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ABSTRACT 

The demand for higher train speeds and heavier axle loads proved that the performance 

of ballasted tracks and conventional embankments are suboptimal. Such train loading 

triggers high stress levels and elevated vibration levels of the track when subjected to 

forces of high-speed and heavy axle trains. An effective superstructure type, known as 

slab track, was developed in the last decades and has already been in use all over the 

world. In addition to the state-of-the-art superstructure types, improvements in 

substructures have also become increasingly popular. 

The experimental research work presented in this thesis evaluates the performance of a 

Geosynthetic Reinforced Soil Retaining Wall (GRS-RW) system as an alternative to the 

conventional railway embankment. Significant savings in Carbon emissions, cost and 

time could be achieved if the capital costs of the track construction and the land take 

could be reduced. The GRS-RW substructure offers this opportunity. However, such 

technology requires significant performance evaluation and the development of 

appropriate design guidelines before the rail industry can justifiably implement it in 

projects. 

Full-scale testing is carried out on three-sleeper sections of ballasted and slab tracks by 

simulating moving loads at 360km/h in the Geopavement and Railway Accelerated 

Fatigue Testing (GRAFT-II) facility. The tracks are supported by a low-level fully 

confined conventional embankment and a GRS-RW substructure. First, a three-sleeper 

section of a precast concrete Max-Bögl slab track was tested under controlled laboratory 

conditions, followed by a ballasted track. Both superstructures are supported by a 1.2m 

deep subgrade and frost protection layer, in accordance with high-speed railway design 

standards. Two different axle load magnitudes are applied statically, and then 

cyclically/dynamically, using 6 actuators to replicate moving train axle loads. The overall 

aim is to assess the performance of the tracks, in terms of transient displacements and 

total settlements, as well as stress levels at different locations of the substructures.  

The experimental results show that the pressure levels on the GRS-RW wall are negligibly 

small for the particular test setup, proving the GRS substructure under the action of 

compaction reached its active state. This means that the reinforced soil was self-

supporting under its self-weight and train loads, implying there was minimal pressure on 

the walls. Therefore, GRS-RW systems have the potential to be better alternatives to 

traditional earth embankments due to the enhanced soil stabilisation and lower land take. 
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It is concluded that the slab track performs significantly better than the ballasted track in 

terms of elastic and plastic deformation, under both static and cyclic loading. 

The full-scale experimental work is complimented by a numerical part, which aims to 

develop three-dimensional train-track-soil models using the finite element (FE) method. 

The commercial software Abaqus was used to create these models. First, the GRAFT-II 

tested samples were modelled replicating all the track components and geotechnical 

parameters. The New Ballastless Track (NBT), developed by Alstom, was also simulated 

in the FE models, which were calibrated using the laboratory results, under the 

considered cyclic loading.  

The calibrated models are then extended to create 3D linear dynamic models, considering 

train-track-soil interaction, simulating train passages at various speeds. The Ledsgård 

case was used to validate the models. Trains travelling at low and high speeds are 

considered to investigate the track deflections and the wave propagation in the soil. The 

issues associated with critical speeds were observed in the presence of both ballasted and 

slab tracks.   



iii 

ACKNOWLEDGEMENT 

First and foremost, I would like to thank Professor Omar Laghrouche for sharing his great 

knowledge with me and for his continuous supervision. He has not been just a perfect 

supervisor but also a patient mentor helping me with tackling the difficulties during my 

PhD life. He has been available whenever I asked to meet him, his door has always been 

open to me. I am also grateful to Professor Peter Woodward and Dr David Connolly for 

their efforts and guidance throughout my PhD journey. I would also like to thank David 

Pineda-Medina from ALSTOM for his collaboration. I would not have achieved my 

expectations without the help of my valuable supervisors. 

I am very grateful to ALSTOM for sponsoring my PhD work with my monthly stipends 

and to Heriot-Watt University for the tuition fee waiver. I am also thankful to the Ministry 

of National Education of the Republic of Turkey for their financial support during my 

PhD. Special gratitude goes to the EPSRC grant for supporting LOCORPS: Lowering the 

Costs of Railways using Preformed Systems project (EP/N009207/1). Tarmac, Max Bögl 

and Tensar are also acknowledged for their support with experimental testing materials. 

I wish to extend my appreciation to the technicians and IT at the Institute for Infrastructure 

and Environment for sharing their time and knowledge on lab works. I would like to 

express my gratitude especially to James Watson and Alastair MacFarlane for their 

technical support during the experimental work and also for our fruitful conversations. 

I wish to thank my colleagues Dr Kaitai Dong, Dr Martina Egedusevic and Dr Mayank 

Drolia who helped me with many aspects of my PhD. Their assistance and friendship 

enabled me to overcome several research difficulties. I would like to thank Dr Jou-Yi 

Shih for sharing her knowledge on numerical modelling. 

Special thanks to my friends for their support during my stay in Edinburgh. All were 

generous in sparing long hours of their time, for which I am very grateful. 

My deepest appreciation and gratitude to my dear family for their true and deep love. 

They have always been there for me unconditionally. I cannot thank them enough for 

their support, especially for my grandparents’ prayers, which have been priceless.  

 

 

 



iv 

DECLARATION STATEMENT 

Research Thesis Submission 

Name: Ahmet Furkan Esen 

School: School of Energy, Geoscience, Infrastructure and Society 

 
Version:  (i.e. First, 

Resubmission, Final) 
Final Degree Sought: PhD in Civil Engineering 

Declaration 

In accordance with the appropriate regulations I hereby submit my thesis and I declare that: 

1. The thesis embodies the results of my own work and has been composed by myself 

2. Where appropriate, I have made acknowledgement of the work of others 

3. The thesis is the correct version for submission and is the same version as any electronic 

versions submitted*.   

4. My thesis for the award referred to, deposited in the Heriot-Watt University Library, 

should be made available for loan or photocopying and be available via the Institutional 

Repository, subject to such conditions as the Librarian may require 

5. I understand that as a student of the University I am required to abide by the Regulations 

of the University and to conform to its discipline. 

6. I confirm that the thesis has been verified against plagiarism via an approved plagiarism 

detection application e.g. Turnitin. 

ONLY for submissions including published works  

Please note you are only required to complete the Inclusion of Published Works Form 

(page 2) if your thesis contains published works) 

7. Where the thesis contains published outputs under Regulation 6 (9.1.2) or Regulation 43 

(9) these are accompanied by a critical review which accurately describes my contribution 

to the research and, for multi-author outputs, a signed declaration indicating the 

contribution of each author (complete) 

8. Inclusion of published outputs under Regulation 6 (9.1.2) or Regulation 43 (9) shall not 

constitute plagiarism. 

*Please note that it is the responsibility of the candidate to ensure that the correct version of 

the thesis is submitted. 

 

Signature of candidate  Date 22/02/2022 

Submission 

Submitted By (name in capitals): AHMET FURKAN ESEN 

Signature of Individual Submitting:  

Date Submitted: 22/02/2022 

 

 



v 

For Completion in the Student Service Centre (SSC) 

Limited Access Requested Yes  No  Approved Yes  No  

E-thesis Submitted 

(mandatory for 

final theses) 

 

Received in the SSC 

by (name in capitals): 

 Date:  

 

Inclusion of Published Works 

Please note you are only required to complete the Inclusion of Published Works Form if your 

thesis contains published works under Regulation 6 (9.1.2) 

Declaration  

This thesis contains one or more multi-author published works. In accordance with Regulation 6 

(9.1.2) I hereby declare that the contributions of each author to these publications is as follows: 

Citation 

details 

Čebašek, T. M., Esen, A. F., Woodward, P. K., Laghrouche, O., & 

Connolly, D. P. (2018). Full-scale laboratory testing of ballast and 

concrete slab tracks under phased cyclic loading. Transportation 

Geotechnics, 17, 33-40.   

Author 1 Čebašek, T. M - Designing testing setup, data analysis and writing 

Author 2 Esen, A. F – Designing testing setup, performing experiments, full data 

analysis and contribution to writing 

Author 3 Others- Guidance, feedback and support are given by all other authors 

Signature: Ahmet Esen 

Date: 22/02/2022 

 

Citation 

details 

Esen, A.F., Woodward, P.K., Laghrouche, O., Čebašek, T.M., Brennan, 

A.J., Robinson, S. and Connolly, D.P., 2021. Full-scale laboratory testing 

of a geosynthetically reinforced soil railway structure. Transportation 

Geotechnics, 28, p.100526. 

Author 1 

 

Esen, A. F – Designing testing setup, performing experiments, full data 

analysis and writing 

Author 2 

 

Others- Supervision, guidance, feedback, and support are given by all 

other authors 

Signature: Ahmet Esen 

Date: 22/02/2022 

 



vi 

Citation 

details 

Esen, A.F., Woodward, P.K., Laghrouche, O. and Connolly, D.P., 

(2021). Stress distribution in reinforced railway structures. 

Transportation Geotechnics, 32, p.100699.  

Author 1 

 

Esen, A. F – Designing testing setup, performing experiments, full data 

analysis and writing 

Author 2 

 

Others- Supervision, guidance, feedback, and support are given by all 

other authors 

Signature: Ahmet Esen 

Date: 22/02/2022 



 

vii 

 

TABLE OF CONTENTS 

ABSTRACT .................................................................................................................. i 

ACKNOWLEDGEMENT ......................................................................................... iii 

DECLARATION STATEMENT .............................................................................. iv 

TABLE OF CONTENTS .......................................................................................... vii 

LIST OF PUBLICATIONS ........................................................................................ x 

LISTS OF FIGURES ............................................................................................... xiii 

LIST OF TABLES .................................................................................................. xxii 

Chapter 1 - INTRODUCTION ......................................................................................... 1 

1.1 Introduction and Motivation ............................................................................... 1 

1.2 Aim and Objectives ............................................................................................ 3 

1.3 Thesis Outline ..................................................................................................... 5 

Chapter 2 - BACKGROUND AND LITERATURE REVIEW ........................................ 9 

2.1 Introduction ........................................................................................................ 9 

2.2 Track Geotechnology ......................................................................................... 9 

2.3 Track Settlement ............................................................................................... 12 

2.3.1 Track Settlement Models .......................................................................... 16 

2.4 High-Speed Railway Infrastructure .................................................................. 18 

2.5 Experimental Investigation ............................................................................... 20 

2.6 Geosynthetic Reinforced Soil Retaining Walls (GRS-RW) ............................. 20 

2.7 Numerical Investigation ................................................................................... 23 

2.7.1 Track Models ............................................................................................ 23 

2.7.2 Vehicle Models and Moving loads ........................................................... 26 

2.7.3 Ground Waves and Critical Speed ............................................................ 29 

2.8 Conclusion ........................................................................................................ 33 

Chapter 3 - FULL-SCALE RAILWAY TRACK TESTING .......................................... 35 

3.1 Introduction ...................................................................................................... 35 

3.2 LOCORPS Project: Lowering the costs of railways using preformed systems 35 

3.3 GRAFT-II Testing Facility ............................................................................... 36 

3.4 Testing Setup .................................................................................................... 38 

3.4.1 Substructure .............................................................................................. 38 



 

viii 

 

3.4.2 Superstructures .......................................................................................... 52 

3.5 Testing Procedure and Data Acquisition .......................................................... 56 

3.6 Analysis of the Results ..................................................................................... 60 

3.6.1 Static Compressive Loading ..................................................................... 61 

3.6.2 Cyclic Loading .......................................................................................... 65 

3.7 Conclusion ........................................................................................................ 71 

Chapter 4 - TRACK SETTLEMENT ANALYSIS ......................................................... 73 

4.1 Introduction ...................................................................................................... 73 

4.2 Track Settlement Mechanism ........................................................................... 74 

4.3 Track Settlement Models .................................................................................. 77 

4.4 Laboratory Results ........................................................................................... 81 

4.5 Analysis of Elastic Displacements and Stiffness.............................................. 85 

4.6 Further Discussion ............................................................................................ 91 

4.7 Conclusion ........................................................................................................ 93 

Chapter 5 – STRESS DISTRIBUTION IN TRACKS .................................................... 96 

5.1 Introduction ...................................................................................................... 96 

5.2 Pressure Cell Installation ................................................................................ 101 

5.3 Results Analysis ............................................................................................. 105 

5.3.1 Static Loading ......................................................................................... 105 

5.3.2 Cyclic Loading ........................................................................................ 110 

5.3.3 Comparison Against Published Results .................................................. 113 

5.4 Conclusion ...................................................................................................... 119 

Chapter 6 - CALIBRATION OF 3D FEM MODELS USING GRAFT-II RESULTS 121 

6.1 Introduction .................................................................................................... 121 

6.2 Laboratory Testing for Model Calibration ..................................................... 122 

6.3 FE 3D Modelling ............................................................................................ 126 

6.3.1 Modelling Parameters ............................................................................. 128 

6.3.2 Loading and Data Acquisition ................................................................ 129 

6.4 Calibration ...................................................................................................... 131 

6.5 Conclusion ...................................................................................................... 141 

Chapter 7 - DYNAMIC BEHAVIOUR OF NBT NEAR CRITICAL SPEEDS .......... 143 



 

ix 

 

7.1 Introduction .................................................................................................... 143 

7.1.1 Critical Speed .......................................................................................... 144 

7.1.2 Track Models .......................................................................................... 145 

7.1.3 Vehicle Models and Moving Loads ........................................................ 147 

7.2 Train Loads ..................................................................................................... 148 

7.2.1 Load characteristics of the considered train model ................................. 151 

7.3 Dynamic Model Analysis ............................................................................... 157 

7.4 Results Analysis ............................................................................................. 159 

7.5 Conclusion ...................................................................................................... 167 

Chapter 8 - CONCLUSIONS AND RECOMMENDATIONS .................................... 169 

8.1 Key conclusions ............................................................................................. 170 

8.2 Limitations and Recommendations for future work ....................................... 176 

REFERENCES .............................................................................................................. 178 

APPENDIX A ............................................................................................................... 201 

APPENDIX B ............................................................................................................... 206 

APPENDIX C ............................................................................................................... 209 

 

 



 

x 

 

LIST OF PUBLICATIONS 

Parts of this thesis have been published in scientific journals and at conferences. 

Journal Papers 

[1] Čebašek, T. M., Esen, A. F., Woodward, P. K., Laghrouche, O., & Connolly, D. 

P. (2018). Full-scale laboratory testing of ballast and concrete slab tracks under 

phased cyclic loading. Transportation Geotechnics, 17, 33-40.  

https://doi.org/10.1016/j.trgeo.2018.08.003  

[2]  Sainz-Aja, J., Pombo, J., Tholken, D., Carrascal, I., Polanco, J., Ferreno, D., 

Casado, J., Diego, S., Pérez, A., Abdalla Filho, J., Esen, A., Čebašek, T. M., 

Laghrouche, O., Woodward, P. (2019). Dynamic Calibration of Slab Track 

Models for Railway Applications using Full-Scale Testing.  Computers & 

Structures, 228, p.106180.  https://doi.org/10.1016/j.compstruc.2019.106180 

[3] Ramos, A., Correia, A.G., Calçada, R., Costa, P.A., Esen, A., Woodward, P.K., 

Connolly, D.P. and Laghrouche, O., 2021. Influence of track foundation on the 

performance of ballast and concrete slab tracks under cyclic loading: Physical 

modelling and numerical model calibration. Construction and Building 

Materials, 277, p.122245.  https://doi.org/10.1016/j.conbuildmat.2021.122245   

[4] Esen, A.F., Woodward, P.K., Laghrouche, O., Čebašek, T.M., Brennan, A.J., 

Robinson, S. and Connolly, D.P., 2021. Full-scale laboratory testing of a 

geosynthetically reinforced soil railway structure. Transportation Geotechnics, 

28, p.100526., https://doi.org/10.1016/j.trgeo.2021.100526 

[5] Thölken, D., Abdalla Filho, J.E., Pombo, J., Sainz-Aja, J., Carrascal, I., Polanco, 

J., Esen, A., Laghrouche, O. and Woodward, P., (2021). Three-Dimensional 

Modelling of Slab-Track Systems Based on Dynamic Experimental Tests. 

Transportation Geotechnics, p.100663. 

https://doi.org/10.1016/j.trgeo.2021.100663 

[6] Esen, A.F., Woodward, P.K., Laghrouche, O. and Connolly, D.P., (2021). Stress 

distribution in reinforced railway structures. Transportation Geotechnics, 

p.100699. https://doi.org/10.1016/j.trgeo.2021.100699 

https://doi.org/10.1016/j.trgeo.2018.08.003
https://doi.org/10.1016/j.compstruc.2019.106180
https://doi.org/10.1016/j.conbuildmat.2021.122245
https://doi.org/10.1016/j.trgeo.2021.100526
https://doi.org/10.1016/j.trgeo.2021.100663
https://doi.org/10.1016/j.trgeo.2021.100699


 

xi 

 

Conference Presentations 

[1] Woodward, P.K., Brennan, A., Laghrouche, O., Esen, A., Connolly, D. and 

Mariot, T., 2022. Geotechnical Centrifuge and Full-Scale Laboratory Testing for 

Performance Evaluation of Conventional and High-Speed Railway Track 

Structures. In Advances in Transportation Geotechnics IV (pp. 957-968). 

Springer, Cham. https://doi.org/10.1007/978-3-030-77234-5_78 

[2] Ramos, A., Castanheira-Pinto, A., Esen, A., Correia, A.G., Costa, P.A., Calçada, 

R., Woodward, P. and Laghrouche, O., 2022. Receptance Test Performed on a 

Laboratory Ballasted Track Section. In Advances in Transportation Geotechnics 

IV (pp. 169-180). Springer, Cham. https://doi.org/10.1007/978-3-030-77234-

5_14 

[3] Robinson, S., Brennan, A., Munro, C., Woodward, P., Connolly, D., Laghrouche, 

O. and Esen, A., Centrifuge modelling of train passage over clay subgrades. 4th 

European Conference no Physical Modelling in Geotechnics. September 2020, 

Lulea, Sweden. 

[4] A.F. Esen, O. Laghrouche, P.K. Woodward, D.P. Connolly, T. Marolt (2019). 

“Full-Scale Laboratory Testing of Ballast and Concrete Slab Tracks for High-

Speed Railway Infrastructure”. Paper presented at UKRRIN Annual Conference, 

November 2019, Birmingham, UK. 

[5] A.F. Esen, O. Laghrouche, P.K. Woodward, D.P. Connolly, and D. Medina-

Pineda. “Calibration of a 3D dynamic model of a new ballastless track for high-

speed railways using full scale testing facility”. Paper presented at Fourth 

International Conference on Railway Technology. July 2019, Edinburgh, UK 

[6] A.F. Esen, O. Laghrouche, P.K. Woodward, D.P. Connolly, and D. Medina-

Pineda. “Analysis of a new ballastless track for high-speed railway”. Paper 

presented at Fourth International Conference on Railway Technology. September 

2018, Sitges, Barcelona, Spain. 

[7] T.M. Cebašek, A.F. Esen, O. Laghrouche, P.K. Woodward, and D.P. Connolly 

(2018). “Experimental investigation of ballasted and slab track systems for high-

speed railway”. Fourth International Conference on Railway Technology. 

