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A B S T R A C T

This paper presents a numerical framework for predicting future railway ballast tamping requirements under 
varying operational and environmental conditions. The approach integrates an empirical ballast settlement 
model, derived from large-scale laboratory tests, into a dynamic track-ground interaction framework using the 
2.5D Finite Element Method. It is capable of capturing differential settlement and track geometry deterioration 
considering different types of ballast fouling material, varying levels of ballast moisture content, train speed and 
traffic volume. Track geometry profiles are updated iteratively after each axle passage, enabling condition-based 
assessment of future tamping needs. First the model is calibrated using historical track geometry data from an 
operational railway line. Following calibration, an analysis is performed to study the effect of different moisture 
levels and types of ballast fouling material (sand, coal and abrasion-induced fines) on track geometry degra
dation and ultimately future tamping requirements. Next, to understand the effect of different possible track 
renewal strategies on future tamping requirements, the effects of increasing the rail section and adding under 
sleeper pads are compared. Results indicate that moisture content, speed, and traffic volume are dominant factors 
governing tamping frequency. While the type of fouling material and the proposed renewal strategies have a 
comparatively moderate effect, their influence remains non-negligible. These findings highlight the importance 
of maintaining adequate track drainage and implementing measures to control the type and extent of ballast 
fouling.

Introduction

Railway ballast on-track tamping machines use lifting and squeezing 
to correct vertical and lateral track deviations, thus restoring track ge
ometry[1–3]. Although tamping aims to correct track geometry and 
restore support conditions by rearranging ballast particles beneath the 
sleepers, it typically does not fully restore the original track quality[3,4]. 
The effectiveness of tamping, referred to as tamping recovery, often 
declines with repeated interventions due to cumulative ballast deterio
ration and damage caused by successive tamping actions[5]. Never
theless, regularly scheduled tamping remains essential for maintaining 
track geometry. This helps ensure passenger safety and comfort, reduces 
derailment risks, and supports efficient train operations.

Given the high resource demands and diminishing effectiveness of 
repeated tamping, accurately predicting future tamping requirements is 

important. Reliable predictions are useful for both optimising tamper 
resource allocation, which involves efficient use of machines, personnel, 
and track access windows, and for understanding the implications of 
long-term maintenance and renewal strategies. Proactive planning 
based on predictive models enables infrastructure managers to reduce 
lifecycle costs and minimise service disruptions by balancing the fre
quency and timing of tamping with alternative treatments such as 
ballast cleaning or complete track renewal.

Accurate prediction depends on an understanding of the factors 
influencing track geometry deterioration. Key parameters such as train 
speed, traffic volume, ballast fouling, and moisture presence have a 
significant impact on trackbed deterioration which affects tamping re
quirements. For example, higher train speeds introduce greater dynamic 
forces that accelerate geometry degradation and increase deviatoric 
stress within the ballast, thereby necessitating more frequent tamping 
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[6]. Likewise, increased traffic volume, measured in million gross tons 
(MGT), imposes more load cycles, leading to faster ballast settlement 
and reduced tamping interval. Ballast fouling, indicated by a higher 
Fouling Index (FI), resulting from fine particle contamination, impedes 
drainage and retains moisture, accelerating settlement and necessitating 
more frequent tamping interventions[7,8]. Moreover, the combined 
effect of fouling and moisture presence exacerbates ballast particle 
rearrangement and settlement rates, further decreasing the interval 
between necessary tamping operations[9]. While the importance of 
these factors is widely acknowledged, their interactions and cumulative 
impacts on tamping intervals have not yet been thoroughly quantified or 
understood, emphasising the need for further investigation.

To meet this need, numerical models have become increasingly 
important in understanding railway ballast behaviour and predicting 
maintenance needs, including the scheduling of tamping operations. 
While tamping restores track geometry by filling voids and compacting 
the ballast bed, determining the best time for intervention remains 
complex and cost-sensitive[4]. Numerical modelling provides a way to 
simulate ballast behaviour and predict when tamping might be required. 
For example, the Discrete Element Method (DEM) has been widely 
applied for simulating ballast behaviour during tamping[10–13]. These 
models provide insights into the mechanics of tamping at the particle 
level, focusing particularly on the penetration and withdrawal of 
tamping tines and ballast breakage. Despite these advancements, exist
ing DEM simulations typically address isolated tamping events and face 
computational limitations when modelling the large-scale ballast dis
turbances associated with repeated tamping cycles and cyclic train 
loading. Consequently, these models often fail to adequately capture the 
cumulative and path-dependent behaviour of ballast, limiting their 
predictive accuracy for optimal tamping scheduling [4,14].

In response, mechanics-based models have emerged as an alternative 
to represent long-term settlement processes, track geometry deteriora
tion and maintenance scheduling[15]. For example, various methods 
have been proposed to predict differential track settlement due to train 
loading, typically employing iterative simulations of train passages 
coupled with settlement models that account for variations in track 
geometry[16–19]. However, accurately capturing the complexities of 
cyclic loading, including detailed representation of 3D dynamic stress 
fields, remains computationally demanding[20–24]. Railway settlement 
prediction generally follows either constitutive approaches, which offer 
detailed yet computationally intensive simulations requiring extensive 
material data[25–28], or empirical methods, which use fewer parame
ters to efficiently and effectively replicate observed settlement behav
iour[29–32].

In contrast to these prior approaches, this paper presents a novel 
approach for predicting track settlement and tamping interventions 
based on evolving track conditions. An empirical equation, derived from 
laboratory tests on fouled ballast under both dry and wet conditions, is 
integrated into a numerical framework that simulates differential track 
settlement in response to varying fouling and moisture levels. Unlike 
traditional models, this approach incorporates a dynamic representation 
of train-track interaction, vehicle response, and the propagation of 
three-dimensional stress fields within the track structure. To ensure 
computational efficiency while preserving physical accuracy, the model 
employs an equivalent-linear 3D wavenumber finite element method 
linked with the empirical settlement function. A key innovation lies in 
the continuous update of vertical track irregularities after each load 
cycle, allowing for a detailed evaluation of track quality degradation 
over time. Tamping interventions are incorporated into the model based 
on representative maintenance criteria, triggered either when track 
geometry deterioration reaches a predefined quality threshold or at 
scheduled preventive intervals, reflecting standard industry practice. 
The model also accounts for the immediate improvement in track ge
ometry following tamping, followed by a short-term phase of acceler
ated settlement as the ballast re-stabilises under traffic loading. This 
enables a more realistic simulation of track behaviour post-maintenance 

and supports a condition-based tamping strategy that enhances main
tenance precision and long-term infrastructure performance.

The analyses presented in this study examine the effects of opera
tional and material parameters on tamping intervals under fouled ballast 
conditions. Specifically, the influence of moisture content (0 %, 3 %, and 
6 %) and train speeds (130, 160, and 200 km/h) is investigated. Vari
ations in annual traffic volume, represented as 17.5 and 35.0 million 
gross tonnes per annum (MGTPA), are also considered. The study further 
explores the impact of different types of ballast fouling material. In 
addition, three renewal strategies are evaluated: 1) a standard track 
design with 56 kg/m rail, 2) the same standard track design but with a 
heavier 60 kg/m rail (UIC60), 3) the same standard track design but 
with a heavier 60 kg/m rail and Under Sleeper Pads (USPs). These 
renewal strategies are assessed for their potential to extend tamping 
intervals and improve long-term track performance.

Numerical modelling

Model overview

To predict differential settlement and tamping interventions for 
railway tracks, the modelling employs a 2.5D Finite Element Method 
incorporating Perfectly Matched Layers (FEM-PML), solved through a 
hybrid approach across both frequency-wavenumber and time–space 
domains. This wavenumber finite element methodology offers a 
computationally efficient means of addressing three-dimensional prob
lems by discretising two dimensions via finite element theory and 
analytically solving the third. Consequently, it is suitable for structures 
with invariant geometry and material properties along one dimension, 
such as railways, highways, and tunnels. In this study, the method is 
applied to tangent track sections only, with no consideration of stiffness 
transitions such as those found at bridges, tunnels, or switches.

