Heriot-Watt University
Research Gateway

Influence of track foundation on the performance of ballast and
concrete slab tracks under cyclic loading
Citation for published version:
Ramos, A, Gomes Correia, A, Calçada, R, Alves Costa, P, Esen, A, Woodward, PK, Connolly, DP &
Laghrouche, O 2021, 'Influence of track foundation on the performance of ballast and concrete slab tracks
under cyclic loading: Physical modelling and numerical model calibration', Construction and Building
Materials, vol. 277, 122245. https://doi.org/10.1016/j.conbuildmat.2021.122245

Digital Object Identifier (DOI):
10.1016/j.conbuildmat.2021.122245
Link:
Link to publication record in Heriot-Watt Research Portal
Document Version:
Peer reviewed version

Published In:
Construction and Building Materials
Publisher Rights Statement:
© 2021 Elsevier Ltd.

General rights
Copyright for the publications made accessible via Heriot-Watt Research Portal is retained by the author(s) and /
or other copyright owners and it is a condition of accessing these publications that users recognise and abide by
the legal requirements associated with these rights.
Take down policy
Heriot-Watt University has made every reasonable effort to ensure that the content in Heriot-Watt Research
Portal complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact open.access@hw.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 09. Jan. 2023

Influence of track foundation on the performance of ballast and
concrete slab tracks under cyclic loading: Physical modelling and
numerical model calibration
Ramos, Aa*, Gomes Correia, A. a*, Calçada, R.b, Alves Costa, P. b, Esen,
A.c, Woodward, P.K.d, Connolly, D.P.d, Laghrouche, O.c
a*

Ana Ramos, Institute for Sustainability and Innovation in Structural Engineering,

University of Minho – School of Engineering, Campus de Azurém, 4800-058,
Guimarães, Portugal (id6629@alunos.uminho.pt) – corresponding author
a

António Gomes Correia, Institute for Sustainability and Innovation in Structural

Engineering, University of Minho – School of Engineering, Campus de Azurém, 4800058, Guimarães, Portugal (agc@civil.uminho.pt)
b

Rui Calçada, Department of Civil Engineering, Faculty of Engineering of the

University of Porto, Rua Dr. Roberto Frias, 4200-465, Porto, Portugal
(ruiabc@fe.up.pt)
b

Pedro Alves Costa, Department of Civil Engineering, Faculty of Engineering of the

University of Porto, Rua Dr. Roberto Frias, 4200-465, Porto, Portugal
(pacosta@fe.up.pt)
c

Ahmet Esen, Institute for Infrastructure and Environment, Heriot-Watt University,

Edinburgh, UK (afe1@hw.ac.uk)
d

Peter Woodward, Institute for High Speed Rail and System Integration, University of

Leeds, Leeds LS2 9JT, UK (P.K.Woodward@leeds.ac.uk)
d

David P Connolly, Institute for High Speed Rail and System Integration, University of

Leeds, Leeds LS2 9JT, UK (D.Connolly@leeds.ac.uk)

1

c

Omar Laghrouche, Institute for Infrastructure and Environment, Heriot-Watt

University, Edinburgh, UK (O.Laghrouche@hw.ac.uk)

2

Influence of track foundation on the performance of ballast and
concrete slab tracks under cyclic loading: Physical modelling and
numerical model calibration
Ballast and slab railway track structures are constructed from different
materials, thus requiring different maintenance strategies. Therefore, this
paper compares the settlement performance of both structures using
laboratory experiments, and calibrates numerical models based upon the
results. Firstly, a comparison of the short and long-term behaviour of
ballasted and slab tracks under cyclic loading is performed at full-scale.
Both tracks have the same track foundation but a different track
superstructure, and are subject to 3 million cycles of loading. The results
are used to develop and calibrate the short-term response of a 3D finite
element model of both track structures. They are also used to calibrate an
empirical permanent deformation model for the track foundation, where
the number of load cycles and stresses are the main inputs. A strong
agreement is found between the numerical and experimental results. This
justifies the track modelling approach in predicting the long-term
behaviour of track structures where the subgrade is influential.
Keywords: Railroad ballast track, Concrete slab track, Railway physical
modelling, Cyclic track testing, Numerical model calibration, Settlement
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1 Introduction
Whether designing ballasted or non-ballasted railway tracks, short-term and long-term
performance must be considered [1-12]. Both structures have similarities, but also
important differences regarding the generation of noise and vibration (environmental
aspects), maintenance operations, costs and materials [13]. Ballasted track is composed
of rails, railpads, sleepers (e.g.wooden or concrete), ballast, sub-ballast and subgrade.
However, there are several variants to the classical ballasted structure, such as a track
supported by a bituminous layer or constituted by poor concrete [14], a track with
sleeper-gantry [14] (in order to make the stresses more uniform and reduce the
maximum value of the stresses in the ballast) or the inclusion of geogrid under the
ballast or sub-ballast to reduce settlement [15,16]. On the other hand, the slab track is
composed of rails and railpads, sleepers (in certain structures, the sleepers are embedded
in the concrete slab), concrete slab, support layer, and subgrade. In the slab track, the
ballast is replaced with a concrete slab and supported layer [17-19]. Therefore, the
stiffness of this structure is higher when compared to the ballasted track. In order to
reduce the stiffness of slab tracks, softer railpads are adopted, unlike ballasted track
where the ballast bestows the stiffness required, which means that the railpads are stiffer
[20].
Slab track is widely used commonly in Asian countries such as China, Japan, and South
Korea, but also in European countries like Spain and Germany [21]. For example, by
the end of 2020, China is expected to finish the construction of 30,000 km of high-speed
railways, most of which use slab tracks [22]. This change from ballasted to slab track is
mostly related to the need to increase the train’s speed (higher than 200km/h). However,
the cyclic loading induced by the passage of trains at very high speeds leads to
important track vibrations, which can be progressively amplified in a repeated process
4

