequency of load application; FI is ballast
fouling index (%) where FI > 5&FI < 40; w is moisture of fines (%)
where w < 9; @ is friction angle; ¢ is cohesion; o1, 62, 63 are principal
effective stresses; and a, b, ¢, d are empirical constants.

The model was fitted to the test data, as illustrated in Fig. 3 for ballast
fouling index and Fig. 4 for moisture of fines. The empirical constants,
represented as a,b, ¢ and d, are: 2.15, 0.38, 0.013, and 0.0042, respec-
tively. The proposed equation exhibits a good fit with the experimental
data. However, it’s important to acknowledge that the lowest value of FI
employed in the proposed model is FI = 5, even though it originates
from test data with FI = 0. This adjustment is necessary since it’s chal-
lenging to substantiate the assumption that fresh ballast has a FI value of
0 in real-world scenarios.
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Differential settlement model validation

The model’s ability to predict the evolution of differential settlement
with increasing axle passages is validated through comparison with
historical track geometry data recorded using a track-recording-vehicle.
An analysis is conducted on the standard deviation of the vertical track
geometry profile spanning 200 m, focusing on wavelengths between 3 m
and 35 m.

The material properties of the rails, rail pads, sleepers, ballast, sub-
ballast, embankment, and subgrade are described in Appendix A. The
subgrade properties are based upon site investigation data. The line
operates with high freight traffic (60.49 % freight and 39.51 % pas-
senger), and the assumed vehicle properties shown in Appendix B. The
traffic volume per year is 25.24 million gross tonnes (MGT) with an
operational linespeed of 100mph. To facilitate validation, track geom-
etry obtained via a Track Recording Vehicle (TRV/TRC) on 7 dates from
April 2019 to April 2021 is used. Analysis of maintenance records shows
tamping was not performed between these dates.

The geometric data recorded in April 2019 serves as the starting
track condition. Subsequently, the model simulates each axle load pas-
sage up to April 2021. The evolution of geometry SD is compared with
the TRV data, illustrated in Fig. 5. The In-situ recorded geometry SD data
is denoted by the black rectangular markers, while the red rectangular
marker signifies the SD of the initial track profile in 2021. The red
dashed line represents the predicted geometry SD, evolving after every
axle passage. The strong correlation between the predicted geometry SD
curve and the real data confirms the model is capable of predicting the
evolution of differential track settlement.

Case studies

The model is used to perform four analyses. This section presents the
track parameters including geometry conditions, and rolling-stock
parameters.

Track parameters

The finite element mesh of the ballasted track is shown in Fig. 6. The
track parameters including the characteristics of the rails, rail pads,
sleepers, ballast, sub-ballast, embankment and subgrade properties are
shown in Table 1.

Track geometry profile and traffic parameters

The initial track irregularity profile for both tracks is artificially
generated using the PSD function [13], considering 40 frequencies. The
values of parameters A, k» and k3 are set as 0.043 x 107% m? e rad/m,
14.639 x 1072 rad/m and 82.474 x 10~2 rad/m respectively, resulting
in a track geometry profile with a starting standard deviation (SD) of
1.69 mm. It is intended that the initial track geometry falls within a
definition of good track quality, suitable for a linespeed of 200 km/h.
For both cases, it is assumed that the ballast has previously been subject
to either traffic or dynamic track stabilisation to reduce the rapid initial
rearrangement of ballast particles. The rolling stock is an Alfa Pendular
passenger train operating at a linespeed of 200 km/h and the traffic
volume is 25 million gross tons (MGT) per year. In order to replicate the
long-term evolution of differential settlement, both case studies are
subject to 25MGT of traffic per year and simulated for a period of three
years.

Results

In this section, settlement behaviour considering varying Fouling
Index (FI) ranging from 5 to 40 under dry subgrade conditions is pre-
sented. The degradation of track geometry, considering changing
moisture content of fines (w = 3 %, 6 %, and 9 %) in heavily fouled
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Fig. 7. Standard deviation evolution over time for varying ballast FI.

Table 2

Predicted SD after 3 years of traffic for varying ballast FI.
Flfromyear 1to  SD after 3 years of SD increase in Percentage
year 3 traffic in mm mm increase
5->7 1.7025 Baseline 0%
15->17 1.7169 0.0144 0.85 %
30 —> 32 1.7391 0.0366 2.15%

2.6 T

N
S}

N
~

NN
Now

Geometry standard deviation (mm)
N

2
1.9
1.8
1.7
16 . . . . .
0 0.5 1 1.5 2 2.5 3
Year

Fig. 8. Standard deviation evolution over time for varying moisture contents.