September 2018, Sitges, Barcelona, Spain 

https://doi.org/10.1007/978-3-030-77234-5_78
https://doi.org/10.1007/978-3-030-77234-5_14
https://doi.org/10.1007/978-3-030-77234-5_14


 

xii 

 

[8] Denise Thölken, Bowen Hou, Ahmet Esen, Tina Marolt, João Pombo, Martina 

Meacci, Zhiyong Shi, Enrico Meli, Andrea Rindi, João Abdalla Filho, Omar 

Laghrouche, Peter Woodward (2018). “Validated Slab Track Models for Railway 

Vehicle Dynamics”. The 5th Joint International Conference on Multibody System 

Dynamics June 2018, Lisbon, Portugal 

[9] A.F. Esen, O. Laghrouche, P.K. Woodward, D.P. Connolly. “Experimental and 

numerical analysis of high-speed railway infrastructure”. Research presented at 

EGIS SYMPOSIUM 2018: Research with impact. April 2018, Edinburgh, UK 

Posters 

[1] A.F. Esen, O. Laghrouche, P.K. Woodward, D.P. Connolly, D. Medina-Pineda 

(2019). “Analysis of a New Ballastless Track for High-Speed Railway 

Infrastructure”. Poster presented at UKRRIN Annual Conference, November 

2019, Birmingham, UK. 

[2] A.F. Esen, O. Laghrouche, P.K. Woodward, D.P. Connolly, T. Marolt (2019). 

“Full-Scale Laboratory Testing of High-Speed Railway Infrastructure, Slab Track 

and Ballasted Track on Geosynhetically Reinforced Soil Embankment”. Poster 

presented at SRPe Annual Conference, November 2019, Glasgow, UK. 

[3] A.F. Esen, O. Laghrouche, P.K. Woodward, D.P. Connolly, D. Medina-Pineda 

(2019). “Analysis of a New Ballastless Track for High-Speed Railway 

Infrastructure”. Poster presented at SRPe Annual Conference, November 2019, 

Glasgow, UK. 

[4] A.F. Esen, O. Laghrouche, P.K. Woodward, T. Marolt and D.P. Connolly (2018). 

“Full-scale laboratory testing of high-speed railway infrastructure slab track and 

ballasted track on grs embankment”. Poster presented at Annual Poster and 

Presentation Competition in Geotechnical Engineering and Engineering Geology 

organised by The Scottish Geotechnical Group of the ICE and the Central 

Scotland Regional Group (CSRG) of the Geological Society of London. 

December 2018, Glasgow, UK 

[5] A.F. Esen, O. Laghrouche, P.K. Woodward, D.P. Connolly (2017). 

“Experimental and numerical analysis of high-speed railway infrastructure”. 

Poster presented at Infrastructure & Environment Scotland 4th PG Conference. 

May 2017, Edinburgh, UK 



 

xiii 

 

LISTS OF FIGURES 

Figure 1.1: Land occupation of (a) conventional embankment, and (b) GRS-RW system

 ........................................................................................................................ 2 

Figure 1.2: Summary of objectives ................................................................................... 5 

Figure 2.1: Conventional ballasted track; (a) Longitudinal section, (b) Cross section [5]

 ...................................................................................................................... 10 

Figure 2.2: Strains in granular materials during one cycle [12] ...................................... 14 

Figure 2.3: Precast slab track Max-Bögl (Courtesy of Max-Bögl) ................................. 19 

Figure 2.4: Cast in-situ slab track New Ballastless Track (NBT) during construction 

(Courtesy of Alstom) .................................................................................... 19 

Figure 2.5: Double stage suspension bogie and subsoil [21] .......................................... 27 

Figure 2.6: Coordinates of vehicle motion [71] .............................................................. 28 

Figure 2.7: Ground wave propagation velocity ratios with Poisson’s ratio [73] ............ 31 

Figure 2.8: Contour plots of ground waves at the front of the train for a train speed of 51 

m/s (a) Colour contour plot (b) Grey contour plot [61] ............................... 32 

Figure 3.1: (a) The slab track on the embankment -ES-, (b) the ballasted track on the 

embankment -EB-, (c) the slab track on GRS-RW system -GS-, (d) the 

ballasted track on GRS-RW system -GB- .................................................... 36 

Figure 3.2: TIAB system interface and data visualisation tool ....................................... 37 

Figure 3.3: Concept of GRAFT-II .................................................................................. 37 

Figure 3.4: Layout of substructure and super structure................................................... 39 

Figure 3.5: The gradation curve of sand ......................................................................... 39 



 

xiv 

 

Figure 3.6: Compaction Curve Plotting .......................................................................... 41 

Figure 3.7: In-situ soil parameter tests (a) Dynamic Cone Penetrometer (DCP) and CBR 

investigation, (b) Plate Load Test (PLT) and EV2 investigation.................. 42 

Figure 3.8: Geopavement and Railways Accelerated Testing Facility (GRAFT-II) at 

Heriot-Watt University, (a) slab track and (b) ballasted track resting on GRS-

RW structure ................................................................................................ 45 

Figure 3.9: The stages of the GRS-RW construction ...................................................... 47 

Figure 3.10: Layout of the ballast and slab tracks on GRS-RW embankment (a) concrete 

slab-track; (b) ballasted track ....................................................................... 48 

Figure 3.11: Construction stages of the GRS structure: (a) Positioning the sandbags on 

the geogrid; (b) compaction of the sand; and (c) wrapping the geogrid around 

the sandbags and pinned into compacted soil .............................................. 50 

Figure 3.12: Construction stages of the GRS structure: (a) Tie bars through the sandbags 

and FHR wall, and anchored with angle irons; (b) Self-standing GRS soil and 

the cast-in HBL layer of slab track (c) FHR retaining wall positioned with 

topflow ......................................................................................................... 51 

Figure 3.13: Slab track in the GRAFT-II testing facility ................................................ 52 

Figure 3.14: Slab track system ........................................................................................ 53 

Figure 3.15: Ballast track in the GRAFT-II testing facility ............................................ 54 

Figure 3.16: Sieve analysis for limestone and micro granite .......................................... 55 

Figure 3.17: Distribution of axle loads over three sleepers ............................................ 56 



 

xv 

 

Figure 3.18: Time interval of sequential actuator loading of different frequencies in a 

second ........................................................................................................... 58 

Figure 3.19: LVDT positions and labels (a) slab track (b) ballasted track ..................... 59 

Figure 3.20: Average vertical displacement of the rails on sleeper 1 and 3 under static 

loading .......................................................................................................... 62 

Figure 3.21: Average vertical displacement of the rails on sleeper 2 (middle sleeper) under 

static loading ................................................................................................ 62 

Figure 3.22: Average vertical displacement of sleeper 1 and 3 under static loading...... 63 

Figure 3.23: Average vertical displacement of sleeper 2 (middle sleeper) under static 

loading .......................................................................................................... 64 

Figure 3.24: The use of bars corresponding to peak of sinusoidal cycles....................... 66 

Figure 3.25: Displacement amplitudes of the rails on ballast and concrete slab track on 

the conventional embankment and GRS-RW structure at Cyclic I (5.6Hz 

cycling at 13kN to 58.9kN) test ................................................................... 67 

Figure 3.26: Displacement amplitudes of the rails on ballast and concrete slab track on 

the conventional embankment and GRS-RW structure at Cyclic II (2.5Hz 

cycling at 5kN to 83.4kN) test ..................................................................... 68 

Figure 3.27: Displacement amplitudes of the sleepers on ballast and concrete slab track 

on the conventional embankment and GRS-RW structure at Cyclic I (5.6Hz 

cycling at 13kN to 58.9kN) test ................................................................... 69 

Figure 3.28: Displacement amplitudes of the sleepers on ballast and concrete slab track 

on conventional embankment and GRS-RW structure at Cyclic II (2.5Hz 

cycling at 5kN to 83.4kN) test ..................................................................... 70 



 

xvi 

 

Figure 4.1: A conventional cyclic triaxial test [86]......................................................... 75 

Figure 4.2: Plastic settlement acquisition method .......................................................... 82 

Figure 4.3: Cumulative settlement of sleepers on slab and ballasted track on the 

conventional embankment and GRS-RW structure for Cyclic-I ................. 83 

Figure 4.4: Cumulative settlement of rails on slab and ballasted track on the conventional 

embankment and GRS-RW structure for Cyclic-I ....................................... 83 

Figure 4.5: Cumulative settlement of sleepers on slab and ballasted track on the 

conventional embankment and GRS-RW structure for Cyclic-II ................ 84 

Figure 4.6: Cumulative settlement of rails on slab and ballasted track on the conventional 

embankment and GRS-RW structure for Cyclic-II ...................................... 84 

Figure 4.7: Average absolute displacements of the rails and sleepers under static loading 

(slab in the slab track case) .......................................................................... 86 

Figure 4.8: Average absolute displacements of the rails and sleepers under cyclic loading 

(slab in the slab track case) .......................................................................... 87 

Figure 4.9: The stiffness of the tracks based on deflection of the rails (including rail pads) 

under static loading ...................................................................................... 89 

Figure 4.10: The stiffness of the tracks based on deflection of the sleepers and slab 

(excluding rail pads) under static loading .................................................... 89 

Figure 4.11: The stiffness of the tracks under cyclic loading ......................................... 90 

Figure 4.12: Cumulative settlement of rail and slab on the conventional embankment and 

GRS-RW structure for Cyclic-I and II ......................................................... 92 



 

xvii 

 

Figure 4.13: Cumulative settlement of rail and sleeper on the ballasted track on the 

conventional embankment and GRS-RW structure for Cyclic-I and II ....... 93 

Figure 5.1: The positions of the pressure cells in the conventional embankment (a) Lateral 

cross-section (b) Longitudinal cross-section .............................................. 102 

Figure 5.2: The installation of pressure cells in the soil (a) The T-PC pressure cells near 

the surface of FPL (b) Levelling a pressure cell ........................................ 103 

Figure 5.3: The positions of the pressure cells in the GRS-RW structure .................... 104 

Figure 5.4: W-PC pressure cells (a) on the retaining wall (c) Gap filling material topflow 

(d) Silicone sealant on the sides of the wall to prevent leakage ................. 105 

Figure 5.5: Vertical stresses immediately under the slab (ES) and the ballast (EB) tracks 

on the conventional embankment under static loading .............................. 106 

Figure 5.6: Vertical stresses in the FPL of all four tracks under static loading ............ 107 

Figure 5.7: Vertical stresses in the subgrade of all four tracks under static loading ..... 108 

Figure 5.8: Vertical stresses on the retaining wall for the slab (GS) and the ballast (GB) 

tracks on the GRS-RW structure under static loading ............................... 109 

Figure 5.9: Relative stress amplitudes at the top of FPL in ballast and concrete slab track 

on the conventional embankment and GRS-RW structure at Cyclic-I and -II

 .................................................................................................................... 111 

Figure 5.10: Relative stress amplitudes in FPL in ballast and concrete slab track on the 

conventional embankment and GRS-RW structure at Cyclic-I and -II ..... 112 

Figure 5.11: Relative stress amplitudes in subgrade in ballast and concrete slab track on 

the conventional embankment and GRS-RW structure at Cyclic-I and -II 112 



 

xviii 

 

Figure 5.12: Absolute static stresses along depth from the surface of FPL .................. 115 

Figure 5.13: Relative static stresses along depth from the surface of FPL ................... 116 

Figure 5.14: Comparison of vertical peak stresses from the FPL surface at Cyclic-I test 

(Estimated sleeper-ballast pressure 180-245kPa) ...................................... 117 

Figure 5.15: Comparison of vertical peak stresses from the FPL surface at Cyclic-II test 

(Estimated sleeper-ballast pressure 245-360kPa) ...................................... 118 

Figure 6.1: The dimensions of the Max Bögl slab track ............................................... 124 

Figure 6.2: The dimensions of the ballasted track ........................................................ 125 

Figure 6.3: The dimensions of the NBT slab track ....................................................... 126 

Figure 6.4: 3D models (a) Max-Bögl slab track (b) Ballasted track (c) NBT slab track

 .................................................................................................................... 127 

Figure 6.5: The cyclic loading applied on each sleeper during Cyclic-I and II ............ 130 

Figure 6.6: The location of the nodes for displacement output (a) The LVDTs on the rails 

and sleepers, (b) Close up view .................................................................. 131 

Figure 6.7: Comparison of vertical displacements of rails and sleepers of ballasted track 

under Cyclic I loading obtained from experimental and numerical results 132 

Figure 6.8: Comparison of vertical displacements of rails and sleepers of ballasted track 

under Cyclic II loading obtained from experimental and numerical results

 .................................................................................................................... 133 

Figure 6.9: Comparison of vertical displacements of rails and sleepers of Max-Bögl slab 

track under Cyclic I loading obtained from experimental and numerical 

results ......................................................................................................... 133 



 

xix 

 

Figure 6.10: Comparison of vertical displacements of rails and sleepers of Max-Bögl slab 

track under Cyclic II loading obtained from experimental and numerical 

results ......................................................................................................... 134 

Figure 6.11: Numerical comparison of vertical displacement of rails and sleepers of Max-

Bögl and NBT slab tracks under Cyclic I loading ..................................... 136 

Figure 6.12: Numerical comparison of vertical displacement of rails and sleepers of Max-

Bögl and NBT slab tracks under Cyclic II loading .................................... 136 

Figure 6.13: Deformed shaped of the tracks under the peak of the Cyclic-I (a)Vertical 

displacement of the Max-Bögl slab track, (b) Vertical stress of the FPL under 

the Max-Bögl HBL (c) Vertical displacement of the ballasted track, (d) 

Vertical stress of the FPL under the ballast, (e)Vertical displacement of the 

NBT slab track, (f) Vertical stress of the FPL under the NBT HBL.......... 138 

Figure 6.14: Deformed shaped of the tracks under the peak of the Cyclic-II (a)Vertical 

displacement of the Max-Bögl slab track, (b) Vertical stress of the FPL under 

the Max-Bögl HBL (c) Vertical displacement of the ballasted track, (d) 

Vertical stress of the FPL under the ballast, (e)Vertical displacement of the 

NBT slab track, (f) Vertical stress of the FPL under the NBT HBL.......... 139 

Figure 6.15: Stresses in the centre of the soil under the peak of the Cyclic-II (a) Max-Bögl 

slab track, (b) ballasted track HBL (c) NBT slab Track ............................ 140 

Figure 7.1: The NBT track (Courtesy of Alstom) ......................................................... 144 

Figure 7.2: Motion of the sprung mass on a simply supported beam ........................... 150 

Figure 7.3: the meshes of the undeformed 3D simply supported beam ........................ 150 



 

xx 

 

Figure 7.4: The vertical displacement (a) and stresses (b) of the beam when the wheel 

reaches the mid-point ................................................................................. 150 

Figure 7.5: The vertical displacement of the beam ....................................................... 151 

Figure 7.6: The X-2000 train wheel load configuration (F1 = 90.5kN, F2 = 90kN, F3 = 

61kN, F4 = 58.5kN, F5 = 80kN) ................................................................. 152 

Figure 7.7: The half X-2000 train bogie load configuration (F1 = 90.5kN, F2 = 90kN, F3 

= 61kN) ...................................................................................................... 152 

Figure 7.8: The X-2000 train wheel load configuration ............................................... 154 

Figure 7.9: The displacement of the beam at 25m from the start ................................. 155 

Figure 7.10: The displacement of the beam at 100m from the start ............................. 156 

Figure 7.11: The displacement of the beam at 190m from the start ............................. 156 

Figure 7.12: Three-dimensional track model (a)Track-ground model (b) Close-up view 

of the ballasted track (c) Close-up view of the NBT track......................... 158 

Figure 7.13: Soil profile of the Ledsgård field case and numerical models ................. 159 

Figure 7.14: Displacement of the tracks for the train speeds of 19m/s ......................... 160 

Figure 7.15: Displacement of the tracks for the train speeds of 50m/s ......................... 161 

Figure 7.16: Displacement of the tracks for the train speeds of 56.67m/s .................... 161 

Figure 7.17: Contour plots of ground waves of the ballasted track at (a) 19m/s, (b)50m/s, 

(c) 56.67m/s (The superstructure was removed for clarity) ....................... 163 

Figure 7.18: Contour plots of ground waves of the NBT track at (a) 19m/s, (b)50m/s, (c) 

56.67m/s (The superstructure was removed for clarity) ............................ 164 



 

xxi 

 

Figure 7.19: Maximum displacements of the components of the ballast and NBT tracks 

at various speeds......................................................................................... 166 

Figure 7.20: PPV of the components of the ballast and NBT tracks at various speeds 166 

Figure 7.21: PPA of the components of the ballast and NBT tracks at various speeds 167 



 

xxii 

 

LIST OF TABLES 

Table 2.1: Railway track model examples ...................................................................... 24 

Table 3.1: CBR values of the compacted soil using Dynamic Cone Penetrometer (DCP)

 ...................................................................................................................... 44 

Table 3.2: Properties of geogrids used in soil and ballast obtained from Tensar ........... 46 

Table 3.3: CBR values of the compacted soil using Dynamic Cone Penetrometer (DCP)

 ...................................................................................................................... 49 

Table 3.4: Loading sequences of the ballasted and concrete slab track tests .................. 57 

Table 3.5: Abbreviations of the track types and sensors ................................................. 61 

Table 4.1: Settlement Models ......................................................................................... 79 

Table 5.1: Stress measurements on top of the FPL (immediately under ballast/HBL) by 

various authors ........................................................................................... 113 

Table 6.1: The parameters of Max Bögl slab track that are obtained from the experimental 

and numerical analysis ............................................................................... 128 

Table 6.2: The soil parameters obtained from the experimental and numerical analysis

 .................................................................................................................... 135 

 



 

xxiii 

 

GLOSSARY 

ABL   - Asphalt Bonded Layer 

BOEF   - Beam on Elastic Foundation 

CBL   - Concrete Bonded Layer 

CBR   - California Bearing Ratio 

CH   - Channel 

DCP   - Dynamic Cone Penetrometer 

DEM   - Discrete Element Method 

FEA   - Finite Element Analysis 

FEM   - Finite Element Method 

FHR   - Full-Height-Rigid 

FPL   - Frost Protection Layer 

GRAFT  - Geopavement and Railway Accelerated Fatigue Testing 

GRS   - Geosynthetic Reinforced Soil 

HBL   - Hydraulically Bonded Layer 

HWU   - Heriot-Watt University 

IIE   - Institute for Infrastructure and Environment 

LVDT   - Linear Variable Differential Transformer (Transducer) 

NBT   - New Ballastless Track 

PLT   - Plate Loading Test 

PMS   - Preformed Modular Structure  

RW   - Retaining Wall 

TLM   - Thin Layer Method 

UIC   - International Union of Railways 

VCI   - Void Contaminant Index 

 



 

1 

 

CHAPTER 1- INTRODUCTION 

1.1 Introduction and Motivation 

The growing demand for high-speed rail lines leads railway infrastructure companies to 

trim the life-cycle costs of railways due to increasing economic pressure. In addition to 

the ongoing discussion on the performance of the ballasted and ballastless (slab) tracks, 

novel types of embankments are also being proposed to improve the inherent track quality 

while lowering the capital costs by reducing land take. For example, if we consider a 

10m-high rail embankment that has a typical 2:1 slope ratio and a crest width of 10m, the 

savings in fill material and land-take using a GRS-RW structure would be 66% and 80%, 

respectively. 

