


i 
 

Preface 
 

This master thesis was the completion of our studies in the civil engineering programme at the Royal 
Institute of Technology, KTH. The thesis was performed at the division of Soil and Rock Mechanics, 
during spring semester 2016. 

We would like to express our appreciation to our examiner Professor Stefan Larsson who inspired us 
to choose the path of geotechnical engineering and for giving us the opportunity to work with one of 
the most interesting subjects, high speed railways. A special thanks to our supervisor Ricardo de Frias 
Lopez for his guidance and valuable advices during the work of this thesis. 

Last but not least, we would like to thank our families for their moral support, and our friends at KTH 
for all the pleasant Friday lunches we had. 

 

Stockholm, September 2016 

Karima Ghyate Forsberg and Rogin Ramak 

  



ii 
 

 

  



iii 
 

Abstract 
 

According to Swedish guidelines for high speed railways on embankment, the total settlement is 
limited to 20 mm over a track length of 10 m during the construction service life. The main objective 
of this thesis was to investigate the deformation in the subgrade (unbound layer) in a slab track, 
since there are very few studies related to high speed railways on high earth structure, discussing 
particularly the unbound layer. 

This thesis examined the unbound layer consisting of granular material by using the discrete element 
method (DEM) software PFC. There was a focus on the material compaction and deformations due to 
traffic loading. DEM has the benefit to be able to model deformation with due consideration of 
processes at microscale level. 

Two different particle shapes were tested: balls and clumps. The results showed that the settlements 
were small, possibly associated to the well compacted material and the simplifications in the model, 
such as the shape of the particles, absence of particle breakage and the applied traffic load. The 
clump simulations resulted in less settlements and permanent strains compared to the ball 
simulations. The higher the embankment the more settlements but less strains were produced for all 
the three simulations. One interesting parameter to study for the balls simulation was the friction 
between the particles. Increased friction contributed to less settlement.  

The maximum height of the embankment was limited to around 3,2 m due to time restraints. 
Simulations for higher embankments are needed to be performed in order to better understand the 
effect of the embankment height on settlements.  

Keywords:  Slab track, unbound layer, discrete element modelling, deformation, embankment 
height, friction 
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Sammanfattning 
 

För höghastighetsspår på bank gäller ett sättningskrav under brukstiden på högst 20 mm över en 
längdsektion på 10 m enligt Trafikverket. Syftet med detta examensarbete var att undersöka 
deformationer i fyllagret i underbyggnaden för en ballastfri spårkonstruktion. Detta eftersom det 
finns mycket få studier relaterat till höghastighetsspår på hög bank, med fokus på detta lager. 

I denna studie har fyllagret, bestående av granulärt material, undersökts med hjälp av programvaran 
PFC, baserad på diskreta element metoden (DEM). Packning av lagret studerades och även 
deformationer orsakat av trafiklast undersöktes. Med DEM kan deformationer modelleras på 
mikronivå.  

Två olika partikelformer testades; enskilda bollar och sammansatta bollar, s.k. ”clumps”. 
Deformationerna i materialet var överlag små. Detta bedömdes bero på att materialet var välpackat, 
men även till följd av förenklingar i modellen, såsom partikelform, avsaknad av 
partikelsönderbrytning samt en förenklad uppskattning av trafiklasten. Simulering av ”clumps” 
resulterade i mindre sättningar och kvarstående töjningar jämfört med simulering av de enskilda 
bollarna. Ju högre bank som byggdes, desto mer sättningar erhölls, men desto mindre töjningar, 
vilket var fallet för alla tre simuleringar. För enskilda bollar var det intressant att studera vilken 
påverkan friktionskoefficienten hade på deformationerna. En höjning av friktionskoefficienten 
resulterade i mindre sättningar.  

På grund av tidsbegränsning var bankhöjden begränsad till ca 3,2 m. Det finns därför ett behov av att 
simulera högre bankhöjder i syfte att få en bättre förståelse för den påverkan bankhöjden har för 
uppkomsten av sättningar. 

Nyckelord: Ballastfritt spår, slab track, fyllager, diskret element modellering, deformation, bankhöjd, 
friktion 
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1. Introduction 
 

1.1.  Background  
 
The interest in high speed railway lines has increased worldwide during recent years, in parallel with 
the demand for greener and more sustainable transportation systems. Additionally, the problem of 
aging of the existing railway infrastructure in Sweden has been extensively debated in the media. 
Thus, there is a necessity to search for technically and economically effective solutions to decrease 
the expensive investments in maintenance of ballasted railway tracks. 

The slab track, which is the most common type of ballastless track, has been deemed as the most 
effective solution in many countries with extensive experience in high speed railways (e.g. Japan, 
Germany). To create a world-class network of high speed passenger railways, the Swedish Transport 
Administration (Trafikverket) has started to investigate different types of embankment formations 
suitable for Swedish conditions and regulations. Embankments for slab tracks can be constructed 
differently depending on subsoil conditions and have very high requirements. According to 
Trafikverket, the settlements during the service life of the track should not exceed 20 mm over a 
track length of 10 m for slab tracks. 

In this thesis, a slab track on high earth structure is adopted as construction solution for high speed 
railway lines. Appendix A shows the cross-section of the adopted solution as suggested by 
Trafikverket. The option of high earth structure is proposed mainly due to its lower construction 
costs, especially when access to blasted and crushed granular materials exists, and the fact that 
Sweden has a long experience in building high embankments (Bergliv, 2015). The embankment is 
intended to be constructed of the following layers: frost protection layer (FPL), unbound layer 
(subgrade) and subsoil. The slab track and rail components are constructed on the top of the FPL. The 
unbound layer is usually composed of crushed rock material, with particle sizes ranging between 0 – 
150 mm. The slab track solution is described in more detail in Section 2. 
 

1.2.  Literature review 
 

Previous studies on railway embankments have investigated the ballast layer in conventional 
ballasted railway tracks with the discrete element method (DEM) (e.g. Lobo-Guerrero & Vallejo, 
2006; Lu & McDowell, 2006; Tutumluer, et al., 2007; Indraratna, et al., 2010). DEM is a numerical 
method, developed by Cundall and Strack (1979) for studying the mechanical behaviour of granular 
materials. Particle Flow Code (PFC) is an implementation of DEM for simulating the movement and 
interactions of an assembly of finite-sized particles (ITASCA, 2014). Details on DEM and PFC are 
elaborated in Section 4. The particles in PFC are rigid spheres. In order to simulate angularity and 
thus interlocking of granular material, unbreakable clusters of spherical particles, so called clumps, 
have been introduced in some of the above studies on ballast. 

Since the particles in PFC are rigid and unbreakable, some researchers have included breakable 
clusters of spheres as a method of simulating particle breakage (Lu & McDowell, 2006, 2008; 
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Indraratna, et al., 2010; Nimbalkar & Indraratna, 2015). The introduction of breakable bonds has 
shown to be more computationally time consuming, especially when the cluster shape is complex. 
Bonded clusters, both breakable and unbreakable, have also been used to simulate interlocking 
effect for particles with simple shape (Lu & McDowell, 2008). 

There are numerical studies trying to reproduce common laboratory tests to study the deformation 
and degradation of ballast, such as oedometer test (Lim & McDowell, 2005), triaxial test (Lu & 
McDowell, 2008) and direct shear box test (Indraratna, et al., 2014). Additionally, simulations have 
been made on the ballast layer, both in terms of box tests in 3D (Lu & McDowell, 2006, 2007; Chen, 
et al., 2015) and track sections for the upper ballast layer in 2D (Lobo-Guerrero & Vallejo, 2006; 
Tutumluer, et al., 2007) and 3D (Huang & Chrismer, 2013). Overall, the results from DEM simulations 
have shown, to some extent, resemblance to ballast behaviour in reality, if modifications were 
applied (e.g. use of complex clump shapes (Lu & McDowell, 2007)). 

Previous numerical studies on ballasted tracks have also investigated how ballast particles are 
affected by number of load cycles, as well as by train speed (i.e. load frequency). Traffic loads have 
been cyclically applied and findings indicate that most deformations occur in the initial cycles and 
that settlement rate is reduced with the number of load cycles (e.g. Lobo-Guerrero & Vallejo, 2006; 
Lu & McDowell, 2006; Hossain, et al., 2007) in agreement with the expected behaviour of ballasted 
tracks in service. A study of cyclic loads by Indraratna et al. (2010) showed that the permanent 
deformation of the ballast grew with the frequency of the applied load. Also, the particle size 
distribution (gradation) has shown to have an influence on the deformation when the ballast was 
subjected to repeated loading (Bian, et al., 2016). The more uniform the gradation, the more 
permanent deformation accumulates on the ballast. 

