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The strengthening and up grade of railway infrastructures. Geotechnical aspects 
Renforcement et modernisation de l’infrastructure des chemins de fer. Aspects de la geotechnique

E.Fortunato, A.Pinelo & J.Mateus Da Silva -  Laboratòrio Nacional de Engenharia Civil, Lisboa, Portugal

ABSTRACT : The modernisation of the Portuguese Railway Network includes, among other aspects, improvement and renewal works 

in various railway lines. As regards the platform, the main purpose is to fulfil the new requirements, which are related to the increase 
in maximum load per axis, to the increase in traffic and to permit high-speed circulation. In this work, reference is made to the 
characteristics of the railway platform and to its importance in the overall behaviour of the track. Some aspects are presented referring 
to the methodology used in the renewal study of the Portuguese North Line (Lisbon-Oporto) railway platform. A commented 
presentation is made of the studies that have been performed since 1998, as refers to the modernisation project.

RESUME: La modernisation du réseau ferroviaire portugais comprend, parmi d’autres aspects, l’exécution de travaux d’amélioration 
et de renouvellement sur plusieurs lignes de chemin de fer. Ainsi, après l’exécution des travaux de renouvellement, la plate-forme 
devra remplir adéquatement les nouvelles exigences, qui concernent notamment l’augmentation de la charge maximale par essieu, 
l’augmentation du trafic et le besoin de permettre une circulation à haute vélocité. Dans ce travail, on mentionne les caractéristiques 
de la plate-forme ferroviaire et son importance dans le comportement général de la voie ferrée. On présente aussi certains aspects liés 
à la méthodologie utilisée dans l’étude de renouvellement de la plate-forme ferroviaire de la Ligne du Nord portugaise (Lisbonne- 

Oporto). On fait une présentation des études qui ont été effectuées depuis 1998, en ce qui concerne le projet de modernisation.

1 INTRODUCTION

In various European countries many railway lines forming the 
corresponding railway networks have been in operation for more 
than a hundred years. The modernisation of a railway line 
implies the execution of various types of works in the existing 
lines, of which mention can be made to the construction of new 
stretches of line, in order to adjust locally its layout to the new 
speed requirements. Reference can also be made to redesigning 
works in the stretch of line corresponding to the part of the line 
that is utilised. Those works include, among others, the renewal 
of the existing platform. The technical solutions to be adopted 
should be based on studies including an evaluation on the 
performance of the platform.

The modernisation of the Portuguese Railway Network 
includes, among other aspects, the execution of improvement 
and renewal works in various railway lines. The main purpose is 
that, after renewal, the platform should appropriately fulfil the 

new requirements, which are related to the increase of maximum 
load per axis, with the increase in the traffic and with the high
speed circulation. In this paper some aspects are presented 

referring to the methodology used in the modernisation study of 
the Portuguese North Line railway platform, namely concerning 
the characterisation of the present platform, the characterisation 
of the materials that are used and the methodology adopted to 
design the reinforcement layers.

2 MODERNISATION OF THE NORTH LINE

2.1 Objectives

The modernisation of the North Line shall permit the circulation 
of passenger trains at 220  km/h, as well as the use of that line by 
merchandise trains, with a maximum load per axis of 225 kN.

In old lines, the conjugation of the objectives above raises 
delicate problems, particularly as regards the quality of the 
platform. This fact has led some railway administration boards to 
decide to construct new lines for high-speed, instead of adapting 
the existing ones to that purpose.

The design prepared in 1995 defined a superstructure with 
rails of 60 kgf/m, and with monoblock reinforced concrete 
sleepers, placed with a 0.60 m distance on a granite ballast layer 
of 0.30 m minimum thickness. In accordance with the design, the 
new superstructure should be placed on the existing platform, 
except for a few limited zones, which would be identified at the 

site.
Within the framework of the studies began in 1998, about the 

problem of the bearing capacity of the platform and in 
accordance with Code 719R of UIC, it was established that a 
sub-ballast layer should be placed in the infrastructure. That 
layer should be settled on a good quality platform (class P3), 
which would be characterised by a modulus (obtained in the 
second cycle of the plate loading test) E^ > 80 MPa At the top 
of the sub-ballast layer the modulus should be EV2 > 120 MPa.

