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Predicting the performance of railway track is difficult owing to the complex and repeated nature of the loading,
the many millions of cycles applied over the life of the structure, the need to characterise the often-infinitesimal
rate of accumulation of plastic settlement, and the importance of differential settlements in the along-track di-
rection, which can adversely impact train ride and passenger comfort. These come in addition to the usual soil
mechanics challenges of reproducing in a constitutive model the real behaviour of soil and soil-like materials

such as railway ballast. Degradation of the geomaterials comprising the trackbed and the underlying ground or
earthwork owing to mechanical and environmental effects is a further concern. The paper discusses these issues
and explores the application of fundamental soil mechanics principles and advanced constitutive models to
understanding and quantifying their effects on railway track and trackbed performance. Recommendations for

future research are made.

Introduction

Until at least the advent of high-speed trains in the 1960s, railways
were traditionally built on ballast beds laid directly on the earth, often in
cuttings or on embankments built from earth. Cuttings and embank-
ments are essential to maintain a railway as close to level as possible.
Although less of a problem with today’s high-powered electric loco-
motives, even the largest steam locomotives were not by modern stan-
dards very powerful so gradients had to be kept to a minimum. At 1 in
37% [1], the Lickey incline between Worcester and Birmingham was
considered a severe test for steam and diesel locomotives alike, with
long trains, especially freight, needing to be “banked” by additional
locomotives pushing at the rear. Thus about 9 500 km (60 %) of the UK
railway’s ~16 000 railway route km is on embankments or in cuttings
[2,3,58]. Many of the world’s railways were built in the 1800s or early
1900s, before the discipline of soil mechanics had become established,
hence without the benefit of a scientific understanding of soil mechanics
principles. Sometimes early earthworks collapsed and had to be rebuilt;
or an embankment might simply have gradually settled and been made
up back to the original height with whatever material was to hand (often
ash residue from the coal burned as fuel in the steam locomotives).

Then until the 1990s, many railway administrations carried out
almost all design work in house. This, together with the specialist nature
of railway work and a general decline in relative importance of rail
transport between the 1960s and 1990s (which meant there was little in
the way of new build) might have slowed the integration of soil
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mechanics principles into many aspects of railway infrastructure engi-
neering. However, the rise in the number of major rail infrastructure
projects over the past two decades or so, associated with a global re-
naissance in rail travel and the need to replace ageing assets and provide
resilience to climate change, led to an increased interest in the appli-
cation of soil mechanics principles to railway geotechnical engineering.

One of the key challenges in railway infrastructure maintenance and
management is forecasting the rate at which the track settles as a result
of the densification and lateral spreading of the ballast bed and
compression of the underlying subgrade. In addition to the usual diffi-
culty of quantifying the evolution of permanent strains under millions of
loading cycles, account may need to be taken of the effects of

e trafficking, which may include physical damage to the ballast
through grain breakage and attrition

e principal stress rotation and changes in the degree of saturation on
the stiffness of the subgrade in cyclic loading, and

o seasonal cycles of shrinkage and swelling due to changes in moisture
content on earthwork slopes.

The paper will discuss these issues with reference to recent research
carried out at the University of Southampton. It will also consider the
nature and role of damping in the response of the trackbed to train
passage.
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Forecasting trackbed settlement: Importance and current
approach

The ballast that supports the track is a granular material of grain size
generally 25-75 mm, which (like the underlying earth) behaves ac-
cording to soil mechanics principles. As a result of densification and
lateral spreading of the ballast, and sometimes settlement of the un-
derlying earthwork, the track gradually settles. Inevitable minor varia-
tions in dynamic loading and ground characteristics mean that the track
does not settle uniformly but differentially along its length. To restore
the track to the desired vertical level, maintenance by raising the track
and re-packing the ballast underneath is required from time to time.
Historically this process, known as tamping, might have been done by
hand, but large machines have been the norm for most routine tamping
for many decades.

Tamping is costly in terms of money, carbon and disruption. For
example, the UK national infrastructure owner Network Rail typically
spends ~£100 M p.a. on tamping and £1 Bn p.a. on track maintenance
out of an overall operating budget of ~£10 Bn p.a. In addition to the
direct cost, tamping requires substantial investment in plant, the railway
is closed to revenue-earning traffic while tamping takes place, and
tamping must be planned many months in advance. The ability to
forecast rates of railway track settlement with trafficking and over time
is thus essential for activities from planning maintenance and route
capacity enhancements through to investment decision-making on plant
and infrastructure (for example, the robustness of a new or replacement
trackform and supporting earthworks). However, track settlement is
driven by a complex of interacting mechanisms involving systems and
materials from the vehicles through the track and ballast to the subgrade
and other support infrastructure. Loading is cyclic, either at relatively
high frequency (in the order of cycles per second) from trains or at low
frequency (cycles per year) from the environment.

