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Preface 

This thesis is submitted as partial fulfilment of the requirements for the PhD degree at the 

Technical University of Denmark (DTU). The study has been undertaken at the Department of 

Civil Engineering, DTU between September 2016 and February 2020 under the joint supervision 

of Associate Professor Varvara Zania and Associate Professor Eyal Levenberg. This study has 

been funded by Innovations Fund Denmark (Innovationsfonden) and is part of the project 

“Roads2Rails: Innovative and cost-effective asphalt based construction system” (Grand Solutions 

5156-00006B).  

 

This is a paper-based thesis that consists of two parts: Part A and Part B.  Part A introduces the 

motivation, background and research objectives of the study. It also includes an extended abstract 

of the papers, along with supplementary information and conclusions from the study. Part B is a 

collection of five scientific papers (four journal papers and one conference paper) that were 

written during the PhD study. 

 

 

Tulika Bose 
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Abstract  

Over the past few decades, the rail industry has been aiming to provide an infrastructure capable 

of accommodating faster, heavier and more frequent trains along with lower tolerance for 

maintenance-related delays and no compromise on travel safety. Under these conditions, 

conventional ballasted tracks are approaching their performance limits – mainly due to ballast 

breakage and fouling that undermine track stability and require ever more frequent maintenance. 

This state of affairs has led to the development of slab stack technology – a ballastless track 

infrastructure based on Portland cement concrete. The slab track solution was able to increase 

track stability, reduce maintenance frequency, and essentially provide for all above-mentioned 

requirements. However, the initial construction costs are very high, and maintenance activities 

(when necessary) are both expensive and time-consuming. Slab track technology is also known 

to amplify noise levels.   

In this context, the current study focused on another type of ballastless track technology 

- based on asphalt concrete. While asphalt concrete is widely used for the construction of various 

transport infrastructures, its use within the rail industry has been very limited with only few 

reported implementations of ballastless asphalt tracks - mainly in tunnels. Although the solution 

seems workable and promising, data from the existing tracks are not available (at least not 

publically) and related scientific literature on the idea is very limited. Therefore, the overall aim 

of this work was to contribute to the understanding of the behaviour of ballastless asphalt tracks 

– with emphasis on mechanical responses to train-like loading. This goal was pursued by 

combining a full-scale experimental investigation with numerical and analytical model 

developments.  

Experimental investigation was carried out by constructing and mechanically 

interrogating a full-scale mockup. Part of the mockup was built inside a steel container; it was 

further constructed, instrumented, and tested in a laboratory environment. It consisted of three 

concrete sleepers resting on asphalt concrete layer underlain by an unbound granular layer, 

followed by a mat to represent subbase and subgrade. The mechanical interrogation was carried 

out under different types of vertical loads such as ramp, pulse, and sinusoidal. Moreover, passages 

of a train with maximum axle loads of 200 kN and speeds of up to 200 km/h were simulated by 

sequentially loading the three sleepers. Different types of mechanical response were measured in 

the mockup, such as vertical stresses, horizontal strains, vertical accelerations, and relative 

displacements between components. It was observed that the ballastless asphalt track exhibited 

time-dependent and non-linear behaviour. In general, the measured responses within the asphalt 

track were of very low magnitude, indicating little or no damage under the applied loads. 

A three-dimensional finite element model of the mockup was developed, including all 

major track components and trackbed layers. The non-linearity of the unbound granular layer was 

considered through stress-dependent elasticity. The time-temperature dependency of asphalt layer 

was incorporated using linear viscoelasticity theory assuming thermorheological simplicity. The 

properties of these two layers were obtained from separate laboratory element tests. Implicit 

dynamic analysis was carried out under simulated train passages, and calculated model responses 

were validated by the ability to predict response measurements in mockup. 
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While the experimental investigation and the numerical modelling focused on analyzing 

responses due to vertical loads, attention was also given in this study to the evaluation of track 

responses due to longitudinal loads. This was deemed essential - considering that sleepers in 

ballastless asphalt tracks rest on the top of the pavement, often without any physical anchorage 

or side support (unlike traditional ballasted tracks where sleepers have horizontal support from 

crib and shoulder ballast). In this context, a two-dimensional model was developed within an 

analytical framework to analyze track responses under longitudinal loads induced by train 

braking. All equations were purposefully developed in closed-form to serve as an easily 

implementable first-order engineering tool. The model clearly demonstrated that if longitudinal 

train loads were only intercepted by means of slipper-asphalt friction then heavier sleeper types 

would be needed to ensure longitudinal track stability under train braking events. 

Though this study focused primarily on analyzing mechanical responses in ballastless 

asphalt tracks, some initial research effort was expended on developing an approach that can be 

useful for design. Specifically, work was done on a priori estimation of track modulus - a basic 

engineering parameter needed in new track design, as well as in condition evaluation of existing 

tracks. The concept of track modulus is closely associated with the idealization, commonly 

employed for railway tracks, of rails as infinite beams resting on a continuous spring support. A 

semi-analytical method was suggested for calculating track modulus based on elasticity solutions, 

and a parametric investigation was carried out to demonstrate the sensitivity to different input 

parameters. By means of the elastic-viscoelastic correspondence principle this work can be 

extended to address time-dependent track support. Thus, the track modulus concept can be 

extended to ballastless asphalt tracks - further promoting industry acceptance of the idea. 
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Resumé 

Gennem de sidste årtier har jernbaneindustrien oplevet væsentligt øgede krav til hastighed, 

lastkapacitet og frekvens, samt mindre tolerance for forsinkelser og en nul-tolerance med hensyn 

til sikkerhed. De øgede krav har resulteret i, at konventionel skærveballast til jernbanespor har 

nået grænserne mht. nedbrydningshastighed, hvilket kompromitterer den samlede sporstabilitet 

og øger behovet for vedligeholdelse markant. Derfor er udvikling af løsninger med ballastfri 

jernbanespor introduceret forskellige stedet i verden, hvor hovedparten indtil nu er konstrueret 

med brug af betonplader, hvorpå skinnerne fastholdes. Løsninger med betonplader har en positiv 

effekt med hensyn til øget sporstabilitet og et reduceret behov for vedligehold, men dette skal 

sættes i forhold til store etableringsomkostninger, samt større omkostninger og tidforbrug i 

forbindelse med nødvendigt vedligehold.  

I denne sammenhæng har fokus i dette studie været på brug af asfalt som en ballastfri 

løsning til jernbanespor, som et alternativ til beton. Forskellige typer af infrastruktur til transport 

har en udbredt anvendelse af asfaltopbygning. For jernbaner gælder dette dog nærmest 

udelukkende for tunneller i den tyske jernbaneindustri, hvor data vedrørende drift etc. er 

utilgængelig for offentligheden. Ligeledes er antallet af videnskabelige studier omhandlende 

asfalt som løsning til ballastfri jernbanekonstruktion meget begrænset. Gennem eksperimenter og 

sammenhørende modelleringer er formålet med dette studie derfor at bidrage til den 

videnskabelige forståelse af strukturelle egenskaber for ballastfri jernbane sporkonstruktioner 

med asfalt.     

Som første skridt i det eksperimentelle arbejde blev en fuld-skala mockup til 

laboratorieforsøg instrumenteret og konstrueret i en stålcontainer. Den konstruerede mockup blev 

opbygget med jernbaneskinner monteret på tre bredde betonsveller, hvilende på lag af hhv. asfalt 

og underballast (stabilt grus) samt en skummåtte til simulering af underbunden. Med varierende 

amplitude og frekvens blev den konstruerede mockup belastet med lodrette lasttyper, såsom 

kontinuert forøgelse, korttids pulserende samt cyklisk belastning. Slutteligt, blev de tre sveller 

sekventielt belastet svarende til simulering af et forbipasserende tog med et akseltryk på hhv. 200 

kN og en hastighed på 200 km/t. En række mekaniske respons fra lodret spænding, vandret 

tøjning, lodret acceleration og lodret flytning blev målt under simulering af det forbipasserende 

tog og generelt blev en tidsafhængigt samt ikke-lineær respons observeret. Ydermere observeres 

at størrelsesordenen på den målte respons er lille, hvilke indikerer en lille eller slet ingen skade 

resulterende fra de påførte laster.  

En 3D time-domain finite element model af den anvendte mockup, indeholdende alle 

hovedelementer af strukturelle lag, blev udviklet, hvor ikke-lineariteten observeret i 

underballasten blev inkorporeret gennem spændingsafhængig elasticitet og tids/temperatur 

afhængighed af asfaltlaget gennem lineær viskoelastisk teori. Egenskaberne af underballasten 

samt asfalten blev bestemt i laboratoriet. For simuleringen af det forbipasserende tog blev der 

foretaget dynamiske analyser og efterfølgende blev model-respons valideret ved sammenlignet 

med målingerne på den anvendte mockup. Dette blev anset for et nødvendigt første skridt inden 

videre skridt mod brug på et allerede etableret jernbanespor.           

Da de eksperimentelle forsøg og den numeriske modellering har fokuseret på analyser 

af den mekanisk respons fra lodret belastning, blev et sidestudie etableret til evaluering af respons 

fra langsgående vandrette belastninger. Dette sidestudie anses for nødvendigt, da konventionel 
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skræveballast sikrer svellerne mod flytning i flere retninger, hvilke ikke er tilfældet for en 

ballastfri opbygning, hvor svellerne er placeret direkte på et asfaltlag uden mekanisk fastgørelse. 

Modstand mod vandret flytning bliver derfor udelukkende modvirket af egenvægten i 

grænseflade mellem svelle og asfaltlag og dette er måske ikke nødvendigvis tilstrækkeligt til at 

sikre stabiliteten.    

Dette Ph.d. studie har primært fokuseret på analyse af mekanisk lastrespons fra ballastfri 

jernbanespor på asfaltlag. Sideløbende har et mindre sidestudie fokuseret på udvikling af en 

beregningsmetode til bestemmelse af den overordnede stivhed af jernbanespor (sporstivheden). 

Sporstivheden anvendes ofte som modelinput for stivheden af ballast, samt underliggende lag i 

modelleringssammenhæng, hvor sporet ideelt antages som en bjælke, liggende på fjedre med 

egenskaber svarende til sporstivheden. Sådanne modeller anvendes ofte til design af 

konventionelle jernbanespor, samt ved evaluering af ikke-konventionelle designs. I denne 

forbindelse blev en semi-analytisk metode til bestemmelse af sporstivheden gennemført på 

bagrund af beregnede stivheder fra en forsimplet 3D model af jernbanesporet. Ligeledes blev der 

foretaget en parameteranalyse til demonstration af sensitivitet på sporstivheden i forhold til andre 

modelparametre.    
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Chapter 1 

Introduction 

This chapter is based on (includes reuse of text) the following scientific articles: 

 

I. Paper I: Bose, T., Zania, V., and Levenberg, E. (2020). Experimental investigation of a 

ballastless track based on asphalt. Construction and Building Materials (under review). 

II. Paper II: Bose, T., Levenberg, E., and Zania, V. (2020). Numerical modelling of a ballastless 

track mockup based on asphalt (draft manuscript). 

III. Paper III: Bose, T., Zania, V., and Levenberg, E. (2020, July). Numerical analysis of 

ballastless asphalt tracks subjected to dynamic loads. In Proceedings of the 16th International 

Conference of the International Association for Computer Methods and Advances in 

Geomechanics (IACMAG), Torino, Italy (accepted, to be published). 

IV. Paper IV: Bose, T., Levenberg, E., and Zania, V. (2018). Analyzing track responses to train 

braking. Proceedings of the Institution of Mechanical Engineers, Part F: Journal of Rail and 

Rapid Transit, 232(7): 1984-1993. 

V. Paper V: Bose, T., and Levenberg, E. (2019). A priori determination of track modulus based 

on elastic solutions. KSCE Journal of Civil Engineering (under review, submitted after 

revision). 

 

1.1. Background and motivation 

 

Railway systems are a significant part of the modern transportation network that transports large 

amounts of goods and commuters between cities, ports, in a relatively short period. The railway 

track structure can be divided into two parts, superstructure and the substructure. Track 

superstructure consists of an assembly of steel rails, sleepers (wooden or concrete) and fastening 

system. Together, these components react to transfer the trainload to the track substructure below. 

Ballasted tracks are the most traditional type of track substructure system consisting of granular 

ballast, subballast and subgrade. Some of the primary functions of the ballast include (Li et al., 

2002): 

 

i. Providing adequate vertical, lateral and longitudinal stability to the sleepers 

ii. Maintaining the track alignment and accommodating repair works 

iii. Transmitting traffic-induced stresses to the subgrade below at a reduced and acceptable 

stress level 

iv. Contributing to the overall track resilience 

v. Providing sufficient permeability to allow for track drainage 

 

Over time, under repeated loading cycles, the ballast accumulates plastic deformations, 

undergoes breakage and progressively becomes fouled, i.e., voids are contaminated with fine 

particles generated from ballast breakage, upward subsoil pumping, cargo trains and dust. This 

results in reduced shear strength of particles, impaired track drainage, differential track settlement, 

geometry defects; eventually leads to an overall degradation in track stability (Sussmann et al., 
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2012; Indraratna et al., 2011; Indraratna et al., 2016; Tennakoon et al., 2012). Maintenance is 

therefore required to sustain the desired safety level, design speed and passenger comfort. In 

severe cases, complete replacement of fouled ballast is needed (Indraratna et al., 2016).  

Over past decades, the railway industry is required to cope with demands for higher train 

speeds, increased train frequencies, expansion of rail network and a robust infrastructure to 

support these demands. However meeting these demands on conventional tracks further 

exacerbates the problem of ballast breakage and ballast fouling (Sun et al., 2014; Indraratna et al., 

2016), leading to frequent and costly maintenance works; disrupting traffic and hindering service. 

Additionally, ballasted tracks in high-speed networks also suffer from ballast particles flying out 

and churning at high speeds (Quinn et al., 2010). 

Consequently, in past decades, there has been the emergence of ballastless tracks based 

on Portland cement concrete, commonly known as slab tracks. Slab tracks are known to improve 

track stability and load distribution, reduce maintenance needs and provide longer service life 

(Esveld 2001; Esveld 2003; Gautier 2015; Michas 2012). Moreover, the issues related to flying 

ballast particles or churning at high speeds are eliminated.  However, the initial cost of 

constructing concrete slab tracks is much higher compared to conventional tracks (Esveld 2003; 

Gautier 2015; Michas 2012). Additionally, they are reported to generate higher noise levels 

(Poisson 2015).  Further, repair and maintenance operations (when needed), are expensive and 

requires long track possessions times.  

In this context, recent attention has been given to developing another type of ballastless 

track - based on asphalt concrete (referred to as asphalt in the rest of the thesis). Asphalt is a well-

researched material that is extensively used for construction purposes within the transport 

infrastructure (e.g., roads, airports, bridges) but its application in the railway sector has so far 

been limited. Asphalt has been primarily used in traditional tracks as a substitute of granular 

materials in the subballast layer, also commonly known as underlayment system (Teixeira et al., 

2006; Teixeira et al., 2010; Di Mino et al., 2012; Rose et al., 2000; Rose et al., 2010; EAPA 2003; 

Esmaeili et al., 2014). In slab tracks, it has been used as a support layer to the concrete slab and 

as a waterproofing layer on the surface (Yang et al., 2015; Li et al., 2016; Liu et al., 2018; Liu et 

al., 2019; Fang et al., 2011). Ballastless tracks built with asphalt as the main load-bearing layer 

(commonly known as overlayment system) is relatively recent and, very implementations have 

been identified so far.  

 

The potential advantages of this system compared to ballasted tracks include (EAPA 2003, Rose 

et al., 2000):  

 

i. Positive contribution to the bearing capacity of the structure 

ii. Improved load distribution and higher tolerances to minor weak spots 

iii. Reduced water infiltration to the substructure layers below; hence, adverse effects 

associated with moisture retention in subsoil can be reduced  

iv. Elimination of issues related to ballast breakage and generation of fines, ballast flight, 

and dusty environment  

v. Reduce maintenance needs and support a longer service life. 

 

The potential advantages of this system compared to concrete slab tracks include (EAPA 2003):  

 

i. Lower noise and vibration levels  

ii. Lower construction cost 
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iii. Construction without need for any joints 

iv. Possibility to accommodate minor repairs and corrections by milling off or paving new 

layers  

v. Lower track possession time for maintenance works as the track can be operational soon 

after cooling 

 

Ballastless asphalt tracks present a potential for use in railway track infrastructure. Till 

date, implementations of these track types are few in number. Alongside there have been limited 

scientific studies dealing on this topic. Consequently, this study aims to contribute to the 

understanding of the mechanical behaviour of ballastless asphalt tracks. This is sought by 

combing full-scale laboratory investigations and with numerical and analytical model 

developments. 

 

1.2. State-of-the-art and research challenges 

 

1.2.1. Project implementations 

 

The typical structure of a ballastless asphalt track is shown schematically in Figure 1.1 (DS / EN 

16432-2: 2017). From top-down it consists of: (i) rails fastened to prefabricated concrete sleepers 

or slabs, (ii) an asphalt pavement, (iii) aggregate base layer (unbound, hydraulically bound or 

bituminous bound), (iv) subbase or frost protection layer, and (v) subgrade. This arrangement is 

structurally quite similar to highway asphalt pavements, the significant difference lies in the load 

distribution. Unlike in highways, where the vehicular loads are applied directly to the asphalt 

surface, in railways tracks, an assembly of rail-fastener-sleeper together receives and distributes 

the train loads to the underlying asphalt pavement.  

Till date, very few ballastless asphalt tracks have been built, most of them were identified 

within the German railway industry, such as ATD, SBV, SATO, Walter, and GETRAC systems 

(Rose et al., 2010; EAPA 2003; Michas 2012; Lechner 2005; Lechner 2013). In order to prevent 

transverse movements under horizontal loads, the sleepers were anchored to the underlying 

pavement using different techniques such as concrete sleepers with grooves, e.g., ATD system, 

bituminous sealing, e.g., SBV, steel anchor rods, e.g. Walter system, and concrete anchor blocks, 

e.g., GETRAC (Michas 2012, Lechner 2005; Lechner 2013). Some designs included steel-based 

sleepers with anchoring systems, e.g., SATO system (Lechner 2005). However, there is very little 

literature on these asphalt track designs that is publicly available.  

 

 

 
Figure 1.1: A typical cross section of a ballastless asphalt track 

 

The GETRAC is the most recent version of the ballastless asphalt track design (Rose et 

al., 2000; Rose et al., 2010, Michas 2012; EAPA 2003). It has been implemented mostly in tunnel 

sections with standard highway asphalt and specially designed concrete sleepers that include a 
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geotextile at the bottom. Every third sleeper is attached to the asphalt layer through concrete 

anchor blocks. The GETRAC design has two versions: A1 and A3. The design of the A1 type 

includes standard sleepers that are 2.6 m long, while, the design of the A3 type consists of slightly 

smaller sleepers that are 2.4 m long, deeming it suitable for projects with space restrictions, such 

as a tunnel. However, the sleepers used in A3 system are much wider at the base and heavier. The 

heavy sleepers and the anchor blocks together accounted for horizontal stability. The basic 

structure includes a 0.20 m thick asphalt layer, 0.30 m thick base layer and a subbase of 0.50 m. 

For designs where the base layer was not present, a much thicker asphalt layer of 0.35 m was 

suggested. While literature exists on the construction details of this track, data is not available 

publicly on modelling, design or performance of this track under service conditions.  

 

1.2.2. Laboratory and field investigations 

 

In recent years, there has been growing research on ballastless asphalt tracks focusing on asphalt 

mix design (Lee et al., 2014) as well as laboratory tests on full-scale prototypes (Lee et al., 2016; 

Lee et al., 2017). A test section was built in Korea based on high-speed railway specifications to 

evaluate the performance of ballastless asphalt tracks under vertical loads (Lee et al., 2016; Lee 

et al., 2017). The test section was 4.0 m wide and 4.0 m deep, consisting of 3.6 m subgrade, 0.4 

m aggregate base course and three sections with a variable asphalt layer thickness of 0.20 m, 0.29 

m, and 0.35 m. In each section, five wide sleepers were used that were 2.4 m long and 0.5 m wide, 

with a geotextile attached at the underside. A continuous rail was connected to the sleepers. 

Stationary loads were applied directly to the rails, above the central sleeper, ramping up in 

increments up to a maximum value of 200 kN, holding at each load level and then unloaded back 

in increments (Lee et al., 2016). At each hold stage, ‘stable’ values of vertical stresses in the base 

and subgrade layers, horizontal strains at the bottom of asphalt layers, and vertical displacements 

on top of the rails, sleepers and base layers were reported. The exact waiting time after which the 

measurements were reported were not specified. It was shown that measured responses varied 

non-linearly with an increase in the load level. The stress recordings showed negligible hysteresis 

between loading-unloading curves, while prominent hysteresis was noted in the strain and 

displacement measurements. For the entire loading regime, the maximum strains in the asphalt 

layer were reported to be less than 100 µε. Based on this study, an overall asphalt layer thickness 

of 0.30 m was proposed for static wheel loads less than 180 kN. The design was based on the 

maximum allowable stress limit of 133 kPa at the top of the base layers.  

The long term behaviour of the chosen asphalt thickness was studied (Lee et al., 2017) 

on a level and sloped track under moving wheel loads. The latter were approximated as sinusoidal 

loads applied at a single frequency of 8 Hz and 7 Hz (for the level and sloped track respectively), 

directly to the rails for 2 to 3 million consecutive cycles, without any rest period. The loading 

frequency was obtained based on the wheel-to-wheel distance and simulated train speed. 

However, there was no explanation provided on the methodology used to simulate the moving 

load in the test facility, i.e. if the load was at a fixed point or multiple points along the rail. At the 

end of 2 million cycles, for a straight track the settlement measured on top of the rail, sleeper and 

the asphalt trackbed was 3 mm, 2.6 mm and 0.75 mm respectively. The relative settlement 

between the rail and sleeper was minor, representing an elastic behaviour of the rail-pads, while, 

that between the sleeper and the asphalt trackbed was quite large which was attributed to the 

compression of the geotextile attached at sleeper-bottom. From the measured values, overall track 

settlement was estimated for 60 million cycles (representing 30 years of rail traffic for straight 

track) to be 3.4 mm, which was lower than a target value of 4 mm (as per Korean standards). 
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Recently, field studies were conducted by Lee et al. (2019) in a test track of length 207 

m that was built outdoors in the live network and monitored for one year to assess the influence 

of seasonal temperature variations on track responses. The locomotive operating on this line had 

average speed and axle load of 70 km/hr and 200 kN respectively.  The average temperature in 

the asphalt layer (in the bottom part) was measured during the winter and summer season to be 

around 0  ͦC and 33   ͦC respectively. The measurements of vertical stresses in the base layers and 

the horizontal strains in the asphalt layers were influenced with temperature, increasing 

significantly in the summer season compared to winter. The maximum vertical stresses on top of 

the base layer were measured to be around 50 kPa in winter and 85 kPa in summer. The horizontal 

strains at the bottom of the asphalt layers also showed a similar increase with a rise in temperature, 

with the peak lateral strains changing from 50 µε to 180 µε while the longitudinal (along rail 

direction) strains changed from 30 µε to 100 µε. However, the study did not mention the loading 

conditions under which peak responses were obtained, i.e., if the locomotive was stationary, if so, 

for how long, or was it recorded during passage of locomotive.  

The horizontal track forces include both lateral (e.g., lateral wheel force) and longitudinal 

forces (e.g., change in temperature, train acceleration and braking). One of the fundamental 

challenge associated with ballastless asphalt tracks is the safe transmission of horizontal forces at 

superstructure-substructure interface. In slab tracks, the lateral stability is very high as the sleepers 

are encased within the slabs, or the rails are fixed to the slab directly (Gautier 2015). In ballasted 

tracks, the sleepers are partially embedded in the ballast which also surrounds it from all sides, in 

between sleepers (crib ballast) and on the sides (shoulder ballast).  All the entities, friction at the 

sleeper underside, crib and shoulder ballast, contribute to the overall sliding resistance (Le Pen et 

al., 2011).  For ballastless asphalt tracks, the sleepers may simply rest on the pavement- possibly 

without crib or shoulder ballast or any additional anchoring to the pavement structure. In this 

situation, horizontal forces at the superstructure-substructure interface are solely mitigated by the 

sliding resistance available at the sleeper base, which may be inferior to other track forms. In this 

context, recently, a field studied was carried out by Esmaeili et al. (2018) to compare the 

horizontal resistance of ballastless asphalt tracks and conventional ballasted tracks. A test track 

section was built that consisted of a ballasted track and an asphalt overlayment track. Identical 

sleepers were used in both track types; B70 type which are 2.6 m long, 0.3 m wide and weigh 

around 280 kg. The sleepers did not have any geotextile at the underside, nor any anchoring 

elements to attach with the underlying asphalt pavement. For the overlayment track, crib ballast 

was not used, while in the ballasted track it was present. Two types of tests were done, pull out 

of a single sleeper as well as a track panel of 6 m length consisting of several sleepers. It was 

reported that that the lateral track resistance of ballastless asphalt tracks was on average 41 % 

lower than ballasted tracks. The tests were also done in the presence of shoulder ballast in which 

case the lateral resistance of ballastless asphalt tracks increased by about 16 %. 

 

1.2.3. Track modelling 

 

In a very early study by Huang et al. (1987), a 3D model was developed for designing asphalt 

tracks (both underlayment and overlayment) using a combined formulation based on finite 

element method (FEM) and multilayered elasticity theory. The model for ballastless tracks 

included: rails and sleepers, fasteners and a two-layered elastic track structure composed of 

asphalt layers and subgrade. Two noded beam elements were used for discretizing the rails and 

sleepers, and fasteners were modelled as springs between them. Static analysis was performed 

with multiple concentrated loads applied to the rails.  Stresses, strains and displacements in the 
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layered structure were calculated using multilayered elastic theory.  At the bottom of the asphalt 

layer, maximum tensile strains were evaluated. At the top of the subgrade, maximum compressive 

stresses were calculated. These were used to estimate the maximum number of load repetitions to 

prevent failure by fatigue cracking in the asphalt layers or by excessive deformation of the 

subgrade layers. The calculations were done based on laws that were developed for highway 

pavements considering damage. The model was used to design the thickness of the asphalt layer, 

which was estimated to be between 250 mm to 450 mm. This model was validated with field 

measurements for underlayment systems but not for overlayment tracks. 

Very recently, a 3D FEM model of an outdoor test track section was developed (Lee et 

al., 2019). The model consisted of a pair of rails (modelled with beam elements), fasteners 

(simulated as springs), sleepers and a multi-layered track structure (modelled with solid 3D 

elements).  The sleepers used in the field study included a geotextile at the underside which were 

not included in the model. All track layers were assumed to be linear elastic. The asphalt layer 

was additionally modelled as linear viscoelastic.  However, no explanation was provided in this 

study on how the elastic properties of the different model entities, including the asphalt layer, 

were obtained. The vehicle loads were simulated in a very approximate manner to be distributed 

loads acting on the rails. Quasi-static analysis was performed, and a single value of strain and 

stress below the asphalt layer were compared with field data. The model predictions with 

viscoelastic analysis were reported to show a poor match with field data (especially the asphalt 

strains). 

 

1.2.4. Design guidelines and standard provisions 

 

Recently, guidelines for ballastless tracks were introduced in the Danish standard DS/EN 16432-

2:2017. Some of the provisions of this standard applicable for ballastless asphalt track design and 

construction (excluding the mix design) include: 

 

i. An overall asphalt layer thickness of 300 mm is suggested 

ii. Allowable modulus of deformation ( 2vE ) of unbound granular layer is 150 MPa and for  

frost blanket layer/subbase is 120 MPa 

iii. Interface elements such as a geotextile are recommended to be use  between prefabricated 

sleepers and the asphalt pavement  

iv. The pavement design criteria is based on limiting the maximum flexural tensile stresses  

v. The recommended values of mean flexural fatigue strength and Young’s modulus of 

asphalt is given as 0.8 MPa and 5000 MPa, respectively. 

vi.  Allowable contact stress due to traffic loads on top of the asphalt pavement is required 

to be lower than 0.5 MPa  

vii. Allowable stress due to traffic loads on top of the base layer is required to be lower than 

50 kPa or can be calculated using fatigue models 

 

1.2.5. Summary and research gaps 

 

The state-of-the-art knowledge on ballastless asphalt tracks is summarized as: 

 

i. Laboratory experiments were performed on full-scale prototypes to analyze mechanical 

responses (stress, strain and displacement) under different intensities of stationary loads 

(Lee et al., 2016). Based on the findings, an overall thickness of the asphalt layer was 
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designed to be 0.3 m, by limiting the maximum vertical stresses on top of the granular 

layer to be lower than 133 kPa. 

ii. A full-scale prototype was tested to evaluate long term track settlement under moving 

loads utilizing consecutive cyclic loads (Lee et al., 2017).  

iii. A field test was conducted to measure mechanical responses (stresses and strains) induced 

by a moving locomotive at different seasons of the year (Lee et al., 2019). The study 

confirmed the temperature sensitivity of track responses and presented peak values of 

response due to seasonal temperature variations. 

iv. A field study demonstrated the lateral resistance of ballastless asphalt tracks to be inferior 

compared to traditional ballasted tracks (Esmaeili et al., 2018). 

v. Very few implementations of ballastless asphalt tracks have been found, most of them 

within tunnel sections in the German railway industry. While construction details are 

available for some recent designs such as the GETRAC system (Rose et al., 2000), the 

literature on measured system responses under service loads, modelling and design 

methods is not publicly available. 

vi. Modelling approaches were based on finite element method; including pure FEM (Lee et 

al., 2019) as well as FEM combined with multilayered elasticity theory (Huang et al., 

1987). 3D quasi-static linear models were developed which incorporated the time-

dependent behaviour of the asphalt layer using linear viscoelasticity theory (Lee et al., 

2019).  

 

The major research gaps in the field of ballastless asphalt tracks are summarized as: 

 

i. Laboratory simulation of moving loads (as consecutive cyclic loads at a constant 

frequency) was not realistic given rest periods were not included between cycles, and that 

the loading scheme consists of a single unique frequency. 

ii. Very limited experimental data exists on track responses measured under service 

conditions, (i.e., train passage at different speeds and loads). Measurements of different 

types of responses (histories) during the train passage at different locations in the track 

are not available. 

iii. The influence of different load amplitudes and frequencies have not been investigated. 

iv. Experimental data on vibration and noise levels in ballastless asphalt tracks are not 

available for comparison with other track types.  

v. A single field study evaluated track response to horizontal pull-out forces. No further 

experimental studies have been conducted, and modelling approaches have not been 

developed to investigate responses to other types of horizontal loads, i.e., both 

longitudinal loads and lateral loads. 

vi. While the geotextile is part of the sleeper design of both German and the Korean 

solutions, experimental studies have not focussed on its behaviour and impact on the 

overall track response, and track models have not included it. 

vii. Modelling efforts have been limited to quasi-static analysis of linear finite element based 

models; track dynamics, and non-linearity were not addressed. Moreover, trainloads were 

simulated in a very simplistic manner to be a sequence of stationary loads or distributed 

loads acting on the rail. Further, vehicle dynamics were not incorporated, allowing for 

analysis of wheel-rail interactions issues and near and far-field vibrations. 

viii. Models were not adequately validated by comparing calculated responses with 

experimental measurements. So far, validation efforts have been very limited. 
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Comparisons were made with field measurements for a single value of stress and strain 

calculation value for an entire track model.  

 

1.3. Thesis objectives 

 

This study addresses some of the research gaps identified in section 1.2.5. The primary focus of 

this study is to analyze mechanical response of ballastless asphalt tracks under vertical loads. The 

goal is to conduct full-scale laboratory investigations, and to develop and validate an advanced 

computational model. Given the challenges associated with the horizontal stability of ballastless 

asphalt tracks, a secondary scope is defined within which track responses are studied due to 

longitudinal loads. A simplified 2D analytical formulation is used to model the problem. Though 

this study focused primarily on analyzing mechanical responses in ballastless asphalt tracks, some 

initial research effort was spent on developing an approach that can be useful for design.  In this 

context, attention was paid to a standard approach of simulating railway tracks as infinite beams 

resting on a continuous spring foundation; the parameter track modulus characterizes the latter 

(Cai et al., 1994: Li et al., 2002). Subsequently, a semi-analytical method was suggested for 

calculating track modulus based on elasticity solutions. 

The thesis objectives are summarized below: 

 

Objective 1 (O1): Construction, instrumentation and experimental investigation of the 

mechanical behaviour of a ballastless asphalt track mockup under vertical loads.  

 

As a starting point for experimental investigations a full-scale mockup is constructed, 

instrumented and tested inside a controlled laboratory environment under different types of 

vertical loads, including simulation of train passages. The focus is on recording different track 

responses without destroying the integrity of the system, i.e., design limit states are not in the 

scope of the study.  

 

Objective 2 (O2): Development and validation of a numerical model of the ballastless track 

mockup. 

 

An implicit, time domain, 3D, dynamic FEM model of the ballastless asphalt track mockup is 

developed that includes material non-linearity and time-temperature dependency. The intention 

is on obtaining the majority of model parameters through standard material tests without using 

model fitting approach. The scope is limited to evaluation of resilient responses, i.e., fully 

recoverable deformations. Moreover, vehicle dynamics and wheel-rail interaction are not in the 

scope of the study. The model is used to investigate the sensitivity of selected responses to some 

model parameters. Ultimately, the model is validated by comparing calculated results against 

measured responses in the mockup.  

 

Objective 3 (O3): Development of a mechanical model for analyzing track responses to 

longitudinal loads induced by train braking. 

 

A 2D analytical model is developed that is capable of analyzing longitudinal track responses to 

braking loads. The purpose is to provide a mechanical portrayal of how braking loads are handled 

within a track superstructure. The intention is to present solutions in a closed-form that are easily 
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implementable and fast to compute.  The model is used to demonstrate track responses during 

braking of a single axle and a full train. 

 

Objective 4 (O4):   Development of a method for a priori determination of track modulus based 

on elasticity solutions.  

 

A semi-analytical framework is used to develop a method for calculating track modulus using a 

3D linear elastic track model. The method calculates track modulus by establishing a strong 

connection between the developed 3D model and the existing standard track model of an infinite 

beam on a continuous spring foundation. The proposed method is illustrated considering a wide 

set of values for the different model parameters.  

The four research objectives (O1 to O4) were addressed in five publications (Paper I to 

Paper V) that were written during the PhD study, as shown in a flowchart in Figure 1.2.  

 

1.4. Thesis outline 

 

This is a paper-based thesis consisting of two parts: Part A and Part B. Part A include three 

chapters and an appendix. Chapter 2 gives a synopsis of the study. It presents an extended abstract 

of the papers along with supplementary information that helps in presenting a holistic picture.  

Chapter 3 summarizes the major findings and presents generalized conclusions of the entire study. 

Appendix A illustrates some additional test results that are not included in the papers. In Part B, 

five scientific publications that were written during the PhD study are appended. 

 

 
 

Figure 1.2: Workflow in the PhD thesis 



2.1 Overview Chapter 2: Synopsis                                                                                                              

 

11 

 

Chapter 2 

Synopsis 

This chapter is based on (includes reuse of text and figures) the following scientific articles: 

 

I. Paper I: Bose, T., Zania, V., and Levenberg, E. (2020). Experimental investigation of a ballastless 

track based on asphalt. Construction and Building Materials (under review). 

II. Paper II: Bose, T., Levenberg, E., and Zania, V. (2020). Numerical modelling of a ballastless track 

mockup based on asphalt (draft manuscript). 

III. Paper III: Bose, T., Zania, V., and Levenberg, E. (2020, July). Numerical analysis of ballastless 

asphalt tracks subjected to dynamic loads. In Proceedings of the 16th International Conference of the 

International Association for Computer Methods and Advances in Geomechanics (IACMAG), Torino, 

Italy (accepted, to be published). 

IV. Paper IV: Bose, T., Levenberg, E., and Zania, V. (2018). Analyzing track responses to train braking. 

Proceedings of the Institution of Mechanical Engineers, Part F: Journal of Rail and Rapid Transit, 232(7): 

1984-1993. 

V. Paper V: Bose, T., and Levenberg, E. (2019). A priori determination of track modulus based on elastic 

solutions. KSCE Journal of Civil Engineering (under review, submitted after revision). 

 

2.1. Overview 

 

This chapter presents a synopsis of the entire PhD study. It consists of four additional sections 

which present the extended abstract of Paper I to Paper V. The primary scope of this thesis is the 

experimental and numerical investigation of ballastless asphalt track responses under vertical 

loads. Section 2.2 presents the experimental investigation, which is based on Paper I. The 

experimental investigation involved detailed planning in the different stages such as construction, 

instrumentation and testing. Due to practical reasons, it was not possible to include all the 

information in Paper I. The author feels that it is necessary to provide some additional information 

in order to present a holistic picture and explain the logical progression of the work. Consequently, 

Section 2.2 is not only a summary of Paper I but has been elaborated (as and when required) to 

include other necessary details. Additionally, some of the test results that were not included in 

Paper I are also presented separately in Appendix A. In Section 2.3, the numerical modelling has 

been presented which is based on Paper II and Paper III. The parts dealing with material 

characterization from laboratory tests has been elaborated in this section. Section 2.4 deals with 

the analysis of longitudinal track responses; this is presented as an extended abstract of Paper IV. 

Section 2.5 deals with a method to calculate track modulus; this is an extended abstract of Paper 

V.  