However, the majority of studies have been on ballasted track, and there are very few studies on 
ballastless tracks and how high speed trains affects the substructure. Those studies have mainly 
treated the subject of the dynamic response in the subgrade and only been limited to field tests 
(Kempfert & Hu, 1999; Ma et al., 2013). Therefore, it is of interest to perform a discrete element 
method simulation on the behaviour of granular particles in the unbound layer when subjected to 
high speed train loads. 

 

1.3.  Problem statement 
 

There is a lack of experience in building high speed railway slab tracks on high embankments in 
Sweden. Investigation of the deformations in the embankment is essential, since there are limited 
possibilities for maintenance of slab tracks during their service life. The strict settlement requirement 
from Trafikverket, 20 mm over a track length of 10 m, aggravates the issue leading to possible 
limitations on the maximum allowable embankment height. 
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1.3.1.  Influencing factors 
This study provides an insight into the construction of high speed railways on high embankment 
according to Trafikverket’s requirement for settlements. The unbound layer has a significant 
influence on track performance and has shown a complexity for design since its behaviour is 
influenced by numerous factors, partly due to the particulate nature of the layer. The deformation of 
this layer can generally restrict the total height of the embankment. The most significant factors 
influencing the unbound layer deformation are: 

- the applied load including traffic volume and train speed 
- the embankment height 
- the properties of the granular material used in the embankment such as particle angularity, 

friction and size distribution  
- the ground water and pore water pressure. In Sweden, the deformation is partially climate 

depending, caused by frost penetration, which usually occurs in fine-grained soils (Bergliv, 
2015). 

- the subsoil properties mainly characterized by its elastic properties and damping effect 
(Woldringh & New, 1999). 

Due to limitations on the available time frame and computational resources, the thesis focuses on 
the effect of the embankment height, particle shape and the interparticle friction coefficient on the 
deformation of the unbound layer of the embankment due to a given traffic load. 

 

1.4.  Aim of the study 
 

The main purpose of this thesis was to study, by using the DEM software PFC3D, the deformation of 
the unbound layer of the embankment due to cyclic loading. The effect of interparticle friction, 
particle shape and layer height on deformation were evaluated. 
 

1.5.  Simplifications and limitations 
 

In order to achieve the above aims, the following simplifications were needed: 

- Plane strain assumption 
- Analysis limited to spherical particles and clumps of spheres which lack asperities and sharp 

corners. 
- Particle size distribution - simplified to grain sizes ranging from 100 – 150 mm 
- Quasi-static loading 

As stated before, several factors could be examined. Because of the time limitation, the focus of this 
study was on the factors that have the highest impact on granular material behavior. This thesis deals 
with granular particles represented as simple shapes with a simple particle contact model, which is 
less computationally time consuming. The model was based on balls and clumps simulations without 
bonds, although bonds are generally an adopted option when simulating particle breakage. 
Additionally, no dynamic analysis and loads from freight trains have been included in this thesis. 
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2. Slab track construction 
 

2.1.  General 
 

The technical and economical requirements imposed on slab tracks are much higher than on 
ballasted tracks which explain the higher cost of their construction and materials (SSF Ingenieure, 
2013). On the other hand, these strict requirements can lead to decreased maintenance costs and 
increased service life. 

There are different types of solutions for slab tracks depending on if constructed on a bridge, in a 
cutting or on an embankment (Figure 2.1) (SSF Ingenieure, 2013). High speed railways constructed on 
embankments are the most challenging ones when compared with other constructions. The reason 
for this is the complexity of anticipating the mechanical behaviour of the unbound material in the 
embankment structure in the long term. Another issue is the transition zone which appears between 
the ballasted and ballastless track (Than, 2014). This zone has a negative impact on the construction 
function since there is a change in stiffness between both systems. As a consequence, deformations 
will take place and affect the entire structure. The transition zone is not covered in this thesis. 

Before the construction of the slab track, an extensive investigation of the subsoil should be 
executed at least every 50 m along the track direction, for a depth of 6 m, to obtain an overview of 
the soil condition (Lichtberger, 2011). According to Trafikverket, the allowed maximum settlement in 
the ballastless track is 20 mm over a track section length of 10 m, and for the subgrade, the total 
settlements should not exceed 5 mm after the construction (Karlsson, 2014). The settlement in a slab 
track substructure must be eliminated before the installation of the system. Since the requirements 
for the ballastless embankment are very high, some measures should be performed to improve the 
subsoil and/or enhancing the subgrade since their functions are related to each other (SSF 
Ingenieure, 2013). The substructure below the slab track must be stabilized to a minimum depth of 
2,5 m by designing appropriate earthwork constructions, which can be challenging. 

 

 

Figure 2.1 - An example of a slab track solution on earth structure (RAIL.ONE, 2016) 
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2.2.  Components of the slab track construction 
 

Figure 2.2 shows the different components in most slab track constructions, which are further 
described below. 

 

Figure 2.2 - Construction profiles for slab tracks (Darr, 2000) 

 

2.2.1.  Concrete bonded layer (CBL) and asphalt bonded layer (ABL) 
The top layer may consist of a concrete bonded layer (CBL) or an asphalt bonded layer (ABL) (Paixão, 
et al., 2009). These layers support the track panel and distribute the loads of the train to the 
underlying layers, and for that reason require high durability. CBL layers must show a controlled 
crack pattern and resist cycles of frost and defrost. ABL layers require more demanding parameters 
when compared to road constructions. A thin layer of bitumen or rubber is injected under the slab in 
most cases to take care of vibrations. 

2.2.2.  Hydraulically bonded layer (HBL) 
The hydraulically bonded layer (HBL) is achieved by using aggregates treated with hydraulic binder. 
This layer gives an increasing bearing capacity to the structure (Paixão, et al., 2009; Lichtberger, 
2011). The thickness of the layer should not be less than 300 mm. 

2.2.3.  Frost protecting layer (FPL) 
This layer protects the upper layers in the construction from frost by impeding the water to infiltrate 
from the subsoil (Lichtberger, 2011). The FPL should have low permeability and a minimum thickness 
of 70 cm. The thickness of this layer depends on climate factors. The FPL supports the HBL layer in 
such way that the load can be further distributed from the upper structure down to the subsoil which 
is assumed to be strengthened and in a good condition (Paixão, et al., 2009). 
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2.2.4.  Subgrade 
The subgrade, also denoted as the unbound layer in this thesis, must be stiff and have enough 
bearing capacity to resist train induced stresses transferred by the structure above (Thakur, 2011). 
Instability of the subgrade results in distortion of track geometry and alignment. The subgrade is 
installed in the substructure and consists usually of crushed material from rock or stones. The 
subgrade layer is an important component in the embankment since the majority of the settlement 
occurs at this level. This granular material exhibits a complex elastic-plastic stress-strain response 
under loading and unloading processes (e.g. Lu, 2008). 

Based on Swedish regulation for constructions and fill material, AMA Anläggning 10 (Svensk 
Byggtjänst, 2011) , the unbound layer can be classified according to material types: 

- Material type 1: Rock material with high resistance to wearing 
- Material type 2: Boulder mixed with soil 
- Material type 3A: Rock material with low ball mill value 
- Material type 3B: Silty sand, silty gravel and moraine 

The higher the embankment, the bigger the particle size that may be used. However, there are 
certain limitations to particle sizes (0 – 150 mm) because of frost penetration (Bergliv, 2015). 

2.2.5.  Subsoil  
The subsoil under the slab track embankment should fulfill high restrictions in settlement. Therefore, 
some groundwork to strengthen the soil should usually be done (Lichtberger, 2011). Deformation in 
the subsoil layer can occur due to loading and unloading, dead weight or dynamic influence. If the 
subsoil consists of granular material only immediate settlement will take place. For soft soils, 
consolidation settlement is decisive. This can be prevented by speeding this process since the 
construction time and budget are limited. 

Piling or less costly procedures such as vertical drains (in case of cohesive material) can be suggested 
as necessary procedures to accelerate the settlement before the construction of the embankment 
and installation of the slab track (Lichtberger, 2011). When it comes to creep settlement, which is 
common in soils with high clay and organic content, the settlement will continue during time. To 
avoid this secondary settlement, preloading of the soil can be an alternative. Soil replacement is 
another option; it is safer, yet very expensive. 
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3. Compaction and loading 
 

The following sections describe the compactions process and the main vertical forces from the 
permanent and traffic load acting on the unbound layer. 