Table 3

Predicted SD after 3 years of traffic for varying moisture contents.
Moisture of fines ~ SD after 3 years of SD increase in Percentage
in % traffic in mm mm increase
0 1.7528 Baseline 0 %
3 1.9634 0.2106 12.01 %
6 2.2379 0.4851 27.67 %
9 2.5698 0.8170 46.61 %

ballast is then studied. Additionally, the impact of reduced embankment
stiffness (Ebm = 200 MPa and Ebm = 100 MPa) is explored across
various levels of ballast FI and moisture content. Finally, the effect of
altering line speed (100, 150, and 200 km/h) under different ballast
conditions is analysed.
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Fig. 9. Standard deviation evolution over time considering varying embank-
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Fig. 10. Standard deviation evolution over time considering varying embank-
ment stiffness for varying moisture contents.

Table 4
Predicted SD after 3 years of traffic considering varying embankment stiffness
and varying ballast FIL.

FIfromyear1toyear3  SD after 3 years of traffic in mm Percentage
Embankment Embankment o oo
E = 200 MPa E = 100 MPa
(Baseline case)
5->7 1.7025 1.7078 0.31 %
15-—>17 1.7169 1.7310 0.82 %
30 ->32 1.7391 1.7673 1.62 %

The effect of ballast fouling under dry subgrade conditions

Three dry scenarios are examined, involving variations of ballast FI
from 5 to 40. These scenarios are defined as those with zero moisture of
fines (0 %). The assumed rate of fouling generation resulting from
ballast deterioration is 0.025 % per 1 MGT. Considering 3 years, the
cumulative traffic is 75 MGT, representing an approximately 2 % rise in
FI. For instance, an initial FI of 5 at the commencement of the first year is
expected to gradually escalate to 7 by the end of the third year.

Fig. 7 compares the evolving geometry SD over time from the initial
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Table 5
Predicted SD after 3 years of traffic considering varying embankment stiffness
and varying moisture contents.

Moisture of fines % SD after 3 years of traffic in mm Percentage increase

Embankment Embankment

E = 200 MPa E =100 MPa

(Baseline case)
0 1.7528 1.7902 213 %
3 1.9634 2.1525 9.63 %
6 2.2379 2.6466 18.26 %
9 2.5698 3.2475 26.37 %

SD value in year 1 until year 3 for three different ranges of ballast FI. The
corresponding SD after 3 years of traffic is summarised and compared in
Table 2. The calculated SD after 3 years of traffic for initial FI values of 5,
15, and 30 are 1.7025 mm, 1.7169 mm, and 1.7391 mm, respectively.
These values demonstrate that the deterioration of track geometry is not
linear but rather accelerates with increasing ballast fouling. Using F1 =5
as the baseline, the predicted SD for starting FIs of 15 and 30 increases
by 0.0144 mm and 0.0366 mm, corresponding to an increase of 0.85 %
and 2.15 %, respectively. It is seen that the greater the initial fouling, the
more pronounced the impact on track geometry.

The effect of moisture of fines

Continuing in a manner similar to the prior investigation, four sce-
narios are explored, but comparing varying levels of moisture of fines
within heavily fouled ballast. The moisture content of fines considered
are 0 %, 3 %, 6 %, and 9 %, with all scenarios being simulated at a
constant ballast FI of 40.

Fig. 8 illustrates the evolving SD over a period from year 1 to year 3
for four distinct moisture content levels. The corresponding SD’s after 3
years of traffic are summarised and compared in Table 3. The calculated
SD after 3 years of traffic for moisture contents of 0 %, 3 %, 6 %, and 9 %
are 1.7528 mm, 1.9634 mm, 2.2379 mm, and 2.5698 mm, respectively.
The data clearly indicates that as the moisture content in the ballast
increases, there is a significant escalation in the SD of track geometry.
Using a moisture content of 0 % as the baseline, the predicted SD
moisture of fines 3 %, 6 %, and 9 % is increased by 0.2106 mm, 0.4851
mm and 0.8170 mm, equating to 12.01 %, 27.67 %, and 46.61 %. These
substantial percentage escalations demonstrate a progressive deterio-
ration in track geometry with increasing moisture levels.
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The effect of embankment stiffness

This section extends the investigation into the effects of embankment
stiffness on settlement, considering varying levels of fouled ballast. To
do so, the Young’s modulus of the embankment is reduced from the
baseline value of 200 MPa to a stiffness value of 100 MPa.

