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Abstract
In this paper two major analyses are carried out taking into account the three dimensional finite
element modeling with CODE_BRIGHT software.
The first deals with several cases under the action of atmospheric conditions in which the vertical
stiffness changes acquires special importance – inclusion of a transition zone when bridges tunnels or
pile decks are introduced in the tracks and subgrade soil stiffness variation. The evaluation of results
is made in terms of vertical displacements and their seasonal changes as well as the water content,
degree of saturation and temperature.
In the second analysis is evaluated the prevision of the degradation of the subgrade for several cases,
through deformation and strain results on the top of the subgrade, under the action of the load due to
the passage of the train and the action of atmospheric conditions (thermo-hydro-mechanical analysis).
In the first analysis the positive influence of the transition zone can be observed, making the transition
less abrupt. In the case of the transition between two soils with different stiffness is observed that
when it is introduced a soil with an intermediate stiffness between them, the transition is much more
smooth. In the second analysis, the results show that the decrease of the groundwater level results in
a decrease of the permanent strains and deformations at the top of the subgrade, while an increase of
subgrade’s height results in a decrease of the strains and in a increase of the deformations at the top
of the subgrade.

1. Introduction
This paper aims to develop some lines of investigation, particularly through two major analyses.
The thermo-hydro-mechanical analysis that aims to the study of the evolution of degradation of the
subgrade was previously developed on the project BITU-Rail (BITURAIL D.2.3 and D.3.2, 2011) and
on the paper (Moço-Ferreira and Teixeira, 2012) with the mechanical analysis being carried out using
the CESAR-LCPC software and the action of the atmospheric changes is simulated separately using
the CODE_BRIGHT software.
On the other hand, the master thesis (Ferreira, 2007) and the article (Moço-Ferreira et al., 2009, 2011)
consider the atmospheric changes acting on models of the railroad substructure in two dimensions for
the proposed analyses.
The first analysis is based on the substructure railway models in two dimensions under the action of
the atmospheric changes and is intended to evaluate differential settlement through the development
of three dimensional models.
The second analysis aims to integrate and couple the thermo-hydro-mechanical analysis in just one
software, the CODE_BRIGHT, in order to simulate the simultaneous action of the atmospheric

changers and the load associated to the passage of trains on a single model, to implement the method
of the subgrade degradation prevision.
These analyzes are an innovative breakthrough in this research area.

2. Design of Railway Subgrades
Recently, a 3D finite element model has been developed by Ferreira and Teixeira (2012) in order to
examine different mechanical behaviors of the soil (elastic/ elastoplastic), study various conditions of
contact on the sleepers-ballast’s surface and calculate amplification factors due to dynamic effects.
The development of this model was performed using the software based on finite element method
CESAR-LCPC. Figure 2.1 shows a 3D perspective of the model with information on materials,
geometry, discretization (mesh) and the point of load application. This model will be used as a
reference for the development of a 3D finite element model on the software CODE-BRIGHT (chapter
4).

Figure 2.1 – Base model (CESAR-LCPC): geometry, applied load and finite element discretization (MoçoFerreira and Teixeira, 2012).

3. Thermo-Hydro-Mechanical Analysis: State of Art
3.1 Basic Principles of Unsaturated Soils
Railway infrastructure is composed by different soil layers, which are generally exposed to seasonal
moisture changes due to weather actions. Rainfall, changes in the relative humidity and in
temperature lead to water infiltration/evaporation into the ground, resulting in soil moisture fluctuations.
Moreover, the seasonal alternate wetting-drying cycles controlled by atmospheric actions, are
responsible for strong changes in suction. These variations in suction due to the evolution of the water
content of the soil during the year are associated with volume changes (swelling and shrinking) which
are responsible for vertical displacements.