Assuming linear and elastic structural behaviour, the equations of 
motion are resolved in the wavenumber-frequency domain. Variables 
are transformed into this domain using a double Fourier transform 
concerning the train’s direction of travel (x-direction) and time (t). 
Although discrete sleepers can be explicitly simulated using a full 3D 
model, the 2.5D method approximates sleeper discontinuities by 
employing modified anisotropy. Following [33,34], sleepers are repre
sented as continuous, orthotropic elements reflecting actual sleeper 
properties in the cross-sectional plane but possessing zero stiffness 
longitudinally. This simplification yields acceptable accuracy within the 
investigated frequency range [35].

To ensure the capture of critical wave phenomena within the fre
quency domain of interest, the wavenumber is restricted to a maximum 
of 10 rad/m[36], which corresponds to a minimum wavelength of 
approximately 0.63 m. This domain, extending from − 10 to +10 rad/m, 
is discretised using 1024 sampled points, balancing computational ef
ficiency and precision in resolving integrand peaks.

The flowchart of the modelling process is illustrated in Fig. 1. In this 
approach, transfer functions are precomputed, and the iterative process 
addresses the progressive prediction of the track settlement. The use of 
transfer functions enhances computational efficiency by enabling rapid 
updates to the track geometry profile after each loading event, followed 
by the determination of the corresponding track geometry standard 
deviation (SD) over a desired track length. Previous studies [37,38] have 
examined the impact of varying frequencies of track geometry updates 
on differential settlement. While updating the geometry after every axle 
passage increases computational demands, insufficient update fre
quency can result in inaccuracies by failing to adequately account for the 
cumulative effects of train-track interactions. This can, in turn, affect the 
accuracy of predictions and the timing of required tamping 
interventions.

The initial phase of the simulation involves calculating the 3D elas
todynamic response and geostatic stresses within the track and sub
grade, representing the at-rest stress conditions prior to loading. An 
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example of the response propagating from the rail into the supporting 
track-ground structure is illustrated is Fig. 2. The moving load transfer 
functions, derived in the frequency–wavenumber domain, incorporate 
equivalent nonlinear stiffness and damping properties of the track and 
ground. These properties are obtained through a strain-dependent iter
ative procedure and are held constant during the transfer function 
computation to preserve computational efficiency while capturing the 

essential effects of nonlinear behaviour in the track and ground. The 
transfer functions refer to the precomputed 3D elastodynamic response 
of the track–ground system in the frequency–wavenumber domain. 
These include the moving load transfer functions, which capture the 
stress response due to quasi-static and dynamic loading, and are derived 
using the 2.5D FEM-PML method. The detailed formulation and imple
mentation for the transfer functions follow the methods described in 

Fig. 1. Flowchart of the modelling process.
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[37,39]. Several matrices necessary for evaluating train–track dynamic 
interactions are also precomputed. The empirical settlement equations 
are derived from the laboratory test data [40].

The differential settlement calculations are performed using an 
iterative approach in both the wavenumber-frequency and space–time 
domains. By incorporating the track irregularity profile, track compli
ance, and rolling stock characteristics, the dynamic interaction forces 
between the train and track are computed using a multi-body dynamic 
model. The combined stresses, including quasi-static, dynamic, and 
geostatic stress components, as well as the resulting settlements within 
the track and ground, are then evaluated along the entire track length, in 
alignment with the train’s passage. After each axle passage, the vertical 
track geometry profile is updated, allowing a recalculation of the dy
namic interaction forces and associated stresses for each subsequent 
iteration. This iterative process continues until either the specified 
number of cycles is reached or a predefined threshold value, as specified 
by railway maintenance standards (e.g., ballast tamping threshold), is 
met.

Due to the computational efficiencies achieved through pre
computation, the iterative procedure requires significantly fewer 
computational resources, enabling rapid simulations across multiple 
axle passages [37]. This iterative approach is designed to simulate the 
evolution of differential settlement over time by sequentially updating 
the track geometry and associated loading conditions. The procedure is 
implemented across both the wavenumber-frequency and space–time 
domains and begins with the initial track geometry profile, track 
compliance, and rolling stock characteristics. These inputs are used 
within a train–track dynamic interaction model to compute the dynamic 
forces. The combined stress field, which include quasi-static, dynamic, 
and geostatic components, is then calculated using precomputed moving 
load transfer functions that incorporate nonlinear track-soil behaviour.

Using these stresses and empirical settlement equations (derived 
from laboratory data), the resulting settlements are computed at each 
location along the track. After each axle passage, the vertical geometry 
profile is updated, and the new profile is used to recalculate the dynamic 
interaction forces and stresses in the next iteration. This cycle repeats, 
updating the geometry and computing the standard deviation (SD) of 
the profile after each step. If the SD reaches or exceeds the predefined 
threshold for maintenance, a tamping intervention is performed to 
restore track quality. If the SD remains below the threshold, the process 
checks whether the cumulative traffic volume has reached a defined 

value. If not, the simulation continues with another iteration. If the 
defined traffic volume is reached and no maintenance is required, the 
simulation ends. This methodology can also be applied in the case of slab 
tracks, where maintenance requirements are higher.

Train-track dynamic interaction

A complete 2D vehicle model incorporating essential structural as
pects of train dynamics [41] is employed to simulate rolling stock for 
predicting tamping interventions. Track-track dynamic interaction is 
modelled using a compliance method formulated within a dynamic 
reference frame aligned with the moving train [42,43]. The rolling stock 
considered is a passenger train, represented as a rigid multi-body vehicle 
featuring two suspension levels, illustrated in Fig. 3. Previous research 
by [6] has demonstrated that simplifying passenger vehicle models by 
reducing degrees of freedom can significantly increase errors when 
modelling differential settlement. The dynamic interaction analysis is 
conducted in the frequency domain, following the transformation of the 
track profile from the spatial domain. Equations (1)-(12) detail the 
formulation of dynamic interaction forces within this frequency domain. 
Hertzian stiffness is addressed through a linearisation method, in which 
only the static wheelset load is considered to obtain a representative 
stiffness value [44]. 
{
Fdyn(Ω)

}
= −

(
[V] +

[
VH]+ [T]

)− 1
{Δu(Ω) } (1) 

{Δu(Ω) } = δu{b(Ω) } (2) 

b(Ω)i = ei2π
λ ai (3) 

T(Ω) =
1
2π

∫+∞

− ∞

uG
c (kx,ω)dkx (4) 

VH =
1
kH

(5) 

kH =
3

2G
P0

1/3 (6) 

V(Ω) = [Z]
(
[Kv] − Ω2[Mv]

)
− 1[Z]T (7) 

[Z] =

⎡

⎢
⎢
⎣

0 0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 0 0 1

⎤

⎥
⎥
⎦ (8) 

In Equations (1)-(12), Fdyn(Ω) is the dynamic interaction forces in the 
frequency domain; Ω is the driving frequency, expressed as Ω = 2π

λ v0; T 
is the flexibility term related to track compliance; δu is the vertical track 
irregularity amplitude, which is either taken from the initial input track 
geometry at the start of the simulation or from the updated geometry 
profile generated in the previous iteration during the settlement simu
lation process; ai is the location of the contact point i; uG

c is the Green’s 
function of the vertical displacement at the contact point; V is the 
flexibility component associated with vehicle compliance; VH is the 
contact flexibility matrix; kH is the linearised Hertzian contact stiffness; 
P0 is the static load transmitted from wheel to rail; G is a contact con
stant dependent on wheel radius and rail-wheel geometry; Z is a con
stant matrix; Mv is the vehicle mass matrix; and Kv is the vehicle stiffness 
matrix. The mass and stiffness matrices for the passenger vehicle, 
incorporating both primary and secondary suspension systems, are 
defined as follows: 