Figs. 9 and 10 illustrate the evolving SD over a period from year 1 to
year 3 for three distinct FI and four distinct moisture content levels
respectively. The corresponding SD’s after 3 years of traffic are sum-
marised and compared in Tables 4 and 5. Considering the low stiffness
case, the predicted SD after 3 years of traffic for initial FI's of 5, 15, and
30 are 1.7078 mm, 1.7310 mm, and 1.7673 mm, corresponding to in-
creases from the baseline case of 0.31 %, 0.82 %, and 1.62 %, respec-
tively. Similarly, for moisture contents of 0 %, 3 %, 6 %, and 9 %, the
predicted SDs after three years are 1.7902 mm, 2.1525 mm, 2.6466 mm,
and 3.2475 mm, corresponding to an increase from the baseline case of
2.13 %, 9.63 %, 18.26 %, and 26.37 %, respectively. These results reveal
a clear trend: reduced earthwork stiffness leads to increased SD values,
especially at high moisture contents. Reduced stiffness earthworks tend
to exacerbate the effects of both ballast fouling and moisture content,
leading to more pronounced settlement over time.

Considering the worst-case scenario of a ballast FI of 40 and moisture
content (w) of 9 %, Fig. 11(a) and 11(b) present the distribution of
deviatoric stresses across the depths of the track-bed under quasi-static
and dynamic excitations respectively. In these plots, the track-bed layers
are defined as ballast, sub-ballast, and embankment. Observations
indicate the reduced stiffness of the embankment influence the distri-
bution of deviatoric stress within the track-bed. A stiffer embankment
leads to an increase in deviatoric stresses within the embankment layer
but a decrease in deviatoric stresses within the ballast layer. Specifically,
within the ballast layer, the deviatoric stresses in the case of the reduced
stiffness embankment are markedly higher compared to those in the
baseline scenario. It should be noted that deviatoric stress (i.e. rather
than solely vertical stress) is a key factor affecting settlement, with the
majority of the settlement predominantly occurring within the ballast
layer [2].

The effect of linespeed

Using the same track properties and initial track profile from the
previous analyses, this section studies the impact of train speed on set-
tlement, in the presence of fouled ballast. The investigation involves the
simulations of three different speeds: 100, 150, and 200 km/h.

Fig. 12(a), 12(b), and 12(c) illustrate the evolving SD over a period
from year 1 to year 3 for three speeds, each considering a different
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Fig. 11. Deviatoric stresses within the track-bed considering varying embankment stiffness: (a) quasi-static excitation (b) dynamic excitation.
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Fig. 12. Standard deviation evolution over time considering varying train speeds: (a) FI = 5 (b) FI = 15 and (c) FI = 30.
Table 6
Predicted SD after 3 years of traffic considering varying train speeds for varying ballast FI.
FI from year 1 to year 3 SD after 3 years of traffic in mm
(Percentage change)
200 km/h 150 km/h 100 km/h
5->7 1.7025 1.6983 1.6981
(0.25 % increase) (Baseline) (0.01 % decrease)
15->17 1.7169 1.7056 1.7051
(0.66 % increase) (Baseline) (0.03 % decrease)
30 —> 32 1.7391 1.7168 1.7158
(1.30 % increase) (Baseline) (0.06 % decrease)

ballast FI. The corresponding SD’s after 3 years of traffic are summarised
and compared in Table 6. Using the speed of 150 km/h as a baseline
case, it is found that for initial FI's of 5, 15, and 30, increasing the speed
to 200 km/h results in SD increases of 0.25 %, 0.66 %, and 1.30 %,
respectively. Conversely, reducing the speed to 100 km/h leads to de-
creases in SD of 0.01 %, 0.03 %, and 0.06 %, respectively. These results
demonstrate that increased train speed results in higher track settle-
ment. Specifically, when the speed is increased from 150 km/h to 200
km/h, there is a noticeable increase. This trend is consistent and esca-
lates with higher FIs, suggesting that faster trains exert more stress on
the track, exacerbating the settlement issues, particularly for fouled
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ballast conditions. While the reductions are relatively small, they indi-
cate that slower train speeds marginally counteract the impact of ballast
fouling on track settlement.