 

3.1.  The compaction process 
 

The compaction process results in particle rearrangement leading to lower porosities as the smaller 
particles fill the voids between the coarser ones, thus a denser structure and more interparticle 
contacts are created (Bian, et al., 2016). This process does not necessary include a removal of water 
(Davison, 2000). Compaction is usually used in the construction of road embankments and also to 
strengthen the road layers. 

The main purpose of the compaction is to (Harrington, 2015): 

- increase the shear strength 
- increase the stiffness to prevent future settlement and to get a better stability 
- decrease the air voids to get less permeability and to reduce the frost heave 
- reduce the construction time 
- reduce shrinkage and swelling 

 

3.1.1.  Degree of compaction 
The degree of compaction is affected by factors as the particle size distribution (well graded 
materials have higher dry density compared to poorly graded), compaction force (higher effort gives 
a higher compaction) and number of compaction cycles (Davison, 2000). The degree of compaction 
can be measured by dry unit weight. The maximum dry unit weight corresponds to a certain 
optimum moisture content for a given compaction force. 

3.1.2.  Deformation  
The deformation under repeated loading is characterized by its resilient and permanent components 
(Figure 3.1). It can be studied at macroscopic level, with focus on the volumetric and shear 
deformation (Lu, 2008). At microscopic level, permanent strain is usually the result of particle 
rearrangement and breakage, while resilient strain occurs at low stresses as particles behave as a 
spring (Bergliv, 2015). 

Factors as the shape of the particles, e.g. angularity and roughness of the surface, initial density 
before compaction, stress history and number of loading cycles affect the mechanical behaviour of 
the granular material (e.g. Lu, 2008). The angularity has an important role in giving shearing 
resistance to the assembly, so the granular material deformation will grow when the angularities 
start to break. The more angular the particle shape, the higher the resilient modulus compared to 
more rounded particles. Table 3.1 shows how some of the above factors affect the plastic and elastic 
deformation for granular materials. 
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Figure 3-1 - Stress-strain response of granular materials during one load cycle (Lekarp, et al., 2000) 

Table 3.1 - Factors affecting resilient and permanent strain (Lu, 2008) 

Factor Resilient strain response Permanent strain response  
Stress level Resilient modulus increase with 

increasing confining pressure. 
Decreases with increasing confining pressure and 
decreasing maximum deviator stress. 

Initial density Resilient modulus increase with 
increasing density, although some 
studies have reported that porosity has 
little influence on the resilient modulus. 

Considered as the most important factor. 
Increases significantly with a small decrease of 
initial density (especially for angular aggregates). 
 
Resistance to accumulated permanent 
deformations can be improved by a high initial 
compacted density. 

Frequency and 
number of 
loading cycles 

Impact of frequency is not significant on 
the resilient behavior. 
 
With repeated load applications, the 
material starts to behave purely resilient 
and reaches a constant value. 

Loading frequency does not affect accumulation 
of permanent strain. Only a high value of 
frequency (train speed higher than 225 km/h) 
causes increased settlements in granular 
material. 
 
Additional strain decreases with increased 
number of cycles if the applied stress is low. 

 

 

3.2.  Vertical forces 
 

There are other types of forces besides the vertical ones. However, in this thesis the focus is only on 
the vertical forces, as they have the biggest impact on vertical deformations. 

The granular material is subjected to different kinds of vertical loads: static and dynamic loads. Static 
loads (permanent load) are due to the weight of the structure above the unbound layer, such as FPL, 
HBL and slab tracks. Dynamic loads (traffic load) are imposed by passing trains. The dynamic effect of 
the traffic load mainly depends on train speed and the train and track condition. The vertical stress 
due to the self-weight of the structure increases with the depth whereas the vertical stresses from 
the dynamic load is decreasing with the depth (Bergliv, 2015). 
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3.2.1.  Dynamic and quasi-static load  
Dynamic load is a result from the train and track interaction, in addition to the high speed of the train 
(Dahlberg, 2004). Both sources contribute to a different magnitude of the deformation in structure. 
Low frequency vibrations can result in deterioration of the track components and settlement, 
whereas high frequency vibrations affect the passenger’s ride comfort and noise production. 

In this study, dynamic effects are included by using quasi-static values multiplied by a dynamic 
amplification factor. A quasi-static load is time dependent but it is slow enough that produces very 
small to almost negligible inertial effects (Haddad, 2000). It should also be mentioned that the effect 
from quasi-static loads can be different for different materials. A quasi-static operating mode in PFC 
is an approach used to ensure a rapid convergence to a steady state solution (Cundall, et al., 2008). 
 

3.2.2.  Loading rate and response  
The loading rate affects the materials response. The loading rate in this study is chosen to be very 
low to obtain a quasi-static response. This response can be obtained by allowing the system to adjust 
to the force redistribution due to nonlinear events (slip or bond breakage) (ITASCA, 2014). 

The traffic load from high speed trains can be described in three important aspects, such as: cyclic 
effect, movement effect and speed effect. The cyclic effect illustrates the accumulated plastic 
deformation and includes the material non-linear behavior (Jiang, et al., 2016). The magnitude of 
deformation varies with the number of load cycles. The movement effect involves how the principal 
stresses rotate when the particles are subjected to moving loads (Ishikawa, et al., 2011). The 
evaluation of the plastic deformation gives a large value when the movement effect is taken in 
consideration compared to vertical loading and unloading. The speed effect is established when the 
train speed is increased and a dynamic effect is more present than a static one. 

 

  



10 
 

4. DEM and PFC 
 

4.1.  DEM compared to FEM 
 

Granular material is composed of discrete particles. Since the particle size in relation to the 
embankment dimension is relatively large, therefore it cannot be considered as a continuum 
material. To study the stresses and displacements for ensembles of particles such as granular 
material layers, there are two available approaches to simulate the response from the 
loading/unloading process. One can use the finite element method (FEM) which is a numerical 
method based on continuum approach to study the deformation at macroscopic level, without 
explicitly taking into consideration the interaction and contacts between the particles. Another 
approach is DEM which considers particles as rigid bodies and provides insight into their interaction, 
but can be troublesome to deal with the deformation at large scale due to computational power and 
time limitations. None of these approaches captures the true behavior of loading/unloading of 
particles but they represent an approximation of reality. 

 

4.2.  PFC basics 
 

The DEM software PFC3D (Particle Flow Code in 3 dimensions) version 5.0 was used for the 
simulations in this thesis. PFC is considered as a simplified implementation of DEM, since it is 
restricted to rigid (non-deformable) spherical particles (ITASCA, 2014). DEM in general can handle 
deformable polygonal-shaped particles. The rigid discrete particles in PFC are represented by its 
coordinates, radius and density and interact only with particles that are in contact with. Particles can 
have finite rotation and translation movements, including complete detachment, according to 
Newton’s second law. 

DEM allows obtaining an unparalleled amount of information at particle level when compared to 
traditional laboratory testing. PFC allows studying the interaction between discrete particles at their 
contacts, i.e. contact forces and relative displacement between particles (rearrangement and 
reorientation). The contacts between particles produce repulsive linear/non-linear and elastic/plastic 
forces, in addition to tangential frictional forces (Geotechlab, 2016). 

 

4.3.  How PFC is applied 
 

As opposition to a point mass, each particle in PFC is represented by a rigid body with finite mass and 
well-defined surface (ITASCA, 2014). Three types of bodies exist: balls, clumps and walls. The ball is a 
disk in PFC2D and a sphere in PFC3D. Spheres have 6 degrees of freedom in 3D. A clump is a rigid body 
consisting of overlapping spheres. The surface of the clump is defined by the position of the spheres 
and their radii. The clump is internally rigid and the internal contacts in the clump are ignored when 
performing the calculations in PFC. Clumps can be used to simulate different shapes of particles that 
can result in interlocking between particles. 
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Walls are surfaces used for defining contours and applying loads to an assembly of particles in PFC, 
and they interact with balls and clumps but not with other walls. In PFC3D the walls are built by a 
mesh of so called triangular facets allowing to approximate any type of irregular surfaces (ITASCA, 
2014). Walls can also have more regular shapes such as cylindrical or spherical. A wall can be given a 
specified velocity to move for purposes of compaction or confinement. 