leading to the deterioration of track geometric quality and increase in track maintenance
operations and track life cycle costs [23]. In some cases, higher trains speeds can lead to
problems regarding the vibrations generated in the ground, especially when the train
speed approaches track-ground critical velocity [24]. As a matter of fact, several studies
show a higher performance of the slab tracks in high-speed lines due to the reduced
number of required maintenance operations. Slab tracks are now installed in different
situations (in addition to tunnels) worldwide and, despite having higher construction
costs than ballasted track, they provide the desired long-term stability and performance.
Besides, slab tracks present proper higher stiffness for high speeds as well as good
lateral and longitudinal resistance. Indeed, the long-term stability of the ballasted track
can be compromised by deformations that occur in the ballast layer.
In the selection process between the slab and ballasted tracks, there are several
important technical and economic issues that need to be addressed, which include
construction costs, operability and environmental impact (due to noise and ground
vibration). This work is focused on short and long-term behaviour.
In order to better understand and explore the dynamic performance of railway tracks
(short and long-term performance), full-scale laboratory testing of railway tracks is a
useful methodology. This approach has been widely used in recent years in studies
developed by [25], [26], [27], [28], [29], [30], [31], [32], [10] and [11]. Moreover, fullscale laboratory tests and the related results allow for a better understanding of the role
of the subgrade in the global track stiffness, since a low track stiffness can lead to a
flexible track with poor load distribution. Further, a high track stiffness can induce
greater dynamic loads on the rail, increasing train-track interaction forces [33]. In this
paper, the experimental results were obtained from full scale laboratory tests of ballast
and slab tracks performed at Heriot-Watt University.
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From the experimental results, two 3D numerical models were developed in commercial
software ANSYS. The numerical models aim to capture the behaviour of the full-scale
structures when subject to cyclic loads. The 3D FE method was used (since it is the
most useful tool to simulate these type of problems) and the time-domain was
implemented despite the required high computation cost in dealing with large scale
problems [34]. The short term behaviour is assessed through the comparison of the
calculated and measured displacements obtained by Linear Variable Differential
Transformers (LVDTs) placed on both structures [35]. After the calibration of the
numerical models, an empirical permanent deformation model (defined based on
experimental laboratory testing) for the track foundation is also calibrated through an
optimisation procedure. The calibration process included the evaluation of the model
parameters and took into account the materials’ stress history through the inclusion of
the time-hardening approach. This analysis was only possible since the structures were
submitted to 3.5 million cycles, which allowed significant data to be collected related to
permanent deformation. The empirical permanent deformation model adopted for the
track foundation was dependent on the number of load cycles (N), initial stress state,
amplitude of the stress induced by the cyclic loads and also included the influence of the
proximity of the stress path into the yielding criterion [36, 37]. The implemented
calibration process can be applied to other conditions and geometries, which means that
the extrapolation should be properly contemplated. Furthermore, the calibration
regarding the permanent deformation is rare and innovative since there are not many
experimental data that allow to carry out this validation process.
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2 Laboratory testing
2.1 Experimental Setup
The full-scale GRAFT-2 facility (Figure 1) was adopted to evaluate the short and longterm performance of the ballasted and slab tracks [38]. The load was applied through six
independent hydraulic actuators on full-sized sleepers on both the ballasted and slab
tracks (in this case, the sleepers embedded in the concrete slab). The passage of the
trains was simulated using phased loading and each actuator applied a load to each rail
segment. The diagram of the GRAFT-2 facility, the dimensions and the ballasted and
slab tracks are depicted in Figure 1.

b)

a)

c)

Figure 1 - Experimental setup: diagram of the GRAFT-2 facility and main dimensions [35]; b) ballasted track; c) slab
track