Similarly, Fig. 13(a), 13(b), and 13(c) demonstrate the SD evolution
over the same period for varying train speeds, this time accounting for
four different levels of moisture content. The corresponding SD’s after 3
years of traffic are summarised and compared in Table 7. When the
speed is increased from 150 km/h to 200 km/h, the SD rises by 1.68 %,
7.64 %, 15.16 %, and 22.95 %, respectively. Conversely, when the speed
is decreased to 100 km/h, the SD reduces by 0.08 %, 0.45 %, 1.28 %, and
2.92 % for each respective moisture content level. These results are
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Fig. 13. Standard deviation evolution over time considering different train speeds: (@) w =0 % (b)) w = 3 % (c) w = 6 % and (d) w = 9 %.

Table 7

Predicted SD after 3 years of traffic considering different train speeds and varying moisture contents.

Moisture of fines %

SD after 3 years of traffic in mm (Percentage change)

Speed 200 km/h

Speed 150 km/h Speed 100 km/h

0 1.7528

(1.68 % increase)
3 1.9634

(7.64 % increase)
6 2.2379

(15.16 % increase)
9 2.5698

(22.95 % increase)

1.7238 1.7225
(Baseline) (0.08 % decrease)
1.8241 1.8159
(Baseline) (0.45 % decrease)
1.9433 1.9184
(Baseline) (1.28 % decrease)
2.0902 2.0292
(Baseline) (2.92 % decrease)

consistent with the earlier trend: increasing the speed from 150 km/h to
200 km/h results in significant rises in SD. The substantial increases in
SD with higher moisture contents at increased speeds highlight the
compounded effect of moisture and speed on track settlement.
Conversely, reducing the speed to 100 km/h leads to a reduction in SD.

Considering the scenario exhibiting the most pronounced effects
(ballast FI is 40 and the moisture content (w) is 9 %), Fig. 14(a) and 14
(b) illustrate the distribution of deviatoric stresses throughout the
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depths of the track-bed under quasi-static and dynamic excitations,
respectively. Observations indicate that a reduction in speed from 150
km/h to 100 km/h results in a slight decrease in deviatoric stresses
caused by both quasi-static and dynamic excitations along the track-bed.
Conversely, an increase in speed from 150 km/h to 200 km/h leads to a
more significant escalation in deviatoric stresses, for both excitation
types, compared to those observed at a speed of 100 km/h.
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Table 8

Correlation of Fouling Index, Moisture Content, and Settlement Rate.

Fouling index Moisture content Settlement rate

Low Low Low

Low High Site dependent

High Low Moderate

High High High
Discussion

It is evident that ballast moisture content and ballast fouling index
have a linked effect on differential track settlement, as shown in Table 8.
When the fouling index is low, water can flow freely through the ballast
and can quickly exit the track. However, when fouling index is high,
water drains more slowly and/or gets trapped in the ballast matrix. This
can be effected depending upon whether the fouling material is pri-
marily cohesive (e.g. from mud pumping) or granular (e.g. from ballast
particle abrasion). Then in the presence of elevated water content there
is greater scope for ballast particulates to rearrange, this leading to more
rapid settlement. This is in contrast to the case of when fouling index is
high but moisture content is low. In this scenario the fines have a limited
effect on the rearrangement of ballast particles and any increases in
settlement rate are marginal. The effects of fouling index and moisture
content are magnified when the train speed is increased or the earth-
works stiffness is low. This is because both scenarios lead to elevated
deviatoric stresses within the ballast and supporting earthworks. This
then induces increased settlement.

These findings underscore the importance of moisture management
in maintaining track stability. Effective drainage and ballast quality are
crucial to managing track geometry. Additionally, the track geometry
should be kept in a condition suitable for the linespeed and the earth-
works should give adequate support to the track. Note that in Table 8,
the case of a low fouling index and high moisture content is classified as
‘situation dependent’. This is because the presence of high levels of
standing water, particularly if moving, can destabilise the ballast
through the movement of stones, and erosion of the trackbed. This can
result in rapid track settlement after the line is reopened and trains
commence running at normal linespeed.

