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Railway track geometry deteriorates under repeated train loading. When linespeed is increased or new rolling-
stock is introduced this can alter the future rate of change of differential settlement and track geometry.
Therefore this paper presents a novel combined engineering-economic approach to investigate the effect of
increasing train speeds, adding additional passenger movements, and adding additional freight movements to an
existing line. Firstly a numerical algorithm is presented to compute differential track settlement. An important
novelty of the model is its use of the wavenumber finite element method coupled with settlement relationships in
a manner that allows for track irregularities to evolve after every load passage (i.e. taking into account the
evolution of the track unevenness profile before applying each subsequent train passage). Unlike traditional
approaches this allows the model to faithfully simulate mixed traffic conditions, including the coupled in-
teractions between different rolling stock types and track geometry. The engineering model is used to predict
tamping intervals, and then coupled with an economic model capable of calculating deterioration elasticities and
marginal costs. It is shown that higher speeds result in higher dynamic forces and cause a faster rate of dete-
rioration of track geometry, thus increasing marginal cost. The model is then used to investigate the effect of
adding additional train movements to a passenger line. It is shown that additional movements increase the rate of
track degradation and marginal costs, particularly if the additional traffic is freight. This is because freight ve-
hicles typically have one only layer of (stiff) suspension, thus generating elevated dynamic forces compared to
passenger vehicles.

Introduction ignored.

Although useful for routine cases, if a railway operator wishes to

Under repeated train passages, railway tracks settle differentially
along the line due to dynamic train-track interaction and changing track
support conditions [1]. Deterioration in vertical track geometry results
in a cycle of increased train-track dynamic interaction forces and further
track deterioration. These track irregularities evolve with each load
passage, meaning the characteristics of the train-track dynamic inter-
action forces, track stress distributions and the settlements also evolve
over time. If each track section is subject to relatively constant opera-
tional conditions (i.e. no significant changes to rolling stock types,
speeds and timetables), and no heavy maintenance/renewal is per-
formed, then future track geometry changes can be approximated by
extrapolating from historical data, with minimal regard for the under-
lying physics of track degradation [2-7]. This means variables such as
changes in train-track interaction and track stress distributions can be
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increase linespeed, or increase the annual number of rolling stock
movements (either freight or passenger), maintenance frequency pre-
diction using statistical extrapolation of historical records becomes more
difficult because experimental data to perform forecasting analysis is not
available. This then introduces uncertainties into marginal cost calcu-
lations, and thus the operator’s economic appraisal. An important driver
behind operational cost is track maintenance frequency. To predict
future maintenance intervals requires modelling of operational condi-
tions that are different than the past.

Rather than a statistical approach, this task is well suited to nu-
merical modelling from first principles, where arbitrary future opera-
tional conditions can be simulated without relying on past track
geometry records. This approach has been studied by [8-11], where an
iterative train-passage simulation approach combined with settlement
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models is used to compute differential settlement, considering changes
in track geometry. However, modelling cyclic loading in the time
domain demands significant computational effort, and is thus chal-
lenging when calculating the 3D dynamic stress fields in the track and
ground over a large number of loading cycles [12-16]. It is also
important that the distribution of track-ground stresses is modelled
explicitly because the deviatoric stress is one of the most influential
parameters when computing settlement [17].

Two fundamental parts of a settlement prediction model are first
calculating the stress/strain response of the structure, and secondly
calculating the corresponding settlement. Regarding settlement calcu-
lation, two common modelling approaches for calculation are consti-
tutive [18-23] and empirical [17,24-32]. The constitutive approach
often requires higher computational effort and a non-trivial number of
material input properties that are difficult to quantify, thus making real-
life application challenging [33,34]. An alternative modelling approach
is to use empirical equations which have fewer input parameters and
require minimal computation, yet if used with care, can provide similar
accuracy to constitutive models [35].

Most railway administrations use a track quality index (TQI) to
measure track quality. Although many TQI variants exist [36], the
standard deviation (SD) of vertical track geometry over a given track
length is the most commonly used [37]. When the SD value, for wave-
lengths within a given range, exceeds a threshold limit (which is linked
to linespeed), maintenance action is required. Tamping is then the most
common corrective maintenance technique to restore the track geome-
try to an acceptable level of quality.

The settlement of railway trackbed is non-linear [35], and thus
changes in TQI are also often non-linear. Thus, to analyse changes in
different settlement and TQI requires a numerical model that is capable
of simulating daily rolling stock patterns, accounting for interactions
between the different traffic types that operate in the railway infra-
structure. For example, if a solely passenger line was upgraded to carry
multiple freight train movements, the track resulting geometry would
likely be different depending upon whether these freight trains were all
run consecutively, or interspersed between passenger movements.
Therefore, to most faithfully replicate changes in TQIL, the traffic time-
table should closely replicate true operation conditions, and vertical
track profile should be updated after every axle passage [38].

To determine the relationship between TQI and tamping frequency,
and thus economic cost, marginal cost analysis [39] is a useful tool. It is
an important area academically and in practice given the vertical sep-
aration between infrastructure management and train operations,
requiring track access charges to be set. For example, EU legislation
(Directive 2012/34/EU, and the European Commission’s Implementing
Regulation EU 2015/909) stipulates that those charges should be based
on direct costs of a train service, which can contribute to an efficient use
of the infrastructure.