 

2.2. Experimental investigation 

 

This section describes the experimental investigation of a ballastless asphalt track mockup under 

vertical loads. It is presented in the form of a summary of Paper I, supplemented with additional 

information.  
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2.2.1. Background and motivation 

 

The mechanical responses of ballast and concrete slab tracks have been extensively investigated 

through experimental studies. This includes analysis of the behaviour of track components and 

layers through small-scale tests, (Indraratna et al., 1998; Lackenby et al., 2007; Kaewunruen et 

al., 2008; Thompson and Verheij 1997; Sol-Sánchez et al., 2014), laboratory mockup tests (Tarifa 

et al., 2015; Momoya et al., 2005; Cox et al., 2006; Brown et al., 2007; Chen et al., 2013; 

Chapeleau et al., 2013; Bian et al., 2014; Kennedy et al., 2013; Yu et al., 2019; Al Shaer et al., 

2008; Čebašek et al., 2018; Sainz-Aja et al., 2020), and field tests (Liu et al., 2017; Indraratna et 

al., 2010; Connolly et al., 2014; Connolly et al., 2015; Degrande and Schillemans 2001; Galvín 

2010 ). The latter has the advantage of assessing responses under live loads in as-built conditions 

including the subsoil. Nonetheless, field studies are expensive to carry out and requires multiple 

approvals from railway authorities. In this regard, as a first step, before implementing a new 

material or concept in the railway network and testing it under live loads, laboratory mockup 

testing can prove to be useful. It is a cost-efficient way of gaining preliminary insight into the 

component functionalities under different loading conditions while being in a controlled 

environment. In addition, the ability to reproduce moving loads within a limited test section has 

been achieved reasonably well (Brown et al., 2007; Bian et al., 2014), which can indicate the 

expected magnitude and behaviour of track responses under live loads.  

 Limited experimental investigations have been carried out for ballastless asphalt tracks. 

A full-scale mockup was built in Korea, instrumented and tested under different intensities of 

stationary loads (Lee et al., 2016). The study focused on determining the required thickness of the 

asphalt layer under the loading regime, which was designed to be 0.3m. Subsequently, Lee et al., 

2017 estimated long term settlement of this design by applying consecutive cyclic loads at a single 

frequency. Recently, a field study (Lee et al., 2019) was carried out in which a test track section 

was built outdoors, and track responses were measured during different seasons of the year.  

This study aims to contribute to the understanding of mechanical behaviour of ballastless 

asphalt tracks by constructing and testing an instrumented full-scale mockup under vertical loads. 

The focus is on investigating resilient responses without affecting the integrity of the system.  

 

2.2.2. Methodology 

 

2.2.2.1. Initial design and planning 

 

The experimental investigation was aimed at constructing a full-scale mockup, instrumenting the 

track layers, installing at least three sleepers on top of the asphalt pavement and applying various 

types of vertical loads to the sleepers directly, including simulation of moving train load with the 

help of servo-hydraulic actuators supported by a reaction frame. As part of initial planning, the 

mockup testing was decided to be carried indoors in the Structural Laboratory in Technical 

University of Denmark (DTU). The reasons were: (i) existing hydraulic and electricity connection 

in the test hall, (ii) possible damage to the loading actuators and electronic systems in an outdoor 

environment, and (iii) necessity of elaborate construction work in outdoor location to build an all-

around protective shed and foundations to support the columns of the reaction frame. 

The test hall did not have a pit inside which the construction of the track layers could be 

carried out; a large steel container was considered for the purpose. The construction required 

several heavy types of equipment requiring a large operating area; this was not feasible inside the 
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test hall. Consequently, the construction was planned in a different outdoor environment inside a 

steel container after which it was transported to DTU, craned inside the test hall and placed on a 

thick concrete floor. To allow for portability, only the asphalt layer and the underlying unbound 

granular layer was built in full-scale. The subbase and subgrade were simulated by utilizing a thin 

polyurethane mat with equivalent mechanical properties. This was necessary to ensure that the 

overall weight (self-weight of the container inclusive of the materials inside) of the constructed 

facility was within the handling capacity of the cranes in the test hall.  

An instrumentation scheme was planned to monitor different mechanical responses in 

the track. The planning process required the knowledge of the following:  

 

i. Locations where peak responses were anticipated? 

ii. The expected magnitude of peak responses? 

iii. Choice of instrumentation and their precision 

 

In order to answer the above questions, a 3D linear elastic finite element model of the 

mockup, while still in its preliminary stage (with approximate dimensions) was developed. Static 

analysis was performed by considering different magnitudes of axle load (maximum of 200 kN) 

distributed between three sleepers in the ratio of 1:2:1. Parametric studies were conducted by 

varying the material properties of the track components and layers over a realistic range. The 

results of this study were used to plan the instrumentation layout. Furthermore, model responses 

showed very low magnitudes, almost within the precision limit of some sensors. Additionally, the 

embedded sensors were required to survive the construction loads related to compaction of 

granular layer and the asphalt layer. Hence, a redundancy rate of 50 % was chosen for all sensors 

to ensure a greater reliance on extracting data from embedded sensors.  

 

2.2.2.2. Construction, instrumentation and loading setup 

 

A full-scale mockup of a ballastless asphalt track was constructed (inside a steel container) with 

a length of 4.00 m and width of 2.21 m. From bottom-up, the track layers included, (i) a 0.025 m 

thick polyurethane mat, (ii) a 0.275 m thick unbound granular layer (UGL), and (iii) a 0.280 m 

thick asphalt layer (Paper I). The mat selection was based on guidelines that specified a minimum 

v2E  value of 120 MPa on top of the subbase layer for a newly constructed track (Paper I). Other 

considerations behind mat selection were that it should be strong enough to endure the 

construction work and provide a stable base for building the top layers.  The commercial name of 

the mat used in this study is Regufoam Vibration 990 Plus.  

The earth pressure cells (PCs) were the first layer of embedded sensors that were placed 

at the top of the mat (see Figure 2.1a). These sensors were installed to measure the vertical stress 

at the bottom of the UGL. For the mock-up, five pressure cells were used with a maximum 

pressure rating of 1 MPa. The rating was selected based on the maximum anticipated loads that 

the sensors would have to withstand in order to survive the construction work (failure limit was 

set as two times the pressure rating). To have a better resolution in the stress range expected 

during testing, the sensors were calibrated within a narrow range of 0 kPa to 250 kPa.  

The PCs were laid flat on the mat at their desired location and then secured in place by 

screwing onto the mat. The cables were diverted through holes on the sides of the box (see Figure 

2.1b) and stacked inside a hollow frame (see Figure 2.1d). The PCs  were protected by covering 

them with generous amounts of unbound granular materials. Large rocks/ stones were removed 
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so that the pressure cells were in immediate contact only with relatively small-sized particles 

which were compacted manually to form a stable base (see Figure 2.1c).   

 

 
Figure 2.1: (a) Pressure cells placed at the top of the mat, (b) holes for taking out cables of embedded 

sensors, (c) protection of the pressure cells with unbound granular materials, and (d) stacking cables 

inside a hollow frame along sides of the box 

 

The UGL was constructed on top of the mat. For this layer, a gravel base (type SGII) 

complying with the Danish road standard specifications was chosen (Danish Road Directorate 

AAB 2012). The aggregates used in the mockup were extracted from Løng Grusgrav (NCC).  

Before construction, laboratory experiments were carried out (by VBM Laboratoriet A/S) to 

ensure conformity with SGII requirements. The aggregate properties as determined from the 

laboratory tests are given in Table 2.1, and the aggregate gradation curve is shown in Figure 2.2a.  

 

Table 2.1: Properties of aggregates used in unbound granular layer 

Tests OMC Max 

dry 

density 

Max 

particle 

size 

LL PL LA 

Abrasion 

Methylene 

blue 

Sieve 

analysis 

 % kg/m3 mm % %    

Standard DS/EN 13286-5 DS/EN 

933-1 

DS/CEN ISO/TS 

17892-12 

DS/EN 

1097-2 

DS/EN 

933-9 

DS/EN 

933-1 

Values 6.7 2210 31.5 18 NP 25 1.8 Figure 2.2a 

 

The UGL was constructed in two lifts by compacting a loose mix of unbound granular 

materials (see Figures 2a and 2b) using multiple passes of a vibratory tandem roller. Using a 

nuclear moisture density gauge, the dry density was estimated at three different locations to be 

98.1 % on average, relative to a vibrating table reference compaction (see Figure 2c). Light 

Weight Deflectometer (LWD) tests were performed to characterize the stiffness of the UGL inside 

the box (see Figure 2d), but the test results were not meaningful.  Following the completion of 

on-site tests, the second layer of embedded sensors was placed on the finished surface of the UGL.  

(a) (b)

(c) (d)
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These sensors were asphalt strain gauges (ASGs) that were deployed to measure the 

horizontal strain at the bottom of the asphalt layer. Eleven such sensors were used, each of them 

was positioned at the desired location and kept flat (see Figure 2.4a) so that they did not rock in 

place. As before, the cables were taken out through holes on the side of the box and stacked inside 

the frame (see Figure 2.4b). Generous amounts of hot mix asphalt were placed covering each 

sensor and compacted manually using wooden blocks (see Figure 2.4c). This aimed maximum 

protection for the sensors from the heavy equipment involved in the construction of the asphalt 

layer. 

 

 
Figure 2.2: Aggregate gradation for (a) unbound granular layer, and (b) asphalt layer 

 

 
Figure 2.3:  (a) Placement of unbound granular materials at the top of the mat, (b) compaction of 

unbound granular materials, (c) on-site measurement of density and water content, and (d) LWD test at 

the top of the unbound granular layer  

 

(a) (b)

(a) (b)

(c) (d)



2.2 Experimental investigation Chapter 2: Synopsis                                                                                                              

 

16 

 
Figure 2.4: (a) Placement of asphalt strain gauges (ASGs) on top of the unbound granular layer, (b) 

diverting cables from center of the box, and (c) protection of ASGs by covering with asphalt   

 

The asphalt layer construction (see Figures 2.5a to 2.5c) consisted of a surface course 

with a lift thickness of 0.04 m and three underlying identical base course lifts with a total thickness 

of 0.24 m. The aggregate gradation curve for the surface and base course layers are shown in 

Figure 2.2b. The asphalt mix design was not in the scope of the PhD study and was carried out by 

Danish Technological Institute (one of the partners in this project). The final construction was 

completed in three attempts; in the first two attempts, the surface course did not meet the target 

requirements of binder content and was milled off and repaved.  After the second attempt, a part 

of the base layer was also milled off to gain access to repair some sensors that were damaged 

during the construction process. In all the attempts, the quality of construction was assessed by 

the asphalt contractor by testing asphalt cores from the mockup (98 mm in diameter). The cores 

were preserved for subsequent laboratory characterization of viscoelastic properties of the asphalt 

layer.  

An FWD (Falling Weight Deflectometer; Model: PRIMAX 3500) test was performed 

on top of the asphalt layer (see Figure 2.6a). In an FWD test, an impulse load is applied to the 

pavement surface, and the resulting response (deflection basin) is recorded by a set of geophones. 

Additionally, an FWD test was also performed directly on the ground supporting the steel box, in 

an attempt to characterize the subsoil.  An initial estimate of the elastic properties of the different 

layers may be obtained by utilizing test data obtained from inside and outside the box. However, 

due to time constraints, it was not possible to engage in extensive analysis of FWD test data. 

 

 
Figure 2.5: Different stages in construction of the asphalt layer inside the steel box 

 

(a) (b) (c)

(a)

(b)

(c)
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After the construction was completed, the test section was transported (see Figure 2.6b) 

to DTU, the overall weight was measured to be 15,640 kg. The mockup was craned inside the test 

hall and placed on a thick concrete floor. To ensure full contact between bottom of the box and 

the test floor, a wet mix of high strength mortar was spread, and the steel box was lowered on it 

(see Figure 2.6c). A rigid reaction frame was designed and constructed to house three servo-

hydraulic actuators (MTS, Model No: 244.22) with a force rating of 100 kN, and a dynamic stroke 

of 150 mm. The rigidity of the reaction frame was essential to minimize upward bending of the 

frame under loads that would otherwise add to the actuator stroke. The actuators were mounted 

to the reaction frame using steel plates; the spacing between them corresponded to standard 

sleeper spacing of 0.6 m. The hydraulic system for the actuators was designed and built using an 

accumulator (top blue part in Figure 2.6e) to be able to generate fast loading and unloading events.  

 

 
Figure 2.6: (a) FWD test on top of the asphalt layer, (b) transportation of mockup, (c) placement of 

mockup inside the test hall at DTU, (d) mounting of rail segments on sleepers, and (e) the constructed 

facility  

 

Three wide concrete sleepers of type BBS 3 W60 (used in GETRAC A3 system) was 

used in the mockup (supplied by Rail.One). Vertical loads were applied to the sleepers directly; 

each actuator loaded the sleeper directly beneath it.  To assist in load transfer, small rail segments 

(a)

(c)

(d)

(b)

(e)
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were mounted onto the built-in fastening system (Vossloh System 300). This was done by cutting 

continuous rail pieces (of type 60E1/60E2) into small segments of length 0.2 m by a hydraulic 

bandsaw and using a torque wrench to mount the rails (see Figure 2.6d). As there was one actuator 

for loading each sleeper, a spreader beam was installed to distribute the load equally on top of the 

two rail segments (see Figure 2.6e). The spreader beams were directly bolted to the swivel base 

of the actuators. The contact between the spreader beam and the rail segment was established 

through a circular steel disc of diameter 10 mm glued at the top of the rail-segment at its centre 

in order to ensure the best possible alignment and symmetry in the loading (Paper I). The 

constructed facility is shown in Figure 2.6e. 

Surface sensors (shown in Figure 2.7) were installed, which included displacement 

transducers and accelerometers.  The displacement transducers were Linear Variable Differential 

Transformers (LVDTs) that were installed to measure relative displacement between central 

sleeper and the asphalt surface at the middle (see Figure 2.7a) and at the edges (see Figure 2.7b), 

and potentiometers that were mounted to measure the rail pad compression (see Figure 2.7c). 

Subsequently, all sensors were connected to the data acquisition system (MTS FlexDac). The 

displacement transducers were calibrated, while for the other sensors, the calibration chart 

provided by the supplier was used. Complete details of the instrumentation layout are given in 

Tables 1 and 2 in Paper I and positions are illustrated schematically in Figure 3 in Paper I. 

 

 

 
Figure 2.7: (a) LVDTs (LVDT 2 and LVDT 3) installed at the middle of central sleeper, (b) LVDTs 

(LVDT 1 and LVDT 4) and accelerometer installed at the edge of central sleeper, and (c) potentiometers 

installed between rail and sleeper 

 

2.2.2.3. Test plan 

 

There are two control modes for an actuator, displacement and force, which were separately tuned 

for the three actuators to obtain the correct control (PID) settings. Through trial tests it was 

observed that force control mode was unsatisfactory and risk-prone, especially for rapid loading 

and unloading. On the other hand, the displacement control mode was found to be satisfactory 

and quite safe to operate. Consequently, all experimental investigations in the mockup were 

carried out by controlling the displacement history of the individual actuators to generate a target 

force level and not the force directly.  

During trial tests, the functioning and reliability of sensor readings were also assessed. 

The senor data showed three asphalt strain gauges to be damaged, and one displacement 

transducer to be non-functional. All tests were carried out using the MTS Test Suite software; the 

sampling rate of the tests was set as 1024 Hz, except in very few cases where it was 512 Hz. The 

following types of tests were carried out in the mockup:  

(a) (b) (c)
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i. Type I: Ramp loading with rapid unloading (see Figure 2.8a) 

ii. Type II: Pulse loading (see Figure 2.8b) 

iii. Type III: Cyclic loading with variable amplitudes and frequencies (see Figure 2.8c) 

iv. Type IV: Moving axle loading (see Figure 2.8d) 

v. Type V: Moving train loading (see Figure 2.8e) 

 

 

 
Figure 2.8: Different types of vertical loads applied in the mockup. (a) Ramp loading with rapid 

unloading, (b) pulse load, (c) cyclic load, (d) moving axle load, and (e) moving trainload  

 

2.2.3. Major findings 

 

Findings from tests: Type III, Type IV and Type V have been presented and discussed in detail 

in Paper I. Additional results from the other test types (Type I, Type II, and including some from 

Type V) are given in Appendix A. All responses that are illustrated are a manifestation of the 

externally applied loads without self-weight. The sign convention adopted follows from Paper I, 

whereby downwards load and displacement is positive and compressive stresses and strains are 

positive (for coordinate system refer to Figure 3 in Paper I). The average temperature in the test 

hall varied between 21  ͦC and 22  ͦC. 

 

Type I: Ramp loading with rapid unloading: 

The findings from this test are illustrated in Appendix A (see A.1). In this test, only the central 

sleeper was loaded by Actuator 2; the applied force history is shown in Figure A.1.1a, and the 

force-displacement curve is shown in Figure A.1.1b. The peak load applied by Actuator 2 was 52 

kN, and the loading-unloading event lasted for approximately 1 s. It is seen that the loading and 

unloading curves form a closed hysteresis loop, the area enclosed within the loop is a measure of 

the overall energy dissipated in the track during loading and unloading. It should be noted that 

that the actuator’s displacement not only includes displacements from the track but from other 

components like spreader beams and reaction frame as well.  

(a) (b) (c)

(d) (e)
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The time history of vertical displacement measured by two potentiometers (POT 39 and 

POT 41) are shown in Figure A.1.1c. The two sensors show nearly identical readings and follow 

the overall shape of the load with a gradual increase of displacement with the load level, followed 

by rapid unloading to initial conditions without noticeable time effects and no residual 

displacements, indicating an elastic behaviour of the rail pads. The average peak rail pad 

compression is measured to be 0.81 mm.  

The time history of vertical displacement measured by two LVDTs (LVDT 1 and LVDT 

2) are shown in Figure A.1.1d. These two sensors measure the relative vertical displacement 

between central sleeper and asphalt surface at the edge and middle (for location see Figure 2.7) 

respectively. The LVDT readings represent a combined effect of geotextile compression and 

surface displacement at these locations (ignoring sleeper bending). Readings of LVDT 4 were 

similar to LVDT 1, and that of LVDT 3 was similar to LVDT 2; hence they were not included. 

The peak value measured by LVDT 1 was higher than LVDT 2, which could be attributed to the 

difference in surface deflections at these two locations (ignoring bending of the sleeper). These 

sensors followed the overall shape of the load with a gradual increase of displacement with load 

level, but in contrast to potentiometers, a prominent time-dependent recovery is observed after 

unloading. Within the experimental window, the LVDT recovery was still ongoing.  

The horizontal strains measured by asphalt strain gauges (ASGs) are shown in Figures 

A.1.2a and A.1.2b (for strain gauge layout refer to Figure 3 in Paper I). This figure only includes 

the strain gauge readings which were found to be reliable (in terms of overall shape). Horizontal 

strains along the direction of the track (along the width of the box) are shown in Figures A.1.2a, 

and horizontal strains perpendicular to track direction (along the length of the box) are shown in 

Figures A.1.2b. All strain gauges followed the overall shape of the load, showing a gradual 

increase in strain with the load level. On unloading, a time-dependent recovery was observed to 

the initial conditions; residuals strains were not observed. ASG 6 and ASG 7 (situated below the 

loaded sleeper i.e., Sleeper 2) recorded tensile strains while ASG 3 (situated below Sleeper 3) 

measured compressive strains. In the perpendicular direction, strains measured below Sleeper 3 

(by ASG 2) and that below Sleeper 1 (by ASG 10) were tensile in nature.  Due to symmetry ASG 

2, and ASG 10 were expected to provide similar readings (which was not the case). The maximum 

tensile strain was recorded along the track direction to be 38 µε.  

Vertical stresses measured by pressure cells (PCs) at the bottom of UGL are shown in 

Figures A.1.2c (for pressure cell layout refer to Figure 3 in Paper I). PC 16 and PC 14 (located 

below rail pads on Sleeper 2) recorded nearly identical peak stresses of 20.5 kPa. PC 15 (located 

below the middle of Sleeper 2) recorded 13 kPa, while PC 13 (below Sleeper 3) and PC 17 (below 

Sleeper 1) measured nearly the same peak values of 5 kPa. No significant time effects were 

observed in the readings of pressure cells.  

 

Type II: Pulse loading: 

The findings from this test are illustrated in Appendix A (see A.2). In this test also, only the 

central sleeper was loaded by Actuator 2. The applied force history is shown in Figure A.2.1a, 

and the corresponding force-displacement curve is shown in Figure A.2.1b. The peak load applied 

was 48 kN which was 7 % lower than before, and the entire loading-unloading event was much 

faster lasting for 0.0625 s. Qualitatively, the discussions presented previously for the different 

sensor responses in the context of Type I tests was applicable in this case as well. The significant 

difference was the response magnitudes, all of which were much lower than before (except for 

rail pad compression).  
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Type III: Cyclic loading with variable amplitudes and frequencies 

In these tests, the central sleeper was subjected to sinusoidal excitations of different amplitudes 

(varying between 10 kN and 30 kN) and frequencies (0.1 Hz, 1.0 Hz, and 10.0 Hz) for 200 cycles.  

The steady-state sensor readings were analyzed to understand the effects of different loading 

amplitude and frequencies.  

It was found that the overall load-displacement response of the track was frequency-

dependent with a higher complex stiffness norm at a higher frequency. All measured responses 

displayed frequency-dependence, the rail pad compression to a lesser extent; while the relative 

vertical displacement between the asphalt surface and the sleeper, the vertical stresses below the 

UGL and the horizontal strains below asphalt layer, to a major extent. 

The vertical stresses below the UGL scaled almost linearly with the load amplitude while the rail 

pad compression and horizontal strains below the asphalt layer showed minor non-linear 

behaviour. In contrast, the relative displacement between the sleeper and the asphalt surface was 

strongly non-linear. The findings of Type III tests are illustrated and discussed in detail in Paper 

I. 

 

Type IV: Moving axle loading 

In this test, the passage of a single axle was simulated by sequentially loading the three sleepers 

with a time delay that was calculated based on sleeper spacing and simulated axle speed V . The 

magnitude of the axle load  ,2 Z jP was chosen as 120 kN, and the simulated speed was 120 km/h 

(travelling from Sleeper 1 towards Sleeper 3). Here, ,Z jP  is the wheel load and j  is an index that 

denotes the axle number (in this case, 1j  ). The sleeper loading history was calculated using a 

simplified track model of an infinite beam on a Winkler foundation. The procedure of simulating 

a moving load is explained in Section 2.3.2 in Paper I. The findings from this test are illustrated 

graphically and discussed in Paper I.  

 

Type V: Moving train loading 

In these tests, the passage of a full train was simulated from Sleeper 1 towards Sleeper 3. The 

Danish IC3 train was chosen for this purpose which consists of 8 axles and has a length of 56 m. 

The train configuration is shown in Figure 4 in Paper I. The sleeper loading history was calculated 

as before using a simplified track model of an infinite beam on a Winkler foundation. Four tests 

were carried out:  ,120 km/h, and 200km/h 2 120kN and 200kN , 1...8Z jV P j   . Some of the 

findings from the test involving the train passage at a speed of 120 km/h and axle load of 120 kN 

are illustrated in Figure 2.9. Figure 2.9a shows the force history of Actuator 2. Similar force 

histories were applied by Actuator 1 (see Figure A.3.1a) and Actuator 3 (see Figure A.3.1b) with 

a simulated time delay of 18 ms between the individual actuator signals. In this figure, eight 

distinct peaks can be observed with an average value of 38 kN, which corresponds to the eight 

axles of the IC3 train. Further, the chart shows four sets of ‘M’ shapes, each of the ‘M’ signifies 

two axles located on the same bogie.  

For this loading scheme, the time history of rail pad compression measured by two 

potentiometers is shown in Figure 2.9b. The overall shape of the sensors is very similar to the 

applied load without any noticeable time effect, and the average rail pad compression is measured 

to be 0.6 mm. The time history of relative vertical displacement between the asphalt surface and 

the central sleeper is shown in Figure 2.9c. Contrary to the rail pad compression, this response 
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illustrates a pronounced time-dependent behaviour in between the bogies passes; minor 

accumulation was also observed in between successive axle passes.  

 

 
 

Figure 2.9: Time history of sensor responses measured during simulation of Danish IC3 train passage 

(axle load level = 120 kN, speed = 120 km/h). Responses are plotted for: (a) Actuator 2, (b) 

potentiometers, (c) LVDTs, (d) pressure cells, and (e) - (f) asphalt strain gauges [based on Paper I] 

 

The vertical stresses measured at the bottom of the UGL by two sensors are illustrated 

in Figure 2.9d. The peak stresses are found to be low (< 25 kPa.) The overall shape is very similar 

to the applied load without any noticeable time effect. The horizontal strains measured at the 

bottom of the asphalt layer is shown in Figures 2.9e and 2.9f. The travel of the load along the 

track direction can be observed by noting the delay in peak strains between ASG 6 (below Sleeper 
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2) and ASG 3 (below Sleeper 3). It is also seen that strains in ASG 3 reverse sign from 

compression to tension as the load progresses from Sleeper 1 towards Sleeper 3. The overall 

behaviour is time-dependent with strain accumulation occurring between successive axle passes. 

The readings of strain sensors along the longitudinal direction are shown in Figure 2.9f. The strain 

history is tensile at these locations, and a time-dependent is observed. The peak strains are found 

to be low (< 25 µε.).  

Changing the train speed from 120 km/h to 200 km/h did not have any noticeable effect 

on the responses of the sensors except the accelerations, which increased with an increase in train 

speed. In the range of axle loads and speeds simulated in the mockup: (i) maximum vertical 

displacement due to rail pad compression and relative displacement between sleeper and asphalt 

surface was less than 1.5 mm, (ii) maximum horizontal tensile strains at the bottom of the asphalt 

layer was less than 50 µε, (iii) maximum vertical stresses below the UGL was less than 50 kPa 

and (iv) maximum vertical surface accelerations on the track centre line was less than 2 m/s2. 

Sensor readings and further discussions are presented in Paper I. Additional results that are not 

included in Paper I are presented in Appendix A.  

 

 

2.3. Numerical modelling and validation 

 

This section presents the development, calibration and validation of a numerical model of the 

ballastless asphalt track mockup. It is presented as a summary of Paper II and Paper III, 

supplemented with additional information.  

 

2.3.1. Motivation and background 

 

Experimental investigations give insight into the mechanical behaviour of a system under specific 

test conditions. Additional tests or even the construction of a new testing facility will be needed 

to determine responses under a different set of conditions, such as changes in load intensity and 

frequency, layer thickness and material properties. In this context, the development of a predictive 

model allows evaluating responses to similar conditions. However, the predictive capabilities of 

a model should be verified by comparing it with experimental measurements (if available).  

There is limited literature on modelling of ballastless asphalt tracks. An early study 

developed a model using FEM (Huang et al., 1987) for the track superstructure and multilayered 

elasticity for the substructure (composed of an asphalt layer and the subgrade). Static analysis 

was performed with concentrated loads applied to the rails, neglecting dynamic effects. The model 

was not validated with field measurements. Recently, a FEM model of a field test section was 

developed (Lee et al., 2019). The model included all major track components and layers, except 

for the geotextile (attached at the sleeper bases). Asphalt layer was modelled as both linear elastic 

as well as linear viscoelastic; all other materials were treated to be linear elastic. However, the 

calibration of the model parameters was not explained in the paper. Vehicle loads were 

approximated in a simplistic manner to be distributed loads acting on the rails. Quasi-static 

analysis was performed to calculate stresses and strains; a single computed value was compared 

with field measurements that did not match well, especially for the viscoelastic material model.  

This study develops a 3D time-domain FEM model of the mockup with a focus on 

evaluating resilient track responses during train passage. The model incorporates (i) time-

temperature dependency of asphalt, (ii) non-linear stress-dependent elasticity of the UGL, and 

(iii) track dynamic effects, (vehicle dynamics are not in the scope of this study). Particular 



2.3 Numerical modelling and validation Chapter 2: Synopsis                                                                                                              

 

24 

attention is given on minimizing calibration operations, i.e. to obtain the governing model 

parameters by means of standard material testing procedures. In the end, the model's predictive 

ability is checked by comparing calculated responses against measurements recorded in the 

mockup. 

 

2.3.2. Methodology 

 

2.3.2.1. General description 

 

A 3D FEM model of the mockup was developed with the commercial code ABAQUS (see Figure 

2.10). The model geometry was built as a rectangular cuboid with a length of 4.00 m, a width of 

2.21 m, and a thickness of 0.58 m. The thickness was divided into three layers representing (from 

bottom-up): (i) mat (0.025 m), (ii) UGL (0.275 m), and (iii) the asphalt layer (0.280 m). Three 

sleepers were modelled based on the geometry of BBS 3W 60. A layer of 0.007 m thickness was 

included at the sleeper underside to model the geotextile. The rail pads were modelled as square 

cuboids with a dimension of 0.15 m and thickness of 0.01 m. All layers were assumed to be fully 

bonded.  

The finite domain was discretized with 120,857 eight noded 3D linear brick elements 

(type C3D8). Boundary conditions similar to the mockup were adopted wherein, the model base 

was fixed in all directions, and lateral faces along the mat and the UGL were not allowed to move 

in the direction of their respective normal.   

The model did not include the entities from the loading system in the mockup. Instead, 

uniformly distributed vertical stresses were applied directly to the sleepers on top of the rail pads. 

Non-linear dynamic analyses were performed using direct time integration with implicit scheme 

utilizing time increments that were 0.00097 s (Paper II). Sign convention adopted in this section 

has been changed to be consistent with the convention followed in ABAQUS, tensile stresses and 

strains are positive and upwards load and displacement is positive.  

 

 
Figure 2.10: 3D finite element model of a ballastless asphalt track mockup [taken from Paper II] 

 

2.3.2.2. Calibration of model parameters from laboratory tests 

 

The model parameters for the UGL and the asphalt layer were calibrated from laboratory tests.  
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Unbound granular layer 

The UGL was modelled as a homogenous non-linear elastic isotropic medium with a constant 

Poisson’s ratio, and a bulk stress-state dependent resilient modulus rM  (Seed et al., 1967): 

2

1 0

k

r a
a

M k P
P




 
  

 
 (1) 

where 1k  and 2k  are dimensionless regression constants, aP  is atmospheric pressure 

(introduced as a normalizing factor) taken as 101 kPa, and   is the governing bulk stress (i.e., 

the first stress invariant) at the location where rM  is evaluated (Paper II). The material model 

was implemented in ABAQUS through a user-defined subroutine USDFLD; the numerical 

implementation is presented in Section 3.2 (in Paper II). 

The regression constants 1k  and 2k  were obtained from laboratory tests and not through 

model fitting approach. For that purpose, the UGL was reconstituted in laboratory into cylindrical 

specimens of diameter 0.15 m and length of 0.3 m. This was done by compacting a loose mix of 

unbound granular materials (similar to what was used in constructing the UGL in the mockup) to 

the target dry density (2168 kg/m3) and moisture content (5.45 %) as measured on-site. The 

laboratory compaction level achieved was 96.4 % compared to the on-site measurements. These 

specimens were subjected to repeated load triaxial tests carried out in accordance with the 

European standard (Dansk Standard DS/EN 13286-7:2004) at ‘constant’ radial stress and ‘low-

stress level’. Three such tests were carried out by the Swedish National Road and Transport 

Research Institute (VTI), and the experimental data was provided to the author. Further data 

analysis was carried out by the author. Figure 2.11a shows the triaxial cell for testing unbound 

granular materials at VTI.  

In the tests, the specimens were exposed to different stress states; at each state, 100 

cycles of load-unload was applied without any rest period in between. The average of the last 10 

cycles was used to calculate rM  (at a particular stress state) as the ratio of cyclic deviator stress 

( d ) to the recoverable part of the axial strain ( r ). The variation of rM  with   as obtained 

from laboratory tests is shown in Figure 2.12. Subsequently, the regression constants 1k = 1345 

and, 2k  = 0.64 (see Equation 1) were obtained using a non-linear optimization technique by 

minimizing an error function between experimentally obtained and calculated values of rM . 

Figure 2.12 also shows a comparison of experimentally obtained and calculated values of rM .  

 

 
Figure 2.11: (a) Triaxial cell for repeated loading test of unbound granular materials, and (b) asphalt 

specimen subjected to indirect tensile test 

(a) (b)
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Figure 2.12: Resilient modulus of unbound granular layer – model and experiments [based on Paper II] 

 

Asphalt layer 

The asphalt layer was modelled as a homogenous linear viscoelastic (LVE) isotropic solid with a 

constant Poisson’s ratio (Paper II). LVE properties were characterized from laboratory tests 

applying indirect tension to cylindrical specimens (IT-CY) in accordance with Annex C of the 

European standard DS/EN 12697-26:2018. These tests were carried out by the Swedish National 

Road and Transport Research Institute (VTI), and the experimental data was provided to the 

author. The author carried out subsequent data analysis and calibration of LVE parameters.  

In these tests, cylindrical asphalt specimens that were cored from the base course asphalt 

layer in the mockup were loaded in compression from opposite ends consisting of 25 sequences 

of load-unload-rest of about 3 s duration, followed by a rest period of 1800 s (Paper II). The tests 

were conducted at five different temperatures: -5  ͦC, 10  ͦC, 15  ͦC, 20  ͦC and 30  ͦC. For each test, 

the applied load history and change in diameter of the specimen was recorded (by two 

extensometers). Figure 2.11b shows the asphalt specimen subjected to indirect tensile tests at VTI.  

The following equation is applicable to an isotropic LVE cylinder with a constant 

Poisson’s ratio and loaded in diametral compression (Levenberg and Michaeli 2013): 

     ve

0

t
e
HR t F D t dP



 



 
 

       (2) 

where, veR  is a viscoelastic response of interest, in this case it represents the change in horizontal 

distance between the ends of the asphalt specimen. e
HF  [units of length-1] is the kernel of the 

elastic problem related to the chosen response and depends on the specimen geometry and 

Poisson’s ratio.  D t  is the creep compliance [units of stress-1],   is a time-like integration 

variable, P  is the applied load history.  

To capture recoverable response, an analytic four-parameter function was chosen to 

represent LVE solid creep compliance (Smith 1971): 
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Equation 3 appears as a symmetric sigmoid when plotted on a log-log scale. Here, 

0 andD D  are the instantaneous (short-term) and long-term (equilibrium) values of the creep 

compliance [units of stress-1], D [units of time] and Dn  [unitless] are positive parameters 

controlling the shape of the curve between the two extreme values. 

A linear dashpot model with coefficient    [units of time × stress] was assumed for 

capturing viscoplastic response, i.e., irrecoverable deformation accumulating in a given sequence 

(Paper II). The dashpot coefficient was changed between cycles to approximately simulate a 

hardening type of behaviour. Including a viscoplastic component was necessary in order to isolate 

the irrecoverable part of the deformation and accurately calibrate the LVE parameters. Out of 

these parameters, D  and   are temperature-dependent while the rest are independent of 

temperature. 

For a Poisson’s ratio of 0.4, and assuming plane stress conditions, for the given specimen 

geometry, e
HF  was calculated to be 16.49 × 10-3 mm-1. For each test independently, with an 

assumed set of values for parameters ( 0, , , ,D DD D n  ), and with the applied loading history, 

the change in diameter of the specimen was calculated numerically using Equation 2 (Levenberg 

and Michaeli 2013). Five separate optimization problems were solved (each corresponding to a 

test temperature) to minimize an objective function (five separate ones) which was set as the sum 

of the squares of the residuals.  At the end of this stage, five ‘ideal’ solution vectors were obtained 

for the parameters ( 0 , , , ,D DD D n  ), one vector for each of the optimization problem. It also 

returned the minimum value of the objective function at each test temperature.  

Next, a constrained non-linear multivariable optimization was carried out based on min-

max approach (Osyczka 1984) to obtain a global value of the parameters (  0, , ,D DD D T n ) 

describing the LVE creep compliance across the five temperatures. Here,  TD  denotes that is 

a function of temperature T  while the other three parameters are not. The dashpot coefficients 

obtained from the previous step was used in this step. The entire problem was setup in MATLAB 

and solved with the help of the function fmincon available in MATLAB’s optimization toolbox. 

The measured and calculated responses for the five temperatures are presented in Figures 2.13a 

to 2.13e. The LVE creep compliance parameters are provided in Table 2.2 and the creep 

compliance is illustrated at a reference temperature of 0T  = 20   ͦC in Figure 2.13f. 

For asphalt, the assumption of thermo-rheological simplicity allows time-temperature 

superposition, wherein the response at any temperature level T  can be calculated with properties 

obtained at a reference temperature 0T  by replacing physical time t  with reduced time rt   through 

a shift factor ( Ta ) expressed as: 

r
T

t
t

a
  (4) 

Here, Ta was calculated as: 
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Where  TD and  0TD  denotes the value of D  at any temperature T  and the reference 

temperature 0T  = 20  ͦC, respectively. 

Further, Ta  was assumed to follow the WLF (Williams et al., 1955) equation expressed as: 

 
 

 
1 0
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 (6) 

where, 1c  [unitless] and 2c  [units of temperature] are positive constants.  

Using Equations 5 and 6, 1c   was obtained as 20.17 and 2c  as 146.08   ͦC. 

At this stage, the LVE creep compliance described by Equation 3 is rewritten in a finite length 

Prony series format as (Park and Schapery 1999): 

   0

1

1 j

N
t

j

j

D t D D e




    (7) 

where, jD  represents retardation strengths [units of stress-1] and j  represents retardation times 

[units of time] and are positive constants. The constants were obtained by solving a set of linear 

algebraic equations. 

 

Table 2.2: Linear viscoelastic creep compliance parameters 
 -5  ͦC 10  ͦC 15  ͦC 20  ͦC 30  ͦC 

1
0 MPaD  
 

 3.77 × 10-5 

1MPaD 

 
 

 5.00 × 10-3 

 Dn   0.44 

 D s  5.57 × 105 1237.44 126.10 38.17 1.95 

 

The Prony series expansion of the relaxation modulus  E t [units of stress] was obtained from 

the LVE creep compliance through an interconversion procedure (Park and Schapery 1999) 

invoking the following relationship: 

    1E s D s   (8) 

Where,  E s and  D s  are the s  multiplied Laplace transform of  E t and  D t  also known 

as Carson transform ( s  is the transform variable). 