The interaction between ball-ball and ball-facet contact can be obtained based on a force-
displacement law (Section 4.4). High damping is implemented as a realistic form of energy dissipation 
which prevents the particle from an infinite movement or instability (ITASCA, 2014). In case of 
dynamic analyses, the value of damping can be reduced. In case of quasi-static study, the damping 
can be set to a specified high value so that the calculation can converge to equilibrium more quickly. 

 

4.4.  Calculation cycle in PFC 
 

The calculation cycle in PFC refers to the time needed to complete the calculation in one-time step 
(ITASCA, 2014). The calculation cycle is based on two laws which are constantly repeated: the force-
displacement law and the law of motion. 

In the beginning of each time step, the particle and wall position are known and the set of contacts is 
updated from the last obtained value (ITASCA, 2014). Then, the force-displacement law is applied to 
each contact, in order to update the contact forces. The force-displacement law is based on the 
relative motion between two entities at their contacts and the contact force acting on the entities 
(depending on contact model used). Contacts between particles are formed and broken during the 
simulations. The contact force 𝐹𝐹𝑖𝑖 is divided into a normal component 𝐹𝐹𝑖𝑖𝑛𝑛 and a shear component 𝐹𝐹𝑖𝑖𝑠𝑠: 

 𝐹𝐹𝑖𝑖 = 𝐹𝐹𝑖𝑖𝑛𝑛 + 𝐹𝐹𝑖𝑖𝑠𝑠 (4.1) 
 
Next, the law of motion is applied on each particle. This is done by applying a resultant force and 
moment vector so that the acceleration can be calculated. The resultant force and moment vectors 
originate from contact forces and other body forces acting on the particle. The resultant force 𝐹𝐹𝑖𝑖 for 
a single rigid particle is described by Newton’s second law as: 

 𝐹𝐹𝑖𝑖 = 𝑚𝑚(ẍ𝑖𝑖 − 𝑔𝑔𝑖𝑖) (4.2) 
 
where 𝑚𝑚 is the particle mass, ẍ𝑖𝑖 is the acceleration of the centre of mass and 𝑔𝑔𝑖𝑖 is the body force 
acceleration. 

The resultant moment 𝑀𝑀𝑖𝑖 , simplified for a spherical particle for the case that the reference system is 
oriented along the principal axes of inertia of the particle, is described as: 

 𝑀𝑀𝑖𝑖 = 𝐼𝐼𝑖𝑖ὠ𝑖𝑖 (4.3) 
 

where 𝐼𝐼𝑖𝑖  is the principle moment of inertia of the particle and ὠ𝑖𝑖 is the angular acceleration about 
the principal axis. 
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The acceleration is then numerically integrated twice to get the updated velocity and displacement 
(position) (ITASCA, 2014). Wall positions are also updated based on the specified wall velocities. A 
simplified scheme of the calculation cycle is presented in Figure 4.1. The calculation of force-
displacement law and law of motion can be effectively performed separately. 

 

 
 
Figure 4.1 - Calculation cycle in PFC (ITASCA, 2014) 

 

4.5.  The linear contact model 
 

The linear contact model can be set up between ball-ball contacts and ball-facet contacts (ITASCA, 
2014). It provides a linear and a dashpot components acting in parallel with each other (Figure 4.2). 
The linear component provides linear elastic (non-tensional) friction behaviour. The dashpot 
component provides a viscous behaviour. These both components act over an infinitesimal interface. 
The interface doesn’t resist relative rotation resulting in the contact moments being zero. Only forces 
can be transmitted with this contact model. The contact force 𝐹𝐹𝑐𝑐 is determined by the linear and 
dashpot component, 𝐹𝐹𝑙𝑙 and 𝐹𝐹𝑑𝑑 respectively. The particle contact is active if the surface gap 𝑔𝑔𝑠𝑠 is less 
than or equal to zero (Figure 4.3). The linear springs cannot take tension. Slip is provided by 
establishing a Coulomb limit on the shear force by using the friction coefficient 𝜇𝜇. More details can 
be found in ITASCA (2014). 
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Figure 4.2 - Components of the linear model: Linear force 𝐹𝐹𝑙𝑙 produced by linear springs with normal and shear stiffnesses 𝑘𝑘𝑛𝑛 
and 𝑘𝑘𝑠𝑠. Normal component of linear force 𝐹𝐹𝑛𝑛𝑙𝑙  is controlled by the normal force update mode 𝑀𝑀𝑑𝑑. Dashpot force 𝐹𝐹𝑑𝑑 produced 
by dashpots with viscosity in terms of normal and shear critical damping ratios 𝛽𝛽𝑛𝑛 and  𝛽𝛽𝑠𝑠. 𝐹𝐹𝑑𝑑is affected by dashpot mode 
𝑀𝑀𝑑𝑑 (ITASCA, 2014) 

 

 

 

Figure 4.3 - The surface gap 𝑔𝑔𝑠𝑠, is the difference between the contact gap 𝑔𝑔𝑐𝑐  and the reference gap 𝑔𝑔𝑟𝑟. This means when 𝑔𝑔𝑟𝑟  
is zero the theoretical surfaces coincide with the piece surfaces (ITASCA, 2014) 
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5. Methodology 
 

To study the deformation, the embankment was first built and compacted and then a load was 
applied to the top of the model in PFC3D. The procedure of how to build the unbound layer in PFC3D 
was based on constructing each sublayer stepwise, by pouring particles and compacting until a 
desired layer thickness was achieved. Then, the next layer was poured and the process continued 
until the unbound layer was completed. The number of layers constituting the unbound layer was 
unknown a priori. Time and computational resources set a restriction on using complex clump shapes 
and on the embankment height. After this, the loading from the self-weight of the structure above 
the unbound layer (dead load), together with the traffic load (live load) were applied. The linear-
based contact model was used. 

 

5.1.  Boundary conditions  
 

The boundary conditions for the model in PFC3D were applied as follows (Figure 5.1): full confinement 
was adopted along the track direction modeled by two opposing walls in the y-direction; 
confinement in the z-direction at the bottom was applied to simulate rigid subsoil, e.g. rock; 
confinement in the z-direction at the top was applied whenever the load would be applied. There 
was no confinement in x-direction along the embankment width allowing free lateral spread of the 
material. 

 

Figure 5-1 - The unbound layer and the coordinate system. Side walls and bottom wall not shown. 
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5.2.  Embankment construction 
 

The full width of the unbound layer was studied for a single track case with a length of approximately 
2 m in the track direction. The slope of the embankment should range from 1:1,5 to 1:2 (Bergliv, 
2015). The top width of the unbound layer was 16,4 m according to Trafikverket’s suggestion for the 
embankment geometry with a lateral slope of 1:1,5 (Appendix A). The height of the unbound layer 
was gradually built, by pouring and compaction of several layers resembling common practice in real 
embankments construction. 

 
5.2.1.  Particle shape and size 

Reproducing realistic granular particle shapes with high level of accuracy is complex and unrealistic 
for a large collection of particles when using PFC. There are some manipulations of the particle shape 
that can be made in PFC, but none are able to simulate the actual shape of granular particles. 
Selected granular material like crushed rock is angular and show high interlocking when properly 
compacted. In this thesis balls and simple regular clumps were used as simplifications of granular 
material. The authors were aware that the simplified shapes used in the model do not reproduce the 
shape of real granular materials, however assemblies of even simple spheres are able to partly 
reproduce the behaviour of real granular materials (e.g. de Frias Lopez, et al., 2016); it is in this sense 
that the embankment model is expected to partly behave similar to a real one. 
 
A disadvantage of using balls as granular material is that it lacks angularity. For this reason, 
simulations with simple regular clumps (Figure 5.2) were also conducted. Previous studies have 
shown that clumps are more realistic in capturing the behaviour of granular material, such as load-
deformation response (Figure 5.3), compared to balls which are too simplistic (Lim & McDowell, 
2005). Clumps provide the possibility to study how the interlocking affects the material response, 
which is not the case for balls, as they tend to roll more resulting in reduced strength. 

 

 

Figure 5.2 – The clump used in the simulations, viewed in four different perspectives. The clump consists of four equally sized 
overlapping spheres. The centre of each sphere is on the surface of the adjacent ones. 
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Figure 5.3 – Load-deformation response, for a first cycle of load in a simulated box test using both balls and 8-ball cubic 
clumps (Lim & McDowell, 2005) 

A particle size distribution range was used, where the minimum value was limited to approximately 
100 mm in order to reduce computational time demands. The maximum allowed particle size for the 
unbound layer is 150 mm (Axelsson, 2016). Table 5.1 shows the input properties for the particles: 
balls, clumps and walls. 