To address the above issues, this paper uses an engineering-economic
approach to calculate marginal costs considering the evolution of rail-
way track geometry. To do so, first a novel numerical algorithm is
presented to compute differential track settlement. It uses an equivalent-
linear wavenumber finite element method coupled with empirical set-
tlement relationships in a manner that allows for the track irregularities
to evolve after every load passage, before applying the next load.
Compared to some traditional approaches this allows the model to
faithfully simulate mixed traffic conditions, and the coupled interactions
between different rolling stock types and track geometry. The model is
used to calculate marginal costs of two scenarios: 1) increasing the
linespeed on a passenger line, and 2) increasing the number of passenger
or freight movements on a predominantly passenger line.
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Engineering-economic modelling
Model architecture

A combination of engineering and economic modelling is used to
predict tamping intervals and marginal costs as outlined in Fig. 1. To do
so, first the engineering model is used to calculate tamping frequencies,
which are then passed to the economic model which computes the
related marginal costs. The engineering model is divided into two
coupled steps: Step A, pre-calculation and Step B, iterative process,
solved across both frequency-wavenumber and time-space domains.
Step B updates the track geometry profile after every train passage,
considering the evolution of deviatoric stresses in the track and ground,
thus allowing for the simulation of bespoke train timetables that
accommodate both passenger and freight traffic. Therefore it is capable
of simulating changes to linespeed and passenger-freight traffic ratios.
Based on an initial track geometry profile and a threshold intervention
limit, the time-to-maintenance is calculated, as an input for marginal
cost calculation.

Engineering model

Track and settlement model

The engineering sub-model uses a FEM-PML approach developed in
Matlab, where the 3D stress fields are coupled with empirical settlement
laws to estimate track settlement and, subsequently, future tamping
intervals. The model is solved in a hybrid manner across frequency-
wavenumber and time-space domains. This approach makes it well-
suited for modelling repeated dynamic loads, because the track geom-
etry profile can be updated after every axle passage with minimal
computational effort. This is particularly important for operational
scenarios where different types of rolling stock are operated in sequence
on a daily timetable.

As shown in Fig. 1, Step A is a pre-calculation step which involves
computing the 3D elastodynamic response and the geo-static stresses in
the track and ground. The moving load transfer function considering
non-linear track-ground stiffness is computed in the frequency-
wavenumber domain. An equivalent linear approach is used to assess
non-linear behaviour in the track and the ground in the frequency
domain [40-43]. The effective octahedral shear strain is used to update
the properties of each track-ground element until reaching convergence
between the material properties and strain-adjusted properties. This
non-linear calculation is performed during Step A and the strain-
adjusted material properties are passed to Step B for settlement calcu-
lation. For low/medium track geometry SD’s, the total stress field is
dominated by quasi-static stresses, meaning the majority of non-
linearity can be assumed to occur in Step A. The moving load transfer
functions are then used to calculate the 3D stress transfer functions due
to quasi-static and dynamic loading. Several matrices required for
computing the train-track dynamic interaction are also prepared in
advance. Step A is only computed once for each moving speed of vehicle
and track design being considered. All variables from this part can be
pre-calculated and used repeatedly in Step B.

In Step B, an iterative solver is implemented using a combination of
wavenumber-frequency and space-time domains. Based on the track
irregularity profile, track compliance and rolling stock, the train-track
dynamic interaction force is calculated using a multi-body model.
Considering the stress field in 3D, the quasi-static, geostatic, and dy-
namic stresses are all calculated at the track centreline and used to
compute the deviatoric stress. The total deviatoric stress (combined
quasi-static, dynamic and geo-static) is then used to calculate settle-
ments in the track and the ground over the entire model track length
(typically ~200 m), in the direction of train passage. The vertical track
geometry profile is updated after every axle passage and thus the train-
track dynamic force and deviatoric stress are also recalculated at each
iteration. These steps are repeated until a threshold limit value is
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Fig. 1. Engineering-economic model overview.

reached, based upon the SD of the vertical rail profile, as commonly
defined in standards. It should be noted that due to the pre-calculations
performed in Step A, each Step B iteration requires minimal computa-
tional effort, thus allowing for the rapid simulation of many axle pas-
sages. To repeatedly update the track profile and account for the
settlement of previous axle passages, an incremental form of settlement
equation is required. Therefore the ballast [25] and subgrade [17] set-
tlements are calculated using Eqgs. (1) and (2). Additional information
regarding the empirical settlement laws can be found in [38].

Aepy,i = 0.3756dy,i2 x 1 + 0.4log10dN-i + NIb — 1 + 0.4l0g10dN-(i — 1)
+ Nib
(@]

Aep,,i = al000d,, iosmdN-i + Nisb — dN-(i — 1) + Nlsb (2)

where Aepy,i is ballast permanent strain increment; Aeps, i is subgrade
permanent strain increment; i is iterative step; od, i is ballast dynamic
deviatoric stress relevant to traffic load (in MPa); ods,i is subgrade dy-
namic deviatoric stress relevant to traffic load (in Pa); os is soil
compressive strength (in Pa); a, m, and b are material parameters; Nib is
the number of load cycles after the last ballast renewal/tamping; NIs is
the number of load cycles after the last subgrade replacement; and dN is
the frequency of load application. Note that Egs. (1) and (2) can be used
for single or mixed traffic scenarios. The deviatoric stresses are
computed for any arbitrary vehicle and then used to update the settle-
ment after each cycle, considering the previous iteration. Therefore they
are compatible with an arbitrary combination of traffic.

Train-track dynamic interaction model

To simulate railway vehicle dynamics, a variety of vehicle modelling
approaches, each with different levels of complexity have been proposed
in the literature [44], often with the goal of minimising computational
requirements for their application. This goal is particularly relevant
when simulating large numbers of axle passages for the purpose of dif-
ferential settlement analysis. Therefore to investigate the validity of
simplifying rolling stock models for the purpose of settlement calcula-
tions, a variety of common simplifications are compared. Three ap-
proaches for passenger vehicle modelling are analysed, followed by two
approaches for freight. Their dynamic responses are compared because
this is dominant in differential track settlement.

Firstly, to simulate the interaction between the vehicle and the track,
a compliance procedure formulated in a moving frame of reference,
subjected to a moving train is used [45,46]. Three common simplifica-
tions for modelling a passenger train are illustrated in Fig. 2. The first
option, as shown in Fig. 2(a), is a complete vehicle model which takes
into account the main structural aspects of the train dynamics. In
contrast, Fig. 2(b) ignores the car box, instead only considering the
dynamic motion of the bogies (semi-sprung masses) and the wheelsets
(unsprung masses). Further, Fig. 2(c) only considers the presence of the
wheelsets (unsprung masses) for dynamic computation.

