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Abstract 

When designing a railway infrastructure, track design optimization is crucial. For a railway system to be 

economically viable, costs need to be reduced over the project’s life cycle. With ever increasing 

commercial speeds so have increased the degradation rate of railway tracks. Researchers have linked 

accelerations in the ballast layer as the main contributor to track settlement, which in turn tend to 

increase exponentially at very high speeds as the track deteriorates. For this reason high speed railway 

tracks need to be design as to minimize the increase of ballast accelerations. 

The present work focus on the vertical stiffness of railpads and under sleeper pads. The main objective is 

to analyse how changes in these elements affect track settlement progression at high speeds. 

Building on experimental research performed in CEDEX, a numerical model – Dynavoie – capable of 

simulating long-term train passages at high speeds is used to evaluate track degradation. Using 

experimental data from CEDEX a new settlement law was calibrated. This new settlement law builds on 

the Bodin-Guérin settlement law and a new parameter – ballast acceleration – is introduced to better 

suit it for high speeds. The settlement law is then used to compare the settlement rate of track cases 

with modifications to the stiffness of the railpads and under sleeper pads. It is found that under sleeper 

pads reduce ballast accelerations and that combinations of railpads and under sleeper pads further 

reduce track settlement progression. 

 

Keywords: High-speed railway track, Train-track dynamic modelling, Track vibrations, Track settlement, 

Track Degradation, Under sleeper pads 
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Resumo 

Para que um sistema ferrovário seja economicamente viável, os custos têm de ser minimizados ao longo 

da sua vida útil. Com o aumento das velocidades comerciais, tem aumentado também a taxa de 

degradação das vias. Trabalhos de investigação têm relacionado acelerações na camada de balastro 

como responsável pelo assentamento da via, que por sua vez tendem a aumentar exponencialmente em 

altas velocidades à medida que a via se degrada. Por esta razão, é necessário projetar vias de alta 

velocidade de modo a minimizar o aumento das acelerações na camada de balastro. 

O presente trabalho foca-se na rigidez vertical de railpads e under sleeper pads. O objectivo principal é 

analizar como variações de rigidez nestes elementos influenciam a progressão de assentamento da via 

a altas velocidades.
 

Tendo como base investigação experimental realizada no CEDEX, utiliza-se um modelo numérico – 

Dynavoie – capaz de simular passagens de comboios a alta velocidade a longo prazo, de modo a calcular 

a taxa de deterioração da via. Recorrendo a dados laboratoriais do CEDEX calibrou-se uma nova lei de 

assentamento. Esta nova lei de assentamento baseia-se nas leis de assentamento de Bodin e Guérin, 

adicionando um novo parâmetro – aceleração na camada de balastro – de modo a adequá-la melhor a 

altas velocidades. A lei de assentamento é usada de modo a comparar a taxa de assentamento de vias 

com modificações na rigidez vertical de railpads e under sleeper pads. Verifica-se que certas 

combinações destes elementos contribuem para reduzir a taxa de assentamento da via. 

 

Palavras-chave: Via férrea de alta velocidade, Modelação dinâmica via-veículo, Vibrações, 

Assentamento da via, Degradação da via, Under sleeper pads 
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Chapter 1 

Introduction 

................................................................................................................................................ 

1.1. Background 

The single biggest issue humanity faces at the moment is without a doubt climate change, caused by 

ever-increasing emissions of greenhouse gases to the atmosphere, since the first Industrial Revolution 

began two centuries ago. Adding the intrinsically human need to further connect with each other in a 

truly global sense, it may seem that humanity is heading to an inevitable self-made disaster 

(Lenton et al., 2019). Nonetheless, rejecting any self-fulfilling fatalistic dogma will require decisive and 

concrete action by societies at large. Ignoring the political and ideological aspect of societal consumer 

demand, it is up to political actors to further commit to, and engineers in general to develop ever more 

efficient and sustainable tools that have driven humanity’s development. One of its main drivers, which 

has always been present throughout human history and has in many ways decisively shaped societies, is 

mobility. And if today the transport sector epitomizes the level of globalization and interconnectivity 

achieved, it is also undeniable that it is one of the main responsible for air pollution. In a 2019 report, 

the European Environment Agency stated that the transport sector alone accounts for approximately 

one quarter of the EU’s total greenhouse gas emissions, with road transportation representing more 

than 80% of it (European Environment Agency, 2019). Recognizing the role that the transport sector will 

have regarding both the pressing need to fully decarbonise the european economy, to further the 

european integration process and the creation of a fully felt european citizenship, the Barroso 

Commission underlined the need for european member states to invest more in railway infrastructure, 

including shifting road freight over long distances to rail, and to complete a european high-speed rail 

network by 2050 (European Commission, 2011). These objectives were recently reaffirmed by the 

current Von der Leyen Commission as a necessary step in order to implement the United Nation’s 2030 

Agenda, further emphasizing the important role railway will continue to have in the future 

(European Commission, 2019). 

This dissertation stems from this context of interest in research and investment in the european railway 

sector, following a series of technical reports produced as part of the project Capacity for Rail 

(Ferreira & Maciel, 2017), regarding laboratory experiments in railway track design optimization for high 

speeds. This dissertation aims to contribute to this ongoing research, by using experimental data 

produced by CEDEX to model and analyse a railway track long-term response to high-speed train 

passages. These analyses will centre on the railway track different component’s influence in the overall 

track degradation, with a particular focus being given to under sleeper pads. These soft elastic elements, 

placed between the sleepers and ballast layer, have been applied to real railway tracks, with the 

objective of reducing long-term track degradation. However, few numerical analyses have been made 

with the objective of better characterize its short and long-term benefits by optimizing its stiffness – this 

being the overall objective of this dissertation. 

1.2. Outline of the Study 

The scope of this dissertation is to model different railway track configurations and to test their long-

term performance at very high speeds. The railway tracks studied are ballasted tracks, with 

modifications to the stiffness of the railpads and, with greater focus, the introduction of under sleeper 

pads. The long-term tests will focus on track degradation, namely the settlement progression along the 

service lifetime for each track case, for train running speeds between 300 Km/h and 400 Km/. 
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To perform this feat, a dynamic numerical model – Dynavoie (Ferreira, 2010) – will be used. Dynavoie 

can model the different elements of a railway track through its geometric and mechanical properties, 

allowing to test detailed railway tracks. It can also simulate train passages in a track and calculate the 

instantaneous response and effect on it. Repeating this capability, it can simulate dynamically train 

passages in a railway track to determine its degradation progression over time. 

Using Dynavoie it will then be possible to compare the degradation progression of different railway 

track configurations, with the objective of identifying the best possible track design in order to limit 

degradation over a track’s life cycle, thus decreasing railway maintenance costs. 

1.3. Structure of the Dissertation 

The present dissertation is structured as follows. 

Chapter 2 starts by presenting a general characterization of a railway ballasted track and its different 

components. It then proceeds into the description of the effects of a train passage in the ballasted track 

response. This results in a number of physical effects being exerted onto the railway track such as 

stresses, accelerations and displacements, which over long periods of time cause degradation to the 

railway track. It then follows with an analysis on the influence of the different track components and 

layers on the track degradation, concluding with how railway tracks are monitored and repaired in real 

life. As the underlined scope of this dissertation, this chapter ends with the presentation of numerical 

models and settlement laws existent in the literature, their strengths and flaws, and how they can be 

used for the purpose of this dissertation. 

Chapter 3 starts by presenting the numerical model chosen – Dynavoie. It provides a general overview 

of its capabilities, how it models the railway track and the train, and how it performs short-term and 

long-term runs. It then describes the Track Box laboratory facility in CEDEX from where the data used in 

this dissertation was obtained. That data was used to model the parameters of a railway track, called 

reference track case, used extensively throughout this dissertation for comparative analyses. Having the 

numerical model and the reference track case presented, the rest of the chapter focus on short-term 

tests with the objective of showcasing how Dynavoie simulates a train passing through a railway track 

and what it can calculate, by comparing the reference track case with variations regarding the 

substructure and superstructure. 

Chapter 4 starts by presenting some long-term tests using the Guérin (1996) and Bodin (2001) 

settlement laws applied to the reference track case, which will serve as basis for the calibration of a new 

settlement law. This calibration phase that follows is again based on experimental results obtained by 

CEDEX, which will allow for a settlement law better suited for the high speeds of interest in this 

dissertation – by taking into consideration ballast acceleration when calculating track settlement. The 

results obtained with this new settlement law are then compared to the ones with the Bodin and Guérin 

settlement laws, further sustaining the decision to calibrate a new settlement law for use in this 

dissertation. 

The rest of the chapter will focus on comparing different track cases regarding their long-term 

performance. The changes in the tested railway tracks are related to the stiffness of the railpads and 

under sleeper pads, and their combination. The selection of the track cases was based on the results 

obtained from the short-term runs in chapter 3. 

The comparative analyses between track cases will consist of two phases. The first one will consist in an 

in-depth analysis of the long-term performance of each railway track – measuring, for example, the 

evolution of ballast acceleration – with the increase of track degradation and train running speed. The 

second phase will consist in changes to the long-term test conditions, such as the shape of the track 
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initial defect and minor adjustments do the calibrated settlement law, with the purpose of 

strengthening the conclusions made during the previous comparative analyses. 
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Chapter 2 

State of the Art on Railway Track Dynamics and its Degradation 

................................................................................................................................................ 

2.1. Introduction 

The railway structure can be divided in superstructure and substructure, with the former being in direct 

contact with the train through the rails and so withstanding the bulk of the loads transmitted from the 

train, while the substructure guarantees that they are dissipated enough when reaching the underneath 

soil layers (Ferreira, 2010). Figure 2.1 shows a railway ballasted track’s main components, whose 

mechanical parameters, such as stiffness, damping coefficient or strength, are important for track 

characterization and design. 

 

Figure 1.1: Schematic cross section of a railway ballasted track, adapted from Ferreira (2010) 

Each track component serves a purpose and so it requires specific characteristics as the 

aforementioned. Notwithstanding, throughout this dissertation track vertical stiffness is the mechanical 

property most referred to, thus making its definition and characterization fundamental. 

Track stiffness can be described as a combination of all track components’ stiffness (Berggren, 2009) and 

be defined as the ratio of a vertical force   and the vertical displacement  , as seen in equation 2.1 

(Li & Berggren, 2010): 

  
 

 
 (2.1) 

 

Track global stiffness plays an important role during the track structure’s life cycle due to its influence 

regarding load distribution and track degradation progression (Vilotijević et al., 2017), which will be 

further detailed in the next subchapter. 

2.2. Track Dynamics 

The interaction between the train and the track is made through the wheel-rail contact, so that when 

running on a track trains exert forces onto the rail. These can be categorized as vertical, lateral and 

longitudinal loads (Ferreira, 2010), generated by movements of the train in the three cartesian axis 

relative to the rail as seen in figure 2.2. 

Substructure 

Superstructure 



6 
 

 

Figure 2.2: Schematic illustration of the direction of forces transmitted from the train wheel to the rail, from 
Ferreira (2010) 

All of these different types of exterior loads have their own consequences regarding its effect on the 

track and should be analysed individually. Notwithstanding, this dissertation focus on the vertical loads, 

which are mostly due to the weight of the train. In the particular case of track degradation the 

magnitude of its unsprung mass (Prud’Homme, 1970), a parameter related to the type of bogie, is very 

relevant. 

Apart, but obviously related, from the vertical loads transmitted to the track there is also the track 

response to these loads. This response can be divided into two components: a quasi-static and a 

dynamic response (Prud'Homme 1970). The former originates from the weight of the train as previously 

described and is independent of the train running speed. The latter, also known as dynamic 

amplification, depends on the running speed, the geometric quality and design of the track such as track 

vertical stiffness. 

Besides the transmission of loads, the contact between the train wheels and the rail also generates 

vibrations that propagates through the railway track structure and to nearby fields (Man-Cheol, 2009). 

These vibrations can have multiple sources, such as wheel defects, track irregularities or train running 

speed, thus also having different frequencies (Ferreira, 2010). Dahlberg (2003) also notes that changes 

in track vertical stiffness causes vibrations, meaning that sleeper spacing is also relevant since the 

presence of sleepers along the track causes an increase of track stiffness underneath each sleeper. 

These vibrations in turn induce accelerations on the track components itself, with different components 

experiencing different accelerations, to which several authors point out the link between track 

vibrations and track degradation (Ferreira & López-Pita, 2015; Ferreira et al., 2018). Ferreira 

& López-Pita (2015) also note the effects of ever-increasing running speeds that tend to amplify these 

vibrations and so increase degradation of the railway track. 

2.3. Track Degradation 

Given enough time and several millions train passages, all the effects previously described combined – 

dynamic amplification of vertical loads and induced track vibration – will inevitably lead to the 

degradation of the railway track structure. This degradation can be divided into four categories: track 

geometric quality degradation, fatigue and failure of superstructure materials, rail superficial defects, 

and wheel defects (Ferreira, 2010), with the last one affecting the train wheels and not the track itself, 

but being related to the other three nevertheless. All these different types of degradations pose a 

severe risk to the operation of any railway infrastructure, whether by reducing passengers’ comfort ride 

or increasing the risk of derailment, and thus need to be constantly evaluated and repaired, which 

entails the next subchapters – the characterization of said defects, track inspection and track 
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maintenance. Nonetheless, as stated in the Introduction, a greater attention will be given throughout 

this dissertation to track geometric quality degradation, in particular to longitudinal levelling, and thus 

will be described at a greater depth hereinafter. 

2.3.1. Degradation of Track Geometric Quality 

In order to assess track geometric quality five parameters are considered, as defined by the 

European Norm EN 13848-5: 

a) Track gauge 

Track gauge is defined as the perpendicular distance between the heads of the rails measured 14.0mm 

beneath the rail running surface, as seen in figure 2.3. 

 

Figure 2.3: Track gauge, from (EN 13848-5) and adapted by Ribeiro (2014) 

b) Horizontal alignment 

Horizontal alignment is defined as the lateral distance of each rail in plant to its theoretical project 

position, as seen in figure 2.4. 

 

Figure 2.4: Horizontal alignment, from Profillidis (2000) and adapted by Ribeiro (2014) 

c) Cross level 

Cross level is defined as the difference between each rail’s elevation and its theoretical cant, or its 

project elevation, as seen in figure 2.5. 

 

Figure 2.5: Cross level, from (EN 13848-5) and adapted by Ribeiro (2014) 
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d) Twist 

Twist is defined as the distance between a point and its position in a plan defined by other three points, 

as seen in figure 2.6. This plan intends to represent a bogie and whether any of its wheels is ever out of 

contact with the rail, a case that increases the risk of derailment. Contrary to the other track geometric 

quality parameters, twist is defined as a gradient in the form of mm/m. 

 

Figure 2.6: Twist, from Teixeira (2014) and adapted by Ribeiro (2014) 

e) Longitudinal levelling 

Longitudinal levelling is the difference between the rail’s real position and its theoretical project 

position, measured for both rails in the vertical axis, as seen in figure 2.7. 

 

Figure 2.7: Longitudinal levelling, from Profillidis (2000) and adapted by Ribeiro (2014) 

Adam et al. (2010) identifies rail deformation as the accumulation of settlement of all components of 

the railway track structure. These deformations are a combination of elastic and plastic deformation 

(Ferreira, 2010), and Abadi et al. (2016) points out to the fact that the latter is responsible for 

differential settlements along the track – and thus the degradation of the longitudinal levelling of the 

track, further contributing to its overall degradation. 

2.3.2. Influence of the Track Structure on Track Settlement 

As previously mentioned, track vibrations and its subsequent propagation through the different track 

components depend on the characteristics and design of the railway track, which, given the different 

mechanical properties between them, means that to carefully analyse vibrations along a railway track it 

is necessary to separate all different components and their contribution. 

Hence, and given the obvious differences between the substructure and superstructure, a separate and 

careful analysis of each is required, an approach often used by authors such as Ferreira & 

López-Pita (2015) and Sol-Sánchez & D’Angelo (2017). 

Track substructure plays an important role in distributing the concentrated loads from the running train 

so that it reaches the platform soil as uniformly as possible (Ferreira, 2010). In order to be able to 

LL 
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perform this, it is necessary that a number of problematic conditions in the substructure layers are 

avoided such as excessive plastic deformations, differential settlements, progressive shear failure or 

excessive swelling and shrinking (Nie et al., 2016). This being said it is important to notice that an 

optimal design for the substructure is not yet fully consensual between different authors and 

researchers. 

On the one hand, Adam et al. (2010) shows, as displayed in figure 2.8, that track vertical displacement 

reduces with the increase of stiffness of the substructure layers and increases with train running speed. 