Conclusions

This paper presents a novel numerical algorithm, integrated with a
new ballast settlement model, to predict differential track settlement in
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ballasted tracks, considering varying ballast moisture content and
fouling levels. It takes into account the complexities of train-track
interaction, vehicle dynamics, and the propagation of 3D stress fields,
employing an equivalent-linear wavenumber finite element method to
account for soil non-linearities experience in the high strain range. This
approach allows for the evolution of track irregularities to be accurately
modelled after each load passage. The validated model is used to
perform four case studies, each related to different aspects affecting
track settlement. The following conclusions are drawn:

1. Higher ballast fouling levels lead to faster deterioration in track ge-
ometry (differential settlement), particularly in the presence of
moisture. When the ballast is heavily fouled and the moisture of fines
is high, rapid deterioration occurs. In contrast, when the ballast is
kept dry, the increase in degradation rate for fouled ballast is
marginal.

2. Earthwork stiffness exacerbates the effects of ballast fouling and
moisture content, leading to increased settlement when the earth-
works are soft. This is in-part due to the distribution of deviatoric
stress within the track-bed layers. In particular, the ballast layer
shows a marked increase in stress in the presence of reduced
embankment stiffness’s;

3. Higher train speed increases differential settlement rate for all sce-
narios studied. However, the effect is low when the ballast has
minimal fines and is kept dry. In contrast, when the ballast is heavily
fouled and is subject to elevated levels of moisture, the track ge-
ometry degrades significantly faster when subject to higher speeds.
This is because the higher train-track interaction forces at high speed
induce elevated deviatoric stresses in the track, resulting in greater
settlement because the elevated fines and moisture make it easier for
the ballast particles to rearrange.
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Component Parameter Value
Rail (single rail) Type 56E1
Height (m) 0.159
Length in transversal direction (m) 0.020
Section area (m?) 7.169 x 10°
Moment of Inertia y-y (m*) 2.321 x 107°
Moment of Inertia z-z (m4) 0.422 x 107>
Young’s modulus (Pa) 211 x 10
Density (kg/mS) 7850
Poisson’s ratio 0.3
Hysteresis damping coefficient 0.01
Railpad (spring element) Continuous stiffness (N/mz) 250 x 10°
Viscous damping (Ns/m?) 22.5 x 10°
Sleeper (G44) Height (m) 0.2
Length in transversal direction (m) 2.5
Sleeper spacing (m) 0.65
Young’s modulus (Pa) 3 x 10%°
Density (kg/m%) 2500
Poisson’s ratio 0.2
Hysteresis damping coefficient 0.01
Ballast Height (m) 0.3
Length in transversal direction (m) 3.2
Young’s modulus (Pa) 180 x 10°
Density (kg/m>) 1600
Poisson’s ratio 0.25
Hysteresis damping coefficient 0.06
Sub-ballast Height (m) 0.25
Length in transversal direction (m) n/a
Young’s modulus (Pa) 210 x 10°
Density (kg/m%) 2000
Poisson’s ratio 0.3
Hysteresis damping coefficient 0.05
Embankment Height (m) 1.0
Young’s modulus (Pa) 200 x 106
Density (kg/m>) 2000
Poisson’s ratio 0.3
Hysteresis damping coefficient 0.05
Shear wave speed (km/h) 706
Subgrade Soil type clay/silt
Shear strength (kN/mz) 150
Young’s modulus (Pa) 120 x 10°
Density (kg/m>) 2000
Poisson’s ratio 0.35
Hysteresis damping coefficient 0.03
Shear wave speed (km/h) 692
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Appendix B. . Vehicle properties
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Parameter Passenger Freight
Number of cars 11 40
Number of axles 44 160

Axle spacing (m) 2.9 1.7

Bogie spacing (m) 19 9.7

Car body mass (kg) 329 x 102 864 x 102
Car body pitching moment of inertia (kg.m?) 208 x 10* 102 x 10*
Bogie mass (kg) 4932 2800
Wheelset mass (kg) 1538 2000
Bogie pitching moment of inertia (kg.m?) 5150 2020
Primary suspension stiffness (kNm ™) 3420 -

Primary suspension viscous damping (Nsm ™) 360 x102 -
Secondary suspension stiffness (kNm ) 1320 2660
Secondary suspension viscous damping (Nsm™) 360 x 10° 25 x 102
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