Over the years, many empirical equations for estimating the rate of
development of plastic settlement of railway track with train passage
have been proposed. Reviews such as those by Dahlberg [4] and Gros-
soni et al. [5] show that these equations

e do not reproduce the relationships of settlement vs number of load
cycles seen in the field

e do not reflect current knowledge of the behaviour of soil subgrades
and soil-like materials in cyclic loading

e are often critically dependent on the curve fitting parameters used,
which in turn depend on the circumstances in which the calibration
data were obtained. Hence they do not necessarily reflect the influ-
ence of load magnitude or frequency.

A further challenge is that differential settlements, which lead to
“long” (in the order of metres) wavelength rail unevenness, are of much
greater concern than modest uniform settlements and cannot be pre-
dicted without some form of along-track variation. Track engineers
associate the accelerated development of track defects with an inade-
quate track support stiffness. However, the range of acceptable track
support stiffness is wide [6] and it is likely that the experiential
perception is based on low stiffness being a proxy for plastic settlement
potential. Recent work has shown that variations in track level have far
more effect on dynamic vehicle load than realistic variations in track
support stiffness, as long as a sleeper is not completely unsupported
[7,8]. However, it remains to be determined whether even small vari-
ations in dynamic load associated with small variations in support
stiffness, coupled with small differences in the propensity for the
development of plastic settlement, lead through positive feedback to the
development of irregular vertical geometry.
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Effects of loading magnitude and frequency, principal stress
rotation and subgrade soil water content on trackbed response

General response of granular geomaterials to cyclic loading

Powrie et al. [9], summarising the literature including Collins and
Boulbibane [10], Suiker and de Borst [11] and Qian et al. [12], list five
idealised ways in which a soil or soil-like material subjected to repeated
cycles of loading may respond.

1. Elastic: strains are proportional to the current applied stress, and are
fully reversible in that all of the strain experienced when a load is
applied is recovered when the load is removed. There is no cumu-
lative or adverse effect of repeated loading within the elastic loading
range.

2. Elastic shakedown: plastic (residual or permanent) strains develop
during the initial load cycles at a decreasing rate per cycle until a
stable elastic state is reached, after which the in-cycle strains are
recoverable and no further plastic strain accumulates.

3. Plastic shakedown: plastic strains develop during the initial load cy-
cles at a decreasing rate per cycle until a stable state is reached, such
that while there is some hysteresis over a cycle no further plastic
strain accumulates.

4. Cyclic creep: plastic strains develop with every cycle, at a rate that
decreases but never quite stops.

5. Ratcheting: plastic strains develop with every cycle, but at an
increasing rate such that at some point failure or collapse occurs.

A suitable constitutive law for the geomaterials forming the trackbed
should be able to reproduce as appropriate any (all) of these five
behavioural regimes, in addition to frictional and tensile failure as noted
by Suiker and de Borst [11].

Loading frequency

Milne et al. [13] show that a long train (more than about 3 vehicles)
applies a spectrum of loading to each sleeper that may be idealised as a
complex Fourier series, with loading coefficients at multiples of the car
passing frequency (Fig. 1). Generally, as in Fig. 1, the greatest load is
applied at the car passing frequency. This should be borne in mind when
selecting a loading frequency for laboratory element tests; in most real
cases the material response should be quasi-static in that inertial effects
(accelerations) should not be significant.

Principal stress rotation

It is well-established that a load on the surface of an elastic bed (half-
space) spreads, and the associated stresses reduce, with depth [14]. Thus
the zone of influence of a surface load spreads with depth, and an
element of soil in the subgrade below the ballast will be subjected to a
stress associated with an oncoming or receding train for some time (that
is, with the train at some distance) before and after the train has passed
directly over it. For a train travelling at constant speed, the vertical
normal stress will rise and fall approximately sinusoidally through a
maximum when the load is directly above the soil element of interest.
This will be accompanied by a horizontal shear stress that rises to a peak
while the train is still a short distance away, then reduces through zero
when the train is directly above the element of interest to a negative
peak before returning to zero as the train recedes. The graph of shear
stress against horizontal distance of the train from the soil element of
interest has rotational symmetry and is 90° out of phase with the normal
stress curve, in the sense that the shear stress is zero when the normal
stress is at its peak. The changes in stress to which the soil element is
subjected is equivalent to a rotation in the directions of major and minor
principal stress [15].

Cyclic changes in the principal stress directions affect the rate of
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Fig. 1. Loading coefficients (per rail or per sleeper end) for sinusoidal loading at different multiples (harmonics) of the train vehicle passing frequency (a), making up
the loading pattern experienced by each sleeper end per vehicle passage (b), for a 65 kN wheel load. Figure: Dr D Milne, from Powrie [54].

accumulation of plastic strains [16-19], albeit to a decreasing extent as
the clay content increases [20]. Principal stress rotation may also reduce
the saturated resilient modulus of the soil by approximately 20 %-26 %,
depending on the overconsolidation ratio (OCR), the clay content, and
the way in which the specimen was consolidated prior to cyclic testing
[21]. At very shallow depths, principal stress rotation effects are un-
likely to be significant because load spreading is minimal. At depth, the
changes in stress are small and therefore unlikely to be a concern.
Principal stress rotation would be expected to be most significant at
depths deep enough for load spreading to have an effect, but not so deep
that the stresses have attenuated to negligible values.