Freight vehicles typically contain only one level of suspension,
meaning only two modelling options are considered. The first option
shown in Fig. 3(a) is a complete vehicle model with one level of sus-
pension. The simplified option shown in Fig. 3(b) is where only the
bogies and the wheelsets are considered.

The formulation of the dynamic interaction force in the frequency
domain is:
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Fig. 2. Passenger vehicle modelling approaches: (a) complete vehicle model, (b) simplified model containing bogies and wheelsets, (c) simplified model containing

only wheelsets.

FdynQ = —Vc + VH + Tc — 1Auf2 3)

where AuQ = the vertical track irregularity; Tc is the flexibility the track
compliance; Vc is the flexibility of the vehicle compliance; and VH is the
contact flexibility. The details of the track compliance and the vehicle
compliance, including the mass and stiffness matrices of both passenger
and freight vehicles are given in Appendix A.

A simplified 2D model based on beam on elastic foundation theory
[47] is used to calculate the response due to train-track dynamic inter-
action. An infinite Euler-Bernoulli beam is used to represent the rail
which is supported by a single continuous elastic layer. It has the

following material properties (single rail): Young’s modulus
E =21 x1011N/m2; second moment of area I = 30.55 x 10 — 6m4;
cross section area A = 0.00763m2; density p = 7850kg/m3; and support
stiffness s = 100 x 106N/m2. An artificial track irregularity profile for
wavelengths in the range 3 <1< 35m is generated using the PSD
(Power Spectral Density) function defined by FRA [48] but the constants
modified to generate specific SD profiles at higher speeds (>177 km/h).
The properties of passenger and freight vehicles are summarised in
Table 1, where the properties of passenger vehicle are taken from [49]
and freight vehicle adapted from [50]. The speeds of passenger and
freight vehicles are 200 and 97 km/h respectively.
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Table 1

Parameters of passenger and freight vehicles.
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 10% 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 1) 3420 -
Primary suspension viscous damping (Nsm ™) 360 x 102 -
Secondary suspension stiffness (kNm ') 1320 2660
Secondary suspension viscous damping (Nsm™') 360 x 102 25 x 102

Fig. 4 compares the peak displacements due to dynamic loading
along the track length, for the complete vehicle and simplified vehicle
models. As shown in Fig. 4(a), the displacements due to the different
vehicle assumptions show significant differences, however are in a
similar range in terms of magnitude. In contrast, the freight vehicle
shows a large discrepancy in magnitude, comparing the full and
simplified vehicles - Fig. 4(b). This large difference is justified by the
higher stiffness of the primary suspension and suspensions. Considering
the errors associated with using simplified passenger and freight vehi-
cles, for the purpose of differential settlement modelling, this shows it is
important to use full vehicle models (i.e. avoid reducing the number of
degrees of freedom).

Quasi-static versus dynamic excitation

Rolling stock moving at constant speed on plain line induces both
quasi-static and dynamic excitation. The track’s quasi-static deflections,
stresses and strains are not influenced by track irregularities meaning
they move uniformly with the load [13]. Considering the well estab-
lished relationships between stress and settlement, such loading there-
fore also induces uniform settlement along the track. In contrast,
dynamic excitation is influenced by track irregularities and is thus the
source of differential settlement evolution.

To illustrate this concept more clearly, Fig. 5 shows the quasi-static
and dynamic deviatoric stresses measured on the track centreline, 0.1
m below the sleeper, for an entire 200 m track length. Excitation is from
the full freight train model interacting with a track irregularity of FRA’s
class 4 (suitable for maximum speed at 130 km/h). The corresponding
ballast settlement is shown in Fig. 6. It is seen that the quasi-static
excitation induces uniform settlement along the track, whereas the dy-
namic excitation induces non-uniform settlement along the track. This
illustrates the concept that dynamic excitation is the primary driver of
differential railway track settlement.

Differential settlement model validation

The ability of the model to predict the evolution of differential set-
tlement with increasing axle passages is validated by comparing against
historical track geometry data from a UK track section. The standard
deviation of vertical track geometry profile over a 200 m track length is
analysed, considering wavelengths in the 3-35 m range.

Fig. 7 shows the finite element mesh and dimensions of the track
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cross-section. The material properties of the rails, rail pads, sleepers,
ballast, sub-ballast and subgrade are described in Appendix B. The
subgrade properties are based upon site investigation data. The line
operates almost exclusively with passenger rolling stock, and thus the
vehicle properties are solely based upon the passenger vehicle shown in
Table 2. The traffic volume per year is 19.58 million gross tonnes (MGT)
with an operational line speed of 125mph. To facilitate validation, track
geometry obtained via a Track Recording Vehicle (TRV/TRC) on 5 dates:
10-November-2014, 23-March-2015, 07-March-2016, 20-March-2017
and 19-March-2018, is used. Analysis of maintenance records shows that
tamping was not performed between any of these dates.

The geometry data recorded on 10-Nov-2014 is used as the track
starting condition. Then the model individually simulates every axle
load passage until 19-March-2018. The geometry SD evolution is
compared against the TRV data, as shown in Fig. 8. The rectangular

markers represent the geometry SD data recorded in-situ, and the tri-
angle marker is the SD of the initial 2014 track profile. The 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 confirm the model is capable of predicting the evolution of
differential track settlement.

Economic model

The engineering model provides the inputs for the economic model.
The generalised, coupled modelling approach for direct cost calculation
is:

(a) Simulate the damage from increasing the linespeed or running
more trains using the engineering model
(b) Determine the timeframe until damage correction is required
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(c) Calculate a unit cost of damage correction to give additional cost
of increased linespeed or extra traffic on the network

The cost calculations only consider changes in tamping intervals and
do not include investments in the capability of the line, i.e. fixed inputs
in the production of infrastructure services. The calculated costs there-
fore comprise short-run marginal costs rather than long-run marginal
costs. This makes the estimates consistent with the concept of direct
costs for the purposes of setting track access charges.

