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1. Introduction 

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, and with 

ever increasing commercial speeds so have 

increased the degradation rate of the railway 

tracks. Among the many measured track 

geometric quality parameters, one of particular 

importance is the track longitudinal levelling. 

Track longitudinal levelling is the result of the 

accumulation of elastic and plastic deformations 

of all components of the railway track structure 

(Adam et al., 2010; Ferreira, 2010), with the re-

sulting permanent track degradation taking the 

name of track settlement. 

1.1. Track Dynamics 

Track degradation results from the transmis-

sion of loads from a running train to the railway 

track structure, with the vertical loads mainly 

responsible for track settlement. Besides the 

induced stresses in the track structure, high 

speed train loads also generate vibrations, further 

increasing track settlement (Ferreira & 

López-Pita, 2015; Ferreira et al., 2018). Both the 

train loads and the induced vibration originate 

two related responses from the railway track. The 

first one is a quasi-static response and it is due 

do the weight of the train. The second one is a 

dynamic response, also known as dynamic am-

plification, and it depends on the train running 

speed. Other factors such as the track geometric 

quality, track design and vertical stiffness also 

increase this dynamic amplification effect 

(Connolly et al., 2014). 

1.2. Influence of the track structure on 

track degradation 

At high speeds, the dynamic amplification ef-

fect is the main responsible for increasing the 

track degradation rate. For this reason, there is 

an increased need in maintenance operations for 

high speed lines, in order to limit the dynamic 

amplification effect and subsequently decrease 

future maintenance costs. 

Another important factor is the track vertical 

stiffness. This parameter depends on the railway 

track design, making it an effective way to limit 

the dynamic response from the railway track. The 

overall track vertical stiffness is the combination 

of all track components’ stiffness (Berggren, 

2009), meaning that different layers and different 

components can be separately analysed in terms 

of their influence on track settlement. In fact, the 

ballast layer is responsible for up to 70% of the 

track overall settlement (Ferreira, 2010) making it 

extremely important to analyse. Therefore the 

remaining track layers and components’ influence 

on track settlement is linked to how they affect 
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the ballast layer. The substructure layers play an 

important role in distributing the concentrated 

loads from the running train (Ferreira, 2010), 

however, an optimal design is not yet consensual 

between different authors and researchers. The 

superstructure on the other hand, exerts a 

greater influence on the ballast layer, with the 

additional advantage that changes to the 

superstructure can be more easily made, with the 

intention of reducing the track dynamic response 

(Sussmann et al., 2001). In addition, changes of 

vertical stiffness on the different components of 

the superstructure affect more directly the ballast 

layer, hence can be more easily analysed and 

optimised. 

1.3. Estimation of track settlement evolu-

tion at high speeds 

Given that track settlement highly affects the 

normal operations of a railway track system, it is 

both important to be able to mitigate it from the 

start of railway operations with a carefully devel-

oped track design, and also to efficiently maintain 

the track integrity to ensure safety conditions are 

always met. For this reason it is fundamental to 

be able to estimate track settlement over time.  

  Researchers have for a long time developed 

settlement models capable to accurately estimate 

the evolution of track settlement over time, such 

as the works developed by Sato (1995) in the 

Japanese railway system. Other influential works 

are for the example the ones by Guérin (1996) 

and Bodin (2001), which incorporate the sleeper 

elastic displacement in the settlement law, and 

from which the work here presented heavily re-

lies on. More recent research works have tried to 

 

 

 

 

adapt or create new settlement laws suited for 

high speeds, such as Estaire et al. (2018). 

Despite being useful on their own, since 

many have empirical variables that can be ad-

justed to the track case in question, these set-

tlement laws are also sometimes used in con-

junction with numerical models. The purpose of 

these is, among other things, to simulate train 

passages on a railway track and use a settle-

ment law to calculate the accumulation of track 

settlement.  

 

2. Short-term track response – model and 

description 

This work uses a numeric model – Dynavoie 

(Ferreira, 2010) – to analyse the influence of the 

vertical stiffness of railpads and under sleeper 

pads – namely the latter - in the long-term track 

settlement.  

2.1. Model description 

Dynavoie is a numerical model used to simu-

late a train running on a ballasted track at high 

speeds. It can perform a simulation of a single 

train passage, from which it can calculate a num-

ber of parameters induced onto the track, such 

as deflections or accelerations. It can also per-

form long-term analyses, by running several 

thousand short-term train passages, with a set-

tlement law that is used to calculate the accumu-

lation of track settlement. 