Conventional cyclic triaxial testing does not reproduce the changes
in shear stress that cause potentially problematic principal stress rota-
tion at modest depths. Cycling the cell pressure as well as the axial stress
is possible [22], but does not cause the required principal stress rotation,
the results can be counter-intuitive and variations in the extent of
membrane penetration can mask changes in specimen volume during
the test.

Appropriate principal stress rotations can be approximated reason-
ably well in the hollow cylinder apparatus, as shown based on numerical
analyses by Powrie et al. [23] (Fig. 2).
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Fig. 2. Stress paths for a soil element at a depth of 1 m below the sleeper soffit
during train passage; calculated using dynamic three-dimensional finite
element analysis, and approximated in the hollow cylinder apparatus.
Figure from Powrie et al. [23].

Ballast response

The ballast layer below the track is typically 300 mm thick. At the
surface (immediately below the sleeper soffit), loading is likely to be
purely vertical. However, the finite element analyses presented by
Powrie et al. [23] and discrete element analyses by Bian et al. [24]
indicate that principal stress rotation effects resulting from the move-
ment of the load become significant within the uppermost 300 mm
below the track. Testing ballast in a hollow cylinder apparatus would be
challenging, owing to the large (typically 30-50 mm) grain size. Also, as
pointed out by Powrie et al. [23], the in-situ stress state must be
considered in addition to the incremental stresses when assessing the
variation in principal stress direction during loading.

For practical reasons, the response of ballast to cyclic loading is
usually investigated in large-scale conventional cyclic triaxial tests in
which only the axial load is varied. Even then, determining an appro-
priate testing regime is not straightforward. A typical railway ballast
triaxial test specimen is 300 mm diameter x 600 mm in height; twice the
depth of a typical ballast bed. The triaxial test set-up does not allow for
stress attenuation with depth, as would occur in reality. Further, in the
field it is likely that the horizontal stress would increase during vertical
loading as the material is to some extent laterally contained. Thus, while
the neglect of principal stress rotation during triaxial testing of ballast
might be considered to err on the unsafe side, testing at constant cell
pressure without any allowance for stress attenuation with depth is
likely to be conservative.

It has already been mentioned that the trackbed will experience a
loading regime that may be considered to comprise a combination of a
cyclic loads of different magnitude at frequencies up to about the tenth
harmonic of the car passing frequency (Fig. 3). It is challenging to apply
loading at frequencies in excess of about 3 Hz in a large triaxial appa-
ratus. Nonetheless, results of cyclic triaxial tests on specimens of railway
ballast at different cell pressures and load frequencies reported by Sun
et al. [25] illustrate the dependence of the system response on the
stiffness and the frequency of loading. For each cell pressure and loading
frequency, Table 1 indicates the peak acceleration amay calculated based
on the reported cyclic displacement and frequency, and whether the
specimen exhibited plastic shakedown to a stable state at which load
cycling continued with no further significant strain (no cell shading), or
continuing strain ratcheting to failure (grey cell shading). The acceler-
ation needed to cause ratcheting is generally at least 1 g, and increases
with both frequency of loading and with specimen stiffness (confining
pressure).

The challenges of the required specimen size mean that compared
with most other granular geomaterials, the literature on the triaxial
testing of full-size ballast is relatively sparse, especially for very large
numbers of load cycles. Abeid et al. (2024) [59] report preliminary re-
sults from a series of cyclic triaxial tests on full-size railway ballast,
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Fig. 3. Response of a simulated railway sub-base material (Material B, 11 %
clay content) in undrained and free-to-drain cyclic hollow cylinder tests with
principal stress rotation. The letters (a), (b), (c) etc indicate an increase in the
magnitude of the cyclic shear stress, which was increased in steps of + 3 kPa
from +8.5 kPa to a maximum of +29.5 kPa. Figure from Mamou et al. [31].

Table 1

Maximum accelerations in triaxial tests on ballast specimens at different loading
frequencies and cell pressures. Unshaded cells indicate plastic shakedown to a
stable state; entries in italics indicate continuing displacements (ratcheting).
Data from Sun et al. [25].

Frequency of loading

Cell pressure 6 Hz 12 Hz 18 Hz 24 Hz 30 Hz
10 kPa 0.09¢g 035¢g 0.90g 36¢g 50¢
30 kPa 0.12¢g 0.47 g 0.86 g 23g 508
60 kPa 0.08 g 0.40 g 0.72 g 15¢g 36¢g

intended to elicit the primary mechanism of settlement (densification or
lateral spreading) and the conditions including stresses and number of
load cycles at which significant grain breakage or attrition might first
occur. Grain breakage is known to contribute to track settlement,
especially on ballast made of more fragile minerals such as limestone
[26,27]. Grain breakage seems to be less significant during simulated
trafficking for ballast made of tougher minerals such as granite [28,29].
Attrition will still occur, potentially altering the grain form, angularity
and surface roughness [30]. Mineralogical analysis indicates that the
dust arising during the handling of granite ballast is primarily the
relatively soft component mineral feldspar.