Fig. 2. An example of 3D track-ground elastic deformation (slice along track 
centreline). This example is intended for visualisation purposes only and does 
not reflect specific input values.
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[Mv] =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

Mc 0 0 0 0 0 0 0 0 0
0 Jc 0 0 0 0 0 0 0 0
0 0 Mb 0 0 0 0 0 0 0
0 0 0 Jb 0 0 0 0 0 0
0 0 0 0 Mb 0 0 0 0 0
0 0 0 0 0 Jb 0 0 0 0
0 0 0 0 0 0 Mw 0 0 0
0 0 0 0 0 0 0 Mw 0 0
0 0 0 0 0 0 0 0 Mw 0
0 0 0 0 0 0 0 0 0 Mw

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(9) 

where Mc is the mass of the car body; Mb is the mass of the bogie; Mw is 
the mass of the wheelset; Jb is the rotational inertia of the car body; Kp is 
the complex stiffness associated with the primary suspension; Ks is the 
complex stiffness linked to the secondary suspension; lb is half the dis
tance between the centres of gravity of adjacent bogies; and lw is half the 
wheelbase shared by wheels on the same bogie. Complex stiffness terms 
Kp and Ks are expressed as: 

Kp = kpri + iωcpri (11) 

Ks = ksec + iωcsec (12) 

where kpri and ksec are the primary and secondary suspension spring 
stiffnesses, respectively, and cpri and csec are the corresponding viscous 
damping coefficients.

Track irregularities can be characterised through their power spec
tral density (PSD) as a function of spatial frequency, for which various 

formulations exist. In this paper, the approach suggested by the Federal 
Railroad Administration (FRA) is employed, categorising tracks based 
on distinct irregularity levels to quantitatively assess unevenness [45]. 
The FRA-based formulation is defined by Equations (13)-(15): 

Sn(kx) =
Ak2

3

(
k2

x + k2
2

)

k4
x
(
k2

x + k2
3
) (13) 

where the spatial frequency is kx = 2π
λirr

, λirr is the irregularity wave
length, A is a roughness constant, k2 and k3 are spatial frequency con
stants.

Once the PSD is computed, the irregularity amplitude as a function of 

spatial frequency is derived by: 

δuj =

( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2Sn

(
kxj

)
Δkx

√ )

e− iθj (14) 

where Δkx is the spatial frequency resolution and θ is the phase angle, 
assumed to be a random variable uniformly distributed within 0-2π. The 
use of a uniform distribution for the phase angle θ is a standard 
assumption in track irregularity generation because it reflects the 
random and uncorrelated nature of real-world geometric irregularities. 
This approach ensures that all phase values between 0 and 2π are equally 
likely, avoiding artificial periodicity or bias in the synthetic profile. 
While different distributions could theoretically lead to varying phase 
relationships, the uniform distribution reliably produces statistically 
valid and representative track geometry for engineering applications 
[45]. The metric for evaluating threshold exceedance is the standard 
deviation calculated over a 200 m track segment. The initial track profile 

Fig. 3. Multi-body vehicle model.

[Kv] =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

2Ks 0 − Ks 0 − Ks 0 0 0 0 0
0 2Ks • lb2

− Ks • lb 0 Ks • lb 0 0 0 0 0
− Ks − Ks • lb Ks + 2Kp 0 0 0 − Kp − Kp 0 0

0 0 0 2Kp • lw2 0 0 − Kp • lw Kp • lw 0 0
− Ks Ks • lb 0 0 Ks + 2Kp 0 0 0 − Kp − Kp

0 0 0 0 0 2Kp • lw2 0 0 − Kp • lw Kp • lw
0 0 − Kp − Kp • lw 0 0 Kp 0 0 0
0 0 − Kp Kp • lw 0 0 0 Kp 0 0
0 0 0 0 − Kp − Kp • lw 0 0 Kp 0
0 0 0 0 − Kp Kp • lw 0 0 0 Kp

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(10) 
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in terms of position x is established by summing contributions from all 
spatial frequencies as follows: 

uirr(x) =
∑N

j=1
δujeikxj x (15) 

Fouled ballast settlement model

Large-scale triaxial cyclic loading tests were conducted by [40] using 
a large-scale triaxial testing setup equipped with a progressive wetting 
system at the University of South Carolina. The test focused on evalu
ating the impact of progressive wetting on the permanent deformation 
characteristics of fouled ballast materials sourced from three different 
sites. The study examined fouling indices (FI) of 23 and 40 under in
cremental moisture conditions. This paper adopts moisture levels 
ranging from 0 % to 6 % as representative case studies. The permanent 
strain from the initial loading cycles, during which rapid particle re- 
arrangement occurs, was removed, and the cumulative deformation 
baseline was reset to zero for subsequent analysis.

Based on the experimental data, a ballast settlement prediction 
model is proposed to enhance the accuracy of tamping intervention 
forecasting. The model integrates the ballast fouling index (FI) and 
moisture content of fines (w) to capture their combined influence on 
ballast deformation. To ensure broader applicability across different 
track conditions and layers, the proposed settlement equation employs 

the ratio between the stress invariant quantity (t) and the 
Mohr–Coulomb failure criterion (tmc). Additionally, the model uniquely 
incorporates cumulative settlement from previous axle passages into the 
calculation of incremental plastic deformation, rather than relying 
solely on the total number of load cycles, a limitation frequently seen in 
some conventional settlement prediction methods. This iterative 
approach provides distinct advantages, including improved represen
tation of the nonlinear progression of ballast settlement and enhanced 
flexibility for modelling varying rates of track geometry deterioration 
under different axle load magnitudes. The computation of permanent 
strain within the model can be mathematically expressed as follows: 

Δεp b,i =α
(

t
tmc

)a

×
[(

((dN• i)+Nlb
)b
− 1
)
−
(
((dN•(i − 1))+Nlb )

b
− 1
)]

(16) 

α = (FI • c)
(
d • w+ e • w2 +1

)
(17) 

The corresponding settlement is then: 

ΔSb,i =
∑k

j=1
Δεp b,ij • hj (18) 

The term t
tmc 

defines the stress invariant quantity (t) and the 
Mohr–Coulomb failure criterion (tmc) which can be calculated as follows: 

t =
̅̅̅
2

√ ̅̅̅̅̅
J2

√
(19) 

Fig. 4. Comparison of proposed ballast settlement model with experimental data: (a) different fouling materials (sand, coal, and granite fines) at FI = 23 and w = 0 % 
(b) different fouling materials (sand, coal, and granite fines) at FI = 40 and w = 0 % (c) Sand fines across different moisture contents and fouling indices.
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tmc =

̅̅̅
2

√
sin∅ʹś +

̅̅̅
6

√
cos∅ʹć

sinθsin∅ʹ +
̅̅̅
3

√
cosθ

(20) 

where θ is the lode angle, defined as: 

θ = −
1
3
sin− 1

[
3
̅̅̅
3

√

2

(
J3

J3/2
2

)]

(21) 

where J2 and J3 are the 2nd and the 3rd invariant of deviatoric stress, 
defined as: 

J2 =
1
6

[(
σʹ

1 − σʹ
2
)2

+
(
σʹ

2 − σʹ
3
)2

+
(
σʹ

3 − σʹ
1
)2
]

(22) 

J3 =
(
σʹ

1 − σʹ
m
)(

σʹ
2 − σʹ

m
)(

σʹ
3 − σʹ

m
)

(23) 

where ś  is the stress invariant quantity, defined as: 

ś =
̅̅̅
3

√
σʹ

m (24) 

where σḿ is the mean effective stress, defined as: 

σʹ
m =

(
σʹ

1 + σʹ
2 + σʹ

3
)

3
(25) 

where Δεp b,i is ballast permanent strain increment; i is iterative step; Nlb 
is the number of load cycles since the last ballast renewal/tamping; ΔSb,i 

is ballast settlement increment; hj 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 ≥ 23 & FI ≤ 40 ; w is moisture of fines (%) 
where w ≤ 6; ∅ʹ is friction angle; ć  is cohesion; σ1

ʹ, σ2
ʹ, σ3

ʹ are principal 
effective stresses; and a, b, c, d and e are empirical constants.