 

Figure 2.8: Decrease of vertical elastoplastic displacement of track bed with increase of its stiffness, as function of 
train running speed, from Adam et al. (2010) 

On the other hand, Li et al. (2016) states that softer substructure layers lead to lower deformations in 

the ballast layer, nonetheless increasing the total deformation of the railway track. 

Contrary to the substructure, findings on the influence of the superstructure on track settlement are 

much more consensual between researchers. This being said it is important to distinguish between two 

aspects about the influence of the superstructure on track settlement. The first one regards influence on 

track settlement variations whilst the second dwells on the settlement itself, which occurs mainly on 

only one layer – the ballast layer. 

As aforementioned, dynamic amplification of vertical loads is directly related to the track vertical 

stiffness, hence track settlement varies with the vertical stiffness of the railway track superstructure 

(Dahlberg, 2005; Li & Berggren, 2010). 

Changes in track global vertical stiffness can influence track settlement in two ways, as described in 

Teixeira (2003). Reducing track vertical stiffness lowers the dynamic stresses exerted on the track and 

helps reduce vibrations on the ballast layer, however leading to an increase of track deformation; while 

increasing track vertical stiffness results in lower track elastic displacements but also increase dynamic 

forces in the wheel-rail interface (Li & Berggren, 2010). This duality of effects leads to the conclusion by 

several authors, such as Sussmann et al. (2001) and López-Pita et al. (2004), that there is an optimal 

value for track global vertical stiffness, as shown in figure 2.9. 
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Figure 2.9: Relationship between degradation rate and track stiffness, from Sussmann et al. (2001) 

However, the importance of the track vertical stiffness does not end with this optimal value. Previously, 

it was described how the track dynamic response depends and increases with longitudinal changes in 

track stiffness and the heterogeneity of the railway substructure layers. Since there is a greater difficulty 

in intervening on the substructure than in the superstructure, Sussmann et al. (2001) also explores the 

possibility of changing the vertical stiffness on the superstructure in order to compensate for non-

uniform track support layers. 

With this purpose, a considerable amount of research has been made on practical and efficient solutions 

that can be applied not only to new but also existent railway tracks. More recent research made  by 

authors such as Ferreira (2010), Sol-Sánchez et al. (2014), Sol-Sánchez & D’ Angelo (2017) and 

Ferreira et al. (2018) have investigated the potential of using railpads, under sleeper pads, under ballast 

mats, and bituminous layers instead of granular ones in order to ultimately reduce track settlement. 

Despite some solutions seeming more promising than others in reducing track settlement, it is 

important to note that the bulk of research in this topic regards short-term performance, meaning that 

research in a long-term perspective is needed, as Ferreira et al. (2018) also concludes. 

As aforementioned, railway track settlement is the result of accumulated deformations across the 

different components of the railway track structure (Adam et al., 2010). However the ballast layer 

settlement accounts for the majority of the overall settlement (Selig & Waters, 1994; Dahlberg, 2001), 

with some authors pointing out to almost 70% (Man-Cheol, 2009), as seen in figure 2.10, highlighting 

the importance of the ballast layer – which makes its characterization crucial to better understanding 

the phenomenon of track settlement. 

 

Figure 2.10: Influence of ballast, subballast and subgrade layer’s settlement on overall track settlement, from 
Selig & Waters (1994) 

Dahlberg (2001) divides ballast settlement in two phases. A first rapid one resulting from ballast 

compactation, and a slower second one from ballast particle damage and rearrangement along the 
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track’s life cycle. For this reason, Adam et al. (2010) and Augustin et al. (2003) highlight the 

importance of an adequately homogenous compactation of the supporting and ballast layer during 

construction to limit ballast settlement from this first stage. The second stage is due to vibrations or 

accelerations in the ballast layer, characteristics of the ballast particles such as stiffness, density or 

damping, and the stiffness of the subballast and subsoil layers (Abadi et al., 2016). 

This again highlights the importance of a good design regarding the track superstructure vertical 

stiffness and its capacity to reduce accelerations in the ballast layer, therefore reducing the total track 

settlement (Kouhmishi & Palassi, 2018). Notwithstanding, the ballast material should also be carefully 

designed using adequate granulometric curves, resistant materials, and a broad range of particle size 

(Kouhmishi & Palassi, 2018), whose implications can be seen in figure 2.11, alongside the worsened 

track long-term behavior due to water accumulation on the ballast layer. 

 

Figure 2.11: Influence of material gradation and water content on track overall settlement, from 
Kashani et al. (2017) 

Nonetheless, due to the very nature of ballast, it is inevitable that ballast degradation occurs. This 

makes it necessary for periodic maintenance interventions, which can be energy and resource 

consuming whilst at the same time cause traffic interruption (Sol-Sánchez & D’ Angelo, 2017), with 

relevant economic costs, thereby making reducing ballast maintenance costs via an optimization of the 

railway track design such a crucial aspect of good engineering practice. 

2.3.3. Railway Track Quality Standards and Inspection 

It is inevitable that railway tracks deteriorate over time. For that reason, there is a need to restore the 

track to its original conditions from time to time. This implies three steps – measuring the current state 

of the track, and depending on its state acting on it; the third step and actually the first in this order is to 

define what is to be measured and how, and what are the criteria for deciding to intervene. 

Railway has a long history in Europe, which means there are many pieces of legislation regarding railway 

maintenance, with each countries’ railway administration having some. Notwithstanding, given the 

increase in sectoral regulatory standardization in Europe, it was decided to focus solely on the european 

norm, since it has legal applications in all CEN members – which include all EU member states –, and 

provides an overview of the general principles that guide railway maintenance elsewhere. 

European Norm EN13848-5:2008 is divided into the five geometric track quality defects previously 

presented, and for each one considers three distinct limits: Alert Limit, Intervention Limit and 

Immediate Action Limit. 
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These limits refer to different stages of degradation that the track may be encountered in. As the name 

suggest each limit sets a limit value higher than the previous one, which means a track in worse 

conditions. The Alert Limit merely indicates that the track geometric condition is to be considered in 

regular maintenance operation. The Intervention Limit states that corrective maintenance is needed in 

order for the Immediate Action Limit not being reached before the next schedule maintenance 

operation. The latest in turn, requires immediate action in order to reduce the risk of derailment, even 

closing the line if necessary.  

Table 2.1 presents the values of the aforementioned limits for longitudinal levelling for a range of train 

running speeds. D1 and D2 are the wavelengths of the defect, or in other words, the distance between 

two consecutive troughs, and their ranges are as defined in equations 2.2 and 2.3 respectively. 

Table 2.1: Limits for longitudinal levelling, from (EN13848-5:2008) 

Speed [Km/h] 

Mean to peak value 
[mm] 

Mean to peak value 
[mm] 

Mean to peak 
value [mm] 

Alert 
Limit 

Intervention 
Limit 

Immediate Action 
Limit 

Wavelength range Wavelength range Wavelength range 

D1 D2 D1 D2 D1 D2 

     12 to 18 N/A 17 to 21 N/A 28 N/A 

         10 to 16 N/A 13 to 19 N/A 26 N/A 

          8 to 15 N/A 10 to 7 N/A 23 N/A 

          7 to 12 14 to 20 9 to 14 18 to 23 20 33 

          6 to 10 12 to 18 8 to 12 16 to 20 16 28 

 

            (2.2) 
 

             (2.3) 
 

Having the criteria defined, it is then necessary to actually perform measurements on the track. There 

are two types of inspection processes. The first one is called geometric inspection and measures directly 

the track geometry; and the second one is called dynamic inspection and measures accelerations inside 

the vehicle, which can then be used to determine the degradation levels in the track (Li et al., 2016). 

Both rely on the use of vehicles self-motorized or coached trailed, and some may allow for fast 

inspection processes, as some more recent vehicles may even achieve commercial speeds. 

The second inspection type regards a track parameter previously described – track vertical stiffness – 

which plays a very important role in the performance of a railway track, and can even eventually be part 

of a maintenance solution to mitigate future track degradations (Sussmann et al., 2001). Hence the 

importance of knowing the vertical stiffness on any given existing track, since it changes over time, due 

to degradation of the track components. 

Berggren (2009) identifies two types of measurements, rolling and standstill measurements. The former 

uses vehicles and so has the advantage of being a much faster method. Currently there are a number of 

vehicles used in such measurements, and usually vary from one railway administration to another 

(Berggren, 2009). Standstill measurements have to be made in specific points of the track and so are 

inadequate to use in a railway track in its entirety. However, they can be more precise and therefore be 

used as a complement to rolling measurements when necessary in specific situations 

(Vilotijevićet al., 2017). 
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Having decided to intervene in the track, there are a number of different techniques that can be used. 

Notwithstanding, as aforementioned, ballast is the main contributor to track settlement, which is the 

focus of this dissertation, and so maintenance techniques described hereafter will focus on the ballast 

layer. 

The most used technique with regard to the ballast layer is tamping (Sol-Sánchez & D’ Angelo, 2017). 

Tamping is a very widely used technique that allows for rapid results, which consists in lifting the 

sleepers to their intended not deformed position and compressing the ballast underneath 

(Soleimanmeigouni et al., 2018). Albeit being a rapid process and providing adequate immediate results, 

tamping does not provide durable results. In fact ballast does not only returns to its deformed position 

rather quickly, in a phenomenon known as ballast memory (Sol-Sánchez & D’ Angelo, 2017), it also 

worsens the behavior of ballast in the long-term increasing its degradation rate (Azéma, 2007; 

Audley & Andrews, 2013; Kouhmishi & Palassi, 2018; Soleimanmeigouni et al., 2018) – as shown in 

figure 2.12. 

 

Figure 2.12: Ballast degradation rate after tamping, from Audley & Andrews (2013) 

As another example of a different maintenance technique there is stoneblowing. Stoneblowing is a 

more recent technique that consists in blowing small particles into the void created by lifting the 

sleepers to its original position (Sol-Sánchez & D’ Angelo, 2017). Notwithstanding, this technique has a 

more limited  use in railway practice, particularly for high speed tracks, due to its negative side effects 

and unreliability. 

Besides these two maintenance techniques, there are authors such as Sol-Sánchez & D’ Angelo (2017) 

that have studied on the possibility of alternative techniques that intend to stabilize the ballast layer, 

with the use of resins or polyurethane, for example. Yet there remains a need for continued research 

since these techniques may have other unwanted side effects such as increasing the railway overall 

track stiffness. 

2.4. Estimation of Track Settlement Evolution at Very High Speeds 

Given the importance that maintenance planning operations have for railway administrations, it is 

rather obvious the need to be able to predict track settlement over the railway track’s life cycle. 

This being said, a considerable amount of research has been made on this topic over the past decades, 

and continues to be made, today with an emphasis on high speeds. 

Table 2.2 presents some older settlements laws that paved the way for further research. 
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Table 2.2: Settlement laws, adapted from Dahlberg (2001) & Dahlberg (2005) 

Reference Settlement Law Variables 
Empirical 
Constants 

Holzlöhner, 
1978 

       
 

  
    (2.4) 

 

 =Logarithmic 
settlement rate 

 =Number of load 
cycles after    

  =Preloading period 

 

Alva-Hurtado 
& Selig, 1981 

                (2.5) 
 

 =Total permanent 
strain 

  =Permanent strain 
after the first load 

cycle 
 =Load cycle 

  

Demharter, 
1982 

              
         (2.6) 

 

 =Sleeper-ballast 
pressure 

 =Number of loading 
cycles 

         

Hettler, 1984                     (2.7) 
 

 =Loading 
 =Loading cycles 

    

Shenton, 
1984 

      
         (2.8) 

 

 =Settlement 
 =Number of load 

cycles 
      

Sato, 1995                   (2.9) 
 

 =Track settlement 
 =Number of loading 

cycles, or tonnage 
carried by the track 

      

Guérin, 1996 
  

  
      (2.10) 

 

 =Settlement 
 =Loading cycle 

 =Sleeper 
displacement 

    

Hecke, 1998                    (2.11) 
 

 =Track degradation 
  =Degradation 

directly after tamping 
 =Traffic volume 

 =Dynamic axle load 
 =Speed 

        

 

Notwithstanding all the research work done in the past regarding railway track settlement, new 

developments and ever increasing train commercial running speeds, higher induced track accelerations 

and consequent increase in track settlement have pressed researchers to continue to study and develop 

new models capable of predicting track settlement over the long-run; with some being presented in 

table 2.3. 
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Table 2.3: Recent settlement laws 

Reference Settlement Law Variables 
Empirical 
Constants 

Observations/Notes 

Saussine 
et al., 
2014 

  

      
 

                      
  

(2.12) 

   =Settlement 
  =Value of settlement in the 

steady-state (asymptotic value) 
 =Number of cycles 

     

Adapted from: 
-Knight et al., 1995 

-Ben-Naim et al., 1996 
-Nowak et al., 1998 

                       (2.13) 
 

Adapted from: 
-Nicolas et al., 2000 

-Philippe & Bideau, 2001 
-Philippe & Bideau, 2002 

-Richard et al., 2005 
-Ribière et al., 2007 

Estaire et 
al., 2018 

        (2.14) 
 

 =Settlement 
 =Axle load applications 

 =Axle loads 
     

Valid for: 
-speeds between 120 

and 320 Km/h 
-axle loads between 110 

and 250 KN 

Zhang et 
al., 2018 

              (2.15) 
 

 =Settlement 
 =Number of cycles 

         

Ishikawa 
et al., 
2019 

          
   

  

    
 
 

      
  

  
  (2.16) 

 

  =Settlement 

 =Number of cycles 
  =Maximum applied deviator stress 
  =Applied shear stress acting on 

failure plane 
    =Shear strength 

  =Normal stress acting on failure 

plane 

      

        
 

 

Despite the variation in complexity in equations (2.4) to (2.16) and their spacing in time, they all follow a 

similar approach, to represent the characteristics of the ballast layer or railway track, usually through 

empirical constants obtained from laboratory experiments, and the loads applied to it from the train 

and through the superstructure. Some, like equation (2.15), rely more heavily on empirical constants 

that need to be adjusted depending on the case study. Others, like equation (2.16), incorporate physical 

effects exerted on the ballast layer or ballast particles – in the aforementioned equation, stresses – that 

may require numerical models to calculate; with all equations having a parameter   that represents the 

number of cycles, i.e. the passage of trains as times passes, as one would expect. 

As previously mentioned some settlement laws require calculation of physical effects exerted on the 

track, usually through a numerical model. Table 2.4 presents some recent numerical models and also the 

settlement laws used in each one. 
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Table 2.4: Numerical models 

Model 
Reference 

Main Characteristics Settlement Law Variables 
Empirical 
Constants 

Observations/ 
Notes 

Nielsen & 
Li, 2018 

-Discrete support: there 
is no interaction 

between sleepers via the 
ballast/subgrade 

-Fracture, wear and 
degradation of individual 
particles can be studied 
-Can simulate hanging 

sleepers 

      

 

           
  

 (2.17) 
 

  =Settlement 

    =Maximum sleeper/ballast 

contact pressure 
   =Threshold value of 

sleeper/ballast contact pressure 
to determine if there is 

permanent deformation 

    

Based in: 
-Sato, 1995 

 
Later evaluated 

by: 
-Dahlberg, 2001 

Wang & 
Markine, 

2018 

-Only ballast settlement 
is considered 

 
-Can simulate hanging 

sleepers 

           
    (2.18) 

 

 =Total settlement 
  =Settlement of ballast in 

stage 1 
 =Sleeper-ballast pressure 

 =Loading cycle 

     

Proposed by: 
-Sato, 1997 

Later developed 
by: 

-Dahlberg, 2001 

 

Despite being recent, both models from table 2.4 rely in older settlement laws. This emphasizes the 

importance and accuracy of some initial models developed, adding to the fact that they – equations 

(2.4) to (2.11) in table 2.2 – are generally simple and so require less computational capacity and less 

advanced models. 

As underlined in the Introduction, the objective of this dissertation is to perform deep and 

comprehensive analyses on the influence of the superstructure – and namely, railpads and under 

sleeper pads – regarding track settlement. The preceding chapter provided the conceptual framework 

on what is track settlement, how it occurs and why it is important to limit it in a maintenance 

perspective. Furthermore, it also described how it can be analysed using numerical models, which will 

be the focus of the next two chapters. 

The analyses henceforth developed will begin in the next chapter with a description of the numerical 

model chosen and its capabilities.  
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Chapter 3 

Short-term Track Response and Track Settlement Progression in Time – Model and 

Methodology 

……………………………………………..………………………………………………………………………………………………. 

3.1. Model Description 

In the previous chapter two different numerical models were presented, each with its own 

particularities. There are obviously more models currently being used throughout the world that could 

also have been described, albeit that not being the objective of this dissertation, as the choice of 

numerical model to be used was already made from the beginning. Those two models serve as a 

comparative framework from which the description of the numerical model used can be made. 