Subgrade response

Mamou et al. [31,32] reported the results of cyclic tests on simulated
railway subgrade materials of different fines content in a hollow cylin-
der apparatus from an initial isotropic effective confining stress of 33
kPa. The simulated subgrade materials were designed to be represen-
tative of those used on South African heavy haul railways, as used by
Grabe and Clayton [20,21]. Saturated specimens were subjected to cy-
cles of axial stress of 0 to 30 kPa, together with cycles of shear stress at a
phase lag of 90°, starting at + 8.5 kPa and increasing in increments of
+3 kPa. Test were carried out in both undrained and free-to-drain
conditions, at a quasi-static load frequency of 30 cycles per hour. The
difficulty of relating such tests directly to field conditions, where a
loading frequency of 30 cycles per hour might be most representative of
the passage of whole trains and the drainage path length would be
substantially longer, is discussed by Mamou et al. [31].

Typical results in terms of the accumulation of axial strain with
number of loading cycles for Material B, which had a clay content of 11
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%, are shown in Fig. 3. Responses of plastic shakedown, cyclic creep and
ratcheting to failure (described as “fatigue” on Fig. 3) were observed as
the cyclic shear stress increased. Perhaps owing to the magnitude of the
initial stress cycle, no purely elastic phase was observed and shakedown
was always plastic (that is, the stress cycles always exhibited some
hysteresis).

Fig. 4 plots the resilient Young’s modulus against the number of load
cycles for Material B in (a) undrained and (b) free to drain tests. For
these saturated specimens, the magnitude of the shear stress cycle
(hence principal stress rotation) seemed to have little effect on the
resilient modulus until the value of cyclic shear stress at which failure
occurred was reached. The resilient Young’s modulus was approxi-
mately constant at about 100 MPa in both stable loading episodes in the
undrained tests, and gradually increased from about 60 MPa to 100 MPa
with number of load cycles in the free-to-drain tests, in a trend seem-
ingly uninfluenced by the changes in the cyclic shear stress magnitude.

Mamou et al. [31] identified cyclic shear stress thresholds in un-
drained and free-to-drain conditions, which showed an increase with
increasing clay content over the range of clay contents tested (Fig. 5).
The right-hand vertical axis on Fig. 5 indicates the depth below the
sleeper soffit at which each cyclic shear stress magnitude might be
experienced, according to the analyses reported by Powrie et al. [23]. In
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Fig. 4. Change in resilient Young’s modulus during shear stress cycling in (a)
undrained and (b) free-to-drain cyclic hollow cylinder tests on saturated
simulated railway subgrade Material B, 11% clay content. The letters (a), (b),
(c) etc indicate an increase in the magnitude of the cyclic shear stress as
explained in the caption for Fig. 5. Figures from Mamou et al. [31].
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Fig. 5. Cyclic shear stress threshold as a function of material clay content in undrained and free-to-drain conditions. Figure from Mamou et al. [31].

undrained conditions, trackbed materials at depths greater than about 1
m below the sleeper soffit would remain below the cyclic shear stress
threshold that would cause failure. In free-to-drain conditions, trackbed
materials at all depths below the bottom of the ballast (assuming a
ballast depth of 0.3 m) would be remain below the threshold.

Mamou et al. [31] note that in earthquake engineering, it is con-
ventional to identify a threshold cyclic strain beyond which changes in
stiffness and (in undrained conditions) pore water pressure start to
become significant. Mamou et al. [31] explain their reasons for inves-
tigating a threshold stress, which has also been the approach adopted by
other researchers in the field (for example [18,33-35]) and indeed was
the basis of arguably the first scientific approach to railway trackbed
design by Heath et al. [36]. However, the need for Grossoni et al. [5] to
make the threshold stress in their track settlement evolution model
(discussed below) dependent on stiffness suggests that exploring a
threshold strain approach (or at least a stress ratio) might be worth-
while. In a railway context, this remains the subject of ongoing research.

Effect of subgrade moisture content

The tests reported by Mamou et al. [31,32] were on saturated sub-
grade materials. The effect of unsaturation, and the consequent suction
in the soil, was investigated in tests by Blackmore et al. [37] on the
simulated subgrade material B as tested by Mamou et al. [31], with a
clay content of 11 % by dry weight. They showed that the resilient
modulus in free-to-drain conditions increased dramatically from an
average of about 40 MPa at a water content of about 8 % to an average of
about 550 MPa at a water content of about 4 %, in cyclic triaxial
compression tests. (They note that for specimens tested close to satu-
ration at a water content of about 8 %, the resilient moduli measured in
the triaxial apparatus were about half the corresponding values
measured in pure axial loading in the hollow cylinder test apparatus —
that is, without principal stress rotation. They suggest this might have
been due to a build-up of pore water pressure in the cyclic triaxial
specimens, which were tested at a higher frequency of 0.5 Hz than the
frequency of 0.0167 Hz used in the hollow cylinder tests). The variation
in free-to-drain resilient modulus with water content measured by
Blackmore et al. [37] in free-to-drain cyclic triaxial tests is shown in
Fig. 6. For water contents of 5 % or less, Blackmore et al. [37] had some
success in relating the suction stresses back-calculated from the
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Fig. 6. Variation in free-to-drain resilient modulus with water content in free-
to-drain cyclic triaxial tests. Figure from Blackmore et al. [37].

