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ABSTRACT: The railway structures (ballasted and ballastless tracks) present several similarities. However, the 

structural behaviour of both structures, which includes its long-term performance, is different mainly because of 

its stiffness. In the substructure, the behaviour of the subgrade has influence on the long-term performance of the 

railway track structures. Considering that the permanent deformation in the geomaterials occurs due to its 

elastoplastic character when submitted to cyclic loading (such as the repeated passage of the trains), this article 

aims to analyze the long-term response of railway structures, evaluating the influence of the foundation type and 

considering the dynamic mechanisms (irregularities on the track). Therefore, this study analyses which railway 

track structure is more sensitive to the foundation type, comparing the accumulated settlements. The numerical 

framework adopted in this paper is based on 2.5D FEM-PML approach for the track-ground simulation, being 

the rolling-stock modelled using a simple multi-body approach. The long-term analysis is carried out using an 

empirical model based on laboratory experimental results, allowing the simulation of the behaviour of typical 

subgrade soils under repeated loading.  

 
RÉSUMÉ: Les structures ferroviaires (voie ferrée ballast et sans ballast) présentent de nombreuses similitudes. 

Toutefois, le comportement structural des deux structures, en particulier ses performances à long terme, diffère 

principalement en raison de sa rigidité. Dans la sous-structure, le comportement de la foundation a on role 

important sur la performance à long terme des ces strutures. Considérant que la déformation permanente dans les 

géomatériaux se produit en raison de son caractère élasto-plastique lorsque soumis à un chargement cyclique (par 

exemple, le passage répété des trains), cet article vise à analyser la réponse à long terme des structures 

ferroviaires, en évaluant l’influence du type de fondation et considérer les mécanismes dynamiques (irrégularités 

sur la piste). Par conséquent, cette étude analyse quelle structures de voie ferrées est plus sensible au type de 

fondation, en comparant les tassements accumulées. Le cadre numérique adopté dans le présent article repose sur  

une pproache numérique 2,5 D FEM-PML pour la simulation de la structure-fondation, en considerant le materiel 

roulant au moyen d’une approche discrète du type multicorps.  

L’analyse à long terme est effectuée à l’aide d’un modèle empirique basé sur des résultats experimentaux de 
laboratoire qui permet de simuler le comportement type des sols de foundations sous des chargement cycliques. 

 

Keywords: Ballasted and ballastless tracks; long-term performance; permanent deformation; numerical model 
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1 INTRODUCTION 

The performance of the subgrade depends on 

certain aspects as the train loading, the materials 

and the type of structure. The ballasted and slab 

tracks present important similarities regarding its 

performance but also some differences in terms 

of construction and maintenance costs, generated 

noise during the passage of the train, etc. This 

article pretends to compare the long-term 

performance of the subgrade in the ballasted and 

slab tracks and analyze which structure is more 

sensitive to the foundation type. This is an 

important analysis since in the past years there 

has been an increase of the use of the slab tracks, 

mainly in Asia, due to the increase of the mixed-

freight traffic and necessity of high-speed lines 

(Costa et al., 2018). Indeed, in the UK, the 

planning for High-Speed 2 is in progress for 554 

km (Elif Kece et al., 2019). 

Due to this dichotomy (necessity of new slab 

track high-speed lines versus existing ballasted 

tracks), it is important to understand the main 

differences between both structures, mostly when 

we are talking about the long-term performance. 

This is the first step to predict and control the 

long-term performance in the subgrade and 

assessing its level of quality in terms of cost-

effective track design and maintenance 

optimization. 

This analysis is focused on the determination 

of the stress levels and stress paths in the 

subgrade of both structures considering the 

track‘s degradation through the dynamic 
mechanism (presence of unevenness). The 

dynamic mechanism is more complex than the 

quasi-static mechanism since it is induced by the 

vehicle-track interaction that generates 

acceleration on the vehicle and also inertia forces. 

This type of excitation increments significantly 

the stress levels and should not be ignored in the 

design of the railway structures (Ramos et al., 

2018b), mainly when we are talking about high-

speed lines since the train‘s speed has an 
important influence on the response of the 

structure.  

This article is focused on the influence of the 

foundation type. The parametric study includes 

four cases with different Young modulus and 

friction angles. The cohesion is the same for all 

the cases in order to not lose the sensibility of the 

analysis of the permanent deformation. 

The analysis of the performance of the 

subgrade will be carried out through a numerical 

tool (2.5D FEM-PML approach) and the 

implementation of an empirical permanent 

deformation model described in the bibliography. 