Fig. 4 presents a comparison between the proposed ballast settlement 
prediction model and experimental data, highlighting the influence of 
fouling index, moisture content, and fouling material type (sand, coal, 
and granite fines). Subfigures (a) and (b) demonstrate the model’s 
ability to capture cumulative plastic strain trends for various fouling 
materials at FI = 23 and FI = 40, respectively, under dry conditions (w 
= 0 %). Subfigure (c) explores the impact of moisture and FI variations 
on sand fines, which is used in this paper as the baseline material. The 
empirical constants, represented as a, b, c, d and e, are: 2.15, 0.38, 
0.00002, d = 0.0111 and 0.8, respectively. The results demonstrate that 
the proposed model accurately captures the measured ballast settlement 
behaviour. It should be noted that permanent strain measured during 
initial loading cycles was excluded from the analysis to avoid the in
fluence of rapid particle rearrangements typical during early laboratory 

testing cycles. This ensures that the predictions are more representative 
of actual long-term track behaviour, enhancing their relevance and 
applicability for accurate tamping intervention planning. The model can 
be updated using new experimental data, allowing the development of a 
digital model of the real infrastructure to be studied.

Ballast moisture content and fouling type play critical roles in 
influencing long-term geometry degradation and the frequency of 
maintenance interventions. Moisture content reduces the shear strength 
of the ballast layer, especially under dynamic loading, which accelerates 
plastic deformation and settlement. This leads to faster growth in ge
ometry SD, thus shortening tamping intervals. Similarly, fouling mate
rials alter the mechanical behaviour of the ballast by affecting its friction 
angle and cohesion. The combined effects of fouling type and moisture 
content are incorporated into the settlement model are shown to 
significantly influence the deterioration rate of track geometry and 
maintenance planning, as demonstrated in later sections.

Track deterioration model calibration

The model’s ability to simulate differential settlement progression 
under increasing axle passages was calibrated using historical track 
geometry data from railway track sections in the United Kingdom. 
Calibration involved analysis of the standard deviation of vertical track 
geometry measurements collected over 200-metre track lengths, spe
cifically focusing on wavelengths ranging from 3 m to 35 m. The ma
terial properties for the site considered in Fig. 5, for the rails, rail pads, 
sleepers, ballast, sub-ballast, embankment, and subgrade are provided in 
Appendix A. This is also the site considered for the case studies in the 
next section.

According to site investigation data, the chosen section was char
acterised by a stiff subgrade. The traffic comprised entirely passenger 
trains, with associated vehicle parameters detailed in Appendix B. The 
annual traffic loading was approximately 13.66 million gross tonnes 
(MGT), and trains operated at a linespeed of 110 km/h. For validation 
purposes, vertical track geometry data obtained via a Track Recording 
Vehicle (TRV/TRC) over multiple measurement dates spanning June 
2019 to September 2023 was used. No tamping interventions were 
performed during the considered period.

The initial geometric data recorded in June 2019 served as the 
baseline condition for the track deterioration model. Subsequently, the 
model simulated incremental geometry deterioration with each axle 
load passage up to September 2023. The progression of the track ge
ometry standard deviation (SD) predicted by the model was compared 
with the actual measurement data obtained from the TRV, as illustrated 

Fig. 5. Calibration of predicted vertical track geometry SD against field measurements over time.
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Fig. 6. Finite element meshes: (a) Standard track design with 56 kg/m rail (b) Standard track design with a heavier 60 kg/m rail (c) Standard track design but with a 
heavier 60 kg/m rail and USPs.
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in Fig. 5. The black rectangular markers indicate the measured geometry 
SD values at various dates, whereas the red rectangular marker repre
sents the initial geometry SD in June 2019. The predicted evolution of 
geometry SD over axle passages is illustrated by the red dashed line. The 

settlement coefficients were tweaked to obtain a fit with the observed 
data thus calibrating the model. It is seen that the final model was able to 
accurately simulate the historical degradation at the site.

Case studies

This section presents case studies used to evaluate the influence of 
various parameters on tamping intervention intervals. It is structured 
into three main aspects: track parameters, track geometry profile and 
traffic characteristics, and tamping intervention criteria.

Track parameters

Fig. 6(a)–(c) present the finite element meshes for three primary 
track models, with properties summarised in Table 1: 

a) The standard track design used for the prior calibration, i.e. with 56 
kg/m rail

b) The same standard track design but with a heavier 60 kg/m rail 
(larger bending stiffness)

c) The same standard track design but with a heavier 60 kg/m rail and 
Under Sleeper Pads

Table 1 
Track properties for three track models.

Component Parameter (a) (b) (c)

Rail (single rail) Type 56 kg/m 60 kg/m 60 kg/m
Height (m) 0.159 0.172 0.172
Length in transversal (m) 0.020 0.015 0.015
Section area (m2) 7.169 × 103 7.677 × 103 7.677 × 103

Moment of Inertia y-y (m4) 2.321 × 10− 5 3.038 × 10− 5 3.038 × 10− 5

Moment of Inertia z-z (m4) 0.422 × 10− 5 0.512 × 10− 5 0.512 × 10− 5

Young’s modulus (Pa) 2.11 × 1011 2.11 × 1011 2.11 × 1011

Density (kg/m3) 7850 7850 7850
Poisson’s ratio 0.3 0.3 0.3
Hysteric damping coefficient 0.01 0.01 0.01

Railpad (spring element) Continuous stiffness (N/m2) 250 × 106 250 × 106 250 × 106

Viscous damping (Ns/m2) 22.5 × 103 22.5 × 103 22.5 × 103

Sleeper (G44) Height (m) 0.2 0.2 0.2
Length in transversal (m) 2.5 2.5 2.5
Sleeper spacing (m) 0.65 0.65 0.65
Young’s modulus (Pa) 3 × 1010 3 × 1010 3 × 1010

Density (kg/m3) 2500 2500 2500
Poisson’s ratio 0.2 0.2 0.2
Hysteric damping coefficient 0.01 0.01 0.01

USPs Height (m) − − 0.01
Young’s modulus (Pa) − − 1.3 × 106

Density (kg/m3) − − 800
Poisson’s ratio − − 0
Hysteric damping coefficient − − 0.08

Ballast Height (m) 0.3 0.3 0.3
Length in transversal (m) 3.2 3.2 3.2
Young’s modulus (Pa) 220 × 106 220 × 106 220 × 106

Density (kg/m3) 1600 1600 1600
Poisson’s ratio 0.12 0.12 0.12
Hysteric damping coefficient 0.06 0.06 0.06

Sub-ballast 
(sand-gravel)

Height (m) 0.3 0.3 0.3
Length in transversal (m) n/a n/a n/a
Young’s modulus (Pa) 210 × 106 210 × 106 210 × 106

Density (kg/m3) 2000 2000 2000
Poisson’s ratio 0.3 0.3 0.3
Hysteric damping coefficient 0.05 0.05 0.05

Embankment 
(sand-gravel)

Height (m) 1.0 1.0 1.0
Young’s modulus (Pa) 200 × 106 200 × 106 200 × 106

Density (kg/m3) 2000 2000 2000
Poisson’s ratio 0.3 0.3 0.3
Hysteresis damping coefficient 0.05 0.05 0.05

Subgrade 
(clay/Silt)

Young’s modulus (Pa) 75 × 106 75 × 106 75 × 106

Density (kg/m3) 2000 2000 2000
Poisson’s ratio 0.35 0.35 0.35
Hysteric damping coefficient 0.03 0.03 0.03

Fig. 7. Concept of SD growth after tamping.
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The cases are chosen to reflect two possible track renewal strategies. 
It is important to note that the track with 56 kg/m rail serves as the 
baseline for the analysis.