Suction can be defined as the free energy state of soil water and can be measured in terms of the
relation between the partial vapour pressure and the saturation pressure of the soil water (Fredlund
and Rahardjo, 1974), this relation is generally referred as relative humidity. The thermodynamic
relationship between total suction and the relative humidity, RH, is given by the Psychometric Law and
can be written as follows:
(3.1)

where
soil suction or total suction (kPa);
– universal (molar) gas constant [8.31432 J/(mol K)] ;
0

0

– absolute temperature [ T = ( 273.16 + t ) (K)] with temperature t inºC;
0

– density of water [998 kg/m3 at t = 20 ºC] -

;

– molecular mass of water vapour (18.016 kg/kmol);
– relative humidity on the soil voids;

3.2 BBM
Suitable unsaturated soils constitutive models are required for the calculation of soil deformations due
to suction changes. The model used in this work is the Barcelona Basic Model, BBM, proposed by
Alonso et al. (1990). BBM is a hardening elastoplastic constitutive model appropriated to model the
behaviour of slightly or moderately expansive soils and is based in two independent sets of stress
variables: the excess of total stress over air pressure, p, and suction, s. It provides the mathematical
formulation to calculate the soil deformations due to suction changes and/or stress changes.

4. Mechanical Modeling by FEM (CODE_BRIGHT)
The base model created in the CODE_BRIGHT for validation is presented in Figure 4.1.

Figure 4.1 – Base model (CODE_BRIGHT) with the description of the adopted materials.

In order to perform the validation of the base model of the CODE_BRIGHT to allow further
development of the final model, the stress values on the main direction I (vertical) are verified in points
throughout the height of the platform under the point of load application, for the three models (Figures
4.2 and 4.3).
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Figure 4.2 – Evolution of the vertical stresses (direction I) due to the self-weight, as function of the
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Figure 4.3 – Evolution of the vertical stresses (direction I) due to the applied load, as function of the
subgrade depth for the base models.

Comparing the graphics of the stress values due to the self-weight and to the applied load of the three
models it is observed that they are nearly coincident, and so the linear elastic model of the
CODE_BRIGHT shows an excellent performance when compared to the CESAR-LCPC models.

5. Study of Differential Settlement
5.1 Materials and Atmospheric Actions
The materials to be used in this study will be three soils with different stiffnesses:




Soil 1 – Moderate stiffness material;
Soil 2 – High stiffness material;
Soil 3 – Very high stiffness material.

In this work it is intended to perform simulations taking into account the effects of the atmospheric
actions for a typical year (year 2010). The data relating to atmospheric actions – variation of the
temperature, precipitation and relative humidity – are presented in Figure 5.1 and refers to the
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Figure 5.1 – Atmospheric data of the year 2010, regarding the city of Barcelona.

5.2 Description of Study Models
5.2.1

Transition Zone

The objective of this analysis is to verify the influence that the inclusion of a transition zone between
the subgrade and a bridge, tunnel or pile deck brings. Thus two different models are analyzed:


Case 1: Abrupt transition – without a transition zone;



Case 2: Smooth transition – with a transition zone.

Figure 5.2 – Adopted geometry for the transition zone.

Figure 5.3 – Assignment of the materials to the case of the transition zone: a) Case 1 (without transition
zone); b) Case 2 (with transition zone).

5.2.2

Subgrade Soils Transition

The objective of this analysis is the study of the transition between soils with different stifnesses (and
properties). In the study of the subgrade soils transition it will be considered three different models
whose variable and single difference is how the transition is made between them – more abrupt or
smoother:


Case 1: Abrupt transition between Soils 1 and 3;



Case 2: Smooth transition between Soils 1 and 3, using Soil 2 has an intermediate soil on the
transition;



Case 3: Transition between Soils 1 and 2;

Figure 5.4 – Different cases of subgrade soils transition: a) Case 1; b) Case 2; c) Case 3.

5.3 Results
Some results are presented, namely the graphics of vertical displacements as function of the
longitudinal height relating to the instants when the maximum and minimum values are obtained for
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Figure 5.5 – Longitudinal evolution of the vertical displacements at the surface (maximum values), for the
cases with and without the transition zone.
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Figure 5.6 – Longitudinal evolution of the vertical displacements at the surface (minimum values), for the
cases with and without the transition zone.

Deslocamento Vertical
(m)

0.004
0.003
Transição 1
Transição 2
Transição 3

0.002
0.001
0
0

5

10

15

20

25

30

35

40

45

50

Comprimento Longitudinal (m)

Deslocamento Vertical (m)

Figure 5.7 – Longitudinal evolution of the vertical displacements at the surface (maximum values), for the
subgrade soils transition cases.
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Figure 5.8 – Longitudinal evolution of the vertical displacements at the surface (minimum values), for the
subgrade soils transition cases.