Table 5.1 - Input properties for the particles in PFC3D 

Symbol Description Units Value 
𝒌𝒌𝒏𝒏 Normal stiffness [N/m] 1e8 
𝒌𝒌𝒔𝒔 Shear stiffness [N/m] 1e8 
𝝁𝝁𝒑𝒑 Particle friction coefficient [-] 0,5 
𝝁𝝁𝒇𝒇,𝒃𝒃 Front/back walls friction coefficient [-] 0,5 
𝝁𝝁𝒃𝒃 Bottom wall friction coefficient [-] 1,0 
𝝆𝝆 Particle density [kg/m3] 2000 
𝑫𝑫𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃 Ball diameter [mm] 100 - 150 
𝑫𝑫𝒄𝒄𝒃𝒃𝒄𝒄𝒄𝒄𝒑𝒑 Clump equivalent diameter1 [mm] 103 - 164 

 

The normal and shear stiffnesses, 𝑘𝑘𝑛𝑛 and 𝑘𝑘𝑠𝑠, respectively, have in previous studies been in the 
magnitude of 108 N/m (Lu & McDowell, 2006; Indraratna, et al., 2010; Chen, et al., 2015). This is the 
value adopted in this study as well, for all the entities (balls, clumps and walls). The interparticle 
friction was set to 0,5 in agreement with previous studies (e.g. Lim & McDowell 2005). The friction 
coefficient for the front/back walls was the same as for the particles, so as to simulate particle to 
particle contact. Note that in the case of the bottom wall and front/back walls, PFC will use the 
lowest coefficient of the two contacting entities (ball and wall), which is of interest if the particles 
friction coefficient is varied (Section 5.3.2.2). The density value for the particles in this study was 
obtained from the tutorials in the Itasca manual (ITASCA, 2014). The local damping factor was set to 
0,5 because of the quasi-static analysis. 

 

                                                           
1 The equivalent diameter corresponds to the maximum dimension of the clump which was calculated by 
multiplying the radius of the consisting spheres in the clump by the value three. 
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5.2.2.  Compaction 
 

5.2.2.1.  Creation of the embankment including compaction 
Compaction in PFC can be accomplished by creating a wall on top of the particles and moving it 
downwards with a certain velocity until the sum of contact forces between wall and particles add to 
a specified value. This is followed by reversing the wall velocity until the sum of contact forces is 
zero. The compaction and uncompacting procedures were implemented by developing routines with 
the built-in programming language FISH. The following steps describe the creation of the unbound 
layer for both balls and clumps (including compaction steps between the sublayers): 

1. Creation of a wall at bottom of the domain with friction. 
2. Creation of a rectangular parallelepiped above the bottom wall containing a fixed amount of 

particles, that is balls or clumps, generated at random positions and orientations that would 
constitute the first sublayer of the unbound layer. 

3. Removal of the container walls followed by applying gravity to let the particles pour down on 
the bottom of the domain. Particles are let to settle down, i.e. reach static equilibrium, 
before proceeding to the next step. 

4. Creation of a frictionless wall above the particles, moving it down with a slow velocity and 
compacting the particles; once the desired compaction force was reached the wall would 
stop. 

5. Move the same wall upwards so that the stored elastic energy slowly dissipates. The wall 
moved upwards until the total contact force between wall and the particles was equal to 
zero. 

6. Repeat step 4 and 5 for the prescribed number of cycles to obtain better compaction due to 
particle rearrangement. 

7. Delete the compacting wall. 
8. For the next layer of particles, the process from step 2 was repeated, but with the container 

placed above the latest generated layer. 

A note regarding step 4: this process would induce high contact forces and elastic energy in the 
system. Whenever the wall was uncompacting (step 5) the stored energy would be “released” 
because now the particles had a chance to rearrange (unconfined state). 

5.2.2.2.  Layer thickness 
The sublayer thicknesses of the unbound layer in an embankment for the purpose of high speed 
railways should be approximately 30 cm to allow for effective compaction according to current 
requirements from Trafikverket (Axelsson, 2016). For the model in PFC3D a thickness of around 40 – 
50 cm was used since this results in fewer layers to reach a specified embankment height and 
therefore less computational effort. For each layer, the number of balls was 10000 and the number 
of clumps was 8145 on average, since the latter was varying due to random generation. 
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5.2.3.  Properties of the compacting wall 
The compacting wall was given properties, such as a starting position and a specified velocity for its 
movement and a target compacting force.  

5.2.3.1.  Friction coefficient and velocity 
The friction for the compacting wall was set to zero. A frictionless wall reduces the boundary effect 
during the compaction phase (e.g. ITASCA, 2014). This would let the particles rearrange more easily 
at the contact with the wall. The velocity of the compacting wall should be slow enough in order to 
remain under quasi-static conditions. The velocity 𝑣𝑣 for the compacting wall in the vertical direction 
was set to 0,05 m/s. This value was selected as a compromise between computational time and 
avoidance of dynamic effects on the wall force-displacement response curve.  

5.2.3.2.  Compacting force 
The magnitude of the contact force was chosen by trial and error process in order to obtain a desired 
compacted thickness for the first layer after the selected number of compacting loading cycles. For 
the following layers, it was desirable to achieve the same stresses 𝜎𝜎:  

 𝜎𝜎 =
𝐹𝐹
𝐴𝐴

 
(5.1) 

 
Since the top surface area 𝐴𝐴 of the layer would decrease as the embankment grows in height, then 
the contact force 𝐹𝐹 should also decrease. However, 𝐴𝐴 did not experienced significant changes from 
layer to layer resulting in similar compacting force values, or even the same given the level of 
approximation in this study, from layer to layer (Table 5.2). 

 

5.2.4.  Degree of compaction 
An appropriate amount of compaction of the embankment is important for the proper performance 
of the construction during its service life, as already mentioned in Section 3.1. Performing a sufficient 
compaction makes the structure less prone to settlements when exposed to traffic loads. 

In order to ensure that a resilient behaviour was achieved for each newly added layer after 20 
loading cycles, the force-displacement curve for each compacting wall (e.g. Figure 6.2 for layer 1) was 
obtained and the permanent axial strain 𝜀𝜀𝑎𝑎,𝑝𝑝 produced during the last cycle was compared to a limit 
value of 0,2 % according to:   

 𝜀𝜀𝑎𝑎,𝑝𝑝 =
𝛥𝛥𝛥𝛥
𝛥𝛥𝑓𝑓𝑖𝑖𝑛𝑛𝑎𝑎𝑙𝑙

=
𝛥𝛥20 − 𝛥𝛥19

𝛥𝛥20
 

(5.2) 

 

where 𝛥𝛥20 − 𝛥𝛥19 is the difference in displacement between the last two compactions cycles and 𝛥𝛥20 
is the final layer thickness. The strain limit was necessary since deformations in real granular 
materials can grow indefinitely with diminishing accumulation rate. 

Additionally, the compaction effect was assessed by measuring the porosity in the compacted layer 
before and after compaction. The calculation of porosity was done by taking into consideration the 
volume of the particles entirely situated within a measurement region (a sphere in 3D). For the 
particles intersecting the representative measurement region, only their intersection volumes would 
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contribute to the porosity calculation (Figure 5.4) (ITASCA, 2014). The porosity 𝜂𝜂 is defined as the 
ratio of the total void volume 𝑉𝑉𝑣𝑣𝑣𝑣𝑖𝑖𝑑𝑑  to the measurement region-volume 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟 , within the 
measurement region: 

 𝜂𝜂 =
𝑉𝑉𝑣𝑣𝑣𝑣𝑖𝑖𝑑𝑑
𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟

=
𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑉𝑉𝑚𝑚𝑎𝑎𝑚𝑚

𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟
= 1 −

𝑉𝑉𝑚𝑚𝑎𝑎𝑚𝑚

𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟
 

(5.3) 

 
where 𝑉𝑉𝑚𝑚𝑎𝑎𝑚𝑚 is the volume of the solid material in the measurement region. 

 

Figure 5.4 - Representation of the measurement tool as a region (disk in 2D), showing particles inside or intersecting the 
region (ITASCA, 2014) 

Measuring spheres were placed in four locations: two in the central zone of the layer and two others 
in the lateral ends (Figure 5.5). The reason for measuring porosity in four different locations was to 
control if the porosity would be somewhat similar in all four locations (Section 6.1.2). 