measured values of resilient modulus using the approach described by
Heath et al. [38] to the suction stress characteristic curves determined
according to Lu and Likos [57] and Lu et al. [39].

Blackmore et al. [37] also investigated the effect of specimen water
content on the ratio of the resilient modulus without principal stress
rotation to that with principal stress rotation applied. This is shown in
Fig. 7.

Blackmore et al. [37] conclude that, while principal stress rotation is
significant when the subgrade material is at or close to saturation, its
effect on the resilient modulus for unsaturated materials may reasonably
be neglected. The reduction in stiffness of near-saturated soils when
principal stress rotation is applied could be significant if subgrade ma-
terials in some locations (depending on local topography and drainage)
become more likely to be saturated in the future, as a result of increased
storminess and rainfall intensity associated with climate change.
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A Semi-analytical approach to calculating the evolution of track
settlement

Research following the Hatfield rail disaster in October 2000 [40] led
to a comprehensive understanding of the mechanics of wheel-rail
interaction and the development of sophisticated vehicle-track interac-
tion (VTI) analysis programmes. These are based on multi-body mass-
spring-damper representations of trains and detailed consideration of
the wheel-rail interface, with the trackbed response generally repre-
sented as elastic. However, recent developments have seen the incor-
poration of empirical (for example, [41]) and semi-analytical (for
example, [5]) trackbed settlement equations. The semi-analytical
approach proposed by Grossoni et al. [5] represents the ballast and
subgrade as having elasto-plastic response, in which plastic strains occur
above a threshold stress. If the initial threshold stress is exceeded, the
maximum previous stress becomes the new threshold stress for subse-
quent load cycles (Fig. 8).
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Fig. 8. Typical calculated stress-strain response and evolution of threshold
stress in a vehicle-track interaction analysis using the semi-analytical approach
of Grossoni et al. [5]: Figure from Grossoni et al. [5].
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The threshold stress must be greater for materials of higher stiffness;
otherwise, increasing the subgrade stiffness increases the rate of plastic
settlement, which is inconsistent with experiential evidence. Calculated
plastic strains are used to update the variation in track level along a
length of track every 10 000 cycles or so in a vehicle dynamics-based
vehicle-track interaction analysis, following the methodology given by
Grossini et al (2019) indicated in Fig. 9.

Starting from an initial variation in vertical track geometry based on
actual measurements, and using suitable subgrade and vehicle param-
eters, the approach is shown by Grossoni et al. [5] to give an evolution of
mean vertical settlement with number of loading cycles that is within
the range calculated using other popular empirical formulae.

This approach, and that described by Nielsen and Li [41], represent a
significant advance on a simple reversible linear elastic trackbed model.
Coupling a non-reversible trackbed response with the vehicle-track
interaction programmes that simulate vehicle dynamic effects in prin-
ciple enables the effects of train speed (loading frequency) and axle load
to be considered, if the influence of these parameters is included in the
empirical or semi-analytical settlement equation. The effects of principal
stress rotation in the near-surface subgrade soil, or of a change in
earthwork or subgrade moisture content and effective stress state asso-
ciated with vegetation, climate and drainage effects would similarly
need to be incorporated into the settlement equation. Reducing track
settlement by interventions to the ballast bed or the sleeper-ballast
interface are outside the scope of this paper, but some are summarised
by Indraratna et al. [42] and Abadi et al. [28,29].

A rheological approach

Ognibene et al. (2022) [60] propose a rheological model for esti-
mating railway track settlement, shown schematically in Fig. 10, in
which the rail, sleeper and ballast are represented by masses m,, m; and
my respectively. The railpad between the rail and the sleeper is char-
acterized by a linear Kelvin-Voigt unit having stiffness k;;, and damping
¢rp. The ballast layer is simulated using a bespoke cyclic visco-elastic—
plastic unit, comprising a linear Kelvin-Voigt unit in series with a plastic
hardening Iwan-type unit. The Kelvin-Voigt unit is made up of a spring
of stiffness kp, in parallel with a viscous dashpot with damping cp. The
plastic-hardening Iwan unit consists of a frictional (dissipative) slider in
parallel with two hardening springs, with the frictional element defined