This dissertation comes giving continuity to several research work performed mainly in Instituto 

Superior Técnico in Lisbon in collaboration with SNCF Recherche and SDTools (Balmès & Leclère, 2003), 

such as Ferreira (2010), Ferreira & López-Pita (2015), Ferreira & Maciel (2017) and Ferreira et al. (2018). 

The numerical model herein used is, as it could not be otherwise, the same – Dynavoie. 

Dynavoie is a dynamic numerical model used to simulate a train running on a ballasted track at high 

speeds. It can perform a simulation of a single train passage – also referred to as short-term runs 

hereafter –, from which it can calculate a number of cinematic responses induced onto the track by the 

running train, such as deflections or accelerations, in the several components or layers of the track and 

at different depths. These short-term dynamic runs take around, in average, only two to five minutes to 

complete. Adding to the easiness of changing the track specifications and train characteristics, this 

makes Dynavoie a very powerful numerical model that can be adapted to a number of different 

scenarios and test scenes and used to calculate with a high degree of precision the effects exerted on 

the track. 

Furthermore, Dynavoie can also perform long-term analyses, further increasing its capabilities. Dynavoie 

performs these simulations by running several thousands of instant train passages, with the 

complement of a settlement law, in order to calculate the vertical geometric quality degradation over 

the track’s life cycle. The settlement law is independent of Dynavoie, which means that barely any 

settlement law can be used, making it extremely versatile. Since the long-term tests are a combination 

of the short-term ones, that also means that any of the effects on the track previously described that 

can be calculated can be used in the settlement law. In short, Dynavoie can use a settlement law as long 

and complex as desired. As for time constraints, long-term runs are also relatively fast – for the overall 

long-term tests performed in this dissertation, they generally took about one hour each. 

Being a dynamic finite elements model, Dynavoie takes into consideration the dynamic interaction 

between the train and the track. The train – or more accurately, a train bogie – is a moving model of a 

combination of masses and springs/dampers as seen in figure 3.1. 
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Figure 3.1: Representation of the masses and springs/dampers used to model a bogie in Dynavoie, from 
Ferreira (2010) 

The railway track is divided into its different components and each one modeled as characterized in 

table 3.1. Figure 3.2 shows a presentation of the modeled railway track as obtained from Dynavoie. 

Table 3.1: Modelling of train/track components in Dynavoie, from Ferreira (2010) 

Train/Track Components Modelling 

Vehicle System of mass-spring-damper 

Rail Euler-Bernoulli elastic finite beam 

Railpad FE solid 3D element 

Contact Hertzian spring 

Sleeper FE solid 

Ballast and Subsoil FE continuous layer, hysteretic damping 

 

 

Figure 3.2: Representation of the global track model from Dynavoie, from Ferreira et al. (2018) 

In order for a numerical model to be usable in practical situations it needs to have a low computation 

time, which Dynavoie achieves with model reduction techniques such as dividing the track model into 

several equal slices along the   direction. Each slice takes into account the several track components, 

namely the rail, railpads, sleepers, ballast, subballast and subsoil layers, as can be seen in figure 3.3, and 

assuring continuity of the static displacement between slices (Ferreira, 2010). The more slices are used 

the higher the accuracy of the results produced by the model; however the computation time also 

increases which means that an equilibrium between these two antagonist aspects is needed. 

Throughout this dissertation, a number of 50 and 70 slices was used for short-term and long-term runs, 



19 
 

respectively. This makes possible both the accuracy required for the objectives of this dissertation and 

the low computation time previously described allowing for an even more thorough analysis. 

 

Figure 3.3: Representation of a slice of the global track model from Dynavoie, from Ferreira et al. (2018) 

As previously mentioned, this dissertation builds up on earlier works performed in Dynavoie. This means 

that to reach its current configuration Dynavoie has been through several validation and configuration 

phases, where it was compared to real in field experiments so as to assure track response and 

parameter’s accuracy (Ferreira, 2010), although, some validations for train speeds around 400 Km/h are 

still needed (Ferreira & Maciel, 2017). 

Dynavoie still has some limitations regarding the modeling of under sleeper pads. In its current form it is 

not able to considerer some benefits regarding the introduction of under sleeper pads, such as the 

increase in interface and load distributing area between sleepers and ballast, and embedding effect of 

ballast stones by the under sleeper pads elastic layer (Ferreira & Maciel, 2017). Notwithstanding the 

limited scope of the analyses intended in this dissertation, these limitations must be considered in any 

result hereinafter presented. 

The work performed in this dissertation will follow a similar methodology. The following sub-chapter 

describes the experimental tests for which the railway track was modeled after in Dynavoie to serve as a 

reference track case, providing a higher degree of reliability on the comparative analyses to the 

modified railway tracks simulations performed after. 

3.2. Experimental Track Case Study 

Until this point, the pages in this dissertation have been filled with a summary of the literature regarding 

railway engineering in general and degradation of the railway track at high speeds in particular. 

Notwithstanding, a dedicated section to explain how this dissertation and its purpose came to be is in 

order. It all traces down to CEDEX, and to experimental research in the field of railway engineering 

performed in its Track Box. It was based on the work performed by CEDEX (2015) that this dissertation 

was latter envisioned. 

Located in Madrid and funded by the European Union Fifth Framework Program as part of the 

Supertrack project (2002 – 2005), CEDEX Track Box is a 21m long, 5m wide and 4m deep facility with the 

purpose of testing, in a 1:1 scale, entire railway track sections, which can be both conventional as well as 

high speed lines up to 450 Km/h for passenger, freight or mixed traffic. Moreover, with its powerful 

combination of geophones, accelerometers, pressure cells and more, is able to measure the track 

response throughout its layers (CEDEX, 2015; Ferreira & Maciel, 2017). Figure 3.4 presents an overview 

of the facility. 
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Figure 3.4: Overview of CEDEX Track Box, from Estaire et al. (2018) 

Since its creation, CEDEX Track Box has been responsible in the last decade for numerous research 

works in the field of railway engineering. Notwithstanding, more recent works under the Project 

Capacity 4 Rail are of more relevance, since they focused specifically in track design optimization. 

Ongoing from October 2013 to June 2017 and funded by the European Union Seventh Framework 

Program, Capacity for Rail is a research project with a focus, among others, on track design as reasserted 

by the European Commission’s White Paper on European Transport (European Commission, 2011).   

This dissertation’s purpose is to replicate experimental results obtained in CEDEX with a numerical 

model under the objective of allowing it to be used in a much broader and comparative sense, which is 

the biggest advantage of numerical models when validated with experimental trials. With this being 

said, it is foremost necessary to present the characteristics of the railway track used in CEDEX Track Box. 

It is a ballasted track with three granular sub-layers, whose measures are presented in figure 3.5, 

alongside the sensor system previously described. 

 

Figure 3.5: Track cross section used in CEDEX Track Box, from Ferreira et al. (2018) 

This specific track was then modeled into Dynavoie, to what will henceforth be referred to as the 

reference track case – whose parameters are summarized in table 3.2. 
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Table 3.2: Track components’ stiffness and track layers’ Young modulus for the reference track case, from 
Ferreira et al. (2018) 

Track Components/ 
Layers 

Thickness [m] Stiffness [KN/mm]/Young Modulus [MPa] 

Railpad 0.007 100 KN/mm 

Under Sleeper Pad - - 

Ballast Layer 0.40 230 MPa 

Subballast Layer 0.30 440 MPa 

Formlayer 0.60 400 MPa 

Embankment 2.57 385 MPa 

 

The work performed in CEDEX Track Box relevant to this dissertation does not end here, as much of the 

experimental data used in chapter 4 comes from it. Nevertheless that will be detailed in due time. As for 

this chapter, which will focus on short-term runs, the previous description suffices. 

3.3. Track Dynamic Response Assessment 

As aforementioned Dynavoie allows for changes of track and substructure conditions and, as it relies in 

numerous short-term runs to perform a single long-term run, it is fundamental to understand the 

former to better analyse the latter. 

By studying and analysing short-term runs performed by Dynavoie with different track and substructure 

conditions it is possible to make some predictions regarding the performance of said track cases in a 

long-term perspective, which allows to reduce the number of long-term runs performed, in itself saving 

several computational hours. 

Notwithstanding, some validations and examples of the performance and capabilities of Dynavoie are in 

order, before a more thorough study pertaining the influence of the track design. 

However, before any result is presented, it is necessary to state that every run hereafter presented was 

made with a TGV-like train, which was modeled as follows in table 3.3. 

Table 3.3: Matrix of loads and springs used to model the train in Dynavoie, from Ferreira (2010) 

Locomotive component Identifier Value Unity 

Wheelset1 Mass Mw1      Kg 

Wheelset2 Mass Mw1      Kg 

Stiffness of primary suspension (bogie-wheelset 1) K1b1           N/m 

Stiffness of primary suspension (bogie-wheelset 2) K1b2           N/m 

Damping coefficient of suspension (bogie-wheelset 1) Cb1         N.s/m 

Damping coefficient of suspension (bogie-wheelset 2) Cb2         N.s/m 

Mass of half bogie Mb      Kg 

Rotational inertia of half bogie Ib             m
4
 

Stiffness of secondary suspension (bogie-box) K1c           N/m 

Damping coefficient of secondary suspension (bogie-box) Cc         N.s/m 

Mass of a quarter box Mc          Kg 

Bogie cross section are Ab           m
2
 

 

Figure 3.6 shows the rail elastic displacement in the middle of the track as the train passes through, for a 

train running speed of 300 Km/h. 
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Figure 3.6: Rail elastic displacement for the reference case for a train running speed of 300 Km/h 

As can be seen in figure 3.6, there are two local minimums, and each one represents the passage of a 

set of wheels of the bogie. 

Another powerful capability of Dynavoie, already mentioned, is that of being able to calculate 

displacements and accelerations through different depths of each track layer. Figures 3.7 and 3.8 show 

the sleeper elastic displacement throughout its depth – in two layers – for the train running speeds of 

300 Km/h and 400 Km/h, respectively. 

 

 

Figures 3.7 & 3.8: Sleeper elastic displacements along the track for the reference track case for a train running 
speed of 300 Km/h (left) and 400 Km/h (right) 

In the previous figures the higher values for sleeper elastic displacement at the top of the sleepers are 

apparent. This is due to same reason for the rail elastic displacement being higher than that on the 
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sleepers – that displacements tend to attenuate as the train loads are absorbed by the track, and so 

tend to decrease until reaching the bottom layers. 

Similarly to the past figures, figures 3.9 and 3.10 show the acceleration in the ballast layer divided into 

two layers for the running speeds of 300 Km/h and 400 Km/h, respectively. 

 

Figures 3.9 & 3.10: Ballast accelerations along the track for the reference track case for a train running speed of 
300 Km/h (left) and 400 Km/h (right)  

Figures 3.9 and 3.10 show the variability in ballast acceleration throughout its depth. Nonetheless, as 

with the case for the sleepers, the top layer of each was chosen to characterize each in every result 

presented hereafter. 

As detailed in chapter 2, for high running speeds there is a phenomenon called dynamic amplification, 

which significantly increases with the increase of the train running speed. Dynavoie, like any numerical 

model that intends to realistically simulate trains passages on a track at very high speeds, needs to, and 

indeed accurately reflects this effect, as can be seen in the previous figures, by the substantial increase 

of ballast acceleration from the increase of train running speed. 

Figure 3.11 shows the evolution of the sleeper elastic displacement and ballast acceleration with the 

increase of the train running speed for the same track as before. 
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Figure 3.11: Sleeper elastic displacement and ballast acceleration for the reference track case for train running 
speeds of 300 Km/h, 350 Km/h and 400 Km/h 

As it can be seen from figure 3.11, the ballast layer is more sensitive to increases in the train running 

speed. This observation is crucial to the development of this dissertation. As was described in chapter 2, 

the ballast layer is responsible for most part of the track long-term settlement, which in turn will 

increase greatly with the increase in the train running speed, which makes the parameter acceleration in 

the ballast layer a suitable variable when analysing the track dynamic response at such high speeds. 

This, however, will be further analysed in chapter 4. It can be noted that the increases due to dynamic 

amplifications are much higher when passing from the train running speed of 350 Km/h to 400 Km/h, 

than from 300 Km/h to 350 Km/h, despite the running speed increase being the same. 

3.3.1. Some Indications on the Influence of Track Design 

Bearing that, for each long-term run that it performs, Dynavoie makes several short-term runs, the 

understanding of the influence of changes in track design on the latter is fundamental when dealing 

with the former for two main reasons. The first and more immediate one is to help understand and 

characterize how Dynavoie performs long-term runs on itself, and the second one is to help filtrate and 

narrow the number of test cases to perform and study in a long-term perspective, given the much 

higher computation time it requires. 

This analysis will focus on the effects exerted on the track, namely ballast and sleeper accelerations and 

elastic displacements, and will be divided into two different parts. One analysing variations on the 

granular layers (ballast layer plus the substructure layers), and the other variations of the 

superstructure’s components – namely, variations of the vertical stiffness of the railpads and the 

introduction of under sleeper pads. 

Tables 3.4, 3.5 and 3.6 present the track cases studied regarding modifications to the granular layers and 

the ballast and sleeper acceleration for each case, for running speeds of 300 Km/h, 350 Km/h and 

400 Km/h, respectively. 
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Table 3.4: Track cases with varying quality of the supporting layers, with corresponding ballast and sleeper 
accelerations for a train running speed of 300 Km/h 

Track Case 
Solutions at 

Test 

Variant Description Max Acceleration Relative Variation 

Eballast Egranular layers Ballast Sleeper Ballast Sleeper 

[MPa] [m] [MPa] [m] [m/s2] [m/s2] [%] [%] 

Reference Case 230 0.40 440;400;385 0.30;0.60;2.57 2.12 4.77 - - 

Poor Ballast (B0) 120 0.40 440;400;385 0.30;0.60;2.57 3.43 5.73 +62 +20 

Thin Ballast 
Layer (B1) 

230 0.35 440;400;385 0.30;0.60;2.57 2.01 4.31 -5 -10 

Poor + Thin 
Ballast Layer 

(B0+B1) 
120 0.35 440;400;385 0.30;0.60;2.57 3.05 5.37 +44 +13 

Poor Quality 
Gran Layers (Q0) 

230 0.40 100;100;80 0.30;0.60;2.57 4.29 6.40 +103 +34 

Medium Quality 
Gran Layers 

(Qm) 
230 0.40 180;160;100 0.30;0.60;2.57 3.45 5.62 +63 +18 

Poor Quality 
Ballast + Gran 

Layers (B0+Q0) 
120 0.40 100;100;80 0.30;0.60;2.57 5.94 7.91 +180 +66 

Very Stiff 
Platform (Q1) 

230 0.40 180;160;2000 0.30;0.60;2.57 2.65 4.99 +25 +5 

B0 + Very Stiff 
Platform 
(B0+Q1) 

120 0.40 180;160;2000 0.30;0.60;2.57 4.10 6.20 +93 +30 

 

Table 3.5: Track cases with varying quality of the supporting layers, with corresponding ballast and sleeper 
accelerations for a train running speed of 350 Km/h 

Track Case 
Solutions at 

Test 

Variant Description Max Acceleration Relative Variation 

Eballast Egranular layers Ballast Sleeper Ballast Sleeper 

[MPa] [m] [MPa] [m] [m/s2] [m/s2] [%] [%] 

Reference Case 230 0.40 440;400;385 0.30;0.60;2.57 2.49 5.30 - - 

Poor Ballast (B0) 120 0.40 440;400;385 0.30;0.60;2.57 3.83 6.60 +54 +24 

Thin Ballast 
Layer (B1) 

230 0.35 440;400;385 0.30;0.60;2.57 2.41 5.27 -3 -1 

Poor + Thin 
Ballast Layer 

(B0+B1) 
120 0.35 440;400;385 0.30;0.60;2.57 3.58 6.37 +44 +20 

Poor Quality 
Gran Layers (Q0) 

230 0.40 100;100;80 0.30;0.60;2.57 5.39 8.03 +116 +52 

Medium Quality 
Gran Layers 

(Qm) 
230 0.40 180;160;100 0.30;0.60;2.57 4.65 7.49 +87 +41 

Poor Quality 
Ballast + Gran 

Layers (B0+Q0) 
120 0.40 100;100;80 0.30;0.60;2.57 6.79 9.30 +173 +75 

Very Stiff 
Platform (Q1) 

230 0.40 180;160;2000 0.30;0.60;2.57 3.54 6.39 +42 +21 

B0 + Very Stiff 
Platform 
(B0+Q1) 

120 0.40 180;160;2000 0.30;0.60;2.57 5.17 7.85 +108 +48 
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Table 3.6: Track cases with varying quality of the supporting layers, with corresponding ballast and sleeper 
accelerations for a train running speed of 400 Km/h 

Track Case 
Solutions at 

Test 

Variant Description Max Acceleration Relative Variation 

Eballast Egranular layers Ballast Sleeper Ballast Sleeper 

[MPa] [m] [MPa] [m] [m/s2] [m/s2] [%] [%] 

Reference Case 230 0.40 440;400;385 0.30;0.60;2.57 3.80 7.80 - - 

Poor Ballast (B0) 120 0.40 440;400;385 0.30;0.60;2.57 6.12 10.00 +61 +28 

Thin Ballast 
Layer (B1) 

230 0.35 440;400;385 0.30;0.60;2.57 3.57 7.60 -6 -3 

Poor + Thin 
Ballast Layer 

(B0+B1) 
120 0.35 440;400;385 0.30;0.60;2.57 5.40 9.28 +42 +19 

Poor Quality 
Gran Layers (Q0) 

230 0.40 100;100;80 0.30;0.60;2.57 9.28 12.69 +144 +63 

Medium Quality 
Gran Layers 

(Qm) 
230 0.40 180;160;100 0.30;0.60;2.57 6.44 10.14 +59 +29 

Poor Quality 
Ballast + Gran 

Layers (B0+Q0) 
120 0.40 100;100;80 0.30;0.60;2.57 13.31 16.41 +250 +110 

Very Stiff 
Platform (Q1) 

230 0.40 180;160;2000 0.30;0.60;2.57 4.86 7.98 +28 +2 

B0 + Very Stiff 
Platform 
(B0+Q1) 

120 0.40 180;160;2000 0.30;0.60;2.57 6.83 10.31 +60 +25 

 

From the cases presented in the foregone tables, there are a number of observations to be made. The 

first one, as expected, is the increase of the accelerations whether in the ballast layer or on the sleepers 

with the increase of the train running speed. 