High-speed railway lines still use traditional sloping embankments as the principal means 

of support of the railway track. However, in Japan, the Geosynthetically Reinforced Soil 

Retaining Wall (GRS-RW) systems have gained popularity as alternatives to 

conventional embankments, including high-speed train lines [1].  

These structures are used because they are cost-effective, both in terms of construction 

and maintenance, and for their lower residual settlement during operation [2]. This system 

requires less ground stabilization/improvement and also less land take than conventional 

embankments, as it has a much smaller base area (Figure 1.1). In addition to 

improvements in the substructure, more stabilized superstructure forms are increasingly 

being developed as a replacement of ballast, which is one of the sources of differential 

settlement. 

The demand for high/ultra-high-speed, presence of heavier axle loads, additional effects 

caused by higher speeds, such as critical velocity effect, lower life-cycle costs, and 
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reducing carbon emissions led to a new railway track system; the slab track, also known 

as non-ballasted or ballastless track [3]. 

 

(a)      (b) 

Figure 1.1: Land occupation of (a) conventional embankment, and (b) GRS-RW system 

In this study, a section of a slab track and ballasted track are experimentally tested in the 

full-scale Geopavement and Railway Accelerated Fatigue Testing (GRAFT-II) facility 

under the effect of cyclic axle loading representing a moving phased loading at 360km/h 

on two different support conditions, namely: a low-level fully confined conventional 

embankment and a GRS-RW substructure. Rail and track deflections, total settlements, 

transient stresses in the subgrade, and accelerations are therefore obtained. The purpose 

of these tests is not to simulate critical velocity (due to the fact that the test bed is very 

stiff, among other reasons) but to allow comparison studies as well as calibration of the 

numerical model for validation prior to numerical parametric studies. 

The performance of a special ballastless track solution called NBT, developed by Alstom 

and other French companies, is investigated using a three-dimensional dynamic finite-

element model. The effects of high-speed moving loads over the reinforced concrete slab 

track are analysed in Abaqus. The aim is to predict the dynamic response of the track and 

the ground, especially at critical speeds. The transient track displacement at critical speeds 

can be significantly higher in comparison to the corresponding static deflection due to the 

dynamic effects, which may lead to accelerated degradation on conventional railway 

tracks. The critical speeds can be as low as 180km/h, such as in Ledsgård case [4]. 
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1.2 Aim and Objectives 

The general aim of this research work is to investigate the short term and long-term 

performance of railway tracks under the effect of high-speed train loading. It considers 

two types of substructures: namely a conventional embankment and a GRS-RW structure. 

Both substructures are designed to high-speed rail standards. A ballasted track and a slab 

track are considered as superstructures, placed on the two substructures, to provide four 

cases of investigated railway tracks. This work is carried out through full-scale 

experimental testing using the GRAFT-II facility available at Heriot Watt University, in 

Edinburgh. The testing is achieved by subjecting the tracks to many years’ worth of load 

cycles representing a moving phased loading at 360km/h.  

The experimental testing is completed by a numerical modelling based on the use of the 

commercial software Abaqus. A three-dimensional (3D) finite element (FE) train-track-

soil model is developed and used to simulate the effect of high-speed moving trains. The 

model considers a slab track superstructure and investigates the effect of train speeds 

close to the critical velocity. 

The aim of this research is achieved through the following objectives: 

1. Construct a substructure based on a conventional embankment physical model in 

the GRAFT-II testing facility consisting of a subgrade and Frost Protection Layer 

(FPL), both designed to high-speed standards, including instrumentation for 

recording stress distribution. 

2.  Place a section of a slab track on top of the conventional embankment, including 

a Hydraulically Bonded Layer (HBL) and instrumentation for recording 

displacements and accelerations. The slab track is then subjected to a phased 

cyclic loading via rail segments connected to the GRAFT-II actuators. 
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3. Place a ballasted track on the conventional embankment substructure, following 

the removal of the slab track and HBL. The ballasted track in then subjected to 

the same loading and testing procedure followed in the slab track case, achieving 

more than 3 million cycles. 

4. Construct a GRS-RW substructure consisting of subgrade and FPL reinforced 

with geogrids at regular layer intervals. Steel tie bars are positioned between the 

layers and are anchored within the fill subgrade. Steel plates are used to replicate 

the GRS-RW system retaining wall. 

5. Place the slab track then the ballasted track, on top of the GRS-RW substructure, 

and carry out similar testing, in similar conditions, and following the same 

methodology considered in the case of the conventional embankment to allow 

performance analysis and comparison of the different cases. 

6. Carry out in-depth analysis of the results recorded in the four cases of tracks, in 

terms of transient displacements, permanent settlements and stress distribution, 

and draw relevant conclusions on the performance of each track system. 

7. Develop a 3D numerical FE model of the above experimental testing cases 

considering a confined substructure and a railway superstructure subjected to 

either static or cyclic loading. This model is then calibrated using the experimental 

results for identifying useful parameters. 

8. Extend the 3D numerical FE model to include a high-speed train loading, a 

railway track section, and a soil medium. This model is used to analyse the 

performance of a slab track subjected to high-speed moving loads, including 

critical velocity effects. 
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Figure 1.2: Summary of objectives  

The objectives of this thesis are summarised in Figure 1.2. The link between full-scale 

testing, model calibrations and extended dynamic model is indicated.  

1.3 Contribution of the Thesis 

First, a GRS-RW substructure is proposed, built and experimentally tested. It is compared 

against a low-level conventional embankment, which is also built and tested to investigate 

the performance of both substructures under high-speed train loads. This is achieved 

using the full-scale testing. Moreover, like-to-like comparisons of slab and ballasted 

tracks placed on the two substructures are carried out. The performance is assessed in 
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terms of elastic and plastic deformations of the tracks as well as stress levels in the 

substructures. Secondly, a link between the GRAFT-II testing and a 3D FE model is 

established through a calibration step. This is achieved by identifying numerical data in a 

manner that allows for accurate comparison to the obtained experimental results. This 

concerns both the static and cyclic testing. 

Thirdly, the calibration step allows the extension of the 3D FE numerical model to include 

a coupled train-track- soil interaction. For this, a soil model is used to consider the 

response of the New Ballastless Track under the effect of high-speed moving loads, 

including critical velocity effects. The extended model is validated against the Ledsgård 

documented case. A new train loading approach is developed to eliminate the impact 

effect in the 3D model and to increase the efficiency of the model. 

It is worth noting that, given the nature of the full-scale testing in GRAFT-II, most of this 

thesis work was dedicated to the experimental testing, which involved very demanding 

tasks, including material procurement, laboratory equipment training, people 

management and teamwork, health and safety management, and big data acquisition and 

analysis. Moreover, the Covid19 pandemic and the imposed lockdown contributed to 

further constraints on the time of the thesis. 

1.4 Thesis Outline 

The current chapter includes a brief introduction to the research work and states the 

general aim, the objectives and thesis outline. 

Chapter 2 reviews the key literature which covers a wide range of topics related to 

experimental and numerical analysis of railway tracks. The literature review on 

experimental work focuses on track geotechnology, including the components of the 

permanent way, track settlement models, high-speed railway infrastructure types, 
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particularly slab tracks, full-scale and small-scale experimental testing, and use of 

geosynthetics in the soil as a remediation method. The numerical analysis review covers 

mainly multi-dimensional track models, the definition of vehicle and moving loads, 

ground waves and critical velocity associated problems. 

Chapter 3 describes the GRAFT-II testing facility and the full-scale testing of a slab track 

and ballasted track on plain embankment and GRS-RW substructure. The construction 

stages of the substructures and superstructures are explained in detail. The transient 

displacement behaviour of the tracks under static and cyclic loading are analysed.  

Chapter 4 is based on the outcomes of the work presented in Chapter 3. It presents some 

of the experimental results and focuses on the track settlement, track stiffness and 

compares to analytical settlement models of tracks found in the literature. 

Chapter 5 describes the stress distribution in the tracks under static and cyclic loading. 

The stress distribution in the embankment soil and the pressure levels in the GRS 

retaining wall are presented and analysed. 

Chapter 6 presents the calibration of 3D models using GRAFT-II experimental results. 

The laboratory tested physical model is considered in Abaqus software to create a replica 

of the test specimen in GRAFT-II. The carried-out calibration established a link between 

the full 3D numerical model and the experimental physical model.  

Chapter 7 describes an extended 3D model simulating a train passage over a track-soil 

model to assess the performance of NBT under critical velocity. The details of the track 

and soil domain, vehicle model and moving loads are provided. The model is then 

validated against the in-situ data obtained in Ledsgård, Sweden. 
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Chapter 8 summarises the outcomes of this research work and presents the main 

concluding remarks. Recommendations for future work are also provided.  
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CHAPTER 2 - BACKGROUND AND LITERATURE REVIEW 

2.1 Introduction 

In this research, a large number of references on railway tracks were consulted. Therefore, 

the presented literature review covers a variety of topics related to experimental testing 

and numerical analysis. This chapter presents the main aspects of track components and 

settlement models, geosynthetically reinforced soils, high-speed railway infrastructure 

and critical velocity effects. It also focuses on major past experimental research on 

different track types as well as dynamic numerical modelling. This chapter introduces the 

literature review without going too much into detail. The detailed and critical literature 

review, and the synthesis are included in each chapter. 

2.2 Track Geotechnology 

A railway track's aim is to not only guide trains in a safe manner, but also to provide an 

economical way of moving people and goods. A constant level of appropriate vertical and 

horizontal alignment is an essential condition to achieve the above requirements. To 

achieve these goals, each track component must perform carry out its specific function 

thoroughly in response to the traffic loads and environmental factors [5]. 

The conventional ballasted track structure, as illustrated in Figure 2.1, consists of two 

main parts: 

• Superstructure; consisting of rails, rail pads, fastening systems and sleepers 

• Substructure; formed of ballast, subballast and subgrade 

The sleeper-ballast interface, on which the under-sleeper pads are situated in some 

situations, thus separates the superstructure and substructure.  
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(a) 

 

(b) 

Figure 2.1: Conventional ballasted track; (a) Longitudinal section, (b) Cross section [5] 

The rail is the longitudinal steel member and has an I-profile shaped design. The rail, 

according to Esveld [6], can be seen as the most important component of the railway 

structures and its main function is to guide the wheel and to transfer the loads to the lower 

laying components. 

The sleeper is the lateral component that lies beneath the rails and is composed of wood, 

prestressed/reinforced concrete, or steel; however it is not yet widely used. In terms of 

durability against climate impacts, fastening system fixing, and resistance to lateral and 

longitudinal forces, a concrete sleeper is superior. Concrete sleepers, on the other hand, 
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are more difficult to handle and less elastic, necessitating the use of railpads to provide 

adequate resiliency [5]. 

Esveld [6] outlines some general functions and requirements of sleepers as: 

• To withstand rail forces and distribute them as evenly as possible over the 

supporting ballast 

• To maintain the track gauge and rail gradient 

The rails are fixed to the sleepers by means of special fastening systems or in short 

fastenings. The general functions and requirements of the fastenings as expressed in the 

reference [6] are: 

• To absorb the rail forces elastically and transfer them to the sleepers  

• To efficiently damp vibrations and pressures produced by the passing trains 

• To maintain the track gauge and rail gradient 

The rail pads, which are placed between the rail and the sleeper, protect the sleepers 

against the detrimental effects of rails due to passing trains. Therefore, the life span of 

sleepers gets increased. Additionally, the track dynamics is significantly influenced by 

the rail pads [7]. 

The ballast is the selected crushed granular material, of 28-50mm size, which is placed 

onto the subgrade. Some important functions of the ballast layer are stated in the 

references [5, 6, 8, 9, 10, 11] as; 

• To keep the sleepers in their required positions by bearing vertical, lateral, and 

longitudinal dynamic forces 

• To provide resiliency and energy absorption against dynamic loading 
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• To distribute the loads applied by trains over the subgrade and to protect the 

subgrade from high stresses, thus, to lower the permanent deformations 

• To allow maintenance  

• To facilitate drainage and keep water away from the track 

• To inhibit the growth of vegetation 

• To reduce frost problems 

In between the ballast and the subgrade, there is a layer known as the subballast. Its 

primary duty is to mitigate the impacts of traffic loads transferred from the ballast to the 

subgrade and to distribute these loads to the subgrade at a level that is tolerable to the 

traffic. 

The subgrade serves as a platform for the placement of the ballast bed, providing a level 

surface on which to work. Modifications to the subgrade are not practicable once the track 

has been completed, and it is normally not included in the scope of maintenance 

operations. 

2.3 Track Settlement 

As indicated above, ballast is the granular material, forming the trackbed upon which 

sleepers are embedded, to bear the loads from the sleepers. Ballast particles are considered 

to be of good quality if the stones are angular, uniformly graded, not fouled (no dust and 

dirt), and not hydraulically bound. However, there is no universal agreement on the 

required ballast attributes to determine the best track quality, such as size, shape, 

hardness, abrasion resistance, and grading. As stated by Selig and Waters [5], the main 

reasons for preferring the granular materials (such as crushed granite, basalt, limestone, 

slag, and gravel) are the availability and the cost. 
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Railway tracks need to be maintained on a regular basis to get the ballast work properly 

again. By elevating the rails with the sleepers and vibrating the ballast underneath, a 

tamping machine is used to realign the track. The stone blowing process may be used in 

place of tamping because it blows additional stones into the gaps between the sleepers 

and the ballast through a pipe that is inserted alongside the sleepers during the 

construction process. It is necessary to clean or replace the ballast after many tamping 

processes, which can be accomplished with a ballast cleaning equipment. 

The track structure, which consists of the rails and the sleepers, is supported by the ballast 

to provide stability against horizontal, vertical, and longitudinal forces exerted by the 

trains. The ballast thickness under the sleepers is traditionally 30cm, and with the ballast 

which is placed around the sleepers, in the cribs and shoulders, the total thickness may 

reach 50cm [9]. 

Ballast serves to keep the sleepers in place by bearing vertical, lateral, and longitudinal 

dynamic forces. It provides resiliency and energy absorption against dynamic loading and 

distributes the train loads over the subgrade to protect it from high stresses. It also 

facilitates drainage, allows track maintenance, inhibits vegetation growth, and reduces 

frost problems. Despite all these functions as well as being cheap and practical, slab track 

structures are being more used in high-speed railways. This may be due to the lack of a 

thorough understanding of the behaviour of ballast, in spite of numerous research studies, 

but the main reason may be due to ballast settlement and the need for regular maintenance.  

Under cyclic loading unbound materials deform in two ways; resilient deformation and 

residual deformation. The resilient deformation is defined as a recoverable response under 

each cyclic load. The residual deformation is the permanent deformation, which is the 

irrecoverable strain as indicated in Figure 2.2. 
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Figure 2.2: Strains in granular materials during one cycle [12] 

A railway track is subjected to a wide range of train loads. Traffic loading generates 

deformations in the substructure that can be non-elastic in nature due to the frequent 

application of force. After the train has passed, the track does not return to its original 

place in its entirety. The motion causes a very slight deformation. However, after a high 

number of trains runs throughout the course of the railway track's operational life, these 

minor deformations begin to accumulate. 

Differential settlement of the ballast and the subgrade results in irregularities of the 

vertical track geometry. According to Shenton [13], six mechanisms are triggering the 

track deformation. These are as follows: 

Dynamic Forces: These are vertical loads from passing trains. 

Rail shape: Manufacturing flaws or weld alignment issues result in faults along the rail's 

longitudinal form or unevenness of the railhead. 

Sleeper Spacing: The closer to each other the sleepers are, the less load an individual 

sleeper carries so consequently settles less. 

Sleeper Support: A sleeper that is on top of a stiff support carries more load than one 

located on a soft support. 
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Ballast Settlement: Due to the non-uniform nature of the ballast, the settlement is likewise 

expected to be non-uniform. 

Substructure: Because of differential settlement of the subgrade, irregularities in the track 

geometry can develop. 

As indicated by Shenton [13], dynamic loads, rail shape and differential ballast settlement 

are major causes of track deterioration. The other factors have minor contributions to 

settlement.  

The settlement of a ballasted railway is measured in two major phases. When a track is 

freshly tamped or constructed, a significant amount of settlement occurs after the initial 

load is applied. If all locations on the railway were at the same level, there would be no 

irregularities. However, deformations vary along the track, resulting in track irregularities 

[6]. The second phase of settlement is slower and tends to have a linear relationship 

between settlements and time or load, as reported by Dahlberg [9]. According to Esveld 

[6], this degradation of the track, or in other words the differential track settlement, is 

identified as having three main reasons: 

• Random settlement of ballast or random stiffness of the foundation  

• Lack of evenness of the rails 

• A variety of dynamic loads along the track due to passing trains 

In order to remedy the track's settlement, maintenance is required; the track is aligned and 

lifted, and fresh ballast material is deposited beneath the sleepers [9]. Three major points 

of track geometry evolution are obtained from this example in reference [6]; 

• Regular tamping operations based on large and constant improvement  

• The linear trend of deterioration between tamping processes 
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• The lack of impact of tamping operations on the degree of deterioration 

Differential settlement is triggered by track settlement, which increases wheel-rail force. 

As a result, the more trains that pass, the more irregularities there will be. This, in turn, 

eventually leads to track settlement. As a result, if a track settlement occurs, it will be 

difficult to deal with.  

As long as settlement occurs in the same proportions as before, the level of deformities 

will not affect the track structure, which will simply settle evenly into the ballast as a 

result of the same amount of settlement. However, settlement does not occur in the same 

proportion in practise as a result of unequal substructure conditions and various load 

combinations along the line. Unpredictability accumulates and can lead to changes in the 

load distribution [14]. 

2.3.1 Track Settlement Models 

In this section, a variety of published models on track settlement are investigated to 

identify the main influencing parameters. The main triggering mechanism is explained in 

the previous section, as reported by Shenton [13], and the major factors are dynamic 

forces, rail shape, sleeper spacing, sleeper support, ballast settlement, and substructure. 

In addition to these factors, Holtzendorff and Gerstberger [15] proposed four others which 

are: 

Deviatoric Stress; the stones start moving if the deviatoric stress exceeds the stone-to-

stone friction. In this case, the horizontal stress σ3 should be high enough to confine the 

ballast according to Selig and Waters [5]. 

Vibrations; when the track is dynamically loaded, particles start spreading horizontally. 
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Degradation; due to particle friction, tamping, and various environmental effects, particle 

wear and breakage occur.  

Subgrade Stiffness; the more subgrade deforms the more track settles. 