2.2 Slab and ballasted tracks
The slab track consisted of a section of a Max Bögl track. It was composed of a concrete
slab (C45/55 reinforced concrete), a thin layer of cement grout, a support layer
designated by a hydraulically bonded layer (HBL) and track foundation. The track
foundation was the same as the ballasted track [39] and consisted of the frost protection
7

layer (FPL) and the subgrade. The substructure (with a total thickness of 1.2m - the
subgrade has 0.8m and the FPL has 0.4m of thickness) consisted of a well-graded
granular limestone. The ballast consisted of micro-granite. The sieve analysis for the
limestone and micro-granite is depicted in Figure 2. The HBL was placed on the top of
the FPL. Moreover, between the concrete slab and HBL, there was a gap of 40mm that
was filled with a non-shrinking cement grout to bond the two layers. Regarding the
railpad system, the static stiffness of the lower elastic pad was around 22.5kN/mm and
the dynamic stiffness was approximately 40kN/mm. The upper railpad had a static
stiffness of between 600-700kN/mm and a dynamic stiffness of approximately 1600 1800kN/mm. In this track, UIC60 rail segments were used [35].

Figure 2 - Limestone and microgranite particle size distribution [35]

Both slab and ballasted tracks (Figure 1) were subject to cyclic tests with 3.4 million
load cycles (155.4 MGT). This corresponds to 5.2 years of West Coast Main Line [40]
usage, at which the level of loading over the site is 30 MGT per year. In the case of the
slab track, there was no evidence of concrete cracks.
The ballasted track tests were performed after the slab track tests and the ballast was
placed after the removal of the concrete slab track and HBL. For the ballasted track, the
main part of the track foundation remained unchanged and the superstructure was fully
replaced, except the railpads. In this case, the same railpads were used for the slab and
8

ballasted tracks [35]. In addition to the geotechnical properties presented in Table 1, the
deflection modulus (Ev2) was also estimated via the Plate Load Test (PLT) performed on
the subgrade and FPL layer. The plate load tests were carried out according to standards
[41]. The Ev2 value for the FPL was 133.55MN/m2 and Ev2/Ev1 at 1.42. In the case of the
subgrade, Ev2 was 67.71MN/m2 and Ev2/Ev1 was 1.55. For the ballasted track, a geogrid
TX190L was placed between the ballast and FPL to reduce the penetration of the ballast
into the subgrade.
Table 1 - Material properties of the HBL and foundation
Materials

HBL

Properties

Values

Thickness (mm)

300

Concrete

C10/12 (with cement intake of 110 kg/m3)

E (MN/m2)

7500

Effective internal friction angle at OMC - 

35

Specific gravity - Gs

2.69

Maximum dry density (kN/m3)

22.2

Coefficient of permeability – k (m/s)

10-5 (for FPL)

Foundation

98% - subgrade
Relative density - DR (%)
100% - FPL

3 Methodology used for static and cyclic loading testing
The tests were divided into two types: static and cyclic. The effect of wheel-rail
irregularities was not considered. The main differences between the two static tests are
related to the duration and the load applied on the sleepers by the actuators.
In the cyclic tests, loading was phased (t) between adjacent actuators in the track
direction, following the expression:
∆𝑡 =
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∆𝑠
𝑣

(1)

where t is the time lag between neighbouring actuators, s is the distance between the
two adjacent actuators in the track direction in metres, and v is the train’s speed adopted
in m/s.
The cyclic tests differ in terms of frequency and load magnitude applied by the
actuators. The train speed adopted in both dynamic tests was 100m/s. In the second test
(Dynamic II), the load increased and the frequency decreased when compared to
Dynamic test I. Thus, the frequency of 5.6Hz was determined based on a given train’s
speed and distance between two bogies of the same rolling stock. The frequency of
2.5Hz was adopted based on the performance of the facility when simulating higher
loads.
In the cyclic tests, some situations were not analysed/tested: the effect of the train’s
speed on the soft subgrade and the effect of critical speed, since the adopted velocity is
below critical.

3.1 Experimental set-up of static and cyclic tests
The cyclic/dynamic tests were performed considering the inclusion of several elements
to measure stresses and deflections. The control of the deflection of the actuators, the
control of the applied loads and the measured settlements were performed using several
devices including load cells and LVDTs, also designated as CH displacement, as
depicted in Figure 3. In order to control the total settlements and measure the
deflections, high-precision LVDTs were installed on the concrete slab in the ballastless
track and on the ballasted track’s sleepers. The main elements used in this study are
depicted in Figure 3.
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CH5 (Displacement)
CH5 (Force)

CH3 (Displacement)
CH3 (Force)

CH6 (Displacement)
CH6 (Force)

CH1 (Displacement)
CH1 (Force)

LVDT1

CH4 (Displacement)
CH4 (Force)

CH2 (Displacement)
CH2 (Force)

LVDT4

LVDT3

LVDT2

a)

b)

Figure 3 – Slab track: a) dimensions of the concrete slab and track system used [35]; b) Cyclic test set-up