Being a dynamic finite elements model, 

Dynavoie takes into consideration the dynamic 

interaction between the train and the track. The 

train is modelled as a combination of loads and 

springs/dampers as seen in figure 2.1. 
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Figure 2.1: Representation of the loads and 

springs/dampers used to model a bogie in Dynavoie, 

from Ferreira (2010) 

 

The railway is divided into its different compo-

nents and each one modelled as characterized in 

table 2.1. 

Table 2.1: Modelling of train/track components in 
Dynavoie, from Ferreira (2010) 

Train/Track Com-
ponents 

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 

 

In order to optimise its computational time, 

Dynavoie takes advantage of model reduction 

techniques, by dividing the track model into sev-

eral equal slices along its longitudinal axis. Each 

slice takes into account the several track compo-

nents, such as the rail, railpads, sleepers, ballast, 

subballast and subsoil layers, and assuring con-

tinuity of the static displacement between slices 

(Ferreira, 2010), as can be seen in figure 2.2. 

 

Figure 2.2: Representation of a slice of the global track 
model from Dynavoie, from Ferreira et al. (2018) 

 As for the long-term runs performed by 

Dynavoie, it is necessary to define an initial 

punctual defect on the track (preferably in the 

middle) and a settlement limit. Dynavoie will then 

use a defined settlement expression to calculate 

the settlement accumulation. To the settlement 

accumulation corresponds an accumulation of 

number of cycles, to which its total gives an 

indication of how long it took for a given track to 

settle a specified amount at a certain train 

running speed. 

2.2. Experimental track case study 

The work here presented is based on a 

reference track case from which variations in 

track design will be analysed. This reference 

track case was modelled after a set track case 

tested in CEDEX Track Box in Spain (CEDEX, 

2015). 

Located in Madrid, 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 (CEDEX, 2015; 

Ferreira & Maciel, 2017). 

The aforementioned railway track was design 

and tested in CEDEX as presented in figure 2.3. 
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Figure 2.3: Track cross section used in CEDEX Track 
Box, from Ferreira et al. (2018) 

It was then modelled in Dynavoie as detailed 

in table 2.2. 

Table 2.2: Track components’ stiffness and track 
layers’ Young modulus for the reference track case, 

from Ferreira et al. (2018) 

Track Com-
ponents/ 
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 train used in every run hereafter pre-

sented was modelled after a TGV-like train, with 

the parameters set in table 2.3. 

Table 2.3: Matrix of loads and springs used to model 
the train, from Ferreira (2010) 

 

As mentioned, one of Dynavoie greatest 

strengths is its capability of calculating the effects 

being exerted onto the track, and at different train 

running speeds. Figures 2.4 and 2.5 show the 

ballast accelerations for the reference track case 

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

 

Figure 2.4: Ballast accelerations along the track for the 
reference track case for a train running speed of 

300 Km/h 

 

Figure 2.5: Ballast accelerations along the track for the 
reference track case for a train running speed of 

400 Km/h 

 

It can be seen from the previous figures how 

Dynavoie can calculate accelerations in the bal-

last layer at different depths. It is also noteworthy 

the substantial increase in accelerations by the 

increase of the train running speed. 

2.3. Track dynamic response assessment 

Despite Dynavoie being able to perform long 

term analyses and expressly calculate the accu-

mulation of settlement, a more thoughtful analy-

sis first takes into consideration the short-term 

results of a given railway track case in order to 

access its potential in reducing track settlement. 
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 Recalling that the ballast layer is the prime 

responsible for track settlement, a parameter 

used for accessing the tested railway track cases 

thus consists of the acceleration on the ballast 

layer. The second metric used is the deflections 

on the sleepers (or the sleeper elastic displace-

ment). This one relates to the aforementioned 

settlement law by Guérin (1996) and Bodin (2001), 

which incorporate the sleeper elastic displace-

ment, and will be brought up later in this work. 

Starting with changes to the railpad stiffness, 

initial short-term tests showed that increasing 

railpad stiffness increased both the sleeper elas-

tic displacement and the accelerations on the 

ballast layer, with the opposite effect with lower 

values for railpad stiffness. These results are in 

accordance with other research works, and can 

be seen in figures 2.6 and 2.7 for the train run-

ning speeds of 300 Km/h and 400 Km/h, respec-

tively. 

 

Figure 2.6: 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 2.7: 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 

When considering the combination of railpads 

and under sleeper pads, the results are of a more 

complex analysis. 