2.2 Methodology

The main differences between a construction project and a 
modernisation project of a railway infra-structure are related 
with: i) concerns as to make the best possible use of the existing 
infra-structure; ii) to reduce to the least the number of 
disruptions in the operation of the track, at the time of execution 
of works; iii) compliance with the physical limitations imposed 
by the existing structures; iv) impossibility of adopting some of 
the construction procedures usually used when a new track is 
being constructed, which are for instance related with the 
improvement of soils; v) maintenance of a high safety level 
regarding the traffic that keep circulating.

The methodology chosen to study the procedures used in the 
renewal of the platform was based on the characterisation of the 
bearing capacity. The methodology was divided into the 
following stages: i) analysis of the possible effects of the new 
requirements; ii) collection of basic elements referring to the 
existing platform; iii) preliminary longitudinal zoning of the 
platform; iv) geotechnical characterisation of the zones to be 
renewed; v) interpretation of results and final zoning; vi) study 
of the solutions to be implemented and the materials to be used; 
vii) preparation of a method for design the reinforcement layers.

2069



3 CHARACTERISATION OF THE EXISTING PLATFORM

3.1 Collection o f basic elements

In accordance with the data provided by REFER (the company 
that has been responsible for the construction, maintenance and 
modernisation of the line), several zones throughout the track, 
have shown a defective performance which can be considered 
the result of the poor performance of the platform. The existence 
of some zones of unstable platform lead to the need in limiting 
the speed and in carrying out repair works, with a periodicity 
much higher than it should be desirable (several times a year).

An assessment of the present line was then performed, in 
order to collect historic data on the construction, maintenance, 
rehabilitation and performance of the track in the last few years.

The methodology adopted included: i) the execution of 
inquiries to the ‘"maintenance groups" -  teams responsible for 
the maintenance and rehabilitation of the track and 
corresponding platform -  requiring the identification of zones 
with defective performance and the average number of 
interventions performed per year, in each of those zones, in order 
to correct the longitudinal levelling of the track; ii) analysis of 
indicators about the performance of the track, as the longitudinal 
levelling elements produced by the vehicle that checks the track, 
designated as EM 120; iii) collection of the data available in 
REFER files about the construction and major rehabilitation 
works; iv) analysis of the existing reports.

The available performance indicators show that the one 
hundred-year-old platform, which is in some cases highly 
deteriorated, due to the absence of maintenance and 
rehabilitation, has an insufficient quality for fulfilling the new 
requirements. As a result, it will be necessary to carry out 
renewal works in that platform. These works may include 
reinforcement or reconstruction of the infrastructure.

Based on the data collected during the visual inspection, we 
establish a first longitudinal zoning of each track, by 
simultaneously localising the stretches with defective 
performance (zones of unstable platform).

3.2 Site investigations

The site investigation of the railway infrastructure is intended to 
provide data about: the thickness of layers, particle-size 
distribution, the water content, as well as the compaction of 
materials. That characterisation is developed until a depth of 
about 1.5 to 2 m. The operations necessary to develop the ground 
investigation are difficult to program and to execute, because 
they have to be developed within short periods of traffic 
interruption. At the zones of unstable platform, a few trenches 
are performed involving all the cross-section. In addition, the 
geotechnical profile of the zone involved (thickness and nature 
of layers) is defined, samples are also collected for laboratory 
tests, the density of the subgrade materials is established, and 
lastly, tests are carried out with a Dynamic probing light (DPL) 
(CEN, 1997). At the zones with no signs of instability, plate 
loading tests (PLT) are carried out in order to characterise the 
bearing capacity of the platform, and pits are excavated, using 
procedures similar to those previously described for the trenches. 
In both cases, laboratory tests are carried out aiming at 
identifying (particle-size, Atterberg limits, methylene blue) and 
determining the natural water content and compaction 
characteristics (Standard and Modified Proctor). The compaction 
level of the subgrade materials are assessed and the samples are 
classified in compliance with classifications USCS, AASHTO 
and NF P 11-300.

3.3 Zoning o f the platform

As regards the quality of the existing platform three different 
situations were considered: i) zones with no signs of poor 
performance, and where the existing platform has a sufficient 
bearing capacity (Ev2 > 80 MPa); ii) zones with no signs of poor

performance, but where the existing platform has an insufficient 
bearing capacity (EV2 < 80 MPa); iii) zones indicated as unstable 
and where the existing platform is in a highly weathered 
condition and, therefore, presents a poor performance. In the first 
case, it was assumed that the sub-ballast layer could be placed 
above the existing platform. In the second case, it was 
established that the reinforcement of the bearing capacity of the 
existing platform should be accomplished by placing a capping 

layer made of either selected soils or granular crushed materials 
of good mechanical characteristics and a sub-ballast layer. In the 
third case, it was considered that the existing material (fouled 
ballast and/or soft soils) should be removed, so as to make 
possible to place a substitution layer, a capping layer and a sub
ballast layer.