Secondly, the sleeper accelerations are always higher than the accelerations in the ballast layer. This can 

be seen in figure 3.12, where it is also shown the increase of ballast and sleeper accelerations due to the 

increase in the train running speed for the reference track case. 

 

 

Figure 3.12: Maximum sleeper and ballast acceleration values for the reference track case for train running speeds 
of 300 Km/h, 350 Km/h and 400 Km/h 
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Figures 3.13 and 3.14 show the increase in ballast acceleration during the short-term run with the 

increase in the train running speed with changes made to the ballast layer. 

 

 

Figures 3.13 & 3.14: Ballast accelerations along the track for the reference track case, with modifications to the 
ballast layer, for a train running speed of 300 Km/h (left) and 400 Km/h (right) 

As can be seen from the previous figures, all but one of the changes resulted in higher values of ballast 

acceleration when compared to the reference track case. In fact, it appears that reducing the ballast 

layer thickness helps reduce its acceleration. On the other hand, reducing the elastic modulus of the 

ballast layer increases the ballast acceleration, as expected. 

Figure 3.15 now shows the ballast acceleration in the middle of the track as the train passes, for the 

running speeds of 300 Km/h, 350 Km/h and 400 Km/h, for the track cases with the modified subballast 

layers. 

 

Figure 3.15: Maximum ballast acceleration for the reference track case, with varying quality of the supporting 
layers, for train running speeds of 300 Km/h, 350 Km/h and 400 Km/h 
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As expected, given the values displayed in the tables previously presented, every case shown has higher 

values for ballast acceleration. 

As aforementioned, tables 3.7, 3.8 and 3.9 will now focus on changes to the superstructure, which given 

the scope and objective of this dissertation will be subject to a greater in depth analysis than the 

previous cases. As a simplification, henceforth all track cases will be referred to by a capital M followed 

in parenthesis by the stiffness of the railpad and the under sleeper pad, if it contains – M(Krp;Kusp). This 

follows the same description as adopted in Ferreira et al. (2018), the last published article in a series of 

works on which this dissertation builds on. 

Table 3.7: Track cases with modification to the superstructure, with corresponding ballast and sleeper deflections 
and accelerations for a train running speed of 300 Km/h 

Track Case 
solutions 

at Test 

Resilient Element 
Properties 

Max Displacement 
Max Displacement 
Relative Variation 

Max Acceleration 
Max Acceleration 
Relative Variation 

Kpad Kusp Ballast Sleeper Ballast Sleeper Ballast Sleeper Ballast Sleeper 

[KN/mm] [KN/mm] [mm] [mm] [%] [%] [m/s2] [m/s2] [%] [%] 

Reference 
Case 

100 - -0.181 -0.292 - - 2.12 4.41 - - 

M(500;-) 500 - -0.196 -0.327 +8 +12 3.06 6.69 +45 +52 

Group 1 
M(150;-) 150 - -0.186 -0.303 +3 +4 2.40 5.11 +13 +16 

M(60; -) 60 - -0.174 -0.277 -4 -5 1.76 3.62 -17 -18 

M(40; -) 40 - -0.166 -0.262 -8 -10 1.34 2.81 -37 -36 

M(60,100) 60 100 -0.176 -0.459 -3 +57 1.75 6.51 -17 +48 

Group 2 

M(60; 80) 60 80 -0.177 -0.522 -2 +79 1.78 7.26 -16 +65 

M(60;60) 60 60 -0.174 -0.622 -4 +113 1.93 9.83 -9 +123 

M(40;100) 40 100 -0.171 -0.434 -5 +49 1.60 5.41 -25 +23 

M(40; 80) 40 80 -0.171 -0.497 -5 +70 1.60 6.63 -24 +50 

M(40; 60) 40 60 -0.169 -0.596 -6 +104 1.88 9.29 -11 +111 

 

Table 3.8: Track cases with modification to the superstructure, with corresponding ballast and sleeper deflections 
and accelerations for a train running speed of 350 Km/h 

Track Case 
solutions 

at Test 

Resilient Element 
Properties 

Max Displacement 
Max Displacement 
Relative Variation 

Max Acceleration 
Max Acceleration 
Relative Variation 

Kpad Kusp Ballast Sleeper Ballast Sleeper Ballast Sleeper Ballast Sleeper 

[KN/mm] [KN/mm] [mm] [mm] [%] [%] [m/s2] [m/s2] [%] [%] 

Reference 
Case 

100 - -0.184 -0.295 - - 2.49 5.30 - - 

M(500;-) 500 - -0.199 -0.331 +8 +12 3.62 7.99 +45 +51 

Group 1 
M(150;-) 150 - -0.190 -0.306 +3 +4 2.87 6.18 +15 +17 

M(60; -) 60 - -0.176 -0.279 -4 -5 2.01 4.26 -19 -20 

M(40; -) 40 - -0.172 -0.268 -7 -9 1.79 3.57 -28 -33 

M(60;100) 60 100 -0.180 -0.457 -2 +55 2.05 7.89 -18 +49 

Group 2 

M(60; 80) 60 80 -0.173 -0.515 -5 +74 1.85 9.16 -26 +73 

M(60;60) 60 60 -0.169 -0.619 -8 +110 1.99 11.99 -20 +126 

M(40;100) 40 100 -0.174 -0.435 -6 +48 1.66 6.55 -33 +24 

M(40; 80) 40 80 -0.171 -0.498 -7 +69 1.66 7.89 -33 +49 

M(40; 60) 40 60 -0.169 -0.603 -8 +104 1.68 10.05 -33 +90 
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Table 3.9: Track cases with modification to the superstructure, with corresponding ballast and sleeper deflections 
and accelerations for a train running speed of 400 Km/h 

Track Case 
solutions 

at Test 

Resilient Element 
Properties 

Max Displacement 
Max Displacement 
Relative Variation 

Max Acceleration 
Max Acceleration 
Relative Variation 

Kpad Kusp Ballast Sleeper Ballast Sleeper Ballast Sleeper Ballast Sleeper 

[KN/mm] [KN/mm] [mm] [mm] [%] [%] [m/s2] [m/s2] [%] [%] 

Reference 
Case 

100 - -0.194 -0.318 - - 3.80 7.80 - - 

M(500;-) 500 - -0.212 -0.359 +9 +13 5.15 11.05 +36 +42 

Group 1 
M(150;-) 150 - -0.202 -0.334 +4 +5 4.47 9.11 +18 +17 

M(60; -) 60 - -0.185 -0.299 -5 -6 3.40 6.69 -11 -14 

M(40; -) 40 - -0.177 -0.283 -9 -11 2.67 5.40 -30 -31 

M(60;100) 60 100 -0.185 -0.475 -5 +49 3.44 11.94 -9 +53 

Group 2 

M(60; 80) 60 80 -0.191 -0.575 -2 +81 3.51 13.99 -8 +79 

M(60;60) 60 60 -0.182 -0.635 -6 +100 3.48 15.94 -14 +104 

M(40;100) 40 100 -0.177 -0.445 -9 +40 2.72 9.43 -28 +21 

M(40; 80) 40 80 -0.185 -0.556 -5 +75 2.96 11.99 -22 +54 

M(40; 60) 40 60 -0.183 -0.669 -6 +110 3.26 16.77 -14 +115 

 

In this set of tests, the objective was not merely to assess how Dynavoie responds to modifications to 

components of the superstructure, but also to single out potentially better alternatives to the reference 

track case regarding long-term settlement. That, however, will only be concluded further on chapter 4, 

whilst here the focus will be on comparing the different alternatives. 

These ten combinations can be divided into two groups. One containing the first fourth modified tracks 

– that is, second to fifth row – where the only modification was to the stiffness of the railpads, and a 

second group with the last six cases where a new element – under sleeper pads – was introduced and its 

stiffness made variable. 

Starting with the first group an immediate remark is that both cases with more rigid railpads have higher 

elastic deflections and accelerations both on the ballast layer and on the sleepers. The opposite is 

equally true to the track cases with softer railpads. This is expected since the change in the overall track 

vertical stiffness was made only by intervening on the flexibility under the rail. 

As in the substructure-modified track cases previously presented, the accelerations are always higher in 

the sleepers than in the ballast layer, which can be seen in figures 3.16 and 3.17, where the values 

displayed indicate the ratio between the acceleration of a given railway track and the equivalent value 

of acceleration for the reference track case. 
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Figure 3.16: Sleeper and ballast maximum acceleration for the reference track case, with modifications to the 
railpad stiffness for a train running speed of 300 Km/h 

 

Figure 3.17: Sleeper and ballast maximum acceleration for the reference track case, with modifications to the 
railpad stiffness for a train running speed of 400 Km/h 

As for the second group, its analysis is not so straightforward. Since the new element added to the track 

cases is in direct contact with both the sleepers and the ballast layer, it results in a combination of 

positive and negative effects. From tables 3.7, 3.8 and 3.9 it can be seen that there is an improvement 

regarding the ballast layer, and on the contrary, it is worsening for the sleepers, either for elastic 

displacements or accelerations. 
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Notwithstanding, it is important to state, that Dynavoie in its current configuration is unable to consider  

some positive effects already known to be provided by under sleeper pads, namely the increase in 

interface and load-distributing area between sleepers and ballast, and the embedding effect of the 

ballast stones. This in turn, may lead to an overestimation of rail and sleeper acceleration in the analyses 

here presented. 

Figures 3.18 and 3.19 show the sleeper elastic displacement and ballast acceleration for all track cases 

containing under sleeper pads, for the running speeds of 300 Km/h and 400 Km/h, respectively. 

 

Figures 3.18 & 3.19: Ballast acceleration and sleeper elastic displacement for the reference track case, with 
modifications to the railpad stiffness and with under sleeper pads, for a train running speed of 300 Km/h (left) and 

400 Km/h (right) 

From both figures 3.18 and 3.19 it can be seen that every track case tested that included under sleeper 

pad present both higher sleeper elastic displacements and at the same time lower ballast accelerations. 

It is also apparent that the ballast accelerations increases as the train running speed increases. This can 

be better seen in figure 3.20, where the values displayed represent the ratio between the ballast 

acceleration of a given railway track and that of the reference track case. 

 

Figure 3.20: Maximum ballast acceleration values for the reference track case, with modifications to the railpad 
stiffness and with under sleeper pads for train running speeds of 300 Km/h and 400 Km/h 
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Figure 3.20 shows that when only considering ballast acceleration every track case containing under 

sleeper pads presents significant improvements when compared to the reference track case. 

Epitomizing the complexity of results regarding this second group, let us now compare the track cases 

M(60;100) and M(40;80). If we were to focus solely on figure 3.20, it would appear obvious that the 

track M(40;80) would have more advantages in real applications than track case M(60;100). However, 

considering the results from figures 3.18 and 3.19 the conclusions would be the opposite. For if the track 

case M(40;80) reduces the effects exerted on the ballast layer, it also worsens them even more on the 

sleepers. 

Nonetheless, regardless of which track case in this second group may end up providing the highest 

improvement between them, there is still one aspect to consider. When introducing under sleeper pads 

the vibrations on the ballast layer may be reduced, however they are worsened in the sleepers. Even 

when considering that in fact, it is the ballast layer that has the biggest influence in track settlement – as 

was previously described in chapter 2 –, it is still not possible to state that any of these track cases 

present an overall improvement when compared to the reference track case. And this last statement is 

even more relevant when comparing the track cases from the first and second group. It would appear 

that just changing the stiffness of the railpad would prove to be better than introducing under sleeper 

pads at all, especially when considering their cost. 

This, however, would be a simplistic and frankly wrong way to analyse such a complex scenario. Despite 

every valuable information that these analyses have provided, it is not enough when considering the 

objective outlined in the Introduction. Track settlement is by definition a long-term event, and so it 

needs to be analysed as such. This brings to question another aspect that these analyses cannot provide 

– the effects that introducing under sleeper pads may have in the long-term track behavior in general 

and in track settlement in particular. 

The question is, then, if the improvements displayed on the ballast layer outweigh the worsened effects 

on the sleepers. This is a crucial question and one that cannot be answered solely based on short-term 

results, since at the end of the day like any engineering structure, what counts is the long-term 

performance of a railway track. This will be further analysed on chapter 4, where more detailed and 

complex long-term analyses will be performed with the most promising track cases identified. 
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Chapter 4 

Track Cases to Study and Optimize in a Long-term Perspective 

……………………………………………………………………………………………………………………………………………… 

4.1. Settlement Law Influence on Long-Term Analyses 

To summarize the previous chapter: it is indispensable to perform long-term analyses, and as said in the 

description of Dynavoie, it is necessary to have a settlement law for this, and so the first order in line 

must be to choose one. Therefore, this chapter begins with the justification for the settlement law used, 

its suitability to the objectives underlined in the Introduction, and the presentation of Dynavoie’s 

capabilities in performing long-term analyses. 

There are numerous considerations to bear in mind when choosing a settlement law, since this is a 

choice that will strongly affect any outcome from long-term tests. In chapter 2, a number of settlement 

laws were presented and characterized. They varied greatly in size, number and type of variables – 

whether they represented physical effects or not. Since Dynavoie has the capability – and it is one of its 

main strengths – of calculating physical effects being exerted onto the track as the train passes, it is 

logical that the settlement law used in long-term runs takes advantage of this, to simulate as realistically 

as possible the influence of the different track components on track settlement. Hence, a number of the 

settlement laws presented in tables 2.2, 2.3 and 2.4 are immediately excluded. 

The settlement law chosen as basis is the one developed by Guérin (1996) and Bodin (2001), which is 

given by the following expression, and whose values are listed in table 4.1: 

  

  
      (4.1) 

  
Table 4.1: Bodin-Guérin settlement law coefficients 

 Guérin Bodin 

α [mm/cycle]                     

β [-]           

 

There are many reasons for why this was the expression chosen to perform long-term analyses in 

Dynavoie. First of all, it has an already extensive use in the literature and other research works, which 

gives it credibility, despite not being developed for the train running speeds that are the focus of this 

dissertation. In addition, as it can be seen it has a variable associated to the elastic displacement of the 

sleeper, and this is something that is easily calculated in Dynavoie. 

Dynavoie performs long-term runs by adding an initial punctual defect to the track. Then as trains pass 

by this defect, it increases until it reaches a given defined limit, where the long-term run comes to an 

end. Therefore, one of the key features in long-term tests is the analyses of the initial defect’s 

progression over time, and the number of cycles it required to reach the defined limit. For this, both the 

initial defect and its limit must be defined beforehand. For the following set of long-term tests – and 

until said otherwise – an initial punctual defect of 0.5mm, and a limit of 1.5mm were set. The value for 

the initial defect was chosen to simulate an almost undeformed railway track – and so, be considered 

equivalent to the definition of “mean to peak value” in the European Norm EN13848-5:2008, where the 

mean can be considered equal to zero. For the limit of 1.5mm it is a value chosen specifically for the 

long-term tests performed in sub-chapter 4.3.1, where it is justified. Figure 4.1 shows the representation 

of the initial defect of the modelled railway track along its length. 
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Figure 4.1: Initial track defect used to perform long-term tests in Dynavoie 

Figures 4.2 and 4.3 show the settlement evolution for the reference track case using both the Bodin and 

Guérin settlement laws for a train running speed of 300 Km/h and 400 Km/h, respectively. As previously 

detailed, as shown in figure 4.1, the initial defect was added to the middle of the track, and the track 

settlement is always calculated in that point. Hence, the next two figures, and all those similar 

henceforth, represent the settlement progression over time on the middle of the track. 