The obtained relaxation modulus  E t  is expressed in a finite-length Prony series format as: 

 0( )E t E f t  (9) 

where 0E  is the instantaneous (short-term) relaxation modulus  [units of stress], and  f t  is a 

dimensionless time function expressed as a finite-length Prony series.    
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where, im ’s are dimensionless relaxation strengths obtained as 0/i im E E , i ’s are relaxation 

times [units of time], and iE  ’s  are relaxation strengths [units of stress]. The LVE relaxation 

modulus is illustrated at a reference temperature 0T  = 20  ͦC in Figure 2.13f.  

 

 
Figure 2.13: Change in diameter of asphalt specimen in indirect tensile test: calculated and measured 

values at: (a) -5  ͦC, (b) 10  ͦC, (c) 15  ͦC, (d) 20  ͦC, and (e) 30  ͦC. (f) LVE creep compliance and relaxation 

modulus 

 

 

 

(a) (b)

(c) (d)

(e) (f)
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2.3.2.3. Model parameters  

 

In the FEM model, Rayleigh damping was used for all materials except the asphalt layer for which 

energy dissipation mechanism was part of the basic material model. Inputs parameters (other than 

those presented in Section 2.3.2.2) for the different layers (from bottom-up) were obtained as: (i) 

Mat: Young’s modulus, density and damping ratio was obtained from manufacturer’s technical 

data sheet, (ii) UGL: the at-rest coefficient K  was obtained by best matching the mockup 

measurements and model calculations; the density was obtained from on-site measurements, (iii) 

Asphalt layer: density was obtained from on-site measurements, (iv) Geotextile: density was 

provided by the manufacturer; Young’s modulus was obtained by best matching the mockup 

measurements and model calculations (v) Sleeper: properties of concrete, (vi) Rail pad: Young’s 

modulus was obtained using direct calculations based on mockup measurements; Poisson’s ratio 

was obtained by best matching the mockup measurements and model calculations, and (vii) 

Poisson’s ratio, density and damping coefficient of other materials was taken based on reference 

ranges suggested in literature. All model parameters are listed in Tables 1 and 2 in Paper II. 

Further, Section 3.3 in Paper II provides a detailed description of obtaining the different model 

parameters. 

 

2.3.3. Major findings 

 

Before final calibration of all model parameters, assuming a representative set of values, the 

model was interrogated with a pulse load (see Figure A.2.1a). The sensitivity of selected model 

responses to temperature variation, and to the at-rest earth pressure coefficient K was assessed. 

It was found that vertical surface accelerations, horizontal tensile strains at the bottom of the 

asphalt layer, and vertical compressive stresses below the UGL were all very sensitive to the 

temperature level. All three responses showed an increase with a rise in temperature level.  

Additionally, the accelerations were significantly influenced by the value of K ; with an 

increase in K , peak accelerations decreased. The horizontal strains at the bottom of the asphalt 

layer were moderately influenced by K , showing a similar trend. On the other hand, vertical 

stresses below the UGL displayed minimal sensitivity to K . Figure 2.14 presents shows 

sensitivity of horizontal tensile strains at the bottom of the asphalt layer (where the peaks are 

observed) to temperature variation and to the values of K . Further findings from the sensitivity 

analysis are illustrated and discussed in Paper III.  

 

 
Figure 2.14: Influence of: (a) temperature (for K = 1), and (b) K (for T=22  ͦC) on time history of tensile 

strains at bottom of asphalt layer (at locations of peak strain along Z direction) [based on Paper III] 

(a) (b)
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 After calibration of model parameters, they were fixed to the values given in Tables 1 

and 2 in Paper II. Dynamic analysis was performed with a load signal (applied in the mockup) 

simulating a train passage at a speed of 120 km/h, with an axle load of 120 kN (see Figure 5, 

Paper II). As model parameters were not changed during this analysis, the computed responses 

were considered to be forward predictions. The model was validated by comparing predictions 

and experimental measurements. The model’s predictive ability was quantified using Pearson 

product-moment correlation coefficient  r  and an agreement metric    highlighted recently 

by Duveiller et al. (2016). 

Predicted stress history at locations of two sensors, PC 15 and PC 16 is shown in Figure 

2.15. Predictions and measurements are of the same order of magnitude and agree well in terms 

of shape as indicated by very high values of ( r > 0.99) and (  > 0.96). In both cases, the model 

predictions overestimate the extremum values, for PC 15 by 26 % (on average), and for PC 16 by 

15 % (on average). 

 Figures 2.16a and 2.16b presents the predicted horizontal strains at the bottom of the 

asphalt layer at locations of ASG 3 (along Z direction) and ASG 10 (along X direction). The 

model captures the overall shape of the strain measurements (in both directions) as indicated by 

high values of ( r > 0.96) and (  > 0.90). In Figure 2.16a, the measurements show a strain reversal 

from compression to tensile at the beginning of every bogie passage. Further, a time-dependent 

response occurs between bogies and strain accumulation occurs between consecutive axle passes 

on the same bogie.   These features are captured reasonably well in the model predictions. In 

Figure 2.16b, the overall shape and magnitude is reproduced fairly well, but the model predicts 

more strain accumulation.  In Figure 2.16c and 2.16d, the acceleration time history is presented. 

It is observed that the accelerations were not predicted with same level of accuracy as indicated 

by low values of r =   = 0.3. 

In general, the predictions and measurements showed an overall agreement and 

responses were of the same order of magnitude. Variations are expected between measurements 

and predictions due to: (i) uncertainty in laboratory characterization of materials, (ii) uncertainty 

in responses measured in the mockup, (iii) modelling assumptions related to interface behaviour 

between layers, (iv) neglecting permanent deformations, (v) assumptions of linearity and 

homogeneity in the model, and (vi) difference in material responses in tension and compression 

(Paper II). 

 

 
Figure 2.15: Vertical stresses below granular layer for a simulated train passage - measured and 

predicted time history [taken from Paper II] 

(b)(a)

r =  0.998

λ =  0.964

r =  0.997

λ =  0.986
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Figure 2.16: (a) – (b): Horizontal strains below asphalt layer for a simulated train passage - measured 

and predicted time history, (c) – (d) vertical surface accelerations for a simulated train passage - 

measured and predicted time history  [based on Paper II] 

 

 

2.4. Longitudinal track responses 

 

This section presents analysis of track responses to longitudinal loads. It is an extended abstract 

of Paper IV. 

 

2.4.1. Motivation and background 

 

An essential step in accepting new track concepts, before adaptation within the live 

network, is the analysis of track responses to anticipated loads. As braking forces are part of such 

an assessment, this study aims to analyze track responses to longitudinal forces induced by 

braking. This is considered particularly crucial in the context of ballastless asphalt tracks, in which 

sleepers may rest on top of the asphalt pavement without any anchorage to the pavement or 

support from surrounding crib or shoulder ballast. In this situation, longitudinal forces at the 

sleeper – pavement interface are entirely negated by the sliding resistance available at the sleeper 

bases; which may be insufficient resulting in slippage. Besides, the analysis is considered 

necessary in the light of advances in the vehicle design itself, in which stronger brakes, such as 

‘track brakes’, have been introduced that enable trains to exert higher braking forces directly onto 

(a)(a)

(b)

(c)

(d)
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the rails. This is different from the traditional way of slowing down or halting the train by 

clamping the wheels. 

The effects of both vertical and longitudinal loads must be considered to evaluate track 

responses due to braking loads. While there are many studies examining track responses to 

vertical loads, the literature on longitudinal track response analysis is minimal. Van (1997) 

numerically studied thermal loads and mechanical loads induced by train braking and accelerating 

on rails and bridges. The developed model idealized the rails as a single beam resting on 

longitudinal elasto-plastic springs. However, the study did not analyze responses at the individual 

sleeper locations; also, the interaction between vertical and longitudinal directions was not 

accounted for. A FEM model was developed to study longitudinal forces in the fastening system 

and friction demand at rail-rail pad interface during train acceleration (Zhang et al., 2015). It was 

reported that longitudinal forces were non-symmetrically distributed between sleepers. 

Longitudinal force in rail-rail pad interface in front of the wheel was negligible, and five sleepers 

located behind the wheel mainly carried the loads. However, no explanation was provided on the 

reason for non-symmetrical load distribution.  

The objective of this study is to develop a mechanical model within an analytical 

framework for analyzing track responses during train braking, considering the effects of both 

vertical and longitudinal loads. The aim is to present closed-form solutions for computing (i) axial 

rail stresses, (ii) vertical and longitudinal forces at a sleeper base, and (iii) friction demand at a 

sleeper base. 

 

2.4.2. Methodology 

 

A 2D response model was developed (see Figure 2.17), focusing on loads that are generated 

during the braking of a train axle.  The model considered one axle side, i.e., a decelerating wheel. 

The rail was idealized as a homogenous infinite Euler-Bernoulli beam. It was supported by an 

orthogonal Winkler-type of foundation consisting of a bed of linear springs along the vertical and 

longitudinal directions, at right angles to each other. These springs represented the collective 

support offered to the rail by all underlying track components. The spring constants in the vertical 

and longitudinal direction were Zk  and Xk [units of force/length/length] respectively. The wheel 

loads were simulated as a collection of two point loads applied to the beam. The vertical load ZP  

accounted for half of the axle weight, and the longitudinal load XP  signified the braking effort 

of a wheel. The weight per unit length of the beam comprised of the rail weight per unit length 

and the distributed sleeper weight considering one-half of it. 

 A randomly chosen sleeper within the braking zone was evaluated, with its position 

coinciding with the origin of the Cartesian coordinate system. Closed-form expressions were 

derived for calculating different responses at the origin (i.e., the sleeper being evaluated) as a 

function of the load position x  from the coordinate origin. These responses included: (i) vertical 

beam displacement (ii) vertical force at the base of a sleeper, (iii) longitudinal beam displacement, 

(iv) longitudinal force at the base of a sleeper, and (v) friction demand at the base of a sleeper. 

The friction demand represents the required resistance at the sleeper base to ensure no-slip 

conditions during a braking event.  

By means of superposition, the above expressions were extended to analyze the braking 

event of a full train. In this case, the vertical wheel loads were idealized as a sequence of point 

loads applied to the beam with a distance corresponding to the axle position. The braking event 

was simulated as the concurrent application of longitudinal point loads at the same locations. 
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Closed-form expressions were also derived to address modern braking technologies considering 

distributed loads over a certain length of the rail.  

 

 

 
Figure 2.17: An orthogonal Winkler foundation model for simulating braking of a single wheel [taken 

from Paper IV] 

 

 

2.4.3. Major findings 

 

At first, the model was applied for analyzing braking of a single axle. Responses were calculated 

at the chosen sleeper location for different positions of the load, i.e., values of x . This was 

investigated parametrically by varying the values of  Zk  and Xk , while adopting realistic values 

for the other model parameters. The dependence of peak friction demand on the spring constants 

was further investigated for a standard sleeper type as well as a heavier one.  

Subsequently, the model was demonstrated for braking event of a full train. The train 

chosen for this purpose was Thalys HST with a length of 200 m and consisting of 26 axles 

(Degrande and Schillemans 2001). The vertical axle loads were considered as 170 kN (for the 

locomotives and central carriages), and 145 kN (for outer carriages). The longitudinal loads were 

taken to be 25 % of the vertical loads. The braking event was simulated as the concurrent 

application of 26 force pairs (vertical and longitudinal) acting at the individual axle locations. The 

values of spring constants in vertical and longitudinal direction were taken to be 50 MPa and 15 

MPa, respectively. A standard sleeper type was chosen with a mass of 290 kg and a spacing of 

0.6 m. All responses were evaluated at the coordinate origin for different values of x , taken to be 

the distance between the rear axle of the train and the sleeper being evaluated (i.e. the coordinate 

origin). 

 Figure 2.18 illustrates the outcomes of this investigation. It consists of four curves, the 

vertical and longitudinal force at a sleeper base is shown in Figures 2.18a and 2.18b, respectively. 

Figure 2.18c shows the longitudinal beam stress and Figure 2.18d presents the friction demand 

(ratio between longitudinal and vertical forces) at sleeper base. The dashed lines in each figure 

refer to the peak values for a braking event of a single axle. From this figure, it can be observed 

that longitudinal responses (forces and friction demand at sleeper base and beam stresses) exhibit 

a much wider influence zone compared to vertical responses. In comparison to single axle 

analysis, the longitudinal responses for a full train were significantly higher, indicating prominent 

load interaction between axles. On the contrary, the vertical responses for a single axle and full 

train were quite similar. The values of friction demand at the sleeper base is unrealistically high 

to be provided a by a standard sleeper. 

Based on these observations, it can be inferred that the results of a single axle analysis 

cannot be used to obtain longitudinal track responses for a full train. It has to be dealt on a case 

by case basis with the specific axle configuration of the train being analysed. Furthermore, for 

track types such as ballastless asphalt tracks, if sliding resistance of a sleeper is solely derived 
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from frictional mechanisms at the base then standard sleeper types are inadequate; heavier or non-

standard sleeper types need to be employed. 

 

 
Figure 2.18: Model responses for a full train as a function of the distance from rear axle: (a) vertical 

force at the base of a sleeper, (b) longitudinal force at the base of a sleeper, (c) longitudinal beam stress, 

and (c) friction demand at the base of a sleeper [taken from Paper IV] 

 

 

2.5. A priori estimation of track modulus 

 

This section introduces a method for a priori estimation of track modulus. It is presented in the 

form of a summary of Paper V. 

 

2.5.1. Motivation and background 

 

A standard approach to modelling railway tracks involves idealizing the rails as infinite beams 

supported on a continuous spring foundation. The parameter track modulus characterizes the 

foundation; it is a measure of the continuous support offered to the rail by all underlying 

components such as rail pads, sleepers, under sleeper pads, ballast mats and all soil-like materials 

like ballast, subballast, and subgrade. It is defined as the supporting force per unit rail length per 

unit vertical rail displacement. Track modulus is used as an input parameter to calculate rail 

deflections and bending stresses, longitudinal distribution of wheel loads along the rail. It is an 

accepted indicator of track quality. 

Various studies have focused on assessing track modulus from field measurements. 

There are, however, very few studies that offered a model for calculating track modulus a priori, 
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using the material properties of the components and layers that underlie a rail. This is deemed 

necessary both in the new design of traditional railways and also for evaluating the performance 

potential of new track concepts. GEOTRACK (Chang et al., 1980) was an elaborate 3D track 

model that included all major track components and layers and could be applied for estimating 

track modulus. This was done by equating maximal vertical rail displacement in GEOTRACK 

program and in the standard track model of an infinite beam on springs (under identical loading 

conditions). The issue with this method was the incompatibility of vertical load distribution along 

the rail at different sleeper locations. Cai et al. (1994) offered a model for calculating track 

modulus based on analysis of a single sleeper idealized as a finite beam resting on a Winkler 

foundation. Concentrated loads were applied at rail seats, and track modulus was calculated based 

on the displacement of the finite beam under the loads after adding the displacement due to the 

rail pads. The primary limitation of this study was disregarding the effects of adjacent sleepers 

which leads to overestimation of the values of track modulus.  

Consequently, it is the aim of this study to develop a method for a priori determination 

of track modulus based on elastic solutions. With a focus on the possible acceptance and long-

term utility of the work, the emphasis has been given on developing solutions that are analytical 

and closed-form. The proposed method aims to determine track modulus by establishing a solid 

connection with the standard track model by considering equal maximal rail displacement while 

ensuring compatibility of vertical force distribution along the rails. 

 

2.5.2. Methodology 

 

Figure 2.19a shows the standard model of an infinite beam (IB) on springs characterized by a 

track modulus Zk  and subjected to concentrated forces of intensity ZP . In order to calculate Zk

, a 3D linear elastic quasi-static track model was developed (see Figure 2.19b). It included: (i) an 

array of equidistant sleepers modelled as finite Euler-Bernoulli beams (abbreviated as FB), (ii) 

two rail pads on each sleeper modelled as a pair of discrete springs (DS), and the substructure 

representing all soil-like materials, modelled as an isotropic homogenous half-space (HS).  

As a starting point in the analysis, in the standard track model, Zk  was assumed, and the 

reaction forces in the springs were calculated after converting continuous springs to individual 

ones conforming to sleeper positions in the 3D model. Following this, the discrete springs in the 

3D model were each loaded with the respective force intensities n
ZS  obtained from the standard 

track model. The overall vertical displacement at the top of the DS  0n  , i.e., above the central 

FB was calculated. This was a result of the compression of the DS itself as well as the surface 

deflection of the half-space (assuming finite beams were incompressible) directly below it, 

considering the loading on all adjacent FBs. The representative track modulus *
Zk  was obtained 

iteratively by matching the overall displacement calculated at the top of the DS  0n   with the 

maximal displacement of the infinite beam in the standard model.  Thus, track modulus was 

calculated based on a strong connection between the 3D model and the standard track model 

accounting for maximal rail displacement while ensuring compatibility in the load distribution 

along the rail.   

 As an intermediate step, it was required to resolve the contact stress distribution at the 

interface of HS-FB to compute the vertical displacement of the HS. For that purpose, two closed-

form solutions were established, (i) vertical displacement of a finite beam subjected to two line-

loads and a non-uniform support reaction, and (ii) surface deflection of a half-space loaded 
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uniformly over a rectangular area. The two solutions were combined to analyze the contact 

stresses at the interface and subsequently calculate the surface deflection of the HS. 

 

 

 

 
Figure 2.19: A sketch depicting the models considered for track modulus determination (a) standard 

model of infinite beam on continuous springs, and (b) elastic 3D model [taken from Paper V] 

 

 

2.5.3. Major findings 

 

The method was illustrated by a parametric study that investigated the sensitivity of track modulus 

to (i) stiffness of discrete springs (i.e. rail pads) ,Z DSK , (ii) half-space modulus HSE , and (iii) 

spacing between finite beams (i.e., sleepers) s . All other model parameters were fixed to a 

reference set of values. The findings of the study are illustrated in Figure 2.20. There are two 

charts in this figure corresponding to two different values of s , 0.6 m, and 0.5 m. In both the 

charts, five different discrete spring stiffnesses are considered varying from 25 MN/m to 250 

MN/m. The elastic modulus of the half-space has been varied up to 300 MPa.  

From the figures, it is observed that track modulus increased with an increase in half-

space elastic modulus but not indefinitely; it had an upper bound controlled by the rail-pad 

stiffness. This is because the surface deflection of a half-space with a very high Young's modulus 

is negligible in relation to rail-pad shortening and therefore the track modulus for these cases is 

controlled solely by ,Z DSK , i.e., rail pad stiffness and finite beam spacing. When comparing the 

track modulus values in Figures 2.20a and 2.20b, it is observed that track modulus increases with 

a decrease in the finite beam spacing.  

It was further investigated that when contact stress was approximated to be uniform at 

FB-HS interface, then track modulus values were only marginally overestimated. Consequently, 

an assumption of uniform stresses did not have a significant effect on the calculation of track 
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modulus. The obtained results were considered valid as they were similar in magnitude and 

exhibited similar trends to the variation in the input parameters when compared to results from 

GEOTRACK.  

 

 
Figure 2.20: Track modulus determined as a function of half-space modulus for different rail pad 

stiffnesses considering (a) s = 0.6 m, and (b) s = 0.5m [taken from Paper V] 
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Chapter 3 

Summary and conclusions 

This chapter is based on (includes reuse of text) the following scientific articles: 

 

I. Paper I: Bose, T., Zania, V., and Levenberg, E. (2020). Experimental investigation of a ballastless 

track based on asphalt. Construction and Building Materials (under review). 

II. Paper II: Bose, T., Levenberg, E., and Zania, V. (2020). Numerical modelling of a ballastless track 

mockup based on asphalt (draft manuscript). 

III. Paper III: Bose, T., Zania, V., and Levenberg, E. (2020, July). Numerical analysis of ballastless 

asphalt tracks subjected to dynamic loads. In Proceedings of the 16th International Conference of the 

International Association for Computer Methods and Advances in Geomechanics (IACMAG), Torino, 

Italy (accepted, to be published). 

IV. Paper IV: Bose, T., Levenberg, E., and Zania, V. (2018). Analyzing track responses to train braking. 

Proceedings of the Institution of Mechanical Engineers, Part F: Journal of Rail and Rapid Transit, 232(7): 

1984-1993. 

V. Paper V: Bose, T., and Levenberg, E. (2019). A priori determination of track modulus based on elastic 

solutions. KSCE Journal of Civil Engineering (under review, submitted after revision). 

 

3.1. Summary and findings 

 

This study analyzed mechanical responses in ballastless asphalt tracks under vertical loads 

through laboratory testing of a mockup and subsequent, development and validation of a 

numerical model of the mockup. To this end, a full-scale mockup (4.00 m long and 2.21 m wide) 

was constructed inside a large steel container consisting of asphalt layer, underlain by an unbound 

granular layer, and supported by a thin mat (that simulated subbase and subgrade). The mockup 

was built in an outdoor location and later transported to an indoor laboratory environment. This 

allowed full-scale construction equipment to be used, not scaled down.  

Embedded sensors (installed during construction) and surface sensors (mounted after-

construction) were used to measure different types of mechanical responses. Embedded sensors 

were installed to measure the vertical stresses below the UGL (by pressure cells) and horizontal 

strains at the bottom of the asphalt layer (by asphalt strain gauges). The embedded sensors were 

at risk of being damaged due to exposure to extreme loading conditions during the construction 

of top layers. In order for them to survive, they were adequately protected during installation, 

higher pressure ratings were selected relative to the estimated operating range (for pressure cells), 

and 50% redundancy was considered. The surface sensors were installed to measure rail pad 

compression, the relative displacement between sleeper and asphalt surface, and vertical 

accelerations on the surface.  

Three sleepers were mounted on the asphalt pavement at a standard spacing of 0.6 m. 

The sleepers were wider at the base, heavier and included a geotextile on the underside. The 

sleepers were loaded directly by using servo-hydraulic actuators.  The mockup was subjected to 

different types of vertical loads such as a ramp, pulse, and cyclic (different excitation amplitudes 

and frequencies). Trains passages with different speeds (maximum 200 km/h) were simulated in 
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the mockup (maximum axle load 200 kN) by sequentially loading the three sleepers. Post-

processing of various sensor data showed all pressure cells to be functional and 30 % of the asphalt 

strain gauges to be damaged during construction. Further, the pressure cells exhibited reliable 

behaviour across all tests, although the working range was very low (not exceeding 100 kPa) 

relative to the operating range (1 MPa).  In contrast, the asphalt strain gauges showed somewhat 

irregular recordings. Moreover, the measured responses were of very low magnitude, almost 

within the precision limits of the gauges. Hence, including redundancy in the mockup (by about 

50 %) was particularly helpful for the strains. 

Next, a detailed 3D FEM model of the mockup, including all major components and 

layers, was developed. The model considered non-linear stress-dependent elasticity of the UGL 

which was successfully implemented with a user-defined subroutine USDFLD. The time-

temperature dependency of asphalt layer was incorporated using linear viscoelasticity theory 

assuming thermorheological simplicity. All other materials were treated as linear elastic. Majority 

of model parameters were obtained from laboratory elements tests and independent sources. The 

specific intention was to minimize calibration activities, i.e., deriving the parameters through a 

model-fitting approach.  Implicit dynamic analysis was carried out to consider the effect of inertia 

on mechanical responses. The three sleepers in the model were sequentially loaded with a force 

history that simulated a train passage. The model was validated by comparing the numerical 

predictions with the experimental measurements. Predictions and measurements showed an 

overall agreement in terms of shape and behaviour and responses were of the same order of 

magnitude. It was possible to predict stress-strain history more accurately compared to the 

accelerations. 

Further findings from the experimental and numerical investigation are summarized 

here. The ballastless asphalt track mockup demonstrated frequency-dependent and non-linear 

behaviour under applications of cyclic loads of different frequencies and amplitudes. While the 

rail pad compression exhibited moderate frequency dependency; the relative vertical 

displacement between the asphalt surface and the sleeper, the vertical stresses below the UGL and 

the horizontal strains below asphalt layer showed a higher frequency dependence. Further, the rail 

pad compression and horizontal strains below the asphalt layer were non-linear to a minor extent. 

The vertical stresses below UGL varied linearly with the load amplitude, while the relative 

displacement between the sleeper and the asphalt surface was strongly non-linear. 

Time-dependent behaviour was demonstrated by the horizontal strains at the bottom of 

the asphalt layer and the relative vertical displacement between the sleeper and asphalt surface. 

On the contrary, rail pad compression was nearly elastic, showing instantaneous recovery to initial 

conditions (without noticeable time effects) on unloading. Similarly, no significant time effects 

were noted in vertical stresses below the UGL.   

All track responses were highly sensitive to temperature, namely the horizontal asphalt 

strains, vertical surface accelerations, and vertical stresses below the UGL. Further, the horizontal 

asphalt strains and vertical surface accelerations exhibited sensitivity to initial horizontal stresses 

(induced during construction) within the UGL.  

For the simulation of train passages up to speeds of 200 km/h and axle load of 200 kN, 

peak horizontal tensile strains at the bottom of the asphalt layer were found to be less than 50 µε, 

which is well below the flexural fatigue endurance limit of the material (DS / EN 16432-2: 2017). 

The strains along the direction of the moving load showed sign reversal which was not observed 

along the other direction. Minor strain accumulation was demonstrated between successive axle 

passes.  For the same loading scheme, peak vertical stresses below the UGL varied between 15 

kPa to 40 kPa, representing approximately 60 % of the calculated average stress below a sleeper. 
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The peak stress magnitudes are low, implying compliance with the standard requirements (DS / 

EN 16432-2: 2017). Peak vertical accelerations measured on the centre line of the track was less 

than 2 m/s2, which was lower than ballasted tracks where comparable values were reported at a 

much larger distance, approximately 3 m away from the centre line of the track, (Galvín et al., 

2009). Except, for vertical surface accelerations, no noticeable effect was observed on other track 

responses with an increase in simulated train speed from 120 km/h to 200 km/h.  

While the previous study focused on response under vertical loads, a further study was 

conducted to evaluate response under longitudinal loads caused by train braking. Within an 

analytical framework, a 2D model was developed idealizing rail as an infinite beam resting on an 

orthogonal Winkler foundation consisting of a continuous bed of springs in both vertical and 

longitudinal directions. The formulation was general-purpose; it was applicable for different track 

types. Braking event was simulated as the simultaneous application of concentrated loads in the 

vertical and longitudinal direction at locations of the train axles. Closed-form expressing were 

derived for calculating different track responses. Subsequently, for a range of realistic parameters, 

the model results were presented for a single axle and then a full train.  

It was found that the maximum longitudinal rail stress was independent of the supporting 

foundation spring constant, but its decay was a function of the latter. Longitudinal track responses 

were distributed over a much larger zone compared to vertical track responses. Peak friction 

demand was unrealistically high for a standard sleeper weight and within acceptable limits for a 

heavier sleeper (such as the one used in the mockup). The full-train analysis showed a significant 

increase in all responses in the longitudinal direction compared to the single axle case. This result 

was due to a pronounced load interaction in the longitudinal direction. On the contrary, vertical 

track responses for a single axle and a full train were nearly similar. 

Finally, a limited side study was conducted to suggest a method for a priori estimation 

of track modulus. A semi-analytical approach was developed using elasticity solutions, capable 

of addressing different types of tracks. To this end, a 3D linear elastic track model was built that 

idealized sleepers as finite beams, rail pads as linear springs and all soil-like materials as a 

homogenous half-space. Track modulus was calculated by achieving equal maximal vertical rail 

displacement in the two models, while, preserving compatibility of load distribution along the 

rail. The method was demonstrated to show the sensitivity of track modulus to rail pad stiffness, 

half-space elastic modulus and sleeper spacing. Other model parameters were not found to have 

any significant influence on track modulus. Furthermore, it was demonstrated that for a high 

elastic modulus of half-space, track modulus is solely governed by rail pad stiffness and sleeper 

spacing. 

 

3.2. Conclusions 

 

The findings of the study can be generalized to arrive at the following conclusions: 

 

i. The majority (75 %) of vertical rail displacement in the mockup could be attributed to the 

rail pad compression. The geotextile compression constituted the remaining part; the 

displacement resulting from the three mockup layers (asphalt + UGL + mat) was 

negligible in comparison. Moreover, the geotextile by its compressibility played a role in 

bridging texture and construction unevenness between sleeper underside and asphalt 

surface 

ii. The measured mechanical responses (stresses and strains) were of very low magnitude, 

indicating little or no mechanical damage. This should also be considered for material 
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characterization of track layers using laboratory standard testing methods which operate 

at a much higher range 

iii. Ballastless asphalt tracks showed non-linearity and time-temperature dependency, hence;  

modelling efforts must consider them 

iv. An instrumented mockup with measurements from the surface and embedded sensors 

provided means for calibrating different model parameters and its subsequent validation. 

Specifically, measurements of rail pad compression allowed for obtaining realistic 

stiffness at the applied load amplitude and frequency. Measurements of relative 

displacement between asphalt surface and sleeper allowed for calibration of elastic 

properties of the geotextile; the latter can also be characterized from laboratory tests. 

Initial horizontal stresses induced in the UGL due to construction cannot be obtained from 

mockup measurements and has to be calibrated using a model 

v. For the simulation of recoverable responses, only the resilient properties of the materials 

must be used as inputs to the model. The laboratory element tests of the asphalt layer 

showed significant permanent deformation, especially at higher temperatures. For 

meaningful characterization of viscoelastic parameters of asphalt, the irrecoverable part 

of the response must be carefully separated.  

vi. In the context of longitudinal loads, responses for a full train cannot be deduced from a 

single axle analysis; estimates must be made on a case-by-case basis with specific axle 

configurations, as all resulting peak reactions are anticipated to be higher. For track types 

in which friction resulting from the sleeper weight is solely responsible for providing 

sliding resistance at the sleeper base, a heavier sleeper type may be needed. 

 

3.3. Future work 

 

As part of future research, resilient track responses can be studied in the mockup for other types 

of sleepers with different fasteners and interface layers between the sleeper and asphalt surface 

(such as the geotextile used in the study). The responses to horizontal loads can be analyzed by 

employing a different loading and instrumentation scheme. Further experimental investigations 

are needed towards asphalt mix design explicitly tailored for railway infrastructure. As a natural 

progression, field conditions can be investigated at a later stage. This will have the benefit of 

assessing responses in the live network under as-built conditions, including the subsoil. Test data 

will allow comparison of responses between ballastless asphalt tracks and other traditional track 

types.  

The validated model can be further used to analyze other loading conditions and optimize 

layer thicknesses and material properties. Future modelling efforts will be aimed at simulating 

field-like conditions by scaling up the current model size and replacing the mat to include the 

subsoil domain by utilizing special elements and boundary conditions.  Incorporation of a rail will 

additionally permit to include vehicle dynamics and analyze near and far-field vibrations. 

Horizontal track responses can be investigated numerically after incorporating interface 

properties. In this context, standard sleeper geometries can be analyzed, and responses can be 

contrasted with heavier sleeper types. Moreover, the geotextile plays an important role in the 

overall track response; laboratory element tests can be carried out to characterize its behaviour 

and implement it in the FEM model.  

The model developed for analyzing longitudinal track responses can be further improved 

by considering consider the coupling of responses in the two directions, and including dynamic 

effects in the formulation. Moreover, it can be employed to study modern braking loads, and 
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effects of vertical track gradient.  While the current study focussed on longitudinal loads due to 

braking, the model can be developed and extended to study other types of horizontal loads caused 

by the vehicle, or from temperature effects. Results of such studies will enable us among other 

things to optimize sleeper dimensions and spacing, interface layer selection, to design anchoring 

mechanism or other mechanism contributing to horizontal stability.  

In future studies, the method proposed for a priori estimation of the track modulus may 

be extended to evaluate track modulus in the lateral and longitudinal directions. In addition, the 

modelling approach can be enhanced by the elastic-viscoelastic correspondence principle (e.g. 

Schapery, 1965) to include time-dependence and thermal sensitivity of components and materials. 

This will allow a priori identification of track modulus for asphalt solutions for different train 

speeds and temperatures. 

 

3.4. Thesis contributions 

 

The novel contributions of this thesis include: 

 

i. Analysis of diverse mechanical responses in a ballastless asphalt track mockup under 

service conditions by simulating train passages at a maximum speed of 200 km/h and 

with a maximum axle load of 200 kN.  

ii. Investigating effects of different loading amplitudes and frequencies on mechanical 

responses in ballastless asphalt tracks  

iii. Development and validation of an elaborate 3D dynamic finite element model of a 

ballastless asphalt track mockup including all major components and layers, and 

considering material non-linearity and time-temperature dependency 

iv.  Development of a 2D analytical model for investigating longitudinal track responses 

v. Proposing a semi-analytical method for a priori estimation of track modulus using 

elasticity solutions 

 

 



                                                                                                             

 

44 

 

References 

ABAQUS Documentation. (2016). 

 

Al Shaer, A., Duhamel, D., Sab, K., Forêt, G., and Schmitt, L. (2008). Experimental settlement 

and dynamic behavior of a portion of ballasted railway track under high speed trains. Journal of 

Sound and Vibration, 316(1-5): 211-233. 

 

Bian, X., Jiang, H., Cheng, C., Chen, Y., Chen, R., and Jiang, J. (2014). Full-scale model testing 

on a ballastless high-speed railway under simulated train moving loads. Soil Dynamics and 

Earthquake Engineering, 66: 368-384. 

 

Brown, S. F., Brodrick, B. V., Thom, N. H., and McDowell, G. R. (2007, May). The Nottingham 

railway test facility, UK. In Proceedings of the Institution of Civil Engineers-Transport, 160(2): 

59-65.  

 

Cai, Z., Raymond, G. P., and Bathurst, R. J. (1994). Estimate of static track modulus using elastic 

foundation models. Transportation Research Record, 1470: 65-72. 

 

Čebašek, T. M., Esen, A. F., Woodward, P. K., Laghrouche, O., and Connolly, D. P. (2018). Full 

scale laboratory testing of ballast and concrete slab tracks under phased cyclic loading. 

Transportation Geotechnics, 17(Part A): 33-40. 

 

Chang, C. S., Adegoke, C. W., and Selig, E. T. (1980). GEOTRACK model for railroad track 

performance. Journal of the Geotechnical Engineering Division, 106(11): 1201-1218. 

 

Chapeleau, X., Sedran, T., Cottineau, L. M., Cailliau, J., Taillade, F., Gueguen, I., and Henault, 

J. M. (2013). Study of ballastless track structure monitoring by distributed optical fiber sensors 

on a real-scale mockup in laboratory. Engineering structures, 56: 1751-1757. 

 

Chen, R., Zhao, X., Wang, Z., Jiang, H., and Bian, X. (2013). Experimental study on dynamic 

load magnification factor for ballastless track-subgrade of high-speed railway. Journal of Rock 

Mechanics and Geotechnical Engineering, 5(4): 306-311. 

 

Connolly, D. P., Costa, P. A., Kouroussis, G., Galvin, P., Woodward, P. K., and Laghrouche, O. 

(2015). Large scale international testing of railway ground vibrations across Europe. Soil 

Dynamics and Earthquake Engineering, 71: 1-12. 

 

Connolly, D. P., Kouroussis, G., Woodward, P. K., Costa, P. A., Verlinden, O., and Forde, M. C. 

(2014). Field testing and analysis of high speed rail vibrations. Soil Dynamics and Earthquake 

Engineering, 67: 102-118. 

 

Cox, S. J., Wang, A., Morison, C., Carels, P., Kelly, R., and Bewes, O. G. (2006). A test rig to 

investigate slab track structures for controlling ground vibration. Journal of sound and vibration, 

293(3-5): 901-909. 

 

Duveiller, G., Fasbender, D., and Meroni, M. (2016). Revisiting the concept of a symmetric index 

of agreement for continuous datasets. Scientific reports (6): 19401. 

 



                                                                                                             

 

45 

Dansk Standard DS/EN 933-1: 2013: Methods for testing the geometrical properties of aggregates 

- Part 1: Determination of grain size distribution - Sieve analysis 

 

Dansk Standard DS/EN 933-9 + A1: 2013: Methods for testing the geometrical properties of the 

aggregate - Part 9: Assessment of filler properties - Methylene blue test 

 

Dansk Standard DS/EN 1097-2: 2010: Methods for testing the mechanical and physical properties 

of aggregates - Part 2: Methods for determining crush resistance 

 

Dansk Standard DS /CEN ISO / TS 17892-12: 2004: Geotechnical examination and testing - 

Laboratory testing of soil - Part 12: Determination of Atterberg limits 

 

Dansk Standard DS/EN 13286-5: 2003: Unbound and hydraulically bound mixtures - Part 5: Test 

methods for laboratory determination of reference density and water content - Vibration table. 

 

Dansk Standard DS/EN 13286-7: 2004: Unbound and hydraulically bound mixtures - Part 7: 

Cyclic load triaxial test for unbound mixtures.  

 

Dansk Standard DS / EN 16432-2: 2017: Railway Applications - Ballastless Track Systems - Part 

2: System Design, Subsystems And Components.  

 

Dansk Standard DS/EN 12697-26: 2018: Bituminous mixtures - Test methods - Part 26: Stiffness. 

 

Danish Road Directorate (2012): Udbudsforskrift (AAB) (2012) Link: 

http://vejregler.lovportaler.dk/showdoc.aspx?texttype=Vejdir_almindelige&status=G%C3%A6l

dende&docIdvd-udbud-slagge-aab-full. 

 

Degrande, G., and Schillemans, L. (2001). Free field vibrations during the passage of a Thalys 

high-speed train at variable speed. Journal of sound and vibration, 247(1): 131-144. 

 

Di Mino, G., Di Liberto, M., Di., Maggiore, C., and Noto, S. (2012). A dynamic model of 

ballasted rail track with bituminous sub-ballast layer. Procedia-Social and Behavioral Sciences, 

53: 366-378. 

 

Esmaeili, M., Amiri, S., and Jadidi, K. (2014). An investigation into the use of asphalt layers to 

control stress and strain levels in railway track foundations. Proceedings of the Institution of 

Mechanical Engineers, Part F: Journal of Rail and Rapid Transit, 228(2): 182–193. 