4 SUB-BALLAST LAYER

4.1 Functions and design

Usually, the sub-ballast layers are intended to: i) cause the 
reduction of the stresses imposed by the loads of the trains to 
acceptable levels, in the platform; ii) protect the latter against 
frost (if this is case); iii) promote the separation between the 
ballast and the platform, in order to avoid inter-penetration; iv) 
avoiding the deterioration of the platform by the mechanical 
action of the ballast; v) act as waterproofing layer, preventing the 
zenithal water, that penetrates through the ballast, from affecting 
significantly the water content of the soils of the platform; vi) act 
as a draining, filtering and anti-contaminating element, allowing 
the runoff of the water that occasionally rises from the platform, 
but simultaneously avoiding the passage of fine particles into the 
ballast.

The different European administration boards propose the use 
of a granular material layer for fulfilling those requirements. 
Nevertheless, the differences between particle-size distribution 
and the maximum particles-size of the proposed materials are 
significant.

The thickness to be adopted for the set formed by the support 
layers of the track (ballast and sub-ballast) depends on various 
parameters. These parameters are the class of the platform, the 
type of line, the type of sleeper, the construction restrictions (in 
old lines), the load per axis and the speed of circulation (UIC, 
1994). Usually, the thickness of the ballast layer is established 
beforehand In fact, the thickness should be kept constant all 
along the entire line, so that, during the maintenance works, it 
would be possible to use the mechanical equipment whenever 
necessary. In new constructions, one or various layers can form 
the sub-ballast, if it proves to be necessary or less expensive, 
because, in general, there are no geometric restrictions related 
with the grade line of the track.

As regards the physical and mechanical characteristics of the 
sub-ballast in new lines of heavy traffic, it is usual to impose 
minimum values for the relative compaction of materials 
(C,>103% as refers to Standard Proctor, UIC, 1994). As refers to 
the upper part of the sub-ballast layer, minimum values are also 
imposed for the modulus measured either in the first load cycle, 
E„i>70M Pa (CFF, 1997), or in the second load cycle, 
Ev2 > 120 MPa (UIC, 1994), during the static loading plate test. 
It is considered that in the case of renewal of old tracks, the 
previous values can be taken as reference. Nevertheless, these 

should be adjusted to the effective operation conditions.
As for the modernisation of the North Line, there are 

geometric limitations to the placement of new layers. These 
limitations are related with the unfeasibility of increasing the 
level of the grade line. Consequently, we have tried to construct 
a sub-ballast layer with only one type of material. This material, 
when well compacted, was expected to fulfil all the requirements 
previously mentioned and considered important for the 
performance of that layer. It was established that the minimum 
thickness of the layer should be 0.15 m.
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4.2 Study about the characteristics o f a material to be used in a 
sub-ballast layer «,

[n order to choose the sub-ballast layer material to be used in the |  
first stretch in a 30 km length, several studies were performed <u 
focused on the physical and mechanical characteristics of f  
crushed materials from different lithologies. It was chosen a well " 
graded crushed granitic material of continuous particle-size 
distribution (CU>6), with a wearing in the Los Angeles test less 

than 25%. This material was studied to achieve the best particle- 
size distribution, regarding the requirements indicated in 4.1.

4.2.1 Deformability

4.2.1.1 General aspects
Considering the cyclic character of the loads imposed by the 
circulation of trains, it has been usually assumed that the triaxial 
test with repeated loads is the test that gives the best possibility 
of characterising the performance of the sub-ballast material.
This test makes it possible to determine the resilient modulus 
(which is defined as the ratio between the deviator applied stress 
and the axial elastic deformation during that application), usually 
after a few thousands of load cycles. In the impossibility to carry 
out tests with repeated loads for determining the resilient 
modulus, triaxial classic tests were performed. For the purpose, 
unloading is done after reaching a certain deviator stress and, 
subsequently, a second load cycle is performed until reaching 
85% of the maximum load of the first. The resilient modulus (Er) 
is calculated in the second cycle, considering the deformation 
occurred when the load varies from 30 to 70% of the maximum 
load (DIN 18134).