Assuming tamping is the primary form of maintenance used to
improve the SD of track, the present value cost (PVC) of an infinite time
series of tamping activities at time T with constant intervals T is:

limn—ooPVC = cl(1 —e —rT) @

where c is the tamping cost per track kilometre, and r is the annual
discount rate.

Following the marginal cost calculation for track renewals in [51], a
track section that is observed at time t ~ is considered, which is before
the first tamping activity at T. The time until the next tamping activity is
thus T — t ~. The PVC of the track section analysed in time t ~ is:

PVCt ~=ce —r(T —t ~)1(1 —e—rT) 5)

To calculate a marginal cost of additional train movements, a
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Table 2
Ballast, sub-ballast and subgrade properties (case studies).

Component Parameter Value

Ballast Height (m) 0.3
Length in transversal direction (m) 2.8
Young’s modulus (Pa) 180 x 10°
Density (kg/m®) 1650
Poisson’s ratio 0.27
Hysteric damping coefficient 0.06

Sub-ballast (Sand-gravel) Height (m) 0.5
Length in transversal direction (m) 3.5
Young’s modulus (Pa) 180 x 10°
Density (kg/m>) 2300
Poisson’s ratio 0.3
Hysteric damping coefficient 0.05
Settlement parameter a 0.52
Settlement parameter b 0.15
Settlement parameter m 1.49
Compressive strength (kPa) 350

Subgrade (Lean clay) Young’s modulus (Pa) 70 x 10°
Density (kg/m®) 1900
Poisson’s ratio 0.35
Hysteric damping coefficient 0.03
Shear wave speed (mph) 260
Settlement parameter a 1.10
Settlement parameter b 0.16

Settlement parameter m 2.0
Compressive strength (kPa) 250

temporary increase in tonnes Aq at time t ~= 0 is considered, which will
make the first tamping interval shorter, and all the subsequent intervals
will be scheduled earlier. The subsequent intervals will have the same
length as before since the traffic increase is temporary, i.e. the calcula-
tion considers the effect of one extra traffic unit running on the line. This
is illustrated in Fig. 9 where T1 is the first tamping time for the baseline
case (no change to traffic), T1 + T is the second interval etc., whilst T2
and T2 + T are the corresponding intervals for the scenario where traffic
(temporarily) increases. The tamping activities are typically determined
by a track geometry SD limit, as shown in Fig. 9. Note that railway ad-
ministrations may also monitor the rate of change of track geometry SD
and intervene if it increases suddenly, rather than only focusing on a
limit value. This type of increase is more ad-hoc and can be associated

Transportation Geotechnics 37 (2022) 100845

with a variety of alternative deterioration mechanisms, including
shrink-swelling of clay embankments. Therefore this paper focuses upon
planned interventions.

The marginal cost is expressed as:

MCq = 0PVCt ~ dq = OPVCt ~ 0T0Tdq = —cre — r(T — ¢

~)(1 —e—rT)0Toq (6)

In this calculation, an increase in traffic during the first tamping
interval is considered which can be expressed as the change in the
average annual tonnes, dg1dq. As noted by [51,52], this change can be
approximated as dqldq ~ 1T, which has a decreasing error the more
stable the traffic volume is. That is, the change in tamping interval due
to a (percentage) change in tonnes is:

0T0g = 0Tdq10q10q = 0Tdg11T (2]

This is of a deterioration elasticity,
7q = 0Tdqlq1T. The marginal cost in Eq. (4) is expressed as:

expressed in terms

MCq = 0PVCt ~ dq = —cre — r(T —t ~)(1 — e — 1T)yqql (€©)]

Note that c is cost per track-km, which is multiplied by one over
tonnage (1q1), and the marginal cost is thus a cost per tonne per track-
km, i.e. cost per tonne-km.

The marginal cost calculation for a temporary change in the speed (v)
for traffic is like the calculation for an increase in tonnage. The deteri-
oration elasticity yv is the percentage change in tamping interval after a
percentage change in speed, and 1 is the annual speed during the first
tamping interval. This marginal cost calculation also uses cost per track-
km (c), which is multiplied by one over speed (1v1) and the marginal
cost is thus expressed as a cost per v per track-km (i.e. cost per v-km). In
other words, it is the extra cost per v (km/h) for a train running on one
km of track.

MCv = 0PVCt ~ dv = OPVCt ~ dTOTov = —cre — 1T —t ~ 1 — e — rToTdv
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Fig. 8. Validation of vertical rail profile SD over time: predicted vs field data.
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Fig. 9. Idealised tamping interval concept for two scenarios.

Case studies

The validated model is used to perform two analyses. Firstly it is used
to analyse the effect of increasing line speed on differential track set-
tlement, comparing speeds of 201, 209, 217 and 225 km/h (125, 130,
135 and 140mph). Secondly, it is used to investigate the effect of adding
additional passenger or freight trains on the settlement of an existing
track.

Track parameters

The finite element track mesh is the same as Fig. 7, however to
reduce the number of potentially influential variables, the thin upper
soil layer is assigned the material properties of the supporting soil layer
below it. The track parameters including the characteristics of the rails,
rail pads and sleepers are the same as the validation case, and are shown
in Appendix B. The properties of ballast, sub-ballast and subgrade are
summarised in Table 2. Considering the two applications under inves-
tigation (linespeed and additional trains), the only track difference is the
vertical geometry track profile.

Operational parameters

The operational parameters are kept similar to the validation case,
with a traffic volume per year of 19.58 million gross tons (MGT), and an
average traffic volume per day of 0.054 MGT. The traffic volume is
converted to passenger trains assuming an 11-car train with 17 tonne
axle loads.

NumberoftrainsperMGT = 106(44*17) ~ 1337trains

The MGT per passenger train is thus approximately 11337 ~
0.00075. For freight trains, the calculation is based on a 50-car train
with 25 tonne axle weights.