Regarding the static tests, the deflections were measured using surface-LVDTs
(designated as S-LVDTs) placed on the concrete slab surface of the slab track and on the
sleeper surface in the case of the ballasted track. The displacements were also monitored
on the surface of the rails using the rail-LVDTs (designated as R-LVDTs or
CHdisplacement). The displacement results showed that the ballasted track had higher
deformation than the slab track. This is due to the ballast layer stiffness and its unbound
nature. It is important to highlight that the same elastic pads (placed under the base plate
- Figure 4) were used in both the slab and ballasted track tests.
Regarding the cyclic tests, two types of cyclic load were applied to the ballasted and
slab tracks with different frequencies (5.6Hz and 2.5Hz) and different loads per actuator
(58.86kN and 83.34kN). In order to simulate the rotation of the principal stresses in the
experimental tests correctly, phase loading was used. However, the rotation of the
principal stresses, despite its importance, is not the only important parameter in the
analysis of

railway settlement. In fact, other parameters influence permanent

deformation, such as axle load, number of trains, distance between axles, type and
physical state of the materials, stress loading history and previous track condition. The
conditions of the track foundation are different for each track structure, despite the same
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track foundation being shared by both. In fact, after cyclic tests on the slab track, the
FPL and subgrade had already been subject to stress cycles. Therefore, the conditions at
the beginning of the ballasted track test were not identical to the beginning of the slab
track cyclic test.

4 Calibration of slab and ballasted track models
The calibration of the ballasted and slab track models was based on experimental cyclic
loading tests.

4.1 Short-term calibration
The 3D finite element model was developed using ANSYS 16.2, as depicted in Figure 4.
The numerical model was used to simulate the short-term behaviour of the slab and
ballasted track tests explained above. The models, depicted in Figure 4, were composed
of solid elements with eight nodes, which represent a compromise between the
accuracy and efficiency of the numerical model.
The load applied by the actuators on the sleepers is presented in Figure 5 for the case of
the frequency equal to 2.5Hz for both railway tracks.
From the results of the experimental displacements and its comparison with the
numerical displacements, the geotechnical properties of the track foundation materials
(subgrade and FPL) in terms of Young modulus and Poisson’s ratio were calibrated.
Moreover, the ballast’s properties (Young modulus and Poisson’s ratio in the case of the
ballasted track), as well as the equivalent properties of the railpads were also calibrated.
The experimental displacements considering the frequency 2.5Hz are depicted in Figure
5. In Figure 5, for the case of the ballasted track, the experimental LVDTs results show
two different amplitudes. The LVDT frame was not connected to the testing rig and the
measuring rod was placed on the sleeper’s surface. The reference of the LVDTs was the
12

structure itself. Thus, the tests were performed in force control, meaning the sleeper
never loses the contact with ballast. The amplitude difference in Figure 5 f) is justified
by the variation of stiffness along the track.
1
ELEMENTS
MAT

NUM
JAN

6 2020
11:08:31

Y
Z

X

Concrete slab (H=0.2 m)
HBL (H=0.3 m)
FPL (H=0.4 m)
Subgrade (H=0.8 m)

MODELO 3D_Ballastless_teste_nv3

a)

1
ELEMENTS
MAT

NUM
JAN

6 2020
11:11:41

Y
Z

X

Ballast (Hmax=0.7 m)
FPL (H=0.4 m)
Subgrade (H=0.8 m)

MODELO 3D_Ballasted_teste

b)
Figure 4 - 3D models: a) slab track model; b) ballasted track model
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Slab track

a)

b)

c)
Ballasted track

d)

e)

f)