’ Initialise the program ‘

’ Calculate dynamic response using VTI model }'7

Calculate incremental settlement of the /th
sleeper A4S, ; due to the incremental traffic
AN using settlement equation

i

’ Determine total settlement at each sleeper ‘

—» Update rail top level

NO
’ Is total number of passages reached? }
l YES

’ End program ‘

Fig. 9. Flow diagram of the methodology used to update the rail top geometry
(level) to account for plastic settlement by Grossoni et al. [5]. Figure redrawn
from Grossoni et al. [55].
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by a threshold force F, and the hardening springs by stiffnesses Hy and
Hg. When the force across the ballast Fj, is greater than F), the unit un-
dergoes irreversible (plastic) deformation (Fb - Fy)/H where H is the

equivalent stiffness of the hardening unit, L = <,}d +Hi> . The hardening

parameters are set to increase exponentially with accumulated plastic
settlement. Hy represents plastic settlement due to densification of the
ballast and H; lateral spreading. The threshold force F), also changes with
plastic settlement. There are in total five plastic parameters: the two
hardening spring parameters Hy and H,, and three further parameters
that control how these and the threshold stress on the ballast change
with plastic settlement. The parameter values can be set so that plastic
settlement due to ballast densification governs during the first stages of
loading, with settlement due to lateral spreading becoming dominant
once the ballast has reached a stable volumetric state. The foundation
layer, which is represented by rubber mats in the Southampton Railway
Testing Facility used to obtain the data on which the model is based, was
characterized by a linear Kelvin-Voigt unit having stiffness ks and
damping c;. A harmonic force F(t) applied on the top of the rail simulates
cyclic wheel loading, and an implicit nonlinear Newmark algorithm is
used to solve the resulting system.

With the exception perhaps of the viscous elements for the ballast
and a granular subgrade, the rheological elements are intuitive and
conform with observed granular material behaviour in terms of the
evolution of plastic settlement. (Damping in granular materials would
be expected to be frictional rather than viscous, but characterising it in
ths way is not well-established). The onset of plastic settlement is still,
however, defined by a threshold stress rather than a threshold strain.
Ognibene et al. (2022) [60] calibrate the parameters against data from
the Southampton Railway Testing Facility at two different axle/wheel
loads (98 kN and 157 kN), presented by Abadi et al. [43]. While not a
test of the true predictive capability of the model, Ognibene et al (2022)
[60] do demonstrate that it is able to differentiate between these tests
and calculate curves for loading regimes involving switching between
axle load magnitudes (Fig. 11). As found experimentally by Stewart
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ig. 11. Use of the Ognibene et al (2022) [60] model to calculate track the
evolution of settlement for two different loading scenarios. Figure from Ogni-
bene et al (2022) [60].

[44], the development of plastic strains is heavily influenced by the
greatest loads, and on switching from a lower load to a higher load the
ballast state quite rapidly moves to a condition that would have obtained
had the higher load been applied from the start.

A more rigorous approach

There are soil models (for example, [45,46]) potentially capable of
adequately representing the response of geomaterials (clayey and sandy
soils) to cyclic loading, reproducing critical state, inherent and stress-
induced anisotropy, hysteresis, pore pressure response, hardening and
softening, soil structure degradation and threshold stress effects (beyond
which a component of strain is permanent). These have been imple-
mented into commercial finite element programs including ABAQUS
[47] and PLAXIS [48], enabling 2D and 3D analyses to be conducted
both in undrained conditions and with fully coupled solid—fluid inter-
action using Biot’s consolidation theory [49]. Other examples include
Zhao et al. [50]. The finite element models can be used to calculate
transient and residual stresses, pore water pressures and movements in a
section of an earth embankment during simulated train passage.
Consolidation is formulated dynamically considering the movements of
the solid and the fluid phases and pore water pressures, giving validity
for any loading frequency and soil permeability.

Fig. 12 summarises pictorially the 2D coupled finite element analyses
carried out by Sang-lam [47], using the elastoplastic soil model pro-
posed by Zhang et al. [46] implemented as a user-defined element in
ABAQUS. The model was modified to account for the effect of Lode angle
through an implementation of Matsuoka-Nakai failure criterion [51].
Fig. 12 shows a cross-section of the embankment modelled, a view of the
mesh and the sequence of analysis, which involved updating the vari-
ables to account for the effects of previous loading cycles. The effect of a
moving train was modelled by the application of the dynamic rail loads
on a plane slice based on the understanding developed by Milne et al.
[13], accounting for out-of-plane load spreading and the flexural rigidity
of the rails. The initial overconsolidation ratio of the soil increases from
1 near the point immediately below the trackbed (point A) to 5 at the
embankment base (point D). (This is a result of the mesh initialisation
process, reflecting the fact that the embankment material has been
placed artificially rather than deposited naturally).