Dahlberg [8], Abadi et al. [16] and, Thom and Oakley [11] compared various major 

settlement models proposed in the literature all around the world. According to their 

results, those models follow a similar pattern which is mainly based on the number of 

cycles, axle load and initial settlement. A selection of these models is listed below: 

[13] Settlement = P5 [ N 0.2 +  N]           

[11] Settlement = [log10 (N) – 2.4]2  [/160]  [47/k]        

[5] Settlement = 4.318 N0.17       

[17] Settlement =  [1 – e -.N] +  N   

[18]  Settlement = a + [b/(1-VCI)] logN      

[19] Settlement = S1 [1 + c ln(N)]; where S1 =  P 1.6 

Where P is the axle load; N the number of load applications; , , c,   are constants;  

the vertical pressure; k the subgrade stiffness; S1 is initial settlement; and VCI being the 

fouling constant.  

Generally, the various ballast settlement models have comparable characteristics. The 

common dominant parameters in all settlement models are the number of cycles, the 

magnitude of which is determined by the equation's linear or logarithmic nature. 

Additionally, certain models consider the force supplied to the ballast, whilst others do 

not. However, no consideration was given to sleeper spacing, granular material kind, or 

ballast thickness. More details will be discussed in Chapter 4. 

(Eq. 2.1) 

(Eq. 2.2) 

(Eq. 2.3) 

(Eq. 2.4) 

(Eq. 2.5) 

(Eq. 2.6) 
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2.4 High-Speed Railway Infrastructure 

Owing to the demand for high and ultra-high speeds, increased traffic intensity, presence 

of heavier axle loads, increased vibration levels and critical velocity cases, lower life-

cycle costs, energy consumption and emission, and global warming associated issues led 

to the development of a new railway track system: Slab Track. Slab Tracks, also known 

as non-ballasted or ballastless tracks, consist of concrete or asphalt layer replacing the 

ballast. This kind of structure provides higher stability, durability, even ride quality, and 

low requirements for maintenance [6, 20, 21, 22, 23, 24, 3, 25, 26]. 

Concrete slab tracks are classified as discrete rail support and continuous rail support 

tracks. In the discrete rail support systems, the rail is attached to the track with separate 

supporting points, whereas in the continuous rail support systems, the rail is supported by 

a continuous elastic compound such as cork and polyurethane. Some of the most common 

slab tracks used all over the world mentioned in the references [21, 22, 25] are; 

• Sleepers or blocks encased in in situ concrete: Rheda (German), Zublin (German) 

• In situ concrete without sleepers: NBT (French) 

•  Precast concrete slab segments: Max-Bögl (German), ÖBB Porr (Austrian), 

Shinkansen (Japan) 

• Continuously embedded rail: Edilon (Dutch), BBERS Balfour Beatty (British) 

Figure 2.3 shows a Max-Bögl slab track, which is a prefabricated and prestressed 

reinforced concrete track. The prefabricated slabs are delivered to a field (Figure 2.3) and 

positioned 4mm above the cast-in concrete layer and are coupled via a cementitious 

mortar poured in between. A section of a Max-Bögl slab track is used as part of the 

experimental investigation in the current research. 
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Figure 2.3: Precast slab track Max-Bögl (Courtesy of Max-Bögl) 

A new high-performance ballastless trackform has been developed by Alstom, in France, 

based on the experience of concrete track behaviour and including considerations of 

automated installation techniques. The cast-in slab track so-called NBT is designed for 

high installation speeds using mechanised track-laying technology Appitrack (Figure 

2.4). A model of NBT track in modelled in Abaqus as part of the numerical investigation 

carried out in this research work. 

 

Figure 2.4: Cast in-situ slab track New Ballastless Track (NBT) during construction 

(Courtesy of Alstom) 
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2.5 Experimental Investigation 

The accelerated full-scale fatigue testing of highway and railway trackbeds clearly 

demonstrated, in many published works, important results on their long-term behaviour. 

This powerful experimental approach aims to analyse realistic deterioration of tracks and 

to understand the response of the substructures under real axle loads. A robust link 

between outcomes of theory, laboratory work and in-situ conditions is then established 

based on tests which can simulate many years of track usage in a matter of days [27, 28, 

29]. 

2.6 Geosynthetic Reinforced Soil Retaining Walls (GRS-RW) 

In addition to the ongoing discussion on the performance of the ballasted and the 

ballastless (slab) tracks, alternative types of track support structures are also being 

proposed to improve the inherent track quality, while lowering the upfront capital 

construction costs. 

Geogrids are proven to be a practical reinforcement solution used under the ballast to 

reduce the permanent deformation of railway tracks [30]. In the last decades, geosynthetic 

reinforced soil (GRS) emerged as a reliable transportation infrastructure mitigation 

strategy. GRS structures have been constructed extensively along highways, particularly 

at bridge abutments all over the world [31, 32, 33, 34, 35, 36, 37, 38]. Embankments have 

been used as the principal means of supporting railway tracks for nearly 200 years [39]. 

Indeed, modern high-speed railway lines still typically use traditional sloping 

embankments for track support over flood plains and for route and track geometry 

considerations (e.g. China and Europe) [40]. However, in Japan, the application of 

geosynthetically reinforced soil substructures in combination with retaining walls have 

gained popularity as alternatives to conventional embankments, particularly for high-
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speed lines like the Hokkaido Shinkansen, which is an extension from the high-speed line 

from Tokyo [2]. A construction system of full-height rigid (FHR) facing geosynthetic-

reinforced soil retaining walls is now widely used in Japan, with the total length reaching 

more than 180km, in 2018 [41].  

These structures provide cost-effective solutions, since they require less ground 

stabilization/improvement [42] and land take, than conventional embankments, as they 

need a much smaller base area (Figure 1.1). They also provide lower residual 

displacements during operation, i.e., better operational performance than conventional 

embankments. A large number of field investigations have been conducted to provide 

design methodology for materials and construction steps to build GRS-RW structures for 

high-speed railways [43, 44, 45, 46, 47, 48, 1, 2, 41, 49]. Overall, structural stability is 

provided by the retaining walls, backfill and the geosynthetics wrapped around gravel 

bags located directly behind the retaining walls. In addition, reinforced-soil walls are 

generally more flexible than conventional retaining structures. Thus, they may be used in 

areas where large uneven displacements are expected due to surface movements during 

earthquake events. 

The GRS-RW structure also takes advantage of the full-height-rigid facing which allows 

better control over concentrated loads, an area that is particularly beneficial in railway 

applications. Typical reinforced wall structures that use discrete wall panels can suffer 

severe damage if there is loss of stability of one of the panels. This, obviously, causes 

significant concerns and issues for railways. The minimum FHR facing of concrete 

thickness specified for GRS-RW is 30cm, which is based on constructability 

considerations. The facing is, therefore, very thin and the required amount of steel-

reinforcement in the facing is minimal. This thickness is typically larger than that based 
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on structural requirements. The maximum recorded height of a GRS retaining wall (with 

FHR facing) is 11m, while the largest GRS bridge abutment is 13.4m high [1]. Care needs 

to be taken at low wall heights to prevent the lack of confining pressure causing active 

stability issues and hence the importance of using gravel bags to provide lateral support 

during construction.  

The basic advantage of the GRS-RW system, over a conventional cantilever structure 

with unreinforced soil backfill, is in obviating the need to provide a piled foundation to 

resist the developed lateral thrust due to active earth pressure conditions, large internal 

moments, and shear forces developing in the facing. This is particularly the case when 

constructing over soft soils and when significant wall heights are considered. Removing 

piles reduces costs dramatically and makes the structure more resilient to seismic events, 

where large ground movements may occur. The ground base of an example of GRS-RW 

structure was improved by using 1m deep cement-mixed soil, with a cement content of 

150kg per cubic meter, and above that a drainage layer consisting of crushed gravel was 

placed [47]. The degree of compaction applied to the backfill and the induced tensile 

stresses in the geosynthetic reinforcement are critical elements of the construction process 

to ensure a successful installation, i.e., to significantly reduce lateral pressure on the 

facing. Pre-loaded and pre-stressed gravel backfill for GRS-RWs with full-height rigid 

facing has also been implemented in practice for a railway line in Kyushu Island, Japan. 

Its high seismic stability capability was confirmed through model shaking tests [48]. 

A strong connection between the facing and the backfill is essential for a stable GRS-RW 

structure. The gravel-filled bags placed at the wall face have very high drainage capacity 

and thus any excess pore pressure generated in the backfill during loading can efficiently 

dissipate to leave a drained condition. Furthermore, some of the facing concrete 
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penetrates the surface zone of the gravel-filled bags during pouring and therefore 

increases the contact strength between the concrete facing and the bags. 

Although GRS-RW structures are becoming widely accepted in Japan for 320km/h 

railway lines, there are some drawbacks of the design. For example, the requirement of 

the facing to be cast in-situ increases the construction time. This can generate issues 

around the fabrication of the facing, in particular the connections of the backfill steel rods, 

which need to be welded onto the facing wall steel reinforcement prior to concrete 

pouring. This is time-consuming and adds additional in-situ steps in the construction 

process. The inability of the facing wall to support lateral loads and shear forces is a 

missed opportunity for using the wall facing as a designable holistic system and hence 

enhancing the dynamic stability and properties of the track structure as a whole. This may 

help to improve the ground dynamic performance (such as Rayleigh ground wave 

propagation issues) particularly over soft soils, where critical velocity effects can occur 

at high train speeds. 

2.7 Numerical Investigation 

Numerous numerical models have been developed to study ground-borne vibrations. 

Multi-dimensional track-soil models and single or multi-degree of freedom vehicle 

models have been used to assess the performance of rail tracks at various train speeds and 

soil parameters, which imply various ground waves’ speeds. 

2.7.1 Track Models 

Track structures are modelled numerically to simulate the interrelation of track 

components. The choice of the model is very crucial to properly study the track behaviour. 

The track model can consist of one-layer or multi-layers as well as continuous or discrete 
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support mechanisms. 2D, 3D or 2.5D subgrade of the track can be used according to focus 

of the problem [50].  

Euler-Bernoulli beam (E-B beam) and Rayleigh-Timoschenko beam (R-T beam), which 

mainly focus on the rail as it is one of the primary components of railway tracks, are used 

to investigate the bending (R-T beam also considers shear deformation) with analytical 

models. 

Two-dimensional (2D) models are used to investigate the vertical track performance 

which are based on a widely used formulation called beam on elastic foundation (BOEF). 

The vast majority of railway track models have evolved from the 2D Euler-Bernoulli 

beam placed over a spring-dashpot-mass model. 

However, 2D models are not fully capable of simulating the ground-borne vibration and 

fully describing the wave propagation. Moreover, due to the wide availability of fast 

computers, 2.5D and 3D models are more suitable to investigate the behaviour of such 

problems under moving wheel loads.  

Examples of multi-dimensional railway track models found in the literature are 

summarised in Table 2.1. 

Table 2.1: Railway track model examples 

Author Dim Brief explanation 

Kaynia et al. [51]  2D 

Quasi-static loads are used in the model. The ground is 

modelled as a layered viscoelastic half-space. The 

railway embankment is modelled as a viscoelastic beam 

excited by the moving loads. 

Kalker [52] 2D 
The track model considers the periodicity of ties and a 

moving dynamic load. 

Nsabimana and 

Jung [53] 
2D 

The dynamic response of a concrete slab track, especially 

at critical speeds, is investigated through a complete 

vehicle-rail-track system. 
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Krylov [54] 3D 

A train moving on a welded track is modelled with a 

considered sleeper periodicity. The quasi-static pressure 

mechanism of excitation results from loads applied to the 

track from each wheel axle. 

Madshus and 

Kaynia [4] 
3D 

The rail/embankment system behaves as a beam in a 

dynamic interaction with the ground. 

Hall [55] 3D 

Frequency and time domain analyses of linear elastic 

models are carried out in Abaqus to simulate the ground 

vibrations, based on the Ledsgård case. 

Galvín et al. [56] 3D 

A fully three-dimensional analysis of high-speed train-

track-soil structure dynamic interaction in the time 

domain is developed using a coupled FE/BE method. 

Kouroussis et al. 

[57] 
3D 

The complete vehicle-track-soil model is developed 

following an uncoupled approach. 

Connolly et al. [39] 3D 

The model is based on a time domain explicit, dynamic 

finite element model capable of simulating non-linear 

excitation mechanisms. To increase boundary absorption 

performance, the soil structure is modelled using an 

elongated spherical geometry. 

El Kacimi et al. 

[58] 
3D 

The 3D finite element coupled train-track model 

considers half of the ground model. The influence of the 

soil material damping is investigated. 

Metrikine et al. 

[59] 
3D 

A theoretical study of the stability of a two-mass 

oscillator that moves along a beam on a viscoelastic half-

space is carried out.  

Banimahd et al. 

[60] 
3D 

A coupled finite-element track–train model is developed 

to simulate faulted and non-faulted transition zones.  

Woodward et al. 

[61] 
3D 

Critical velocity effect is modelled using a coupled train-

track dynamic three-dimensional finite element 

approach.  

Sayeed and Shahin 

[62] 
3D 

A sophisticated finite element modelling is used to 

simulate the dynamic response of a ballasted track 

subjected to high-speed moving loads using Midas-GTS. 

Shih et al. [63] 3D 

The model employs user-subroutines to analyse non-

linearity of soft ground using Abaqus, validated against 

the Ledsgård case.  

Dong et al. [42] 3D 

An efficient model based on the thin-layer finite element 

method (TLM) is used to compute 3D stresses and strains 

in the soil for a range of train speeds. 

Dong et al. [64] 3D 

A semi-analytical model is coupled to a thin-layer model 

to investigate the critical velocity effect while taking non-

linearities into account. 



 

26 

 

Sun [65] 3D 

A track-ground finite element model is created to 

investigate the dynamic response of a ballasted track 

reinforced with rubber tires.  

Bian et al. [66] 2.5D 

A continuously supported model combined with an 

efficient 2.5D finite element numerical modelling 

approach is developed to simulate wave motions 

generated in the ground by high-speed train passages. 

Andersen and 

Jones [67] 
2.5D 

A coupled finite element and boundary element scheme 

is applied in both two and three dimensions. 

Lombaert et al. 

[68] 
2.5D 

A continuously supported model. The dynamic 

interaction between the train, track, and soil is fully 

accounted for in the model. 

Costa et al. [69] 2.5D 

A study on the critical speed of railway tracks is carried 

out through detailed and simplified Approaches: 1) 2.5D 

model; 2) A simplified model to obtain an accurate 

assessment of the critical speed by an insightful analysis 

of the dispersion relationships. 

 

2.7.2 Vehicle Models and Moving loads 

The train loading can be modelled as a stationary static load, a stationary dynamic load, 

a moving static load, or a moving dynamic load. In addition, the train loads can be 

represented by a point load or a series of point loads. Passenger trains mostly consist of a 

vehicle body, primary and secondary suspensions, bogie, and wheelset as can be seen in 

Figure 2.5. Hence, the vehicle is a multi-degree-of-freedom system [70]. 
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Figure 2.5: Double stage suspension bogie and subsoil [21] 

While the vehicle body, bogie and axle are modelled as masses, the suspension systems 

are described as a combination of springs and dashpots (dampers). The equation of motion 

of the vehicle system is given by: 

 [M](ü)+[c](ủ)+[k](u)=(P) 

Where (u), (ủ), (ü) are the displacement, velocity and acceleration vectors, respectively, 

with 

[M] mass matrix 

[c] damping matrix 

[k] stiffness matrix 

(P) external force vector 

The vehicle body includes six types of motion which can be defined by the Cartesian 

coordinates as shown in Figure 2.6. 

(Eq. 2.7) 
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Figure 2.6: Coordinates of vehicle motion [71] 

(X) displacement in the longitudinal direction  

(Y) displacement in the lateral direction  

(Z) displacement in the vertical direction 

ψ (yaw), φ (roll), and θ (pitch) are three rotation angles of the body (definition of 

orientation of the body). The vector θ = [ψ φ θ]T can be used to present these rotation 

angles. 

The wheel-rail contact is also an essential factor in the modelling of the railway vehicle 

dynamics which comprises the contact theory, creepage, kinematic oscillation, wheel-rail 

profile and deteriorations on the surfaces [70]. As an example of kinematic oscillation, a 

famous equation was derived by Klingel [72] to define the behaviour linked to the hunting 

phenomenon. The equation shows that hunting has a fixed wavelength and does not 

depend on the train speed. Many contact models were developed over more than a 

century, such as the Hertzian contact by Heinrich Hertz. in 1880, and the analytical creep 

model by Kalker, in 1967.  
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2.7.3 Ground Waves and Critical Speed 

The waves propagating in soils are divided into two categories: surface and body waves. 

The body waves travel into the soil while the surface waves travel along the soil surface.  

Body waves: Primary waves 

They have properties like sound waves because they travel through both solids and 

liquids. They are defined by a succession of longitudinal compression and dilatation 

parallel to the wave propagation. Their speed is given below. These waves are also called 

longitudinal or pressure waves. 

2
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Where E is the elasticity modulus and v is the Poisson’s ratio of the soil. 

Body waves: Secondary waves 

The secondary waves are the ones propagating shear deformation. Particles subjected to 

these waves move in a direction perpendicular to the wave propagation. Their speed is 

expressed below. These waves are also called transversal or shear. 
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Surface waves: Rayleigh waves  

Surface waves are the result of the body waves’ interaction with the soil surface. Their 

amplitude decreases exponentially with depth. 

Rayleigh waves produce backward elliptic motion of the surface particles in the direction 

of propagation. Their speed is given by: 

0.87 1.12
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C





+
=

+
 

Surface waves: Love waves 

Love waves are characterised by a particle motion alternating between horizontal 

transverse motion, which is perpendicular to the propagation direction. They also are the 

result of body waves’ interaction with interfaces and can only develop in layered soils. 

If train speeds reach what is known as a critical track velocity, it can cause a significant 

amlification of the ground vibration, internal noise in buildings, and even structural 

damage in infrastructure up to 250m from the track. This critical track velocity is relative 

to the speed of propagation of the Rayleigh waves in the ground, which depends on 

geotechnical properties.  

As previously mentioned, Rayleigh waves are surface waves, commonly generated by 

earthquakes but also caused by heavy, fast-moving loads such as high-speed trains. 

Rayleigh waves typically carry two thirds of the energy in a vibrating soil system, and 

also attenuate at a much slower rate than P and S waves. Consequently, Rayleigh waves 

are so important because they are able to cause considerable structural vibrations when 

trains reach critical speed. As can be seen in Figure 2.7, the velocity of a Rayleigh wave 

is very close to the velocity of a shear wave, particularly for higher Poisson’s ratio.  

(Eq. 2.12) 



 

31 

 

Where; ν is the Poisson’s ratio; VR is the velocity of the Rayleigh wave; VS is the velocity 

of the shear wave. 

 

Figure 2.7: Ground wave propagation velocity ratios with Poisson’s ratio [73] 

In 1927, theoretical modelling of a rail as a beam supported by a track structure on the 

ground revealed that the dynamic amplification will occur when the train reaches a critical 

speed [74].  

However, under the knowledge of the usually assumed soil properties, this critical speed 

is around 500 m/s, which is largely higher than the realistic HSR speed range, in general, 

because only the pressure wave velocity is considered in the used Timoshenko’s theory. 

Hence, for a long period, the train loads have been assumed as quasi-static moving loads.  