 

Esmaeili, M., Heydari-Noghabi, H., and Sayadi, A. (2018). Field investigation on the lateral 

resistance of railway tracks including hot mix asphalt layer. Road Materials and Pavement Design, 

19(1): 154-166. 

 

Esveld, C. (2003). Recent developments in slab track. European railway review. 9(2): 81-85. 

 

Esveld, C. (2001). Modern Railway Track, 2nd ed., MRT-Productions, Delft, the Netherlands. 

 

European Asphalt Pavement Association (2003) Asphalt in Railway Tracks.www.eapa.org. 

 

Fang, M., Qiu, Y., Rose, J. G., West, R. C., and Ai, C. (2011). Comparative analysis on dynamic 

behavior of two HMA railway substructures. Journal of Modern Transportation, 19(1): 26-34. 

 



                                                                                                             

 

46 

Galvín, P., Romero, A., and Dominguez, J. (2010). Vibrations induced by HST passage on ballast 

and non-ballast tracks. Soil Dynamics and Earthquake Engineering, 30(9): 862-873. 

 

Gautier, P. E. (2015). Slab track: Review of existing systems and optimization potentials 

including very high speed. Construction and Building Material, 92: 9-15. 

 

Hall, L. (2003). Simulations and analyses of train-induced ground vibrations in finite element 

models. Soil Dynamics and Earthquake Engineering, 23(5): 403-413. 

 

Huang, Y. H., Rose, J. G., and Khoury, C. J. (1987). Thickness design for hot-mix asphalt railroad 

trackbeds. Annual Journal AAPT, Miscellaneous, 56 (87): 427-453. 

 

Indraratna, B. (2016). 1st Proctor Lecture of ISSMGE: Railroad performance with special 

reference to ballast and substructure characteristics. Transportation Geotechnics, 7: 74-114. 

 

Indraratna, B., Ionescu, D., and Christie, H. D. (1998). Shear behavior of railway ballast based on 

large-scale triaxial tests. Journal of Geotechnical and Geoenvironmental Engineering, 124(5): 

439-449. 

 

Indraratna, B., Nimbalkar, S., Christie, D., Rujikiatkamjorn, C., and Vinod, J. (2010). Field 

assessment of the performance of a ballasted rail track with and without geosynthetics. Journal of 

Geotechnical and Geoenvironmental Engineering, 136(7): 907-917. 

 

Indraratna, B., Salim, W., and Rujikiatkamjorn, C. (2011). Advanced rail geotechnology – 

ballasted track. CRC Press, Taylor & Francis Group, London, UK. 

 

Kaewunruen, S., and Remennikov, A. M. (2008). An alternative rail pad tester for measuring 

dynamic properties of rail pads under large preloads. Experimental Mechanics, 48(1): 55-64. 

 

Kennedy, J., Woodward, P. K., Medero, G., and Banimahd, M. (2013). Reducing railway track 

settlement using three-dimensional polyurethane polymer reinforcement of the ballast. 

Construction and Building Materials, 44: 615-625. 

 

Lackenby, J., Indraratna, B., McDowell, G., and Christie, D. (2007). Effect of confining pressure 

on ballast degradation and deformation under cyclic triaxial loading. Géotechnique, 57(6): 527-

536. 

 

Le Pen, L. M., and Powrie, W. (2011). Contribution of base, crib, and shoulder ballast to the 

lateral sliding resistance of railway track: a geotechnical perspective. Proceedings of the 

Institution of Mechanical Engineers, Part F: Journal of Rail and Rapid Transit, 225(2): 113-128. 

 

Lechner, B. (2005). Ballastless Tracks on Asphalt Pavements Design and Experiences in 

Germany. In Proceedings of the 7th international conference on the bearing capacity of roads, 

railways and airfields, Trondheim, Norway. 

 

Lechner, B. (2013). General requirements for ballastless rail-trackforms asphalt and concrete 

pavement design. In International Journal of Pavements Conference, Sao Paulo, Brazil. 

 

Lee, S. H., Choi, Y. T., Lee, H. M., and Park, D. W. (2016). Performance evaluation of directly 

fastened asphalt track using a full-scale test. Construction and Building Materials, 113: 404-414. 

 



                                                                                                             

 

47 

Lee, S. H., Lee, J. W., Park, D. W., and Vo, H. V. (2014). Evaluation of asphalt concrete mixtures 

for railway track. Construction and Building Materials, 73: 13-18. 

 

Lee, S. H., Park, D. W., Vo, H. V., and Fang, M. (2019). Analysis of asphalt concrete track based 

on service line test results. Construction and Building Materials, 203: 558-566. 

 

Lee, S. H., Vo, H. V., Park, D. W., and Na, I. H. (2017). Comparisons of structural behavior 

between level and cant area of asphalt concrete track. Construction and Building Materials, 153: 

578-587. 

 

Levenberg, E. (2013). Inverse analysis of viscoelastic pavement properties using data from 

embedded instrumentation. International Journal for Numerical and Analytical Methods in 

Geomechanics, 37(9): 1016-1033. 

 

Levenberg, E. and Michaeli, N. (2013). Viscoelastic characterisation of asphalt-aggregate mixes 

in diametral compression. Road materials and pavement design, 14(sup1): 105-119. 

 

Li, Q., Ding, H., Rahman, A., and He, D. (2016). Evaluation of Basic Oxygen Furnace (BOF) 

material into slag-based asphalt concrete to be used in railway substructure. Construction and 

Building Materials, 115: 593-6 

 

Li, D., Hyslip, J., Sussmann, T., and Chrismer, S. (2002). Railway Geotechnics. CRC Press. 

 

Liu, S., Chen, X., Ma, Y., Yang, J., Cai, D., and Yang, G. (2019). Modelling and in-situ 

measurement of dynamic behavior of asphalt supporting layer in slab track system. Construction 

and Building Materials, 228: 116776. 

 

Liu, Q., Lei, X., Rose, J. G., and Purcell, M. L. (2017). Pressure Measurements at the Tie-Ballast 

Interface in Railroad Tracks Using Granular Material Pressure Cells. In Joint Rail Conference. 

American Society of Mechanical Engineers Digital Collection. 

 

Liu, S., Yang, J., Chen, X., Yang, G., and Cai, D. (2018). Application of mastic asphalt 

waterproofing layer in high-speed railway track in cold regions. Applied Sciences, 8(5): 667. 

 

MATLAB. Version 7.10.0 (R2019a). Natick, Massachusetts: The MathWorks Inc. 

 

Michas, G. (2012). Slab Track Systems for High-Speed Railways. Stockholm, Sweden: School 

of Architecture and the Built Environment Royal Institute of Technology. 

 

Momoya, Y., Sekine, E., and Tatsuoka, F. (2005). Deformation characteristics of railway roadbed 

and subgrade under moving-wheel load. Soils and Foundations, 45(4): 99-118. 

 

Osyczka A. Multicriterion optimization in engineering with FORTRAN programs. John Wiley 

and Sons: Chichester, UK, 1984. 

 

Park, S. W., and Schapery, R. A. (1999). Methods of interconversion between linear viscoelastic 

material functions. Part I—A numerical method based on Prony series. International journal of 

solids and structures, 36(11):1653-1675. 

 

Poisson F. (2015) Railway Noise Generated by High-Speed Trains. In: Noise and Vibration 

Mitigation for Rail Transportation Systems. Notes on Numerical Fluid Mechanics and 

Multidisciplinary Design. Vol 26. Springer, Berlin, Heidelberg 



                                                                                                             

 

48 

 

Quinn, A. D., Hayward, M., Baker, C. J., Schmid, F., Priest, J. A., and Powrie, W. (2010). A full-

scale experimental and modelling study of ballast flight under high-speed trains. Proceedings of 

the Institution of Mechanical Engineers, Part F: Journal of Rail and Rapid Transit, 224(2): 61-74. 

 

Rose, J. G., Brown, E. R., and Osborne, M. L. (2000). Asphalt trackbed technology development: 

the first 20 years. Transportation Research Record, 1713(1): 1-9. 

 

Rose, J. G., Teixeira, P. F., and Ridgway, N. E. (2010, April). Utilization of asphalt/bituminous 

layers and coatings in railway trackbeds: a compendium of international applications. In Joint 

Rail Conference, Urbana, Illinois, USA, April 27-29.   

 

Sainz-Aja, J., Pombo, J., Tholken, D., Carrascal, I., Polanco, J., Ferreño, D., Casado, J., Diego, 

S., Perez, A.,  Abdala Filho, J. E., Esen, A.,  Marolt Cebasek, T., Laghrouche, O., and Woodward, 

P. (2020). Dynamic calibration of slab track models for railway applications using full-scale 

testing. Computers & Structures, 228: 106180. 

 

Schwartz, C. W. (2002). Effect of stress-dependent base layer on the superposition of flexible 

pavement solutions. International Journal of Geomechanics, 2(3): 331-352. 

 

Seed, H. B., Mitry, F. G., Monismith, C. L., and Chan, C. K. (1967). Prediction of flexible 

pavement deflections from laboratory repeated-load tests. NCHRP report, (35). 

 

Smith T. L. Empirical equations for representing viscoelastic functions and for deriving spectra. 

Journal of Polymer Science Part C: Polymer Symposia 1971; 35(1): 39–50. 

 

Sol-Sánchez, M., Moreno-Navarro, F., and Rubio-Gámez, M. C. (2014). Viability of using end-

of-life tire pads as under sleeper pads in railway. Construction and Building Materials, 64: 150-

156. 

 

Sun, Q. D., Indraratna, B., and Nimbalkar, S. (2014). Effect of cyclic loading frequency on the 

permanent deformation and degradation of railway ballast. Géotechnique, 64(9): 746-751. 

 

Sussmann, T. R., Ruel, M., and Chrismer, S. M. (2012). Source of Ballast Fouling and Influence 

Considerations for Condition Assessment Criteria. Transportation Research Record, 2289(1): 87–

94.  

 

Tarifa, M., Zhang, X., Ruiz, G., and Poveda, E. (2015). Full-scale fatigue tests of precast 

reinforced concrete slabs for railway tracks. Engineering Structures, 100: 610-621. 

 

Tennakoon, N., Indraratna, B., Rujikiatkamjorn, C., Nimbalkar, S., and Neville, T. (2012). The 

role of ballast-fouling characteristics on the drainage capacity of rail substructure. Geotechnical 

Testing Journal, 35(4): 629-640. 

 

Teixeira, P. F., López-Pita, A., Casas, C., Bachiller, A., and Robuste, F. (2006). Improvements in 

high-speed ballasted track design: Benefits of bituminous subballast layers. Transportation 

research record, 1943(1): 43-49. 

 

Teixeira, P. F., López Pita, A., and Ferreira, P. A. (2010). New possibilities to reduce track costs 

on high-speed lines using a bituminous sub-ballast layer. International Journal of Pavement 

Engineering, 11 (4): 301–307.  

 



                                                                                                             

 

49 

Thompson, D. J., and Verheij, J. W. (1997). The dynamic behaviour of rail fasteners at high 

frequencies. Applied Acoustics, 52(1): 1-17. 

 

Van MA. Stability of continuous welded rail track. PhD Dissertation, TU Delft, The Netherlands 

1997.  

 

Williams, M. L., Landel, R. F., and Ferry, J. D. (1955). The temperature dependence of relaxation 

mechanisms in amorphous polymers and other glass-forming liquids. Journal of the American 

Chemical society, 77(14): 3701-3707. 

 

Yang, E., Wang, K. C., Luo, Q., and Qiu, Y. (2015). Asphalt concrete layer to support track slab 

of high-speed railway. Transportation Research Record, 2505(1): 6-14. 

 

Yu, Z., Connolly, D. P., Woodward, P. K., and Laghrouche, O. (2019). Settlement behaviour of 

hybrid asphalt-ballast railway tracks. Construction and Building Materials, 208: 808-817. 

 

Zhang, Z., Andrawes, B., and Edwards, J. R. (2015). Parametric study on the distribution of 

longitudinal load in railway track under dynamic wheel loading using finite element analysis. 

SSRG International Journal of Civil Engineering, 2(5): 28-41. 

 

http://vibratec.dk/products/vibration-990-plus/ 

 

https://www.vossloh.com/en/products-and-solutions/product-finder/product_9996.php 

 

https://www.railone.de/fileadmin/daten/05-presse-

medien/downloads/broschueren/de/GETRAC.pdf 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

50 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix A: Additional test results 
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A.1 Ramp load 

 

 

 
Figure A.1.1: Measured responses for ramp loading. (a) Vertical force applied by Actuator 2, (b) force 

displacement curve of Actuator 2, (c) potentiometer readings, and (d) LVDT readings 
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A.1 Ramp load 
 

 

 
Figure A.1.2: Measured responses for ramp loading. (a) - (b) asphalt strain gauge readings, and (c) 

pressure cell readings 
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A.2 Pulse load 

 

 

 

Figure A.2.1: Measured responses for pulse loading. (a) Vertical force applied by Actuator 2, (b) force 

displacement curve of Actuator 2, (c) potentiometer readings, and (d) LVDT readings 
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A.2 Pulse load 
 

 

 
Figure A.2.2: Measured responses for pulse loading. (a) - (b) asphalt strain gauge readings, and (c) 

pressure cell readings 
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A.3 Simulated train passage 

 

Axle load = 120 kN, Speed = 120 km/h 

 

 

 

Figure A.3.1: Measured responses for simulated train passage. (a) Vertical force applied by Actuator 1, 

(b) Vertical force applied by Actuator 3, (c) potentiometer readings, and (d) LVDT readings 
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Axle load = 120 kN, Speed = 120 km/h 

 

 

 

Figure A.3.2: Measured responses for simulated train passage. (a) - (b) asphalt strain gauge readings, 

and (c) – (d)  pressure cell readings 
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Axle load = 200 kN, Speed = 120 km/h 

 

 

 

Figure A.3.3: Measured responses for simulated train passage. (a) Vertical force applied by Actuator 1, 

(b) Vertical force applied by Actuator 3, (c) potentiometer readings, and (d) LVDT readings 
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Axle load = 200 kN, Speed = 120 km/h 

 

 

Figure A.3.4: Measured responses for simulated train passage. (a) - (b) asphalt strain gauge readings, 

and (c) – (d)  pressure cell readings 
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Axle load = 120 kN, Speed = 200 km/h 

 

 

 
Figure A.3.5: Measured responses for simulated train passage. (a) Vertical force applied by Actuator 1, 

(b) Vertical force applied by Actuator 2, (c) Vertical force applied by Actuator 3, (d) potentiometer 

readings, and (e) LVDT readings 
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Axle load = 120 kN, Speed = 200 km/h 

 

 

 

 
Figure A.3.6: Measured responses for simulated train passage. (a) - (b) asphalt strain gauge readings, 

and (c) – (d)  pressure cell readings 
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Axle load = 200 kN, Speed = 200 km/h 

 

 

 

Figure A.3.7: Measured responses for simulated train passage. (a) Vertical force applied by Actuator 1, 

(b) Vertical force applied by Actuator 2, (c) Vertical force applied by Actuator 3, (d) potentiometer 

readings, and (e) LVDT readings 
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Axle load = 200 kN, Speed = 200 km/h 

 

 

 
Figure A.3.8: Measured responses for simulated train passage. (a) - (b) asphalt strain gauge readings, 

and (c) – (d)  pressure cell readings 
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ABSTRACT 48 

This study presents experimental results from a laboratory investigation into the mechanical 49 

behaviour of a ballastless asphalt track under vertical loads. A full-scale test section of the track 50 

was constructed inside a steel box, consisting of three wide-base sleepers resting on an asphalt 51 

layer that was underlain by an unbound granular layer supported on a rubber mat (representing 52 

subbase and subgrade). Cyclic loads were applied to investigate the effects of different 53 

excitation amplitudes and frequencies. Also, train passages were simulated with axle loads up 54 

to 200 kN and a maximum speed of 200 km/h; this was done by sequentially loading the three 55 

sleepers. Resulting responses were recorded, consisting of stresses at the bottom of the unbound 56 

granular layer, strains at the bottom of the asphalt layer, relative displacements between various 57 

track components, and surface accelerations. From the investigation, it is found that the 58 

ballastless asphalt tracks exhibit both time-dependent and non-linear behaviour. Moreover, it is 59 

observed that stresses and strains are of very low intensity, suggesting very little mechanical 60 

damage under service loads. 61 

 Keywords: Asphalt pavement; Ballastless asphalt track; Cyclic loading; Full-scale laboratory 62 

testing; Railroad testing; Simulated train passage; Track vibration.  63 

1. Introduction 64 

There are increasing demands for faster and heavier trains and subsequently the expansion in 65 

railway line capacity, because of the rise in passenger and freight-railway traffic volume. 66 

Traditional ballasted tracks are reaching their performance requirements, owing to ballast 67 

breakage and deterioration and, in turn, frequent maintenance activities [1, 2]. Consequently, 68 

ballastless tracks have emerged, primarily concrete slab-tracks, which are associated with high 69 

initial costs, amplified noise and vibration levels, and difficulties in accommodating 70 

maintenance activities even though they provide improved support conditions [1, 3]. Recently, 71 

an alternative ballastless track-type based on asphalt concrete (referred to as asphalt in the text) 72 

has attracted research and industry attention, as it could combine the advantages of both 73 

ballasted and slab tracks [4]. Asphalt is a well-researched material that is traditionally used for 74 

construction purposes within the transport infrastructure, but its application in the rail sector 75 

has so far been limited. 76 

The current practice in railway construction regarding the use of asphalt in ballasted 77 

tracks is primarily as a subballast layer [5-7], while in ballastless tracks the functionality of 78 

asphalt is as a secondary support for the concrete slab tracks and as a waterproofing layer [8-79 

11]. Only a few occasions were identified, mainly in the German railway industry, wherein 80 

ballastless tracks were constructed with asphalt as the uppermost support layer (overlayment) 81 
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[12-14]. These tracks were built mostly in tunnels, with standard highway asphalt and specially 82 

designed sleepers, which were wider, heavier, and included at the bottom a geotextile as well 83 

as an anchor block.  84 

The mechanical response of railway tracks has been extensively investigated and 85 

researched for ballasted and slab tracks. Simplistic models were initially developed to analyse 86 

the track behaviour under moving loads considering beam on spring foundation or halfspace, 87 

either elastic or viscoelastic [15-19]. Thereafter, more elaborate and advanced models with 88 

detailed geometry, material behaviour and loading conditions were suggested aiming for a more 89 

precise estimation of the dynamic track response and ground borne vibrations [20-23]. This 90 

progression was made possible through a better understanding of the track behaviour by 91 

conducting small-scale element tests [24-27] and small-scale and full-scale mockup tests [28-92 

36]. Field investigations under live loads have the advantage of evaluating as built track 93 

conditions, including the response of the subsoil and allowing for the assessment of ground 94 

borne vibrations and noise [37-42]. Nevertheless, testing new materials or design concepts in 95 

the live railway network requires extensive certification. In this context, full-scale mockup tests 96 

can be particularly useful as they are relatively cost efficient compared to field testing, and 97 

provide insight into the functionality of the various components under different loading 98 

conditions, while in a controlled environment. In addition, the capability to simulate the effects 99 

of a train passage in a limited test section [30, 33, 35] has also been achieved within reasonable 100 

precision, allowing the railway industry to obtain estimates on the pattern and magnitude of the 101 

expected responses in the live network. Finally, such testing could help to advance modelling 102 

efforts and increase their reliability.  103 

One of the early studies to assess the behaviour of asphalt overlayment systems, 104 

developed a 3D program (KENTRACK) [43], combining FEM and multilayered elasticity 105 

theory. It was used to design the service life of asphalt based tracks. The model included rails 106 

and sleepers (beam), fasteners (springs) and a two-layered track structure consisting of asphalt 107 

layers and subgrade. Design charts have been developed using the maximum tensile strains at 108 

the bottom of asphalt and the maximum compressive stresses on top of subgrade as criteria to 109 

estimate the allowable number of load repetitions. The estimations were based on damage laws 110 

developed for highway pavements, and it was concluded that the required thickness of the 111 

overlayment was governed by fatigue cracking, ranging between 250 mm to 400 mm. 112 

In recent years, full-scale test sections (asphalt overlayment) have been built to evaluate 113 

the performance of asphalt based railway tracks [4, 44]. The construction of the test section was 114 

as per Korean high speed railway specifications with a focus on designing the overall thickness 115 
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of the asphalt layer under static loads (maximum of 200 kN). The experimental facility was 116 

constructed with five sleepers that had a wide base and a geotextile at the underside, overlain 117 

with a continuous rail-fastener assembly. Measurements of vertical stresses in the base and 118 

subgrade layers, transverse strains at the bottom of asphalt layers, and vertical displacements 119 

on top of the rails, sleepers and base layers were reported. The measured responses showed a 120 

non-linear trend with an increase in the load level, with negligible hysteresis between the 121 

loading-unloading curves in the stresses but noticeable hysteresis in the strain and displacement 122 

measurements. Based on this study, a design recommendation of 0.30 m asphalt layer thickness 123 

was suggested, complying with the allowable stress requirement (133 kPa) at the top of the base 124 

layer. The long term settlement of this proposed design was investigated [45] on a level and 125 

sloped track under moving wheel loads, approximated as sinusoidal loads, (frequency of 8 Hz 126 

and 7 Hz for the level and sloped track respectively) applied to the rails for 2 to 3 million 127 

consecutive cycles. The loading frequency was based on the wheel-to-wheel distance and 128 

simulated train speed but the methodology used to simulate the passage of a train in the test 129 

facility was not explained. The differential settlement between the rail and sleeper was reported 130 

to be small, indicating an elastic behaviour of the rail pads, while, that between the sleeper and 131 

the asphalt trackbed was quite large, which was attributed to the compression of the geotextile 132 

and the track layers.  133 

Field studies were also conducted [46] in a test track of length 207 m that was built 134 

outdoors in the live network and monitored for one year. The locomotive operating on this line 135 

had an average speed and axle load of 70 km/h and 200 kN respectively. The study reported the 136 

average temperature in the bottom of asphalt layer during the winter and summer to be around 137 

0 and 33 degrees Celsius respectively. Vertical stresses in the base layer and horizontal strains 138 

in the asphalt layer were influenced by temperature, as was expected, increasing significantly 139 

in the summer season compared to winter. However, the loading conditions under which the 140 

peak responses were measured were not mentioned. As a part of this study, a 3D FE model was 141 

also developed, consisting of a pair of rails (beam elements), fasteners (springs), sleepers and a 142 

multi-layered track structure (solid 3D elements). Quasi-static analysis was carried out by 143 

assuming wheels loads to be acting as distributed loads on each rail. All the layers were 144 

modelled as linear elastic, except for the asphalt layers, which were also modelled as linear 145 

viscoelastic. However, it was not clear from the study, whether the material properties used in 146 

the model were calibrated separately from independent tests or obtained by fitting with the field 147 

data. Selected mechanical responses from the numerical simulations were compared with the 148 

measurements, in which the asphalt strains showed a poor match.  149 



 

 

4 

 

This study derives motivation from the limited research available on ballastless asphalt 150 

tracks, as the understanding of mechanical behaviour can be strengthened by testing full-scale 151 

mockups, and further, developing advanced models by translating the know-how available in 152 

the context of the more traditional trackforms. 153 

The main objective of this study is to experimentally investigate the mechanical 154 

behaviour of a ballastless asphalt track under vertical loads. As a starting point, a full-scale 155 

mockup is constructed and tested indoors. The focus of this study is on investigating the 156 

responses of the different track components without impairing the integrity of the system. 157 

Service behaviour under nominally pristine conditions is targeted, and thus design limit states 158 

are not investigated as in existing studies. First described are the construction and 159 

instrumentation of the mockup. Presented next are measured results across different loading 160 

conditions. Finally, observed behaviours of general interest are highlighted and discussed. 161 

2. Ballastless asphalt track mockup  162 

2.1 Construction  163 

A full-scale mockup of a ballastless asphalt track was constructed having a length of 4.00 m 164 

and width of 2.21 m. From bottom-up, the track layers included, (i) a 0.025 m thick 165 

polyurethane mat utilized as a substitute for subgrade and the subbase [47], (ii) a 0.275 m thick 166 

unbound granular layer, and (iii) a 0.280 m thick asphalt layer. The different layers were built 167 

inside a steel box in an outdoor location after which the box was craned inside a test hall and 168 

placed on the thick concrete floor. In order to ensure full contact between the bottom of the box 169 

and the floor, a wet mix of cement mortar was spread prior to the box placement. A schematic 170 

view of the test facility is shown in Figure 1, and the different stages involved in the 171 

construction of the mockup are shown in Figure 2. 172 

The selection of the polyurethane mat was based on guidelines [48] that specified a 173 

minimum value of modulus of deformation ( 2v
E ) of 120 MPa on top of the subbase layer for a 174 

newly constructed track. The static elastic modulus of the mat based on the technical 175 

specification data provided by the manufacturer was 20 MPa. Light Weight Deflectometer 176 

(LWD) tests were performed to characterize the stiffness of the mat inside the box (see Figure 177 

2a), which resulted in dynamic deflection modulus ( vd
E ) between 40 MPa and 50 MPa. The 178 

variation obtained is attributed to the boundary conditions of the test, as the thickness of the 179 

mat does not comply with the homogeneous half space assumption applied for the estimation 180 

of vd
E . The unbound granular layer constructed on top of the mat was categorized as Danish 181 

type SGII [49] with a maximum aggregate size of 31.5 mm and fine content of 3.7 %. The base 182 
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layer was compacted in two lifts using multiple passes of a vibratory tandem roller (see Figure 183 

2b). The achieved dry density was estimated based on in-situ measurements at three different 184 

locations with a nuclear moisture density gauge as 98.1 % on average, relative to a vibrating 185 

table reference compaction [50]. The asphalt concrete layer constructed on top of the unbound 186 

granular layer (see Figure 2c and 2d) consisted of three identical base course lifts with a total 187 

thickness of 0.24 m, and a surface course with a lift thickness of 0.04 m. The base course lifts 188 

were coarse graded with a maximum aggregate size of 16 mm (Danish GAB 0 type 16). They 189 

included 5.1 % of unmodified binder graded as 70/100. The surface lift was a stone mastic 190 

asphalt (Danish SMA 11), characterized by an S shaped aggregate gradation curve with a 191 

maximum size of 11 mm. This mix included a styrene based polymer added to 70/100 bitumen 192 

(during asphalt production) with binder content of 5.4 %. The void content was estimated for 193 

the base course and the surface course as 3.1 % and 2.7 % (average values from 8 samples) 194 

respectively, which complies with the EN 16432-2 requirements [48].  195 

Three wide concrete sleepers were placed on top of the asphalt layer with a center to 196 

center spacing of 0.6 m (see Figure 2e). The sleepers were type BBS 3 W60 of the GETRAC 197 

A3 system; each 2.40 m long and 0.57 m wide at the base, with a mass of 540 kg, and having a 198 

thin geotextile attached at the bottom. Small rail segments (type UIC60) of length 0.20 m were 199 

mounted onto the sleepers with the built in Vossloh 300 fastening system. According to the 200 

manufacturer datasheets, the static stiffness of the rail pads was 23 kN/mm (± 10 %).  201 

2.2 Loading setup and Instrumentation 202 

Vertical loads were applied to the mockup via a rigid reaction frame that was built over the box 203 

(see Figure 2e). This frame housed three identical 100 kN servo-hydraulic actuators (MTS 204 

Model No. 244.22). The spacing between the actuators corresponded to the sleeper spacing of 205 

0.6 m (see Figure 1a). As there was one actuator for loading each sleeper, a spreader beam was 206 

installed to distribute the load equally on top of the two rail segments (see Figure 1b and 2e). 207 

The contact between the spreader beam and the rail segment was established through a circular 208 

steel disc of diameter 10 mm glued at the top of the rail-segment at its centre in order to ensure 209 

the best possible alignment and symmetry in the loading.  210 

The sensors employed for monitoring the different mechanical responses in the mockup 211 

are depicted in Figure 3. These included: earth pressure cells (PCs), asphalt strain gauges 212 

(ASGs), potentiometers (POTs), linear variable differential transformers (LVDTs), and 213 

accelerometers (ACCs). Figures 3a and 3b show a schematic layout of the embedded sensors at 214 

two different elevations inside the box when viewed from the top. Figure 3c shows a schematic 215 

layout of the surface sensors. These figures also depict a Cartesian coordinate system placed at 216 
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the center of the box, which is defined for the location reference of the various sensors. The 217 

images of the instrumentation as installed in the setup are shown in Figures 3d-3g. Full details 218 

about the embedded and the surface sensors are listed in Table 1 and Table 2 respectively.  219 

Additional strain gauges (not listed in Table 1) were mounted along the sides of the steel box 220 

and at the bottom flange of the spreader beams to monitor the boundary conditions in the setup. 221 

2.3 Test plan 222 

In general terms the mockup was interrogated in two phases, by two types of tests: (i) cyclic 223 

loads applied only to Sleeper 2, and (ii) simulated moving train loads, which consisted of 224 

loading all three sleepers sequentially. The experiments were performed by imposing a 225 

deformation controlled time history at the respective actuators, and at an average temperature 226 

of 22 °C. More details on each of the test types are provided hereafter. 227 

2.3.1 Test Phase 1: Cyclic loads 228 

In this phase of testing, the displacement of Actuator 2 was controlled to apply sinusoidal 229 

excitations of different amplitudes and frequencies to the central sleeper for 200 cycles. The 230 

aim was to establish steady state conditions and analyse the sensor readings for the effects of 231 

different loading frequencies and amplitudes. The tests carried out in this phase are shown in 232 

Table 3. The tested load amplitudes ranged between 10 and 30 kN, and three different 233 

frequencies: 0.1 Hz, 1.0 Hz, and 10.0 Hz were considered.   234 

2.3.2 Test Phase 2: Simulated moving train loads 235 

In this phase of testing, the loading induced by the Danish IC3 train was simulated, with a load 236 

arrangement as shown in Figure 4a. This train has a length of 56 m, consisting of three wagons 237 

and eight axles. Let j  be an index denoting the axle number, then 1j   represents the rear 238 

axle while 8j   denotes the front axle. Let the individual axle positions relative to the rear axle 239 

be denoted as 
jx  (i.e., 1 0x  ) and the respective axle loads be 

,2 Z jP , wherein 
,Z jP  denotes 240 

the wheel load on one side of a sleeper. The simulation assumes that during the IC3 train 241 

passage any random sleeper is symmetrically loaded by a dual-force. Let this vertical load 242 

history on top of a random sleeper (on one side, excluding the weight of the rail) be denoted as 243 

train

ZS . Using the simplified track model of an infinite beam on Winkler foundation (see Figure 244 

4b), and based on equations previously described [51], train

ZS  was calculated as: 245 

    
8

-train

,

1

cos sin
2

Z jx x VtZ
Z Z j Z j Z j

j

s
S P e x x Vt x x Vt


 

 



       (1) 

wherein s  denotes center-to-center sleeper spacing, t  is simulation time, V  denotes train travel 246 

speed, and   247 
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4

Z
Z

k

EI
   (2) 

in which Zk  is the track modulus, EI  is the bending rigidity of the beam (properties as per rail 248 

section UIC 60), and x  is the initial ( 0t  ) distance between the sleeper and the rear axle of 249 

the train. Figure 4c shows the calculated load history of a random sleeper (on one side) during 250 

the IC3 train passage. The Figure also shows that upward beam bending produces tensile forces 251 

on the top of the sleeper when an axle just approaches or leaves the location.  252 

In the mockup, passage of IC3 train was simulated by the principle of sequential loading 253 

[30, 33]. The rationale behind this method is explained as follows. When the train moves on the 254 

rails, the wheel loads are transferred from the rails to the substructure below via the sleepers. 255 

Every sleeper along the railway track direction experiences the same load history ( train

ZS ) but 256 

with a time delay ( t ) depending on the train speed (V ) and the spacing between the sleepers 257 

( s ) where t  is simply given by t s V  . Consequently, the vertical loads induced by a 258 

moving train can be approximately reproduced by sequentially loading the individual sleepers 259 

with the exact same vertical load history. Figure 4d depicts the target actuator load in the 260 

mockup set as train2 ZS  so that load distributed on each side of the sleeper was train

ZS  (after 261 

applying a cut-off to the tensile part of the load history). Tensile loads could not be applied in 262 

the set-up as the spreader beams were only resting on the rail segments. The loading scheme 263 

was sequential (from Sleeper 1 towards Sleeper 3), with a time delay between Actuator 1 and 264 

2 as t  and that between Actuator 1 and 3 was 2 t . Based on a separate numerical analysis 265 

[52], the value of  Zk  was adopted to be 42 MPa for the speed and load range simulated in this 266 

study. This value is very close to what would be obtained if the track modulus was calculated 267 

based on the stiffness of the rail pads. As in test Phase 1, the target loads were achieved by 268 

controlling the displacement of the individual actuators. As the assumptions of the Winkler 269 

model do not perfectly comply with the mockup, and also to eliminate the coupling between 270 

the three actuators, the displacement functions required some manual fine-tuning in order to 271 

reach to the target load. Table 4 lists the tests carried out in this experimental phase. As can be 272 

seen, the test in the list (No. 10) included a single axle loading history and not a full train. This 273 

single axle passage was simply calculated according to the explanation above with 1j  in 274 

Equation 1.  275 

 276 

 277 
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3. Test results and discussions 278 

3.1 Responses for cyclic loading 279 

In this section, the results of the tests carried out in Phase 1 are presented and discussed. The 280 

sign convention adopted is as follows:  downwards load and displacement is considered positive 281 

and compressive stresses and strains are positive.  282 

3.1.1 Influence of load frequency 283 

First, tests 1, 2, and 3 (see Table 3) are addressed where cyclic loads of amplitude 19 kN (on 284 

average) were applied by Actuator 2 at three different frequencies: 0.1 Hz, 1.0 Hz, and 10.0 Hz. 285 

The resulting responses are presented in Figure 5 for the last ten cycles during which nearly 286 

steady state conditions were achieved. In all the three tests, the maximum increase of the mean 287 

load and the load amplitude for the last 100 cycles was observed to be less than 5 %. The 288 

individual steady state sensor responses from the three tests were zeroed at their respective 289 

minimum values to bring them into a common origin (for ease of graphical comparison).  290 

Figure 5a depicts Actuator 2’s force-displacement curve; there are three plots in this 291 

figure, each corresponding to a different frequency – each illustrating a closed hysteresis loop. 292 

It should be noted, that the actuator’s displacements refer not only to the displacements of the 293 

test section but they also include the deformation of the spreader beam and the loading frame. 294 

However, the latter are purely elastic, which means that the area enclosed within these loops 295 

can be considered as a measure of the overall energy dissipated in the track system over a single 296 

load-unload cycle. The dissipated energy is seen to be similar for the different frequencies, 297 

indicating that the dissipation is weakly linked to the applied frequency. The overall stiffness 298 

of the system is complex, with a norm indicated by the inclination of the hysteresis loop. The 299 

norm of the complex stiffness is estimated to be: 35.0 kN/mm @ 10 Hz, 33.4 kN/mm @ 1 Hz, 300 

and 32.0 kN/mm @ 0.1 Hz, indicating a minor increase with the applied load frequency. 301 

Figure 5b illustrates the force exerted by Actuator 2 against the vertical displacement 302 

recorded by POT 40. Nearly identical readings were obtained by POT 39 and POT 41 (and 303 

therefore not shown). These potentiometers measured the vertical compression of the rail pads. 304 

A closed hysteresis loop is formed, which is similar in shape for the different applied 305 

frequencies, while the area remains similar for frequency of 0.1 Hz and 1 Hz and decreases at 306 

10 Hz. The norm of the complex stiffness of the rail pads is estimated to be: 30.7 kN/mm @ 10 307 

Hz, 29.4 kN/mm @ 1 Hz, and 28.3 kN/mm @ 0.1 Hz. Thus, it is observed that the behaviour 308 

of the rail pads is mildly sensitive to the excitation frequency within the considered range.  309 

The force exerted by Actuator 2 against the vertical displacements recorded by LVDTs 310 

1 and 2 are shown in Figure 5c. Both LVDTs measured the differential displacement between 311 
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Sleeper 2 and the asphalt surface, i.e., the combined effect of the geotextile compression and 312 

the asphalt surface displacement at these two locations. LVDT 1 (as well as LVDT 4) was 313 

located at the edge of Sleeper 2 while LVDT 2 (as well as LVDT 3) was located at the middle 314 

of Sleeper 2. The readings from LVDTs 3 and 4 are not shown as they contain essentially 315 

identical information to the readings of LVDTs 1 and 2. There are six curves in Figure 5c, three 316 

of which correspond to the readings of LVDT 1 across the three frequencies, and the other three 317 

correspond to LVDT 2. All six curves display a pronounced hysteresis loop for a load-unload 318 

cycle. The area of the loops show a gradual decrease with an increase in the frequency. The 319 

amplitude of LVDTs 1 and 2 also show a decrease by 30 % and 47 % respectively with increase 320 

in loading frequency from 0.1 Hz to 10 Hz. These results depict that the relative displacement 321 

between the sleeper and the asphalt surface is very sensitive to the excitation frequency.  322 

Figure 5d presents the force exerted by Actuator 2 against the vertical stress recorded 323 

by PC 16 (PC 14 gave similar readings and therefore not shown). The three hysteretic curves 324 

in this Figure correspond to the three test frequencies. Due to the location of PC 16, the recorded 325 

stress amplitudes are also the maximum that is experienced at the top of the mat (or equivalently 326 

at the bottom of the unbound granular layer). The measured stress amplitudes show a 38 % 327 

decrease with increase in frequency from 0.1 Hz to 10 Hz. This behaviour is a manifestation of 328 

the frequency-dependent behaviour of the overall track structure. The stress and the load curves 329 

also forms a closed loop; the area of which is lower at higher frequency.  330 

Figure 5e depicts the force exerted by Actuator 2 against the measurements of all the 331 

five pressure cells. The five hysteretic curves were all obtained at the same frequency of 1 Hz. 332 