Results for the variation with normalised depth y/S (where S is the
sleeper length) below the bottom of the trackbed along the track cen-
treline of (a) the increase in pore water pressure Ap,, and (b) the vertical
displacement uy, in an embankment of hydraulic conductivity k in
response to a single application of a maximum stress at the rail seat Rpqy,
applied and removed over a time period consistent with a load moving at
aspeed vr =10 m/s, are shown in Fig. 13a and b. These distributions are
for the moment in time when the rail seat load is at its maximum. The
simulated speed is relatively low owing to computational limitations, as
discussed by Sang-lam [47]. As might be expected, the change in pore
water pressure Ap,, increases (for the load speed simulated) as the
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Fig. 13. Variation with normalised depth below the bottom of the trackbed of (a) increase in pore water pressure Ap,, and (b) vertical displacement uy, both at the
centreline of the track in an embankment of hydraulic conductivity k in response to a maximum applied stress at the rail seat Ryax at a rate corresponding to a single
axle load moving at a speed vy = 10 m/s, at the instant of maximum load; (c) shows the maximum increase in pore water pressure at a depth of 0.1 m below the
trackbed (Point A) during the period of application of the load, and (d) this maximum increase in pore water pressure normalised by the maximum applied stress at
the rail seat, as functions of the simulated load speed vr divided by the soil hydraulic conductivity k. Figure from Sang-lam [47].

hydraulic conductivity k reduces towards about 10~ m/s, below which
value the soil behaviour is effectively undrained and further reductions
in hydraulic conductivity have no impact (Fig. 13a). Fig. 13b shows that
a higher hydraulic conductivity leads to a greater vertical displacement
over the uppermost 15 cm or so of the embankment, because drainage
during loading takes place over this depth owing to the relatively short
drainage path length.

Fig. 13c shows the maximum increase in pore water pressure, Ap,,, at
a depth of 0.1 m below the trackbed (Point A) during simulated train
passage, and Fig. 13d shows this maximum increase in pore water
pressure normalised by the maximum applied stress at the rail seat; in
both cases as functions of the simulated load speed vy divided by the soil
hydraulic conductivity k. Again as might be expected, the maximum
increase in pore water pressure increases with axle load, and also with
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increasing Vy/k (reducing hydraulic conductivity k) up Vi/k of about
106, above which value, the maximum pore water pressure increase rises
only with axle load (Fig. 13c). The fully normalised plot in Fig. 13d
shows that when the soil response is almost drained (V7/k less than
about 10%), the maximum pore water pressure increase varies in pro-
portion with the axle load for a given value of Vy/k. When Vy/k is greater
than about 106, the maximum increase in pore water pressure is pro-
portionately greater for lower axle loads. This is probably a result of the
more plastic response of the soil below the bottom of the trackbed to the
increased axle load. The curve in Fig. 13d for the axle load of 15 tonnes is
similar to the corresponding curve presented by Bian et al. [52], based
on the analysis of a poro-elastic soil under moving train loads.

Fig. 14 shows the distribution with depth below the centre of the
track of (a) the residual excess pore water pressure and (b) vertical
displacement after the train has passed, and (c) time histories of excess
pore water pressure at different depths during the passage of a train
comprising 1, 10, 25 and 39 vehicles. The loading represented a train
comprising different numbers of FAA bogie low-deck (“well”) container
wagons of the type built for EWS by Thrall, York (UK) in 1999, having a
uniform axle load of 25 tonnes, travelling at a constant speed of 10 m/s
over a clay fill embankment with a hydraulic conductivity of 10~7 m/s.
The results are plotted for soil elements at points A, B, C and D, at depths
below the trackbed of 0.10 m, 1.0 m, 3.0 m and 6.0 m respectively. As
the train length increases, two competing effects influence the residual
pore water pressure at a given depth. The first is the build-up of further
excess pore water pressure associated with each wagon, and the second
is the additional time available for excess pore water pressure dissipa-
tion. At shallow depths (<0.15 m) where the drainage path for excess
pore water pressure dissipation is smaller, the second effect (additional
time for excess pore water pressure dissipation) dominates. Below about
0.15 m depth, including at the point B (at a depth of 1.0 m), the greater
drainage path length enables the excess pore water pressure to build up
with each successive wagon passage, so the residual excess pore water
pressure increases with train length. At points C and D, the magnitude of
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the residual excess pore water pressure increases but the over-
consolidation ratio of the soil these depths is such that, for the number of
wagon passes shown here, it is negative (that is, a suction) owing to the
tendency of the soil here to dilate during early-stage shearing. The
analysis illustrates the complex of factors influencing the transient soil
response below a moving train.

Finally, Fig. 15 shows distributions with depth of (a) residual excess
pore water pressure and (b) residual vertical displacement after 1, 3, 10,
30, 60 and 100 passages of a 25-vehicle FAA freight wagon train of 25
tonne axle loads moving at a speed of 10 m/s over an embankment with
a hydraulic conductivity of 1077 m/s, and (c) residual excess pore water
pressure and (d) residual vertical displacement after 100 train passes for
soil hydraulic conductivities of 10> and 10~7 m/s. The time interval
between successive trains was 15 min. The build-up in pore water
pressure and vertical displacement with number of train passages is
clear (Fig. 15a and b), as is the difference between the two values of
hydraulic conductivity (Fig. 15c and d). For the higher permeability soil,
the residual excess pore water pressure after the trains have passed is
effectively zero. For the lower permeability soil, residual excess pore
water pressures of up to about 20 kPa remain at a depth of 2-3 m below
the bottom of the track bed. The residual displacement over the top 0.4
m or so is greater for the higher permeability soil, because the lower
permeability soil has not fully consolidated at the end of the period of
train passages.