Krylov [54] considered that a train will encounter the ‘sound barrier’ when reaching the 

velocity of Rayleigh surface waves propagating in the ground. This phenomenon can be 

assimilated to the Mach effect produced by supersonic jets and Cherenkov radiation of 

light. The velocity of Rayleigh waves travelling in soft sandy soils is about 90 to 130 m/s, 

which is reachable by today’s high-speed trains. Furthermore, for peat, marine clays, and 

other soft clays, the characteristic wave velocities could be reduced to as low as 30-40 

m/s [51]. Rayleigh waves have a speed slightly lower than shear waves, depending on the 
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soil properties. The ground medium which has low shear-wave velocity hence needs 

much attention because it is susceptible to vibration amplification due to the loading of 

high-speed trains. These vibrations could induce the deterioration of rail track structures 

and may lead to derailment. Not only the stability of the track structure can be affected 

but also, more importantly, passenger comfort and safety become compromised, which 

must be major concerns for HSR systems [70]. 

To show this effect, a coupled train-track dynamic 3-dimensional finite element 

numerical model was established by Woodward et al. [61] to investigate the ground wave 

propagation under high speed train passage.  

 

Figure 2.8: Contour plots of ground waves at the front of the train for a train speed of 51 m/s 

(a) Colour contour plot (b) Grey contour plot [61] 

As can be seen in Figure 2.8, the displacement fields of the ground surface show a cone-

shaped wave motion, so called ground Mach Cone, as the train speed reaches the “critical 

speed” leading to a significant increase of the magnitude of the displacements. When 

compared to quasi-static loading, the displacements in a critical track velocity condition 

are up to five times larger. Increased subgrade deterioration can then occur, as a 

consequence, in addition to possible track lifting owing to the significant amplitudes of 

the vibrations [73, 75, 61].  In 1997, an X-2000 train (Swedish HSR) was running at the 
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maximum speed on the Gothenburg Malmo line and generated excessive vibrations in the 

soil and overhead contact line support poles. Furthermore, in Sweden, a new railway line 

between Gothenburg and Malmö with a design speed of 200 km/h generated large 

deflections of the track constructed on a soft cohesive soil, at Ledsgård, which is one of 

the documented critical velocity case studies [4, 51, 76, 55]. The X-2000 train, which 

consisted of a locomotive and four passenger carriages, ran tests at speeds ranging from 

10 to 200 km/h and recorded the resulting surface displacements. The geotechnical data 

were gathered from 50m deep soil and mostly comprised of dry crust, organic clay, and 

marine clay. The reason for the large deflections of the track turned out to be caused by 

the critical velocity issue [77].  

2.8 Conclusion 

In this chapter, a variety of studies on railway tracks relevant to this thesis research have 

been reviewed. These covered topics on track components, settlement models, 

geosynthetically reinforced soils and issues linked to high-speed railways on soft soils. 

Examples of published work on experimental and numerical investigations have also been 

presented. Given the large volume of references available in the literature, only the most 

relevant studies have been cited and presented. More detailed review is presented in the 

following chapters. This thesis addresses the like-to-like ballasted and slab track 

comparisons, the link between the experimental and numerical studies, and new train 

loading methods for 3D models. 

Railway track technology continues to develop at very fast pace to overcome the resulting 

issues and respond to the continuous growth in rail transport, especially at high speed. 

Therefore, the literature keeps growing in this area. 
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In the next chapter, the stages of the full-scale experimental setup, testing methodology 

and analysis of recorded deflections are described. 
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CHAPTER 3- FULL-SCALE RAILWAY TRACK TESTING 

3.1 Introduction 

In this work, full-scale laboratory-based testing is used to assess the short and long-term 

settlement performance of a precast concrete slab track section and a ballasted track (with 

concrete sleepers) resting on a compacted substructure. The railway track substructure is 

constructed as a 1.2-metre-deep combined subgrade and frost protection layer, according 

to modern high-speed rail standards, such as those specified in Germany. Phased cyclic 

loading is then used to simulate the primary loading mechanism of a train for a total of 

3.4 million load cycles representing many years’ worth of train passages. Displacement 

transducers, earth pressure cells and accelerometers are employed to determine the 

permanent settlement, transient displacements, stress levels, and vibrations of the track. 

This experimental testing is part of a funded research. The objectives of this chapter are 

to describe the preparation of the test setups, loading methods and data acquisition 

systems. Transient displacements of each track under static and cyclic loadings are 

analysed. 

3.2 LOCORPS Project: Lowering the costs of railways using preformed systems 

The full-scale laboratory testing was undertaken as part of the EPSRC funded project 

“Lowering the Costs of Railways using Preformed Systems” (LOCORPS), which aims to 

reduce the cost of new high-speed railway track infrastructure and improve track 

behaviour. This research work aims to assess the performance of a conventional 

embankment and of a GRS-RW system. The latter can be an alternative system for 

countries which are set to expand high-speed rail infrastructure rapidly while increasing 

the track performance and reducing the construction costs. In this study, the purpose is to 

compare concrete-slab and ballasted tracks placed on a fully confined conventional 
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embankment and on a GRS-RW system. Short- and long-term behaviour are investigated 

using the full-scale testing facility GRAFT-II (Figure 3.1). 

    
(a)    (b)    (c)    (d) 

Figure 3.1: (a) The slab track on the embankment -ES-, (b) the ballasted track on the 

embankment -EB-, (c) the slab track on GRS-RW system -GS-, (d) the ballasted track on 

GRS-RW system -GB- 

3.3 GRAFT-II Testing Facility 

The full-scale GRAFT-II facility located at Heriot-Watt University, in Edinburgh, is 

shown in Figure 3.1 and Figure 3.3. It is one of the UK’s largest track testing facilities 

capable of loading full scale sections of railway tracks to the equivalent of many years of 

track use. It is of a modular steel construction and so its dimensions can be modified to 

suit the test. It is capable of loading multiple 150kN jacks at loading frequencies up to 15 

Hz, and up to 200kN statically. Typically, the facility would simulate about 30 years of 

train loading in about five weeks.  

The testing rig is 2.2m wide, 6m long and 3.8m high which is supported by a thick 

composite base. The substructure depth can be up to 2m allowing a combined 

embankment and track simulation. The TIAB system interface, which is a test rig 

controller software and hardware produced by the TIAB Ltd, (Figure 3.2) is used to 

operate the actuators and visualisation of sensors during testing. The TIAB system is also 
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used for data acquisition via 32 channels to collect the data from displacement transducers 

(LVDT), pressure cells, accelerometers and load cells.  

   

Figure 3.2: TIAB system interface and data visualisation tool 

For the intended track testing in the current research work, the accelerated testing 

approach means multiple axle passages can be simulated in a short period. This is 

achieved using six independent hydraulic actuators loading three full-sized sleepers on 

ballasted track or on concrete slab track via built-in baseplate locations on the concrete 

surface. This simulates the passage of a moving axle (using phased loading), with each 

piston applying loads on a given rail segment as indicated in Figure 3.3. The main 

purpose is to assess the short and long-term performance of the tested track forms, 

especially the permanent settlement. 

 

Figure 3.3: Concept of GRAFT-II 



 

38 

 

3.4 Testing Setup 

The experimental specimen to be tested in this work consists of a section of substructure 

and superstructure, with the latter part including either a ballasted track or slab track.  

As indicated in the previous chapter, a railway track, or a permanent way, is formed of a 

substructure and a superstructure. The superstructure components are the hydraulically 

bonded layer (HBL), grout, precast concrete slab and rail, in the slab track case, and 

ballast, sleepers and rail in the case of ballasted track. The superstructure rests on the 

substructure, which consists of compacted sand layers namely subgrade and frost 

protection layer (FPL). 

3.4.1 Substructure 

In the scope of this research, two types of substructures are investigated. The first 

substructure is constructed based on conventional embankment parameters and the 

second substructure is the previously introduced GRS-RW structure. Both structures are 

built using the same materials and under similar conditions, such as the moisture content 

and compaction levels. The soil consists of two layers which are the subgrade and FPL 

(Figure 3.4).  
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Figure 3.4: Layout of substructure and super structure 

The sand mixture is chosen from five different batches composed of 0-6mm limestone. 

The sand is comprised of 80% of 0-4mm batch and 20% of 2-6mm batch. The 

substructure consists of a well-graded granular limestone according to [78] and its 

gradation curve is presented in Figure 3.5, using sieve analysis according to [79].  

 

Figure 3.5: The gradation curve of sand 

 The optimum moisture content is determined by modified proctor compaction tests, 

which are carried out following the procedures stated in BS 1377-4-1990 [80]. A higher 

0

10

20

30

40

50

60

70

80

90

100

0.01 0.1 1 10

%
 p

as
s

Particle size (mm)



 

40 

 

optimum moisture content was identified with the standard proctor test, but the modified 

proctor test results were more suitable for the given substructure because a heavy 

compaction method was used while constructing it. A 140kg diesel forward/reverse plate 

compactor with 25kN compaction force vibrating at 90Hz was used. The subgrade was 

compacted using two passes and the FPL using four passes, with each pass consisting of 

forward and reverse compaction. The optimum moisture is identified at a state when the 

dry density reaches a maximum value [78] and such parameters are calculated by: 

𝜌𝑚 =
(𝑀𝑡 − 𝑀𝑚𝑑)

1000𝑉
 

where; 

ρm - moist density of compacted specimen, kg/m3, 

Mt - total mass of moist specimen and mold, kg, 

Mmd - mass of compaction mold, kg, and V - volume of the mold, m3  

𝜌𝑑 =
𝜌𝑚

1 +
𝑤

100

 

where; 

ρd - dry density of compacted specimen, kg/m3,  

w - water content, %, 

𝛾𝑑 = 9.81 𝜌𝑑                            (Eq. 3.3) 

γd - dry unit weight of compacted specimen in kN/m3. 

To plot the 100% saturation curve or zero air voids curve, in other words dry unit weight 

at SR=100%, 𝜌𝑑 can be calculated as: 

(Eq .3.1) 

(Eq  3.2) 
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𝑤𝑠𝑎𝑡
(𝛾𝑤)(𝐺𝑠)−𝛾𝑑

(𝛾𝑑)(𝐺𝑠)
× 100                          (Eq. 3.4)  

where; 

wsat - water content for complete saturation, %,  

γw - unit weight of water, 9.81 kN/m3, 

Gs - Specific gravity of soil. 

The optimum moisture content is estimated around 4.5-5%, as seen in Figure 3.6. The 

effective internal friction angle ϕ’ is found to be 35˚ at the optimum moisture content, the 

specific gravity parameter is 2.69 and the maximum dry density is 22.2 kN/m3. It was 

expected that the moisture content dropped slightly during the testing period but did not 

affect the strength of the soil, since the substructure was built in a controlled laboratory 

environment with low permeable soil. 

 

Figure 3.6: Compaction Curve Plotting 

The TRRL DCP (Dynamic Cone Penetrometer A2465) is used to determine the structural 

properties of unbound materials in railway substructures and road pavements. After each 
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compaction level, DCP values are recorded (Figure 3.7(a)). The CBR values of the 

compacted soil are obtained using DCP tests. The average CBR values recorded in the 

GRAFT-II facility at 6 different locations are presented in Table 3.1 andTable 3.3. The 

same compaction method for both the conventional embankment and GRS-RW was 

followed. The CBR values were in good agreement proving that the geogrid did not 

influence the degree of compaction. The CBR values collected from 6 locations were so 

close to each other, therefore, the mean value was considered on the spot without 

recording standard deviations. This indicated uniform compaction in the soil. The 

relationship between DCP reading and CBR values is obtained with Eq. 5 proposed in 

reference [81] 

log10(𝐶𝐵𝑅) = 2.48 − 1.057 × log10(𝑚𝑚/𝑏𝑙𝑜𝑤)                     (Eq. 3.5) 

  

(a)      (b) 

Figure 3.7: In-situ soil parameter tests (a) Dynamic Cone Penetrometer (DCP) and CBR 

investigation, (b) Plate Load Test (PLT) and EV2 investigation 
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The elasticity of the substructure corresponds to the German ZTVE-StB 94 standard [82]. 

In this standard, the deflection modulus EV2 should be at least 120MN/m2 for the frost 

protection layer (FPL) and at least 60MN/m2 for the subgrade. The deflection modulus 

EV2 was verified using a static plate load test (Figure 3.7(b)) in accordance with DIN-

18134 standard [83]. The coefficient of permeability (k) should be between 10-5 m/s and 

10-4 m/s for the FPL and relative density (Dr) within 98% to 100% for the FPL and 

subgrade density. In this work, the EV2 value of the FPL was estimated through the plate 

load test (Eq. 6) to be 133.55MN/m2, and EV2/EV1 was 1.42, the permeability k was 

evaluated through the permeability test and was found to be 10-5 m/s and Dr was 100%. 

Further laboratory tests led to the EV2 value of the subgrade to be 67.71 MN/m2, EV2/EV1 

= 1.55 and Dr = 98%.  

Where EV1 is the static deformation modulus or the strain modulus of the first loading 

cycle for the bearing capacity and EV2 is the static deformation modulus or the strain 

modulus of the second loading cycle for the bearing capacity. 

The Young’s modulus of the subgrade can be found using the following general equation 

for plate load testing: 

𝐸𝑃𝐿𝑇 =
2𝑃(1 − 𝜈2)

𝜋𝑟𝛿
 

Where EPLT is the Young’s elastic modulus (MPa); P is the applied load (N); r is the 

radius of the plate (mm);   is the Poisson’s ratio; and is the plate deflection. 

To build the substructure, the sand is compacted using a forward/reverse plate compactor. 

In order to achieve an effective compaction, the sand is compacted into layers of 200 mm 

thickness. The compaction level is set based on a correlation between the CBR values, 

       (Eq. 3.6) 
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which were obtained via dynamic cone penetrometer tests, and EV2 values, which were 

obtained using the plate load tests. The correlation is derived following [21] as: 

𝐸𝑑𝑦𝑛 =  2 × 𝐸𝑉2  =  100 ×  𝐶𝐵𝑅 [%]               (Eq. 3.7) 

where; 

Edyn - modulus of deformation at the second loading during the plate load test (MPa) 

EV2 - modulus at load and vibration (MPa) 

The right level of compaction is essential to achieve the required stiffness of the subgrade 

and FPL layers. 

3.4.1.1 Conventional Embankment 

The depth of the substructure, including the subgrade and FPL, is 1.2 m. A total of 52 

bags of sand, each weighting 850kg, are used to construct the substructure. The height of 

the subgrade is 800mm and the thickness of FPL is 400mm, corresponding to the German 

ZTVE-StB 94 standard [82]. 

Table 3.1: CBR values of the compacted soil using Dynamic Cone Penetrometer (DCP) 

CBR Test Time CBR value 

During construction of Substructure -Subgrade 31.76 

During construction of Substructure -FPL 43.36 

After Removal of Slab - on top of FPL 120.56 

After Removal of Ballast – on top of FPL 122.2 

3.4.1.2 GRS-RW substructure 

A Geosynthetic Reinforced Soil with Retaining Wall (GRS-RW) system is also 

investigated in the GRAFT-II facility (Figure 3.8) [84], following the same testing 

procedure used for the conventional embankment [85]. As previously mentioned, this 

aims to assess and characterise the short and long-term settlement behaviour of the GRS-
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RW substructure due to cyclic loading and compare it to the conventional embankment. 

Firstly, a concrete slab track was tested followed by the ballasted track.  

 

(a) 

 

(b)  

Figure 3.8: Geopavement and Railways Accelerated Testing Facility (GRAFT-II) at Heriot-

Watt University, (a) slab track and (b) ballasted track resting on GRS-RW structure  
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Longitudinal 

The substructure consists of 0.1m well-compacted base layer on top of which the 1.2 m 

high GRS-RW was constructed. The fill consists of geogrid reinforced layers with 

symmetrically embedded bolts at selected positions. The used geogrid is the Tensar 

RE540, which is a uniaxial geogrid made of high-density polyethylene with enhanced 

long-term tensile strength. RE540 geogrid is the medium-thick geogrid in RE500 class 

soil geogrids, and suitable for the soil and loading types for the current testing setup. Its 

properties are given in Table 3.2, which shows the two types of geogrid used in this 

research work. 

Table 3.2: Properties of geogrids used in soil and ballast obtained from Tensar 

RE540 TX190L 

 

 

 
 

Uniaxial Triaxial 

Used for soil reinforcement Used under ballast 

RL (mm) 235 Aperture shape Triangular 

RS (mm) 16 Rib shape Rectangular 

RW (mm) 6 Hexagon pitch 

(mm) 60 
RT (mm) 1.1 

BT (mm) 2.5-2.7 Junction 

efficiency* (%) 100 
BW (mm) 16 

Mean Aperture size   16 x 219 Mean Radial 

Secant Stiffness 

at 0.5% Strain 

(kN/m) 

540 
Short term tensile strength in longitudinal 

direction (kN/m) 
64.5 

Junction efficiency* (%) 95   

* The measure of the strength of the node compared to the strength of the rib, expressed as a percentage 

and indicates the ability of the geogrid to transfer loads from one rib to other ribs in different directions. 
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The geogrid is placed over the base layer then the gravel bags are positioned at the track 

ends; the overlapping gravel bags are placed in a similar fashion of a brick wall 

construction as shown in Figure 3.9a. A sand fill layer is then formed by compacting the 

sand (Figure 3.9b). The geogrid is pulled and tightened over the gravel bags, and then 

pinned into the compacted soil using special nails to provide tensile strength (Figure 

3.9c). The geogrid is partially tightened (pre-stressed) to improve the overall stiffness of 

the reinforced soil. Subsequent layers are constructed sequentially up to a total wall height 

of 1.2m. During the construction process, steel tie bars are positioned between the layers, 

as shown in Figure 3.9, in which the free-standing retaining wall is represented by the 

blue steel plates. 

 

(a)    (b)    (c) 

 

(c) 

Figure 3.9: The stages of the GRS-RW construction 

The steel tie bars are anchored within the fill subgrade by embedded steel angle-sections 

(Figure 3.10). The steel plates are used to replicate the in-situ formed GRS-RW retaining 

wall and are only connected to the steel bars once the full subgrade structure had been 
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formed. The gap between the steel plate and the gravel bags is then filled with self-

compacting concrete to form a fully connected wall retaining system. 

 

(a) 

 

(b) 

Figure 3.10: Layout of the ballast and slab tracks on GRS-RW embankment (a) concrete 

slab-track; (b) ballasted track 

The gravel bags play an important role during the construction process as a temporary 

stable facing, resisting lateral earth pressure generated by the backfill compaction stresses 

and the self-weight of the structure. For the real in-situ structure the gravel bags would 

Slab track 
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facilitate the compaction of the layers during construction and create a barrier of 

differential horizontal and vertical displacements between the GRS structure and the wall. 

The gravel bags also serve as a drainage system. 

Table 3.3: CBR values of the compacted soil using Dynamic Cone Penetrometer (DCP) 

CBR Test Time CBR value 

During construction of Substructure -Subgrade 28.5 

During construction of Substructure -FPL 56.1 

After Removal of Slab - on top of FPL 125.1 

After Removal of Ballast – on top of FPL 128.2 

 

The compaction level of each 0.3m thickness layer is set based on a correlation with CBR 

values, which were obtained via measured Dynamic Cone Penetrometer (DCP) tests as 

shown in Table 3.3. The correct compaction level is essential to achieve the required 

stiffness. 