Track geometry profile and traffic parameters

The initial track irregularity profile is artificially generated using the 
Power Spectral Density (PSD) function, as specified by [45], 

Fig. 8. Idealised pattern of tamping effects on track geometry (inspired by [8].

Fig. 9. Effects of moisture content on geometry SD and tamping interval: (a) train speed 130 km/h (b) train speed 160 km/h (c) train speed 200 km/h.
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incorporating 40 frequency components. The parameters are defined as 
follows: A = 0.45× 10− 6 m2 • rad/m, k2 = 14.639× 10− 2 rad/m, and 
k3 = 82.474× 10− 2 rad/m. These values result in a track geometry 
profile characterised by an initial standard deviation (SD) of 1.7 mm, 
indicating a level of track quality considered suitable for operational 
speeds of up to 200 km/h [46].

Three train speed scenarios are considered in the analysis: 130, 160, 
and 200 km/h. To ensure consistency and comparability between these 
speeds, the initial SD of 1.7 mm is consistently applied across all sce
narios. It is assumed that the ballast has been subjected to prior traffic 
loading or dynamic track stabilisation to reduce the rapid initial rear
rangement of ballast particles. The rolling stock used in the simulations 
is a passenger train, with its specifications detailed in Appendix B. To 
simulate the long-term progression of differential settlement, the model 
assumes a traffic volume of 17.5 million gross tonnes per annum 
(MGTPA), with the simulation period spanning ten years.

Tamping intervention

Tamping interventions are modelled based on assumptions that 
reflect typical maintenance practices and the expected effects on track 
geometry. The primary criterion for performing a tamping intervention 
is when the geometry SD over 200 m reaches a threshold of 2.4 mm. This 
threshold corresponds to a satisfactory quality band for linespeeds of up 
to 200 km/h. Alternatively, tamping is assumed to be carried out every 
five years as a preventive measure, whichever occurs first [47]. This 
dual criterion ensures that the track geometry is maintained within 
acceptable operational limits.

Following a tamping intervention on worn ballast, the geometry SD 
is assumed to decrease to approximately 1.2 mm, representing a 50 % 
improvement [8]. This reduction reflects the restoration of track ge
ometry achieved through the tamping process, which repositions ballast 
particles and realigns the track structure.

After tamping, a period of rapid SD increase is anticipated due to the 
rearrangement of ballast stones, as they compact into a more stable 
configuration. This phase typically persists until approximately 2MGT of 
traffic has passed [8], after which the ballast reaches a resilient and 
stable state. This phenomenon, indicative of the track regaining its 
original resilient state, is illustrated in Fig. 7.

The condition of the ballast significantly influences the effectiveness 
of tamping operations. Specifically, tamping freshly laid ballast, 
particularly when ballast FI is relatively low, results in a better achiev
able geometry SD compared to tamping ballast that has experienced 
wear. Additionally, different renewal strategies can also influence the 
outcome. This discrepancy can be attributed to the enhanced compac
tion and stability of ballast following tamping, as illustrated in Fig. 8. 
The illustration highlights the geometry SD over time for three sce
narios: pre-maintenance (blue line), replacement of rail + sleeper +
ballast (red line), and replacement of rail + sleeper (orange line). The 
replacement of rail + sleeper + ballast option consistently achieves a 
lower geometry SD than the replacement of rail + sleeper option, indi
cating that the inclusion of ballast renewal further enhances the track 

quality. A degraded or contaminated ballast compromises the load dis
tribution and reduces the effectiveness of tamping, leading to a rapid 
deterioration in track geometry. By contrast, ballast renewal restores the 
structural and elastic properties of the trackbed, allowing for more 
uniform compaction and significantly improving the initial geometry 
condition. This renewal approach not only achieves higher initial track 
quality but also slows the rate of deterioration, thereby extending the 
maintenance interval and improving overall track performance. In the 
present study, the deterioration rate following tamping is assumed to be 
0.001 mm/MGT [8]. Regarding the renewal strategy, this study focuses 
on two specific scenarios: replacement of rail, and replacement of rail/ 
sleeper/add USPs.

Results and Analysis

This section presents the results and analysis of the effects of various 
operational and environmental factors on tamping intervals under 
consistent fouled ballast conditions (FI = 23, with a growth rate of 0.1 % 
per MGT). The analysis focuses on the influence of moisture content, 
train speed, traffic volume, ballast fouling type, and renewal strategy.

Effects of moisture content on tamping requirements

The influence of moisture content in the ballast layer on track ge
ometry deterioration and the corresponding tamping requirements is 
investigated. Simulations are carried out for three train speeds: 130, 
160, and 200 km/h, under varying moisture contents of 0 %, 3 %, and 6 
%, with a constant traffic volume of 17.5MGTPA. Note that despite the 
variable train speeds under study, the train speed for all is 200 km/h, 
meaning the SD intervention threshold is 2.4 mm, thus enabling a direct 
comparison. The ballast is assumed to be fouled with sand particles. 
Fig. 9 illustrates the evolution of geometry standard deviation (SD) over 
a 10-year period. Table 2 summarises the corresponding number of 
tamping interventions required.

The analysis reveals that higher moisture content accelerates the 
degradation of track geometry. At each train speed, the geometry SD 
increases more rapidly as the moisture content increases, leading to 
more frequent tamping interventions. This effect is consistent across the 
speed scenarios, indicating moisture content has a significant impact on 
the ballast’s ability to maintain stable track geometry.

At a train speed of 130 km/h (Fig. 9(a)), the geometry SD remains 
below the intervention threshold (2.4 mm) for both 0 % and 3 % 
moisture content throughout the 10-year period. Tamping, as indicated 
by a rapid drop in geometry standard deviation, is only performed every 
five years in accordance with the maintenance practice assumptions. 
This means that even though the geometry quality has not degraded to 
the intervention threshold, the maintenance cycle triggers the tamping 
process. In contrast, when the moisture content reaches 6 %, the ge
ometry deterioration accelerates significantly, causing the SD to exceed 
the threshold around the third, seventh and ninth years, necessitating 
three tamping interventions within the 10-year period.

For the 160 km/h train speed (Fig. 9(b)), the number of tamping 
interventions required also increases with moisture content. At 0 % 
moisture, the geometry SD does not reach the threshold. At 3 % moisture 
content, the geometry degradation is faster, causing the SD to exceed the 
threshold after approximately four years, triggering tamping. Subse
quently, an additional tamp occurs at the ninth year, making a total of 
two interventions. At the highest moisture content of 6 %, the deterio
ration rate increases further, resulting in four tamping interventions, 
with tamping conducted at approximately the third, sixth, eighth, and 
ninth years.

At the highest speed of 200 km/h (Fig. 9(c)), the impact of moisture 
content becomes even more pronounced. With 0 % moisture, the ge
ometry SD still remains stable, and a tamping intervention only occurs at 
the fifth year. With 3 % moisture, the first intervention occurs around 
the third year when the threshold is reached, followed by tamping in the 

Table 2 
Number of tamping intervals required at different water contents.

Water content 
(%)

Speed (km/ 
h)

Number of tamping interventions 
required

0 130 1
3 130 1
6 130 3
0 160 1
3 160 2
6 160 4
0 200 1
3 200 3
6 200 7
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seventh and ninth years, resulting in three interventions. When the 
moisture content reaches 6 %, the geometry SD quickly reaches the 
intervention threshold within two years, requiring seven interventions 
over the 10-year period. This situation highlights the compounded ef
fects of high speed and high moisture content on track geometry 
degradation.