Figure 5 – Frequency = 2.5 Hz: a) Applied load: slab track; b) Displacements - R-LVDTs (slab track); c)
Displacements - S-LVDTs (slab track); d) Applied load : ballasted track; e) Displacements - R-LVDTs (ballasted
track); f) Displacements - S-LVDTs (ballasted track)
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The first step consisted of the application of the experimental loads in the numerical
model. The load time histories are depicted in Figure 5, as example. The comparison
between the experimental and numerical results was an iterative process. Firstly, the
properties of EPDM were estimated: equivalent Poisson’s ratio of zero (considering
that there is no transverse deformation) and Young modulus based on dynamic stiffness
and geometric properties. In this process, the same EPDM was used in the tests on the
slab and ballasted tracks. Regarding the slab track, the properties of the FPL and
subgrade were calibrated. The density of the FPL and subgrade were based on the work
developed in [35]. The Young’s modulus of the subgrade and FPL were based on the
Ev2 value obtained in the laboratory. In this case, a factor of 3.3 was applied
(E=3.3×Ev2). During the calibration process, this parameter was adjusted, as well as the
respective Poisson’s ratio. In fact, the values of Young modulus (obtained with this
factor) are within the acceptable range of these materials (modulus of deformation
limits and compaction requirements for the earthwork layers): 120MPa to 500MPa for
the FPL and 60MPa to 500MPa for the subgrade.
Regarding the ballasted track, the density of the ballast was based on [42] and the
Young’s modulus of the ballast layer was also calibrated. In this case, the value
obtained was lower than expected. Therefore, comparing this result with published data,
it is possible to conclude that the Young’s modulus was slightly lower than anticipated.
The bibliography shows that the value varies between 100MPa to 150MPa [43, 42].
The adopted properties of the materials are described in Table 2 (slab track properties
and ballasted track properties).
The experimental results showed higher variation when compared to the numerical
results (Figure 6). This is probably due to a rearrangement of the particles during the
cyclic tests, largely in the ballast layer (in the case of the ballasted track) but also in the
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subgrade and FPL layers. Due to the variability of the experimental results, minimum
and maximum values (lower and upper bounds, respectively) were defined with time.
The area defined by these limits is represented by a grey shadow in Figure 6, where the
results obtained are depicted. In this case, only the results of the frequency equal to
2.5Hz are represented but the results are similar for both frequencies. Each curve is a
representation of a numerical result for a single R or S-LVDT, considering its exact
position in the full-track model. The results show good agreement between the
experimental and numerical results. When the frequency is equal to 5.6Hz, the
numerical results were close to the maximum limit (upper bound) of the experimental
results. This can be explained by a phenomenon that occurred in the experimental tests
related to the movement of the particles, since the numerical results cannot capture this
type of behaviour.
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Slab track

a)

b)
Ballasted track

c)

d)

Figure 6 - Numerical and experimental results (frequency of 2.5Hz): a) R-LVDTs (slab track); b) S-LVDTs (slab
track); c) R-LVDTs (ballasted track); d) S-LVDTs (ballasted track)
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Table 2 - Adopted properties of the materials – slab and ballasted tracks
Type of track Material

Properties

References

E=200×109 Pa
Rail

=7850 kg/m3

UIC 60 – slab track
BS113A (56E1) – ballasted track

=0.30
k=40×106 N/m

Slab and ballasted tracks

=1200 kg/m3
EPDM

=0.00

[35]

E=k×thickness/area
E=3.3×EV2=3.3×135×106
Pa
FPL

=2141 kg/m3

E is based on Ev2 [35]

=0.35
E=3.3×EV2=3.3×65×106 Pa
Subgrade

=2091 kg/m3

E is based on Ev2 [35]

=0.35
k=1800×106 N/m
=1000 kg/m3
Railpad

=0.30

[35]

E=k×thickness/area
E=210×109 Pa
Steel Plate

=7850 kg/m3

Characteristics of a steel plate –assumed
values

Slab track

=0.30
E=25×109 Pa
Cement grout mass

=2000 kg/m3

-

=0.25
E=40×109 Pa
Concrete Slab

=2500 kg/m3

-

=0.25
E=15×109 Pa
HBL
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=2400 kg/m3

Information given by Max-Bőgl

=0.25
E=38×109 Pa
Sleepers (G44 - 650mm

=2500 kg/m3

Sleeper G44

Ballasted track

spacing)
=0.15
E=110×106 Pa
Ballast

=1530 kg/m3

[42]

=0.30

4.2 Long-term calibration
From the short-term calibration, an empirical permanent deformation model was
calibrated from the properties described in Table 2. To do so, a novel approach was
used that allows for simulating the long-term behaviour of ballasted and slab structures
through the calibration of an empirical permanent deformation model.
The yielding criterion was defined based on the Mohr-Coulomb yielding criterion that
depends on the parameters M (or m) and qo (or s) which are based on the cohesion (c’)
and friction angle (') of each material. The adopted properties of the materials are:
•

Ballast: c’= 0 kPa and ’=50º;

•

FPL: c’= 0 kPa and ’=48º;

•

Subgrade: c’= 5 kPa and ’=45º.

The failure line is obtained from the following expression:
𝑞𝑓 = 𝑞𝑜 + 𝑀 ∙ 𝑝’

(2)

where qf is the deviatoric stress at failure, p’ is the mean/hydrostatic stress, M is the
slope of the critical state line in the referential p’-q space, and qo corresponds to the
coordinate of the axle of the deviatoric stress in the p’-q space (deviatoric stress when p’
= 0kPa).
Geomaterials usually show elastoplastic behaviour when subject to cyclic loads.
Typically, in cyclic laboratory tests, this loading is characterised by a regular pattern in
19