NumberoftrainsperMGT = 106(160*25) = 250trains

The MGT per freight train is thus 1250 = 0.004.
Tamping costs

A tamping cost per track-km is required to calculate a marginal cost.
It is assumed tamping is performed using machines with an output of
400 m/h, and a mean cost per shift of £9k. The on-site working time is
approximated as 3-4 h (e.g. 07/08 Plasser or equivalent Matisa ma-
chines), however it is recognised that productive time is highly variable,
due to the many factors that influence transit from the stabling point to
site and return. This means approximately 1.6 track-km can be tamped
during a shift. The tamping cost per track-km is then £5,625. The en-
gineering simulations cover 200 m lengths of track, however it is
assumed the machine and shift will do a longer section, and calculate
costs per track-km.

Analysis and results
Engineering analysis

Two analyses are performed. First the influence of linespeed on
differential track settlement is investigated, considering four linespeeds:
201, 209, 217 and 225 km/h (125, 130, 135 and 140mph). The second
analysis is the influence of increased passenger and freight train move-
ments on the settlement of a predominantly passenger-only line.

The influence of linespeed on track settlement

The profile used for the previous validation case is worse than
typically allowable on a track with a linespeed of 225 km/h. Therefore a
starting track geometry profile is artificially generated using the PSD
function [48]. Wavelengths between 3 and 35 m are used because the
aim of the model is to predict automated tamping intervals, and this
range is typically associated with the faults that can be corrected via
tamping. An initial track profile characterised by a SD of 1.03 mm over
200 m length is generated and it is assumed the track historically
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experienced 100 k cycles of passenger train axles prior to the start of the
simulations. This is intended to replicate the influence the dynamic track
stabilisation process commonly performed post-renewal. Then the
model simulates differential settlement evolution due to traffic, to a
threshold of 1.5 mm for four moving speeds: 201, 209, 217 and 225 km/
h. For all speeds the track and its vertical profile remain fixed.

(a)

(b)

Transportation Geotechnics 37 (2022) 100845

Fig. 10 illustrates the 3D track-ground displacement contour for the
passenger train at 201 km/h and the response propagating from the rail
into supporting track-ground structure. Note that for Fig. 10(a),
although the domain shown is the full 200 m track section with a 158.9
m long train, to maximise viewability, the x-axis is scale is scaled by a
factor of 8 compared to the y and z-axis.

Elastic deflection immy}

Elastic deflection immy}

Fig. 10. 3D track-ground deflection profile (slice along track centreline considering both quasi-static and dynamic excitation): (a) a full vehicle over a 200 m track
length with an XYZ aspect ratio of [811] (b) one car zoomed in over a 40 m track length.
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Fig. 11 shows the vertical track geometry profiles for the four
different speeds at the instant they reach the threshold limit. Similarly,
Fig. 12 compares the evolving geometry SD over time from the initial SD
value until the threshold limit. The corresponding time until threshold
exceedance is summarised and compared in Table 3. The time until
threshold exceeded when running passenger trains with speeds 201,
209, 217 and 225 km/h are 697, 620, 585 and 568 days respectively.
These correspond to reductions of: 11 %, 16.1 %, and 18.5 %.

These reductions show linespeed increases can have an important
impact on differential track settlement, and the time until threshold
exceedance is significantly reduced. This is further confirmed in Fig. 13,
which shows rates of SD change per year for each linespeed. The rate of
SD change per year is approximately 0.244 mm for a speed 201 km/h
and increases to 0.274, 0.290 and 0.299 mm when increasing line speed
to 209, 217 and 225 km/h respectively. Also, Fig. 14 illustrates the
moving average of SD over time, for each line speed. It should be noted
that the degradation is sensitive to the rolling stock dynamics, and it is
assumed that the speed of existing rolling stock would just be increased.
In real life, considering the increased speed, dedicated high speed trains
might be chosen, with different dynamics and wheel profiles, depending
on the radius of curves on the route. Further, track improvements (e.g.
under sleeper pads) might also be installed to improve the track’s
structural response, before increasing linespeed. These factors would
influence track settlement.

To further investigate the drivers behind the growth in settlement,
the deviatoric stresses due to the vehicle’s quasi-static and dynamic
loading components are shown in Fig. 15 and Fig. 16. Quasi-static
excitation represents the rolling stock components that are not excited
during vehicle-track interaction, and thus act as a constant moving
force. The relevance of this excitation mechanism grows when
approaching the track-ground critical velocity [12,13], but is insensitive
to track irregularities. Alternatively, the dynamic excitation is related to
the train-track interaction, and heavily influenced by the wheel-rail ir-
regularities and vehicle suspension. Table 4 summarises the percentage
differences in mean deviatoric stress measured at subgrade surface when
increasing linespeed. Considering the stress field in 3D, the deviatoric
stress is calculated by Eq. (10) which is dependent on the sum of squares
of the differences of the principal stresses. It is shown that quasi-static
deviatoric stresses increase by 1.8 %, 3.7 % and 5.8 %, while the dy-
namic deviatoric stresses increase by 4.1 %, 7.8 % and 12.7 %, when
increasing linespeed to 209, 217 and 225 km/h respectively. Consid-
ering deviatoric stress is directly related to permanent deformation, the
increase in dynamic excitation contributes more dominantly to the dif-
ferential settlement than quasi-static.

od =12 x 061 — 022 + 62 — 632 + 63 — 012 (10)

The influence of increased train movements on track settlement
Four traffic scenarios are simulated. Firstly, the case of 100 %
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Fig. 12. Vertical rail profile standard deviation evolution over time for vary-
ing linespeeds.

Table 3
Time until threshold exceedance for varying linespeeds.

Linespeed (km/h) Time until threshold exceeded (days) Percentage decrease

201 697 0%

209 620 11.0 %
217 585 16.1 %
225 568 18.5%

passenger trains acts as the baseline case. Then, three additional sce-
narios are simulated to understand the effect of adding additional pas-
senger or freight services to the baseline case: B) adding 1 passenger
train, C) adding 1 freight train, and D) adding 2 freight trains. The
relationship between these scenarios and annual operational tonnage is
summarised in Table 5. The passenger and freight trains are operated at
constant speeds of 200 and 97 km/h respectively. For all cases, the
number of passenger train movements are equal, or higher, than the
baseline case. Considering the high number of passenger movements per
day on the line, it’s challenging to add slow-moving freight movements
between individual passenger trains during the hours of peak travel.
Instead, on such a line is realistic to assume that passenger services run
during the day, while freight movements are confined to evenings/
nights. To simulate such a scenario, the required daily number of pas-
senger trains are run in a row, followed by the daily number of freight
trains. Therefore there is interdependency between the differential set-
tlements induced by both vehicle types.