 

Figure 4.2: Reference track case settlement evolution for a train running speed of 300 Km/h with the Bodin and 
Guérin settlement law 
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Figure 4.3: Reference track case settlement evolution for a train running speed of 400 Km/h with the Bodin and 
Guérin settlement law 

Although having the same expression and similar values, the Bodin and Guérin settlement law produce 

very different results. From figures 4.2 and 4.3 it can be seen that the settlement rate using the Bodin 

settlement law is roughly ten times higher than with the Guérin settlement law. 

Notwithstanding the substantial difference in the settlement rate obtained with both settlement law, it 

is noteworthy to point out that the geometric shape in which the modeled railway track settles is 

roughly the same, as can be seen in figures 4.4 and 4.5, for the train running speeds of 300 Km/h and 

400 Km/h, respectively. 

 

Figure 4.4 & 4.5: Track initial defect and final deteriorated configuration, for the reference track case with the Bodin 
and Guérin settlement laws, for a train running speed of 300 Km/h (left) and 400 Km/h (right) 
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Both figures display a clearly deteriorated railway track, at both the train running speed of 300 Km/h 

and 400 Km/h. Focusing on the middle of the track, where the initial defect was added, the track final 

configuration is similar with both settlement laws, though for different accumulated train passages. 

Recalling the only difference between each case is the settlement law used to calculate the settlement 

value as trains pass by. Although they have different values, they share the same mathematical 

expression nonetheless, which results in similar final configurations. This, however, cannot be said to 

the extremities of the railway track, in particular to the left side of each figure, where the track reaches 

settlement values higher than where the initial defect was added. Notwithstanding, this occurrences are 

disregarded in the long-term tests due to being the result of boundary effects for which the length of 

the track was defined as to not interfere with the middle of the track where the initial defect is added. 

Figure 4.6 now shows the total number of cycles required for the reference track case to reach 1.0mm in 

accumulated settlement with both the Bodin and Guérin settlement laws. 

 

 

Figure 4.6: Total number of cycles required for the reference track case to settle 1.0mm with the Bodin and Guérin 
settlement laws for train running speeds of 300 Km/h and 400 Km/h 

Figure 4.6 also clearly shows a reduction in the number of cycles required for the track to settle 1.0mm 

as the train running speed increases from 300 Km/h to 400 Km/h. Nonetheless, despite the considerable 

increase in train running speed, it appears to have a minimal effect on the settlement rate for both 

settlement laws. This, however, can be explained with the values of the sleeper elastic displacement 

presented for the short-term runs in tables 3.7 and 3.9. In fact, for the same increase in train running 

speed, the value for the short-term elastic displacement merely increased 8%. Figure 4.7 in turns shows 

the increase in value of sleeper elastic displacement in the middle of the track during the long-term runs 

for the running speeds of 300 Km/h and 400 Km/h, using the Bodin settlement law. 
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Figure 4.7: Evolution of sleeper elastic displacement in the reference track case for train running speeds of 
300 Km/h and 400 Km/h with the Bodin settlement law 

From the previous figure, two important remarks can be made. First, as the track settles the value of the 

sleeper elastic displacement barely increases over time, and secondly, its values are almost the same for 

both train running speeds. 

These results show that the model is working properly since the only variable introduced in the 

settlement law that reflects the track dynamic response at each passage, is the sleeper displacement, 

which in turn tends to increase slightly with both the train running speed as well as with the increase of 

track degradation. 

Notwithstanding, these results are not with agreement with the effect described in chapter 2 as 

dynamic amplification. In fact, at the speeds that these runs were performed, it was expected that the 

settlement rate would increase substantially. The reason for this lies in the variable used in the 

settlement law. As detailed in chapter 2 the main track component responsible for track settlement are 

not the sleepers, but the ballast layer. This is in accordance with the results shown in the previous 

chapter concerning short-term tests, where ballast acceleration would increase substantially with the 

increase of the train running speed. 

This being said, it is important to highlight the fact that the Bodin and Guérin settlement laws were 

obtained from laboratory tests with the intention of simulating much lower running speeds – up to 

250 Km/h. At those speeds the dynamic amplification effects on the track are not as relevant. 

Despite not having being used in the previous long-term test shown, Dynavoie also calculated the ballast 

acceleration in the track. Figure 4.8 shows the increase in ballast acceleration in the middle of the track 

during the long-term tests previously described for the running speeds of 300 Km/h and 400 Km/h. 
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Figure 4.8: Evolution of ballast acceleration in the reference track case for train running speeds of 300 Km/h and 
400 Km/h with the Bodin settlement law 

Figure 4.8 clearly shows the substantial increase in ballast acceleration with the degradation of the 

track. Nonetheless, these values must be interpreted carefully. It is not expected to have ballast 

accelerations in real railway tracks as high as the maximums that can be seen in figure 4.8 for when the 

track is reaching the settlement limit considered. Existent railway tracks, and especially high speed lines, 

are closely monitored and frequently maintained. This helps prevent the case that is considered in every 

long-term test here performed – that the railway track continuously deteriorates and is not intervened 

upon in order to be restored to its original condition. Notwithstanding, even if considering a track 

settlement value of half of the limit set for the long-term test, it can be seen in figure 4.8 that the ballast 

acceleration values are already double than for a undeformed track – this is, the beginning of the long-

term test. Such a steep increase in ballast acceleration cannot be ignored when dealing with track 

settlement. 

This brings into question the suitability of the Bodin-Guérin settlement law for such high speeds. 

However, far from intending to disregard it, this dissertation seeks to improve it – or in a more modest 

sense, to build on the vast research work and validation that both the Bodin and Guérin settlement laws 

have, and add a new variable to better predict track settlement at high speeds. 

For this reason, the new parameter to be introduced to the expression must accurately reflect the 

increase of effects being exerted onto the track at such high speeds and at the same time be 

representative of the most influential layer on track settlement – hence ballast acceleration. 

The new settlement law here proposed therefore has the following expression: 

            
 

         
 

 (4.2) 

Where: 

          – sleeper elastic displacement 

          - ballast acceleration 

       - empirical constants 

The next step before using this expression in Dynavoie is obviously determining the values of the 

empirical constants. These cannot be random values and therefore need to be calibrated in order that 

the expression makes sense in a realistic way. The next subchapter thus describes in full detail the 
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calibration process, its assumptions and limitations, and draws conclusions to its application in long-

term analyses on the influence of different components in track settlement. 

4.2. Calibration Process 

When calibrating a new mathematical expression with the intention of simulating a real event – in this 

case track settlement – having sufficient and accurate data is critical for the success of the enterprise. 

That, however, is not the reality for most cases and therefore limitations are imposed to what can be 

extrapolated from the results. The work in this dissertation is no exception, and it regards the amount of 

data that was able to be gathered for the calibration process. 

The purpose in this calibration process is to obtain a settlement law fit for high speeds, and that allows 

for the comparison of track settlement progression over long periods of time for different railway track 

designs. This will be achieved through variables, which reflect the track response – namely sleeper 

elastic displacement and ballast acceleration. The former comes from the Bodin-Guérin settlement law, 

and the latter was added to reflect the track dynamic response at high speeds. This will allow for 

comparative analyses of different track designs and to access the advantages of incorporating under 

sleeper pads in reducing track degradation. 

As detailed in the beginning of chapter 2 when the modeling of the reference track case was presented, 

this dissertation is based on laboratory works performed in CEDEX, Spain. Those works pertain to the 

evaluation of ballast fatigue curves for different track conditions at different speeds. Recalling 

figures 3.4 and 3.5, CEDEX Track Box is fitted with numerous sensors and is capable of simulating the 

equivalent of years of train passages through the use of hydraulic presses (Ferreira et al., 2018). Of the 

myriad of results produced in the continuous work in CEDEX, two particular measured results are of 

interest for the calibration process here intended. They consist in ballast fatigue curves obtained for 

different speeds – 300 Km/h and 360 Km/h – for the same railway track design, from which the 

reference railway track was modeled after. 

These ballast fatigue curves lie at the center of the calibration process. The settlement law was 

calibrated so that it would result in a similar settlement rate when used in the same conditions such as 

in CEDEX – track design, train characteristics, and running speed. 

Due to the inherent complexity of the calibration process, a decision was made to split the settlement 

law into two branches, and calibrate each to a ballast fatigue curve at a different speed. 

Figures 4.9 and 4.10 represent the ballast fatigue curves obtained in CEDEX measured for speeds of 

300 Km/h and 360 Km/h, respectively. 
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Figure 4.9: Ballast fatigue curve at 300 Km/h from experimental works in CEDEX, from CEDEX (2015)  

 

Figure 4.10: Ballast fatigue curve at 360 Km/h from experimental works in CEDEX, from Robles (2008) 

The ballast fatigue curve in figure 4.9 can be divided into two phases: a rapid exponential one, and a 

more linear one after. This is expected and was described in more detail in chapter 2, however, in a 

long-term perspective only the second one is of interest, given the first one being due to ballast 

consolidation. 

Figure 4.10 was obtained through a combination of different speeds, where the relevant part at 

360 Km/h is marked in blue. 

Given the objective of calibrating the settlement rate, a linear regression was chosen as a best fit for the 

ballast fatigue curves due to a high correlation coefficient (R
2
). 

Figures 4.11 and 4.12 represent the linear regression function for the ballast fatigue curves at 

300 Km/h (figure 4.9) and 360 Km/h (figure 4.10), respectively. 
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Figure 4.11: Linear regression function of the CEDEX ballast fatigue curve at 300 Km/h (figure 4.9) 

 

Figure 4.12: Linear regression function of the CEDEX ballast fatigue curve at 360 Km/h (figure 4.10) 

Table 4.2 summarizes the best fit linear regression equation and corresponding correlation coefficient 

(R
2
) for figures 4.11 and 4.12. 

Table 4.2: Parameters of the linear regression functions of the ballast fatigue curves from CEDEX 

Linear Regression 
Parameters 

300 Km/h 360 Km/h 

Equation                                     

R
2
             

 

The slope in the equations presented in table 4.2 represent the settlement rate of each ballast fatigue 

curve. It is noteworthy the difference for both speeds. These (underlined) values will be used to 

calibrate the parameters in the settlement law. Using Dynavoie to obtain a settlement curve similar to 

the ones presented in figures 4.2 and 4.3 with the reference track case at running speeds of 300 Km/h 

and 360 Km/h, the same procedure can be applied. This will result in a best fit linear regression 

equation, with a slope equal to those in table 4.2. However, to obtain said settlement curves from 

Dynavoie, a settlement law is needed. This means that the calibration process is an iterative process, 



42 
 

where the slope from the best fit linear regression equation calculated for each settlement curve is 

compared to the values in table 4.2. The parameters in the settlement law are then adjusted accordingly 

until both slopes from the ballast fatigue curves from CEDEX and the settlement curve from Dynavoie 

match. 

This procedure was replicated, until the slopes from the settlement curves obtained in Dynavoie 

matched those from the CEDEX experimental ballast fatigue curves. Figures 4.13 and 4.14 show the 

settlement curves obtained in Dynavoie, representing the end of the iterative process, for running 

speeds of 300 Km/h and 360 Km/h. In each figure it is also represented the linear regression function 

best fitted for each settlement curve (dotted line). 

 

Figure 4.13: Settlement curve from Dynavoie and corresponding linear regression function at a running speed of 
300 Km/h 

 

Figure 4.14: Settlement curve from Dynavoie and corresponding linear regression function at a running speed of 
360 Km/h 

Table 4.3 summarizes the best fit linear regression equation and corresponding correlation coefficient 

(R
2
) for figures 4.13 and 4.14. 
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Table 4.3: Parameters of the linear regression functions of the settlement curves from Dynavoie 

Linear Regression 
Parameters 

300 Km/h 360 Km/h 

Equation                                     

R
2
             

 

As displayed in table 4.3, the slopes obtained from the ballast fatigue curves from CEDEX and the 

settlement curves from Dynavoie are fairly close, as can be seen by the low values of the relative 

difference calculated for each speed in table 4.4. 

Table 4.4: Relative difference between slopes of the experimental and calibrated settlement curves 

Linear Regressions 300 Km/h 360 Km/h 

Relative Difference               

 

Finally, the newly calibrated settlement law can be presented: 

 
                    

            
   

                    
            

   
  
                     

 
                    

 (4.3) 

 

Both branches of the settlement law were considered valid for a range of speeds, to allow for a more 

extensive use in the following sub-chapters. As can be seen, both branches of the settlement law are 

very similar to each other, having only one different parameter – alpha. The parameter is, in regard to 

the settlement law, a mere scale factor. It can be seen that it has a higher value for the second branch, 

as the settlement rate is expected to be higher with the increase in train running speed. The remaining 

two parameters – beta and gama – on the other hand are the powers to the variables which reflect the 

track response, and so different values would mean a higher or lower contribution from these same 

variables in calculating track settlement. 

This calibration process and the resulting settlement law are not without its limitations. Both 

parameters – beta and gama – were not in fact calibrated but arbitrated. Given the insufficient amount 

of experimental data available, only the settlement rate was calibrated in the settlement law. 

Nevertheless, these two parameters’ value are not random, and they intend to reflect the relative 

importance that sleeper elastic displacements and accelerations on the ballast layer have regarding 

track settlement, as described in chapter 2. 

Given that the focus was in calibrating the settlement rate with that of the ballast fatigue curves from 

CEDEX, it means that the correspondence between the values for number of cycles (as already 

presented as a defining feature of long-term test analyses) and years was not calibrated. This is 

exemplified in figure 4.15. 
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Figure 4.15: Representation of the calibration of the settlement law 

Notwithstanding, the settlement law as calibrated as such that for the same test conditions and track 

case, the resulting value of total number of cycles required for the track to settle a specific amount 

would be similar to that obtained with the Bodin-Guérin settlement law. Despite the different results 

obtained with both settlement laws – as shown in figure 4.6 – there was the intention of obtaining 

values of number of cycles of approximately the same order of magnitude with the new calibrated 

settlement law, so as to better support the results obtained with it. 

The next sub-chapter will then compare the new calibrated settlement law with both the Bodin and 

Guerin settlement laws. 

4.2.1. Settlement Laws Comparison 

Having the new settlement law calibrated, the first step is then to compare it with the settlement laws 

in which it was based on, allowing for a better characterization of the new settlement law. 

Table 4.5 presents the new calibrated settlement law and the Bodin and Guérin settlement laws. 

Table 4.5: Settlement Laws 

Reference Settlement Law 

Guérin (1996)                     
     

Bodin (2001)                     
     

Calibrated Settlement Law 
                    

            
                      - 1

st
 branch 

                    
            

                      - 2
nd

 branch 

 

Despite similar at first there is a key difference in the settlement laws presented that needs to be 

analysed and explained. It pertains the order of magnitude of the constants used. In both the Bodin and 

Guérin settlement laws both of them are of the same order of magnitude, however, the same is not true 

when considering the newly calibrated one. The reason for this is related to what was said in the 

description of the calibration process. The constants beta and gama, which are the powers of the 

sleeper elastic displacement and ballast acceleration respectively, were arbitrated. Nevertheless, their 

values are not random, and have two main reasons to be as such. The first one is to try to convene the 

relative importance of the sleeper elastic displacement and ballast acceleration in track settlement, and 
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so their difference followed what was presented in chapter 2. The second reason was due to 

computation times. In fact, higher values for both constants would substantially increase the 

computation time require for each long-term run in Dynavoie, hence the reason for the order of 

magnitude to be lower than that in the Bodin and Guérin settlement laws. The order of magnitude of 

the parameter alpha was then what resulted from the calibration process. 

For these reasons, any comparison between the settlement laws is limited. Notwithstanding, it is still 

important to have them in consideration when using the new settlement law, given the extensive use 

and recognition they have in the existing literature. Figures 4.16 and 4.17 show a 1.0mm settlement 

evolution using the reference track case with the three settlement laws considered for the running 

speeds of 300 Km/h and 400 Km/h, respectively. 