 

Figure 5.5 - Location of the measuring spheres 

Table 5.2 shows the chosen compacting forces which produced a reasonable packing effect for each 
layer according to the above strain limit (same parameters were chosen for balls and clumps). 

Table 5.2 - Compacting forces for each layer 

Layer Vertical contact force 𝑭𝑭𝒄𝒄 for 
the compacting wall [MN] 

1 10 
2 9,0 
3 8,0 
4 8,0 
5 7,0 
6 7,0 
7 6,5 
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5.3.  Embankment loading 
 

In order to study the effect of the embankment height on its deformation, embankments composed 
of one, four and seven layers were built and subjected to loads. Loads acting on the unbound layers 
were included by first applying a permanent load (dead load), followed by superimposing a cyclic 
load representing the effect of traffic (live load). The cyclic load was applied only for a total of 20 
cycles due to computational time restrains in similar conditions as for the compaction phase (Section 
5.2.2). Nevertheless, faster particle rearrangement was expected with PFC than in reality, hence 20 
load cycles could correspond to more cycles in reality (de Frias Lopez, et al., 2016). 

 
5.3.1.  Live load and dead load 

According to Eurocode 1 (EN 1991-1-2), for a locomotive intended for a high speed passenger train, 
the static load of 40 kN/m can be applied to an embankment structure. Dead loads were calculated 
according to the materials density and embankment geometry. The dead load was slightly 
underestimated and the live load was magnified since it was of special interest to investigate the live 
load’s effect on the embankment. Detailed calculations are included in Appendix B. 

Indraratna, et al. (2011) presented some empirical formulas for assessing the dynamic vertical wheel 
load as a function of static wheel load. Usually the formulas incorporate an impact factor. However, 
the formulas are intended for ballasted tracks, and in this study it is important to take into account 
the type of structure (slab track). Kempfert and Hu (1999) suggested an amplification factor 𝑘𝑘𝑑𝑑𝑑𝑑𝑛𝑛 for 
slab tracks calculated as follows: 

 𝑘𝑘𝑑𝑑𝑑𝑑𝑛𝑛 =
𝜎𝜎𝑑𝑑
𝜎𝜎𝑠𝑠

 (5.4) 

 
where 𝜎𝜎𝑑𝑑 = dynamic stress and 𝜎𝜎𝑠𝑠 = static stress. For slab tracks and a train speed of 300 km/h, 𝑘𝑘𝑑𝑑𝑑𝑑𝑛𝑛 
is 1,3. 

The amplification factor was applied to the sum of dead and live loads when simulating the train 
passing upon the unbound layer (Lechner, 2013). Otherwise the dead load would be applied without 
the amplification factor. 

 

5.3.2.  Properties of the particles 
 

5.3.2.1.  Velocity of the loading wall 
The wall velocity for applying the loading cycles was chosen to be slightly smaller than the velocity 
for compacting cycles; the value here was set to 0,04 m/s. This velocity resulted in quasi-static 
conditions. This was verified by studying the effect of the loading wall velocity on its force-
displacement response, i.e. the selected value produced virtually identical responses as using lower 
velocity values. 
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5.3.2.2.  Friction coefficient of the particles 
The friction of the loading wall was set to the same value as for the balls and clumps, in order to 
model the effect of friction of the overlaying FPL. For this study the authors wanted to investigate if 
increasing friction only for the balls would have an influence on the permanent deformation (as a 
way of simulating interlock between the rounded particles). In a paper by Lu and McDowell (2008), 
interparticle friction was studied for stress-strain response of railway ballast, with friction coefficients 
ranging from 0,3 to 1,0. In the same paper, they also made bond strength analysis, and friction 
coefficient was then kept constant at 0,5 for balls. Therefore, the values 0,5 and 1,0 were chosen as 
two values of friction coefficients to be applied in the study of balls (Table 5.3). 

Table 5.3 - Friction values, depending on particle shape 

Particle Friction value 
Ball 0,5 ; 1,0 
Clump 0,5 
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6. Results and discussions 
 

6.1.  Embankment compaction 
 

6.1.1.  Height of the unbound layer 
The subgrade was built of seven layers. The maximum applied compacting stresses were 
approximately 275 kPa for a total of 20 cycles for each layer. The strains in the last compaction cycles 
of each layer were ranging from 0,032 – 0,12 %, i.e. values below the chosen limit (0,2 %). Each 
individual layer (from layers 2 to 7) reached after compaction a thickness of approximately 0,45 m for 
balls and 0,43 m for clumps simulation (Table 6.1). The obtained layer thicknesses for the simulation 
with balls were higher than for clumps since fewer clumps could be generated inside the 
confinement box due to slightly larger particle size for the clumps before pouring the particles 
(Sections 5.2.1. and 5.2.2.2). 

Table 6.1 - Height of the layers after compaction2 

Number  
of layers 

Balls Clumps 
Total height [m] Layer thickness [m] Total height [m] Layer thickness [m] 

1 0,504 0,504 0,507 0,507 
2 0,962 0,458 0,945 0,438 
3 1,413 0,451 1,386 0,441 
4 1,863 0,450 1,814 0,428 
5 2,305 0,442 2,249 0,435 
6 2,747 0,442 2,672 0,423 
7 3,187 0,440 3,100 0,428 

 

Figure 6.1 illustrates the embankment construction process after compaction of bottom (layer 1), 
middle (layer 4) and top (layer 7) layers. The figure illustrates the layers with balls. The layers with 
clumps are similar in appearance. The dimensions of the unbound layer are presented in Tables 6.2 
and 6.3. The slope of the embankment was the result of pouring and compacting the material. 

 

 

(a) Bottom layer 

                                                           
2 Each layer height was the result of only the compaction for the layer itself. The layer height was in fact 
decreasing when the layer above it was compacted. 
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(b) Intermediate layer 

 

(c) Top layer 

Figure 6.1 - Front view of the unbound layer compaction process for simulation with balls after compaction of selected 
layers. Different colours used to represent different layers. 
 

Table 6.2 - Dimensions of the unbound layer after compaction of selected layers, ball simulations 

Dimension Layer 1 Layer 4 Layer 7 
Top width [m] 19,8 17,5 16,2 
Bottom width [m] 20,6 21,8 23,4 
Height [m] 0,50 1,86 3,19 
Slope [-] 1:1,5 1:1,1 1:1,1 

 

Table 6.3 – Dimensions of the unbound layer after compaction of selected layers, clump simulations 

Dimension Layer 1 Layer 4 Layer 7 
Top width [m] 19,3 18,4 17,6 
Bottom width [m] 20,3 21,4 22,4 
Height [m] 0,51 1,81 3,10 
Slope [-] 1:1,0 1:0,8 1:0,8 

 

6.1.2.  Porosity 
Results for the porosity were in the range of 44 – 53 % at the uncompacted state and varied between 
38 – 46 % after compaction (Tables 6.4 and 6.5). By comparing the porosities before and after 
compaction, a decrease was observed for both balls and clumps. By comparing the results from the 
balls and clumps simulations, no significant differences in behavior were observed. 

The obtained results for porosity before compaction were around the same range of porosity 
values cited by Lambe and Whitman (1969) for uncompacted granular materials, i.e. around 48 %. 
However, the results after compaction were slightly higher compared to previous studies regarding 
compacted railroad ballast where the porosity was ranging from 35 to 37 %, depending on gradation 
(Tutumluer, et al., 2009). 

Results from the measuring spheres in the centre of the layer showed slightly higher porosity 
compared to the outer parts. Compaction might result in outwards lateral movement of particles 
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within the layer which could explain the difference in porosities between the centre and sides of the 
layer. 