Vertical track profile (mm)

[
Initial vertical geometry
Speed 201km/h (125mph)
Speed 209km/h (130mph)
Speed 217km/h (135mph)
Speed 225km/h (140mph) ||

100
Distance along track (m)

Fig. 11. Vertical track profiles after reaching the threshold limit for four train speeds (3-35 m wavelength filter).
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Table 4

Percentage differences in deviatoric stress.

Linespeed (km/h)

Percentage difference in deviatoric stress

Quasi-static excitation

Dynamic excitation

201 0% 0%
209 1.8% 41 %
217 3.7% 7.8 %
225 5.8% 12.7 %
Table 5
Operational mixed railway traffic scenarios.
Scenario A Scenario B Scenario C Scenario D
Passenger trains/day 72 73 72 72
Freight trains/day 0 0 1 2
Passenger MGT/day 0.054 0.05475 0.054 0.054
Freight MGT/day 0 0 0.004 0.008
Passenger MGT/year 19.58 19.5875 19.58 19.58
Freight MGT/year 0 0 1.46 2.92
Total MGT 19.58 19.5875 21.04 22.50

The same track is considered as for the previous linespeed analysis.
However, considering the lower maximum linespeed under consider-
ation, and that the line experiences mixed traffic, the typical SD is likely
to be higher. Therefore, assuming a maximum operational linespeed of
200 km/h, an initial track profile is artificially generated with SD = 1.7
mm, and the threshold limit is set as 2.4 mm. To keep the analysis
consistent, as for the linespeed analysis, it is assumed that the track has
also experienced 100 k loading cycles at the start of the numerical
simulations. In reality, this number is likely to be higher unless main-
tenance activity is performed prior to introducing the additional traffic
movements. Also note that it is assumed the track has experienced
freight traffic in the past and therefore has experienced equivalent stress
states. Thus, the empirical relationship between settlement and devia-
toric stress is valid for both passenger and freight vehicles.

Regarding simulation results, the evolving geometry SD over time,
from the initial SD value until the threshold limit value is compared in
Fig. 17, and summarised in Table 6. The durations until threshold ex-
ceedance for scenarios A, B, C and D are 579, 573, 539 and 504 days
respectively. Note that the time until the threshold is exceeded in the
baseline scenario A is shorter (579 days) than in the previous linespeed
analysis (697 days) because a different initial track profile and threshold
limit is under consideration.

It is found when adding 1 passenger train per day (1.4 % MGT) the



C. Charoenwong et al.

25 T T T
B e e
3
£ 23
c
kel
®© 22
>
[
o°
o 21
]
°
c
& 2r
”n — — — Initial profile
F N A S Threshold limit
GE) 1.9 Scenario A 1
3 Scenario B
O 18 Scenario C 1
Scenario D
“r/.r - —" """ " —"—"—"—"—"—— — — — — — —-
| | |
0 0.5 1 1.5

Time until threshold exceeded (year)

Fig. 17. Standard deviation with duration until threshold exceedance for
four scenarios.

Table 6
Time until threshold exceeded for additional passenger and freight scenarios.
Traffic scenario Percentage Time until Percentage
increase in MGT threshold exceeded  decrease in time
(days)
(A) 100 % 0% 579 0 %
passenger trains
(B) Adding 1 1.4 % 573 1.0 %
passenger train
per day
(C) Adding 1 7.4 % 539 6.9 %
freight train per
day
(D) Adding 2 14.8 % 504 13.0 %

freight trains per
day

time-to-maintenance reduces by 1.0 %. In contrast, the time reduces by
6.9 % when adding 1 freight train per day (7.4 % MGT) and 13.0 % when
adding 2 daily freight trains (14.8 % MGT).

This shows the effect of additional freight traffic is more pronounced
in comparison to adding additional passenger services, which is due to
differing dynamic characteristics of the vehicles (Fig. 4) and also quasi-
static load. This is shown in greater depth in Fig. 18 which displays the
effect of traffic on SD evolution between days 2.8 and 3.1, for scenario D.
The gradient of SD change is greater during the hours of freight train
passage, compared to passenger.

The relationship between the effect of each scenario on MGT and the
duration until threshold exceedance is also shown in Table 6. It is seen
that there is a positive correlation between both, however for the
additional passenger train case, compared to the freight case, the in-
crease in maintenance relative to MGT increase is lower.

Marginal tamping cost analysis

The influence of linespeed on cost

The deterioration elasticity with respect to speed, yv = 0Tov1v1T, is
calculated using the percentage change in tamping intervals divided by
the percentage change in km/h. The same approach is used when
calculating the deterioration elasticity with respect to gross tonnes,
7q = 0Tdq1q1T. These elasticities are negative because increased line-
speed or increased gross tonnes reduces the time until the threshold for
track geometry SD is exceeded. The elasticities are combined with
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tamping costs per track-km to calculate marginal tamping costs with
respect to track settlement — see Eq. (8) and Eq. (9). A discount rate of
3.5 % is used, as recommended in the Transport Analysis Guidance
(TAG) published by the UK Department for Transport.

The elasticities for the different linespeed scenarios are presented in
Table 7. The marginal costs are expressed as an average marginal cost
per km/h/1000 train-km since the increases in speed apply to all trains
running on the line, which is 26,176 passenger trains per year. Although
there are limited number of studies on the effect of changing linespeed
on marginal costs, as a comparison based on visual inspection of re-
ported data points in [52] the difference in marginal cost for settlement
between vehicles with speeds at 140 km/h and 200 km/h (16 tonne axle
load) indicates an extra cost of SEK 224.40 per 1000 train-km in 2021
prices, and SEK 3.74 per km/h/1000 train-km. Using the conversion rate
£ 1 = SEK 12, the marginal cost is £ 0.400 per km/h/1000 train-km.