A progressive decrease in the stress amplitude can be observed with increasing distance from 333 

Sleeper 2 in both X and Y directions. The peak stress amplitude that occurs in this location are 334 

registered by PC 14 (7.3 kPa) and PC 16 (7.1 kPa) which are below the loading positions, while 335 

PC 15 which is at the middle of Sleeper 2 measure about 4.7 kPa. PC 13 and PC 17, which are 336 

below Sleeper 3 and Sleeper 1 respectively, measure about 1.5 kPa.   337 

The horizontal strain measured by ASG 6 are shown in Figure 5f.  The strain amplitude 338 

measured by ASG 6 is the maximum expected strain amplitude to be occurring at the bottom 339 

of asphalt layer in the X direction (amongst the functioning sensors). The sensor ASG 7 records 340 

similar measurements as ASG 6 and is not shown in the Figure here. The trend of the other 341 

strain gauges with changing frequencies could not be reliably estimated from these tests, as the 342 

recorded strains were quite small and within the precision limits of the sensors. The Figure 343 

shows that with increase in frequency from 0.1 Hz to 10 Hz, the strain amplitudes in ASG 6 344 

decrease by about 48 %, indicating a pronounced frequency dependency of the asphalt strains.  345 
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3.1.2 Influence of load amplitude 346 

In order to investigate the influence of load amplitude on the track behaviour, cyclic loading 347 

was performed at 1 Hz at an approximate mean load level of 31.2 kN, while the load amplitude 348 

was varied. An amplitude factor of two was applied between Test 6 and Test 4, and a factor of 349 

three was applied between Test 8 and Test 4 (see Table 3). The same procedure was repeated 350 

at 10 Hz in between Tests 7 and Test 5, and between Test 9 and Test 5. Only the steady state 351 

responses, corresponding to the last 10 cycles, were utilized for subsequent analysis. The sensor 352 

amplitude ratios in Test 6/Test 4 (@ 1 Hz) and Test 7/Test 5 (@ 10 Hz) are displayed 353 

graphically in Figure 6a and compared to the corresponding load amplitude ratio of 354 

approximately 2. The sensor amplitude ratios in Test 8/Test 4 (@ 1 Hz) and Test 9/Test 5 (@ 355 

10 Hz) are shown in Figure 6b and compared with the load amplitude ratio of approximately 3.  356 

From Figure 6a it can be seen that the LVDT amplitude ratio is 30 % higher than that 357 

of the load amplitude ratio. This indicates that the relative vertical displacement between the 358 

asphalt surface and the sleeper varies non-linearly with the load level. The amplitude ratios of 359 

the potentiometers and the asphalt strain gauges are seen to be only slightly higher (about 10 360 

%) while the pressure cells are almost similar to that of the load. This indicates that the rail pad 361 

compression, horizontal strains below the asphalt layers and the vertical stresses below the 362 

granular layer scale almost linearly with the load amplitude. The sensor amplitude ratios are 363 

observed to be similar at both the frequencies of 1 Hz and 10 Hz. As the load amplitude ratio 364 

increases to 3 in Figure 6b, the non-linearity shown by the LVDT readings is pronounced and 365 

is higher at a frequency of 1 Hz. The amplitude ratios of the potentiometers and the asphalt 366 

strain gauges are seen to be slightly higher than before (about 15 %) while, the pressure cells 367 

are again similar to that of the load. This indicates minor non-linearity in the rail-pad 368 

compression and horizontal asphalt strains.  369 

3.2 Simulated moving loads 370 

In this section, the results from simulating a moving load are presented. First, the findings from 371 

simulation of a single moving axle load (Table 4, Test 10) are presented and discussed. 372 

Thereafter, the outcomes from simulating the Danish IC3 train (Tests 11 to 14 in Table 4) are 373 

discussed. All the responses that are presented graphically in this section are a manifestation of 374 

the externally applied load only without the initial conditions. 375 

3.2.1 Response for a single axle passage 376 

The results from the simulation of single axle load of magnitude 120 kN, moving at a speed of 377 

120 km/h from Sleeper 1 towards Sleeper 3 are shown in Figure 7. The time history of the loads 378 

applied by the three actuators is illustrated in Figure 7a along with the theoretical values 379 



 

 

11 

 

calculated from the Winkler model using Equation 1 (2 train

ZS  shown in dashed lines). The shape 380 

of the applied force and the corresponding theoretical target force are similar overall, with some 381 

deviations in the beginning of the loading curve and in the unloading region. These differences 382 

are due to the fact that the setup was exited in displacement-control mode. The peak force 383 

applied by the three actuators are 38.0 kN, 38.6 kN, and 38.4 kN. The time delay between the 384 

peak force in Actuator 1 and Actuator 2 is measured as 19.2 ms, while that between Actuator 2 385 

and Actuator 3 is 18.5 ms. Comparing these values with the theoretical values (given in Table 386 

4 for Test 10) shows that the simulation of the moving axle load is achieved reasonably well in 387 

the mockup. According to the analysis of an equivalent Winkler model, for Zk  = 42 MPa, when 388 

a wheel load is located on top of any sleeper, the axle load is mainly distributed between five 389 

sleepers, i.e., the central (loaded) sleeper plus two on either side; the relative amounts are (%): 390 

10.3, 24.2, 34.0, 24.2, 10.3. For a case where only three sleepers are present, the force in the 391 

loaded sleeper (40.9 kN) and the adjacent ones (29.1 kN) amounts to 82.4 % of the axle load. 392 

In Figure 7a, it is seen that corresponding to the peak force of 38.6 kN in Actuator 2, the average 393 

forces in Actuators 1 and 3 were 22.5 kN amounting to a maximum of 70.5 % of the axle load.  394 

The time history of the vertical displacements recorded by POT 39 to POT 41 are 395 

presented in Figure 7b. The readings of the potentiometers follow the overall shape of the 396 

applied load, increasing gradually with the force level and then unloading to initial conditions 397 

without any residual displacement, indicating an elastic behaviour for the rail pads. As 398 

expected, the overall behaviour of the three sensors are quite similar with POT 40 registering 399 

slightly higher values. The average peak displacement recorded is 0.626 mm, the corresponding 400 

spring stiffness of the rail pads is therefore 30.8 kN/mm, calculated as 0.5×38.6/0.626.  401 

In Figure 7c the time history of the vertical displacements recorded by LVDT 1 to 402 

LVDT 4 are displayed. The readings of the four LVDTs also follow the path of the applied load 403 

but contrary to the potentiometers, a time-dependent recovery is observed after the unloading, 404 

reflecting the time-dependent nature of the mockup, particularly the geotextile and the asphalt 405 

concrete. LVDT 1 and LVDT 4 recorded similar peak values of around 0.195 mm, while LVDT 406 

2 and LVDT 3 recorded similar peak values of 0.130 mm. The difference in the peaks of the 407 

displacement readings can be attributed to the different deflection at the surface of the asphalt 408 

layer below the edges and around the middle of Sleeper 2 (neglecting the bending of the 409 

sleeper). Comparing the LVDT and the POT readings it can be concluded that most of the 410 

vertical displacement in the track (75 %) is due to the rail pad compression.  411 
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The time histories of the vertical stresses recorded by the sensors named PC 13 to PC 412 

17 are illustrated in Figure 7d. All the five sensors follow the overall shape of the applied load 413 

without any noticeable time-dependent behaviour on unloading. The time delay between the 414 

peak stresses recorded by the pressure cells, depict the movement of the axle from Sleeper 1 to 415 

Sleeper 3 as presented before in Figure 7a. PC 17 located below Sleeper 1 registers the first 416 

stress peak of about 13 kPa. The next peaks occur simultaneously for PC 14 (18.5 kPa), PC 15 417 

(15.6 kPa) and PC 16 (20.3 kPa), which are all located below Sleeper 2. The last stress peak of 418 

9.5 kPa is recorded by PC 13, which is located below Sleeper 3. As a first order approximation, 419 

the stresses below the sleepers can be assumed to be uniform over the entire loaded area, 420 

amounting to a calculated average value of 33.85 kPa below Sleeper 2. The corresponding 421 

stresses below Sleeper 1 and 3 are approximately 60 % of this value. At this loading condition, 422 

the peak vertical stress recorded below the granular layer (i.e., on top of the mat) by PC 16 is 423 

approximately 60 % of the average stress below Sleeper 2. The peak stresses recorded below 424 

Sleeper 1 (PC 17) and Sleeper 3 (PC 13) are lower than those recorded under Sleeper 2 (PC 15) 425 

because these two sleepers are at the boundaries and the load from adjacent sleepers is missing 426 

on one side. PC 17 records peak stresses that are 35 % higher than that of PC 13 which is not 427 

consistent as these sensors are expected to show similar readings because of their positioning 428 

(Figure 3) and symmetry in the applied loading (Figure 7a).  429 

Figures 7e and 7f display the history of the horizontal strains at the bottom of the asphalt 430 

layer in the X and Y directions respectively. The axle movement can also be visualized here 431 

from the time delay between the peak readings of the different strain gauges. In Figure 7e, the 432 

peak strains occur successively from ASG 11 (below Sleeper 1) to ASG 6, ASG 7 (below 433 

Sleeper 2) and ASG 3 (below Sleeper 1) while, in Figure 7f the peaks occur consecutively from 434 

ASG 10 (below Sleeper 1), ASG 9 (below Sleeper 2) and then ASG 2 (below Sleeper 3). The 435 

overall behaviour of the strain gauges reflect the shape of the applied load, with a gradual 436 

increase in the strains and then a time-dependent recovery to the initial conditions without any 437 

permanent strain accumulation. In some of the strain gauges the recovery is still ongoing within 438 

the test window. Among the functioning sensors in X direction, the peak tensile strains are 439 

expected under ASG 6 and ASG 7, which record similar values of around 16.7 microstrains. 440 

ASG 3 (Sleeper 3) shows a similar peak value with a strain reversal from compressive to tensile 441 

as the load moves progressively towards Sleeper 3. ASG 11 (Sleeper 1) records a peak strain 442 

that is 50 % more (24 microstrains), which is not consistent with the other sensor responses. 443 

The peak tensile strains in Y direction as recorded by ASG 9 (Sleeper 2) is around 18 444 

microstrains which is similar to the peak strain in the X direction. The strain readings of ASG 445 
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2 and ASG 12 are similar to ASG 9 while the strains measured below Sleeper 1 (ASG 10) are 446 

lower by 35 %. This is not consistent as these sensors (ASG 2, ASG 10, and ASG 12) are 447 

expected to provide similar peak responses considering the nearly symmetric applied loading 448 

history (Figure 7a) and their installed positions (Figure 3).  449 

3.2.2 Response for a full train passage at different speeds and loads 450 

In this section, selected results from simulation of the Danish IC3 train at different speeds and 451 

axle loads are presented and discussed. The load and displacement curves of only Actuator 2 452 

from Test 11 to Test 14 (see Table 4) are shown in Figure 8. There are four charts in this figure 453 

corresponding to simulations involving two different axle loads: 120 kN and 200 kN, and two 454 

train speeds: 120 km/h and 200 km/h. The loading part of the four curves appears as a straight 455 

line with an average slope of about 28.3 kN/mm; this slope is seen to be similar in all the four 456 

cases. The unloading part is curved, and forms a hysteresis loop generating similar overall load-457 

displacement curves at the two test speeds. The corresponding traces of all sensor readings in 458 

the mockup (except for the accelerometers), were also very similar for the two speeds. These 459 

observations indicate that an increase of train speed from 120 km/h to 200 km/h has little effect 460 

on the track responses. Therefore, in the following only results from a simulated train passage 461 

at speed of 120 km/h at two different axle loads (120 kN and 200 kN) are presented and 462 

addressed (Tests 11 and 12 in Table 4). 463 

Figure 9a shows the force history of Actuator 2 in Test 11 and Test 12 (see Table 4). 464 

The forces in Actuators 1 and 3 were similar, but with a simulated time delay of 18 ms as given 465 

in Table 4 (and therefore not shown). Eight distinct peaks can be seen in the Figure, each 466 

corresponding to one of the eight IC3 train axles (see Figure 4a). For the axle load of 120 kN, 467 

the average value of the peak force applied on top of Sleeper 2 was 38.2 kN, while for the axle 468 

load of 200 kN it was 64.3 kN, i.e., very close to their respective theoretical peak values (see 469 

Table 4).    470 

The vertical displacement history of the three potentiometers (POT 39, POT 40, and 471 

POT 41) corresponding to the two axle load levels is shown in Figure 9b as an average. The 472 

overall shape of the two curves is similar, consisting of eight peaks corresponding to the eight 473 

axles and conforming to the shape of the applied force shown in Figure 9a (both during loading 474 

and unloading). The average values of the peak displacements (i.e., rail pad compression) in 475 

the two tests are 0.94 mm and 0.62 mm and the average stiffness of the rail pads is calculated 476 

to be 30.5 kN/mm and 34.0 kN/mm respectively. This slight difference in rail pad stiffness 477 

indicates the minor dependence on loading rate and amplitude. The average peak displacement 478 
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observed at axle load level of 120 kN is very similar to the case of single moving axle at the 479 

same load level and speed (see Figure 7b).  480 

Figure 9c shows the vertical displacement history of the LVDT readings for the two 481 

tests. The readings of the LVDTs measuring vertical displacements at similar locations are 482 

separately averaged, i.e., LVDT 1 and LVDT 4, and LVDT 2 and LVDT 3. In each of the four 483 

curves, eight distinct peaks corresponding to the train axles can be identified. A time-dependent 484 

recovery is observed after passage of sets of closely spaced axles on the same bogie. The 485 

displacements show minor accumulation with successive axle passes. The average peak 486 

displacements noted at axle load level of 120 kN are again very similar to those in Figure 7c, 487 

simulating a single moving axle load. Within the test window, the recovery of the LVDT 488 

readings is still ongoing.  489 

The vertical stress history of PC 16 and PC 15 which are located below Sleeper 2 are 490 

shown in Figures 9d and 9e respectively. The overall behaviour of each chart resembles the 491 

applied load signal shown in Figure 9a. For the two axle loads, the peak stress (average) 492 

recorded below the granular layer (i.e., on top of the mat by PC 16) are 35 kPa and 21 kPa, 493 

which are approximately 60 % of the calculated average stress below Sleeper 2, assuming a 494 

uniform stress distribution. The peak stresses measured at this elevation below the unloaded 495 

part of Sleeper 2 (i.e., at the middle by PC 15) are 25 kPa and 15.3 kPa, which are about 45 % 496 

of the calculated surface stress.  497 

Figures 9f and 9g shows the horizontal strain history at the bottom of asphalt layer as 498 

recorded by ASG 7 in X direction and ASG 2 in Y direction respectively. ASG 7 is located 499 

below Sleeper 2 where less boundary influence is expected on the peak strains in the X 500 

direction.  Readings of ASG 2 are displayed in Figure 9g instead of ASG 9 (where higher 501 

responses are anticipated) as the latter showed unreliable measurements in these tests. The 502 

choice of ASG 2 was also based on the reliability of measurements established from Test 10 503 

(see Figure 7f). The peak tensile strains recorded by ASG 7 in X direction at the two load levels 504 

are 25 microstrains and 15 microstrains respectively, while that recorded by ASG 2 in Y 505 

direction is about 39 and 20 microstrains respectively. The strain gauges depict minor strain 506 

accumulation between successive load peaks with ongoing strain recovery at the end of the test, 507 

especially in the readings of ASG 2. The peak strains measured by the two sensors at 120 kN 508 

axle load are similar to the single moving axle simulation, as shown in Figures 7e and 7f.  509 

The vertical surface acceleration history as recorded by sensor ACC 36 is illustrated in 510 

Figure 9h. The passes of the successive train axles can be observed from the recordings. The 511 
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peak accelerations at the two load levels were measured to be about 0.9 m/s2 and 0.7 m/s2 512 

respectively.  513 

In order to investigate the effects of speed, some of the results from the other tests are 514 

analysed, both in time and frequency domain. The force history of Actuator 2 in Tests 11 and 515 

13 (Table 4) is converted to the normalized amplitude spectra by Fourier transform and 516 

illustrated in Figures 10a and 10b respectively. In these two tests, the simulated train speeds are 517 

120 km/h and 200 km/h and the axle load is 120 kN. The corresponding normalized amplitude 518 

spectra of the sleeper force history as calculated from the Winkler model are also displayed in 519 

Figure 10. This figure demonstrate that the frequency content of the sleeper force history 520 

calculated from the Winkler model was adequately reproduced by Actuator 2 in the two tests 521 

in the mockup. Similar observations were verified with the forces applied by Actuator 1 and 522 

Actuator 3 (therefore not shown). The normalized amplitude spectrum of the actuator forces at 523 

axle load of 200 kN at both the speeds were also verified to be similar to the theoretical 524 

spectrum. It is noted that the frequencies associated with vehicle dynamics, wheel-rail contact, 525 

soil layer etc. are not captured in the Winkler model and consequently not in the mockup as 526 

well. In Figure 10a, for the simulated speed (V ) of 120 km/h, the dominant frequency in the 527 

spectrum corresponds to the bogie passage frequency ( bf ) and its higher order harmonics, 528 

which is calculated as: /b bf V L  = 1.9 Hz, where, bL  is the distance between bogies = 17.7 529 

m (see Figure 4a). The spectrum is modulated around the axle passage frequency ( af ), which 530 

is calculated as: /a af V L  = 13.3 Hz, where aL = distance between the axles = 2.5 m (shown 531 

in Figure 4a).  In Figure 10b, the frequency spectrum at speed of 200 km/h is presented where 532 

the dominant frequency is at bf  = 3.1 Hz and its higher order harmonics with modulations at 533 

af  = 22.2 Hz. The effect of speed on the track responses can be visualized in Figure 11a that 534 

shows the vertical surface accelerations as recorded by sensor ACC 36 (see Figure 3) in Tests 535 

12 and 14 (see Table 4). These tests simulated an axle load of 200 kN at two different speeds 536 

of 120 km/h and 200 km/h. Peak accelerations were recorded on the track center line in the 537 

mockup by this sensor and it increased from 0.9 m/s2 to 1.8 m/s2 with an increase in the 538 

simulated train speed. The corresponding frequency domain responses are shown in Figure 11b. 539 

The spectrum shows the frequency peaks that are already associated with the load signal (see 540 

Figure 10). In addition, higher frequency content is observed in the range beyond 60 Hz, which 541 

could be attributed to the free vibrations of the system.  542 

 543 

 544 
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4. Summary of findings and conclusions 545 

This paper focused on the experimental investigation of a ballastless asphalt track under 546 

vertical loads. A full-scale mockup of size 4.00 m × 2.21 m was built inside a steel box, 547 

consisting of a rubber mat that simulates subbase and subgrade, unbound granular layer, and 548 

asphalt layer (see Figures 1 and 2). Three wide sleepers which are part of the GETRAC A3 549 

ballastless track system were placed directly on top of the asphalt layer. Sensors were installed 550 

at different locations to measure: (i) vertical stresses below unbound granular layer, (ii) 551 

horizontal strains below asphalt layer, (iii) relative vertical displacement between rail and 552 

sleeper, and sleeper and asphalt surface, and (iv) vertical surface accelerations (see Figure 3 553 

and Tables 1 and 2). Main findings from the construction and the instrumentation effort are 554 

summarized as follows: (i) construction of the mockup in an outdoor location followed by its 555 

transportation to an indoor laboratory environment allowed full-scale construction equipment 556 

to be used and not scaled-down, (ii) chosen pressure cells exhibited reliable behaviour across 557 

all tests, though the actual working range was very small (< 50 kPa) relative to the operating 558 

range (1 MPa) that was chosen to be high in order to withstand the construction process, (iii) 559 

the asphalt strain gauges showed somewhat erratic recordings - coupled with the fact that the 560 

measured strains were very small, almost within the precision limits, and (iv) including 561 

redundancy in the mockup (by about 50 %) helped to extract reliable measurements especially 562 

for the strains. 563 

In the first testing phase, cyclic loads were applied to the central sleeper at different 564 

frequencies and amplitudes (see Table 3), and steady-state responses were analyzed. The 565 

significant findings from these tests were: (i) the load-displacement response of the track was 566 

frequency-dependent with a higher complex stiffness norm at a higher frequency, (ii) all 567 

measured responses were frequency-dependent, the rail pad compression to a minor extent, 568 

while the rest displayed strong dependence on frequency, (iii) vertical stresses below the 569 

granular layer scaled linearly with the load amplitude. In contrast, horizontal strains below the 570 

asphalt layer and rail pad compression showed slightly non-linear behaviour. The relative 571 

vertical displacement between the sleeper and the asphalt surface (as measured by the LVDTs) 572 

varied very nonlinearly with the load amplitude.   573 

In the next testing phase, moving loads were simulated by a sequential loading scheme, 574 

first, a single axle and then a complete train (see Table 4). The significant findings from the 575 

tests were: (i) rail pads behaved elastically without exhibiting any time effects. In contrast, the 576 

relative displacement between sleeper and the asphalt surface (as measured by LVDTs) 577 

displayed a time-dependent response, (iii) peak vertical stresses at the bottom of the unbound 578 
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granular layer ranged between 15 kPa to 40 kPa, amounting to approximately 60 % of the 579 

calculated average stress below the sleeper. The measured values of the peak stresses are low 580 

suggesting compliance with the standard requirements [48], (iv) peak horizontal strains at the 581 

bottom of the asphalt layer did not exceed 50 microstrains in tension which is well below the 582 

flexural fatigue endurance limit of the material [48], (v) horizontal strains below the asphalt 583 

layer in the direction of the moving load exhibited sign reversal which was not observed along 584 

the transverse direction, (vi) horizontal strains below the asphalt layer showed minor 585 

accumulation with the passes of successive axles, (vii) increasing the simulated train speed from 586 

120 km/h to 200 km/h had no noticeable effect on the track responses except for the vertical 587 

surface accelerations, and (viii) the peak vertical acceleration measured on the track centre line 588 

in the mockup was less than 2 m/s2. Similar values have been reported in ballasted tracks but at 589 

a much larger distance from the centre line of the track, approximately 3 m away [53]. 590 

Based on the findings from the experimental investigations, some generalized 591 

conclusions can be drawn: 592 

(i) majority (75 %) of the vertical rail displacement in the track could be attributed to 593 

the rail pad compression, (ii) the geotextile compression contributed to the vertical rail 594 

displacement and it played a role in bridging texture and construction unevenness between 595 

asphalt surface and sleeper underside, (iii) the measured mechanical responses (stresses and 596 

strains) were of very low magnitude, suggesting very little mechanical damage, and (iv) 597 

modelling for ballastless asphalt tracks should include the effects of time dependence and non-598 

linearity in material behaviour.  599 

 As part of future study, resilient track responses can be investigated in the mockup for 600 

other sleeper designs with different fasteners and geotextiles. In addition, the response of such 601 

a track to horizontal loads can also be studied by using a modified loading and instrumentation 602 

scheme. Nonetheless, the findings of the current tests provide an overall intuitive understanding 603 

of the mechanics of ballastless asphalt tracks under anticipated train loads and support the 604 

development of reliable models for further analysis and design purposes.   605 
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Figure captions 753 

Figure 1: Schematic view of the test facility showing: (a) cross section and (b) longitudinal section 754 

(All dimensions are in mm) 755 

Figure 2: Major construction stages of the test section. (a) Placement of the mat, (b) compaction of the 756 

unbound granular layer, (c) placement of the asphalt mixture, (d) compaction of the asphalt layer, and 757 

(e) constructed test facility 758 

Figure 3: Instrumentation deployed at different locations in the mockup. Schematic layout (top view) 759 

showing location of: (a) pressure cells on top of the mat, (b) asphalt strain gauges at the bottom of the 760 

asphalt layer, and (c) surface instrumentations. Images of instrumentation from the mockup showing: 761 

(d) pressure cells, (e) asphalt strain gauges, (f) potentiometer (View B), and (g) LVDT and accelerometer 762 

(View A) (All dimensions are in mm) 763 

Figure 4: A sketch showing the process of simulating moving train loads in the mockup. (a) 764 

Configuration of the simulated train, Danish IC3, (b) model of infinite beam on Winkler foundation, (c) 765 

time history of sleeper force (on the top and at one side) during IC3 train passage as calculated from the 766 

above model, and (d) sequential loading of the three actuators in the mockup 767 

(Dimensions are in m) 768 

Figure 5: Comparison of steady state sensor responses at different loading frequencies. Force applied 769 

by Actuator 2 with respect to, (a) displacement of Actuator 2, (b) displacement of POT 40, (c) 770 

displacements of LVDT 1 and LVDT 2, (d) stress in PC 16, (e) stress in all pressure cells at 1 Hz, and 771 

(f) strains in ASG 6 772 

Figure 6: Effect of the load amplitude on the steady state response. The amplitude ratio of the different 773 

sensors readings corresponding to: (a) load amplitude ratio of 2 and (b) load amplitude ratio of 3 774 

Figure 7: Time history of sensor responses measured during simulation of a moving axle load   (
,2 Z jP775 

= 120 kN and  V = 120 km/h). Responses are shown for: (a) actuators, (b) potentiometers (c) LVDTs, 776 

(d) pressure cells, (e) and (f) strain gauges along X and Y direction respectively 777 

Figure 8: Force displacement curve of Actuator 2 from simulation of train passage at two different axle 778 

loads and speeds (
,2 Z jP =120 kN and 200 kN,  V = 120 km/h and 200 km/h) 779 

Figure 9: Time history of sensor responses measured during simulation of IC3 train passage at two 780 

different axle load levels ( 
,2 Z jP =120 kN and 200 kN, V  = 120 km/h). Responses are plotted for: (a) 781 

Actuator 2, (b) average reading of potentiometers, (c) average reading of LVDTs, (d) - (e) pressure cell, 782 

(f) strain gauge along X direction, (g) strain gauge along Y direction, and (h) accelerometer 783 

Figure 10: Normalized spectral magnitude of vertical sleeper force history during simulation of train 784 

passage ( ,2 Z jP =120 kN) at two different speeds of: (a)   V = 120 km/h, and (b)  V  = 200 km/h 785 

Figure 11: Accelerometer responses during simulation of train passage ( 
,2 Z jP = 200 kN) at two 786 

different speeds in: (a) time domain and (b) frequency domain 787 
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Figure 2: Major construction stages of the test section. (a) Placement of the mat, (b) compaction of the 808 

unbound granular layer, (c) placement of the asphalt mixture, (d) compaction of the asphalt layer, and 809 

(e) constructed test facility 810 
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Figure 3: Instrumentation deployed at different locations in the mockup. Schematic layout (top view) 831 

showing location of: (a) pressure cells (PC) on top of the mat, (b) asphalt strain gauges (ASG) at the 832 

bottom of the asphalt layer, and (c) surface instrumentations. Images of instrumentation from the 833 

mockup showing: (d) pressure cells, (e) asphalt strain gauges, (f) potentiometer (View B), and (g) 834 

LVDT and accelerometer (View A) 835 

(All dimensions are in mm) 836 
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Figure 4: A sketch showing the process of simulating moving train loads in the mockup. (a) 851 

Configuration of the simulated train, Danish IC3, (b) model of infinite beam on Winkler foundation, 852 

(c) time history of sleeper force (on the top and at one side) during IC3 train passage as calculated 853 

from the above model, and (d) sequential loading of the three actuators in the mockup. 854 

(Dimensions are in m) 855 
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Figure 5: Comparison of steady state sensor responses at different loading frequencies. Force applied 874 

by Actuator 2 with respect to, (a) displacement of Actuator 2, (b) displacement of POT 40, (c) 875 

displacements of LVDT 1 and LVDT 2, (d) stress in PC 16, (e) stress in all pressure cells at 1 Hz, and 876 

(f) strains in ASG 6 877 
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Figure 6: Effect of the load amplitude on the steady state response. The amplitude ratio of the different 883 

sensors readings corresponding to: (a) load amplitude ratio of 2 and (b) load amplitude ratio of 3 884 
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Figure 7: Time history of sensor responses measured during simulation of a moving axle load   (
,2 Z jP = 909 

120 kN and V  = 120 km/h). Responses are shown for: (a) actuators, (b) potentiometers (c) LVDTs, (d) 910 

pressure cells, (e) and (f) strain gauges along X and Y direction respectively 911 
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Figure 8: Force displacement curve of Actuator 2 from simulation of train passage at two different 919 

axle loads and speeds (
,2 Z jP = 120 kN and 200 kN, V = 120 km/h and 200 km/h) 920 
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 943 

Figure 9: Time history of sensor responses measured during simulation of IC3 train passage at two 944 

different axle load levels ( ,2 Z jP = 120 kN and 200 kN, V = 120 km/h). Responses are plotted for: (a) 945 

Actuator 2, (b) average reading of potentiometers, (c) average reading of LVDTs, (d) - (e) pressure 946 

cell, (f) strain gauge along X direction, (g) strain gauge along Y direction, and (h) accelerometer 947 
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Figure 10: Normalized spectral magnitude of vertical sleeper force history during simulation of train 951 

passage (
,2 Z jP =120 kN) at two different speeds of: (a) V  = 120 km/h, and (b) V  = 200 km/h  952 
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Figure 11: Accelerometer responses during simulation of train passage (
,2 Z jP = 200 kN) at two 974 

different speeds in: (a) time domain and (b) frequency domain 975 
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List of Tables 998 

 999 

Table 1 1000 

 Embedded sensors installed in the setup 1001 

Sensor name Location  [in m] Elevation Model No Measured entity 

PC 13, PC 17 

PC 14, PC 16 

PC 15 

X = ±0.60, Y = 0.00 

X = 0.00, Y = ±0.75 

X = 0.00, Y = 0.00 

On top  

of the 

mat 

GEOKON 

Model  

No 3500 

Vertical stress at 

interface of unbound 

granular layer and mat  

ASG 2,  ASG 10 

ASG 4,  ASG 12 

ASG 5, ASG 9 

X = ± 0.60, Y = +0.75 

X = ± 0.60, Y = -0.75 

X = 0.00, Y = ±0.75 

At the 

bottom 

of the 

asphalt 

layer 

CTL Group 

Model No 

ASG -152 

Strain at bottom of 

asphalt layer along 

Y direction 

 

ASG 3,  ASG 11 

ASG 7 

ASG 6, ASG 8 

 

X =  ±0.6, Y =  0.00 

X = 0.00, Y = 0.00 

X = 0.00, Y = ±0.375 

  

Strain at bottom of 

asphalt layer along 

X direction 

*ASG 4, 5, 8 were unresponsive in all the tests. 1002 

 1003 

 1004 

 1005 

 1006 

 1007 

 1008 

 1009 

 1010 

 1011 

 1012 

 1013 

 1014 

 1015 

 1016 

 1017 

 1018 

 1019 
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 1021 
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Table 2 1024 

Surface sensors installed in the setup 1025 

Name Location [in m] Model No Measured entity 

POT 38,  

POT 39, 

POT 40, and  

POT 41 

On top of Sleeper 2 Novoteknik 

Model No  

TR-0025 

Relative displacement 

between rail and top of 

Sleeper 2 at the location of 

the rail pads. 

LVDT 1  

LVDT 4 

On top of the 

asphalt surface 

 

HBM  

Model No  

WA/20 mm-L 

Relative displacement 

between Sleeper 2 and the 

asphalt surface (at the 

sleeper edges). 

 

LVDT 2  

LVDT 3 

 

 

Relative displacement 

between Sleeper 2  

 and the asphalt surface  

(at the sleeper middle). 

ACC 33, ACC 34 

ACC 35 

ACC 36, ACC 37 

X = ± 0.80, Y = 0.00 

X = 0.00, Y = -1.30 

X = ± 0.30, Y = 0.00 

Silicon Designs 

Inc. Model  

No 2210 

Vertical  

surface accelerations  

 

*POT 38 was unresponsive in all the tests. 1026 

 1027 

 1028 

 1029 

 1030 

 1031 

 1032 

 1033 

 1034 

 1035 

 1036 

 1037 

 1038 

 1039 

 1040 
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Table 3 1042 

Steady state cyclic loads applied by Actuator 2 1043 

Test 

No 

Min Load 

 [kN] 

Max Load 

 [kN] 

Mean load 

 [kN] 

Load amplitude 

 [kN] 

Frequency 

[Hz] 

1 2.00 39.70 20.85 19.00 0.1 

2 2.00  40.90 21.45 19.40 1.0 

3 2.40  40.00 21.30 18.80 10.0 

4 21.50  40.50 31.00 9.40 1.0 

5 21.50  40.50 31.00 9.70 10.0 

6 12.50  50.90 31.80 19.25 1.0 

7 12.50  50.90 31.80 19.15 10.0 

8 2.80  60.00 31.00 28.45 1.0 

9 2.80  60.00 31.00 28.60 10.0 

*Mean load = 0.5 × (Min load + Max load); Load amplitude = 0.5 × (Max load – Min load) 1044 

 1045 

 1046 

 1047 

 1048 

 1049 

 1050 

 1051 

 1052 

 1053 

 1054 

 1055 

 1056 

 1057 

 1058 

 1059 

 1060 

 1061 

 1062 

 1063 



 

 

36 

 

 1064 

Table 4 1065 

Simulated moving loads 1066 

Test 

No 

Axle load 

,2 Z jP  [kN] 

Speed V

[km/h] 

Load type Peak value of 

train2 ZS  [kN] 

Time delay 

Δt [ms] 

10 120  120  Single axle 40.87 18 

11 120   

120  

 

Danish  

IC3 train 

39.3  

18  12 200  65.5 

13 120   

200  

Danish  

IC3 train 

39.3  

10.8  14 200  65.5 
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ABSTRACT 45 

This study focused on the numerical modelling of a ballastless asphalt track mockup. A 3D 46 

time-domain finite element model was developed to analyze dynamic responses under 47 

simulated train passage. The asphalt layer was modelled as linear viscoelastic, and additionally, 48 

the nonlinear stress-dependent elastic modulus of the underlying unbound granular layer was 49 

incorporated. Majority of model parameters were obtained through laboratory tests and other 50 

independent sources; only a very few were calibrated using experimental data. Implicit dynamic 51 

analysis was carried out, and mechanical responses such as stresses, strains, accelerations and 52 

displacements were evaluated at different locations. The model was validated by comparing 53 

predictions with experimental measurements recorded on the mockup. The measured responses 54 

and predictions were in agreement in terms of overall behaviour and magnitude.  55 

Keywords: Ballastless asphalt track; Dynamic analysis; Finite element model; Model 56 

validation; Nonlinear elastic; Time-dependent; Viscoelastic.  57 

 58 

1. Introduction 59 

Conventional ballasted tracks are still being used in high-speed networks, but they are 60 

prone to frequent maintenance due to accelerated ballast breakage and fouling, leading to an 61 

overall degradation in track stability [1,2]. As a result, there has been the emergence of 62 

ballastless tracks based on concrete (i.e., slab track); these are known to provide improved track 63 

stability and reduced maintenance needs but at the same time generating elevated noise levels 64 

[1,3,4]. Moreover, compared to the conventional tracks, the initial capital required for a slab 65 

track solution is much higher. In this connection, recent attention has been given to developing 66 

another type of ballastless track - based on asphalt concrete (referred to as asphalt in the text). 67 

Ballastless asphalt tracks are structurally similar to highway asphalt pavements consisting of an 68 

asphalt layer, underlain by granular layers that rest on a subgrade. Unlike ballasted tracks, 69 

where sleepers are partially embedded within the ballast, in this case, the sleepers may rest on 70 

top of the asphalt pavement (possibly without crib or shoulder ballast).  71 

The use of asphalt in the railway industry is not new, but so far it has been predominantly 72 

used in ballasted tracks as a subballast layer (underlayment) [5-7], and in slab tracks as a support 73 

layer and as a surface waterproofing layer [8-11]. Ballastless tracks built with asphalt concrete 74 

as the main load-bearing layer (overlayment) is fairly recent, with only a few identified 75 

implementations [12-14], mostly within the German railway industry. In these tracks, concrete 76 

blocks were used to anchor the sleepers to the underlying pavement, and extra reliance was 77 
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placed on frictional mechanisms by employing heavier sleeper types with a geotextile at the 78 

underside.  79 

The overall goal of this study is to contribute to the basic understanding of the 80 

mechanical behaviour of ballastless asphalt tracks under vertical loads. This is sought through 81 

the construction, experimental investigation, and numerical modelling of an instrumented full-82 

scale mockup. Doing so is considered a first step prior to wider scale testing and modelling 83 

efforts - involving more field-like conditions. 84 

Scientific literature focused on analyzing mechanical responses in ballastless asphalt 85 

tracks is limited in number [15-18]. An early study [15] developed a 3D model for designing 86 

ballastless asphalt tracks by combining finite element method (FEM) and multilayered elasticity 87 

theory. The model consisted of rails and sleepers discretized with beam elements, fasteners 88 

simulated as linear springs and the asphalt layer and subgrade as a two-layered linear elastic 89 

half-space. Maximum tensile strains at the bottom of asphalt and maximum compressive 90 

stresses on top of subgrade were calculated in order to estimate the allowable number of load 91 

repetitions to prevent failure by fatigue cracking in the asphalt layers or by excessive 92 

deformation of the subgrade layers. The estimations were done based on damage laws 93 

developed for highway pavements. The thickness of the asphalt layer was designed using the 94 

model and estimated to be between 250 mm to 450 mm. This model, however, was not validated 95 

with field measurements from ballastless asphalt tracks.  96 

Recently, laboratory studies were undertaken to investigate the behaviour of ballastless 97 

asphalt tracks under different intensities of stationary loads [16] and consecutive cyclic loads 98 

[17]. Later, a field study was conducted that analyzed the effects of seasonal temperature 99 

variation on track responses [18]. The test track section was 207 m long consisting of 0.3 m 100 

asphalt layer, underlain by 0.4 m aggregate base layer that was resting on a subgrade. Heavier 101 

concrete sleepers were used that included a geotextile at the underside.  As part of the study, a 102 