terms of frequency and amplitude. Early empirical models were only dependent on the
number of load cycles, but, experimental results (mostly using cyclic triaxial tests as
well as hollow cylinder tests) demonstrated that the permanent deformation is
influenced by the mean (p’) and deviator stresses (q). According to the well-known
models referred to in the bibliography (that attempt to reflect the experimental response
of the materials through laboratory tests), the stress levels, stress paths and the number
of load cycles are the main factors that directly influence permanent deformation.
In that respect, there are several approaches used to model permanent deformation. In
this work, an empirical permanent deformation aproach is used instead of an
elastoplastic model. Usually, empirical permanent deformation models show good
agreement with the observed track behaviour, are less time-consuming (when compared
to the elastoplastic models) and are straightforward to implement. This means that there
is a good balance between accuracy and the difficulty to implement.
The model used to describe the permanent deformation was based on the work
developed by [36]. These authors combine the effect of the number of load cycles with
the stress state. Subsequently, [37] updated the model, suggesting some modifications
such as the introduction of the influence of the initial stress state. Thus, this model
depends on several parameters such as the amplitude of the induced stress cycle (the
model includes the amplitude of the diagram p’-q), the number of load cycles, initial
stress state, and depends on the failure criterion by including the strength parameters s
and m of the Mohr-Coulomb yielding criterion, which quantifies the proximity of the
peak stress point (pmax,qmax) to the yielding criterion. This model is more complex than
other mechanistic-empirical permanent deformation models [44, 45] because of the
number of variables required by the formulation, but also presents a good agreement
between the efficiency and accuracy with regards to the expected results [46]. In fact,
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this model depends on more parameters, which, in some cases, can also be, a
disadvantage due to the lack of information about them. To correctly characterise these
parameters, it is necessary, experimentally, to perform additional laboratory tests.
Calibration was performed to find the best fit between the experimental and numerical
data through the definition of the parameters p0,  and B (corresponding to the
properties of the materials), applying the following permanent deformation model:
𝑝
𝜀1 (𝑁)

=

𝑝0
𝜀1 [1

−𝑒

−𝐵𝑁 ]

√𝑝𝑎𝑚 2 + 𝑞𝑎𝑚 2
(
)
𝑝𝑎

𝑎

1
∙
(𝑞 + 𝑞 )
𝑝
𝑠
𝑚 (1 + 𝑝 𝑖𝑛𝑖 ) + 𝑝 − 𝑖𝑛𝑖𝑝 𝑎𝑚
𝑎𝑚
𝑎𝑚
𝑎𝑚

(3)

where pam and qam are the amplitudes of the mean stress and deviator stress for train
loadings; m and s are defined by the yielding criterion q=qo + Mp, where s corresponds
to qo and m corresponds to M; pini and qini are the mean and deviator stress in the initial
state of the material. In this case, the original notation of the author was used. It is
important to note that empirical permanent deformation models are developed, in most
cases, in situations where there is a stabilisation of the permanent deformation, which
can be a disadvantage of these models. In the current analysis, at some locations in the
ballast, FPL and subgrade layers, the model is applied to stress paths close to rupture,
which means that the permanent deformation could be even higher (this behaviour is
called incremental collapse in shakedown theory).
After the calibration of the short-term displacements through the material properties,
stresses were obtained, including the initial stress and amplitude of the stress path for
both frequencies. The initial stresses were obtained separately and subsequently added,
since the domain is linear elastic. Both stresses (initial and cyclic) were obtained using
ANSYS.

21

The results obtained in terms of p’-q stresses are depicted in Figure 7, for the selected
frequency of 2.5Hz. These results are the main inputs of the permanent deformation
model.
Slab track
FPL

Subgrade

a)

b)
Ballasted track

Ballast

FPL

c)

d)
Subgrade

e)
Figure 7 - Stress path of the materials (f = 2.5Hz): a) FPL (slab track); b) subgrade (slab track); c) ballast (ballasted
track); d) FPL (ballasted track); e) subgrade (ballasted track)

Analysing Figure 7, each stress path corresponds to one element of each material
(ballast, FPL and subgrade). In this case, the ballast and FPL layer were formed from
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four vertical elements with a length equal to 0.1m (Lelem=0.1). The subgrade was
constituted by eight elements with a length of 0.1m (Lelem=0.1). The selected elements
(numbered from 1 to 4 from the top to the bottom of the layer in the case of the ballast
and FPL and from 1 to 8 from the top to the bottom of the subgrade layer) are located
under/in the same alignment of the real position of the LVDTs of both railway tracks.
Regarding the values obtained, as expected, the frequency of 2.5Hz generated higher
stress levels (justified by the higher load applied by the actuator). Of all the materials,
the ballast layer showed the highest stress levels. The FPL of the ballasted track also
presented higher stresses when compared to the FPL of the slab track. The same
conclusion applies to the subgrade. This is due to the stiffness of each structure since
the concrete slab had higher vertical and bending stiffness than the ballast.
In the calibration, the time hardening concept was applied. Most empirical models were
developed to fit experimental data during a Single Stage (SS) approach to RLT testing.
However, in the Multi-Stage (MS) approach, the models can be adapted using the time
hardening approach [47]. With this approach, the accumulated permanent strain from
the previous loading stress path is used to calculate the number of load cycles required
to achieve the same amount of accumulated permanent strain in the current stress path
(i-path). This value is called the equivalent load cycle – Ni,eq – and it is used to modify
the total number of load cycles N from the beginning of the test to calculate the effective
number of load cycles (N-Ni-1- Ni,eq), where Ni-1 is the total number of load cycles at the
end of the previous (i-1)th stress path. Implementing the time hardening concept into the
permanent deformation model, it is possible to obtain an expression based on the model:
𝜀1𝑝 (𝑁) = 𝑓1 (𝑁 − 𝑁𝑖−1 + 𝑁𝑖𝑒𝑞 )𝑓2 (𝑝, 𝑞)
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(4)