Photographs taken during the construction stages of the substructure are shown in Figure 

3.11 and Figure 3.12. The geogrid is cut into 11m long pieces and placed on each base 

layer with the substructure testbed being 5m long. To cover the 2.2m width of the testbed, 

the geogrids are placed as 2 pieces of 1.2m and 1.0m widths. They are placed in such a 

way that, at each layer, the extremities of two pieces of geogrid did not overlap. The joint 

is formed in a staggered way as the geogrid layers were placed during the GRS 

construction. Three layers of sandbags were placed at the end sides of the testbed (5m 

apart) and compacted using manual tools (Figure 3.11a). Then the well-graded sand is 

placed between the sandbag walls and compacted with a forward/reverse plate compactor 

(Figure 3.11b). The initial loose sand thickness was 200mm, which then reduced to 

150mm after compaction. The two compacted layers formed a 300mm thick total layer 

which has the same thickness as the compacted sandbag walls. The sand level is checked 
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using a conventional spirit level. Once the bags and compacted sand reach the same 

height, the geogrid is installed around the bags and laid on the compacted sand (Figure 

3.11c).  

   

(a)    (b)     (c) 

Figure 3.11: Construction stages of the GRS structure: (a) Positioning the sandbags on the 

geogrid; (b) compaction of the sand; and (c) wrapping the geogrid around the sandbags and 

pinned into compacted soil 

The geogrid is pre-stressed and fixed to the soil using nails. Each layer of reinforced soil 

is formed following the same soil compaction procedure as that given in reference [85]. 

The first 800mm of the subgrade is compacted to achieve an EV2 value of 60MPa and the 

remaining upper 400mm is compacted to achieve an EV2 value of 120MPa. As indicated 

above, these elasticity values were checked via DCP measurements during each layer 

compaction. 
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(a)     (b)     (c) 

Figure 3.12: Construction stages of the GRS structure: (a) Tie bars through the sandbags 

and FHR wall, and anchored with angle irons; (b) Self-standing GRS soil and the cast-in 

HBL layer of slab track (c) FHR retaining wall positioned with topflow 

At 300mm and 900mm depths, from the surface of the subgrade, tie bars are anchored to 

angle irons that are positioned half a metre from each other, i.e., in the middle of the 5m 

track width (Figure 3.12a). The vertical and horizontal distances between adjacent tie 

bars is therefore 600mm. In total, four layers of reinforced soil are constructed. On top of 

this substructure, the hydraulically bonded layer (HBL) is placed (Figure 3.12b) before 

placing the slab track. 

Finally, the 80mm gap between the GRS wall and RW is filled with ‘topflow’ as seen in 

Figure 3.12c. It is a ready-mix highly fluid self-compacting concrete consisting of 

maximum 10mm diameter aggregates. This material was chosen specifically because of 

its ability to fill the gaps between the geogrid and sandbags through the geogrid apertures. 

This is to provide reinforcement and resilience to the GRS substructure. The density, 

Young’s modulus, and Poisson’s ratio of the topflow were determined using compression 

tests on cylindrical samples and found to be 2428.7kg/m3, 21.2GPa and 0.159, 

respectively. 
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3.4.2 Superstructures 

Two types of superstructures are to be tested in the GRAFT-II facility, a precast concrete 

slab track, and a ballasted track with concrete sleepers. 

3.4.2.1 Slab Track 

The first track form to be tested is the slab track. It is constructed using a Max Bögl slab 

track, which consists of a prefabricated reinforced concrete slab made of c45/55 concrete. 

As shown in Figure 3.13, a three-sleeper section is used and is placed above the 

Hydraulically Bonded Layer (HBL). The HBL itself is of 300mm thickness made of 

c10/12 concrete. After 21 days, the slab was positioned above the HBL supported by hard 

wooden wedges. Then ‘Conbextra HF’, a high-flow, non-shrink, cementitious grout, for 

grouting gap thicknesses between 10 to 100mm, was poured between the slab and the 

HBL.  

  

Figure 3.13: Slab track in the GRAFT-II testing facility 

The chosen rail fastening system was the 300-1 Vossloh. From bottom to top, the rail 

support consisted of three layers: an EPDM pad, which is a soft synthetic rubber railpad, 

a steel baseplate, and an EVA, which is a stiff copolymer pad for rail seating. The static 

stiffness of the EPDM was approximately 22.5kN/mm and the dynamic stiffness was 
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approximately 40kN/mm. The static stiffness of the EVA pad was around 600–

700kN/mm and the dynamic stiffness was approximately 1600–1800kN/mm. The cut rail 

segments used in the slab track test were 60E1 (UIC 60) (Figure 3.14). The only purpose 

of the rail segments was to connect the fastenings of the slab to the actuators. The concrete 

slab track was subjected to more than 3 million load cycles and there was no evidence of 

cracks on the slab. 

 

Figure 3.14: Slab track system 

3.4.2.2 Ballasted Track 

After completion of the slab track tests, the superstructure including the HBL, grout and 

concrete slab, was removed from the facility. A very thin layer of the surface of the 

substructure soil was removed as the HBL layer had contaminated the soil particles. The 

upper 50mm thickness of sand was therefore excavated and replaced with a new sand 

layer which was then compacted to achieve the same stiffness as the subgrade, prior to 
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placing the ballasted track. A triangle-aperture geogrid TX190L was placed on top of the 

substructure to provide additional support to the ballast. This geogrid was chosen as it 

was the most commonly used geogrid for the traditional ballast particle size. Figure 3.15 

shows the position of the sleepers (standard G44s) on the ballast bed at the typical spacing 

of 650mm. The ballast bed was placed and compacted in four equal layers of 100mm 

intervals and hence its overall thickness underneath the sleepers was 400mm. In order to 

reach the required ballast compaction, an electric compactor with a 400mm x 320mm 

vibrating plate surface was used to compact each 100mm ballasted layer. As a result, the 

bulk density of the compacted ballast was approximately 16kN/m3. 

   

Figure 3.15: Ballast track in the GRAFT-II testing facility 

The ballast aggregate was composed of micro-granite. The aggregate gradation curve in 

Figure 3.16 indicates the gradation of the ballast, which shows a good match for a typical 

ballast curve, compared to that of the sand curve used to construct the subgrade and FPL. 

The lower EPDM elastic pads used in the ballasted track test were the same rail pads used 

in the concrete slab track test. The Pandrol’s fast clip fastening system was used to restrain 

the loaded rail segments to the sleepers. Sections of BS113A (56E1) rail segments were 

used in the ballasted track test. The purpose of the rail segments was to allow the 

connection of the actuators to the sleepers. As these were separate rail segments, they did 
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not contribute to the bending stiffness of the track and thus they did not influence the 

track deformation. It is worth noting that this is normal practice in laboratory testing of 

railway tracks. More than 3 million load cycles were also applied on the ballasted track 

following the same procedure applied in the concrete slab track case. 

 

Figure 3.16: Sieve analysis for limestone and micro granite 

The construction process, specimen preparation and excavation of the substructures in the 

GRAFT-II facility required huge amount of team effort, lengthy tasks and a lot of energy. 

Overhead cranes and forklifts were employed for handling the 850kg sandbags, ballast, 

sleepers, slabs, and heavy tools. A bobcat excavator and trucks were used during the 

excavation process of the conventional embankment and GRS-RW. While levelling the 

slab was easy thanks the layer underneath it which was a highly fluid cementitious 

mixture, the sleepers in the ballast tests were hard to level due to the uneven surface of 

ballast and this eventually led to some tilting during the testing, whereas in the field the 

continuous rails help to prevent this rotational movement, although a degree of ballast 

voiding may occur.  
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3.5 Testing Procedure and Data Acquisition  

Two static and two cyclic loading tests were performed. In the static tests, first, a 13-tonne 

axle load (Static I) with load redistribution was applied on the track for approximately 10 

minutes and then the load was increased to simulate a 17-tonne axle load (Static II) for 

the same length of time.  

 

Figure 3.17: Distribution of axle loads over three sleepers 

The orange line in Figure 3.17 represents half of the axle load on the middle sleeper 

(Sleeper 2) while grey and blue lines represent the quarter of the axle load on the adjacent 

sleepers (Sleepers 1 and 3). In this way, the full axle load is distributed over the three-

sleeper track section during static loading. This approximate approach was derived from 

the beam-on-elastic-foundation theory. 

After the static tests, cyclic loading began without load redistribution, by applying a 13 

and 17-tonne axle load on each sleeper with a time phase lag. This approach was 

implemented to both simulate a worst-case scenario and to allow direct comparisons of 
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settlement behaviour between different track types and substructure forms for the same 

cyclic loading conditions. The sleepers were therefore subjected to repeated loads to 

simulate moving axles at 360km/h at a set distance (frequency). The phased nature of the 

loading allows for principal stress rotation effects to be simulated. Figure 3.18 shows a 

typical phase/time lag between the sleepers; this phasing mimics the axle moving from 

one sleeper to the adjacent one in 0.0065 seconds, which is illustrated in Table 3.4 as Δt.   

Table 3.4: Loading sequences of the ballasted and concrete slab track tests 

Test Static I Static II Cyclic I Cyclic II 

Axle Load 

(t) 

13 17 13 17 

Duration 600s 600s 1.17x106 cycles 2.20x106 cycles 

Frequenc

y (Hz) 

N/A N/A 5.6 2.5 

Δt - Time 

Interval 

(s) 

N/A N/A 0.0065 0.0065 

Load per 

sleeper 

(%) 

25 50 25 25 50 25 100 100 100 100 100 100 

Load per 

actuator 

(kN) 

1
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The cyclic tests were performed at 2 different frequencies. Initially, 1.17 million cycles 

were performed at 5.6Hz and then 2.2 million cycles at 2.5Hz. The load applied at 5.6Hz 
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was oscillating between 13kN and 58.9kN -Cyclic I- per actuator, giving 117.8kN per 

sleeper, and the load at 2.5Hz was oscillating between 5kN and 83.38kN (Cyclic II) per 

actuator, giving 166.8kN on each sleeper (Figure 3.18). 

 

Figure 3.18: Time interval of sequential actuator loading of different frequencies in a second 

There were 32 channels actively used to acquire data. The sampling rate of the data 

acquisition system was 200Hz per channel and each item of measuring equipment was 

connected to a separate channel. Due to the volume of data collected, this work 

concentrates on those measurements from the displacement and load cells transducers 

only. In order to control the stroke of the actuators, six 300mm long LVDTs were used. 
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(a) 

 

(b) 

Figure 3.19: LVDT positions and labels (a) slab track (b) ballasted track  

The displacement transducers’ locations are shown in Figure 3.19. Although the slab 

track does not consist of separate sleepers, each section of the slab is called sleeper for 

the comparison purposes. The LVDT choice was crucial for these tests as both deflection, 

which is the instantaneous/transient displacement under each cycle, and settlement, which 

is the irrecoverable deformation under millions of cycles, must be captured and recorded 

with the same LVDTs. Therefore, they needed to be sensitive enough to record the 
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sinusoidal cyclic motion of the slab, which should acquire a hundredth of a millimetre. 

They also needed to be able to record the accumulated settlement of the sleepers in the 

ballast after 3.4 million cycles, which was greater than 10 millimetres. The positioning of 

the LVDTs on the track was, therefore, set to investigate the elastic deformation of the 

track as well as the total settlement under the accumulated cycles. The LVDTs were 

attached to an outer frame which was not in contact with the testing rig and actuators, as 

it can be seen in Figure 3.13.  

One must note that the experiments were performed only once due to time limitations in 

the laboratory. In case the loading method had errors, the tracks had to be rebuilt again to 

predict the initial settlements correctly, which requires extra time and money. Therefore, 

same static and cyclic loading methods were followed for each track to achieve like-to-

like comparison.  

3.6 Analysis of the Results 

In this section, the results related to the static and cyclic loading tests are presented and 

analyzed. Table 3.5 summarizes the notations and abbreviations used for the 

classification of the data. Different colours and shades are also used for more clarity of 

the figures.   



 

61 

 

Table 3.5: Abbreviations of the track types and sensors  

Substructure Embankment GRS-RW 
 

Superstructure Slab Ballasted Slab Ballasted 

Notation ES EB GS GB 

Pressure Cells in the subgrade SG-PC  

Pressure Cells in the FPL FPL-PC 

Pressure Cells under the Track 

T-PC1   

T-PC2   

T-PC3 

N/A 
 

Pressure Cells on the wall N/A 
 

W-PC1  

W-PC2  

W-PC3 

3.6.1 Static Compressive Loading 

As mentioned earlier, an initial static distributed axle load was applied on the tracks. First, 

13t (127.54kN) -Static I- and then 17t (166.76kN) -Static II- loads were applied for 

approximately 10 minutes each. The distribution of these axle loads over the three-sleeper 

area is described in Figure 3.17. The static response of the rails and sleepers, in terms of 

vertical deflection, are shown in Figure 3.20 to Figure 3.23. In order to eliminate the 

sources of errors that could be caused during experiments such as misalignments, contact 

between actuators and rails, or material calibration errors, the displacement values 

obtained at the load of -1kN. At this load, the actuators and the rail segment connections 

were smooth which is backed-up by the force against displacement. 
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Figure 3.20: Average vertical displacement of the rails on sleeper 1 and 3 under static 

loading 

 

Figure 3.21: Average vertical displacement of the rails on sleeper 2 (middle sleeper) under 

static loading 

Figure 3.20 illustrates the average displacements of rails on sleeper 1 and 3, which were 

subjected to a quarter of the axle load. The average of the four LVDTs recordings was 

used to plot the track deflection. It is also evident that the rail displacement on sleepers 1 
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and 3 on the slab track on the conventional embankment (ES) is %13 lower than the ones 

on the slab track on GRS-RW structure (GS). The rails on the ballasted track on GRS-

RW structure (GB) deflected 35% more than those on the conventional embankment 

(EB). The half of the axle load was applied on sleeper 2 (middle sleeper) for which the 

displacements of the rails are shown in Figure 3.21. The central rails on EB and GB 

deflected twice as much as the rails on slab tracks on both ES and GS. However, the 

conventional embankment and GRS-RW structure performed in a similar way. 

Additionally, as it can be seen from the comparison of Figure 3.20 and Figure 3.21 the 

rail displacement on sleeper 2 is nearly double of those on sleepers 1 and 3 for all four 

track cases.  

 

Figure 3.22: Average vertical displacement of sleeper 1 and 3 under static loading 
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Figure 3.23: Average vertical displacement of sleeper 2 (middle sleeper) under static loading 

The displacements at the corners of the concrete slab track and the ballasted track (Sleeper 

1 and Sleeper 3) are shown in Figure 3.22, and the displacement of the middle sleeper in 

Figure 3.23. All sleepers of the slab track deflected with approximately similar 

displacements, which are 0.03-0.04mm in ES and 0.06mm-0.07mm in GS, proving the 

uniform load distribution on the slab. On the other hand, sleepers 1 and 3 deflected 

significantly less than Sleeper 2 in both EB and GB. Although the rails deflected linearly 

proportional to the magnitude of the load, the sleepers in the ballasted tracks deflected 

unevenly due to the highly non-uniform and unbound nature of ballast. Additionally, the 

sleepers 1 and 3 in ES deflected 35 times less than the ones in EB, and GS is 12 times 

lower than GB. In the case of Sleeper 2, ES and GS deflected 33 and 35 times less than 

EB and GB, respectively. The static tests were carried only once before the cyclic loading 

in order for tracks to not deform plastically too much before cyclic loading, as one of the 

most significant indications of the total settlement is the plastic deformation caused by 

the initial cyclic loadings. In an ideal case, the tests should be repeated by within this 
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project, the aim was the like-to-like comparison of the tracks. Therefore, as long as the 

same loading is procedure is followed, the comparison informs sufficiently. 

3.6.2 Cyclic Loading 

In a stable track structure, the magnitude of the axle loads and their accumulation (load 

cycles) are the main reasons of the permanent vertical track settlement. This plastic 

settlement, due to the track tonnage, leads to changes in the track geometry and hence a 

deteriorating ride quality. The transient displacement under individual axles is an 

important component of the track behaviour. For example, in a ballasted track, if the track 

stiffness is too low then increased settlement will likely occur, and if it is too large then 

increased rail wear may result. Each layer’s elastic stiffness modulus contributes to the 

transient displacement, i.e., deflection. In conventional ballasted tracks, vertical stresses 

decrease relatively quickly with depth compared to the trackbed displacements. In 

addition to the elastic stiffness modulus of the individual trackbed layers below the 

ballast, the unbound nature of ballast itself is another reason for larger deflections of 

ballasted tracks when compared to bound systems, such as concrete slab tracks. This is 

because the elastic stiffness modulus of the unbound ballast is a function of its effective 

confining pressure as well as other properties, such as aggregate angularity and density. 

The key parameters leading to the observed settlements and deflections were identified 

via analysing both total and individual cycles. The cycles were chosen at the beginning 

and at the end of the tests to determine the stiffness change in the track, under high levels 

of cyclic loading (tonnage). The amplitudes were obtained by taking 1000th cycle from 

the beginning and 1000th cycles before the end of each frequency. The average of them 

were presented. In general, deflection data is represented an average of cycles occurring 

per second and for the two different frequencies of 5.6Hz and 2.5 Hz. The mean 
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magnitude of the sleeper deflections was calculated based on the four LVDTs placed at 

the sleepers 1 and 3. For the rails, all six LVDTs were considered.  

 

Figure 3.24: The use of bars corresponding to peak of sinusoidal cycles 

In this section, bar charts are employed to represent the data for clarity. The relative peak 

points of cycles were recorded to find out the amplitude of the sinusoidal cyclic motion. 

Then the amplitudes are presented as bars as shown in Figure 3.24.  

3.6.2.1 Rail Displacement 

The rail deflections were obtained on all six LVDTs placed on the rails of the sleepers 1, 

2 and 3. Six columns for each type of track were used to indicate the six rail segments on 

the tracks, noted from R1 to R6, as shown in Figure 3.19. The smoothness of the cycles 

is directly related to the performance of the data acquisition system. The LVDTs on the 

slab and sleepers were more sensitive than the ones on the rails in order to capture the 

small slab displacement amplitudes. However, instead of plotting sinusoidal curves under 

cyclic loading, bar charts are used to represent the maximum relative displacements. The 

amplitudes are taken for 1,000 cycles from the beginning of the tests and for 1,000 cycles 
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at the end. The figures below represent the rail displacements and the average 

displacement of the six rails for all four track types. The red line indicates the standard 

deviation of the six LVDTs for each track type, which is an indication of the uniformity 

of the tracks. 