3D FEM model of the test track was developed, consisting of a pair of rails (as beam elements), 103 

fasteners (springs), sleepers and a multilayered track structure (solid 3D elements) with a 3.6 104 

m thick subgrade; the model did not include the geotextile. All the track layers were assumed 105 

to be linear elastic; the asphalt layer was also modelled as linear viscoelastic (LVE).  However, 106 

no explanation was given on how the elastic properties of the various layers were obtained. 107 

Train loads were simulated in a very approximated manner as distributed loads acting over the 108 

rail. Quasi-static analysis was performed, and peak responses (strain and stress below the 109 

asphalt layer) were compared with the field data. The model predictions with viscoelastic 110 
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analysis were reported to have shown a poor match with field data (especially the asphalt 111 

strains), compared to the elastic analysis. 112 

Except for the studies mentioned above, there is minimal literature on modelling of 113 

ballastless asphalt tracks. Nonetheless, knowledge is available from a wide range of studies 114 

centered on the modelling and analysis of ballast and slab track responses under vertical loads. 115 

Advanced track models have been developed based on different numerical schemes; in 116 

particular, FEM, to evaluate dynamic track responses, both at the track and the free field. The 117 

vehicle was commonly represented as a sequence of axle loads (i.e., concentrated loads) that 118 

were stationary [19] or travelling at a constant speed on the rails [20-27]. An alternate loading 119 

scheme was also used in which the sleepers were loaded directly and sequentially to simulate 120 

moving loads [22,26]. Such a model was reported to be computationally efficient as continuous 121 

rails (beam elements) were not required to be included [22].  Multibody simulation methods 122 

were also used in which the vehicle model was coupled to the track model through suitable 123 

contact models [28-32]. This was mainly employed to predict vibrations due to train passages 124 

at the track and free field [28-30], and investigate responses from different track defects such 125 

as wheel flats, wheel-rail irregularity [31-32].  126 

In the majority of the models, the track layers are assumed to be linear elastic. However, 127 

it is commonly known that the resilient behaviour of granular soil-like materials, such as 128 

railway ballast, subballast, and subsoil is nonlinear [33-34]. Ballast nonlinearity was modelled 129 

using the well-established K   model [35,36] and the Universal model [23,33,37]. The 130 

former considers the hardening effect of bulk stress on the resilient modulus, while the latter 131 

also includes the softening effect of shear stress. Advanced elastoplastic constitutive models 132 

were also used to study plastic deformation and degradation response of ballast under 133 

monotonic and cyclic loads [38-39]. The nonlinear behaviour of the subsoil was incorporated 134 

in studies that analyzed train speeds that were comparable to the wave velocity through the 135 

system [37,40]. In such cases, the strains in the subsoil were high, and the assumption of 136 

linearity was incompatible. Conventional track models with asphalt as a supporting layer, 137 

modelled it be linear elastic [15,41] as well as LVE [11,18,42].  The development of a numerical 138 

model, however, advanced it may be, is not enough, as there are several modelling assumptions, 139 

such as uncertainty in material properties, loading scheme, treatment of boundaries, interfaces, 140 

that needs to be verified.  This was overcome by validating model responses against available 141 

field data or laboratory measurements [21-23,28-30,43].  142 

Structurally, ballastless asphalt tracks are quite similar to highway pavements; hence, 143 

simulation of material behaviour in the models is of interest. The resilient behaviour of the 144 
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unbound granular layers underlying the asphalt pavement was modelled with nonlinear stress-145 

dependent elasticity, using K   model [44], and the Universal model [45-47]; effects of 146 

anisotropy was also incorporated [45-47]. The recoverable response of asphalt layer was 147 

commonly modelled as viscoelastic, utilizing both linear [45-47] and nonlinear [48-49] models.  148 

The objective of this study is to develop a 3D time-domain FEM model of the mockup. 149 

The development does not include wheel-rail interaction and only address resilient responses, 150 

i.e., fully recoverable deformations. The aim is to consider: (i) time and thermal dependency of 151 

asphalt concrete, (ii) nonlinear elasticity of the UGL, and (iii) track dynamic effects. Particular 152 

attention will be placed on minimizing calibration activities, i.e., identifying the numerical 153 

values of the governing model parameters through standard material testing procedures (and 154 

not through fitting). Ultimately, the model’s prediction ability is to be validated by contrasting 155 

calculated results against measured responses in the mockup. 156 

The paper is organized as follows: first, the experimental setup and test results are 157 

presented. A detailed description of the numerical model is given along with model calibration 158 

and input parameters. Finally, the model responses are validated by comparing with mockup 159 

measurements, and conclusions are given. 160 

 161 

2. Ballastless asphalt track mockup  162 

2.1 General description 163 

A full-scale (length of 4.00 m and a width of 2.21 m) mockup of a ballastless asphalt track was 164 

constructed inside a steel box and tested indoors under vertical loads. The schematic view of 165 

the mockup is shown in Figure 1a, and the constructed test facility is shown in Figure 1b. From 166 

bottom-up, it included: (i) 0.025 m thick polyurethane mat (commercial name Regufoam 167 

Vibration 990 Plus) used as a substitute for subgrade and subbase, (ii) 0.275 m thick unbound 168 

granular layer (UGL), and (iii) 0.280 m thick asphalt layer composed of 0.240 m of base asphalt 169 

mix (paved in 3 lifts), covered by a top (surface) asphalt mix (single lift). The track layers were 170 

built inside the steel box in an outdoor location and craned inside a test hall and placed on a 171 

thick concrete floor.  172 

The sleepers chosen for the mockup (type BBS 3 W60) were from the GETRAC A3 173 

system, a ballastless asphalt track within the German railway industry. The sleepers were 174 

approximately 2.40 m long and 0.57 m wide at the base and included a thin geotextile of 175 

thickness 7 mm at the underside over the two ends (each over an approximate area of 1.00 m × 176 

0.57 m). Three sleepers were installed in the mockup on top of the asphalt layer at a spacing of 177 

0.6 m.  The sleepers were provided with built-in Vossloh 300 fastening system; rail pads in this 178 
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system consists of three plates, the top one, a stiff plastic pad, the intermediate plate made of 179 

steel and the bottom one, an elastic rubber pad. The manufacturer’s datasheet reported the static 180 

stiffness of the bottom pad to be 23 kN/mm (± 10 %). 181 

Vertical loads were applied to the sleepers directly using three servo-hydraulic actuators 182 

(MTS Model No 244.22) that were connected to a rigid loading frame built over the box. Each 183 

actuator was responsible for loading the sleeper beneath it (see Figure 1a). Small rail segments 184 

(UIC60) were mounted onto the sleepers with the built-in fastening system to aid in load 185 

distribution. A spreader beam was connected to the swivel base of the actuator to distribute the 186 

loads equally on top of the two rail segments. 187 

Sensors employed to evaluate different mechanical responses included: (i) pressure cells 188 

(PCs) to measure vertical stresses at the bottom of the UGL, (ii) asphalt strain gauges (ASGs) 189 

to measure horizontal strains at the bottom of the asphalt layer, and (iii) accelerometers (ACCs) 190 

to measure vertical surface accelerations. These sensors (names and locations) are shown 191 

schematically in Figure 2. Additionally, potentiometers (POTs) were installed to monitor rail 192 

pad compression, and linear variable differential transformers (LVDTs) were used to measure 193 

the relative vertical displacement between Sleeper 2 (see Figure 1a) and asphalt surface.   194 

2.2 Mockup test results 195 

Results from two tests carried out in the mockup are presented in this study. In both tests, the 196 

average temperature in the test hall was 22  ͦC. The sign convention adopted is as follows: 197 

upwards load and displacement are considered positive, and tensile stresses and strains are 198 

positive (this is consistent with the sign convention adopted in the numerical model, introduced 199 

later). In the first test, a pulse load was applied to Sleeper 2 by Actuator 2, as shown in Figure 200 

3a.  This load history is used for calibration of model parameters. For this loading, the time 201 

history of rail pad compression and the relative displacement between Sleeper 2 and the asphalt 202 

surface (at the edges) is shown in Figures 3b and 3c, respectively. The latter is a net effect of 203 

geotextile compression and surface displacement at the sensor locations (neglecting sleeper 204 

bending). Further, responses histories measured by selected pressure sensors, asphalt strain 205 

gauges and accelerometers are presented in Figure 4.   206 

In the second test, the passage of Danish IC3 train was simulated at a speed (V ) of 120 207 

km/h and axle load ( 2 ZP ) of 120 kN, ( ZP = wheel load), by the method of sequential loading 208 

[50,51]. The principle behind this method is that during train passage every sleeper along the 209 

railway track experiences the same loading history, but with a time delay calculated as, 210 

t s V  , where s  denotes the sleeper spacing. Hence, vertical loads induced by a moving train 211 
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can be approximately reproduced by sequentially loading the three sleepers (from Sleeper 1 212 

towards Sleeper 3) with the exact same vertical force history. The latter was calculated from a 213 

simplified track model of an infinite beam on a Winkler foundation and equations previously 214 

described in a separate study [52].  Figure 5 presents the force history of the three actuators 215 

from this test with a simulated delay of 18 ms between them. Visually, each actuator force 216 

signal shows four sets of ' M ' shapes. Each ' M ' includes a pair of extremums with a saddle 217 

point in between; the extremums represent two axles on the same bogie. This loading history 218 

has been used to validate the model. 219 

For this loading scheme, the measured responses are illustrated in Figures 6 to 8. All 220 

sensor readings that are presented graphically are a manifestation of the externally applied load 221 

only, without the self-weight. Vertical stress history measured by two PCs are presented in 222 

Figure 6. The two charts in this figure follow the shape of the load showing the four sets of ' M 223 

’, each with a pair of extremum values (may or may not be identical) and a saddle point in 224 

between. The stress history showed minor time effects. Due to its location (see Figure 2c), the 225 

peak vertical stress at the bottom of the UGL is measured by PC16 to be 21 kPa (see Figure 226 

6b). 227 

 The horizontal strains measured by four ASGs are shown in Figures 7. The strains 228 

measured along Z direction is shown in Figures 7a and 7b, while, strains along X direction is 229 

shown in Figures 7c and 7d.  In all the curves shown in Figure 7, the four sets of ' M ' shapes 230 

are seen, each with two extremum values and a saddle point in between. In contrast to the 231 

stresses, the strain measurements show pronounced time dependency. In Figure 7a, the strain 232 

history measured below Sleeper 3 (by ASG 3) shows sign reversal as the load progressively 233 

moves from Sleeper 1 towards Sleeper 3. This is also recorded below Sleeper 2 in the 234 

measurements of ASG 6, but to a minor extent. Further, ASG3 shows strain accumulation 235 

between passes of two successive axles on a bogie, the second strain peak being higher on 236 

average by 30 %. ASG 10, ASG 12 are expected to give similar responses due to symmetry in 237 

loading and locations (see Figure 2b). However, test data indicates differences in measured 238 

responses with ASG 12 recording values that are higher than ASG 10. Moreover, the 239 

measurements of ASG 9 and ASG 2 were not reliable in these tests.  Additionally, the measured 240 

strains are very low almost within the precision limit of the strain gauges. Hence there is some 241 

uncertainty related to the strain measurements especially along X direction. The vertical surface 242 

accelerations measured by two ACCs are shown in Figures 8. 243 

 244 

 245 
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3. Finite element model  246 

3.1 General description 247 

A 3D time-domain FEM model of the mockup was developed using the commercial program 248 

ABAQUS [53]. The model was built as a rectangular cuboid of dimensions 4.00 m × 2.21 m × 249 

0.58 m. It was partitioned along the depth into three parts to simulate the three layers in the 250 

mockup (see Figure 9). The bottom layer represented the mat, the intermediate layer simulated 251 

the UGL and the topmost part represented the asphalt layer; layer thicknesses were same as in 252 

the mockup. The sleeper geometry was modelled based on dimensions of BBS 3W 60 type, 253 

with some simplifications adopted near to the location of the fasteners (see Figure 9). The 254 

sleepers consisted of a thin layer at the underside to simulate the geotextile. For the fastening 255 

system, only the rail pads were modelled, each as square cuboids with side 150 mm and 256 

thickness of 10 mm. This was a simplication given that the rail pads were an assembly of three 257 

different plates as explained earlier in Section 2.1.  258 

Entities that were part of the loading system in the mockup, i.e., rails segments, spreader 259 

beams, actuators and loading frame were not included in the model. Instead, the sleepers were 260 

loaded directly on top of the rail pads as uniformly distributed stresses. The assumption of 261 

uniform stress distribution on top of the rail pads was a simplification and it was done 262 

considering that the focus of the current study was not on the analysis of contact stress 263 

distribution at rail-rail pad interface. Displacement compatibility was enforced in the interfaces 264 

between all the successive layers which means that no separation or sliding between nodes was 265 

allowed.  266 

The finite domain was discretized with 120,857 eight noded linear 3D solid brick 267 

elements of type C3D8 (see Figure 9). The layers simulating asphalt and UGL, each, consisted 268 

of five layers of elements along the thickness, while the mat was built with a single layer of 269 

elements. An average element size of 50 mm was used for discretizing these three layers. The 270 

layers representing the rail pads were discretized into a finer mesh using an average element 271 

size of 20 mm with a thickness of 10 mm. The elements modelling the sleeper (multiple element 272 

layers) and the geotextile (single element layer) had size ranging between 20 mm and 50 mm.  273 

The boundary conditions were similar to the mockup: (i) the nodes at the base were fixed in all 274 

directions, and (ii) the nodes on the lateral faces of the mat and the UGL were restricted from 275 

moving in the direction of their respective normal. This was because the bottom surface, the 276 

mat and the UGL were fully in contact with the steel plates of the box which were quite rigid.   277 

Nonlinear dynamic analyses were performed in time-domain using direct time 278 

integration with implicit scheme. The time increments t  that were utilized were 0.00097 s. 279 
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The sign convention adopted follows from the coordinate system shown in Figure 9 whereby 280 

tensile stresses and strains are positive and upwards load and displacement is positive. For 281 

model calibration and validation, numerical calculations were compared with experimental 282 

measurements. For the purpose of comparing calculations with a given sensor measurements, 283 

responses were extracted from all elements covering the area of that particular sensor. The 284 

results were then averaged and subsequently used for comparison. The stresses and strains were 285 

evaluated at the integration points in an element and the accelerations and displacements were 286 

computed at the element nodes.  287 

3.2 Material models 288 

The material models adopted for UGL and asphalt layer and their implementation in the FE 289 

model are discussed in subsection 3.2.1 and subsection 3.2.2 respectively. All other materials 290 

were modelled as linear elastic. 291 

3.2.1 Unbound granular layer 292 

The UGL was modelled as a homogenous nonlinear elastic isotropic medium characterized by 293 

a constant Poisson’s ratio and a stress-state dependent resilient modulus ( rM  ) [35]:  294 

2

1 0

k

r a
a

M k P
P




 
  

 
 (1) 

where 1k  and 2k  are dimensionless regression constants, aP   is atmospheric pressure (introduced 295 

as a normalizing factor), and   is the governing bulk stress (i.e., the first stress invariant) at the 296 

location where rM  is evaluated. Any suction effects in the UGL are neglected and therefore 297 

total and effective stresses are same.  298 

The bulk stress is seen as being additively composed of two parts, one that originates 299 

from the construction phase of the mockup ( 0 ), representing the compaction effects of the base 300 

and asphalt, their self-weight, and also the self-weight of the sleepers (assumed uniformly 301 

distributed across the entire area). The other ( ex ) represents the effects of external loading. 302 

This decomposition can be written as: 303 

0( , , , ) ( ) ( , , , )exX Y Z t Y X Y Z t     (2) 

where it is shown that 0  does not vary spatially, but changes within the UGL along the depth 304 

coordinate Y , while ex  varies both spatially, depthwise and also temporally. 0  is expressed 305 

as: 306 

 0 ,0 1 2Y K     (3) 
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where, ,0 ,0( )Y Y Y   is the initial vertical stress at any point in the UGL and K  is the at-rest 307 

earth pressure coefficient. ex  is a calculated entity that is evaluated for every element 308 

constituting the granular layer for applied loads. In effect ex  is a function of rM , hence, there 309 

is need for an iterative scheme or incremental approach to ensure consistency with the 310 

formulation. 311 

With a given set of 1k  and 2k , the variation of rM  was calculated over a predefined 312 

chosen range of   values from 0 kPa up to 500 kPa. The results of rM  and corresponding 313 

values of   were provided to ABAQUS in a tabular form. Subsequently, a user-defined 314 

subroutine was written (USDFLD) to implement the remaining formulation. The principle is 315 

outlined below as: 316 

for i  = 0, t  = it  (Base state condition) 317 

External loads ( t  = it ) = 0 , ex  ( t  = it ) = 0 318 

evaluate 0  (for all elements within the UGL) 319 

  ( t  = it )  = 0  + ex  ( t  = it )             320 

Table look up for rM   ( t  = it )  associated with  ( t  = it ) (linear interpolation between 321 

data points) 322 

Assign respective rM  to the UGL elements. 323 

Next time instant, ( t  = 1it  ), external load increment  324 

Evaluate ex  ( t  = 1it  ) using rM  ( t  = it ) 325 

1i i   326 

As rM  was updated based on bulk stresses from previous time instant and not the 327 

current one, it was verified through utilizing very small time increments ( t  =0.00097 s) that 328 

there was negligible error on the evolution of rM  with the bulk stress level.   329 

3.2.2 Asphalt layer 330 

The asphalt layer was modelled as a homogenous LVE isotropic solid with a constant Poisson’s 331 

ratio governed by a time-dependent shear modulus  G t  and a bulk modulus  K t : 332 
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where 0E  is the instantaneous (short-term) relaxation modulus, 0  is the instantaneous 333 

Poisson’s ratio, and  f t  is a dimensionless time function expressed as a finite-length Prony 334 

series.    335 
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    (6) 

in which im ’s are relaxation strengths (dimensionless) and i ’s are relaxation times (units of 336 

time).  337 

Furthermore, it is assumed that the model conforms to the assumption of thermo-338 

rheological simplicity wherein the response at any temperature level T  can be calculated with 339 

properties obtained at a reference temperature 0T  by replacing physical time t  with reduced 340 

time rt   according to: r Tt t a  with Ta  denoting the time-temperature shift factor. Herein, the 341 

WLF equation [54] was chosen for expressing Ta : 342 
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 (7) 

Where, 1c  (unitless) and 2c  (units of temperature) are material parameters at reference 343 

temperature 0T  .  344 

3.3 Model calibration and input parameters 345 

Inputs for the different material models were determined using: (i) laboratory element tests for 346 

the parameters im , i , 0E , 0T , 1c , and 2c  (see Equations 4 - 7), and 1k , 2k  (see Equation 1); 347 

(ii) manufacturer’s technical data sheet providing the Young’s modulus, density and damping 348 

ratio of the mat, and density of the geotextile; (iii) direct calculations based on mockup 349 

measurements to provide Young’s modulus of the rail pad; (iv) best matching the mockup 350 

measurements to arrive at K  (see Equation 3), Young’s modulus of geotextile, and Poisson’s 351 

ratio of rail pad. This was done separately for each of the parameters - adjusting their numerical 352 

values until a visually good match was attained between calculations and measurements; (v) 353 

measurements from mockup providing density of UGL and asphalt layer, and (v) reference 354 

ranges available in literature for the Young’s modulus, Poisson’s ratio, density and damping 355 

coefficient of all other materials.  356 

The model input parameters (their values and process of deriving) for the different 357 

layers are explained below in the sequence in which they appear (from bottom-up). 358 
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1. Mat: The elastic modulus and damping ratio of the mat was taken from the manufacturer’s 359 

technical data sheet (see Table 1). 360 

2. UGL: Parameters describing the stress-dependent resilient modulus of the UGL ( 1k  , 2k ) were 361 

obtained from the analysis of cylindrical specimens subjected to repeated load triaxial tests at 362 

‘constant’ radial stress conditions and ‘low stress level’ [55]. For this purpose, the UGL was 363 

reconstituted inside a triaxial cell by compacting loose unbound granular materials to the target 364 

dry density and moisture content as measured in the mockup. The specimen was exposed to 365 

different stress paths, and resilient modulus was evaluated at each stress level (as a ratio of 366 

cyclic deviatoric stress and recoverable axial strain). Subsequently, the regression constants: 367 

1k and 2k  (Equation 1) were obtained using a nonlinear optimization technique by achieving 368 

best match between experimentally obtained and calculated values of  rM  for different values 369 

of  bulk stress,   (Figure 10a).  370 

The value of K (Equation 3) was fixed to be 1 after model calibration. This was done 371 

by comparing model calculations and experimental measurements for all the sensors that are 372 

shown in Figure 4. The choice was guided by a study [56] in which the sensitivity of these 373 

model responses to variation of K  was separately investigated. From a practical standpoint, 374 

values lower than 1 were not considered as residual stresses induced by compaction are not 375 

expected to be so low.  376 

3. Asphalt layer: LVE solid parameters describing the asphalt layer, i.e., im , i , 0E , 0T , 1c , 377 

and 2c  ( 0  assumed), were obtained from analysis of a disk-shaped specimen cored from the 378 

base asphalt in the mockup. The specimen was tested in indirect tension mode [57] under five 379 

different temperature levels: -5 °C, 10 °C, 15 °C, 20 °C, and 30 °C. In each temperature level 380 

the specimen was exposed to 25 load-unload-rest sequences that were 3 s in duration, as well 381 

as a relatively long rest period of 1800 s executed after the last sequence; the change in diameter 382 

was monitored and recorded throughout the test. The analysis consisted of following steps: (i) 383 

assume an analytic LVE solid creep compliance function ( )D t  governed by four-parameters to 384 

capture recoverable response [58]; (ii) assume a linear dashpot model for capturing any 385 

irrecoverable deformation accumulating in a given sequence; (iii) apply the load history from 386 

the indirect tension tests to a disk model composed of the above assumed properties and 387 

calculate change in diameter [59]; (iv) manipulate all model parameters until best match is 388 

achieved across all test results. This was done with a multicriterion optimization approach for 389 

considering measurements across different temperature levels [60]. As an example, Figure 10b 390 
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shows a comparison between measured and  calculated responses at 20  ͦC ; (v) calculate 1c  and 391 

2c  with 0T  = 20  ͦC; (vi) interconvert ( )D t  into a LVE relaxation modulus utilizing a Prony 392 

series approach [61] to arrive at i ’s and iE ’s ( 0...15i  ) from which 0/i im E E  ( iE ’s  393 

denote relaxation strengths). Figure 10c shows LVE creep compliance and relaxation modulus 394 

at 0T  = 20  ͦC. 395 

4. Geotextile: The Young’s modulus of the geotextile was calibrated by visually obtaining a 396 

good match between calculations and measurements of relative vertical displacement between 397 

central sleeper and asphalt surface. The response history, after calibration, is shown in Figure 398 

3c (Poisson’s ratio was chosen as 0.15). The responses agree well in the loading phase in terms 399 

of shape and peak magnitude, while variations are noted in the unloading phase. The computed 400 

responses show a rapid recovery while the LVDTs in the experiments show a time-dependent 401 

recovery after unloading. This could be attributed to the simplified material model adopted for 402 

the geotextile, wherein, the effects of time dependency or nonlinearity (if present) is not 403 

captured. Advanced material modelling of the geotextile is not included in the scope of the 404 

present study. The calibration was thus limited to mostly matching the peak response. 405 

5. Sleeper: Elastic properties and density of concrete were used for sleepers. 406 

6. Rail pads: The static spring stiffness of rail pad ( rpk ) was provided by the manufacturer to 407 

be 23 kN/mm (± 10 %).  The Young’s modulus of the rail pad ( rpE ) can be calculated from 408 

spring stiffness as: 409 

rp rp
rp

rp

k h
E

A
  (8) 

where, rph  and rpA  are the initial thickness and area of the rail pads  410 

The dynamic stiffness of the rail pad in the mockup was calculated as 33 kN/mm (for the applied 411 

load in Figure 3a and measured rail pad compression in Figure 3b). Inserting this value in 412 

Equation 6, rpE  was obtained as 14.7 MPa. Using this value as an input to the model, the 413 

Poisson’s ratio of rail pad was calibrated to be 0.05. The predicted and measured response 414 

histories (rail pad compression) after calibration are illustrated in Figure 3b.  415 

Damping 416 

Rayleigh damping was used in this analysis; the damping ratio of this model is frequency 417 

dependent. The input parameters  ,R R   required to define the model were calculated using 418 

Equations 9 and 10: 419 
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where,   is the damping ratio at two frequencies 1 = 25 rad/s and 2 =400 rad/s. The target 421 

was to achieve an approximately damping ratio of   between 1  and 2 , which represent 422 

frequency range of interest.  As the asphalt layer had energy dissipation mechanism as part of 423 

the basic material model, additional damping was not included. 424 

All the above model parameters are summarized in Tables 1 and 2. Selected model 425 

responses calculated for the load history shown in Figure 3a, using these input parameters, are 426 

illustrated in Figure 4. In general, it illustrates the capability of the model in reproducing the 427 

results. The differences in the calculations and measurements will be examined in detail during 428 

validation.  429 

 430 

4. Model validation 431 

At this stage, the model parameters were fixed to the values given in Tables 1 and 2. Dynamic 432 

analysis was performed with a loading history that was applied in the mockup (as shown in 433 

Figure 5). As model parameters were not changed during this analysis, the calculated responses 434 

can be considered as forward predictions. These predictions were compared to the 435 

measurements recorded in the mockup in order to validate the model. The loading scheme (as 436 

shown in Figure 5) chosen for validation is representative of service conditions, i.e., train 437 

passage. The loading was implemented in the model as uniformly distributed stress on top of 438 

the respective rail pads (one half on either side). The goodness of model predictions is 439 

quantified using Pearson product-moment correlation coefficient ( r ), and a modern agreement 440 

metric ( ) [62].  441 

Predicted stress history for PC 15 and PC 16 (for location, see Figure 2c) is shown in 442 

Figures 6a and 6b. In Figure 6a, the average value of the extremums is overestimated by 26 %, 443 

while in Figure 6b, it is overestimated by 15 %. With reference to Figure 6a, the predicted value 444 

of the saddle point in the first and fourth ' M ' shapes is lower than the average value of the 445 

extremums (in the first and fourth ' M ' ) by 23.5 % (in measurements it is 21 %). The predicted 446 

value of second and third saddle point is lower than the respective extremum pair by 32 % (in 447 

measurements it is 29 %).  Similarly, in Figure 6b, the predicted saddle point in the first and 448 
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fourth' M' shapes is lower than the average value of the extremums by 20.5 % (in measurements 449 

it is 18.5 %). The predicted value of the second and third saddle point is lower than the 450 

extremum pair by 30 % (in measurements it is 28 %). Further, in Figure 6b, both predictions 451 

and measurements show a minor time-dependent behaviour between the ' M ' shapes and the 452 

values of the eight extremums are of nearly the same magnitude. Comparing Figures 6a and 6b, 453 

the predicted value of the extremum (the average) of PC 15 is lower than that of PC 16 by 18 454 

% (in measurements it is 25 %). Based on the above qualitative assessments and from the high 455 

values of r  (> 0.99) and   (> 0.96) it can be said that the model predictions and measurements 456 

agreed well. 457 

The predicted horizontal strains at the bottom of the asphalt layer for sensors ASG 3, 458 

ASG 6, ASG 10 and ASG 12 are shown in Figure 7. Figures 7a and 7b compare strains along 459 

the Z direction (for coordinate system see Figure 9), while, Figures 7c and 7d compare strains 460 

along the X-direction. From Figures 7a and 7b, it is seen that the model captures the overall 461 

shape of the measurements but underestimates the extremum values. In Figure 7a, the predicted 462 

strains at the beginning of every ' M ' shape, show a sign reversal and in-between the ' M ' 463 

shapes, and at the end of the last ' M ', shows a time-dependent response. Further, within every 464 

' M ' shape, the second extremum value is on average higher than the first one by 30 %. All of 465 

these features are observed in the experimental measurements of ASG 3. 466 

In Figure 7b, it is observed that the model underestimates the average values of the 467 

extremums by 22 %. The predicted value of the saddle point in the first and last ' M ' shapes is 468 

lower than the average value of the extremums by 50 % (in measurements it is 54 %). The 469 

predicted value of the second and third saddle point is lower than the average value of the 470 

extremum pairs by 57 % (in measurements it is 59 %). Moreover, predicted strains show a 471 

change in the sign at the beginning and end of an ' M ' shape; in-between the ' M ' a time-472 

dependent response is observed. Also, the eight extremum values are predicted to be of similar 473 

magnitude with minor strain accumulation. All these features are present in the recordings 474 

measured by ASG 6. The recordings of ASG 11 were unreliable in this test and hence not used 475 

for model validation.  In Figures 7c and 7d, the model captures the overall shape and magnitude 476 

of the strain history along the X-direction. In both figures, the predictions show a higher strain 477 

accumulation between the extremum pairs. Time-dependent behaviour observed between the ' 478 

M ' shapes is reproduced. The above observations and high values of r  (> 0.96) and   (> 0.85) 479 

indicate good prediction abilities of horizontal asphalt strains.  480 

The computed and measured vertical acceleration histories at the surface of the asphalt 481 

layer are shown in Figures 8a – 8b. For visual clarity, a part of the acceleration time history 482 
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from t  = 26.2 s to 26.5 s is zoomed on and separately presented in Figures 8c and 8d. The 483 

measurements and predictions corresponding to sensor ACC 37 were similar to ACC 36, hence 484 

not shown here. The figures show that in general, the predictions and measurements have a 485 

similar overall shape and magnitudes are of the same order. In contrast to stress and strains 486 

predictions, much lower values of f r  (> 0.25) and   (> 0.24) were obtained. This is because 487 

the accelerations are a more chaotic response compared to stress and strains and hence, it is 488 

difficult to predict them with the same level of accuracy 489 

In reality, a perfect match between model predictions and measurements cannot be 490 

produced and differences will arise from: (i) uncertainty in laboratory characterization of 491 

materials, (ii) uncertainty in responses measured in the mockup, (iii) modeling assumptions 492 

related to interface behaviour between layers, (iv) neglecting permanent deformations, (v) 493 

assumptions of linearity and homogeneity in the model, (vi) difference in material responses in 494 

tension and compression.  495 

 496 

5. Contour plots 497 

Figure 11a presents a contour of the vertical stress distribution in the X-Y plane through the 498 

middle of Sleeper 2. The time instant shown (at t = 25.219 s) coincides to a load position when 499 

the first train axle is on Sleeper 2. The stresses shown here are only due to external applied 500 

loads, without initial self-weight. For visual clarity, only the track layers are displayed, 501 

downwards from the asphalt surface (geotextile, sleepers are rail pads are not included).  In 502 

general, nearly uniform compressive stresses occur on the asphalt surface just below the 503 

geotextiles (loaded areas); with a magnitude of around 34 kPa. At the middle (in-between the 504 

geotextiles), the surface is essentially unloaded without any stresses. The stresses gradually 505 

decrease with depth, the peak value at the bottom of the UGL occurs below the loaded areas 506 

and the stress distribution in-between is fairly uniform. Figure 11b presents a contour of the 507 

stress distribution in the Y-Z plane through the center of the rail pads for the same time instant.  508 

The vertical displacement contours for the same conditions are presented in Figure 12. 509 

The peak surface displacement resulting from the substructure layers, i.e., asphalt, UGL and 510 

the mat, in combination, is very low, only about 46 microns occuring below the loaded areas. 511 

The displacement is fairly uniform in this region.  In the unloaded part it is slightly lower, 512 

around 35 microns. The total displacement at this time instant calculated on top of the rail pad 513 

is 0.75 mm. This overall displacement is mostly contributed by compression of rail pad and the 514 

remaining due to geotextile compression. The displacement from the substructure is negligible 515 

in comparison.  516 
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For visual understanding, Figure 13 presents contour plots along the X-Z plane showing 517 

horizontal strain distribution at the bottom of the asphalt layer. Figures 13a, 13c and 13e 518 

illustrate strains along X direction, while Figures 13b, 13d and 13f show the strains along Z 519 

direction.  Three time instants are presented, which tracks the movement of the first train axle 520 

from Sleeper 1 (in Figures 13e and 13f, for t = 25.198 s) to Sleeper 2 (in Figures 11c and 11d, 521 

for t = 25.219 s) and finally to Sleeper 3 (in Figures 13a and 13b, for t = 25.240 s). In Figures 522 

11a, 11c and 11e, for the three load positions, the strains just below the loaded areas are tensile 523 

in nature, while those in the middle and near to the edges are compressive. The magnitude of 524 

the peak tensile strains are higher than the peak compressive strains. The change in horizontal 525 

strain distribution along the Z direction with the progressive movement of the load can be 526 

visualized from Figures 11b, 11d and 11f. The strain show sign reversal from compression to 527 

tension as the load progressively moves from Sleeper 1 towards Sleeper 3.  The peak tensile 528 

strain magnitudes are much higher than peak compressive strains. The magnitude of peak 529 

tensile strains along X and Z direction are comparable.  530 

 531 

6. Conclusions  532 

This paper focused on developing and validating a numerical model of a ballastless 533 

asphalt track mockup. For that purpose, a 3D time-domain dynamic FEM model was developed 534 

that considered nonlinear stress dependent modulus of unbound granular layer and time-535 

temperature dependent behaviour of asphalt layer. Majority of the input parameters were 536 

obtained from laboratory tests and other sources and only a few model parameters were 537 

calibrated using mockup data. Model responses (such as stresses, strains, accelerations) were 538 

evaluated at different locations and validated for a vertical load history that simulated a moving 539 

train.  540 

Some generalized conclusions from this study are summarized: (i) an instrumented 541 

mockup with measurements from embedded sensors, provided means for model calibration and 542 

validation, under realistic loading conditions; (ii) not all model inputs could be quantified a 543 

priori, some needed to be characterized from as-built conditions, such as asphalt as granular 544 

materials; (iii) specifically, measuring the rail pad compression allowed for obtaining a realistic 545 

stiffness, values provided by datasheet values may not provide a complete picture in terms of 546 

stiffness at the applied load amplitude and frequency; (iv) measuring the relative displacement 547 

between asphalt surface and sleeper allowed for calibration of elastic properties of the 548 

geotextile, this, however can also be done from separate laboratory tests; (v) it was possible to 549 

implement a nonlinear stress-dependent elastic model for the unbound granular layer with user 550 
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defined subroutine USDFLD; (vi) measured and calculated responses were very small, while, 551 

current laboratory material characterization standards operate in a much higher range, (vii) 552 

laboratory results on element tests for the asphalt layer displayed permanent deformation, 553 

especially at higher temperatures. For modeling resilient responses, only resilient properties 554 

must be used as input to the model. This means careful characterization of the viscoelastic 555 

parameters by separating out the viscoplastic response, and (viii) in general, there was good 556 

agreement between the mockup measurements and the model predictions as revealed by values 557 

of r and λ. It was possible to predict stresses and strains more accurately compared to 558 

accelerations 559 

The validated model can be further employed to investigate other loading conditions in 560 

terms of intensities, speeds, loading durations and temperature levels. Moreover, layer 561 

thicknesses and material properties can be optimized using model responses. As future 562 

developments of this study, modelling efforts will aim at simulating field like conditions. To 563 

address this, the present model can be scaled up and the infinite domain of the subsoil can be 564 

integrated using special elements. Inclusion of a rail will further allow to include vehicle 565 

dynamics and analyze near and far-field vibrations in ballastless asphalt tracks. By including 566 

frictional properties of the sleeper- asphalt interface, mechanical responses under horizontal 567 

loads can be studied. In this context, standard sleeper geometries can also be used and responses 568 

can be compared with heavier sleeper types (such as the one used in the current study). 569 

Moreover, laboratory tests can be carried out to characterize the geotextile and implement more 570 

realistic models.  571 
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List of Figures 740 
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Figure 1: A full-scale mockup of a ballastless asphalt track. (a) Schematic illustration of the 745 

mockup cross section, and (b) final constructed test facility 746 
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 761 

 762 

Figure 2: Schematic illustration (top view) of the sensors (names and locations) installed at 763 

different elevations in the mockup. (a) Accelerometers (ACC) on the surface of the asphalt 764 

layer, (b) asphalt strain gauges (ASG) at the bottom of the asphalt layer, and (c) pressure cells 765 

(PC) below the unbound granular layer. 766 

 (All dimensions in mm)  767 

 768 
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 773 

 774 

Figure 3: (a) Load history applied by Actuator 2 on top of middle sleeper.  Calculated and 775 

measured time history of: (b) rail pad compression, and (c) relative vertical displacement 776 

between Sleeper 2 and asphalt surface. 777 
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 782 

Figure 4: Calculated and measured time history of: (a) – (b) vertical stresses below UGL, (c) 783 

– (d) horizontal strains below asphalt layer, and (e) – (f) vertical surface accelerations. 784 
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 789 

Figure 5: Simulated train passage by sequential loading of three sleepers in the mockup (axle 790 

load = 120 kN, and speed = 120 km/h) 791 
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Figure 6: Vertical stresses below unbound granular layer for a simulated train passage - 816 

measured and predicted time history.  817 
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Figure 7: Horizontal strains below asphalt layer for a simulated train passage - measured and 841 

predicted time history along: (a) – (b) along Z direction, and (c) – (d) along X direction 842 
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Figure 8: Vertical surface accelerations for a simulated train passage - measured and predicted 857 

time history 858 
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Figure 9: 3D finite element model of a ballastless asphalt track mockup 874 
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 885 

Figure 10: (a) Resilient modulus of unbound granular layer – model and experiments, (b) 886 

computed and measured values of horizontal deformation of an asphalt specimen in indirect 887 

tensile test, and (c) viscoelastic creep compliance and relaxation modulus of the asphalt layer 888 
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 893 

 894 

Figure 11: Vertical stress distribution through depth. (a) Contour plot in X-Y plane through 895 

model center, and (b) contour plots in Y-Z plane through center of rail pads (for t = 25.219 s).  896 

(Rail pads, sleepers and geotextile are not included) 897 
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 919 

Figure 12: Vertical displacement through depth. (a) Contour plot in X-Y plane through model 920 

center, and (b) contour plots in Y-Z plane through center of rail pads (for t = 25.219 s).  921 

(Rail pads, sleepers and geotextile are not included) 922 
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 944 

Figure 13: Contour plots in X-Z plane showing evolution of horizontal strains at bottom of 945 

asphalt layer during simulated train passage: (a) – (b) t = 25.240 s, (c) – (d) t = 25.219 s and 946 

(e) - (f) t =25.198 s 947 
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List of Tables 960 

 961 

Table 1 962 

Model input parameters simulating following entities 963 

Entities Young’s  

Modulus 

 MPaE  

Poisson’s 

ratio  

    

Density 

3kg/m  
 

 

Damping  

ratio 

    

Comments 

Rail pad 14.7 0.05 800 0.055 - 

Sleeper 32,000 0.20 2500 0.03 - 

Geotextile 1.6 0.15 900 0.07 - 

UGL - 0.35 2286 0.055 K = 1, k1  = 1345, k2 = 0.64 

Asphalt  - 0.40 2438 N/A see Table 2 

Mat 46 0.48 990 0.055 - 
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Table 2 987 

Properties of the asphalt layer (T0=20  ͦC) 988 

 989 

 990 

 991 

 992 

 993 

i   i s  
im  i   i s  

im  

1 1.0E-08 0.0082 9 1.0E+00 0.0298 

 

2 1.0E-07 0.0111 10 1.0E+01 0.0112 

 

3 1.0E-06 0.0410 

 

11 1.0E+02 0.0044 

 

4 1.0E-05 0.0967 

 

12 1.0E+03 0.0017 

 

5 1.0E-04 0.2245 

 

13 1.0E+04 0.0007 

 

6 1.0E-03 0.2982 

 

14 1.0E+05 0.0002 

 

7 1.0E-02 0.1862 

 

15 1.0E+06 0.0001 

 

8 1.0E-01 0.0784 

 

          

  1c   20.17  0 MPaE  26,493 

  2c C  146.08   
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Abstract This study presented the results of numerical analyses for a ballastless asphalt track. 
The asphalt layer was modelled as a linear viscoelastic (LVE) solid that was resting on an unbound 
granular layer (UGL) simulated as a non-linear (stress-state dependent) elastic medium. The me-
chanical properties of these layers were calibrated from laboratory element tests. For a given 
structural arrangement, the model was interrogated under a vertical impulse load to assess the 
sensitivity of selected responses to temperature and to the initial compaction-induced horizontal 
stresses in the UGL. It was found that horizontal tensile strains at the bottom of the asphalt layer, 
vertical stresses below the UGL, and vertical surface accelerations were all very sensitive to tem-
perature level. The vertical surface accelerations were also found to be sensitive to the level of 
compaction-induced stresses in the UGL. In contrast, the other two responses exhibited a moder-
ate dependency on the latter stresses. The results from this numerical study provide a better overall 
understanding on the mechanical behaviour of ballastless asphalt tracks.  
 