The finite element model can in principle include the effects of
earthwork geometry, soil type, changes in pore water pressures arising
from soil permeability, vegetation, weather, climate and drainage ef-
fects, and train configuration, axle weight, speed and frequency. How-
ever, the computational demand is enormous; hence other, simpler
methods of calculation for routine use will be required, such as the high-
cycle accumulation models used in offshore engineering (for example,
[531). Further work is also needed to:
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Fig. 14. Calculated distributions with depth of (a) residual excess pore water pressure and (b) residual vertical displacement after train passage; and (c) time
histories of excess pore water pressure at different depths during the passage of a train comprising 1, 10, 25 and 39 vehicles. Figure from Sang-Iam [47].
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Fig. 15. Distributions with depth of (a) residual excess pore water pressure and (b) plastic vertical displacement after 1, 3, 10, 30, 60 and 100 passes of a 25-vehicle
FAA freight wagon with 25-tonne axle loads moving at a speed of 10 m/s over an embankment with a hydraulic conductivity of 10~7 m/s, and (c) residual excess pore
water pressure and (d) residual vertical displacement after 100 train passes for soil hydraulic conductivities of 10~ and 10”7 m/s. Figure from Sang-lam [47].

overcome the computational issues limiting the equivalent train
speed

incorporate unsaturated soil behaviour (for modelling the influence
of changes in vegetation, climate and drainage conditions)
determine how to reproduce adequately but realistically the poten-
tially high spatial variability of the trackbed and subgrade; and
whether, when and where variations in initial track geometry and
dynamic load may be sufficient to drive differences in the evolution
of permanent settlements

e validate the model using high quality field data and soils parameters.

The absence of high-quality field data for validation is a weakness of
nearly every current railway track settlement model, and is an essential
next step if progress is to be made with confidence.

Summary and concluding comments

1. Itis useful to be able to forecast the rate of railway track settlement in
response to repeated cycles of train loading; but challenging owing to
the almost vanishingly small rate of accumulation of plastic settle-
ment per cycle and the unknowability of how conditions will vary
along the track.

2. Train loading can usefully be considered as a series of different loads
at different frequencies, which for a long train of five or more near-
identical vehicles occur at the car passing frequency and integer
multiples thereof. The dominant loading as far as track deflection is
concerned is likely to be at the car passing frequency.

3. In terms of the stresses experienced by ballast and subgrade mate-
rials, train loading may be represented by cycles of increasing then
decreasing vertical stress with cycles of horizontal shear stress
oscillating about zero, 90° out of phase. This is equivalent to a
rotation in the direction of major principal stress during train pas-
sage. The combination of load magnitude and principal stress rota-
tion is likely to be potentially most onerous towards the bottom of a
300 mm thick layer of ballast and the top of the underlying subgrade.

4. Element testing of ballast is challenging: the grain size is too big for
testing in a hollow cylinder apparatus; the standard height of a large
(300 mm diameter) triaxial specimen is, at 600 mm, twice the typical

depth of the ballast layer; the triaxial apparatus does not allow for
vertical stress attenuation with depth as would happen in the field;
and it is uncertain how the in-situ lateral support should be
simulated.

. Subgrade materials tested in conditions of cyclic loading with prin-

cipal stress rotation exhibit a cyclic threshold shear stress, below
which they will shake down plastically to a stable state and above
which strains will increase gradually (ratcheting) or accelerate
rapidly to failure. The cyclic threshold shear stress is greater in free-
to-drain than in undrained loading, and tends to increase with clay
content in the range 7-14 %. The resilient modulus for a saturated
material could be 20-30 % less with principal stress rotation than
without.

. Unsaturation of the subgrade is important. For an unsaturated ma-
terial the difference between resilient moduli with and without
principal stress rotation becomes much less significant. More
importantly, a subgrade with a water content of 4 % could be ten
times as stiff as the same material when saturated at a water content
of 8 %

. Semi-empirical, rheological and finite element approaches to esti-
mating the evolution of railway track settlements have been sum-
marised. All show promise but all have disadvantages. The semi-
empirical and rheological methods rely on some form of parameter
fit or calibration, while the finite element approach is too compu-
tationally expensive for routine use. Nonetheless, all offer the po-
tential to be able to account for variations along the track, and in
subgrade strength and stiffness as a result of changes in water con-
tent resulting from changes in weather / climate, vegetation and
drainage condition.

. The need for research-quality field data to validate any calculation
procedure for the evolution of railway track settlement, including
more sophisticated models that capture the behaviour of the un-
derlying subgrade and earthwork, cannot be over-stated.
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