 

Figure 4.16: Reference track case settlement evolution for a train running speed of 300 Km/h with the Bodin, Guérin 
and the first branch of the calibrated settlement law 

 

Figure 4.17: Track case settlement curve for a evolution running speed of 400 Km/h with the Bodin, Guérin and the 
second branch of the calibrated settlement law 

From figures 4.16 and 4.17 it can be noted that both the Bodin and Guérin settlement laws result in a 

more linear settlement rate curve; with the new settlement law, however, the settlement rate curve has 

an exponential shape. When thinking on track settlement evolution over time at such high speeds, it is 

expected that the more deteriorated the track is the faster it deteriorates. This indicates that the new 

settlement law produces more realistic settlement curves than the Bodin and Guérin settlement laws for 
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this range of train running speeds. The reason for this lies in the mathematical expression and the 

variables considered for each settlement law. In the Bodin and Guérin settlement laws the only variable 

which reflects the track response is the sleeper elastic displacement, which as was shown is less affected 

by speed than ballast accelerations, which present an exponential increase with train passages. This 

remark serves also to highlight the expected behavior of the new settlement law given what was known 

of the new variable introduced. 

Figure 4.18 is related to the same long-term runs as previously described, and presents the total number 

of cycles required for the track to settle 1.0mm for both train running speeds. 

 

 

Figure 4.18: Total number of cycles required for the reference track case to settle 1.0mm with the Bodin, Guérin 
and the calibrated settlement law at the train running speed of 300 Km/h and 400 Km/h 

This figure is similar to figure 4.6, adding now the total number of cycles for the new calibrated 

settlement law. It also makes much clearer the difference in the settlement progression with the new 

calibrated settlement law. As previously said, with both the Bodin and Guérin settlement laws the 

reference track case would need a similar number of train passages to achieve the same settlement limit 

for the running speeds of 300 Km/h and 400Km/h; which is not in accordance with what is known for 

such a substantial increase of train running speed at already high speeds. In turn, with the new 

settlement law there is a clear decrease of the value of total number of cycles with the increase in the 

train running speed, as confirmed by experimental results. 

Notwithstanding, it is always important to highlight that the Bodin and Guérin settlement laws were not 

designed to be used with these speeds. This means that the comparisons previously made between the 

Bodin and Guérin settlement laws and the new calibrated one must be made not as critic of any 

shortcoming of those, but rather as a justification for why the need to calibrate a new settlement was 

felt. Ultimately, any credibility that the new settlement law has, regarding its mathematical expression, 

lies precisely because it is build upon the Bodin-Guérin settlement law. 
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With the settlement law now calibrated, the next sub-chapter will focus on comparing different track 

cases and access any improvements to the railway track long-term performance at high speeds, with the 

use of the calibrated settlement law. 

4.3. Track Design Optimization for Reduced Degradation 

As previously described in chapter 2, researchers and railway engineers alike have defended – and field 

experiments corroborated – that certain combinations of railpads together with under sleeper pads help 

reduce long-term track degradation. However, there has not been an extensive campaign of numerical 

long-term analyses necessary in order to fully grasp this potential and optimize its use. Obviously, that is 

not going to happen on the next pages, but the results presented next will show that potent numerical 

models like Dynavoie can corroborate the effectiveness of combinations of railpads with under sleeper 

pads in a long-term perspective. 

Table 4.6 summarizes every track case to be tested in this sub-chapter and its characteristics, and is 

divided into three groups. In the first one, only track cases with railpads are treated. The tracks in the 

second and third group contain under sleeper pads and are divided regarding the stiffness of their 

railpad – the track cases in group 2 have a railpad stiffness of 40 KN/mm, and in group 3 of 60 KN/mm. 

Table 4.6: Track cases to be tested in a long-term perspective 

Track Case 
Solutions at Test 

Resilient Element 
Properties 

Kpad Kusp 

[KN/mm] [KN/mm] 

Reference Case 100 - 

M(40;-) 40 - 

Group 1 M(60;-) 60 - 

M(150;-) 150 - 

M(40;60) 40 60 

Group 2 M(40;80) 40 80 

M(40;100) 40 100 

M(60;60) 60 60 

Group 3 M(60;80) 60 80 

M(60;100) 60 100 

 

This sub-chapter will be divided into two sections – the first one will analyse all three group previously 

described, and the second one will focus on the track cases that outperform the reference track case 

regarding its long-term settlement behavior. Every long-term run in this section will be performed with 

an initial punctual defect of 0.5mm and a limit of 1.5mm. 

The value for the initial defect has already been explained. Regarding its limit, it is due to the 

comparative analyses performed hereafter. The objective will be to compare different track cases, and 

so more important than the absolute value of the total number of cycles required for each track to 

settle a certain amount, it is more important to compare in relative terms those same values obtained 

for different track cases. Figure 4.19 shows the settlement curves for the reference track case at 

300 Km/h and 400 Km/h, with an initial punctual defect of 0.5mm and a limit of 3.5mm  
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Figure 4.19: Track case settlement evolution with the calibrated settlement law for train running speeds 
of 300 Km/h (first branch) and 400 Km/h (second branch) 

Figure 4.19 shows that track settlement has an earlier exponential increase, until becoming linear. This 

occurs roughly up to values of track settlement of 1.5mm marked with a cross. Hence this being the limit 

chosen – a lower value and it would affect the ratio between the value for number of cycles between 

both running speeds, thus compromising any conclusion, and a higher limit would increase the 

computation time required for each long-term test without adding relevant information to the objective 

in hand. 

4.3.1. Analysis of Results for Simulations of Different Track Design Solutions 

 Group One 

The first group of track cases to be tested in a long-term perspective contains only modifications to the 

railpad stiffness. Recalling the short-term values presented in the previous chapter, the results in a long-

term perspective should show improvements in reducing track degradation when using softer railpads, 

which reduce instantaneous track vibrations. When the stiffness of the railpad is reduced both the 

ballast acceleration and sleeper elastic displacement would decrease. Given that these are the two track 

response variables included in the settlement law, it is expected that both track cases with lower railpad 

stiffness present a lower settlement progression. 

Figures 4.20 and 4.21 show the evolution of track settlement over time for the track cases considered 

for train running speeds of 300 Km/h and 400 Km/h, respectively. 



49 
 

 

 

Figure 4.20: Settlement evolution of the reference track case, with modifications to the stiffness of the railpad for a 
train running speed of 300 Km/h with the first branch of the calibrated settlement law 

 

 

Figure 4.21: Settlement evolution of the reference track case, with modifications to the stiffness of the railpad for a 
train running speed of 400 Km/h with the second branch of the calibrated settlement law 

Both figures show exactly what was expected. Both the track cases M(40;-) and M(60;-) resulted in 

higher values of number of cycles required to settle 1.0mm – meaning that these track cases have a 

lower settlement rate, with the former having the lowest. Figure 4.22 displays the total number of 

cycles for each track case for both running speeds considered. 
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Figure 4.22: Total number of cycles required for the reference track case, with modifications to the stiffness of the 
railpad to settle 1.0mm with the calibrated settlement law for train running speeds of 300 Km/h (first branch) and 

400 Km/h (second branch) 

From the previous figure, it can be noted that changing the railpad stiffness has a great influence on the 

long-term performance of the railway track. Nonetheless, that influence seems to diminish with the 

increase of the train running speed.  

As important as analysing the evolution of the track settlement over time, is to analyse the evolution of 

ballast acceleration, shown in figures 4.23 and 4.24. 

 

 

Figure 4.23: Maximum ballast acceleration evolution of the reference track case, with modifications to the stiffness 
of the railpad for a train running speed of 300 Km/h with the first branch of the calibrated settlement law 
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Figure 4.24: Maximum ballast acceleration evolution of the reference track case, with modifications to the stiffness 
of the railpad for a train running speed of 400 Km/h with the second branch of the calibrated settlement law 

Again, the two figures presented are what was to be expected regarding the evolution of ballast 

acceleration. The relationship of their curves is similar to the ones of track settlement since the sleeper 

elastic displacement barely increases over time and it is ballast acceleration that is mostly responsible 

for the track settlement evolution. 

Some other important remarks can also be made about these two figures. It is important to highlight the 

high values that ballast acceleration takes for every track case, in the end of each run. As was already 

mentioned, it is not expected for ballast acceleration to take such high values due to maintenance 

operations. However, even considering the evolution of ballast acceleration for the beginning of each 

long-term run, there are considerable differences between the track cases tested. Both the track cases 

M(40;-) and M(60;-) have an initial slope much lower than the reference track case, which indicates that 

in a real railway track its values of ballast acceleration can increase rapidly with the degradation of the 

track, unless specific correction measures are taken. Lowering the railpad stiffness can help soften that 

effect and so decrease the need for more maintenance operations. 

Nevertheless, there is still another condition that needs to be taken into account, not previously 

mentioned and that is directly related to the previous statement. Softer railpads tend to lower the 

settlement rate of a track, but also lower its overall stiffness, which leads to several other problems, 

such as the ones already described in chapter 2. This is the case with the track case M(40;-), that despite 

presenting a lower settlement rate when compared to the other track cases, it is also likely to have the 

greatest negative side effects not accounted for in this analysis. 

In conclusion, one track case stands out of the group – M(60;-). 

 Group Two 

The second group of track cases to be tested counts an extra resilient element introduced at a deeper 

level – under sleeper pads. There are three different track cases all with a railpad stiffness of 40 KN/mm 
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and the under sleeper pad stiffness varies between the values of 60 KN/mm, 80 KN/mm and 

100 KN/mm. 

Unlike the previous group, this analysis is not that straightforward. In chapter 3 it was discussed the 

intricacies and complexities of introducing under sleeper pads and their performance in short-term runs. 

It was also shown that introducing under sleeper pads would result in improvements to the ballast layer 

and worsening of the effects exerted on the sleepers. However, introducing under sleeper pads has far 

more reaching impacts than what can only be observed with short-term tests. 

Notwithstanding, this analysis could not start in any other way than by answering what was left 

wondered in the end of chapter 3 – if the reductions in ballast acceleration would be enough to counter 

the higher sleeper elastic displacement that were recorded. Figures 4.25 and 4.26 show the evolution of 

the track settlement over time for the running speeds of 300 Km/h and 400 Km/h, respectively. 

 

Figure 4.25: Settlement evolution of the reference track case, considering a railpad stiffness of 40 KN/mm and 
varying stiffness of under sleeper pads, for a train running speed of 300 Km/h with the first branch of the calibrated 

settlement law 

 

Figure 4.26: Settlement evolution of the reference track case, considering a railpad stiffness of 40 KN/mm and 
varying stiffness of under sleeper pads, for a train running speed of 400 Km/h with the second branch of the 

calibrated settlement law 
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From figures 4.25 and 4.26 it is clear the answer for the previous question – every track case with under 

sleeper pad outperformed the reference track case, and presents a lower settlement rate for both 

speeds tested, delaying degradation progression. In both figures it is also clear that all three track cases 

with under sleeper pads tested have a very similar behavior in a long-term perspective regarding track 

settlement, with the track case M(40;80) having a slightly better performance than the others. This is 

true not only for track settlement but also regarding the evolution of ballast acceleration. 

Notwithstanding, apart from comparing these three track case between themselves it is also important 

to compare them with the reference track case. Figures 4.27 and 4.28 show the values of ballast 

acceleration along the track in the beginning and end of the long-term tests for the reference track case 

and track case M(40;80), for the running speeds of 300 Km/h and 400 Km/h, respectively. 

 

Figure 4.27: Ballast accelerations along the track in the beginning and end of the long-term test with the reference 
track case and track case M(40;80) for a train running speed of 300 Km/h with the first branch of the calibrated 

settlement law 

 

Figure 4.28: Ballast accelerations along the track in the beginning and end of the long-term test with the reference 
track case and track case M(40;80) for a train running speed of 400 Km/h with the second branch of the calibrated 

settlement law 

Before analysing the two figures presented a more detailed description is in order. Firstly, the values of 

ballast acceleration for the beginning of the long-term test are similar but not equal to the short-term 
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values presented in chapter 3. This is due to the fact that in long-term tests the track has already an 

initial defect that was not considered in the short-term runs. The number on the   axis represent the 

number of slices used to model the track, as detailed in the beginning of chapter 2. It was also said in 

the same description of Dynavoie that the settlement calculated is in the middle of the track. This is 

important to state, because as is can be seen in the aforementioned figures the maximum values of 

ballast acceleration does not occur in the middle of the track, but in its extremities. As already stated 

when analyzing figures 4.4 and 4.5, Dynavoie also has boundary condition problems, which is what is 

depicted in figures 4.27 and 4.28. Nonetheless, these problems do not affect the middle track slice – this 

is guaranteed by the number of slices that was calibrated in order to avoid this issue. 

With this explanation clarified, the analysis of these figures becomes easier. Focusing on the middle of 

the track it is immediate to see that the reference track case begins with higher values of ballast 

acceleration than the track case M(40;80), which is in accordance with the short-term values already 

presented. Important to note, however, is that in the end of the long-term run the value of ballast 

acceleration in the reference track case is almost double than that of the track case M(40;80). 

It is clear by now that all three track cases containing under sleeper pads and a railpad stiffness of 

40 KN/mm have a better long-term performance when compared to the reference track case, and a 

significant one. Notwithstanding, for a more comprehensive analysis of the benefits of adding under 

sleeper pads to a railway track, it is necessary not only to compare it with the reference track case, but 

also with the track case M(40;-) – that is, a track case with the same railpad stiffness but without under 

sleeper pads. Figure 4.29 shows the total number of cycles required for the track cases considered to 

settle 1.0mm. The reference track case also appears in this figure to better contextualize the results 

presented, given the focus in now to comparing the track cases with under sleeper pad to the track case 

M(40;-). 

 

 

Figure 4.29: Total number of cycles required for the reference track case, considering a railpad stiffness of 
40 KN/mm and varying stiffness of under sleeper pads, to settle 1.0mm with the calibrated settlement law for train 

running speeds of 300 Km/h (first branch) and 400 Km/h (second branch) 
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Analysing figure 4.29, what seemed simple to conclude before, now becomes more complex. In this set 

of track cases, the one with better long-term perspective regarding track settlement appears to be the 

track case without under sleeper pads – track case M(40;-). This brings to question whether or not is 

actually more beneficial to introduce under sleeper pads or merely to reduce the railpad stiffness. This, 

however, would be a misleading conclusion.  

Focusing in turn on the track cases M(40;-) and M(40;80), table 4.7 contains the short-term values of 

ballast acceleration and sleeper elastic displacement already presented in the previous chapter. 

Table 4.7: Short-term values for track cases M(40;-) and M(40;80) 

Track Case 
solutions at 

Test 

Resilient Element 
Properties 

Max Sleeper 
Displacement 

[mm] 

Max Ballast 
Acceleration 

[m/s
2
] 

Kpad Kusp 300 
Km/h  

400 
Km/h 

300 
Km/h 

400 
Km/h [KN/mm] [KN/mm] 

M(40;-) 40 - -0.262 -0.283 1.37 2.67 

M(40; 80) 40 80 -0.496 -0.556 1.73 2.96 

 

From table 4.7 it can be seen that the track case M(40;80) presents higher values of both sleeper elastic 

displacement and ballast acceleration, for both running speeds considered, bringing into question then 

how did these two track cases ended with such a similar long-term settlement behavior. This can be 

explained by the evolution of ballast accelerations. In fact, its increase was lower for the track case 

M(40;80) than for M(40;-) – it increases approximately 1.7 times for the former, and 1.9 for the latter. 

This suggests a potential better performance in a long-term perspective for the track case M(40;80), 

that could have been more apparent given different parameters for the long-term tests. 

In conclusion of the analyses performed in this group: all three track cases tested with under sleeper 

pads outperformed the reference track case in terms of reducing both the track settlement and also the 

increase of ballast accelerations over time. However, none of these track cases had a lower settlement 

rate than that of the track case with the same railpad stiffness but without under sleeper pads – track 

case M(40;-). For the next sub-chapter where all the best performing track cases from the three groups 

will be compared, the track case M(40;80) will be selected from this second group, given its better long-

term performance when compared to the remaining track cases of the same group. 

 Group Three 

For the third and final group, the track cases to be tested are similar to the ones on the previous group, 

except that the railpad stiffness is 60 KN/mm. 

The analyses hereafter performed for this third group will be, inevitably, similar to the one performed 

for the second group. Figures 4.30 and 4.31 show the track settlement evolution for the track cases 

considered, for the running speeds of 300 Km/h and 400 Km/h, respectively. 
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Figure 4.30: Settlement evolution of the reference track case, considering a railpad stiffness of 60 KN/mm and 
varying stiffness of under sleeper pads, for a train running speed of 300 Km/h with the first branch of the calibrated 

settlement law 

 

 

 

Figure 4.31: Settlement evolution of the reference track case, considering a railpad stiffness of 60 KN/mm and 
varying stiffness of under sleeper pads, for a train running speed of 400 Km/h with the second branch of the 

calibrated settlement law 
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Again, the track cases tested with under sleeper pad all present a similar settlement rate, especially for 
the running speed of 400 Km/h. They also have a better long-term performance regarding track 
settlement than the reference track case – given by the higher number of cycles required for each track 
to settle 1.0mm. 