 

Figure 3.25: Displacement amplitudes of the rails on ballast and concrete slab track on the 

conventional embankment and GRS-RW structure at Cyclic I (5.6Hz cycling at 13kN to 

58.9kN) test 

Figure 3.25 indicates the displacements of all rails at ‘Cyclic I’, where the magnitude of 

the load at 5.6Hz was oscillating between 13kN and 58.9kN. The displacement of the 

rails on the slab at the beginning of ‘Cyclic I’ was 1.14mm and 1.21mm on the 

conventional embankment and GRS-RW structure, respectively, whereas it was 1.22mm 

and 1.44mm in the case of the ballasted track. Stiffening of the tracks due to shakedown 

was evident since all rail amplitudes decreased slightly through the end of the tests. The 

reduction in the amplitude of the rail displacement was around 0.05mm for all tracks. The 

low standard deviation is an indication of uniformity of the rail deflection, which is an 
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essential parameter for trains travelling at high speeds. The standard deviations of the rail 

displacements are found to be between 0.06 and 0.14mm for all tracks, proving the rails 

deflected in a similar way for each track case. 

 

Figure 3.26: Displacement amplitudes of the rails on ballast and concrete slab track on the 

conventional embankment and GRS-RW structure at Cyclic II (2.5Hz cycling at 5kN to 83.4kN) 

test 

In Figure 3.26, the displacements of the rails at ‘Cyclic II’ test are illustrated. The rail on 

the slab deflected in a similar way on both substructures, whereas in the ballasted track 

case they deflected 2.57mm under 83.4kN cyclic loading (as mentioned above, this 

equates to a phased 17t axle load on individual sleepers without redistribution) on GRS-

RW, which is 0.51mm larger deflection than that on the conventional embankment. The 

reduction in amplitude in the slab’s rail deflection was much smaller than that on the 

ballasted track.  

Overall, the rails deflected with the largest value on the ballasted track resting on GRS-

RW structure (GB) as illustrated in Figure 3.26. On the other hand, the displacements of 

the rails on the slab track placed on both substructures (ES and GS) and the ballasted track 
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on conventional embankment (EB) were very similar, while rails displacements on ES 

being slightly smaller than the rest. One must note that the standard deviation values of 

rails displacements on GRS-RW were smaller than those on the conventional 

embankment. GRS-RW provided the most uniform rail deflections and, in addition to 

that, the slab track had the lowest standard deviation, which was 0.07mm. Similar 

magnitudes of rail displacements of the slab track on GRS-RW structure (GS) are also 

obvious from Figure 3.26. 

3.6.2.2 Sleeper and Slab Displacement 

As previously indicated, the deflections of the sleepers of the slab and ballasted tracks 

were obtained using the four LVDTs placed on sleepers 1 and 3, i.e., at the corners of the 

track.  

 

Figure 3.27: Displacement amplitudes of the sleepers on ballast and concrete slab track on the 

conventional embankment and GRS-RW structure at Cyclic I (5.6Hz cycling at 13kN to 

58.9kN) test 
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The displacements of the sleepers in the ballasted track and the slab track under 5.6Hz are 

shown in Figure 3.27. The difference between the transient deflections under a single 

cycle at the beginning and at the end of the cycles can be neglected since it is within the 

margin of errors of the sensors.  The slab track deflected 0.05mm and 0.1mm on ES and 

GS, respectively, whereas in the ballasted track case the deflections were 0.53mm and 

0.5mm on EB and GB, respectively. One of the most notable results is the small standard 

deviation of the slab track case meaning good uniformity. Contrarily, the ballasted track 

deflected with different magnitudes due to non-uniformity of the track.  

 

Figure 3.28: Displacement amplitudes of the sleepers on ballast and concrete slab track on 

conventional embankment and GRS-RW structure at Cyclic II (2.5Hz cycling at 5kN to 83.4kN) 

test 

The average displacement of the slab under a single cycle during ‘Cyclic II’ loading was 

0.09mm in ES and 0.11mm in GS. The average displacement of the sleepers in the 
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negligibly small, whereas the sleepers in ballast deflected with various magnitudes 

resulting in a very high standard deviation. While the deflection of the slab was quite 

uniform according to the LVDTs on the slab, the deflection of the sleepers in the ballast 

varied significantly among the LVDTs. This can be explained by the different amount of 

ballast compaction happened at different side of the tracks, which proves non-uniformity 

of the ballasted tracks. 

3.7 Conclusion 

This chapter describes the design and construction stages of a low-level fully confined 

conventional embankment and a GRS-RW structure combined with a concrete slab track 

and then ballasted track, within the GRAFT-II facility. The material properties and small-

scale laboratory tests are presented and discussed in detail. The testing procedure which 

consists of two static and two cyclic loading procedures are described. The transient 

displacement behaviour of the tracks in the static and individual cyclic loading are 

analysed. The main concluding remarks are as follows. 

• Under static loadings, the rails on slab tracks deflected nearly half of the rails’ 

deflections on ballasted tracks, on both substructures.  

• Sleepers 1, 2 and 3 of the slab tracks deflected in a similar way under the static 

loading due to the continuous and uniform aspect of the reinforced concrete. 

However, the sleepers in the ballasted track cases deflected proportionally to the 

distributed load due to the non-uniformity of the ballast material underneath.  

• The deflection of the slab track on the conventional embankment was the smallest, 

being 2% of the sleepers on ballasted track, while the slab track deflection on the 

GRS-RW structure was 6% of the sleepers’ deflection in the ballasted track. The 

slab track performed better in terms of displacements on conventional 
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embankment compared to GRS-RW, whereas the displacements of the ballasted 

track were less than those on the conventional embankment. 

• The rails on both superstructures on GRS-RW deflected 6% more than the rails 

on the tracks on the conventional embankment during high frequency cyclic 

loading. Whereas during low frequency loading, the rails on slab track on GRW-

RW deflected 3% less than those on the conventional embankment. 

• The sleeper and slab deflections under individual cyclic loading, however, showed 

significant differences between tracks. The slab tracks on both substructures 

deflected 9-10 times less than in the ballasted tracks. The deflection of the same 

superstructures on the conventional embankment or GRS-RW were very similar, 

meaning the substructures performed in a similar way despite the conventional 

embankment was fully confined by the four-lateral side, whereas GRS-RW was 

confined by only two lateral sides and supported by anchored retaining walls on 

the other two sides.  

• The GRS-RW performed more uniformly as the standard deviation of the sleeper 

deflections was lower than the conventional embankment. The standard deviation 

of the slab tracks was around 0.01mm, on both substructures, demonstrating 

uniform load distribution of the concrete slab tracks. The sleepers on the ballasted 

tracks on the other hand deflected very differently. This was reflected in the 

standard deviation of the sleepers in the ballasted track on GRS-RW, which was 

around 36-40%, whereas it was 60-66% for the conventional embankment. 

The following chapter focuses on the permanent settlement results for the investigated 

four track cases and comparison with available settlement models found in the 

literature. 
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CHAPTER 4- TRACK SETTLEMENT ANALYSIS 

4.1 Introduction 

Track settlement occurs as a consequence of the plastic movement of the soil grains with 

repeated loading. A granular soil, for example, will densify and hence reduce the void 

ratio as particles glide past each other into a new physical condition, when subjected to 

repeated loading. The settlement takes place in the ballast and subgrade for new railways. 

For existing well used ballasted track lines, the majority of the settlement is caused by the 

ballast. Even if a line has been subjected to a high level of cyclic loading and has thus 

developed a resilient state, fresh settlement can still occur if the train's axle load is raised. 

The settlement causes uneven track geometry, which requires maintenance through 

tamping, for example, to preserve the track level. The ride comfort for passengers would 

degrade if the track geometry is not rectified, due to excessive oscillations in the train 

suspension system, known as track roughness. Further deterioration can put the track 

stability and safety in jeopardy and could eventually lead to derailment. 

Tamping is one of the most frequent methods to correct the track geometry. The tamper 

lifts the rails and sleepers to a certain level and inserts the tamping-tines to squeeze and 

vibrate the ballast underneath the sleepers, which then rest on the freshly tamped ballast. 

The ballast, on the other hand, has been disturbed into a new state, and when train loading 

cycles resume, the ballast densifies again causing the track geometry to become uneven, 

necessitating further correction and thus tamping again. This tamping cycle lasts the entire 

life of the ballast. Once a year, a normal track might be tamped. However, a track that is 

subjected to a lot of stress, for example at a switch and crossing, may need to be tamped 

every few days. If the geometry is in need of constant correction and is showing 
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indications of distress, a Temporary Speed Restriction (TSR) may be used to restrict trains 

passing through that location, causing delays in the timetable.  

The availability and the cost of ballast makes it an ideal geomaterial for railways, 

according to reference [5]. The main functions of ballast, as stated in the references [5, 6, 

9, 10, 11], are to bear the vertical, horizontal, and longitudinal forces and to limit the 

movements of the particles. It helps to distribute the loads applied by trains over the 

subgrade and protect the subgrade from high stresses, thus, lower the permanent 

deformations. It also provides resiliency, absorbs the vibration energy and reduces noise. 

Ballast also facilitates drainage to keep the water away from the track, to allow 

maintenance, inhibits the growth of vegetation, and reduces frost problems. Despite these 

very important functions as well as being cheap and practical, slab track structures are 

becoming increasingly used in high-speed railways to overcome the need of continuous 

maintenance, among other reasons.  

4.2 Track Settlement Mechanism 

A railway track is subjected to a variety of train loading. The repeated traffic loading 

causes deformations of the substructure, which can be non-elastic. After a train passes on 

a track section, the track does not go back to its former position but ends up very close to 

the initial state. The motion causes a very small permanent deformation. However, these 

small deformations build up after a huge number of loading cycles, during the working 

life of the railway track, and lead to a large permanent settlement affecting the track 

geometry.  

Unbound materials have two types of deformation under cyclic loading: resilient 

deformation and residual deformation. The resilient deformation is defined as the 
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recoverable response under each cyclic load. The residual deformation is the permanent 

deformation and is an irrecoverable strain, as indicated in Figure 2.2.  

For either granular or cohesive soil materials, the resilient modulus Er (commonly 

referred to as Mr) is attained after several cycles of stress. A traditional cyclic triaxial test 

is usually used to gather this information (i.e., with no principal stress rotation). 

 

Figure 4.1: A conventional cyclic triaxial test [86] 

A hollow cylinder or real triaxial apparatus can also be used to obtain the resilient 

modulus. For granular soils, the resilient modulus is dependent on the confining pressure, 

whereas in the cohesive soils many factors like stress state, soil type and physical state 

can influence the resilient modulus. The resilient modulus is calculated as follows: 

𝐸𝑟 =
𝜎𝑑

𝜀𝑟
                 (Eq. 4.1) 

Where σd is the repeated deviator stress (σ1 – σ3) and Ɛr is the recoverable ‘resilient’ strain 

(Figure 4.1) in the direction of the major principal stress σ1.  

The fundamental equation for total settlement, i.e., cumulative plastic deformation of soil 

under repeated load was developed in references [87, 88] and is given by; 
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ƐN= ANb                (Eq. 4.2) 

Where ƐN is the plastic strain after N load cycles, A and b are constant parameters related 

to the soil type, its properties, and the stress state. The constant A is replaced by Ɛ1, which 

is the plastic strain after one load cycle, in the cumulative settlement of ballast [86, 89]. 

The equation of plastic settlement of the ballast is highly dependent on the plastic strain 

of the first load increment, therefore, initial compaction of the ballast during installation 

is crucial. The subballast settlement equation follows the same principal used for ballast 

as both materials are granular. If the subballast has been in place for a long time and only 

the ballast has been replaced during a ballast clean or renewal, the behaviour of the 

subballast can be considered to be linear as follows: 

εN(%)= 1.7 x10-7 N            (Eq. 4.3) 

The coefficient A in Eq. 9 was found to vary significantly from 0.0005 to 6.3 [90]. 

Because the soil compressive strength varies with the soil moisture and dry density. The 

influence of the soil physical state is indicated by: 

 𝐴 = 𝑎 (
𝜎𝑑

𝜎𝑠
)

𝑚

            (Eq. 4.4) 

Where a and m are the material parameters; and σs is the soil static strength. The 

coefficient m is within the range of 1.0 to 4.2 and a is within 0.3 to 3.5, when using this 

method. The final cumulative settlement model developed in reference [90] is as follows: 

휀𝑝 = 𝑎 (
𝜎𝑑

𝜎𝑠
)

𝑚

𝑁𝑏            (Eq. 4.5) 

or 

휀𝑝 = 𝑎(𝛽)𝑚𝑁𝑏             (Eq. 4.6) 
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Where β is the stress ratio. The final subgrade settlement is calculated by adding the 

deformations of all n number of subdivision layers (n=5 with 0.3m thickness [90]) and 

applying the formula: 

𝜌𝑠𝑢𝑏𝑔𝑟𝑎𝑑𝑒 = ∑ 휀𝑝
𝑖 ℎ𝑖

𝑛
𝑖=1           (Eq. 4.7) 

where hi is the thickness of each subdivided layer. We must also compute the settlement 

in the ballast (ρballast) and subballast (ρsubballast) in order to calculate the track's total 

settlement. As a result, the total track settlement for a given number of cycles is given by; 

ρtotal = ρballast + ρsubballast + ρsubgrade          (Eq. 4.8) 

4.3 Track Settlement Models 

The settlement of a ballasted track is assessed considering two major phases. If a track is 

freshly tamped or constructed, a relatively large settlement occurs after the track is 

subjected to the very first loading cycles. There would not be irregularities if all points of 

the track settle in the same way. However, the deformations differ along the track and, 

therefore, track irregularities would occur [6]. The second phase of settlement is slower 

and tends to have a linear relationship with time/load [9]. According to references [6] and 

[13], dynamic loads, rail shape and differential ballast settlement are the major causes of 

the track deterioration. Irregularities as a consequence of differential settlement can build 

up and can cause alterations in the distribution of loads [14]. 

Because settlement is non-linear with the number of cycles, track condition and different 

wheel loads, several versions of the cumulative settlement equation can be developed for 

mixed loading conditions.  

The aim of this chapter is to investigate the settlement models and compare their results 

against laboratory data collected from the GRAFT-II testing of the four track cases 
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presented in the previous chapter. To understand and correctly predict the settlement 

behaviour of ballast, sub-ballast and subgrade, numerous laboratory and field 

investigations were performed to develop empirical models. A variety of previously 

published models on track settlement is investigated to identify the main parameters 

influencing settlement. The main triggering mechanism, as claimed in reference [13], are 

the dynamic forces, rail shape, sleeper spacing, sleeper support, ballast settlement, and 

substructure. In addition to these factors, Holtzendorff and Gerstberger [15] proposed 

four factors which are: 

1. Deviatoric Stress; the stones start moving if the deviatoric stress σ1- σ3 exceeds 

the stone-to-stone friction. In this case, the horizontal stress σ3 should be large 

enough to confine the ballast according to Selig and Waters [5]. 

2. Vibrations; when the track is dynamically loaded, the particles start spreading 

horizontally. 

3. Degradation; due to particle friction, tamping, and various environmental effects, 

particle wear and breakage occur.  

4. Subgrade Stiffness; the more subgrade deforms the more track settles. 

Dahlberg [8], Abadi et al. [16], and, Thom and Oakley [11] compared major settlement 

models proposed by researchers form all around the world. Table 4.1 lists a number of 

previously reported granular material settlement models. The list shows many models are 

of logarithmic or exponential type.  
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Table 4.1: Settlement Models 

Reference Parameters Coefficient 
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[97] 0.16250.07NS N=   

[98] m

bPLTE
y a N

p

 
=  

 
 

EPLT=Equivalent Young’s 

modulus 

P=Sleeper-ballast contact 

pressure 

[18] 
1( log 1)NS S a N= +  a = constant 

[18] [ / (1 )]logNS a b VCI N= + −  VCI = fouling constant 

 

Where the common terms are:  

P - axle load;  

N - number of load applications;  

, , c,   - constants;  

 - vertical pressure;  

k - subgrade stiffness;  

S1 and u1 - initial settlement.  

The various ballast settlement models mostly indicate similar trends. The common 

parameter in all settlement models is the number of cycles of which the influence depends 

on the relationship whether it is linear or logarithmic. In addition, the force applied on the 

ballast is a significant parameter in certain equations, whereas it was not taken into 

consideration in others. However, the sleeper spacing, granular material type or ballast 

thickness were not considered at all. The review of the settlement equations provided an 

overview about the settlement trends in tracks built on granular bases. This chapter 

investigates if the presence of geogrid inside the soil influencing the settlement behaviour. 

Slab tracks’ total settlement trend is also compared against ballasted tracks. 
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In what follows, settlement results obtained from the experimental work carried out in 

GRAFT-II are presented and analysed. As discussed in Chapter 3, these concern 

settlement in both conventional embankment and GRS-RW substructure when they are 

subjected to cyclic loading applied on the slab and ballasted tracks, as superstructures. 

4.4 Laboratory Results 

The cumulative settlement of the concrete slab track and ballasted track are presented in 

this section. The settlement data for Cyclic-I and Cyclic-II is analysed separately due to 

the variation in the loading types. Only the plastic settlement caused by the full-cyclic 

loading is taken into account. As discussed in chapter 3, Cyclic-I and Cyclic-II represent 

13 and 17 tonnes axle load, respectively. Figure 4.2 shows how the data is post processed 

and so indicates the computation process of plastic settlement. The figure is taken from 

Cyclic-II loading corresponding to the ballasted track on GRS-RW substructure, as an 

example. The blue line indicates the force at the first actuator and the grey line represents 

the displacement of the rail at which the actuator was attached. As it can be seen, firstly, 

the static load was increased gradually up to a certain level (point A in Figure 4.2) then 

a low amplitude was introduced and increased until the desired magnitude is achieved. In 

this case of Cyclic-II, the actuators oscillated between 5kN and 83.4kN as it can be seen 

in Figure 4.2.  
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Figure 4.2: Plastic settlement acquisition method 

On the contrary to Čebašek et al. [85] and [84] , who included the initial settlement caused 

by the static loading as part of the cumulative settlement, this study focuses on the plastic 

deformation solely caused by the load that reached full cycles (point B in Figure 4.2). 

The red line in the figure was then obtained from 3.4 million cycles, which is a similar 

post processing method used by Abadi et al. [16, 99].  

The average displacement values of the four LVDTs on the sleepers and the six LVDTs 

on the rails are then calculated. The rails and sleepers of the slab track and ballasted track, 

on the conventional embankment and GRS-RW substructure, are compared for Cyclic-I 

and Cyclic-II loading.  
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Figure 4.3: Cumulative settlement of sleepers on slab and ballasted track on the conventional 

embankment and GRS-RW structure for Cyclic-I 

 

Figure 4.4: Cumulative settlement of rails on slab and ballasted track on the conventional 

embankment and GRS-RW structure for Cyclic-I 
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Figure 4.5: Cumulative settlement of sleepers on slab and ballasted track on the conventional 

embankment and GRS-RW structure for Cyclic-II 

 

Figure 4.6: Cumulative settlement of rails on slab and ballasted track on the conventional 

embankment and GRS-RW structure for Cyclic-II 
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The loading cases Cyclic-I and Cyclic-II lasted 1.2 million and 2.2 million, respectively. 

Overall, the plastic settlement of the rail was higher than the settlement of the slab 

resulting from the permanent deformation in the rail pads. The rails in the ballasted track 

also deformed plastically. However, the plastic deformation was much lower than that 

sustained in the slab track. This proves that the pads reached a more resilient state during 

slab track tests and during the ballasted track tests, their plastic deformation was lower.  