Table 6.4 - Porosity results for layers 1, 4 and 7 – Ball simulation 

 Porosity measure at 
uncompacted state, 

mean value [%] 

Compacted state, 
layer 1, mean value 

[%] 

Compacted state, 
layer 4, mean value 

[%] 

Compacted state, 
layer 7, mean value 

[%] 
Measurement 
position 

Center Sides Center Sides Center Sides Center Sides 

Layer 1 50,74 47,57 42,58 40,00 41,79 40,69* 41,35 39,35 
Layer 4 44,69 47,50   45,00* 43,79 43,18 39,06 
Layer 7 49,63 51,79     42,82 44,90 
* These values are deviating from the overall pattern, since the porosity increased after compaction 

Table 6.5 - Porosity results for layers 1, 4 and 7 – Clump simulation 

 Porosity measure at 
uncompacted state, 

mean value [%] 

Compacted state, 
layer 1, mean value 

[%] 

Compacted state, 
layer 4, mean value 

[%] 

Compacted state, 
layer 7, mean value 

[%] 
Measurement 
position 

Center Sides Center Sides Center Sides Center Sides 

Layer 1 51,84 45,16 43,07 39,58 42,02 38,39 41,69 39,60* 
Layer 4 48,16 51,71     43,33 41,84 42,05 39,92 
Layer 7 53,00 50,97         46,47 44,61 
* This value is deviating from the overall pattern, since the porosity increased after compaction 

 

6.1.3.  Force-displacement response and settlement 
The results from the 20 load cycles of compaction are illustrated in the force-displacement graphs 
where wall displacements were measured from the top of the uncompacted layer (Figures 6.2 and 
6.3). Due to the slow loading velocity and highly uncompacted state after pouring the particles, the 
initial part of the first loading cycles did not produce any significant forces and therefore are omitted 
from the figures. Both balls and clumps showed resilient and permanent deformations. After the first 
loading cycle, balls showed less total deformation, probably as an effect of their increased rolling and 
sliding ability, allowing them to rearrange faster into a more compacted state. 

It was also observed that the displacement was growing but in the final cycles it tended to stabilize; 
nevertheless, a very small increase in deformation was always visible. Similar results were observed 
by Lobo-Guerrero and Vallejo (2006) in a study where loads were applied to unbreakable round 
particles, i.e. the non-recoverable deformations decreased with the number of loading cycles and a 
nearly elastic behaviour was present in the final cycles. Comparing layer 1 and layer 7 (Figures 6.2 
and 6.3), it can be seen that the compaction became tougher with height for both balls and clumps, 
since the permanent displacements after the first cycle were higher the taller the embankment was, 
showing that it would be needed to compact further to get a similar level of compaction as layer 1. 
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Figure 6.2 - Force-displacement response of compacting wall for 20 loading cycles – Layer 1 

 

 

Figure 6.3 – Force-displacement response of compacting wall for 20 loading cycles – Layer 7 
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Figure 6.4 shows the evolution of the vertical strain as a function of the number of compaction cycles 
(strains were calculated based on the wall displacement). It was interesting to see the particle 
response after the second compaction cycle, since the first one usually results in high deformations 
due to the uncompacted state of the particles. Therefore, the strains shown in Figure 6.4 were 
calculated from the second cycle. The highest strain occurred in the first layer due to the higher 
compaction force relative to the amount of material being compacted. Overall, the strain rate for the 
three illustrated layers was higher in the initial cycles and seemed to slowly decrease tending 
towards a nearly-constant value. The developed strains were smaller for balls compared to clumps. 
The reason for this could be that the clumps were not compacted to the same degree as the balls as 
already suggested above. 

 

 

Figure 6.4 - Evolution of strain with number of loading cycles after compaction of selected layers 

 

The number of compaction cycles was chosen to be 20 cycles. With 20 compaction cycles, nearly-
resilient behaviour was obtained and deformations were expected to grow very slowly with 
additional load cycles. Therefore, the layers were considered compacted. Additionally, a large 
amount of particles in DEM results in more time-consuming load cycle simulations, compared to load 
cycles in field tests. Each particle contact force needs to be computed in DEM and checked for 
equilibrium in the assembly at each time step (as an example, for layer 7, 20 load cycles in PFC3D took 
approximately a week to finish). For that reason, it was unrealistic to perform a larger amount of load 
cycles. 
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6.2.  Embankment loading 
 

After the completion of the compaction process of the unbound layer, quasi-static cyclic loading was 
applied (Figure 6.5) to measure the magnitude of the vertical deformation at different heights of the 
unbound layer, i.e. layers 1, 4 and 7. The effect of the friction between particles was also investigated 
for the case of balls in order to assess its impact on the unbound layer in terms of settlement. 

 

Figure 6.5 - Force-displacement response for the loading wall – Clump simulation, layer 7. Maximum contact forces illustrate 
the live load, while the minimum values illustrate the dead load. The starting position of the wall was before applying the 
dead load, thus the displacement 3,59 mm indicates after the setting of dead load. 

 

Figures 6.6 and 6.7 show the evolution of the permanent strain due to live load as a function of 
number of cycles for each of the selected layers (strains were calculated based on the wall 
displacement after applying the dead load). Initially, the strain increased significantly when the live 
load was applied, then the strain tended to stabilize with the number of load cycles, as it is to be 
expected for granular materials (although the accumulated strains continued to slightly increase with 
the number of cycles). Layers with higher friction coefficient resulted in less strains after applied 
loads. Although, the effect of friction seemed to have less importance the higher the embankment. 

The same effect as in the compaction process was seen; more deformations occurred in the first load 
cycles. This was due to particle rearrangement as the load cycling continued (Lobo-Guerrero & 
Vallejo, 2006). Even if this study was limited to unbreakable particles, the results are also similar to 
studies were breakage was simulated (e.g. Nimbalkar & Indraratna, 2015). Those results showed that 
most particles underwent significant breakage during the initial loading cycles which in turn caused 
considerable amount of axial strains. 
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Figure 6.6 - Evolution of permanent strain with number of cycles due to live load – Ball simulations 

 

 

Figure 6.7 - Evolution of permanent strain with number of cycles due to live load – Clump simulations 
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strain was smaller for layer 7 compared to layer 1 and 4, in all cases. The authors believe that the 
strain should decrease with the height which can be motivated by a lower settlement growth in 
relation to the total layer height increase.  

The settlement and strain rates for clumps were higher at the lowest embankment height compared 
to both balls simulations, but these rates decreased the most with increasing embankment height.  
The settlement increased almost linearly for all the three cases; however, the strain decrease 
seemed to be nonlinear. It should be mentioned that these results are based on interpolation of only 
three layer heights. 

The results obtained show that the settlement is lower at higher friction coefficient, as was to be 
expected since increased friction provides additional slip resistance to some extent. Also, clump 
simulations resulted in less settlement compared to balls. Similar results have been reported by Lim 
and McDowell (2005). They showed that clumps were stiffer on loading than the balls, and produced 
less permanent deformation. The difference in the results between clumps and balls is attributed to 
the additional resistance provided by the interlocking of the clumps. 

 

Table 6.6 - Results from applied dead load and live load on balls and clumps with friction coefficient 0,5 

 Balls, friction 0,5 Clumps, friction 0,5 
Layer 1 Layer 4 Layer 7 Layer 1 Layer 4 Layer 7 

Height after compaction 𝑯𝑯𝒄𝒄𝒄𝒄𝒄𝒄𝒑𝒑 [m] 
 

0,50 1,86 3,19 0,51 1,81 3,10 

Settlement due to dead load 𝒅𝒅𝑫𝑫𝑫𝑫 [mm] 5,40 6,19 6,17* 3,46 4,26 3,59* 
 

Settlement due to live load 𝒅𝒅𝑫𝑫𝑫𝑫 [mm] 0,143 
 

0,318 0,449 0,177 
 

0,229 0,309 

Total settlements 𝒅𝒅𝒕𝒕𝒄𝒄𝒕𝒕 [mm] 
 

5,54 6,51 6,62 3,64 4,49 3,90* 

Strain 𝜺𝜺𝑫𝑫𝑫𝑫 =  𝒅𝒅𝑫𝑫𝑫𝑫
𝑯𝑯𝒄𝒄𝒄𝒄𝒄𝒄𝒑𝒑

  [%] 1,1 0,33 0,19 0,68 0,24 0,12 

Strain 𝜺𝜺𝑫𝑫𝑫𝑫 =  𝒅𝒅𝑫𝑫𝑫𝑫
(𝑯𝑯𝒄𝒄𝒄𝒄𝒄𝒄𝒑𝒑−𝒅𝒅𝑫𝑫𝑫𝑫)

 [%] 0,029 0,017 0,014 0,035 0,013 0,010 

* Deviating values, smaller than layer 4 

Table 6.7 - Results from applied dead load and live load on balls with friction coefficient 1,0 

 Layer 1 Layer 4 Layer 7 
Height after compaction 𝑯𝑯𝒄𝒄𝒄𝒄𝒄𝒄𝒑𝒑 [m] 
 

0,50 1,86 3,19 

Settlement due to dead load 𝒅𝒅𝑫𝑫𝑫𝑫 [mm] 
 

5,33 5,98 5,86* 

Settlement due to live load 𝒅𝒅𝑫𝑫𝑫𝑫 [mm] 
 