In this study, it was considered that the procedure above was 
acceptable. Basically, the main purpose is to determine a value 
of a modulus that can lead to the design a structure with several 
layers with the help of a calculation model. This structure is 
characterised by a value of a 120 MPa modulus, measured on the 
top of the sub-ballast layer, in the second cycle of the PLT.

Despite the fact that the modulus of the granular materials 
increases with the number of load cycles up to a certain level, the 
high variation occurs, generally, between the first and the second 
load cycle.

Other authors (Balay et ah, 1998) have determined the 
resilient modulus on similar materials after 20000  load cycles 
and showed a high variation in that parameter when, for 
instance, the water content of the sample during compaction 
process varied 1.5%. In the case of the renewal of the platform 
of the North Line, a few preliminary tests that were performed 
“in situ”, before beginning the characterisation in laboratory, 
showed that the water content of the material after compaction 
had variations higher than 2%. This fact was due to the climate 
conditions and to the conditions in which the material had been 
stored. Therefore, we can expect the possibility of occurrence of 
a considerable variation in the modulus of deformability 
throughout the stretch.

4.2.1.2 Determination of the modulus of deformability 
With the purpose of carrying out triaxial compression tests, 
samples of the selected granitic material were prepared in 
laboratory. The samples with 230 mm diameter and 470 mm 
height had different particle-size distribution and different 
maximum particle-size (Figure 1). The compaction was 
performed using a vibrating plate, with the purpose of obtaining 
the highest compaction. The samples were compacted with water 
content below optimum of the Modified Proctor Test (MPT).
The compaction by vibration with the energy used and with the 
optimum water content of that test proved to be impossible, due 
to the excess of water. In addition, we tried to compact samples 
with values of the water content close to the maximum value 
obtained in the previous tests carried out “in situ" (w = 4.5%).
The single exception to this was the sample with the finest 
particle-size distribution (0/6 mm), because, in this case, such 
procedure would lead to a low compaction level.
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Figure 1. Particle-size distribution curves o f  the samples tested.

Table 1 -  Characteristics o f  compaction and deformability___________

Particle-size Proctor Triaxial test Oedometric test

(mm) y**, wop( yd w E, Yd w 

__________ (kN/m3) (%) (kN/m3) (%) (MPa) (kN/m3) (%)(MPa)

0/6 20.2 8.0 20.2 6.5 180 ........................

0/25 21.6 5.7 21.2 4.5 265 ........................

0/37.5 21.9 5.5 21.3 4.4 302 22.4 4.5 1035

w; w0p, - water content; optimum w as measured in the MPT 

Ydi Ydmix - dry unit weight; maximum yj as measured in the MPT 

E, and EoedI - modulus and oedometric modulus, in the 2nd load cycle

Table 2 -  Characteristics o f  compaction and permeability

Particle-size Permeability tests

(mm)

*■o

(kN/m3) (%) (cm /s)xl0

0/6 20.3 6.3 0,87

0/25 21.6 4.5 0,14

0/37.5 21.6 4.5 6.67

k - coefficient o f  permeability

Yd - dry unit weight; w - water content

To attend the expectable stresses in those materials, the 
confinement stress applied was 30 kPa. The maximum deviator 
stress applied was 800 kPa.

One oedometric test was conducted on the sample with the 
coarsest particle-size distribution (0/37,5 mm), in order to 
determine the value of the oedometric modulus in the second 
load cycle. For the purpose, one sample with 230 mm diameter 
and 210  mm height was compacted with a vibrating plate, in 
order to obtain the highest compaction. The maximum axial 

stress applied was 500 kPa.
Table 1 shows the compaction conditions of the samples 

tested, as well as the modulus (Er) and the oedometric modulus 

(Eotdr), which were calculated in the second load cycle. After the 
execution of tests, the particle-size distribution analysis of the 
samples was performed, and it was observed that there was no 
significant alteration in the particle-size distribution. The 
maximum axial deformation in first load cycle obtained in each 

sample used in the triaxial tests was about 0.9% in the coarsest 
and intermediate particle-size distribution, and 2 .1% in the finest 
particle-size distribution (0/6 mm), for a deviator stress of about 
800 kPa. The values obtained for the resilient modulus, in each 
case, made possible to conclude that in the test conditions used, 
that parameter was influenced by the particle-size distribution 
and by the maximum particles-size.