2 NUMERICAL MODEL 

The modelling of the train-track problem requires 

the use of substructured numerical models in 

order to obtain better efficiency during the 

process of the calculus. 

The 2.5D models are an efficient tool used in 

the assessment of the performance of the 

materials that constitute the railway track.  

The 2.5D models present several advantages 

when compared to the 2D or even the 3D models. 

Regarding the 2D models, the 2.5D allows to 

consider correctly the propagation of the 

vibrations and also the rotation of the principal 

stresses during the passage of the trains. Besides, 

when compared to 3D, the 2.5D is more efficient 

during the computation proceedings and 

considers the 3D characteristics of the problem. 

However, this tool also demands two important 

conditions: the cross-section needs to be invariant 

(as depicted in Figure 1) and the response of the 

structure is linear. The 2.5D model implies the 

discretization of the cross-section by finite 

elements and, in the longitudinal direction, the 

variables time and space are transformed into the 

variables wavenumber and frequency domain, 

which reduces the computation proceeding since 

the response of the structure in each frequency is 

independent. 
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Figure 1. Concept of the 2.5D models (Alves Costa et 

al., 2010) 

2.1 Modelling of the track-ground system 

The modelling of the track-ground system is 

carried out in the frequency-wavenumber domain 

(f-k1). The equilibrium of each finite element in 

the ZY plane is obtained through the following 

equation: 

 (∬ 𝐵𝑇𝑍 𝑌 (−𝑘1)𝐷𝐵(𝑘1)𝑑𝑦𝑑𝑧 −𝜔2 ∬ 𝑁𝑇𝜌𝑁𝑑𝑦𝑑𝑧𝑍 𝑌 ) 𝑢𝑛(𝑘1, 𝜔) = 𝑝𝑛(𝑘1, 𝜔)
 (1) 

 

where [B] is the derivative matrix of the shape 

function, [N] is the shape function matrix, [D] is 

the constitutive matrix,  is the density and pn and 

un are the nodal forces and displacements, 

respectively. 

The mass and the stiffness matrices are 

defined according to the following equations, 

respectively: 

 [𝑀] = ∬ 𝑁𝑇𝑍 𝑌 𝜌𝑁𝑑𝑦𝑑𝑧 (2) 

 [𝐾] = ∬ 𝐵𝑇𝑍 𝑌 (−𝑘1)𝐷𝐵(𝑘1)𝑑𝑦𝑑𝑧 (3) 

 

2.2 Treatment of the boundaries 

In dynamic analysis, it is important to take special 

care in the treatment of the boundaries. In this 

case, the artificial boundaries were modelled 

through the Perfectly Matched Layers (PML‘s). 
This is a local method with high acuity. This 

method implies the application of an external 

layer (finite elements) to the interest domain. The 

PML‘s are able to absorb and attenuate the waves. 

This artificial condition is performed by the 

stretching of the coordinates y and z to the 

complex domain (Lopes et al., 2014). The PML‘s 
are also known for its non-reflexive properties. 

The conditions verified inside the interest domain 

should also be satisfied inside the PML‘s, as 

described in Lopes et al. (2014). 

2.3 Modelling of train – dynamic 

mechanism 

The vehicle is modelled as a 2D element 

considering only the vertical displacements. 

Taking into account the 10 excitation 

mechanisms described in ISO14837-1 (2005), in 

this article, it is only considered the dynamic 

excitation generated by the irregularities on the 

track. The magnitude of the vehicle-track 

interaction depends on several factors such as the 

substructure of the railway track, amplitude and 

frequency of the irregularity‘s profile, train‘s 
speed and the properties of the vehicle. 

In order to take into account the imperfections 

on the track, it is necessary to consider the 

compatibility of displacements between the track 

and the vehicle through the following expression: 

 𝑢𝑤ℎ𝑒𝑒𝑙,𝑖(𝑡) = 𝑢𝑟𝑎𝑖𝑙(𝑥 = 𝑐𝑡 + 𝑎𝑖) + 𝛥𝑢 (𝑡 +𝑎𝑖𝑡 ) , ∀ 𝑖 = 1 … 𝑛 (4) 

 

where c is the train‘s speed, Δu is the geometric 

irregularity that is identified by the wheel i in the 

temporal instant t; ai is the geometric position of 

the wheel i in the instant t=0. 