Since the under sleeper pads added to the 

track are in direct contact with both the sleepers 

and the ballast layer, it results in an improvement 

regarding accelerations to the ballast layer, but 

also higher sleeper elastic displacements. Fig-

ures 2.8 and 2.9 show the sleeper elastic dis-

placement and ballast acceleration for the track 

cases analysed at a running speed of 300 Km/h 

and 400 Km/h, respectively. In the legend of said 

figures, the notation M(60;100) refers to a track 

case where the railpad stiffness was changed to 

60 KN/mm and a under sleeper pad with a stiff-

ness of 100 KN/mm was introduced. 

 

Figure 2.8: Ballast acceleration and sleeper elastic 
displacement for the reference track case, with modifi-
cations to the railpad stiffness and with under sleeper 

pads, for a train running speed of 300 Km/h 

 

Figure 2.9: Ballast acceleration and sleeper elastic 
displacement for the reference track case, with modifi-
cations to the railpad stiffness and with under sleeper 

pads, for a train running speed of 400 Km/h 

As can be seen in the previous figures every 

track case with a under sleeper pad presented 

lower values of accelerations on the ballast layer 

and higher sleeper elastic displacements when 
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compared to the reference track case. Notwith-

standing, any final conclusion regarding the suit-

ability of adding under sleeper pads in order to 

reduce track settlement cannot be made solely 

based on short-term results, but only with long-

term analyses. What these results confirm, on the 

other hand, is the potential that under sleeper 

pads have in the aforementioned objective, given 

that the ballast layer is the main responsible for 

track settlement, and these new elastic elements 

do indeed present improvements regarding it. 

 

3. Track cases to study  in a long-term 

perspective 

To perform long-term runs Dynavoie needs a 

settlement expression to calculate the accumula-

tion of settlement over time. In this work instead 

of choosing one already existent from the litera-

ture, the choice was to calibrate a new settlement 

expression. The objective was to adapt an exist-

ing one to the intended train running speeds and 

that accurately reflected the dynamic amplifica-

tion effects that occur at such speeds. 

3.1. Calibration process 

The settlement expression herein used takes 

as base the Bodin-Guérin settlement law: 

  

  
      

Where   is the sleeper elastic displacement. 

Despite being extensively used, this settle-

ment law was not design to be applied to the high 

speeds considered in this work. In addition, the 

parameter sleeper elastic displacement also does 

not fully characterize the dynamic amplification 

effects that take place. For this reason a new 

parameter as introduced to the expression – 

acceleration on the ballast layer: 

            
 

         
 

 

Where: 

         – sleeper elastic displacement 

          – ballast acceleration 

       – empirical constants 

These empirical constants had, in turn, to be 

calibrated. This process was made with the work 

previously described in CEDEX. Among other, 

some tests regarded the analysis of the accumu-

lation of settlement over time, producing the bal-

last fatigue curves at 300 Km/h and 360 Km/h 

shown in figures 3.1 and 3.2, where in the latter 

the considered part is highlighted in blue. 

 

Figure 3.1: Ballast fatigue curve at 300 Km/h from 

experimental works in CEDEX, from CEDEX (2015) 

 

Figure 3.2: Ballast fatigue curve at 360 Km/h from 

experimental works in CEDEX, from Robles (2008) 

 

The railway track used to obtain both the pre-

vious ballast fatigue curves was the already de-

scribed reference track case. Using both ballast 

fatigue curves, the empirical constants were cali-

brated with the objective of obtaining a curve with 

the same settlement rate as the ones obtained by 

CEDEX, for the same train running speeds, with 

the same track case. To allow for a faster calibra-

tion process a decision was made to split the 

newly calibrated settlement expression into two 
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branches, one calibrated for the train running 

speed of 300 Km/h, and the other for 360 Km/h. 

The final result is present in table 3.1, alongside 

the Guérin (1996) and Bodin (2001) settlement 

laws with the corresponding values for a better 

contextualization of the results obtained in this 

process. 

Table 3.1: Settlement laws 

Reference Settlement Law 

Guérin (1996)                     
     

Bodin (2001)                     
     

Calibrated 
Settlement 

Law 

                    
            

     

                  - 1
st

 branch 
 

                    
            

     

                  - 2
nd

 branch 

 

Each branch of the newly calibrated settle-

ment law was defined for a range of train running 

speeds as defined in the aforementioned table to 

allow for a wider range of comparative analyses. 

Notwithstanding, this new calibrated settle-

ment law is not without its limitations. It was cali-

brated to match the settlement rate of an experi-

mental ballast curve, hence any conclusion out-

side of this must be made carefully. Its purpose, 

as it is, is to compare the settlement rate of modi-

fications to the reference track case in order to 

access their influence on the settlement evolu-

tion. 