0,086 0,225 0,353 

Total settlements 𝒅𝒅𝒕𝒕𝒄𝒄𝒕𝒕 [mm] 
 

5,42 6,21 6,21 

Strain 𝜺𝜺𝑫𝑫𝑫𝑫 =  𝒅𝒅𝑫𝑫𝑫𝑫
𝑯𝑯𝒄𝒄𝒄𝒄𝒄𝒄𝒑𝒑

  [%] 1,1 0,32 0,18 

Strain 𝜺𝜺𝑫𝑫𝑫𝑫 =  𝒅𝒅𝑫𝑫𝑫𝑫
(𝑯𝑯𝒄𝒄𝒄𝒄𝒄𝒄𝒑𝒑−𝒅𝒅𝑫𝑫𝑫𝑫)

 [%] 0,017 0,012 0,011 

* Deviating value, smaller than layer 4 
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Figure 6.8 – Settlements due to live load as a function of increased unbound layer height  

 

 

Figure 6.9 – Strains due to live load as a function of increased unbound layer height 
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7. Conclusions 
 

The aim of this study was to investigate the mechanical behavior of the granular material in the 
unbound layer for a high speed railway embankment. Two separate simulations were made with 
balls and clumps. The results indicated small settlements when applying the traffic loads. The authors 
believe that this might be a result of a well achieved compaction of the unbound layer.  

The particle shape, friction coefficient and embankment height affect settlements and strains in 
granular material. The more angular particle shape and higher friction, generally the less settlement 
and strain will be obtained. An increasing height of the embankment gives rise to more settlements 
but less permanent strains due to a lower settlement growth in relation to the total embankment 
height increase. The high porosity values after compaction in this study were probably due to the 
gradation of the particles, which was not enough well graded. Although the porosity was high, the 
obtained settlements were very small. Porosity measures might consequently not be solely enough 
for deciding compaction effect; hence a more appropriate indicator of desired compaction is by 
analysing force-displacement response. 

Also, simplifications in the model results in the obtained settlements might not be accurate enough. 
More complex and thus realistic particle shape would give less settlement, however particle 
breakage might lead to higher settlements. The traffic load was also simplified; consequently, the 
embankment load response would be different in reality. 

 

8. Further studies 
 

Degradation is a crucial factor when simulating granular material. This thesis did not include particle 
breakage, which can be simulated by means of breakable asperities bonded to larger particles (e.g. 
Lu & McDowell, 2008). When tensile or shear stresses exceed the bond strength, then the bond will 
break. Also, it could be possible to use symmetry and only investigate half of the embankment in 
order to reduce the computation time. However, symmetry is modelled by using boundary walls. This 
may have an effect on the level of compaction of the particles close to the boundary and in turn may 
have an effect on the macroscopic behaviour, especially if bonds between particles were to be 
included in the model to simulate the interlock of very small asperities, i.e. the effect of rough 
surface texture (bonds can only be generated between interparticle contacts, not between particle-
wall contacts). 
 
The differential settlement along the embankment should be eliminated during its lifetime. To get an 
overview of how settlement along the embankment varies, a larger length section of the structure 
can be analysed. Applied load induced stresses at the top of the unbound layers could have been 
obtained through FEM simulations in order to get more accurate applied stress values. 

The climatic effect was not taken into consideration since PFC has some limitations to introduce the 
effect of ground water. Since climatic conditions have an important impact on embankments it is of 
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interest to investigate heave and thaw effects. Also, instead of simulating the construction founded 
on rigid ground, it could be of interest to simulate a less stiff foundation and observe how the 
unbound layer would behave.  

The height of the unbound layer was limited to 3,2 m with seven layers because of the time frame for 
this thesis. It would be interesting to add more layers and investigate how the settlements are 
affected as the unbound layer is getting higher. The result may aid in deciding on the permitted 
height conforming to the allowed settlement in the unbound layer for high speed railway on earth 
structure. 

(Eurocode 1, 2002) (Indraratna, et al., 2011) (Lambe & Whitman, 1969) (Lu & McDowell, 2007) (Chen, 
et al., 2015) (Hossain, et al., 2007) (Kempfert & Hu, 1999) (Ma, et al., 2013) (de Frias Lopez, et al., 
2016) 
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Appendix A – Embankment geometry 
 

Figure A.1 illustrates the embankment geometry as suggested by Trafikverket. The embankment 
slope can vary from 1:1,5 to 1:2. 

 

Figure A.1 - Suggestion of embankment cross-section for high speed railway line on slab track, reproduced drawing. All 
measurements in meter  



38 
 

Appendix B – Calculations 
 

Length section of the unbound layer, 𝛥𝛥 is 1,9 m. 

 

From Eurocode 1 (EN 1991-1-2) – Annex D, Standard and light traffic mixes, Type 3 (High speed 
passenger train), with a locomotive with axle load 4x200 kN and locomotive length of approximately 
20 m, the obtained line load, 𝐹𝐹𝑙𝑙𝑣𝑣𝑐𝑐 is: 

 𝐹𝐹𝑙𝑙𝑣𝑣𝑐𝑐 =
4 ∙ 200

20
= 40 𝑘𝑘𝑘𝑘/𝑚𝑚 

(B.1) 

 

Force acting from live load, 𝐹𝐹𝑙𝑙: 

 𝐹𝐹𝑙𝑙 = 40 · 𝛥𝛥 ≈ 80 𝑘𝑘𝑘𝑘 (B.2) 
 

 

The density of the different materials constituting the dead loads is shown in Table B.1.  

Table B.1 - Density of the dead loads 

Material Reinforced concrete slab 
(top slab) 

Unreinforced concrete slab 
(bottom slab) 

FPL 

Density 𝝆𝝆 [kg/m3] 3000 2700 2000 
 

According to the geometry from Figure A.1 in Appendix A and embankment length section 𝛥𝛥, the 
loads 𝐹𝐹𝑠𝑠𝑙𝑙𝑎𝑎𝑠𝑠,𝑚𝑚 and 𝐹𝐹𝑠𝑠𝑙𝑙𝑎𝑎𝑠𝑠,𝑠𝑠 from the top and bottom slab, respectively are: 

 𝐹𝐹𝑠𝑠𝑙𝑙𝑎𝑎𝑠𝑠,𝑚𝑚 = 𝜌𝜌 · 𝑉𝑉 · 𝑔𝑔 =  𝜌𝜌 · (2,8 · 0,25 · 𝛥𝛥) · 𝑔𝑔 ≈ 40 𝑘𝑘𝑘𝑘 (B.3) 
 

 𝐹𝐹𝑠𝑠𝑙𝑙𝑎𝑎𝑠𝑠,𝑠𝑠 = 𝜌𝜌 · 𝑉𝑉 · 𝑔𝑔 =  𝜌𝜌 · (3,4 · 0,3 · 𝛥𝛥) · 𝑔𝑔 ≈ 50 𝑘𝑘𝑘𝑘 (B.4) 
 

With an embankment slope of 1:1,5 and a top width of 8 m (according to Figure A.1 in Appendix A), 
the load 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 from the FPL is: 

 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 𝜌𝜌 · 𝑉𝑉 · 𝑔𝑔 =  𝜌𝜌 · [(8 + 4,2) · 2,8 · 𝛥𝛥] · 𝑔𝑔 ≈ 1270 𝑘𝑘𝑘𝑘 (B.5) 
 

Total forces acting from dead load, 𝐹𝐹𝑑𝑑: 

 𝐹𝐹𝑑𝑑 = 𝐹𝐹𝑠𝑠𝑙𝑙𝑎𝑎𝑠𝑠,𝑚𝑚 +  𝐹𝐹𝑠𝑠𝑙𝑙𝑎𝑎𝑠𝑠,𝑠𝑠 + 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 1360 𝑘𝑘𝑘𝑘 (B.6) 
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The dead load 𝐹𝐹𝑑𝑑 is rounded down to 1000 kN, because the purpose was to maximize the live to 
dead load ratio in order to more clearly identify and investigate the effect of the live load on the 
unbound layer. 

Amplification factor 𝑘𝑘𝑑𝑑𝑑𝑑𝑛𝑛 is 1,3. 

Total load including amplification factor for the dynamic effect: 

 (𝐹𝐹𝑙𝑙 + 𝐹𝐹𝑑𝑑)𝑘𝑘𝑑𝑑𝑑𝑑𝑛𝑛 = 1400 𝑘𝑘𝑘𝑘 (B.7) 
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