Following the same methodology as before, figure 4.32 presents the total number of cycles obtained 

from the previous figures, for the track cases considered, adding the track case M(60;-). 

 

 

Figure 4.32: Total number of cycles required for the reference track case, considering a railpad stiffness of 
60 KN/mm and varying stiffness of under sleeper pads, to settle 1.0mm with the calibrated settlement law for train 

running speeds of 300 Km/h (first branch) and 400 Km/h (second branch) 

The figure presented shows that for the track cases analysed in this group, there is a clear and 
unequivocally benefit in adding under sleeper pads. For the running speed of 300 Km/h there are two 
track cases with under sleeper pads that outperform both the reference track case and the track case 
M(60;-) – that is, track cases M(60,60) and M(60;80). For the running speed of 400 Km/h only the former 
does. 

Despite short, the last paragraph is of the outmost importance. The scope and objective of this 

dissertation was to analyse and access the potential benefits of adding under sleeper pads in order to 

reduce track settlement and ultimately reduce maintenance needs. Despite all the shortcomings or 

limitations of the analyses here performed, figure 4.32 gives a positive indication to this question. 

However, it is not sufficient to state these results without further analysing them. 

Moving on to the task at hands, it is important to ascertain why the track case M(60;60) has higher 

values of total number of cycles than the track case M(60;-) for both running speeds, and the reason 

why for the track case M(60;80) the same only happens for the running speed of 300 Km/h. For this, it is 

necessary to recall the short-term values calculated for this three track cases – presented in table 4.8. 
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Table 4.8: Short-term values for track cases M(60;-), M(60;60) and M(60;80) 

Track Case 
solutions at 

Test 

Resilient Element 
Properties 

Max Sleeper 
Displacement 

[mm] 

Max Ballast 
Acceleration 

[m/s
2
] 

Kpad Kusp 300 
Km/h  

400 
Km/h 

300 
Km/h 

400 
Km/h [KN/mm] [KN/mm] 

M(60; -) 60 - -0.277 -0.299 1.76 3.40 

M(60; 60) 60 60 -0.622 -0.635 1.93 3.48 

M(60;80) 60 80 -0.522 -0.575 1.78 3.51 

 

At first glance, the values in table 4.8 seem to completely contradict the results previously presented. 
Not only the track case M(60;-) presents lower values of sleeper elastic displacement and ballast 
acceleration for both speeds considered, but also the track case M(60;80) has also lower values than 
track case M(60;60) – at least for the running speed of 300 Km/h that is. 

In the analysis of the previous group, it was shown how merely focusing on the short-term results could 

create false long-term expectations. This is clear for the track cases in this group, and can be seen in 

figures 4.33 and 4.34 where the evolution of ballast acceleration over time is depicted, for the running 

speeds of 300 Km/h and 400 Km/h, respectively. 

 

 

Figure 4.33: Ballast acceleration evolution of the reference track case, considering a railpad stiffness of 60 KN/mm 
and varying stiffness of under sleeper pads, for a train running speed of 300 Km/h with the first branch of the 

calibrated settlement law 
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Figure 4.34: Ballast acceleration evolution of the reference track case, considering a railpad stiffness of 60 KN/mm 
and varying stiffness of under sleeper pads, for a train running speed of 400 Km/h with the second branch of the 

calibrated settlement law 

From the analysis of figures 4.33 and 4.34 it can be seen that even with higher values of ballast 
acceleration in short-term, both track cases containing under sleeper pads end up with lower ballast 
acceleration values. This can be seen specially in figure 4.33 for the running speed of 300 Km/h. This 
means that not only under sleeper pads help reduce track settlement over time, but also reduce the 
rate of which ballast acceleration increases over time and as the track itself deteriorates. Moreover, as 
mentioned several times already in this dissertation, the two phenomena are intrinsically related with 
each other. Hence the overall good performance of all track cases containing under sleeper pads not just 
in this group of track cases but also in the second group. This fact was already pointed out in chapter 2, 
that some researchers had described the good long-term performance of railway tracks with under 
sleeper pads – these results merely confirm those statements. 

Notwithstanding, if figure 4.33 helped made the previous point clearer, figure 4.34 on the other hand 

adds yet another layer of complexity to this analysis. If the track case M(60;80) ended the long-term run 

at 400 Km/h with lower values of ballast acceleration than the track case M(60;-), why didn’t it also had 

a lower settlement rate? 

Throughout this sub-chapter, the focus in analysing track settlement has been mainly regarding ballast 

acceleration. The reason for this is because, the ballast layer – and more specifically ballast accelerations 

– is the main responsible for track settlement at high speeds. Nevertheless, the settlement law chosen 

and calibrated includes not only ballast acceleration but also sleeper elastic displacements. This too, has 

a reason to be. While of far less importance, sleeper elastic displacements also play a role in track 

settlement – hence the track response variable chosen to characterize it in the Bodin-Guérin settlement 

laws. 

Figure 4.35 shows the evolution of the middle sleeper elastic displacement over time for a running 

speed of 400 Km/h for the track cases M(60;-) and M(60;80). 
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Figure 4.35: Sleeper elastic displacement evolution of the track cases M(60;-) and M(60;80) for a train running 
speed of 400 Km/h with the second branch of the calibrated settlement law 

Figure 4.35 explains why the track case M(60;80) had a higher settlement rate than M(60;-) at 400 Km/h 

while ending the long-term run with lower ballast accelerations. Simply putting it, the higher values of 

sleeper elastic displacements were such that caused the track case M(60;80) to deteriorate at a faster 

rate than track case M(60;-). 

This conclusion highlights one of the shortcomings of the new settlement law described during its 

calibration process description. For all the hard work put on calibrating the settlement law with the data 

provided by CEDEX, there was not any that allowed for the calibration of the parameters beta and gama. 

Recalling, these parameters are responsible for the relative weight that the variables ballast acceleration 

and sleeper elastic displacement have in the settlement law. This means that even a slightly different 

calibrated settlement law might have resulted in track case M(60;80) ending with a lower settlement 

rate than track case M(60;-) at 400 Km/h. Nevertheless, a significant difference in results would not be 

expected.  

Notwithstanding, as for the scope of this dissertation, it is fair to conclude that the track case M(60;80) 

is a very promising one in terms of long-term behavior, and one to be further analysed in the next 

subchapter, alongside the track case M(60;60) and the others previously selected from the first two 

group of track cases. 

4.3.2. Track Design Optimization 

The previous subchapter analysed, in depth, a total number of nine track cases, while at the same time 

comparing them to the reference track case. They were divided into three groups for a better 

characterization and analysis. Nevertheless, this dissertation’s objective lies in selecting the most 

promising track cases when compared to the reference track case, regarding long-term behavior, which 

makes it necessary for a comparison between all alternatives. Doing this with 10 cases in total would 

have lead to an unnecessarily more complex analysis, given the possibility to select the best ones from 

each group. As expressed in the Introduction, this dissertation also has a specific focus on under sleeper 
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pad, hence the numerous track cases tested containing under sleeper pads, and the reason why the 

majority of track cases selected for the analysis hereafter contains under sleeper pads. 

The track cases selected for this subchapter are detailed in table 4.9, alongside the total number of 

cycles each track required to achieve 1.0mm in accumulated settlement, starting from a 0.5mm 

punctual defect. 

Table 4.9: Selected track cases and their correspondent value of total number of cycles required to settle 1.0mm 

Track 
Case 

solutions 
at Test 

Resilient Element 
Properties 

Total number of cycles 
required to settle 1.0mm 

Kpad Kusp 
300 Km/h  400 Km/h 

[KN/mm] [KN/mm] 

Reference 
Case 

100 -                   

M(60;-) 60 -                   

M(60;60) 60 60                   

M(60;80) 60 80                   

M(40;80) 40 80                   

 

Figure 4.36 represents the total number of cycles each track required to settle 1.0mm, where the values 

displayed represent the relationship between each track case respective value and the reference track 

case. 

 

 

Figure 4.36: Total number of cycles required for the reference track case, with modifications to the 
stiffness of the railpad and with under sleeper pads to settle 1.0mmwith the calibrated settlement law for 

train running speeds of 300 Km/h (first branch) and 400 Km/h (second branch) 

From figure 4.36 two observations can be made. First, that the track cases with the highest values of 

total number of cycles are the ones with under sleeper pads. Secondly, the increase in train running 

speed from 300 Km/h to 400 Km/h, despite having a tremendous impact in settlement progression for 

each track case, appears to affect them all equally. 
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Notwithstanding, as was already pointed out previously, these observations must be carefully analysed, 

since they may lead to erroneous conclusions. Due to the shortcomings of the calibrated settlement law, 

it is necessary to fully dwell into the long-term tests to better distinguish what can be directly concluded 

and what could be expected to change, given a settlement law calibrated with even more long-term 

data. 

Starting from what was the beginning of chapter 3, figure 4.37 relates the number of cycles previously 

mentioned with the short-term ballast acceleration values from tables 3.7 and 3.9, for train running 

speeds of 300 Km/h and 400 Km/h.  

 

Figure 4.37: Relationship between short-term ballast acceleration and the total number of cycles required 
to settle 1.0mm with the calibrated settlement law for train running speeds of 300 Km/h (first branch) and 

400 Km/h (second branch) 

Figure 4.37 correlates the total number of cycles obtained for each track case, with its expectation from 

the ballast acceleration short-term results. It is undeniable that lower short-term ballast accelerations 

correspond to a higher number of cycles – and hence, a lower settlement progression. However, that 

assertion is not completely straightforward as this correlation varies greatly between the two running 

speeds presented. Notwithstanding, there is another important remark to highlight from figure 4.37 

when looking at the 300 Km/h curve, and that was the basis of the justification for performing long-term 

tests  and not just short-term analyses – lower values of ballast acceleration in a non-deteriorated track 

do not immediately imply a lower settlement rate. This in turns implies that, when considering the track 

case M(60;-), adding under sleeper pads enhances the railway track long-term behavior regarding track 

settlement, even if it slightly increases ballast acceleration when considering an undeformed track for a 

running speed of 300 Km/h. 

Notwithstanding, up until now, every long-term test was made with the same initial defect – a punctual 

defect of 0.5mm – and a settlement increase of 1.0mm. As the objective so far was to compare the long-

term behavior of different track cases regarding track settlement, this simple defect was more than 

enough. Nevertheless, there is now the necessity of varying the long-term test conditions in order to 

strengthen the conclusions presented by showing that there in fact a benefit in adding under sleeper 

pads to a railway track, and that the previous results were not dependent on those specific conditions. 

This being said the approach taken in the rest of this last sub-chapter will be different. With the selected 
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track cases, the analyses performed hereafter will consist in changing the conditions of the long-term 

tests itself, with the objective of testing the validity of the remarks previously made. These changes will 

consist in changing on the one hand the track initial defect, and on the other, the settlement law. 

4.3.2.1. Altering the Track Initial Defect 

As already detailed and previously justified, the track initial defect and its limit – needed for Dynavoie to 

perform long-term tests – were chosen to allow for trustworthy results and having low computation 

times given the higher number of track cases to study. However, it is also important to consider more 

realistic conditions to be tested. Considering the alert values for track maintenance intervention in 

table 2.1, three more different long-term test conditions were set, which are characterized in table 4.10. 

Table 4.10: Long-term test conditions 

Long-term Test 
Conditions 

Initial Track Defect 
Settlement Limit 

[mm] 
Number of Sleepers 

Affected 
Settlement Value 

[mm] 

Test 1 4 0.5 1.5 

Test 2 7 1.5 5.0 

Test 3 4 4.0 6.0 

Test 4 4 0.5 3.5 

 

In the table above the test case named test 1 represents the test conditions already used previously in 

this chapter. Test 4 has the same initial track defect as test 1, with the only exception being the 

settlement limit, which is set in 3.5mm. Long-term runs with this conditions have already been 

presented – figure 4.19 – in a justification on why this additional settlement was not necessary for the 

comparative analysis being made. Nonetheless it will be used again, albeit for only a very specific 

purpose, later on, hence the reason to the detailed in table 4.10. 

Figure 4.38 shows the shape of the different initial track defects presented in the aforementioned table. 

 

 

Figure 4.38: Comparison between initial track defects used in long-term tests in Dynavoie 
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In the presented figure the three different initial track defects can easily be differentiated. When 

compared to test 1 used until now, both tests 2 and 3 simulate a more deteriorated railway track. Test 2 

has a slightly higher initial settlement – an increase of just 1.0mm – and has a longer longitudinal 

wavelength, while test 3 translates to a more severe punctual track defect with higher amplitude. 

It is also important to point out, that these long-term test conditions, while serving the purpose of 

significantly changing the parameters of the tests conducted, also imply computation times around 

three times higher than before. This meant a limitation on the number of long-term tests run with these 

different cases, which will be limited to a train running speed of 300 Km/h, and a particular one 

at 350 Km/h – made with the same mathematical expression of the calibrated settlement law as for 

300 Km/h. 

Figure 4.39 shows the long-term settlement evolution for the track cases in question for a running speed 

of 300 Km/h, with the test conditions 2 and 3 previously described. 

 

 

Figure 4.39: Settlement evolution of the reference track case, with modifications to the stiffness of the 
railpad and with under sleeper pads for a train running speed of 300 Km/h with the first branch of the 

calibrated settlement law for long-term test conditions 2 and 3 

Figure 4.39 displays the settlement evolution for the tracks cases considered in this sub-chapter 

obtained from two different set of initial conditions previously characterized. When comparing the 

results obtained with the ones already analysed with test 1 of the long-term test conditions, there are 

some similarities important to highlight. First of all, the reference track case remains the one with the 

highest settlement rate, and the track case M(40;80) outperforms the rest. This remark is consistent 

with the conclusions already pointed out. 

It is also noteworthy single out that despite the substantial differences in the track initial defect used in 

test 1 and 2, the settlement shape is strikingly similar for both set of conditions – with a more 

exponential rapid increase for the first 1.0mm of settlement and a more linear settlement rate after. 

Hence, two different phases could be depicted. 
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Nonetheless, when considering test 3 the same cannot be said of all track cases. As seen in figure 4.39 

this same conclusion can be made regarding the reference track case and track case M(60;-), albeit not 

about the track cases containing under sleeper pads. As in the other long-term condition cases, in test 3, 

the track cases with the lowest settlement rate are the ones with under sleeper pads; however, this 

affirmation cannot be made throughout the duration of the long-term run. In fact, if the settlement limit 

considered to end the long-term test would be 1.0mm – instead of 2.0mm – the comparative results 

would be different. It appears, as the results shown in the aforementioned figure suggest, that the track 

cases with under sleeper pads have a higher settlement progression in the beginning of the test. 

However, this same rate tends to be linear in time as the track further deteriorates, whilst for the track 

cases without under sleeper pads the track degradation speeds up the settlement progression over time 

– which again strengthen the conclusion that adding under sleeper pads to railway tracks may delay 

track degradation. 

Since the settlement range in tests 2 and 3 are different – 3.5mm and 2.0mm, respectively – the value of 

total number of cycles required for each track to achieve that settlement cannot be directly compared. 

Bearing this in consideration figure 4.40 displays the ratio between the number of cycles each track case 

required to settle and the corresponding value for the reference track case considering the same long-

term test case. 

 

 

Figure 4.40: Variation between the total number of cycles required to achieve the settlement limit for each track 
case and the reference track case with the first branch of the calibrated settlement law for a train running speed of 

300 Km/h, for the long-term test conditions 2 and 3 

As it was already pointed out and figure 4.40 makes clearer, all these four track cases studied in this sub-

chapter present a lower settlement rate – indicated by having a higher value of number of cycles, and 

hence a value above 100% in the aforementioned figure – than the reference track case. Nonetheless, it 

can also be seen in figure 4.40 that the improvement for each track case is almost the same for both 

long-term test conditions – with the exception of track case M(40;80), which has a slightly higher 

difference than the other three track cases. It can also be noted that while for both long-term test 

conditions the track cases M(40;80) and M(60;60) present the highest improvements, and the track 

cases M(60;80) and M(60;-) change their relative position between themselves, albeit both presenting 

fairly similar values. Bearing in mind that tests 2 and 3 – described in table 4.10 – are completely 
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different, both in the track initial defect and the settlement range that limits the long-term test, the 

values displayed in figure 4.40 only serve to strengthen the conclusion that the track cases containing 

under sleeper pads have a much better behavior regarding long-term settlement. 