In this case, the time-hardening concept was used to simulate the influence of the
induced stress and strain in the geomaterials with a frequency of 5.6Hz in the tests with
a frequency of 2.5Hz, which were performed afterwards.
The calibration process was based on the least-square fitting method developed in
Matlab in the optimisation tool-box.
The calibration process of the slab track implies the determination of six unknown
parameters (three parameters for each material), while the ballasted track implies the
determination of nine unknown parameters. The obtained results (calibrated values of
the material parameters p0,  and B) are described in Table 3. The initial values of the
parameters for the ballasted and slab track were, initially, arbitrary chosen.
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Table 3 - Calibration of the parameters of the materials of the slab and ballasted tracks
Type of track

Parameter

f=5.6Hz

f=2.5Hz

Slab track

FPL

p0

-4.100e-05

0.0155

B

-0.354

0.0139



0.859

1.15

Subgrade

p0

-4.100e-05

0.055

B

-0.354

0.25



0.648

2.720

Ballast

p0

0.014

0.008

B

1.512

0.105



0.995

1.620

Ballasted track

FPL

p0

0.182

0.007

B

0.005

0.010



0.969

0.986

Subgrade

p0

0.119

0.006

B

0.004

0.010



0.943

0.954

From Table 3, it is shown that the parameters of the FPL and subgrade are similar when
compared to the ballast. In fact, the permanent deformation of the elements of the
ballast was much higher than the elements of FPL and subgrade due to the stress levels
induced in the material, as depicted in Figure 7.
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For the ballasted track, a sensitivity analysis was performed for the frequency f = 5.6Hz.
The calibrated parameters and the sensitivity analysis were based on a set of initial
values (designated as x0), described in Table 4.
Table 4 - Initial values of the parameters for the ballasted track
Ballast

FPL

Subgrade

p0

B



p0

B



p0

B



0.019

0.347

0.995

0.014

0.01

0.986

0.016

0.01

0.954

The sensitivity analysis was performed for the FPL and subgrade because their
parameters had similar values. This meant that the initial values (x0) of the parameters
were modified to determine if the results approached the same value. Therefore, the
initial values of the parameters

p0, B and 

were modified according to . The adopted

value of for each parameter was defined according to the following list:
•

p0 = ±0.01;

•

B = ±0.01;

•

 = ±0.1.

The change in the value of one of the parameters p0, B and  had an impact on all
parameters of the ballast, FPL and subgrade. The analysis was performed by modifying
each parameter individually, as depicted in Table 5. The results show that the variation
of the parameters was not significant. For the parameter , cases [9-12] have an impact,
as expected, because there is a variation of 0.1.
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Table 5 - Sensitivity analysis - Identification of the cases
FPL
Case

p0



Initial-0.01



Initial+0.01



Subgrade

B



p0

B



-

-

−

-

−

-

-

-

-

-

-

Initial-0.01
-



Initial+0.01



Initial-0.01
-

-

-



Initial+0.01



Initial-0.01
-

-

-

-



Initial+0.01



Initial-0.1
-

-



-

-

-

-

-

Initial+0.1



Initial-0.1
-

-



Initial+0.1

The mean and standard deviation of each parameter was determined, as depicted in
Table 6. The results showed that the standard deviation of each parameter was low and,
in some cases, close to zero. However, this analysis was dependent on the scale
selected.
Table 6 - Mean and standard deviation