6. Subgrade Fatigue
After the final model be defined, it is performed an analysis of the stress values due to the self-weight
and to the applied load for the elastic and non-elastic behavior of this model as function of subgrade’s
depth.
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Figure 6.1 – Evolution of the vertical stresses (direction I) due to the self-weight, as function of subgrade
depth for the base and final models.
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Figure 6.2 – Evolution of the vertical stresses (direction I) due to the applied load, as function of subgrade
depth for the base and final models.

6.1 Presentation and mechanical analysis of the study cases
The different study cases are now presented in order to conduct a comparative study of the various
options considered:
Groundwater Level Variation:


1m above subgrade’s base (4m height from model’s base);



2m above subgrade’s base (3m height from model’s base);



3m above subgrade’s base (2m height from model’s base).

Subgrade Height Variation:


Subgrade with 2.5m height;



Subgrade with 5m height;



Subgrade with 7.5m height;



Subgrade with 10m height.

6.2 Subgrade Permanent Strains and Deformations
6.2.1

Groundwater Level Variation

Figure 6.3 shows the evolution of the permanent strain on the top of the subgrade for groundwater
level variation's cases for a 75 year period. The graphic that shows the evolution of the permanent
deformation on the top of the subgrade for the same period is given in Figure 6.4.
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Figure 6.3 – Permanent strains at the top of the subgrade for the groundwater level variation cases.
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Figure 6.4 - Permanent deformations at the top of the subgrade for the groundwater level variation cases.

6.2.2

Subgrade Height Variation

The graphics of the permanent strain and permanent deformation for the subgrade height variation are
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Figure 6.5 – Permanent strains at the top of the subgrade for the subgrade height variation cases.
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Figure 6.6 – Permanent deformations at the top of the subgrade for the subgrade height variation cases.

As design criteria of a railroad Li et al. (1996) proposed that the permanent strain,
permanent deformation,

, and the total

, will be limited to the values of 2% and 25mm, respectively.

Thus the base case (subgrade with 5m height and groundwater level located 1m above the base of
the subgrade) fulfills the project criteria as well as all the different cases of groundwater level variation.
Only the cases of the subgrades with 10 and 7.5m height do not respect the limit value provided by Li
for the permanent deformation on the top of the subgrade. Therefore this study achieves the proposed
objectives.

7. Conclusions
The present paper is based on certain projects that were previously developed from which were
designed the objectives to achieve by carrying out two major analyzes.
The first analysis was performed to study the differential settlement on the railway substructure based
on the thermo-hydro-mechanical analysis performed in the master thesis (Ferreira, 2007) and in the
paper (Moço-Ferreira et al., 2009, 2011). This analysis consisted on the development of different
models that allowed the study of the differential settlement under the influence of atmospheric
changes by performing a thermo-hydro-mechanical analysis – inclusion of a transition zone when
bridges tunnels or pile decks are introduced in the tracks and subgrade soil stiffness variation.
The second analysis is based on the studies conducted on the project BITU-Rail (BITURAIL D.2.3 and
D.3.2, 2011) and on the paper (Moço-Ferreira and Teixeira, 2012). On the present paper the thermohydro-mechanical analysis was integrated and coupled on a single software, the CODE_BRIGHT, in
order to simulate the simultaneous action of the atmospheric changers and the load associated to the
passage of trains on a single model, to implement the method of the subgrade degradation prevision.
By analyzing the results of the study of differential settlement, it is concluded that the analysis fulfills
the proposed objectives. The different studies carried out – inclusion of a transition zone when bridges
tunnels or pile decks are introduced in the tracks and subgrade soil stiffness variation – assume
relevance to the study of the track geometry quality degradation, one of the most important factors on
the high-speed railway costs maintenance.
The subgrade degradation analysis fulfills the objectives initially proposed as well. With the results
from the models developed for this analysis, it was applied the predicting methodology for the
subgrade degradation for a period of 75 years for the proposed cases. It was observed that the
decrease of the groundwater level results in a decrease of the permanent strains and deformations at
the top of the subgrade, while an increase on the subgrade height results in a decrease of the strains
and increase of deformations at the top of the subgrade.
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