Effects of ballast fouling types on tamping requirements

This section investigates the impact of different ballast fouling types 
on tamping intervals under a consistent water content of 6 % and a 
traffic volume of 17.5MGPA. The analysis covers three types of ballast 
fouling material: sand fines, coal fines and granite fines (i.e. from ballast 
particle abrasion), as shown in Fig. 10. The results are summarised in 
Table 3, which also identifies the friction angle and cohesion values 
associated with each fouling type. The analysis is conducted at three 
different train speeds: 130, 160, and 200 km/h.

Ballast fouling influences the rate of track geometry degradation due 

to its effect on the shear strength parameters of the ballast layer, 
particularly the friction angle and cohesion. The adopted values in this 
study are based on reported ranges from the literature and aim to reflect 
typical field conditions under moderate fouling severity and partial 
saturation [48–51]. Ballast with sandy fines is assumed to exhibit a 
relatively high friction angle of 36◦ and low apparent cohesion of 5 kPa. 
In contrast, coal dust fouling introduces finer, smoother, and more 
organic particles, which tend to reduce interparticle friction and in
crease cohesion when moist. Accordingly, a friction angle of 32◦ and 
cohesion of 15 kPa are adopted. Ballast fouled from aggregate break
down (i.e. fines generated from ballast abrasion) maintains high inter
particle friction due to the angular nature of the particles. Hence, a 
friction angle of 40◦ and apparent cohesion of 10 kPa are selected. The 
introduction of the apparent cohesion aims to simulate the interlocking 
effects.

At 130 km/h, the geometry SD increases at different rates depending 
on the ballast fouling type. The degradation rate of the ballast fouled due 
to sandy fines is relatively slow compared to other fouling types, 
resulting in three tamping interventions over the period. For the ballast 
fouled with coal fines, the lower friction angle leads to faster deterio
ration, requiring four interventions. For the ballast with fines due to 
abrasion, the combination of higher friction angle and moderate cohe
sion provides better stability, resulting in just two interventions. This 
shows that ballast aggregate breakdown has reduced impact on geom
etry degradation at low speeds due to its better interlocking properties.

At increased speed (160 km/h), dynamic loading accelerates geom
etry degradation for all ballast types. Four interventions are required for 
the ballast with sandy fines, as the geometry SD increases more rapidly 
compared to the 130 km/h case. Due to its lower friction angle, the 
geometry SD of ballast with the coal fines reaches the threshold more 
quickly, thus requiring six interventions over the period. Despite the 
increased speed, the enhanced friction angle helps maintain stability, 
limiting the interventions to three for the ballast fouled with fines from 
abrasion. The results indicate that at higher speeds, coal fines may pose a 
more significant problem compared to fines due to abrasion.

Fig. 10. Effects of ballast fouling types on geometry SD and tamping interval: (a) train speed 130 km/h (b) train speed 160 km/h (c) train speed 200 km/h.

Table 3 
Number of tamping intervals required at different ballast materials and speeds.

Ballast 
fouling 
types

Speed 
(km/h)

Friction 
Angle (∅ʹ)

Cohesion 
(ć )

Number of tamping 
interventions 
required

Sand fines 130 36◦ 5 kPa 3
Coal fines 130 32◦ 15 kPa 4
Granite 

fines
130 40◦ 10 kPa 2

Sand fines 160 36◦ 5 kPa 4
Coal fines 160 32◦ 15 kPa 6
Granite 

fines
160 40◦ 10 kPa 2

Sand fines 200 36◦ 5 kPa 7
Coal fines 200 32◦ 15 kPa 10
Granite 

fines
200 40◦ 10 kPa 5
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At the highest speed (200 km/h), the effect of ballast fouling be
comes more pronounced. For the ballast with sand fines, the rapid 
degradation requires seven interventions, reflecting the high dynamic 
forces. The combination of low friction angle and high-speed results in 
the most frequent interventions, totaling ten for the ballast fouled with 
coal fines. For the ballast fouled due to abrasion, the superior mechan
ical properties of aggregate breakdown ballast reduce the intervention 
frequency to five. The results highlight that coal fouling is more prob
lematic for lines with higher speeds, compared to fines due solely from 
abrasion. However, it is acknowledged that for higher train speeds, coal 
fouling is increasingly rare.

Effects of track renewal strategies on tamping requirements

The effects of different renewal strategies on tamping requirements 
are analysed under the following conditions: water content of 6 %, 
traffic volume of 17.5MGPA, and train speed of 200 km/h. Three 
renewal strategies are considered: 1) a standard track design with 56 kg/ 
m rail, serving as the baseline, 2) the same standard track design but 
with a heavier 60 kg/m rail (larger bending stiffness), to assess the 
impact of increased rail stiffness and mass, 3) the same standard track 
design but with a heavier 60 kg/m Rail and USPs, to investigate the 
combined benefits of increased rail section and improved support 

conditions. These options are selected to reflect practical upgrade paths 
sometimes encountered in track renewal planning. The results are 
illustrated in Fig. 11 and summarised in Table 4.

Renewal strategies influence the future rate of track geometry 
degradation, as seen in Fig. 11. The choice of rail type, sleeper 
replacement, and addition of USPs collectively affect track settlement, 
thereby impacting the frequency of tamping interventions.

According to Table 4, the number of tamping interventions required 
varies significantly between the three renewal strategies. The track with 
the lighter 56 kg/m rail requires the most frequent tamping in
terventions, with a total of seven over the assessment period. This high 
intervention frequency is primarily due to the limited structural support 
and increased wear associated with the smaller rail section, resulting in 
more frequent crossings of the intervention threshold (2.4 mm), as seen 
in Fig. 11.

Upgrading the rail profile from 56 kg/m to 60 kg/m reduces the 
number of tamping interventions to five, which represents a 28.6 % 
reduction in tamping frequency. The enhanced bending stiffness and 
improved load distribution of the 60 kg/m rail help maintain track ge
ometry more effectively via reducing ballast settlement. This indicates 
that modernising the rail profile alone can decrease maintenance fre
quency, even in the absence of further track-bed improvements.

The most comprehensive renewal strategy, which combines rail 60 
kg/m with sleeper replacement and the addition of USPs, results in only 
four tamping interventions. This corresponds to a 42.9 % reduction 
compared to the baseline. The inclusion of USPs helps to reduce ballast 
degradation and provides resilient support under dynamic loading, 
thereby delaying the onset of geometry deterioration. As shown in 
Fig. 11, the standard deviation of geometry in this scenario remains 
consistently lower than in the other two strategies, demonstrating 
improved stability and load-bearing capacity.

Fig. 11. Effects of renewal strategies on geometry SD and tamping interval.

Table 4 
Number of tamping intervals required at different renewal strategies.

Ballast 
Materials

Speed 
(km/h)

Water 
content (%)

Number of tamping 
interventions required

Rail 56 kg/m 200 6 7
Rail 60 kg/m 200 6 5
Rail 60 kg/m +

USPs
200 6 4

Fig. 12. Effects of train speeds on geometry SD and tamping interval.
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Effects of train speed on tamping requirements

The influence of train speed on tamping intervals is analysed 
considering 6 % moisture content and a traffic volume of 17.5MGTPA. 
The results are illustrated in Fig. 12 and Fig. 13, while the number of 
tamping interventions required at different speeds and SD thresholds is 
summarised in Table 5. Fig. 12 presents the geometry SD progression 
over a 10-year period considering train speeds of 130, 160, and 200 km/ 
h, using a uniform SD threshold of 2.4 mm to maintain a fair 
comparison.

The results indicate a clear trend of increasing geometry degradation 
as the train speed increases. This is consistent with the understanding 
that higher speeds exert greater dynamic forces on the track structure, 
leading to faster ballast degradation and settlement. The combination of 
high speed and elevated moisture content (6 %) significantly amplifies 
the geometry SD progression, as seen in both figures.