As described previously, the analysis is 

performed into the frequency-wavenumber 

domain, which means that is also necessary to 

transform the domain of the irregularity‘s profile. 
The interaction forces in the frequency domain 

are determined through the following expression: 
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𝑝(𝛺) = −(𝐹 + 𝐹𝐻 + 𝐴)−1𝛥𝑢(𝛺) (5) 
 

where F is the train compliance at the contact 

points with the track, FH is a diagonal matrix (the 

terms are equal to 1/kh), A is the compliance 

matrix of the track and  is the driven frequency 

(frequency of oscillation of the wheelset due to 

the unevenness with a wavelength , which 

means that =2c/). Analyzing the expression 

(5), it is possible to conclude that all the matrices 

are square and its dimension depends on the 

number of wheelsets. Indeed, the matrix F is 

computed considering the vehicle model and the 

matrix A is determined from the track-ground 

model (Lopes et al., 2014), as suggested by the 

following expression: 

 𝐴𝑖𝑗(𝛺) = 12𝜋 ∫ 𝑢𝑐𝐺(𝑘1, 𝜔 = 𝛺 −+∞−∞𝑘1𝑐)𝑒𝑖(𝑎𝑖−𝑎𝑗)𝑘1𝑑𝑘1 (6) 
 

where 𝑢𝑐𝐺 is the vertical displacement of the rail 

in the transformed domain due to an half-unit 

load applied in the head of each rail, k1 is the 

wavenumber, c is the train speed and ai and aj are 

the axle positions of i and j at t=0s. Indeed, the 

development of these matrices is complex and a 

detailed explanation can be found in Zhai and Cai 

(1997), Sheng et al. (2003), Alves Costa et al. 

(2011) and Alves Costa et al. (2012). 

3 PERMANENT DEFORMATION 

MODEL 

In order to evaluate the long-term performance of 

the railway track structures, it is necessary to 

study the permanent deformation induced by the 

passage of the trains. This analysis includes the 

determination of the stress levels on the subgrade 

but also the implementation of an empirical 

permanent deformation model. The model 

implemented is based on the work developed by 

Gidel et al. (2001) and updated by Chen et al. 

(2014). This permanent deformation model 

depends on the number of load cycles, initial 

stress state and the stress levels induced by the 

cyclic loading, as shows the following 

expression:  

 𝜀1𝑝(𝑁) = 𝜀1𝑝0[1 −𝑒−𝐵𝑁] (√𝑝𝑎𝑚2+𝑞𝑎𝑚2𝑝𝑎 )𝑎 1𝑚(1+𝑝𝑖𝑛𝑖𝑝𝑎𝑚)+ 𝑠𝑝𝑎𝑚−(𝑞𝑖𝑛𝑖+𝑞𝑎𝑚)𝑝𝑎𝑚
 (7) 

 

where 𝜀1𝑝(𝑁) is the accumulated settlement; 𝜀1𝑝0
, 

B and a are material paramenters; pa=100 kPa; 

pini and qini are the mean and deviator stress in the 

initial state, respectively; pam and qam are the 

amplitude of the mean and deviator stress 

induced by the train loading, respectively; s and  

m are related to the yielding criterion defined by 

q=s+mp. 

This model considers the influence of the 

initial stress state, dynamic stress state and the 

strength properties of the subgrade. 

4 CASE STUDY 

In order to study the influence of the foundation 

type in the long-term performance, two structures 

were modelled: a conventional ballasted track 

and the Rheda system - ballastless track.  

The ballasted track is composed of the rails, 

railpads, sleepers, ballast, sub-ballast and 

subgrade while the slab track is constituted by the 

rails, railpads, concrete slab, a support layer 

(hydraulically bonded layer – HBL) and the frost 

protection layer (FPL).  

The analysis is focused on the stress levels, 

stress paths (represented in the p-q space) and 

also on the induced permanent deformation. 

Regarding the modelling, the geomaterials, 

the sleepers, the concrete slab, HBL and FPL 

were modelled with linear elastic models. The 

properties of the materials are described in Table 

1, Table 2 and Table 3 (Ramos et al., 2018a).  