Although this is similar, albeit lower than the figures shown in
Table 7, there are important differences between the analyses: 1) [52] is
based on changes in speed from 140 to 200 km/h, which is lower than
the speeds considered in the scenarios in Table 7. This is important
because higher speeds result in higher train-track dynamic effects; 2) At
the lower speeds considered by [52], the SD band between threshold
values is wider than for higher speeds. For example, this analysis con-
siders a SD change of 0.5 mm (1-1.5 mm), while later in this paper for
freight analysis on a lower speed line considers a SD change of 0.7 mm
(1.5-2.4 mm). Therefore, at lower speeds, the threshold will take longer
to meet, thus lowering marginal cost. Further, it is likely that [52]
considered changes within the 3-25 m wavelength range, while this
work considers 3-35 m; 3) [52] uses costs from 2001. Industry changes
(e.g. improvements in health and safety and sustainability) are likely to
have resulted in tamping price costs rising above the standard measure
of inflation. This will manifest as higher marginal costs when consid-
ering current prices.

The influence of Rolling stock movements on cost
The elasticities and marginal costs for the different scenarios of
increased train movements are presented in Table 8. This indicates that

Table 7
Marginal cost per km/h/1000 train-km with 200 km/h as the baseline.

Scenario Elasticity Marginal cost,
£ per km/h/1000 train-km
(A2) Increasing speed to 209 km/h —2.78 1.445
(A3) Increasing speed to 217 km/h —2.02 1.012
(A4) Increasing speed to 225 km/h —1.55 0.750
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adding 1 passenger train per day has a similar influence on tamping
costs as adding 2 freight trains per day, whilst the highest marginal cost
is generated by adding 1 freight train per day.

These costs are lower than, but in the same order of magnitude as,
the marginal costs in the econometric literature on rail infrastructure
maintenance costs. For example, the marginal cost per 1000 tonne-km
for track maintenance in France [53] is € 0.380 and € 0.934 for freight
traffic and passenger traffic, respectively, which corresponds to £ 0.317
and £ 0.778 using the conversion rate £ 1 = € 1.20. Note, however, that
these are estimates that consider all types of track damages and track
maintenance activities and not only settlement and tamping. Moreover,
[39] make use of a hybrid model that combines engineering and
econometric methods and reports marginal costs for track settlement for
different vehicle types. The average marginal cost per 1000 tonne-km
for settlement is £ 0.565 for a freight train and £ 0.456 for a passenger
train (based on their model with explanatory variables for RCF, wear,
and settlement). These costs are also higher than the marginal costs in
Table 8, but this is expected since [39] consider costs for tamping as well
as all other track maintenance activities that can be triggered by
settlement.

The results in Table 8 are similar to the engineering results on the
marginal cost for track settlement in [52]. Based on visual inspection of
an illustration with marginal costs for passenger cars, locos, and
coaches, the average marginal cost per 1000 tonne-km for a passenger
train (1 loco and 11 cars) is SEK 1.119 in 2021 prices which is £ 0.093
using the conversion rate £ 1 = SEK 12. These trains are running at 160
km/h and the cars have an axle load at 13 tonnes. The corresponding
cost for a coach with a vehicle speed at 200 km/h (axle load 16 tonnes) is
£0.190. The average marginal cost per 1000 tonne-km for a freight train
(1 loco and 50 wagons) is £ 0.185.

Discussion

The preceding sections highlight the changes to track tamping in-
tervals and costs when changing linespeed and adding additional
tonnage. For both analyses, the initial compacted state of the ballast
plays a dominant role. It is the initial cycles where settlement is most
rapid, and during this period the train-induced dynamic stresses can
rapidly alter the differential settlement characteristics of the track, thus
exasperate changes in standard deviation. Therefore, as an example,
regarding the aforementioned freight analysis, if the line was not
assumed to have been recently renewed, then initial assumption of 100 k
cycles would be higher, and the marginal cost would be lower.

Further, differential settlement is closely related to dynamic train-
track interaction, and thus effected by rolling stock properties. For
freight vehicles, in practise there are often limited details related to their
payload magnitudes, load distribution across neighbouring axles/cars
and sometimes even rolling stock schedule. Also, freight vehicle char-
acteristics (e.g. suspension) can vary vastly between trains.

Regarding costs, only the cost of vertical track geometry correction is
considered, while the effect of additional damage is ignored (e.g. rolling
contact fatigue). Although an average cost of tamping is assumed, this is
subject to variability due to a wide range of factors. For example, how
close is the nearest tamper stabling point, how long is the possession, is a
pre- and post-work track recording vehicle run needed...etc. Note that
the marginal costs in Table 7 and Table 8 can be re-calculated with

Table 8
Marginal cost per 1000 tonne-km.

Scenario Elasticity =~ Marginal cost, £ per 1000 tonne-
km
(B) Adding 1 passenger train per -0.75 0.131
day
(C) Adding 1 freight train per day —0.93 0.153
(D) Adding 2 freight trains per day =~ —0.87 0.134

14

Transportation Geotechnics 37 (2022) 100845

respect to alternative unit costs (£cnew in 2021 prices) using the
multiplication factor cnew/5625, where 5625 is the unit cost (tamping
cost per track kilometre) assumed in this paper.

Considering the above, it should be noted that the analysis in this
paper is based upon a single set of simulation parameters, and the results
are sensitive to these. When investigating the effect of speed and rolling
stock characteristics in practise, it is recommended this should done on a
case-by-case basis to maximise accuracy.

Conclusions

Under repeated train passages, railway tracks settle differentially
due to dynamic train-track interaction. When linespeed is increased, or
new rolling-stock is introduced, this can alter the rate of change of dif-
ferential settlement. Therefore this paper presents a new combined
engineering-economic approach to investigate the effect of increasing
train speeds, adding additional passenger movements, and adding
additional freight movements to an existing line. This has the advantage
over traditional statistical methods because it doesn’t rely on previous
historical geometry data for extrapolation.