Keywords: Ballastless asphalt track, Compaction induced stress, Dynamic analysis, Fi-
nite element model, Temperature. 

1   Introduction 

Over the years, the traffic in the railway network has increased in terms of speed, axle 
loads and frequency of the trains. In order to adapt to this, the design of the railway 
tracks has evolved accordingly. Instead of conventional ballasted tracks, high speed net-
works are increasingly being built with ballastless tracks, mainly concrete slab tracks to 
date. Lately, attention is being paid to another type of ballastless track made of asphalt 
concrete. The use of asphalt in railway tracks is not recent and it has been used as a 
secondary support for the main load bearing layers, both ballast and concrete slab tracks 
(Rose and Souleyrette, 2014; Yang et al. 2015). Nevertheless, ballastless tracks based 
on asphalt are still quite rare, with only a few known field applications, e.g., some tunnel 
sections in Germany (Rose and Souleyrette, 2014). The mechanical behavior of railway 
tracks has been extensively investigated by means of numerical modelling. The early 



2  

modelling approaches idealized rails as infinite beams and tracks as a Winkler founda-
tion, either elastic (Auersch, 1996) or viscoelastic (Vostroukhov, 2003). Later, the sub-
grade was integrated with the traditional models as an elastic or viscoelastic half-space 
(Knothe and Wu, 1998). Subsequently, a variety of problems were investigated, i.e., 
track vibrations, stresses and displacements within the track, and modal analysis of dif-
ferent track components employing several numerical methods, of which the finite ele-
ment method (FEM) was widely applied (Galvín et al. 2010; Powrie et al. 2001; Poveda 
et al. 2015).  
Similar studies on ballastless asphalt tracks are quite limited. Huang et al. 1987 devel-
oped a FEM based code to analyze asphalt tracks wherein the substructure was modeled 
as a multilayered elastic system and the rails and sleepers as finite beams connected by 
linear springs (representing rail-pads). Design charts for asphalt railway tracks were 
suggested based on empirical equations reflecting failure criteria commonly adopted in 
highway pavements. In recent years, full-scale test sections were built to evaluate the 
performance of ballastless asphalt tracks under different intensities of stationary loads 
(Lee et al. 2016). Later, Lee et al. 2019 conducted field studies in which a test track was 
built outdoors and effects of seasonal temperature variation on track responses were 
assessed. As part of this study, a 3-D FEM model was developed in which the asphalt 
layers were modeled as linear viscoelastic (LVE) solids. Only quasi-static analysis was 
performed considering distributed loads over the rails. The calculated responses showed 
a poor match when compared to field measurements. 
Subsequently, a numerical model was developed as part of a research project to investi-
gate the mechanical behaviour of ballastless asphalt tracks. The purpose was to mimic 
a full-scale, limited size test section of an asphalt track which was built inside a steel 
box and tested indoors. The numerical model and the sensitivity of selected model re-
sponses on temperature and compaction stresses are presented herein. 

2   Finite element model  

A 3-D FE model (Fig. 1) of the asphalt track mockup (4.0 m long and 2.2 m wide) was 
developed with the commercial program ABAQUS. From bottom up, it includes: (a) 
0.025 m thick mat that simulates the cumulative effects of subgrade and subballast, (b) 
0.275 m thick unbound granular layer (UGL), (c) 0.280 m thick asphalt layer, and (d) 
three wide concrete sleepers (used in the GETRAC A3 system) at 0.60 m spacing, in-
cluding a 7 mm thick geotextile attached at the bottom. The sleepers are 2.40 m long 
and 0.57 m wide at the base and the geotextile is attached at the two ends of the sleeper 
in contact with the asphalt top surface over an area of 1.00 m × 0.57 m. The boundary 
conditions applied in the model were similar to the mockup whereby: (i) the bottom was 
completely constrained, (ii) the sides along the mat and the UGL were restricted from 
moving in the direction of their respective normal, and (iii) the sides along the asphalt 
layer were free. Displacement compatibility was enforced in the interfaces between the 
successive layers. The finite domain was discretized using eight noded linear brick ele-
ments with an average element size of 50 mm. A finer mesh was adopted close to the 
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loading areas. Table 1 lists the input material parameters considered for the modelling. 
The material properties of the asphalt layer and the UGL were calibrated from laboratory 
element tests. 
 

 
Fig. 1 3-D Finite element model of a ballastless asphalt track mockup (For boundary conditions, see 
text)  

Table 1 Material properties of the different model entities 

Model  
entity 

Young’s modu-
lus (MPa) 

Poisson’s  
ratio (-) 

Density 
(kg/m3) 

Damping 
ratio (%) 

Rail pad 13 0.40 800 5 
Sleeper 
Geotextile 
UGL 
Asphalt 
Mat 

32,000 
1.2 

Eq. (1) 
Fig. 2a 

46 

0.20 
0.15 
0.35 
0.40 
0.48 

2500 
900 
2286 
2438 
990 

3 
7 
5 
- 
5 

 
The Young’s modulus of the mat was taken as in the technical specifications, while the 
rail-pad and the geotextile were obtained from separate tests. The asphalt layer was 
modelled as a LVE solid with a Prony series expansion of the relaxation modulus (Fig. 
2a), obtained from laboratory tests. The UGL was modelled as nonlinear elastic with a 
bulk stress dependent resilient modulus ( rM ) as proposed by Seed et al. 1967: 

[ ] 2

,0
1

1 2
k

Y
r a

a

K p
M k P

P
σ − + +

=  
 

 
(1) 

where k1 and k2 are regression constants obtained from laboratory tests to be 1345 and 
0.64 respectively, and Pa is the atmospheric pressure. σY,0 is the initial vertical stress at 
any point in the UGL resulting from the combined weight of the sleepers (approximated 
as a uniform pressure over the area), asphalt layer, and the UGL itself. The initial hori-
zontal stresses (σX,0, σZ,0) are the residual stresses induced during UGL compaction, 
which are unknown and are expressed as a factor of the vertical stress in terms of the 
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parameter K ( σX,0 =σZ,0 =KσY,0) which is the at-rest earth pressure coefficient. p is the 
bulk stress at any point in the UGL induced only by external loads: 

( )X Y Zp σ σ σ= − + +  (2) 

where, σX, σY and σZ are normal stresses along X, Y and Z directions (see Fig. 1). Incor-
poration of the material model described in Eq. (1). into ABAQUS was done through a 
user-defined subroutine USDFLD. Rayleigh damping was assigned to approximate an 
almost constant value of damping ratio within the frequency range of interest. The 
damping ratio was chosen based on ranges available in literature. As the asphalt layer 
has dissipation sources as part of the material model (LVE), additional damping was not 
considered. The sign convention adopted is as follows: tensile stresses and strains are 
positive and upwards load and displacement is positive.  

3   Sensitivity analyses 

In the numerical model, vertical loads were applied as uniformly distributed stress on 
top of the two rail-pads of the middle sleeper. The load function is as shown in Fig. 2b, 
split into half on each of the two rail-pads. Nonlinear implicit dynamic analyses were 
performed utilizing small time increments, verified to ensure that the evolution of Mr 
with the stress level follows Eq. (1).  

 
Fig. 2 (a) Relaxation modulus of the asphalt concrete (b) Vertical load history applied to the middle 
sleeper   

The first set of sensitivity analyses involved three temperature levels: 0 °C, 22 °C, and 
35 °C; each assumed uniform for the whole model. The temperature of 22 °C was chosen 
because it corresponds to the neutral track temperature in Denmark. The lower and upper 
bounds were chosen as representative of winter and summer conditions. The second set 
of sensitivity analyses involved three values for the parameter K : 1, 4, and 8.  The upper 
bound on K was based on keeping it lower than the passive earth pressure coefficient, 
assuming an internal friction angle of 51°.  
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4  Results and discussions 

Presented in Fig. 3 is a contour plot of the vertical stress distribution in the X-Y plane 
through the model center for T = 22 °C and K=1. The stresses shown are here are ex-
cluding the self-weight and the time instant being presented corresponds to the peak 
load in Fig. 2b. For visual clarity only the track substructure is displayed, extending 
downwards from the asphalt surface. Compressive stresses are observed on the asphalt 
surface occurring just below the geotextile locations (loaded areas); these are fairly uni-
form with a magnitude of around 40 kPa. At the middle (in-between the geotextiles), the 
surface is essentially unloaded. The stresses gradually decrease with depth approaching 
a peak value at the bottom of the UGL (top of mat) of approximately 45 % of the peak 
surface stress. Presented in Figs. 4a and 4b are contour plots of horizontal strain distri-
bution at the bottom of the asphalt layer in the X-Z plane for T = 22 °C and K=1. The 
time instant being presented corresponds to when the peak strains occur, which is at a 
delay from the occurrence of the peak load owing to the VE behaviour of the asphalt 
layer. Along the X direction, the bending of the asphalt layer results in tensile strains 
below the loaded areas and compressive strains at the middle. Along the Z direction, 
tensile strains occur below the loaded sleeper and compressive strains below the adja-
cent ones. The peak tensile strain in the Z direction is about 100 % higher than that in 
the X direction.  

 
Fig. 3 Contour plot showing vertical stress distribution along depth for a longitudinal section through 
model center [K=1, T = 22  ͦC] 

The sensitivity of selected responses to the temperature variation has been presented in 
Figs. 5 and 6 (assuming K=1). Fig. 5a illustrates the vertical stress history below the 
UGL (i.e., on top of the mat) at a location where the peak compressive stress occurs. 
The three curves in the image follow the overall shape of the applied load (see Fig. 2b) 
and the peak stresses show an increase with rise in temperature. This can be attributed 
to the asphalt layer which has a lower stiffness at higher temperatures resulting in in-
creased stresses within the track. Fig. 5b shows the vertical acceleration history of a 
location that is along the track center line and at the middle of the sleepers (on the asphalt 
surface). The peak accelerations (upwards) increase from 0.47 m/s2 to 0.8 m/s2 as the 
temperature increases. This is associated with the higher vertical displacements occuring 
with rising temperatures. It is observed that after unloading (at around 20.15 s), the sys-
tem vibrates at its fundamental frequency, which is calculated to be 73Hz. The subse-
quent acceleration peaks in this vibration mode show a gradual decay owing to the as-
sociated overall model damping. Fig. 6 illustrates the horizontal tensile strain history at 
the bottom of the asphalt layer at location where the peak strains occur. The overall 
shape of the curves follow the load with a pronounced time dependent strain recovery 
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occuring at higher temperatures. The peak strain magnitudes are very sensitive to the 
change in temperature. From a reference state of 22  ͦC, lowering of temperature to 0  ͦC, 
decreases the strains by 70 %, while, increase of temperature to 35  ͦC, increases the 
strains by 110 % (both along X and Z directions).  

 
Fig. 4 Contour plots showing horizontal strain distribution at bottom of asphalt layer along (a) X direc-
tion and, (b) Z direction [K=1, T =22 ͦC]. 

 
Fig. 5 Influence of temperature on time history of: (a) vertical stress on mat top (at location of the peak) 
and, (b) vertical surface acceleration along track center line in between the sleepers [K=1] 

 
Fig. 6 (a) Influence of temperature on time history of tensile strains at bottom of asphalt layer (at loca-
tions of peak strains) along: (a) Z direction, (b) X direction [K=1] 

The sensitivity of the same responses to the variation of the parameter K is presented in 
Figs. 7 and 8 (assuming, T =22  ͦC). Fig. 7a illustrates a mild influence of K on the peak 
vertical compressive stresses occuring below the UGL, (i.e., on top of the mat). The 
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vertical acceleration histories shown in Fig. 7b depicts high sensitivity to K, decreasing 
by around 60 % with an increase in K from 1 to 8. This would be attributed to lower 
vertical displacements caused by a stiffer UGL with increasing K. The natural frequency 
of vibration increases to about 90 Hz when K=8. The influence of K on the horizontal 
tensile strains at the bottom of the asphalt layer are shown in Fig. 8. The strains are 
moderately sensitive to K; decreasing by about 25 % with an increase of K from 1 to 8.  

 
Fig. 7 Influence of initial stresses in the UGL on time history of: (a) vertical stress on mat top (at 
location of the peak) and, (b) surface acceleration along track center line in between the sleepers [T=22 
ͦC] 

 
Fig. 8 Influence of initial stresses in the UGL on time history of tensile strains at bottom of the asphalt 
layer (at locations of strain peaks) along: (a) Z direction, (b) X direction [T=22 ͦC] 

5   Conclusions 

A 3-D FE model of asphalt-based track was developed in this study, and dynamic anal-
yses were performed for a vertical pulse load. A parametric study was conducted to 
investigate the sensitivity of selected model responses to the change in temperature and 
the initial compaction induced horizontal stresses in the UGL. The findings can be sum-
marized as: (a) the horizontal tensile strains at the bottom of the asphalt layer are highly 
sensitive to the temperature and moderately sensitive to the initial modulus of the UGL; 
(b) the vertical stresses at the bottom of the UGL are also quite sensitive to temperature 
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but less influenced by the initial modulus in the UGL; and (c) the vertical surface accel-
erations are found to be sensitive to both the change in temperature and the initial mod-
ulus of the UGL. 

Acknowledgements The activity presented in the paper is part of the research grant 
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based railway construction system’ (Grand Solutions 5156-00006B). 
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ABSTRACT 

The objective of this study was to suggest a response-analysis framework for railway tracks 

subjected to braking. An analytical formulation was developed, in which the rail-track system was 

modeled as an infinite beam supported by an orthogonal Winkler foundation consisting of linear 

springs in perpendicular directions. The spring constants were varied over a wide range in order to 

represent different track types. Braking loads were simulated as representative sets of vertical and 

longitudinal forces, either concentrated or distributed. Considering a realistic set of model 

parameters, the approach was demonstrated by evaluating track responses for a single axle and for 

a full train. The computations included determination of axial rail stresses, forces at the base of a 

sleeper, and the associated friction demand required to resist longitudinal slippage. Based on these 

analyses, it is concluded that longitudinal track responses have a much longer influence zone 

compared to vertical track responses. This implies that calculations involving a full train must be 

done on a case-by-case basis, i.e., they cannot be deduced from a single axle analysis. It is also 

found that high values of friction demand may develop at the sleeper bases - indicating possible 

slippage. Overall, the proposed formulation provides a highly adaptable and easily implementable 

first-order mechanistic tool for analysis of track responses to decelerating vehicular loads. 

Keywords: Railway, Train Braking, Longitudinal loads, Winkler foundation, Friction demand.   

 

Introduction 

Over the years, the rail industry has been facing constant public and economic demands to 

expand service, especially in accommodating faster and heavier trains, and increased line 

capacities.1 This motivated improvements in vehicles, e.g., powering individual railcars for 

increased acceleration and top speed,2 and developing newer/stronger braking systems.3,4 The 

demands also triggered advancements to the physical infrastructure, both within the realm of 

traditional ballasted tracks, e.g., incorporating new sleeper designs5,6 and upgrading vibration 

absorbing components,7-9 as well as by exploring non-traditional track types, e.g., reinforcing 

ballast layers,10 replacing subballast with asphalt concrete, i.e., asphalt underlayment solution,11-13 



 

 

 

and switching to ballastless track based on Portland cement concrete, i.e., slab track solution.14 

Another ballastless track-type that has been gaining recent attention is asphalt overlayment.15-17 

An essential step in accepting new track concepts or new vehicles (or both), before full-

scale adaptation within the live network, is evaluating mechanical infrastructure responses (i.e., 

forces, stresses, displacements, strains) to anticipated train loads. As an integral part of such 

evaluation, the current work focuses on analyzing responses to loads exerted during a braking 

event. Doing so is deemed a priority especially for asphalt overlayment solutions wherein precast 

sleepers are placed on an asphalt pavement surface - possibly without crib or shoulder ballast. 

Therefore, at the superstructure-substructure interface, longitudinal loads are solely counteracted 

by the sliding resistance available at the sleeper bases. This resistance may be inferior compared to 

a ballasted track where crib and shoulder ballast also contribute to the sliding resistance.18,19 

Analyzing track responses due to braking is also warranted in view of advances in braking systems. 

The traditional method of slowing or completely stopping trains involves clamping of the wheels. 

In this case, the braking effort is limited by the wheel-rail friction conditions, which depend on 

factors such as cleanliness level, and moisture conditions;20 it is also influenced by railhead 

roughness.21 For this reason, so-called track-brakes were devised, in which the braking force is 

applied to the top surface of the rails between the axles over a certain length. These operate either 

through friction with the rail or by generating eddy currents in the rails, creating forces acting in 

the direction opposite to train movement.3 

Analysis of track responses to train braking requires modeling the effects of both vertical 

and longitudinal vehicular loads. While modeling the former category is fairly established in 

railway design, only a handful of studies were identified to address the latter. Van22 set forth to 

numerically study thermal loads on rails and bridges as well as mechanical loads due to braking or 

accelerating trains. In the proposed model, the two rails were jointly treated as a single beam 

connected to longitudinal elasto-plastic springs with an assumed (fixed) yield limit. The beam’s 

axial stresses and displacements were then evaluated under varying temperature conditions and 

also under the influence of an applied longitudinal load. The latter was uniformly distributed, 

representing the effect of a braking (or accelerating) train, averaged over its entire length. Some 

shortcomings of the study are that the effects at individual sleepers or due to distinct axles were 

not included; also, interaction between longitudinal and vertical loading directions was not 

accounted for. 



 

 

 

The work of Rhodes et al.23 was motivated by a number of cases where track structures 

experienced sleeper movements relative to rails and ballast. These resulted from high traction 

forces induced by heavy freight trains. The study included field measurements of axial rail stresses 

and offered some design guidelines. However, no mechanistic model was offered, capable of 

providing quantitative explanation to the observed field responses. Zhang et al.24 carried out finite 

element analysis to investigate the longitudinal forces within the rail fastening system and the 

friction demand at the rail rail-pad interfaces during train acceleration. All frictional contact 

interfaces within the track components were modeled as Coulomb-type; in particular, a value of 

0.70 was taken for the sleeper-substructure interface. A wheel was accelerated in the model with 

an assumed wheel-rail friction coefficient of 0.5. Their analysis found that longitudinal forces at 

the rail rail-pad interfaces were almost zero in front of the wheel. It was also reported that only 

about five sleepers behind the accelerating wheel participated in carrying the longitudinal load. The 

paper did not provide a physical explanation of this non-symmetric distribution of responses. 

Additionally, relative slippage between components and development of residual stresses in the 

system were not considered.  

Subsequently, the objective of this study is to develop a model suited for analyzing the 

response of railway tracks to braking events, accommodating different braking systems. The 

purpose is to provide a mechanistic portrayal of how decelerating vehicular loads are handled 

within a track superstructure. Specifically, the model should allow: (i) resolving the axial stresses 

along the rail; (ii) identifying the number of participating sleepers and their relative contribution in 

transferring the braking-related loads to the substructure; and (iii) describing the friction demand 

at the sleeper-substructure level (or equivalently at the rail-railpad interfaces). An analytic 

framework is sought for the development in order to provide closed-form solutions that are easily 

implementable, fast to compute, and therefore highly adaptable as a first-order engineering tool.  

The paper commences by introducing the basic model equations and assumptions; this is 

followed by demonstrating calculations and interpreting results for the case of a single axle and for 

a full-length train. This is done assuming a traditional braking system while employing a range of 

model parameters representing different track-types.  

 

 



 

 

 

Response modeling  

In this section, a new two-dimensional response-model for railway tracks is proposed, with 

the focus on vehicular loads generated during braking. Consider, as shown in Figure 1, a single 

train axle decelerating over a rail, supported on sleepers that are resting on a substructure. The 

sleepers are all identical, sequentially numbered and spaced at an interval of s . A Cartesian 

coordinate system is shown with its origin placed at the rail surface directly above the 
thi  sleeper 

(i.e., a random sleeper being evaluated within the braking zone). The Z  axis points downward and 

the X  axis points along the travel direction. The axle exerts a vertical load with magnitude 2 ZP  

representing its total weight and concurrently a longitudinal load of magnitude 2 XP  signifying its 

braking effort. The resulting vertical and longitudinal forces at the base of the 
thi  sleeper are 

denoted as ZS  and XS  respectively. Equilibrium considerations dictate that the same forces must 

also operate at the rail-railpad interface (i.e., fastening assembly).     

The model of the physical problem described in Figure 1 is presented in Figure 2 by 

referring to a single axle side, i.e., a decelerating single wheel. The rail is considered as an infinite 

homogenous Euler-Bernoulli beam with cross-sectional area A , Young’s modulus E , and moment 

of inertia I . The weight per unit length of the beam is taken as: /R W s    wherein R  is the 

rail weight per unit length, and /W s  is the distributed weight considering one-half of a sleeper - 

implying 2W denotes a full sleeper weight. The neutral axis of the beam, passing through the 

geometric centroid of the cross section, is denoted by the dashed horizontal line.  

A Cartesian coordinate system is positioned at the point of evaluation corresponding to the 

location of the 
thi  sleeper, in analogy to Figure 1; the origin coincides with the neutral axis. Loads 

exerted by the wheel, ZP  and XP , are applied to the neutral axis at a distance x  from the coordinate 

origin. The beam is supported by an orthogonal Winkler type foundation, which includes both 

vertical and longitudinal linear springs at right angles, connected to the beam along the neutral axis. 

The springs are shown at discrete locations, only for illustration purposes, in effect they are 

continuous. The corresponding spring constants are Zk  and Xk , both with units of force per length 

squared; they represent the cumulative support offered to the rail by all underlying track 

components, with magnitudes depending on the track-type. 



 

 

 

The vertical beam displacement at the coordinate origin ( Zu ) is expressed following 

Hetenyi25 as: 
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Accordingly, the vertical force at the base of the 
thi  sleeper including self-weight ( ZS ) can be 

approximated as: 
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In this expression, the continuous support model is employed for evaluating the response at a 

discrete location, i.e., a sleeper. The error involved in such approximation has been verified to be 

negligibly small by comparison against an exact analytic solution for a periodically supported 

beam.26 

For determining  responses in the longitudinal direction, Figure 3 presents a magnified view 

of an infinitesimal beam element of length dx  located near, and to the left of, the coordinate origin 

(refer to Figure 2). This element experiences axial stress along its neutral axis, having magnitude 

N  at the origin and N Nd   at a distance x dx  from XP . The chosen sign convention is such 

that positive stress or strain indicates compression. Also, the element is displaced by Xu  in the 

direction of XP ; this activates the longitudinal springs and induces an opposing axial stress along 

the neutral axis with magnitude X Xk u . 

Under the abovementioned stress conditions, longitudinal force-equilibrium dictates: 

N
X

X

dA
u

k dx


  (4) 

This expression provides a link between the displacement Xu  and the change in N  as x  changes. 

Alternatively, the displacement Xu  can be viewed as the summation of all deformation increments 



 

 

 

(at the origin) as the force XP  ‘moves’ from infinity towards x . This situation is expressed by the 

integral:   

x

N
Xu dx

E
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Combining equations (4) and (5) gives the governing integro-differential equation: 

x
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dAE
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This equation is solved with a boundary condition stating that for 0x   the axial stress at the 

coordinate origin is 0.5 /N XP A    (tensile) and for 0x   the axial stress at the coordinate origin 

is 0.5 /N XP A   (compressive). The solution is therefore: 

sgn( )

2
X xX

N

P x
e
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   (7) 

wherein sgn( )  is the signum function, and:   

X
X

k

EA
   (8) 

Utilizing either equation (4) or equation (5), an expression representing the longitudinal 

beam displacement at the coordinate origin is:    
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X xX X
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P
u e

k

 
  (9) 

from which the longitudinal force at the base of the 
thi  sleeper ( XS ) can be approximated as: 

2
X xX X

X X X

sP
S su k e

 
   (10) 

Similar to the vertical case, the suitability of employing a continuous horizontal support 

model for analysis at a discrete location, was verified by means of a separate finite element analysis. 

This longitudinal force is transferred from the rail via the fastener-assembly to the sleepers, with 

the analysis focusing on the interface with the substructure. Overall, the spring forces were derived 



 

 

 

by neglecting any second order effects arising from coupling of responses in vertical and 

longitudinal directions. 

Based on equations (3) and (10), an expression describing the friction demand D  at the 

base of the 
thi  sleeper is:  
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At its core, D  represents the required resistance at the sleeper base to ensure no-slip conditions 

during a braking event. As can be seen D  is a function of both the position and intensity of 

loading; it also depends on all model parameters including sleeper spacing (via the expression for 

 ). A closed form solution for the peak value of the friction demand max

D  or the corresponding 

load position cannot be presented; however, for a restricted domain of model parameters max

D  may 

be approximated by assuming it develops where the vertical force ZS  is minimal, i.e., for / Zx  

. 

If the friction demand cannot be realistically matched, then sliding takes place at the sleeper 

bases. This sliding gives rise to redistribution of longitudinal forces and development of residual 

stresses within the superstructure. Such inelastic behavior violates the basic assumptions of the 

proposed framework, rendering it inapplicable.  

As means of addressing modern braking technologies, there is a need to provide a solution 

for a distributed loading both in the vertical and longitudinal directions. This is because the braking 

effort may not rely solely on a wheel clamping mechanism but apply over a certain rail length. 

Therefore, the model is hereafter extended to consider the case of vertical and longitudinal loads 

with magnitudes 
mb

ZP  and 
mb

XP  respectively, each acting over a length 0x  (superscript mb  is 

introduced to indicate ‘modern braking’). The responses at the origin become:   
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wherein the coordinate x  refers to the (lateral) distance between the evaluation point and the center 

of the load distribution, ( )H  is the Heaviside step function, and all other symbols as previously 

defined. It is noted that at the limit, as 
0 0x  , the above expressions reduce to the point load 

expressions. 

From the displacement expressions, equations (12) and (14), the friction demand in the case 

of a modern braking system can be evaluated (at the base of a sleeper) following a similar approach 

as described above, i.e., calculating the forces XS  and ZS , and then their ratio (see equation (11)). 

The basic analysis in this case deals with a single wagon, given that there is a contribution to XS  

and ZS  from the axles as well as from the distributed braking unit. Thus, all the above expressions, 

jointly, can be instrumental in quantifying superstructure responses under braking events, for both 

traditional and modern braking systems.  

 

Analysis of track response 

The purpose of this section is to demonstrate model capabilities for evaluating the braking 

event of a single axle and then of a full train. Only the point force solutions were considered 

representing a traditional braking system. A loading ratio of / 0.25X ZP P   was chosen given that 

it represents an accepted and realistic wheel-rail friction level for dry conditions.27-29 The properties 

of the beam were chosen as per UIC 60 rail section. A standard concrete sleeper was selected with 

weight 2 2845 NW   (i.e., mass of 290 kg); and spacing as 600mms   (therefore, 2.96 N/mm 

).  

To represent different support conditions, a range of spring constants were chosen in 

vertical and longitudinal directions. The former were considered, from a relatively low value of 20 

MPa to a high value of 100 MPa.30,31 Similarly, the longitudinal spring constants were selected 

over a wide range of 5 MPa to 30 MPa. This choice was deemed reasonable based on measured 



 

 

 

force-displacement behavior during sleeper pullout tests18 from which longitudinal spring 

constants in the range of 6 MPa to 13 MPa were extracted. Additionally, in connection with track 

resistance to longitudinal displacement, similar values are mentioned in the UIC Code dealing with 

track-bridge interactions.28 

 

Braking of a single axle 

Figure 4 presents model responses for a single axle with 2 170kNZP   and 2 42.5kNXP 

. Four charts are shown, each depicting a different response parameter as a function of the load 

position ( x ). For graphical presentation purposes, the abscissas in the charts span different ranges 

of x . Figures 4(a) and 4(b) illustrate forces in vertical ( ZS ) and longitudinal ( XS ) directions, 

induced at the base of the 
thi  sleeper, as per equations (3) and (10) respectively. It can be seen that 

the average peak vertical and longitudinal forces differ by almost two orders of magnitude: 32 kN 

vs. 0.6 kN. The displacements corresponding to these average peak force levels are 1.0 mm and 

0.07 mm respectively.  

In addition, forces at the base of a sleeper depend on the spring constant values; smaller 

spring constants correspond to lower peak forces and a wider region of load influence. Conversely, 

larger spring constants imply higher peak forces and narrower zone of load influence. Vertical 

forces are observed to decay much faster (from their peak level) with respect to x  as compared to 

longitudinal forces. The impact of vertical load becomes almost negligible as 2mx  , i.e., about 

three sleeper spacings, while the longitudinal load influences a range of 18mx  , i.e., almost 30 

sleeper spacings.  

Figure 4(c) presents the axial stresses along the beam’s neutral axis ( N ) at the coordinate 

origin as per equation (7). It can be observed that the stress reverses sign with respect to the load 

position; N  is compressive for negative values of x  and is tensile for positive x ’s. The reversal 

occurs at 0x   and the peak longitudinal stresses are attained when the load is closest to the origin 

(just before and just after). The peak stress is independent of the support condition, but the rate of 

decay with x   is influenced by Xk . It is noted that the peak longitudinal stress magnitude is 

relatively small and constitutes less than 5% of the maximal bending stress caused by ZP . 



 

 

 

Finally, Figure 4(d) presents the friction demand at the base of a sleeper ( D ), as per 

equation (11). It can be seen, that D  is symmetric about the loading location, consistent with the 

responses of both vertical and longitudinal forces. As the loading approaches a sleeper from a 

negative x , the friction demand increases until max

D  is attained. Then after D  begins to decrease 

in value until the load is directly above the sleeper. With further increase in x , the above described 

behavior is mirrored, i.e., the friction demand rises to max

D  and then decreases towards zero as 

x  . With reference to Figure 4(a) it can be seen that the x  corresponding to max

D  is nearly the 

x  corresponding to minimal vertical force (i.e., locations where upward beam bending counteracts 

self-weight). The results presented in Figure 4 indicate a general trend of increasing 
max

D  with 

increasing spring constants. It is noted that max

D  values larger than unity may be too high to be 

provided by a purely frictional mechanism at the sleeper-substructure interface.32,33 

Figure 5 further investigates the dependence of max

D  on the spring constants for a single 

axle. The considered loads for this case remained: 2 170kNZP   and 2 42.5kNXP  . Two charts 

are presented, depicting the variation of max

D  as a function of the ratio Z Xk k  within the range of 

1.5 to 4.5; this was done for Xk  in the range of 5 MPa to 30 MPa. In Figure 5(a) this information 

is shown for a standard sleeper with mass of 290 kg while in Figure 5(b) a heavier sleeper was 

considered with a mass of 590 kg. Within this analysis domain, max

D  may be approximated to a 

relative error of 0.5% by inserting / Zx    in equation (11). 

Referring to Figure 5(a), it can be seen that 
max

D  exhibits a positive relationship with both 

Xk  and Zk , and is governed by the ratio of Z Xk k . The sensitivity of 
max

D  to increase in Z Xk k  

is dependent on the value of Xk . At low Xk values max

D  is mildly sensitive to increase in Zk ; 

conversely, at higher values of Xk  the influence of increase in Z Xk k  becomes more pronounced. 

Low values of Xk  imply small horizontal forces at the base of a sleeper. For the chosen range of 

Z Xk k  , these small forces mostly govern the maximal friction demand. High values of Xk  are 

associated with larger longitudinal forces at the base of a sleeper. At the same time, within the 

considered Z Xk k  range, larger Zk  values imply lower vertical force (due to upward beam bending 



 

 

 

counteracting self-weight). Hence, for these positions, it is the adverse combination of high 

longitudinal force and low vertical force, which governs the peak friction demand.  

Referring to Figure 5(b), it can be seen that max

D  also exhibits a positive relationship with 

both Xk  and Zk , and is governed by the ratio of Z Xk k . However, with respect to Figure 5(a), the 

behavior appears different; max

D  is mildly sensitive to Z Xk k  across the entire range of considered 

Xk  values. It is important to note that the max

D  levels in Figure 5(b) are much smaller than those 

in Figure 5(a), and are well within acceptable levels of interface friction. The above features are a 

direct result of employing a heavier sleeper. 

 

Braking of a full train 

The track response model is hereafter demonstrated by analyzing a braking event involving 

a full train. Thalys HST train was selected for this purpose;34 it includes two locomotives and eight 

carriages, having total of 26 axles spanning a length of approximately 200 m. For the different train 

units, Table 1 denotes each axle by an index j  ( 1...26j  ) such that 1j   and 26j   identify the 

rear and front axles of the train respectively. The Table also lists the individual axle positions 

relative to the rearmost axle ( jx ) and the axle loads ( ,2 Z jP ). In the analysis, longitudinal axle 

loads were taken as 25% of the vertical loads, i.e., , ,0.25X j Z jP P ; the spring constants were 

50MPaZk   and 15MPaXk  .  

The track responses were evaluated at the origin of the coordinate system by considering a 

collection of 26 force-pairs applied at locations corresponding to the axles. With respect to the 

origin, at a particular instant of time, the
thj  axle was located at a distance of jx x  . This implies 

that x  denotes the distance between the rear axle (for which 1, 0jj x   ) and the evaluation 

point. The derived expressions were: 
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wherein train

ZS  and train

XS  are the vertical and longitudinal forces at the base of the 
thi  sleeper, and 

train

N  is the axial stress at the beam’s neutral axis. 

Table 1  

Thalys HST train configuration and axle loads.34 

Train units 
Axle 

indices 

Axle positions with reference              

to rearmost axle [m]jx  
Axle weights 

[kN] 

2 × Locomotives 
1...4;

23...26

j

j




 

0.0, 3.0, 14.0 17.0; 

176.0, 179.1, 190.1, 193.1 ,2 170Z jP   

2 × Outer carriages 
5...7;

20...22

j

j




 

20.3, 23.3, 39.0; 

154.2, 169.9, 172.9    ,2 145Z jP   

6 × Central carriages 8...19j   
42.0, 57.7, 60.7, 76.4, 79.4, 95.1, 98.1, 

113.8, 116.8, 132.5, 135.5, 151.2 ,2 170Z jP   

 

Figure 6 depicts calculated model responses based on equations (15) – (17) with x  varying 

from 250m  to 50m . Four charts are included, illustrating train

ZS , train

XS , train

N , and the ratio 

train train train

D X ZS S  , i.e., the friction demand at the base of a sleeper. The horizontal dashed lines 

appearing in the charts are the corresponding peak responses computed with the same parameters 

but for a single axle with 2 170kNZP   and 2 42.5kNXP   (see Figure 4).  

Figure 6(a) shows the vertical force train

ZS  at the base of the 
thi  sleeper as per equation (15). 

There are 26 distinct peaks in this chart, each corresponding to an axle; this indicates that load 

interaction across axles is not very pronounced. The relative difference in the peak force 

magnitudes for a full train and a single axle is a direct measure of the load interaction. In the case 

shown, the peak forces for the single axle and the full train are 32 kN (dashed line) and 31 kN 

respectively; amounting to 3% load interaction. Based on equation (3), this peak force translates to 

a vertical beam displacement of about 1.0 mm. 