 

 

 



Numerical analysis of foundation type on the long-term performance of two types of railway track structures 

 

IGS 5 ECSMGE-2019 - Proceedings 

Table 1. Characteristics of the rails and railpads 

Elements Characteristics 
Rails (UIC 60) EI=6110 kN.m2; m=60.445 kg/m 

Railpads 

(ballasted 

track) 

k=600 kN/mm; c=22.5 kNs/m 

Railpads  

(slab track) 

k=40 kN/mm; c=8 kNs/m 

 
Table 2. Characteristics of the materials of the bal-

lasted track 

Elements 
E 

(MPa)    (kg/m3) 

Sleepers  30000 0.20 0.010 1833.3 

Ballast 97 0.12 0.061 1591.0 

Sub-ballast 212 0.30 0.054 1913.0 

Subgrade - 0.30 0.030 2040.0 

 
Table 3. Characteristics of the materials of the slab 

track 

Elements 
E 

(MPa)    (kg/m3) 

Concrete 

slab 
34000 0.20 0.030 2500.0 

HBL 10000 0.20 0.030 2500.0 

FPL 120 0.20 0.030 2500.0 

Subgrade - 0.30 0.030 2040.0 

 

The sleepers are a special layer because of its 

periodicity. Sleepers were modelled as a 

continuous and orthotropic material. In the 

longitudinal direction, the properties of the 

ballasted were adopted while in the transversal 

direction the properties of the sleepers were 

considered. This solution was tested and 

validated by Alves Costa et al. (2010) with good 

results. In order to determine the permanent 

deformation, a Mohr-Coulomb yielding criterion 

was adopted. The failure line is defined by a 

friction angle (30o) and zero cohesion. Regarding 

the initial stress state, isotropic conditions were 

assumed at the rest-stress state, i.e., k0=1, in order 

to simplify the reading of the results.  

During the analysis, the symmetric conditions 

were taken into account in order to reduce the 

computational effort. The models are depicted in 

Figure 2. The mesh was chosen according to the 

expected results in terms of frequencies, stresses 

and displacements. Both structures were 

modelled by finite elements with 8 nodes. The 

mesh of the slab track can be tighter (especially 

the mesh of the slab, HBL and FPL) and its 

influence in the results will be evaluated in future 

works. 

  

 

 
Figure 2. Numerical models: a)ballasted track; b) 

slab track (Ramos et al., 2018a) 

4.1 Modelling of the irregularities 

The irregularity profile was defined considering 

a range of wavelengths between 1 m and 3 m and 

a train‘s speed equal to 200 km/h. The Alfa 

Pendular is composed of 6 car body and presents 

a symmetry plane. The average axle load is close 

to 135 kN. Indeed, this train‘s speed is far from 

the critical speed that amplifies significantly the 

dynamic effects, which also increase the 

difficulty to interpret the obtained results. 

The irregularity profile was defined by the 

Power Spectral Density defined by the Federal 

Railroad Administration (FRA). The irregularity 

was generated considering 40 frequencies 
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between 18 Hz and 56 Hz. The profile is 

described by a number of harmonics and a 

sinusoidal function. In figure 3 is depicted the 

adopted irregularity profile.  

 

 
Figure 3. Irregularity profile (1 m<<3 m) 

5 DISCUSSION OF THE RESULTS 

This work pretends to analyse the influence of the 

foundation type in the long-term performance of 

the ballasted and slab tracks. Regarding the 

characterization of the foundation soil, four cases 

were selected, as depicted in Table 4. 

 
Table 4. Characteristics of the foundation soil 

Elements 
E 

(MPa) 
c’  

(kPa) 
  
(º) 

Foundation 

soil 

90 0 28 

120 0 30 

205 0 35 

280 0 40 

 

The values of the Young modulus were chosen 

considering the relationship between this 

variable, the shear modulus, shear velocity (vs), 

the typical NSPT (Sykora, 1987, Wair et al., 2012) 

and the values of the friction angle, establishing 

a correlation between  and NSPT (Decourt, 1989): 

 𝜙′ = [15.4(𝑁1)60]0.5 + 20𝑜 (8) 
 

In this analysis, the cohesion remains constant, 

along with the variation of the friction angle and 

the Young modulus. This option allows 

controlling the analysis without losing the 

sensibility of the variation of the permanent 

deformation. The influence of the cohesion will 

be analysed in future works. The analysis is 

focused on element 1 of each structure located 

under the train loading, at x=0 m. The element 1 

of both structures was chosen because of its 

proximity to the train loading, which means that 

the stresses are maximum. Firstly, it is analysed 

the influence of the foundation soil in the stress 

levels and the stress paths, as depicted in Figure 

4. Regarding the stresses' results, only the Young 

modulus has a direct influence. The friction angle 

has only influence on the permanent deformation 

since the empirical permanent deformation 

model depends on the slope of the yielding 

criterion that is dependent on the friction angle 

(parameter m in the Mohr-Coulomb yielding 

criterion). Analysing Figure 4, it is possible to 

conclude that there are slight differences in the 

stress levels due to the variation of the Young 

modulus. The maximum stress level is recorded 

when E is equal to 280 MPa. The variation of the 

stress levels is higher in the ballasted track when 

compared to the slab track. In fact, the difference 

in terms of stress levels between both railway 

track structures increases with the increase of the 

Young modulus. 