Fig. 12 shows that when a uniform threshold of 2.4 mm is used for all 
cases, the number of tamping interventions required increases with 
speed. At the lowest speed of 130 km/h, the track geometry reaches the 
intervention threshold three times over the period. For the medium 
speed of 160 km/h, the geometry deteriorates more rapidly, resulting in 
four tamping interventions. At the highest speed of 200 km/h, where the 

dynamic impact on the ballast is most severe, the number of tamping 
interventions rises to seven. These results highlight the significant in
fluence of speed on maintenance requirements when a consistent 

Fig. 13. Effects of train speeds on geometry SD and tamping interval (considering different speed thresholds).

Table 5 
Number of tamping intervals required at different train speeds and SD 
thresholds.

Speed (km/ 
h)

SD threshold 
(mm)

Number of tamping interventions 
required

130 2.4 3
160 2.4 4
200 2.4 7
130 3.8 1
160 2.7 3

Fig. 14. Effects of traffic volume on geometry SD and tamping interval.

Fig. 15. Gradient difference and gradient ratio (17.5MGTPA vs 35.0MGTPA).

Table 6 
Number of tamping intervals required at traffic volume.

Traffic 
(EMGTPA)

Speed 
(km/h)

Water 
content (%)

Number of tamping 
interventions required

17.5 200 0 1
35.0 200 0 2
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threshold is applied.
Fig. 13 shows the same train speed scenarios but also shows the SD 

thresholds commonly associated with the maximum train speeds at 
which these speeds would be permissible: 3.8 mm at 130 km/h, 2.7 mm 
at 160 km/h and 2.4 mm at 200 km/h. It is important to note that the 
2.4 mm threshold is specifically appropriate for train speeds up to 200 
km/h, while the higher thresholds for lower speeds reflect operational 
standards. In this study, the uniform 2.4 mm threshold is used primarily 
to ensure fair comparison between different speeds. At 130 km/h, the 
higher threshold of 3.8 mm results in only one tamping intervention 
over the period, compared to three interventions when using the uni
form 2.4 mm threshold. Similarly, at 160 km/h with the threshold of 2.7 
mm, only three tamping interventions are needed, compared to four 
when using the uniform threshold. For the 200 km/h speed, the number 
of tamping interventions remains unchanged at seven, as the threshold 
remains the same at 2.4 mm. This shows that linespeed-specific SD 
thresholds should be carefully chosen and reconfirms the importance of 
adopting intervention criteria that reflect operational conditions.

Effects of traffic volume on tamping requirements

The effect of traffic volume on tamping requirements is evaluated 
using two scenarios: low traffic (17.5MGTPA) and high traffic 
(35.0MGTPA). Both scenarios consider a train speed of 200 km/h and a 
moisture content of 0 %. The analysis is illustrated in Fig. 14 and Fig. 15, 
with the summary of the number of tamping interventions required 
shown in Table 6.

The results demonstrate that an increase in traffic volume signifi
cantly accelerates the degradation of track geometry. As shown in 
Fig. 14, the geometry SD increases more rapidly under high traffic 
conditions (35.0MGTPA) compared to low traffic (17.5MGTPA). This 
behaviour can be attributed to the increased cumulative loading and 
dynamic impact from a greater number of axle passages, leading to 
faster ballast settlement and increased track irregularities.

According to Table 6, at a traffic volume of 17.5MGPA, only one 
tamping intervention is required within the period. This indicates that 
the low traffic volume results in a relatively stable track geometry, 
where the gradual increase in SD remains within acceptable threshold 
limits. In contrast, when the traffic volume doubles to 35.0MGPA, the 
number of tamping interventions also doubles to two. The first inter
vention occurs at the fourth year when the geometry SD reaches the 
threshold of 2.4 mm. After tamping, the geometry condition improves, 
but the accelerated deterioration rate due to high traffic causes the SD to 
again reach the threshold around the ninth year, triggering a second 
tamping intervention. This pattern indicates a direct relationship be
tween traffic volume and maintenance frequency, where higher traffic 

leads to more frequent interventions.
Fig. 15 provides a detailed analysis of the rate of geometry degra

dation by comparing the gradient difference and gradient ratio between 
two traffic load scenarios (17.5and 35.0MGT per annum). The gradient 
difference, defined as the absolute difference in degradation rates (i.e., 
the slope of SD increase) between high and low traffic cases, progres
sively increases over the four-year period, from approximately 0.04 
mm/year initially to about 0.1 mm/year by year four. This rising dif
ference indicates that the track under higher traffic deteriorates faster 
each year, reflecting additional dynamic loading effects. The gradient 
ratio, on the other hand, expresses the relative difference in degradation 
rate, calculated by dividing the high-traffic gradient by the low-traffic 
gradient. Initially around 1.5, it signifies that the degradation rate 
under 35.0MGT is 1.5 times that under 17.5MGT. This ratio increases 
steadily over time, approaching 3.0 by the fourth year. This increasing 
ratio indicates that the difference in degradation rate between the high 
and low traffic scenarios becomes more pronounced over time. The re
sults imply that higher traffic volumes not only increase the immediate 
rate of deterioration but also cause the track to degrade more rapidly as 
the cumulative loading effect intensifies over time. This non-linear in
crease highlights the compounded impact of higher traffic levels on 
long-term track quality.

Understanding the impact of traffic volume on geometry degradation 
allows rail operators to better predict maintenance needs as traffic in
creases. This is particularly relevant for busy corridors, where higher 
loading intensifies track wear.

Discussion

It is evident that ballast tamping frequency requirements are gov
erned by a complex interaction of moisture content, traffic volume, train 
speed, ballast fouling characteristics, and renewal plans. Among these, a 
constant elevated moisture content exerts a dominant effect, particularly 
in high dynamic loading environments, where elevated water levels 
reduce shear strength and lead to rapid ballast particle rearrangement. 
When combined with high train speed, this effect is further magnified 
due to increased dynamic loading. This highlights the critical impor
tance of drainage management and minimising ballast fouling.

Ballast fouling type also influences track behaviour, although to a 
lesser extent. Fouling from coal fines, due to their lower friction angle 
and higher cohesion, induces greater settlement rates than abrasion- 
generated fines, which retain more interlock due to their angularity. 
As such, maintenance strategies should consider not just the fouling 
index, but if possible, also the fouling source. The analysis also dem
onstrates that traffic volume and train speed independently accelerate 
track deterioration, but their combined effect is non-linear and com
pounding. This is particularly clear in the gradient ratio analysis, which 
suggests that geometry degradation becomes progressively more severe 
with cumulative loading.

Fig. 16 summarises how the chosen heavily fouled site is influenced 
by the main variables under study. It is seen that ballast moisture con
tent, train speed and traffic volume have a greater impact than ballast 
fouling type in terms of tamping requirements. These findings under
score the role of operational and environmental factors on maintenance 
planning. In particular it highlights the need for adequate track drainage 
and to minimise ballast fouling.

Conclusions

This paper presents a novel numerical framework for predicting 
future railway ballast tamping requirements by integrating an empirical 
ballast settlement model into a hybrid numerical simulation based on a 
2.5D FEM-PML approach, calibrated using operational track geometry 
data. The approach is used to study the effect of ballast fouling material 
type, moisture content, speed, traffic volume and renewal strategies, 
providing a detailed understanding of track geometry degradation and 

Fig. 16. Influence of key factors on ballast tamping requirements.
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maintenance needs. Considering the case of a heavily fouled ballasted 
trackbed, the following conclusions are drawn: 

1. An elevated ballast moisture content significantly accelerates ge
ometry deterioration, thus increasing tamping requirements. At a 
constant 6 % ballast moisture content, the tamping frequency can 
more than double compared to dry conditions, particularly in the 
presence of high dynamic loading.

2. The type of ballast fouling material influences future tamping needs 
through its impact on shear strength. Coal fines, with lower friction 
angles, result in the highest intervention frequencies, whereas 
abrasion-generated fines provide more stable performance.