Normalisatio
n of the data

No
normalisation
of the data

Materials

27

Ballast

Parameters

p0

B

Mean

0.014

1.513

≈0

0.010

0.509

0.367

FPL



p0

B

Subgrade



p0

B



0.995 0.182 0.005 0.9695 0.1202 0.004 0.943

Standard
≈0

0.004

≈0

≈0

0.041

0.007

0.042

0.5377 0.497 0.555

0.500

0.524

0.505 0.501

0.211 0.2407 0.2197 0.242 0.321

0.204

0.305

0.316 0.204

deviation
Mean
Standard
deviation

From the results, a normalisation of the data was performed to allow comparison. This
meant the values were modified to obtain a common scale, without distorting
differences in the ranges of values, since the variables/parameters were measured using
different scales. The normalisation was selected instead of the standardisation approach
since not all the variables followed a normal distribution considering the KolmogorovSmirnov test (the null-hypothesis is rejected since pvalue<0.05) and normal Q-Q plots,
which means that standardisation is not a recommended approach) [48]. From the
normalised data, it is possible to conclude that higher variations occur, usually, in cases
[9-12], where there was a variation of parameter  This was expected since the  value
associated with this parameter was higher (±0.1). Furthermore, the variation in the
ballast’s parameters po and B was smaller compared to the variation of these parameters
in the FPL and subgrade. The parameters had a mean close to 0.5 and a standard
deviation close to 0.20, as described in Table 6.
According to these results, it was possible to assume that, for cases [1-8], the values of
the parameters approached a similar value.
From the p’-q stresses (pam, qam, pini and qini), taking into account the strength
parameters adopted and the calibrated material parameters, the results obtained for the
calibration of the permanent deformation model are depicted in Figure 8, for the slab
track and ballasted track.
The results demonstrated a high level of agreement between the experimental and
numerical results for both railway structures, applying the selected permanent
deformation model. Furthermore, slab track displacements were significantly lower
when compared to the ballasted track (approximately 15-20 times). Indeed, static tests
also showed this tendency. The ballasted track settlement under repeated loading cycles
can be explained by the densification and re-arrangement of the ballast particles [49].
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Moreover, the degradation and breakage, and abrasive wear of the ballast after a certain
number of load cycles could lead to penetration of the finer particles (in a reduced
number) into the subgrade (in this case into the FPL), despite the presence of the
geogrid. Further, the repeated cyclic loads can also be responsible for the penetration of
the sleepers into the ballast layer, due to the volume change of the ballast. Moreover, for
the slab track, a sensitivity analysis was performed for the cohesion of the subgrade, to
understand its influence on the permanent deformation, since the value adopted was
only based on the granulometric curve that showed a significant percentage of fines
content. In this analysis, the cohesion varied between 0 kPa and 10 kPa. The results are
presented in Figure 9.

a)

b)
Figure 8 - Calibration of permanent deformation model: a) slab track; b) ballasted track
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Analysing Figure 9 (c’=0kPa and c’=10kPa) and also Figure 8 (c’=5kPa), it is possible
to verify that the cohesion had a significant influence on the permanent deformation,
meaning that the characterisation of the subgrade material should be performed
carefully. If necessary, triaxial monotonic tests should be carried out to determine the
exact values of cohesion and friction angle. When cohesion is lower, the stress paths are
closer to the yielding criterion, resulting in higher permanent deformation. On the
contrary, when cohesion is higher, the stress path is further from the yielding criterion
and permanent deformation is lower. The permanent deformation differences between
the experimental and numerical results (c’ = 0kPa and c’ = 10kPa) are depicted in Table
7.

a)

b)
Figure 9 - Sensitivity analysis of permanent deformation model – slab track: a) c’=0kPa; b) c’=10kPa
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Table 7 - Differences between the experimental results and the numerical results considering c’=0kPa and c’=10kPa
for the subgrade
N= 1.164E6 cycles

N= 3.375E6 cycles

Experimental results (c’≈5kPa)

0.2657

0.5314

c’=0 kPa

0.5162

0.6977

Increment rate (%)

94
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c’=10 kPa

0.2221

0.4525

Increment rate (%)

-16

-15

(mm)

|Permanent deformation|

N (number of load cycles)

Analysing Table 7, the largest difference between experimental and numerical results
occurred when c’ = 0kPa. When the cohesion started to increase, the difference between
the experimental and numerical results started to decrease.

5 Conclusions
Two numerical models were successfully calibrated using experimental results from
cyclic loading tests performed on slab and ballasted track sections of 2.2 m length.
Furthermore, a novel approach was developed to simulate the long-term behaviour of
both structures through the calibration of an empirical permanent deformation model.
This study also shows the results of a sensitivity analysis performed based on the
calibrated parameters for the ballasted track. These parameters are the Young modulus
and the Poisson’s ratio of the materials (railpads, ballast, FPL and subgrade).
The obtained results from the calibration process (short term and long term) show good
agreement between the numerical and experimental results.
Regarding the long-term behaviour, the material properties of a mechanistic-empirical
permanent deformation model were successfully calibrated. This calibration was
performed using the least-square fitting method through an optimization tool-box in
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MATLAB and applying the time hardening concept to take into account the stress
history of the materials (mostly the FPL and subgrade). The results show very good
agreement between the experimental and numerical results. Furthermore, from a
sensitivity analysis it was identified that cohesion of the subgrade can have significant
impact on the permanent deformation. The novel approach introduced to predict the
permanent deformations on both type of track structures can be a valuable tool in future
modelling of the long term degradation of the track structures in transition zones. This
will support the development of proactive strategies such as predictive and preventive
maintenance.
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