Notwithstanding, as was previously pointed out, the values obtained for the number of cycles depend 

entirely on the range of settlement considered to each long-term test condition; and as detailed in the 

analysis of figure 4.39, that can lead to some misinterpretations when the same track cases appear to 

have different settlement rates, given by different set of conditions for the long-term tests. Figure 4.41 

presents the settlement rates calculated for each track considered, from the long-term runs using tests 

2 and 3. The settlement rate was calculated with the following expression: 

  

  
 

                        

                
 (4.4) 

  
As was highlighted numerous times when presenting figures with settlement shape evolutions, they 

appear to present an exponential rate of settlement, which could be divided in two separate phases. A 

first one with an exponential increase until the first millimeter of settlement is reached, and a second 

with a linear rate afterwards. Moreover, given that the long-term test conditions 2 and 3 have different 

settlement ranges, calculating a single settlement rate would not take into consideration this remark. 

For this reason it was considered to calculate one settlement rate for each phase – one settlement rate 

until the first millimeter of settlement and a second settlement rate from that point until the end of the 

long-term run. 

Hence, figure 4.41 is split in two parts and each track case has two values for each long-term test 

condition. For the left part in figure 4.41, the settlement increase in equation 4.4 is always equal to 

1.0mm, and for the right part is 2.5mm and 1.0mm for the long-term test conditions 2 and 3, 

respectively. 

 

Figure 4.41: Settlement rates for the reference track case, with modifications to the stiffness of the railpad and with 
under sleeper pads with the first branch of the calibrated settlement law for the long-term test conditions 2 and 3 

for a train running speed of 300 Km/h 
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Analysing the aforementioned figure, the reference track case always appears as the one with the 

highest settlement rate for both parts, and on the opposite note there are the track cases with under 

sleeper pads with the lowest settlement rates – again confirming the conclusions being pointed out so 

far. 

Regarding the first millimeter of settlement, every track case presents a value of settlement rate fairly 

close for both long-term test conditions. For the remaining settlement there is a clear difference 

between tests 2 and 3, which might be in part due to small range of settlement for test 3. Nonetheless, 

if considering only the reference track case, the settlement rate has a much lower difference than the 

other track cases, particularly those containing under sleeper pads, which indicates the sensitivity of 

these elements regarding a deteriorated track. It is also noteworthy the difference in the settlement 

rate between track cases M(60;-) and M(60;80) for the long-term test condition 3. In figure 4.40 the 

latter presented a lower value for the total number of cycles, however, from figure 4.41 it is possible to 

conclude that those results would be reversed if the settlement range for test 3 would be higher, due to 

the significantly lower settlement rate in the second phase for the track case M(60;80). 

The settlement rates obtained from the long-term test 1 were not included in figure 4.41 – whose 

analyses contained the bulk of sub-chapter 4.3.1 merely to allow for a better readability. 

Notwithstanding, figure 4.42 now includes those results, only for the first millimeter of settlement since 

it is already the entirety of the settlement range for those test conditions. 

 

Figure 4.42: Settlement rates of the first millimeter of settlement for the reference track case, with modifications to 
the stiffness of the railpad and with under sleeper pads with the first branch of the calibrated settlement law for the 

long-term test conditions 1, 2 and 3 for a train running speed of 300 Km/h 

Figure 4.42 is important in the sense that reinforces the previous analyses regarding the consistency of 

the results obtained from different conditions of long-term tests, which for the reference track case are 

almost identical, as can be seen in figure 4.43. 
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Figure 4.43: Settlement rates for the reference track case with the first branch of the calibrated settlement law for a 
train running speed of 300 Km/h, for the long-term test conditions 1, 2 and 3 

As can be clearly seen in figure 4.43 the reference track case presents a settlement rate that sharply 

increases with the railway track degradation, and more importantly, it is almost independent of the 

conditions set for the long-term test. It is also important to recall that test 4 is the same as test 1 except 

with a wider range of settlement to allow precisely this comparison – as described when table 4.10 was 

presented. 

Following this analysis with different long-term condition tests, it is important to bear in mind that they 

were restricted to the running speed of 300 Km/h – due to the time computing restrictions previously 

summarized – this being the reason why the track case M(60;-) is not included in the next figure. 

However, it was also necessary to test it for higher speeds, again, with different long-term test 

conditions at running speeds higher than 300 Km/h. 

Figure 4.44 shows the values of the total number of cycles when tested with the long-term test 3 at 

running speeds of 300 Km/h and 350 Km/h, both with the first branch of the calibrated settlement law. 

 

Figure 4.44: Relationship between short-term ballast acceleration and the number of cycles required to settle 
1.0mm, with the first branch of the calibrated settlement law for train running speeds of 300 Km/h and 350 Km/h, 

and the long-term test 3 
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The first remark from figure 4.44 is the observation that the settlement rate increased with the increase 

of the train running speed for every track case tested. This is not a conclusion in itself in the sense that it 

was already expected, but rather another confirmation that the calibrated settlement is working 

properly. Up until this point, every long-term run made at a different running speed than 300 Km/h was 

made with the second branch of the settlement law. Therefore, there was not a set of long-term tests 

with the same branch of the settlement law at different running speeds, despite the speed range 

defined for each one. 

Notwithstanding the decrease in the settlement rate observed, it is important to note that it was not a 

sharp decrease as some previous results at 400 Km/h might otherwise suggest. Despite the considerable 

difference in terms of dynamic amplification – and therefore settlement rate – between the speeds of 

350 Km/h and 400 Km/h, these results also serve to strengthen the decision of dividing the settlement 

law into two different branches and calibrating them separately in order to more accurately encompass 

the effects of dynamic amplifications resulting from increases in train running speeds. Nonetheless, it is 

notorious the decrease in settlement rate, given the slightly increase of ballast acceleration for the 

undeformed tracks. 

Finally yet importantly, figure 4.44 also resembles figure 4.37, made for the running speed of 300 Km/h 

and 400 Km/h, and a different set of long-term test conditions. This reinforces the consistency of the 

results so far presented – which again lead to the conclusion about the improvements of adding under 

sleeper pads. The same conclusion can also be seen in figure 4.45 which shows the settlement rate 

obtained for the reference track case and the track case M(40;80) at the aforementioned conditions of 

running speed and long-term test conditions. 

 

Figure 4.45: Settlement evolution of the reference track case and track case M(40;80) with the first branch of the 
settlement law for train running speeds of 300 Km/h and 350 Km/h, and long-term test condition 3 

Figure 4.45 contains only the reference track case and track case M(40;80), and not the other track 

cases from figure 4.44, because these two track cases are enough for the remarks that need to be made. 

As can be seen, there is a significant difference between the reference track case and track case 

M(40;80), whether at the running speed of 300 Km/h or 350 Km/h, with the former detailed in previous 
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analyses. More important is highlighting the similar settlement rate each track has after settling 1.0mm 

regarding both running speeds. Albeit being expected that the settlement rate increases with the 

increase of the train running speed – which it does considering the whole long-term run – it is not 

expected that the settlement evolution tend to be equal for both running speeds after the track settles. 

Although this does not invalidate the results here shown, it does strengthen the decision to split the 

calibrated settlement law into two branches in order to better simulate the long-term settlement of the 

railway track with significant increases of the train running speed. 

4.3.2.2. Altering the Settlement Law 

Chapter 4 has until now, and according to the objectives laid out in the Introduction, focused on 

comparing different track cases regarding their long-term performance. This was made in Dynavoie 

requiring a settlement law – one that was calibrated specifically for this purpose. The calibration 

process, as described, was considered enough for the work conducted throughout this dissertation, but 

had nonetheless its limitations. For this reason, after all the analyses performed, it is important to also 

test the calibrated settlement law, namely the values of its parameters. 

This will consist of a mere sensibility test to a specific parameter in the settlement law mathematical 

expression – the parameter gama –, which is again displayed in equation 4.5.  

            
 

         
 

 

 
(4.5) 

For the final cases hereafter shown, the settlement law was calibrated yet again having the 

experimental ballast fatigue curve from CEDEX as goal, following the same procedure described in sub-

chapter 4.2, with the only difference this time being the values arbitrated for the parameters beta and 

gama. For the former the value is the same, and the latter was increased from 0.9 to 1.15 – thus 

increasing the influence of ballast acceleration in the calculation of track settlement. Parameter alpha 

was left free in the calibration process, resulting in the following expression: 

                    
            

                             

 

(4.6) 

Table 4.11 summarizes the differences between the two calibrated settlement laws. 

Table 4.11: Calibrated settlement laws for train running speeds of [300; 350] Km/h 

Calibrated Settlement Law                     
            

    

Calibrated Settlement Law 2                     
            

     

 

Both expressions were calibrated regarding the settlement rate of the reference track case, with the 

same initial track defect – described in table 4.10 as test 1 of long-term test conditions. Nonetheless, the 

following long-term tests were performed with test 3. Figures 4.46, 4.47, 4.48 and 4.49 show the 

settlement evolution of the reference track case and track cases M(60;60), M(60;80) and M(40;80), with 

both calibrated settlement laws, for a train running speed of 300 Km/h. These figures were divided into 

four to allow for a better readability, and to highlight the difference between the results obtained for 

the reference track case and the other three track cases containing under sleeper pads. 
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Figure 4.46, 4.47, 4.48 & 4.49: Settlement evolution with the long-term test condition 3 for a train running speed of 
300 Km/, with both calibrated settlement laws, for the reference track case, and track cases M(60;60), M(60;80) and 

M(40;80), respectively 

From figures 4.46 to 4.49, it can be seen that the settlement shape for the track cases presented is fairly 

similar with both calibrated settlement laws. Nonetheless, one big difference between the reference 

track case and the track cases containing under sleeper pads is apparent – the reference track case has a 

higher settlement rate with the calibrated settlement law 2, whilst for the track cases containing under 

sleeper pads it is the reverse. As previously mentioned, ballast acceleration has a higher contribution 

when calculating track settlement with the calibrated settlement law 2. This remark leads again to the 

conclusion that tracks that contain under sleeper pads reduce track degradation by reducing the 

accelerations on the ballast layer. 
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Figure 4.50 now shows the total number of cycles each track case needed to settle 2.0mm, highlighting 

the better performance of the railway tracks that contain under sleeper pads. 

 

 

Figure 4.50: Total number of cycles required for each track case to settle 2.0mm, with the long-term condition test 3 
for a train running speed of 300 Km/h, with both calibrated settlement laws 

Figure 4.50 clearly shows how the different track cases respond in terms of settlement evolution to 

different settlement laws that were calibrated with the same ballast fatigue curve, but nonetheless 

emphasize different contributions to it by ballast acceleration. By having the track cases containing 

under sleeper pads presenting a lower settlement rate when ballast acceleration is given a higher 

influence when calculating settlement, and the reference track case – which does not contain under 

sleeper pads – a higher settlement rate, it consolidates the conclusion so far that under sleeper pads 

help reduce track settlement by reducing ballast acceleration.  

The figure above also shows the sensitivity of the parameters in a settlement type expression like the 

one being used in this dissertation. These results prove that the conclusions presented in this 

dissertation cannot be taken as definitive – and merely in a comparative sense, as already stated. 

Notwithstanding, it also demonstrates the suitability of the mathematical expression chosen for the 

calibration of the settlement law given by the major contributor to track settlement – ballast 

acceleration –, whilst at the same strongly confirming the benefits regarding long-term performance of 

adding under sleeper pads to a railway track. 
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Chapter 5 

Conclusions 

……………………………………………………………………………………………………………………………………………… 

5.1. Main Conclusions 

The present dissertation focused on the analysis of the influence of railpads and under sleeper pads 

vertical stiffness on the long-term track settlement. The underlying purpose being that by optimizing the 

stiffness of these elements it is possible to greatly increase the long-term performance of railway tracks 

and hence ultimately reduce maintenance needs and costs. 

For such, a numerical model was chosen – Dynavoie –, capable of realistically simulate train passages on 

a ballasted railway track at high speeds. Dynavoie can calculate instant track responses exerted onto the 

track by a passing train, and through model reduction techniques enables millions of train passages to 

be dynamically simulated, thus allowing for the estimation of track degradation along its lifetime. For 

that purpose, the ballast settlement law used was intentionally calibrated using experimental data 

collected in CEDEX, made at very high speeds, above 300 Km/h. The objective of this calibration process 

was to accurately reflect improvements reached on the railway track long-term performance by adding 

under sleeper pads – which in turn implied adding a parameter of ballast acceleration to the known 

Bodin-Guérin settlement law. 

The first phase of the analyses consisted only of short-term tests – instant track responses – as a way of 

presenting the powerful capabilities of Dynavoie, and to select the most prominent combinations of 

railpad and under sleeper pad stiffness to test afterwards in a long-term perspective. 

In the second phase, the selected track cases were subjected to long-term tests with the objective 

of comparing each one’s settlement progression. The parameters of the long-term tests were 

chosen as to allow for computing time efficiency, given the relative assessment and evaluation 

purpose of the analyses. From this set of tests, it was possible to conclude that decreasing the 

railpads stiffness (considering track cases without under sleeper pads), to reasonable magnitudes, 

also decreased track settlement progression. It was also concluded that certain combinations of 

railpad and under sleeper pad stiffness also decreases the railway track settlement progression, 

delaying track degradation. Furthermore, track cases with under sleeper pads also presented the 

lowest increase of ballast acceleration over time, which indicates even more potential benefits of 

adding under sleeper pads to improve railway design that were not apparent in this work, due to its 

limited scope. 

The third and last phase of analyses consisted in changes to the conditions of the long-term tests, 

namely the track initial defect and established threshold settlement limit, and the settlement law 

itself. The changes to the track initial defect and settlement limit intended to test the same track 

cases, but departing from a more deteriorated initial condition this time. These results allowed to 

strengthen the previous remarks, in the sense that the track cases with a wisely thought combination 

of railpad and under sleeper pad stiffness presented lower settlement rates and slower increases of 

ballast acceleration over time. The change in the settlement law focused on the highlighting the 

influence of ballast accelerations relative to sleeper elastic displacements in the calculation of the 

track settlement at each iteration. Under this change in the settlement law, the track cases with 

under sleeper pads showed a lower settlement rate, as opposed to the ones without under sleeper 

pads, which presented an increase of the track settlement rate along time. These results once again 

strengthened the conclusion regarding the long-term benefits of adding under sleepers pads to a 
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railway track. Notwithstanding, it also reinforced the suitability of the settlement law used – and its 

mathematical expression – to calculate the track settlement of a ballasted railway track at high 

speeds. 

As previously described Dynavoie still presents some limitations regarding the modeling of the full 

benefits of introducing under sleeper pads in the track design. These effects, however, would not 

substantially affect the comparative analyses performed in this dissertation, and the conclusions 

presented remain valid. Notwithstanding, it is important to highlight that adding under sleeper pads 

might improve the railway track’s long-term performance beyond of what was presented in this 

dissertation.  

5.2. Further Research 

A key aspect that allowed for all the work done in this dissertation was the newly calibrated settlement 

law. Most of the main conclusions previously presented were made supported on it. Notwithstanding, 

despite being adequate for the comparative analyses here performed, it has two major shortcomings. 

This was the result of insufficient available data – namely experimental results. Unfortunately, this is a 

problem all too common for researchers and one that is most difficult to address. Notwithstanding the 

already arduous work performed in CEDEX and the ensuing work here developed, the last pages of this 

dissertation will end with the improvements that could be done to the calibrated settlement law and 

the type of experimental results that would help in its amelioration. 

The first need to address is that the relationship between the relative weight of the sleeper elastic 

displacement and the ballast layer acceleration in the settlement law was not calibrated. In the 

settlement law this is given by the values of beta and gama – the powers to the parameters sleeper 

elastic displacement and ballast acceleration, respectively. As was tested in the end of the preceding 

chapter, relatively small changes to its values have a strong influence on the calculation of track 

settlement. Therefore, on future analyses, the relationship between these two parameters should be 

accurately calibrated. This could be done using similar experimental data as the one used in this 

dissertation, with different track configurations, such as different values of railpad stiffness or even 

adding under sleeper pads. 

The second shortfall regards what was here described as number of cycles. Recalling figure 4.15, the 

correspondence between number of cycles and years was not taken into account during the 

calibration process. Nevertheless, in order for the settlement law to be usable in planning 

maintenance operations, it needs to accurately predict time frames corresponding to certain values of 

track settlement. 

As before, for this to be calibrated into the settlement law, there is a need for further experimental 

data from where this could be calibrated – again including if possible track cases with under sleeper 

pads. 

These improvements to the calibrated settlement law, although arduous and complex, would lead to 

a much more sophisticated and realistic settlement law, which would in turn enable a thorough 

analysis regarding the full benefits of introducing under sleeper pads and even allowing for optimizing 

its design. 

Moreover, with such a settlement law, numerical models such as Dynavoie, would be able to more 

realistically predict levels of track settlement, enabling fast testing several track design solutions (in a 

not time consuming way) that would trigger maintenance operations, as defined by railway 

infrastructure administrations. Whether through improved railway designs, improved railway 
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maintenance planning, or a combination of both, it is undeniable the benefits that such a powerful tool 

could provide. 
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