3. Track renewal strategies can play a key role in prolonging tamping 
intervals assuming the ballast is in reasonable condition. For 
example, for the studied site, upgrading from 56 kg/m to heavier 60 
kg/m rails and adding USPs reduced the tamping requirements 
significantly, due to improved stiffness and load distribution.

4. For the same initial track geometry, higher train speeds increase the 
dynamic forces within the track structure, resulting in more rapid 
ballast settlement and geometry degradation.

5. Traffic volume has a non-linear effect on geometry degradation. For 
the case studied, although doubling the traffic from 17.5 to 
35.0MGTPA approximately doubled the number of tamping in
terventions, the rate of geometry degradation increased dispropor
tionately over time.
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Appendix A. Track properties used for model validation

Component Parameter Value

Rail (single rail) Type 56 kg/m rail
Height (m) 0.159
Length in transversal direction (m) 0.020
Section area (m2) 7.169 × 103

Moment of Inertia y-y (m4) 2.321 × 10− 5

Moment of Inertia z-z (m4) 0.422 × 10− 5

Young’s modulus (Pa) 2.11 × 1011

Density (kg/m3) 7850
Poisson’s ratio 0.3
Hysteresis damping coefficient 0.01

Railpad (spring element) Continuous stiffness (N/m2) 250 × 106

Viscous damping (Ns/m2) 22.5 × 103

Sleeper (G44) Height (m) 0.2
Length in transversal direction (m) 2.5
Sleeper spacing (m) 0.65
Young’s modulus (Pa) 3 × 1010

Density (kg/m3) 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 × 106

Density (kg/m3) 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 × 106

Density (kg/m3) 2000
Poisson’s ratio 0.3
Hysteresis damping coefficient 0.05

Embankment Height (m) 1.0
Young’s modulus (Pa) 200 × 106

Density (kg/m3) 2000
Poisson’s ratio 0.3
Hysteresis damping coefficient 0.05

Subgrade Soil type clay/silt
Young’s modulus (Pa) 120 × 106

Density (kg/m3) 2000
Poisson’s ratio 0.35
Hysteresis damping coefficient 0.03
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Appendix B. Passenger vehicle properties

Parameter Value

Number of cars 11
Number of axles 44
Axle spacing (m) 2.9
Bogie spacing (m) 19
Car body mass (kg) 329 × 102

Car body pitching moment of inertia (kg.m2) 208 × 104

Bogie mass (kg) 4932
Wheelset mass (kg) 1538
Bogie pitching moment of inertia (kg.m2) 5150
Primary suspension stiffness (kNm− 1) 3420
Primary suspension viscous damping (Nsm− 1) 360 × 102

Secondary suspension stiffness (kNm− 1) 1320
Secondary suspension viscous damping (Nsm− 1) 360 × 102

Data availability

Data will be made available on request.
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[12] Saussine Gilles, Azéma Emilien, Gautier PE, Peyroux Robert, Radjai F, Numerical 
FR, et al. Numerical modeling of the tamping operation by Discrete Element 
Approach; n.d.

[13] Tutumluer Erol, Huang Hai, Assistant GR, Hashash Youssef, Ghaboussi Jamshid, 
et al. Aggregate Shape Effects on Ballast Tamping and Railroad Track Lateral 
Stability; 2006.

[14] Lamprea-Pineda AC, Connolly DP, Hussein MFM. Beams on elastic foundations – a 
review of railway applications and solutions. Transp Geotech 2022;33:100696. 
https://doi.org/10.1016/j.trgeo.2021.100696.

[15] Wilk S, Li D, DeVencenty D. Relationship of Inspection Methods to Ballast 
Degradation Models: Phase II; 2024.

[16] de Miguel A, Lau A, Santos I. Numerical simulation of track settlements based on 
an iterative holistic approach. J Braz Soc Mech Sci Eng 2018;40. https://doi.org/ 
10.1007/s40430-018-1300-8.

[17] Grossoni I, Powrie W, Zervos A, Bezin Y, Le Pen L. Modelling railway ballasted 
track settlement in vehicle-track interaction analysis. Transp Geotech 2021;26: 
100433. https://doi.org/10.1016/j.trgeo.2020.100433.

[18] Kumar N, Kossmann C, Scheriau S, Six K. An efficient physical-based method for 
predicting the long-term evolution of vertical railway track geometries. Proc Inst 
Mech Eng F J Rail Rapid Transit 2021. https://doi.org/10.1177/ 
09544097211024803.

[19] Nielsen JCO, Li X. Railway track geometry degradation due to differential 
settlement of ballast/subgrade – numerical prediction by an iterative procedure. 
J Sound Vib 2018;412:441–56. https://doi.org/10.1016/j.jsv.2017.10.005.

[20] Charoenwong C, Connolly DP, Dong K, Alves Costa P, Soares PJ, Woodward PK. 
A multi-model approach to analyse railway track-ground dynamics and soil 
nonlinearity. Lect Notes Civil Eng 2022;165:37–48. https://doi.org/10.1007/978- 
3-030-77234-5_4.

[21] Chumyen P, Connolly DP, Woodward PK, Markine V. A comparison of earthwork 
designs for railway transition zones. Constr Build Mater 2023;395. https://doi.org/ 
10.1016/j.conbuildmat.2023.132295.

[22] Chumyen P, Connolly DP, Woodward PK, Markine V. The effect of soil 
improvement and auxiliary rails at railway track transition zones. Soil Dyn Earthq 
Eng 2022;155:107200. https://doi.org/10.1016/j.soildyn.2022.107200.

[23] Connolly DP, Dong K, Alves Costa P, Soares P, Woodward PK. High speed railway 
ground dynamics: a multi-model analysis. Int J Rail Transport 2020;8:324–46. 
https://doi.org/10.1080/23248378.2020.1712267.

[24] Lamprea-Pineda AC, Connolly DP, Castanheira-Pinto A, Alves-Costa P, 
Hussein MFM, Woodward PK. On railway track receptance. Soil Dyn Earthq Eng 
2024;177:108331. https://doi.org/10.1016/j.soildyn.2023.108331.

[25] Chen C, McDowell GR. An investigation of the dynamic behaviour of track 
transition zones using discrete element modelling. Proc Inst Mech Eng F J Rail 
Rapid Transit 2016;230:117–28. https://doi.org/10.1177/0954409714528892.

[26] Dahlberg T. Some railroad settlement models – a critical review. Proc Inst Mech 
Eng F J Rail Rapid Transit 2001;215:289–300. https://doi.org/10.1243/ 
0954409011531585.

[27] Guo Y, Zhao C, Markine V, Jing G, Zhai W. Calibration for discrete element 
modelling of railway ballast: a review. Transp Geotech 2020;23:100341. https:// 
doi.org/10.1016/j.trgeo.2020.100341.

[28] Shih JY, Grossoni I, Bezin Y. Settlement analysis using a generic ballasted track 
simulation package. Transp Geotech 2019;20:100249. https://doi.org/10.1016/j. 
trgeo.2019.100249.

[29] Indraratna B, Nimbalkar S. Stress-strain degradation response of railway ballast 
stabilized with geosynthetics. J Geotech Geoenviron Eng 2013;139:684–700. 
https://doi.org/10.1061/(asce)gt.1943-5606.0000758.

[30] Li D, Selig ET. Cumulative plastic deformation for fine-grained subgrade soils. 
J Geotech Eng 1996;122:1006–13. https://doi.org/10.1061/(asce)0733-9410 
(1996)122:12(1006).

[31] Li D, Selig ET. Resilient modulus for fine-grained subgrade soils. J Geotech Eng 
1994;120:939–57.

[32] Ramos A, Gomes Correia A, Indraratna B, Ngo T, Calçada R, Costa PA. Mechanistic- 
empirical permanent deformation models: laboratory testing, modelling and 
ranking. Transp Geotech 2020;23. https://doi.org/10.1016/j.trgeo.2020.100326.

[33] Alves Costa P. Vibrações do sistema via-maciço induzidas por tráfego ferroviário. 
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