 

 

 
Figure 4. Stress paths: a)ballasted track, b) slab track 

a)

b)
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After the determination of the stress levels and 

stress paths, the permanent deformation model 

was implemented. The results are presented in 

terms of cumulative permanent deformations 

considering the alignment of element 1 of each 

structure. It is important to highlight that the 

substructure of the slab track is composed of the 

subgrade and the frost protection layer, while the 

ballasted track is only composed by the subgrade. 

This difference can influence the obtained 

results. In this case, element 1 of each structure is 

almost at the same depth. This is the main reason 

for the inclusion of the FPL in the long-term 

analysis since this element presents a different 

matrix of the subgrade (because of its treatment).   

 
Table 5. Cumulative permanent deformation 

Foundation 
type 

Maximum cumulative 
permanent deformation 

(mm) 
Ballasted Slab 

E=90 MPa, 

 =28º 
-0.097 -0.113 

E=120 MPa,  

=30º 
-0.090 -0.101 

E=205 MPa,  

=35º 
-0.090 -0.092 

E=280 MPa,  

=40º 
-0.083 -0.079 

 

Analyzing Table 5, it is possible to conclude that 

the maximum value occurs when E=90 MPa, 

while in the stress‘s analysis its maximum value 

occurs when E=280 MPa. This is due to the 

adopted permanent deformation model, that 

includes the influence of the proximity of the 

stress path to the yielding criterion. Indeed, this 

fact traduces the expected results: more soft 

support leads to higher permanent deformations. 

Despite the similar results verified in the stress 

levels (Figure 4), the cumulative permanent 

deformation leads to different conclusions. This 

is mainly due to the value of the initial mean 

stress and the proximity of the stress path‘s peak 

to the yielding criterion, which slope depends on 

the friction angle. This means that the initial 

mean stress and the friction angle has a 

significant influence on the permanent 

deformation. Moreover, it is possible to conclude 

that the amplitude of stresses has less influence 

on the permanent deformation results when 

compared to other parameters included in the 

formulation of the model. In the long-term 

analysis, the slab track shows higher variability 

in the permanent deformation results when 

compared to the ballasted track. In fact, the 

values of the maxima cumulative permanent 

deformation of the ballasted track are closer, 

which means that the variation of the Young 

modulus and friction angle has a lower influence 

when compared to the slab tracks.  

6 CONCLUSIONS 

The presented work analyses the influence of the 

foundation type in the long-term performance of 

the ballasted and slab tracks. This analysis is 

focused on the dynamic mechanism since this 

approach is more severe than the quasi-static 

mechanism (higher stresses). The analysis is 

focused on element 1 that is close to the 

symmetry plane and is located under the train 

loading. 

The numerical stress's analysis shows that the 

ballasted track is more dependent on the Young 

modulus since the variation of the stress levels is 

slightly higher. Indeed, the differences between 

the ballasted and slab tracks increase with the 

increase of the Young modulus. However, the 

conclusions related to permanent deformation are 

different. In the long-term analysis, the results are 

not only dependent on the stress levels and Young 

modulus but are also dependent on the friction 

angle and the initial stress state. In this case, the 

slab track shows higher numerical permanent 

deformation results when E=90, 120 and 205 

MPa and this fact is due to the reduced value of 

the initial stresses, which means closer proximity 

to the yielding criterion when compared to the 

ballasted track. When E=280 MPa, the distance 

between the peak of the p-q diagram and the 
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yielding criterion is lower in the slab track. 

Moreover, the slab track shows higher 

susceptibility to the variation of the foundation 

type since the results of the permanent 

deformation varies more with the variation of the 

Young modulus and friction angle. The results 

also show that stiffer support leads to better 

performance for both structures. 

This study is only focused on one element, 

which can not traduce the global behaviour of the 

structures. Furthermore, the analysis of the 

performance of the ballast should also be 

included in the permanent deformation, as well as 

the sensitivity of the ballasted track to the 

differential settlements. 
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