4.2.2 Permeability
Permeability tests were performed in triaxial cell, with samples 
of dimensions similar to those previously referred to. For the 
tests, it was used a sample of each particle-size distribution and a 
hydraulic load of 10 kPa. Furthermore, in order to simulate "in 
situ” conditions, the confinement stress was 30 kPa and the 
deviator stress was 150 kPa. As regards the values of the 
coefficient of permeability (Table 2), it is considered that all 
materials are within the limit considered as acceptable, which 
was k<10^ cm/s (CFF, 1997).
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Figure 2. Particle-size distribution curves o f  the subgrade soils and o f  the 

sub-ballast material.

4.2.3 Filtering and drainage f  unctions
In order to perform the filtering and drainage functions attending 
to the soils of the existing platform, when the latter does not 
require reinforcement (EV2>80 kPa), the particle-size distribution 
of the sub-ballast layer material must fiilfil the criteria usually 
considered in these circumstances (ORE, 1981).

Figure 2 shows particle-size distribution curves of some soils 
identified in the existing platform and of the coarsest particle- 
size distribution (0/37.5 mm), as well as the grading 
requirements for a sub-ballast layer material presented in the 
standards of the Swiss Administration Board (CFF, 1997). The 
same Figure shows the filtering and drainage criteria adopted. 
Generally, the coarsest particle-size distribution (0/37.5 mm) 
fulfils the filtering and drainage requirements.

4.2.4 Analysis o f results
Considering the requirements that the sub-ballast layer is 
expected to fulfil and the results of the tests performed, it was 
suggested that the particle-size distribution to be adopted should 
be the coarsest (0/37.5 mm). It is considered that a layer formed 
by that granitic material after being well compacted (> 97% 
MPT), should present a resilient modulus of 300 MPa, a 
permeability (k) less than 10 -4 cm/s and should fulfil the filtering 
and drainage functions, as regards the subgrade materials.

5 MODEL FOR DESIGN THE REINFORCEMENT OF THE 
PLATFORM

When the current platform presents a defective bearing capacity 
(Ev2<80 MPa), it will be necessary to construct a capping layer 
on which the 0.15 m sub-ballast layer is to be placed. Therefore, 
it is considered that the main purpose of this reinforcement is to 
obtain a 120 MPa modulus (E^) in the top of that layer.

Knowing the deformability of the existing platform and of the 
materials to be placed both in the capping and in the sub-ballast 
layer, the thickness of the latter and the depth of the bed-rock, it 
is possible to carry out a simplified analysis in order to calculate 
the thickness of the capping layer. For that purpose, an elastic 
behaviour of materials is assumed, in order to obtain the value 
for the modulus in the surface similar to the one determined with 
the plate loading test. That analysis can be prepared using a 
numerical finite element model in axisymmetrical equilibrium, 

which was previously calibrated in homogeneous conditions. 
That model is applied to simulate the application of a load under 
conditions similar to those of the plate loading test. The 
systematic application of the model, considering different values 
of the variables referred to above, makes possible to prepare 
abacuses similar to the one shown in Figure 3. With those 
abacuses, it is possible to determine the thickness necessary for 
the capping layer in the different situations.

Taking into account the graph of Figure 3 - built for a sub
ballast layer with a thickness of 0.15 m, bedrock located at 3 m 
depth, platform characterised by a modulus (E^) of 40 MPa, 
sub-ballast material with E^ of 300 MPa - and considering for 
instance a material for the capping layer with values of Ev2 of

Figure 3. Determination o f the thickness o f  the capping layer.

about 250 to 300 MPa, in order to obtain an equivalent modulus 
Ev2 of 120 MPa, it will be necessary to assume a 40 cm 
thickness for the capping layer.

6 CONCLUSIONS

The great heterogeneity of the old platform materials and their 
different conditions (water content and compaction) make 
laboratorial mechanical characterisation difficult to be done. 
Therefore, it is important to be able to make the characterisation 
“in situ”, in order to relate their proprieties with the platform 
performance.

The methodology that has been used in the renewal of the 
existing Portuguese North Line platform is based in the 
assessment of its bearing capacity and in laboratorial 
characterisation of the materials to be used in the reinforcement 
layers.

The use of an elastic finite element model has become 

possible to incorporate this information and settle the depth of 
capping layer on the existing platform.
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