Firstly a novel numerical engineering algorithm is presented to
compute differential track settlement. It uses the wavenumber finite
element method coupled with empirical settlement relationships in a
manner that allows for track irregularities to evolve after every load
passage, before applying the next load. This allows the model to faith-
fully simulate mixed traffic conditions, and the coupled interactions
between different rolling stock types and track geometry. The engi-
neering model is coupled with an economic model capable of calculating
marginal cost, which is useful for infrastructure managers that want to
predict the tamping costs of for example higher linespeeds or additional
passenger or freight train movements. This is also relevant for setting
track access charges that can contribute to an efficient use of the
infrastructure.

The model is validated using track recoding car data from an in-situ
track and then used to investigate increasing the linespeed on a pas-
senger line. It’s shown that for an example track scenario increasing the
linespeed by 25 km/h results in a larger increase in dynamic forces
compared to quasi-static (12.7 % vs 5.8 %). This causes a faster rate of
deterioration of track geometry, resulting in an elasticity of —1.55 and a
marginal cost of 0.75. The model is also used to investigate the effect of
adding extra daily train movements to an existing passenger line. It is
shown that additional movements increase the rate of track degradation
and marginal costs, particularly if the additional traffic is freight. This is
because freight vehicles typically have one only layer of (stiff) suspen-
sion, thus generating elevated dynamic forces compared to passenger
cars. If two freight trains are added per day it can cause a reduction of
the tamping interval of 13 %. Therefore if planning to increase linespeed
or add additional freight traffic, the future cost of maintenance should
be considered.
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Appendix A. Vehicle mass and stiffness matrices.

The track and vehicle compliance are:
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where Q is the driving frequency, defined by 2 = 2z1v; Tc is the flexibility term of the track compliance; Vc is the flexibility term of the vehicle
compliance; VH is the contact flexibility matrix; Z is a constant matrix, Mv is the vehicle mass matrix and Kv is the vehicle stiffness.
Mass and stiffness matrices of the passenger vehicle which contains primary and secondary suspensions:

Z = 0000000000000000000000001000010000100001

My = Mc0000000000Jc000000000042600000000007600000000004/60000000000/6000000000042w000000000044w0000000000Mw0000000000Mw

(16)

a7

Kv = 2Ks50 — Ks0 — Ks0000002Ks-1b2 — Ks-IbOKs-1b00000 — Ks — Ks-IbKs + 2Kp000 — Kp — Kp000002Kp-Iw200 — Kp-lwKp-Iw00 — KsKs-1b0O0Ks + 2Kp000
— Kp — Kp000002Kp-Iw200 — Kp-lwKp-Iw00 — Kp — Kp-Iw00Kp00000 — KpKp-Iw000Kp000000 — Kp — Kp-IwO0Kp00000 — KpKp-IwO00Kp

18

Mass and stiffness matrices of the freight vehicle which contains only one set of suspension:

Z = 001/w00001 — iw0000001/w00101 — Iw

Mv = Mc000000J/c000000Mb + 2Mw000000Jb + 2Mw-Iw2000000Mb + 2Mw000000Jb + 2Mw-Iw2

Kv = 2Ks0 — Ks0 — Ks002Ks-1b2 — Ks-1b0Ks-1b0 — Ks — Ks-1bKs000000000 — KsKs-[b00Ks0000000

19
(20)

(21)

where Mc is mass of the car box; Mb is mass of the bogie; Mw is mass of the wheelset; Jb is the rotational inertia of the car body; Kp is the complex
stiffness of the primary suspension; Ks is the complex stiffness of the secondary suspension; Ib is half the distance between the bogie’s centre of gravity;
and lw is half the wheelbase that shares the same bogie. Kp and Ks are defined as:

Kp = kpri + iwcpri

Ks = ksec + iwcsec

(22)

(23)

where kpri is the spring stiffness of the primary suspension; ksec is the spring stiffness of the secondary suspension; cpri is the viscous damping of the
primary suspension; and ksec is the viscous damping of the secondary suspension.

Appendix B. . Ballasted track properties (validation case)

Component Parameter Value

UIC 60 Rail (single rail) Height (m) 0.172
Length in transversal direction (m) 0.015
Section area (mz) 7.677 x 10°
Moment of Inertia y-y (m*) 3.038 x 10°
Moment of Inertia z-z (m4) 0.512 x 10
Young’s modulus (Pa) 2.11 x 10!
Density (kg/m%) 7850
Poisson’s ratio 0.3
Hysteric damping coefficient 0.01

15

(continued on next page)
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(continued)
Component Parameter Value
Railpad (spring element) Continuous stiffness (N/m?) 255 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 0.15
Hysteric damping coefficient 0.01
Ballast Height (m) 0.3
Length in transversal direction (m) 2.8
Young’s modulus (Pa) 180 x 10°
Density (kg/m%) 1600
Poisson’s ratio 0.27
Hysteric damping coefficient 0.061
Sub-ballast Height (m) 0.5
Length in transversal direction (m) 3.5
Young’s modulus (Pa) 212 x 10°
Density (kg/m%) 1913
Poisson’s ratio 0.3
Hysteric damping coefficient 0.054
Subgrade layer 1 Height (m) 0.5
Young’s modulus (Pa) 30 x 10°
Density (kg/m>) 2000
Poisson’s ratio 0.3
Hysteric damping coefficient 0.03
Settlement parameter a 0.64
Settlement parameter b 0.10
Settlement parameter m 1.70
Compressive strength (kPa) 100
Subgrade layer 2 Height (m) 5
Young’s modulus (Pa) 80 x 10°
Density (kg/m%) 2000
Poisson’s ratio 0.3
Hysteric damping coefficient 0.03
Settlement parameter a 0.64
Settlement parameter b 0.10
Settlement parameter m 1.70
Compressive strength (kPa) 220
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