Another limitation lies with the empirical 

constants   and  . Despite their value being 

important to the calibration process, they also 

reflect the relative weight that the parameters 

‘sleeper elastic displacement’ and ‘ballast 

acceleration’ have in calculating the track 

settlement at any point. These two parameters 

were made equal in both branches of the 

calibrated settlement law to be used at different 

train running speeds to allow for the comparative 

analyses here intended. However a more 

thorough calibration regarding this assumption 

would still be in order. 

3.2. Track design optimisation 

The following analyses of track case 

modifications will focus on those most promising 

from the set previously showcased. 

The long-term tests performed and herein 

presented were made with a punctual defect of 

1.5mm and a settlement limit of 5.0mm (Test 1), 

and a punctual defect of 4.0mm and a settlement 

limit of 6.0mm (Test 2). Test 1 initial defect also 

has a wider longitudinal wavelength, as shown in 

figure 3.3. 

 

 

 

Figure 3.3: Comparison between initial track de-

fects used in long-term tests in Dynavoie 
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Figure 3.4: Settlement evolution of 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 a train running speed of 

300 Km/h for both long-term test conditions 

Figure 3.4 shows the settlement evolution 

of the reference track case alongside four 

other modified track cases, at the train running 

speed of 300 Km/h, with the two long-term test 

conditions previously described. 

Firstly, it can be seen that the reference 

track case has the highest settlement rate – 

given by a lower total number of cycles re-

quired to reach the settlement limit – which 

indicates that all track modifications resulted in 

a better long-term performance. 

More importantly, the two track cases with 

the best long-term performance both contain 

under sleeper pads. These results suggest that 

softer railpads have an improved long-term 

performance, and that adding under sleeper 

pads with a certain stiffness provides further 

improvements. 

Given the difference between both long-

term tests, it is also important to highlight that, 

in comparative terms, all the track cases 

ranked equal in both tests. 

Moreover, it can be seen that the track 

cases without under sleeper pads tend to have 

a much worse performance as the test pro-

gresses than the cases with under sleeper 

pads. This can be seen specially for track case 

M(60;-) in test 2, to which the settlement rate 

increases as the track is deteriorating. 

Considering that as the tracks deteriorate 

the sleeper elastic displacements only slightly 

increase, the exponential shape of the settle-

ment curves is derived from the substantial 

increase of ballast accelerations, which con-

firms that not only adding under sleeper pads 

helps reduce ballast accelerations, it also limits 

its increase as the track itself deteriorates. 

These results are consistent with more 

long-term test performed at higher train run-

ning speeds. 

Test 1 

Test 2 
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Figure 3.5: Relationship between short-term ballast acceleration and the total number of cycles required to 

settle 1.0mm with the  calibrated settlement law, for train speeds of 300 Km/h (first branch) and 

400 Km/h (second branch) 

 

Figure 3.5 relates the maximum ballast ac-

celeration values (short-term values) to the 

total number of cycles, for train running speeds 

of 300 Km/h and 400 Km/h, each with its cor-

responding branch of newly calibrated settle-

ment law. These long-term runs were made 

with an initial settlement value of 0.5mm and a 

limit of 1.5mm. 

Figure 3.5 points again to the same conclu-

sions, that the tracks with under sleeper pads 

present the lowest settlement rate for both train 

running speeds, even though they might have 

started with higher values of ballast accelera-

tion. 

4. Conclusions 

The present work focused on the analysis 

of the influence of the railpads and under 

sleeper pads vertical stiffness on the long-term 

track settlement. For such, a numerical model 

was chosen – Dynavoie – capable of simulat-

ing train passages on a ballasted railway track 

at high speeds. A new settlement law was then 

calibrated with experimental data collected in 

CEDEX, with the objective of accurately re-

flecting improvements to the railway track long-

term performance by adding under sleeper 

pads. This meant adding a parameter of ballast 

acceleration to the known Bodin-Guérin set-

tlement law. 

Notwithstanding, the first phase of tests 

consisted only of short-term runs, as a way to 

identify the most promising combinations of 

railpad and under sleeper pad stiffness, with 

regard to their effects on the track by measur-

ing the sleeper elastic displacement and bal-

last acceleration. 

The remaining tests performed were then 

long-term tests, with the use of the new cali-

brated settlement law. From these tests it was 

possible to conclude that decreasing the rail-

pad stiffness also decreases the settlement 

rate. It was also concluded that certain combi-

nations of railpad and under sleeper pad stiff-
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ness further decreased the track settlement 

rate. 

Furthermore the long-term tests also indi-

cated that adding under sleeper pads helped 

reduce the increase of ballast accelerations as 

the track deteriorates, making it a good design 

solution when considering a railway track full 

life cycle. 
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