Figure 6(b) shows longitudinal force 
train

XS  at the base of the 
thi  sleeper as per equation 

(16). Here, there are no sharp peaks corresponding to the individual axles as in Figure 6(a). This 



 

 

 

indicates a pronounced interaction across axles. The effect can be visualized in the Figure by 

observing that the force rises or decays over long intervals outside the length of the train (i.e., 

250 200x    and 0 50x  ). This wide-ranging interaction is also the reason why forces are 

highest when the train ends are closest to the sleeper. For these train locations, the axles are more 

densely spaced as compared to the rest of the train. Contrasting the peak longitudinal force (2.2 

kN) with the single axle case (0.6 kN, see dashed line), provides another clear manifestation of the 

load interaction; this amounts to an interaction level of 266%. Based on equation (10), this peak 

force translates to a longitudinal beam displacement of about 0.25 mm. 

Figure 6(c) presents the longitudinal stresses in the beam’s neutral axis at the origin. In this 

case, it is noted that the beam exhibits several stress reversals during the train passage. There are 

39 stress reversals whereas the number of axles crossing it are 26; indicating the prominence of the 

interaction effects. The magnitude of the peak stress is noted to be 3.3 MPa, which is more than 

two times higher than the single axle case (magnitude of about 1.4 MPa, indicated by dashed lines).  

Finally, Figure 6(d) depicts the friction demand at a base of the 
thi  sleeper. It shows an 

erratic and fluctuating demand reflecting both the vertical and longitudinal force behaviors from 

Figures 6(a) and 6(b). The demand consists of only 22 peaks which do not directly correspond to 

axle locations. The maximal friction demand occurs twice, when either of the train end units are 

close to the sleeper; specifically when 181.75mx    (i.e., sleeper is between axles 24 and 25) and 

11.35mx    (i.e., sleeper is between axles 2 and 3). These maxima represent the most adverse 

combination of high longitudinal force and low vertical force. It should be noted that they are 

influenced by the choice of the spring constants, the ratio of , ,/X j Z jP P , and the unit weight of the 

beam. Compared to the single axle case (dashed line at a value of 1.0), the peak friction demand 

due to the entire train is seen to be 3.5 times larger, further highlighting the interaction effects 

encountered for a full train. The above analysis was also repeated with a heavy sleeper, in which 

case 
train

ZS  retained the same shape while the peak shifted upwards by 1.47 kN representing the 

added self-weight of the system. The 
train

XS  and 
train

N  responses remained unaltered, while the 

maximal friction demand dropped to 0.9.  

 

 



 

 

 

Conclusions 

This paper focused on modeling railway track responses to braking loads. An analytical 

framework was proposed based on an infinite Euler-Bernoulli beam supported by an orthogonal 

Winkler foundation, subjected to concentrated or distributed forces (or as a combination), in both 

vertical and longitudinal directions. Such modeling applies to different track types, and can address 

both traditional and modern braking systems. Closed-form expressions were provided for 

calculating diverse set of responses such as: (i) longitudinal rail stresses and displacements, (ii) 

vertical and longitudinal displacements or forces at a sleeper base (or fastener), and (iii) friction 

demand at a sleeper base (or fastener) corresponding to zero slippage condition.  

            Subsequently, for a range of realistic parameters, the model was first demonstrated by 

application to a single axle. The specific findings from this demonstration were: (i) peak 

longitudinal rail stress was independent of the support condition but its decay was a function of the 

latter, (ii) longitudinal track responses were spread over a much longer zone in comparison to 

vertical track responses, (iii) peak friction demand exhibited a positive relationship with the spring 

constants, and (iv) peak friction demand was unrealistically high for a standard sleeper weight and 

acceptably low for a heavier sleeper. The model was demonstrated next for a full train considering 

a traditional braking system. This analysis showed that responses in the longitudinal direction, as 

well as peak friction demand, increased considerably compared to the single axle case. This 

outcome was due to the pronounced load interaction in the longitudinal direction.   

These findings can be generalized to arrive at the following conclusions for a braking event: 

(i) for a full train, all track responses involving longitudinal loads cannot be deduced from a single 

axle analysis; calculations must be done on a case-by-case basis as all related peak responses are 

expected to be larger, (ii) for track types in which sliding resistance of the sleepers is solely supplied 

by a frictional mechanism at the base, a heavy sleeper type may be needed, (iii) given that forces 

in the sleepers and fasteners are interlinked, when sleepers have higher sliding resistance, greater 

demand will be placed on fasteners to resist rail pullout.  

In future studies, the proposed framework may be employed to address additional cases 

involving, e.g.: (i) modern braking technologies, (ii) uneven braking conditions between two rails 

or along a single rail, and (iii) effects of vertical track gradient, i.e., uphill or downhill. Moreover, 

the framework capabilities may be enhanced further by: (i) considering second-order effects from 

coupling of responses in the two directions; (ii) utilizing a Pasternak foundation for the vertical 

track responses, and (iii) including dynamic (inertia) effects in the formulation. Nonetheless, even 



 

 

 

in its current form, the proposed approach is deemed flexible, robust, and well suited for analyzing 

track responses to decelerating vehicular loads. 
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Figure captions 
 

Figure 1. A sketch depicting a single train axle decelerating over a rail supported on sleepers. 

Figure 2. An orthogonal Winkler foundation model for simulating braking of a single wheel. 

Figure 3. Magnified view of induced axial stresses in an infinitesimal beam element. 

Figure 4. Model responses for a single axle as a function of the load positions: (a) vertical force at the base 

of a sleeper and (b) longitudinal force at the base of a sleeper, and (c) longitudinal stress at the beam’s 

neutral axis and (d) friction demand at the base of a sleeper. 

Figure 5. Peak friction demand as a function of spring constant ratios for different values of longitudinal 

spring constants: (a) standard sleeper and (b) heavy sleeper.  

Figure 6. Model responses for a full train as a function of the distance from rear axle: (a) vertical force at 

the base of a sleeper and (b) longitudinal force at the base of a sleeper, and (c) longitudinal stress at beam’s 

neutral axis and (d) friction demand at the base of a sleeper. 
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Figure 5. Peak friction demand as a function of spring constant ratios for different values of longitudinal 
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Figure 6. Model responses for a full train as a function of the distance from rear axle: (a) vertical force at 

the base of a sleeper and (b) longitudinal force at the base of a sleeper, and (c) longitudinal stress at beam’s 

neutral axis and (d) friction demand at the base of a sleeper. 
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Abstract 

The standard approach for modeling railway tracks idealizes the rails as two infinite beams, each supported 

by a continuous spring foundation. The foundation is characterized by a track modulus that embodies all 

components and materials underlying each rail as well as any cross-rail interaction. Track modulus is 

considered a basic parameter governing the field performance of tracks. Therefore, a priori determination 

of track modulus is needed in design of traditional railways, as well as in evaluating the performance-

potential of non-traditional track solutions. In this study, a new method was suggested for a priori track 

modulus determination based on elastic solutions. Specifically sought were closed-form analytical 

formulations that could be representative and tractable. In this connection, a 3-D track model was 

developed, wherein: rail-pads were considered as linear springs, sleepers as finite beams, and all underlying 

soil-like materials as a homogenous half-space. Ultimately, track modulus was determined by linking 

calculations in the 3-D model and the standard model. This was done by requiring equal maximal 

displacement as well as identical load distribution along the rail under the weight of a single railcar axle. 

The method was illustrated considering a wide set of values for the different model parameters. The 

calculated results are comparable in magnitude and exhibit similar sensitivities to the input parameters as 

reported in field studies or as derived from elaborate numerical schemes.  

 

Keywords: Track Modulus, Railway, Elasticity, Track stiffness, Rail track modeling. 

 

 

 

 

 

 

 



    
 

 

1. Introduction 

Winkler’s (1867) hypothesis of subgrade reaction is widely practiced for design and analysis of soil-coupled 

constructions such as: (i) pile and raft foundations (Hemsley 2000), (ii) concrete pavements (Westergaard, 

1948; Ioannides, 2006), (iii) buried pipes (Rajani et al., 1996; Klar et al., 2005), and (iv) tunnel linings 

(Wood, 1975; Lee et al., 2001; Mair, 2008). Essentially, this hypothesis is a radical mathematical 

simplification of actual soil behavior; it does not directly represent any basic material property. Because of 

this, problem-specific methods or guidelines are needed to suitably determine subgrade reaction values for 

subsequent structural evaluation. In an early contribution, Biot (1937) offered such guidelines for the case 

of an infinite beam resting on an elastic half-space and loaded by a concentrated force. The development 

was founded on theoretical arguments, and was based on requiring equivalency of maximal beam moments. 

Vesić (1961) extended Biot’s work to include beams of finite length. The proposed guidelines were based 

on theoretical considerations reinforced by experimental evidence. They also utilized maximal moment as 

basis for equivalency. Determination methods of subgrade reaction for foundation design were proposed 

by Terzaghi (1955) after combining full-scale field experience and theoretical considerations. Similarly, 

full-scale experiments and theoretical considerations were employed to guide practitioners on determining 

subgrade reaction for slab-on-grade constructions (Vesic and Saxena, 1969; Khazanovich et al., 2001; 

Setiadji and Fwa, 2009; Daloglu and Vallabhan, 2000).  

A mathematically equivalent concept to subgrade reaction - called ‘track modulus’ is commonly 

utilized within the field of railway engineering (Selig and Li 1994). In words, track modulus expresses the 

supporting force per unit length of an infinite rail per unit vertical rail displacement. The concept serves as 

a basic input parameter for: (i) calculating rail bending stresses and deflections under the weight of railcar 

axles (Sadeghi and Barati, 2010; Hay, 1982; AREMA Manual 2006; Kerr, 2003; Selig and Waters, 1994), 

(ii) analysis of vibrations caused by vehicle dynamics (Newton and Clark, 1979), and (iii) assessing overall 

in-service track quality (Ebersöhn et al., 1993; Read et al., 1994; Roghani and Hendry, 2017). Unlike soil-

coupled constructions, track modulus embodies the continuous support offered to a rail by discrete track 

components, e.g., rail-pads, sleepers, under-sleeper pads, and ballast mats, as well as by soil-like materials, 



    
 

 

e.g., ballast, sub-ballast, and subgrade. This means that track modulus is governed by a large set of 

attributes, i.e., material properties, component dimensions, interconnectivity, etc. Perhaps because of this 

intricacy the vast majority of existing methods for determining track modulus rely on field measurements 

(Kerr, 2000; Norman et al., 2004; Lu et al., 2008; Zakeri and Abbasi, 2012;Nafari et al,. 2017; Narayanan 

et al., 2004).  

The idea of track stiffness, taken to mean the point-load required to produce a unit deflection of the 

rail (at the location where the load is applied), is often employed for evaluating the quality of existing tracks 

(Tzanakakis, 2013). In effect, whenever assuming a beam on Winkler model for the rail, track stiffness and 

track modulus are directly linked. However, while track stiffness encapsulates all track components to 

provide some global stiffness, track modulus is only focused on the support offered to the rail. The 

advantage of so doing is related to the fact that rail flexural properties are engineered and well defined 

whereas the support offered to the rail may vary widely; thus, track modulus is closely linked to the sources 

governing the track quality. 

A priori determination of track modulus can be attained with realistic and representative track 

models that are able to accept basic material properties as input. Such determination is needed in new-

design and rehabilitation-design of railways, e.g., for guiding the selection of components and materials; it 

is equally important when evaluating the performance-potential of non-traditional track solutions for which 

limited field experience exists (if any). Nonetheless, only a handful of studies were specifically dedicated 

to this task.  

The GEOTRACK program (Adegoke et al., 1979; Chang et al., 1980), successor of the MULTA 

code (Prause and Kennedy, 1977), represents one of the first efforts to develop an elaborate and realistic 

track model. In the program, the rail and sleepers were considered as Euler-Bernoulli beams of finite length, 

rail-pads were represented by discrete linear springs, and all soil-like layers (ballast, sub-ballast, and 

subgrade) were represented by a stratified elastic half-space. The total model size was limited to eleven 

sleepers supported on the surface of the layered half-space, jointly carrying two rails. As means of 

simulating the weight action of a railcar axle, vertical point-loads were applied to the rails, just above the 



    
 

 

central sleeper. Stress distributions at the sleeper bottoms were approximated according to Barden’s (1962) 

formulation.  In turn, the corresponding stress distributions at the surface of the half-space were 

approximated as circular loads (Burmister, 1945). Ultimately, by means of a stiffness matrix formulation, 

the displacements at the interaction points between all model elements were matched. The GEOTRACK 

program was not explicitly designed for performing a priori determination of track modulus. Nonetheless, 

it was applied for this purpose (Stewart, 1985), with reported reasonable agreement between calculated and 

field-measured track modulus values. To achieve this the elastic properties of all model components were 

assumed, and track modulus was determined solely based on a criterion of maximal rail displacement, i.e., 

by equating maximal rail displacement in GEOTRACK and in the infinite beam on a continuous spring 

model. One drawback of this approach is the incompatibility in the distribution of vertical forces along the 

track in the sleeper locations - resulting in a mismatch of bending stress distribution in the rails. Regardless, 

the GEOTRACK program is neither accessible nor handy at this time; it is incompatible with modern 

computing platforms and non-upgradable - available only in compiled form (Mishra et al., 2016).  

A priori determination of track modulus was specifically targeted by Cai et al. (1994) The work 

commenced by analyzing a finite length beam representing a single sleeper, supported on a Winkler 

foundation (representing the entire track structure below the sleeper), and loaded by two equal forces 

representing loading at the rail seats. The sought track modulus was calculated based on the displacement 

of the finite beam under one of the forces, taking into account the added flexibility due to rail-pad and 

sleeper compressibility (jointly represented as an additional discrete spring in series). The subgrade reaction 

offered to the finite beam was obtained from an approximate formula (Galin, 1943). This formula expresses 

the interaction between a finite beam and a linear elastic (homogenous) half-space based on the assumption 

that the beam’s width tends to zero. Steinbrenner’s (1936) formula was also suggested in this study for 

calculating a single ‘effective’ Young’s modulus from a layered half-space (representing ballast, sub-

ballast, subgrade, and deeper soil layers). The main limitation of the work comes from the analysis of a 

single sleeper. Doing so disregards the effect of adjacent sleepers, and therefore results in overestimation 

of the track modulus. Other limitations include representing the sleeper as a zero-width finite beam, and 



    
 

 

utilizing Steinbrenner’s formula, which is essentially applicable for layered systems wherein the modulus 

increases (rather than decreases) with depth (Poulos and Davis, 1991).   

Consequently, it is the aim of the current study to contribute a new method for a priori determination 

of track modulus based on elastic solutions. Three development attributes are sought as means of enhancing 

any possible acceptance and long-term usefulness of the work: (i) the formulation should be founded on 

closed-form analytic solutions, offering a step-by-step reproducible approach; (ii) the method should accept 

as input all pertinent material properties, component dimensions, and connectivity to offer user flexibility 

in evaluating a wide range of scenarios, and (iii) to better strengthen the connection with the track modulus 

concept, the method should also consider the correct interaction across sleepers, and not rely solely on 

equivalency of maximal rail displacement. The paper commences with an overview of the method followed 

by a detailed presentation of two elastic solutions. It then explains how these solutions are to be linked for 

track modulus determination. Next, the method is illustrated with a reference set of representative values, 

along with a limited parametric investigation. The paper ends with a short summary and recommendations 

for further development.  

 

2. Method Overview (a main section) 

The standard approach for modeling railway tracks idealizes the rails as two weightless separate infinite 

beams (IBs), each individually supported on a continuous spring foundation; this model is graphically 

shown in Fig. 1(a). The figure also includes a Cartesian coordinate system where the -axisX  is oriented 

along the IBs, the -axisY  is transverse to the IBs, and the -axisZ  points vertically downward. As can be 

seen, the two IBs are simultaneously loaded by point forces with intensity ZP  representing (jointly) a single 

railcar axle. The foundation is characterized by a track modulus with spring constant Zk  that embodies all 

components and materials underlying each rail as well as any cross-rail interaction.  

To facilitate a priori determination of Zk , a 3-D elastic quasi-static track model is developed, 

comprising all components and materials below the rail that govern the track modulus. It consists of an 



    
 

 

equidistant array of sleepers (spacing denoted by s ) modeled as Euler-Bernoulli finite beams (FBs) with 

uniform cross-section. Each FB is identified by an index n , going from positive to negative, with the zeroth 

FB located at the center of the 3-D model. The FBs are supported by an underlying elastic half-space (HS) 

that is linear, homogenous and isotropic. The HS represents all soil-like materials, which for a traditional 

track includes: ballast (excluding crib and shoulder ballast), sub-ballast, and deeper soil layers; for a non-

traditional track the soil-like materials may also include: asphalt concrete, Portland cement concrete, 

stabilized ballast, etc. The exclusion of materials from in-between and along the sides of the finite beams 

is justified given their marginal effect (if any) on vertical track responses. Fig. 1(b) shows a part of this 

model consisting of seven FBs, with the model sides and bottom truncated for visual clarity. The two dark 

shaded patches seen at the top of each FB represent rail-pad locations; each modeled as a linear discrete 

spring (DS).  

Fig. 1(b) shows that the DSs in the 3-D model are directly loaded by forces with intensities n
ZS  ‘s. 

These forces are spring reactions calculated in the standard model with an assumed Zk , after converting 

the ‘continuous’ springs into individual ones (also with spacing s ). For this purpose, the two models are 

aligned such that the position of ZP  in Fig. 1(a) corresponds to the center of the 3-D model in Fig. 1(b). 

The relative size of the arrows schematically indicate the difference in force intensities applied on top of 

individual DSs. Considering that all 3-D model parameters are known, the displacement at the top of the 

zeroth DS (on either side) is calculated quasi-statically due to the simultaneous application of all n
ZS ’s. This 

displacement is composed of the shortening of the zeroth DS and the surface deflection of the HS directly 

below it. In this calculation, it is assumed that the FBs are incompressible, and that they remain in 

frictionless contact with the HS. Therefore, as part of the calculation, it is necessary to resolve the contact 

stresses at the interface of the FBs and underlying HS. The frictionless contact assumption means that 

FBs are fully bonded to the HS on which they are supported – allowing for full transfer of stresses 

in the vertical direction, without allowing shear stresses to develop at the bonding interface. This 



    
 

 

neglect of interface shear stresses is justified given their second order effect, and given the focus 

on track modulus.  

Ultimately, a representative track modulus is determined by manipulating the assumed Zk  until a 

match is attained between the calculated displacement at the top of the zeroth DS and the maximal IB 

displacement from the standard track model. Thus, an intimate and close connection is established between 

the 3-D model and the standard model accounting not only for maximum displacement equivalence but also 

for equivalence in the longitudinal load spreadability, i.e., identical moment distribution along the rail. 

More details on the method and underlying calculations are provided in what follows.  

 

3. Elastic Solutions (a main section) 

Two closed-form independent elastic solutions are presented in this section. The first analyzes a FB 

subjected to two line-loads of equal intensity (i.e., a straight track) and a non-uniform support reaction. The 

line-loads represent rail-seat forces distributed over the length of rail-pads, and the non-uniform support 

reaction represents an interaction with a HS. The second elastic solution deals with the surface deflection 

of a HS that is loaded over a rectangular stress patch. Then after, both solutions are combined to analyze 

the interaction at the FB-HS interface with the aim of resolving the contact stress distribution between a 

sleeper and its supporting medium. Ultimately, these solutions are applied to determine the surface 

deflection of the HS under the action of several 
n
ZS ’s acting simultaneously (refer to Fig. 1(b)).  

3.1 Solution1: Analysis of a FB  

A FB of length L  with free ends is shown in Fig. 2; a 3-D Cartesian coordinate system is also included in 

the Figure with similar orientation as in Fig. 1. Here, the origin is located at the leftmost end of the FB, with 

the -axisZ  pointing vertically downward, the -axisY  pointing along the length of the beam, and the -axisX  

oriented perpendicular to the YZ  plane. The beam’s elastic modulus is FBE , and moment of inertia about 

the -axisX  is ,X FBI . The beam is symmetrically loaded by two line-loads of equal magnitude Zw  (units of 



    
 

 

force/length), acting over a length 2L   at a distance of 1L  from the beam ends. It is also loaded at the bottom 

by a segmented array of opposing line-loads representing a support reaction. There are 12 such segments 

of equal length ( /12L ), numbered from left to right; each with uniform magnitude. The overall shape of 

the support reaction is variable, governed by the values of five independent unitless coefficients denoted as 

ia ’s. These unitless coefficients represent a reaction intensity relative to unity, i.e., if all five ia ’s equal 

unity then the support reaction becomes uniform across the entire length of the beam. In the interest of 

clarity, conditions of symmetry have not been invoked in the FB analysis.  

The governing differential equation of the FB is: 

4
,

4
,

( ) ( ) ( )Z FB Z Z

FB X FB

d u y p y r y

E Idy


                                                                                    (1) 

wherein, , ( )Z FBu y  denotes the displacement of the FB along -axisZ  direction, ( )Zp y  represents the 

loading that acts from the top, ( )Zr y  is the segmented bottom support reaction, and y  identifies the 

calculation location along the FB, i.e., 0 y L  . Utilizing the Heaviside function ( )H , and enforcing 

equilibrium considerations, these are expressed as follows: 
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wherein 1 2 3 4 52( 1)Ta a a a a a      . 

Eqs. (2) and (3) are inserted into Eq. (1), and a solution for , ( )Z FBu y  is obtained after applying the 

boundary conditions of zero shear force and zero bending moment at beam ends as well as zero slope at the 

beam center. The result is:  
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and 4D  is a free constant accounting for rigid body displacement.  

3.2 Solution 2: HS Loaded over a Rectangular Stress Patch 

A linear elastic half-space, characterized by Young’s modulus HSE  and Poisson’s ratio HS , is loaded at 

the surface by a uniform vertical stress with intensity Zq  acting over a rectangular area of dimensions b a

. This situation is shown in Fig. 3, which also includes a 3-D Cartesian coordinate system placed at the 

center of the patch; the -axisZ  is pointing downward, and the X  and Y  axes are oriented parallel to the 

patch sides. The surface deflection of any point along the -axisY  due to the stress patch is denoted by 

 ,
p
Z HSu y . By integration of Boussinesq’s point-load solution, the related expression is: 
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and, 
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3.3 Interaction Analysis at the FB-HS Interface  

The two separate elastic solutions are hereafter combined to resolve the contact stress distribution below a 

single FB having width b  and supported by a HS. This means determination of the five ia ’s as well as the 

rigid body displacement 4D . To achieve this, the displacement of the FB and the surface deflection of the 

HS are matched in the least-squares sense. Such matching represents a bonded yet frictionless contact area 

of dimension L b  between the two elastic bodies.  

Based on the coordinate system defined in Fig. 2, and for a given FB loaded by an arbitrary Zw , 

Eq. (4) is utilized to calculate , ( )Z FBu y  at /jy y jL J   ( 0,...,j J ), i.e., at 1J   equidistant points 

within L . Concurrently, by means of superposition, Eqs. (8-10) are used to compute , ( )Z HSu y , i.e., the HS 

surface deflection at the same jy ’s:  
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 This equation represents the contribution of the 12 adjacent patches indexed 1,...,12m   with 1m   

identifying the patch closest to the coordinate origin. With reference to Eq. 8, Expression I represents Zq  

and Expression II represents ( )f y . Expression I gives the stress intensity at center of a 
thm  patch calculated 

using Eq. 3; the division by b  implies that the stress distribution is taken as uniform across the width of the 

FB. Expression II is computed according to Eq. 9, with /12a L  and b .  

The five sought ia ’s as well as 4D  are determined by minimizing the sum of the square of the 

differences between the HS and FB displacements across all considered jy ’s. The formulation is:  
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where the optimal/final argument values are denoted with an asterisk as superscript, i.e., 
*
ia ’s and 

*
4D . Note 

that due to assumption of linearity the 
*
ia ’s are essentially unaffected by choice of Zw . 

 

4. Track Modulus Determination (a main section) 

All above-described formulations are ultimately interlinked hereafter to comprise a method for a priori track 

modulus determination. The calculations require all parameters to be known and fixed, with only 

assumption being a trial value for Zk . The first step is to solve Eq. 12 and obtain 
*
ia ’s that represent the 

interaction between a single FB supported on a HS. Next, the load applied on top of the 
thn  DS, i.e., n

ZS  

(refer to Fig. 1) is calculated from the standard model: 
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where 4
,/ (4 )Z Z IB Y IBk E I   in which 

IBE  and ,Y IBI  are the Young’s modulus and moment of inertia 

about the Y  axis of the IB, respectively. This expression is obtained by multiplying Zsk  with ,
n
Z IBu , i.e., 

the displacement of the IB at location corresponding to the 
thn  FB (Bose et al. 2018).  Here n  varies from 

N  to N  with 2 1N   denoting the total number of FBs considered in the analysis. 

Then, the line-load applied on top of the 
thn  FB is:  

2/n n
Z Zw S L            (14) 

where 2L  signifies length of rail-pads (refer to Fig. 2). Also, the maximum IB displacement is given by:  

0 0
, /Z IB Z Zu S sk            (15) 

Further, the shortening of the zeroth DS is:  

0 0
, ,/Z DS Z Z DSu S K            (16) 

where ,Z DSK  is the stiffness of DSs. 



    
 

 

Next, Eq. 3 is employed with 
*
ia ’s and 

n
Zw  replacing ia ’s  and Zw  (respectively) to express ( )n

Zr y

, i.e., the support reaction distribution below the thn  FB:  
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wherein 
* * * * * *

1 2 3 4 52( 1)Ta a a a a a      . Note that in doing so any cross-interaction between the adjacent 

FBs is neglected (with respect to the foundation support stress distribution), i.e., one interaction analysis 

between a FB and HS is utilized for all FBs.  

Subsequently, the deflection of the HS for a point located directly underneath the zeroth DS is 

sought - denoted by ,
T
Z HSu . For clarifying the calculation rational, Fig. 4 offers a plan view of the HS loaded 

by several FBs.  The point of deflection calculation is depicted in the figure at 1y L  for 0n   (as a 

triangular marker). Obtaining ,
T
Z HSu  requires calculating 

0
, 1( )Z HSu L , i.e., evaluating Eq. 11 with 

0( )Z Zr r y  

at 1y L . It additionally requires computing the deflection contributed by all adjacent FBs, i.e., considering 

the effect from all ( )n
Zr y ’s excluding 0n  . To quantify this latter contribution, it is sufficient to consider 

Boussinesq’s point-load solution when superposing the effects from all stress patches: 
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Eq. 18 represents the deflection contribution of 12 adjacent patches indexed 1,...,12m   from all considered 

FBs excluding 0n  . Symmetry about the model center permits considering twice the contribution of the 



    
 

 

FBs indexed 1,...,n N  (hence the multiplication by 2 in Eq. 18). Both 
n

mP  and 
n
mR  are graphically 

presented in Fig. 4. As can be seen, 
n

mP  is the force intensity at the center of the 
thm  patch for the 

thn  FB, 

and 
n
mR  is the distance between the calculation point and the center of the 

thm  patch of the 
thn  FB. Thus, 

the sought HS deflection is given by the summation: 

0
, , , 1( )T C

Z HS Z HS Z HSu u u L           (21) 

Ultimately, by matching ,
T
Z HSu  plus the shortening of the zeroth DS 

0
,Z DSu  against the maximal 

displacement in the standard model 
0

,Z IBu  the representative track modulus 
*
Zk  (associated with all 3-D 

model attributes) is determined:      

0 0
, , ,

T
Z HS Z DS Z IBu u u     for *

Z Zk k        (22)     

Fig. 5 presents a flowchart that summarizes the entire method of track modulus determination. As 

can be seen the process commences by fixing all model parameters and an assumed/trial value for the track 

modulus. Then after, calculations and exchange of information take place in the standard track model and 

in the 3-D track model. The specific equations needed for each step are indicated in the flowchart. The final 

step (after which the process ends) requires solving Eq. 22, i.e., finding 
*
Zk . This is done by improving the 

initial assumption for Zk  and iterating until satisfactory convergence.  Thus, a track modulus is determined, 

associated with the entire parameter set, and satisfying both maximal rail displacement and moment 

distribution along the rail. 

 

5. Method Illustration (a main section) 

The purpose here is to illustrate, by means of application, the proposed track modulus determination 

method. Some intermediate results will also be shown to further facilitate clarity of the underlying 

calculations. A reference set of input parameters was chosen for this purpose – shown in Table 1. As can 

be seen, the IB (rail) properties are taken as per UIC60, the stiffness of the DS (rail-pads) is 100 MN/m, the 



    
 

 

FBs (sleepers) are of concrete, each 2.5 m long with a rectangular cross-section (base width 0.25 m), spaced 

apart by 0.6 m; the elastic modulus of the supporting HS is 200 MPa.  

All calculations were done considering ZP =80 kN (a choice that does not influence the final result) 

and 37 FBs, i.e., a central FB plus 18 FBs on each side (see Fig. 1). This latter choice was taken to guarantee 

that the load distribution between the sleepers was fully captured across the entire parameter range. With 

respect to the flowchart in Fig. 5, the FB-HS interaction was solved first (Eq. 12), giving: 
*
1 1.94a  , 

*
2 1.69a  , 

*
3 1.87a  , 

*
4 1.56a  , and 

*
5 1.21a  . Subsequently, the shortening of the zeroth DS (Eq. 16) 

was: 0
, 0.308 mmZ DSu  , corresponding to 

0 30.8 KNZS  . The HS deflection directly underneath the 

zeroth DS (Eq. 21) was: , 0.440 mmT
Z HSu   of which about 35% was from ,

C
Z HSu  (Eq. 18). Finally, the 

sought track modulus was obtained by matching the maximal IB displacement 
0

,Z IBu  (Eq. 15) with 

0
, , 0.748 mmT

Z HS Z DSu u   . The result was: 
* 68.7 MPaZk  . It is noted that the 

*
ia ’s above indicate a 

maximum contact stress to be occurring near the edges of the FB; this is in contrast to the accepted 

viewpoint that the peak stresses occur below the rails (e.g., Zakeri and Sadeghi, 2007). This is the 

consequence of the assumption of a FB in contact with an elastic continuum, which mandates high stresses 

at the edges to fulfill deformation compatibility.   

Additionally, a parametric investigation was conducted to study the behavior of 
*
Zk  . For this 

purpose the following parameter values were varied: FB spacings, half-space modulus HSE  and discrete 

spring stiffness ,Z DSK . The chosen range for these parameters is also shown in Table 1. All other 

parameters (within a realistic range) were noticed to have minor influence on track modulus and therefore 

remained fixed at their reference value.  

The results of this investigation are presented in Fig. 6 which depicts track modulus vs. half-space 

modulus for five different rail-pad stiffnesses and two different sleeper spacings. Fig. 6(a) and Fig. 6(b) 

refer to s  0.6 m and s  0.5 m respectively. In both figures each line represents the variation of 
*
Zk  with 



    
 

 

change in HSE  for a given value of ,Z DSK . From these figures it can be observed that for any ,Z DSK , 
*
Zk  

increases when the HSE  increases. The increase is not indefinite as each curve is bounded by a horizontal 

asymptote defined by *
,Z Z DSk K s . This can be explained by the fact that at the limit, as HSE  approaches 

infinity, the term ,
T
Z HSu becomes zero and the track flexibility is solely governed by the rail-pads ( 0

,Z DSu  

remain finite). By comparing Fig. 6(a) against Fig. 6(b) it can be observed that track modulus increases 

with a decrease in sleeper spacing.  

As a final note, the parametric study was repeated with all 
*
ia ’s presumed unity (see Fig. 2). This 

is a simplification wherein the stress distribution below the FBs is assumed uniform. Thus, the calculation 

step in Eq. 12, which solves the FB-HS interaction, is evaded. After doing so it was found that 
*
Zk  was only 

slightly overestimated; the error compared with the curves in Fig. 6 was mostly perceptible for higher values 

of HSE  and ,Z DSK , and reached a maximum of only 8% (for HSE  = 300 MPa and ,Z DSK =250 MN/m). 

This finding also means that for the purpose of track modulus evaluation, it is not necessary to conduct 

detailed analysis (e.g., further refined segmentation) of the interaction between FBs and underlying HS.  

 

6. Summary, Conclusions, and Comments  

This paper offered a new method for a priori determination of track modulus based on elastic solutions. 

Within an analytical framework, a 3-D model was developed (Fig. 1(b)), capable of representing a wide 

range of track-types, in terms of components and materials that underlay the rails. Closed form equations 

were presented for calculating displacements of a finite beam subjected to two line loads and non-uniform 

support reaction, and calculating surface deflection of a half-space loaded over a rectangular stress patch.  

These equations were subsequently utilized to determine track modulus by linking the 3-D model and the 

standard track model of infinite beam on springs (Fig. 1(a)). The linkage was based on simultaneous 

equivalency of both maximal displacement as well as force distribution along the rail. A flowchart was 



    
 

 

introduced to summarize the main calculation steps (Fig. 5). Overall, the method is deemed flexible and 

robust, while at the same time computationally ‘lightweight’ and straightforward to reproduce.  

Track modulus determination was demonstrated via application of the method to a realistic set of 

input values. To better clarify the approach, intermediate calculation steps as well as final results were 

shown. The demonstration included a parametric investigation, in which the sensitivity of track modulus to 

the elastic modulus of the half-space, stiffness of rail-pads, and sleeper spacing was studied (Fig. 6). Results 

are deemed realistic and valid overall, given that they are similar in magnitude and exhibit similar sensitivity 

to varying input parameters when compared to GEOTRACK (Selig and Li 1994). Specifically, it was 

possible to closely reproduce the track modulus results shown in Figure 2 in Selig and Li for the entire 

range of subgrade moduli, fastener stiffnesses, tie spacings and track types (assuming ballast and subballast 

moduli were same as subgrade to accommodate homogenous half-space assumption).  Also, the results are 

within the range of track modulus values reported by some field studies (Norman et al. 2004; Zakeri and 

Abbasi 2012; Narayanan et al. 2004).  

The development included simplifying assumptions, some of which can be partially relieved to 

further enhance the applicability of the method. The treatment of all soil-like materials and track 

components as linear is not realistic, e.g., loading magnitude is known to affect track modulus determined 

in the field. Nonetheless, the linear treatment can be utilized to approximate nonlinear behavior by choosing 

elastic constants such that they reflect the anticipated load level. The treatment of the sleepers as beams 

with zero compressibility and constant geometry can also be made more realistic. Whenever the vertical 

compression of the sleepers (FBs) is not negligible, e.g., in the case of wooden sleepers, an additional linear 

spring can be assumed connected (in series) to the discrete springs representing the rail-pads. Thus, the 

entire calculation procedure remains unchanged except that the new shortening/flexibility is added to the 

left-hand-side of Eq. 22. Finally, the issue of sleepers with variable cross-section can be addressed by 

converting the actual dimensions to equivalent constant dimensions. In this connection, the FB length ( L ) 

can be taken as the actual length of the sleeper, and the FB width ( b ) can be obtained from dividing the 



    
 

 

actual sleeper base-area by L . Regarding the inertia moment, the following formula - based on equivalency 

of bending strain energy - is suggested for calculating ,X FBI : 

 

2

0
, 2

,0

( )

( )

( )

L

X FB L

X SL

M y dy

I
M y

dy
I y







          (23)     

where ( )M y  is the bending moment at a distance y  for a FB as shown in Fig. 2, considering an arbitrary 

Zw  and all ia ’s taken as unity; and , ( )X SLI y  denotes the actual moment of inertia, which varies along the 

sleeper length.   

In future studies, the method proposed herein can be extended to determine track modulus in the 

longitudinal and lateral directions. Moreover, by means of the elastic-viscoelastic correspondence principle 

(e.g., Schapery, 1965) the modeling approach can be enhanced to include time-dependence and thermal 

sensitivity of components and materials. This will facilitate, for example, a priori determination of track 

modulus for asphalt overlayment solutions across different train speeds and environmental conditions. 
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Table 1. Input Parameters for Method Illustration 

 

Component Parameter/Role Symbol Units 
Reference 

Value 
Range Comments 

       

Infinite Beam 

(IB) 

Moment of inertia 

about Y  axis ,Y IBI  m4 3.04x10-5 - UIC 60 rail 

section 
Young’s modulus IBE  GPa 208 - 

Discrete Spring 

(DS) 
Stiffness ,Z RPK  MN/m 100 

25 to 

250 
Rail-pad stiffness 

Finite Beam 

(FB) 

Moment of inertia 

about X  axis ,X FBI  m4 1.22x10-4 - - 

Young’s modulus FBE  GPa 30 - Concrete Sleeper 

Length L  m 2.50 - Sleeper length 

Base width b  m 0.25 - 
Sleeper base 

width 

Total number on 

one side 
N  - 18 - See Eq. 18 

Spacing s  m 0.60 
0.50 or 

0.60 
See Fig. 1 

Position of Zw  1L  m 0.50 - See Fig. 2 

Length over which 

Zw  operates 2L  m 0.17 - Rail-pad length  

No. of matching 

FB-HS points  
J  - 50 - Eq. 12 

Half-space 

(HS) 

Young’s modulus HSE  MPa 200 
20 to 

300 All soil-like 

materials 
Poisson’s ratio HS  - 0.30 - 
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Figure 1.  A sketch depicting the models considered for track modulus determination (a) standard model 

(b) elastic 3-D model. 

 



    
 

 

 

Figure 2. A finite beam subjected to two line-loads and a non-uniform support reaction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



    
 

 

 

Figure 3. An elastic half-space loaded over a rectangular stress patch: (a) top view, and (b) cross-sectional 

view. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



    
 

 

 

Figure 4. Top view of an elastic half-space loaded by stress patches and point forces representing the 

support-interaction of several finite beams. 

 

 

 

 

 

 

 

 

 

 



    
 

 

 

Figure 5. Flowchart describing the proposed track modulus determination method. 

 

 

 

 

 

 

 

 

 



    
 

 

 

 a  

 

 b  

Figure 6. Track modulus determined as a function of half-space modulus for different rail-pad stiffnesses 

and sleeper spacings based on Table 1 parameters:  a =s 0.6 m, and  b =s 0.5 m. 
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