As it can be seen from Figure 4.3 to Figure 4.6, the slab track settled significantly less 

than the ballasted track. The conventional embankment also exhibited low plastic 

deformation compared to the GRS-RW substructure. However, after the initial sharp 

settlement, until about 20,000th cycle, the settlement patterns of both substructures 

became similar and show a linear trend. 

4.5 Analysis of Elastic Displacements and Stiffness 

The rail deflections were obtained on the six LVDTs placed on the rails of the sleepers 1, 

2 and 3. The deflections of the sleepers of the slab and ballasted tracks were obtained 

using the records of the four LVDTs placed on sleepers 1 and 3, i.e., at the corners of the 

track. The smoothness of the cycles is directly linked to the sampling frequency and 

reflect the performance of the data acquisition system. However, instead of plotting 

sinusoidal curves under cyclic loading, bar charts are used to represent the maximum 

relative displacements. The amplitudes are determined by taking 1000 cycles from the 

beginning of the tests and 1000 cycles before the end. The difference between the 

transient deflections under single cycles at the beginning and end of the loading can be 

neglected since it is within the margin error of the sensors. The figures below represent 

the rail displacements and the average displacement values of the six rails for all four 

track types.  
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Figure 4.7: Average absolute displacements of the rails and sleepers under static loading 

(slab in the slab track case) 

Figure 4.7 illustrates the displacements of the rails and sleepers under Static-I and Static-

II loading. Sleepers 1 and 3 are indicated separately as half of the axle load was applied 

on Sleeper 2 and quarter of the load acted on Sleeper 1 and Sleeper 3. The ratio was 

calculated based on the displacement caused by Static-II loading divided by Static I and 

indicated in the secondary axis of Figure 4.7. The force ratio, which is 17t divided by 

13t, is 1.31. According to Hooke’s law, the displacement is linearly related to the force, 

so the displacement ratio, mathematically, should be 1.31 too. The ratio is about 1.31 for 

the conventional embankment, whereas in the GRS-RW case, the ratio is approximately 

1.20 for the slab track and 1.15 for the ballasted track. The decrease in the ratio proves 

that the stiffness of the GRS-RW increased more sharply due to the presence of the 

geogrid, meaning under certain loading, geogrids start to provide extra resiliency. 

However, it must be noted that the overall stiffness of GRS-RW can still be lower than 

the conventional embankment. 
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Figure 4.8: Average absolute displacements of the rails and sleepers under cyclic loading 

(slab in the slab track case) 

Figure 4.8 indicates the displacements of all rails and sleepers, for which the magnitude 

of the load on each actuator at 5.6Hz, ‘Cyclic-I’, was oscillating between 13kN and 
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corresponding deflection on the conventional embankment. The reduction in amplitude 

in the slab rails deflection was much smaller than that on the ballasted track.  

Overall, the rails deflected with the largest values on the ballasted track resting on the 

GRS-RW substructure (GB), as illustrated in Figure 4.8. On the other hand, the 

displacements of the rails on the slab track placed on both substructures (ES and GS) and 

the ballasted track on the conventional embankment (EB) were very similar, while rails 

deflections on ES being slightly smaller than the rest. It is worth noting that the standard 

deviations of the rail displacements on GRS-RW were smaller than those on the 

conventional embankment. The GRS-RW substructure provided the most uniform rail 

deflections and, in addition to that, the slab track exhibited the lowest standard deviation. 

The reason for the higher deflection of the rails on ballasted track on GRS-RW can be 

because of two new rail pads. The new pads may have less stiffness values than the other 

rail pads as they were not subject to any cyclic load, thus, no plastic deformation was 

accumulated. 

The slab track deflected 0.05mm and 0.1mm on ES and GS, respectively, whereas in the 

ballasted track case the deflection values were 0.53mm and 0.5mm on EB and GB, 

respectively, at ‘Cyclic-I’. The mean displacement of the slab under a single cycle for 

‘Cyclic-II’ loading was 0.09mm in ES and 0.11mm in GS. The displacements of the 

sleepers in the ballasted track were 0.95mm and 0.94mm in EB and GB, respectively.  

Contrary to the elastic behaviour of the slab, ballast performed in a more complex manner 

due to its unbound nature and non-linear behaviour. While the deflection of the slab was 

quite uniform, according to the LVDTs on the slab, the deflection of the sleepers in the 

ballast varied among the LVDTs. 
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Figure 4.9: The stiffness of the tracks based on deflection of the rails (including rail pads) 

under static loading  

 

Figure 4.10: The stiffness of the tracks based on deflection of the sleepers and slab 

(excluding rail pads) under static loading 

The stiffness of the track including all layers under the rail is shown in Figure 4.9 and 

the stiffness underneath the sleepers is shown in Figure 4.10. The reason for the 
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significant difference in the stiffness is due to the presence of the rail pads of which static 

stiffness was 22.5kN/mm and dynamic stiffness was 40kN/mm. The stiffness of the pads 

was higher under heavier static loading proving the pads deformed non-linearly. The 

stiffness of the track below the pads, on the other hand, showed similar stiffness values 

in both static loading cases meaning the displacement was still behaving linearly. An 

example figure illustrating force against displacement for the slab tack on the 

conventional embankment during Static I load is attached in Appendix B. A 300mm deep 

ballast box test was performed to identify realistic stiffness and settlement characteristics 

by McDowell et al. [100] that determined the ballast stiffness as 330kPa/mm 

(24.75kN/mm) which is in good agreement with the result of the ballasted track on the 

embankment presented in Figure 4.10, as the depth of the ballast in the current test is 

400mm. 

 

Figure 4.11: The stiffness of the tracks under cyclic loading 
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The stiffness levels under the rails and sleepers are shown in Figure 4.11. When the 

frequency of the loading decreased, the stiffness values also decreased despite the 

increase in the load magnitude, at Cyclic-II. Higher frequency at Cyclic-I tests dictated 

more the dynamic behaviour of the soil, leading to higher stiffness levels. The soft rail 

pads dominated the overall track stiffness, however, as expected, the slab track was 10 

times stiffer than the ballasted track on the conventional embankment and approximately 

5 times stiffer in the GRS-RW case. 

4.6 Further Discussion 

The most common parameters encountered in the settlement models are the applied load, 

track stiffness and number of cycles. As previously indicated, the deflections of the 

sleepers of the slab and ballasted tracks were obtained using the four LVDTs placed on 

sleepers 1 and 3, i.e., at the corners of the track, whereas in the case of the rails, all six 

rails on sleepers 1,2 and 3 were taken into account. In the above presented experimental 

results, the total settlement of the rails was higher than the settlement of the slab, due to 

the plastic deformation which occurred in the rail pads, for the conventional embankment 

case, as shown in Figure 4.12. Plastic settlement of the rails under the same number of 

cycles was nearly double of that of the slab. The same materials were used for the slab 

track and HBL in both substructures, so the smaller deformation was observed in the 

conventional embankment soil. The slab settlement in the case of ES at Cyclic-I loading 

was nearly half of that of GS, whereas during Cyclic-II loading, the slab settlement was 

similar until about the 1,500,000th cycle. After that, the GRS-RW substructure reached a 

resilient state and the settlement levelled off at 0.52mm, while the slab track on the 

conventional embankment continued to settle until 0.64mm. Another notable result is the 

total settlement of the slab during Cyclic-I and Cyclic-II. It was similar for the 1,200,000 
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cycles, although the load amplitude was 1.33 times greater during Cyclic-II. In 

conclusion, the settlement of the soil under the slab tracks was dependant on the physical 

soil conditions and the number of cycles.  

 

Figure 4.12: Cumulative settlement of rail and slab on the conventional embankment and 

GRS-RW structure for Cyclic-I and II 

Figure 4.13 shows the cumulative settlement in the ballasted track on the conventional 

embankment and on the GRS-RW substructure. The total rail settlement and the sleeper 

settlement are very similar, with less than 1% difference, which is within the margin of 

the sensors error. The only exception is the initial settlement of rails during Cyclic-II for 

the ballasted track on GRS-RW, which is higher than the sleeper’s settlement. However, 

the trend is very similar after the initial settlement. The settlement of the ballasted track 

on the conventional embankment is 25% less than that of the GRS-RW substructure. The 

main parameters dictating the settlement of the ballasted track are the stiffness of the 

track, number of cycles and the magnitude of the axle load. 
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Figure 4.13: Cumulative settlement of rail and sleeper on the ballasted track on the 

conventional embankment and GRS-RW structure for Cyclic-I and II 

The total settlement graphs under cyclic loading showed that the difference between rail 

settlement and sleeper settlement is smaller than the difference during the static loading. 

The cumulative settlement graphs under cyclic loading includes solely the plastic 

deformation, whereas the transient displacement of rails was mainly caused due the elastic 

deformation of the railpads during static loading.  
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The stiffness values based on the deflections under the static and cyclic loading cases are 

calculated and analysed. It is clearly observed that the concrete slab track performed 

significantly better, in terms of cumulative settlement and peak rail displacements, when 

compared to the ballasted track. The main cause for the observed higher settlement of the 

ballasted track is obviously due to the unbound nature of ballast, rather than the settlement 

of the substructure, which was well compacted prior to the concrete slab track testing. It 

was even more compacted prior to the ballasted track testing as high CBR values were 

recorded after the slab testing was carried out. It is, therefore, concluded that had the 

ballasted track been tested first it would have surely experienced an even larger track 

settlement. Furthermore: 

• The cumulative settlement of the slab track is about 10-12 times less than that of 

the ballasted track. The total settlement of the slab track is caused by the plastic 

deformation of the soil, under the HBL layer. The settlement of the ballasted track 

includes that of the ballast and of the soil underneath, however, approximately 

95% of the settlement was caused by the ballast particles movement. 

• The rails settled nearly double of the slab’s settlements, in the slab track cases, on 

conventional embankment and GRS-RW. This means the plastic deformation 

occurred in the pads. The rails on the ballasted track, on the other hand, settled 

with the same amount as the sleepers, proving the rail pads were deforming 

elastically under the cyclic loading. 

• The settlement of the tracks on GRS-RW was nearly 20% higher than those of the 

tracks on the conventional embankment during the initial 20,000 cycles. Then, the 

settlement trend became similar for both types of substructures. It is worth noting 

that the slab track on GRS-RW reached a resilient state for the given loads. This 
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was caused by the geosynthetic reinforcement in the soil. The higher initial 

settlement can be caused by the consolidation of the substructure with geogrid 

which could be due to alignment of geogrids. The geogrids start to work actively 

when the sufficient settlement in soil is achieved. Once it happens, the GRS-RW 

system deforms very similar to the conventional embankment despite of the fact 

that the GRS-RW system is less confined than the conventional embankment.  

• Larger total settlement amounts were obtained in each track at the lower frequency 

loading because the magnitude of the applied load at the low frequency was larger 

than high frequency. This proves that one of the main parameters of cumulative 

settlement is axle load in addition to the number of cycles. 

•  Both ballasted and concrete slab tracks followed typical shakedown periods even 

for the high formation stiffness. In the cyclic tests, a change in the amplitude of 

the actuator stroke after millions of loading cycles was observed. The amplitudes 

have slightly reduced due to the increase in the substructure stiffness indicating 

plastic settlement during shakedown. 

The next chapter deals with the pressure cells results, in the conventional embankment 

and GRS-RW, which focuses on stress distribution in both substructures and compares to 

results available in the literature.  
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CHAPTER 5 – STRESS DISTRIBUTION IN TRACKS 

5.1 Introduction 

One of the most important purposes of railway track beds is to adequately transfer the 

loads to the formation below the track. The magnitude and distribution of the pressure 

exerted by heavy axle loads significantly influence the short- and long-term behaviour of 

railway tracks. A large amount of literature could be found on this crucial aspect. The 

induced stresses in the subgrade can be influenced by the axle load, formation thickness, 

sleeper spacing, rail bending stiffness, and presence of any additional layer for load 

distribution. Lowering the groundwater table, stabilizing the subgrade, and introducing 

geosynthetics can improve the threshold stress of subgrade soils [101]. Geogrids have 

been proven to be an effective solution when placed in ballast [30, 102, 103] and soil [46, 

47, 48, 1, 49] to reduce plastic settlement and improve stress distribution. A thorough 

understanding of the stress distribution from top layers to formation is required in the 

design of railway tracks, for preventing substantial and frequent maintenance. For this 

purpose, numerous field and laboratory tests were performed to investigate the stress 

behaviour with depth under various axle loads and speeds. However, measuring stress 

levels can be difficult in laboratory conditions, for example, Brown et al. [28] 

incorporated pressure cells under the ballast in a full-scale testing facility and collected 

the transient vertical stresses at the top of the subgrade, which varied greatly at the early 

stages of the testing. 

Liu and Xiao [104] presented two field data sets collected in China for a passenger carrier 

travelling at 200km/h with 14t axle load and another one corresponding to a freight train 

with 22.5t axles travelling at 120km/h. The stress pulse waves on the subgrade were 

recorded. Two test sites were investigated by Anderson and Rose [105] with the focus on 
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the presence of an asphalt layer. The pressure distributions and rail deflections were 

obtained by using earth pressure cells and displacement transducers at critical interfaces. 

Interfacial pressure measurements were recorded in the field by Rose et al. [106] 

presenting the pressure levels in the ballast and displacement magnitudes in a six-

consecutive-sleeper section over several month-long period of heavy freight train 

passages. It was found out that the pressure distribution is highly dependent on the 

compaction level of the ballast, however, disregarding the measurements from non-

uniformly compacted ballast, the peak pressure at the sleeper-ballast interface was 

identified. In-situ tests were performed to obtain the pressure measurements at the 

interfaces of rail base-sleeper, sleeper-ballast, ballast-subballast and subballast-subgrade 

by Rose et al. [107]. The peak pressure on conventional and hot mixed asphalt trackbeds 

subjected to 36t axle load was recorded. Field tests were conducted in Australia by 

Indraratna et al. [108] to investigate the reduction in the vertical stresses along with the 

depth. The vertical stresses caused by two types of trains with different axle loads, one of 

which has wheel irregularities, traversing a track section reinforced with geosynthetics 

were recorded. More field data on various tracks were recorded by Cardona et al. [109]. 

Field measurements of the dynamic stress in the subgrade surface was 13-20kPa in the 

case of slab track and it ranged between 50-100kPa for the ballasted track case [110, 111, 

112, 113, 114]. Evidently, the dynamic stresses in the subgrade under a slab track were 

4-5 times less than those under a ballasted track. The stresses in the soil increased with 

the increase in the train speeds. 

A direct relation between track modulus and stresses induced in the subgrade due to heavy 

axle loads was presented by Li [115] using the Facility for Accelerated Service Testing 

(FAST). The term track modulus is described by Li [115] as ”Track modulus is a 

parameter defined by a model of the beam (rail) on elastic foundation, and is used 
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extensively to quantify the track foundation support or the overall stiffness of ballast, 

subballast and subgrade layers”, based on Selig and Li [116]. A full-scale test of an 

asphalt railway track was carried out by Yu et al. [117] to find out the stresses in the 

subgrade. Three pressure cells were incorporated under a three-sleeper section track on a 

ballast foundation. The pressure change and permanent sleeper and subgrade settlements, 

during a 350 MGT cyclic loading, were recorded. Jiang et al. [118] , Chen et al. [119] 

and Zhang et al. [120] carried out full-scale laboratory tests on a ballastless track. The 

stress levels were recorded at different depths of the subgrade. Lee et al. [121] performed 

full-scale tests on three configurations of a ballastless track with asphalt trackbed to 

investigate the most effective stress distribution. A small-scaled box test was performed 

by Sysyn et al. [122] to determine the stress distribution immediately underneath the 

ballast. The cyclic loading was applied on a sleeper placed in a 1m by 0.17m by 0.33m 

box filled with crushed stones. A total of 11 loading sensors were positioned under the 

stones along the sleeper to investigate the stress distribution caused by the sleeper. Rose 

et al. [123] performed a series of laboratory tests using earth and granular material 

pressure cells to estimate the vertical pressure levels between a sleeper and ballast. Cyclic 

triaxial tests were carried out to study the performance of railway components under 

repeated loading [124, 90]. True triaxial tests with controlled confined stresses and 

vertical stresses were also performed by Yu et al. [125] and Yu et al. [30]b to identify the 

resilient behaviour of ballast and subballast. Liu and Xiao [104] carried out cyclic triaxial 

tests for compacted silt specimens combined with field measurements of stresses to study 

the dynamic stress-bearing of a subgrade. Momoya et al. [126] and Ishikawa et al. [127] 

performed cyclic and dynamic tests over a 1:5 scaled 15-sleeper section model, 

experimentally. The laboratory findings were used to calibrate a three-dimensional linear 

finite element model and to compare the vertical stress distribution in the subgrade for 
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different types of tracks. Bian et al. [128] also performed full-scale testing on a ballastless 

track under three different train speeds. The findings were used by Bian et al. [129] to 

study the geodynamic issues in high-speed railways using a 3D dynamic FEM model. It 

was commonly known that slab tracks transfer the loads more uniformly to the bottom 

layers than ballasted tracks. An extensive numerical modelling was carried out to further 

investigate the effect of various parameters on the stress levels in the tracks. 

A 2D dynamic finite element analysis was performed by Yang et al. [130] to identify the 

stress state of the ground and the stress path during loading by passing trains at different 

speeds. Powrie et al. [131] investigated the stress distribution in the soil under the track 

and identified important elastic parameters using 2D and 3D FEM models. Their models, 

which were validated against the field data obtained by Grabe et al. [132], investigated 

the static and dynamic behaviour of the soil based on the ratio of train and Rayleigh wave 

speed. As long as the train speed does not exceed 10% of the Rayleigh wave speed, the 

track behaves in a quasi-static manner. However, the stresses can be underestimated by 

30% when the train speed reaches 50% of the Rayleigh wave speed. Cardona et al. [133] 

developed a 2D model of three different tracks with and without bituminous layers, and 

validated the models against the stress measurements collected at the French Est-

European HSL under the passage of TGV at 317km/h. The corresponding details were 

presented by Cardona et al. [134]. The effect of cracked sleepers on stresses between the 

layers of the substructure was studied by Domingo et al. [135] using a 3D finite element 

model, which was validated using real track data. Shahu and Kameswararao [101] also 

created a 3D model to assess the induced stresses in the subgrade surface and estimate 

the approximate acceptable ranges of resilient moduli for sub-layers and formation 

thickness, through a comparison against design parameters proposed by ORE [136]. Jiang 

et al. [118] studied the stress levels at four different depths of the subgrade under a 
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ballastless track using a 3D dynamic model. Shan et al. [137] investigated vertical 

dynamic stresses of the subgrade surface at transition zones using a 3D model which was 

validated using field measurements. Dong et al. [42, 64] created a model using a thin-

layer finite element approach capable of computing the dynamic stresses and strains in 

the soil medium due to train loading. Ramos et al. [138] developed a 3D model adapted 

to ballasted and slab tracks which were calibrated with full-scale laboratory tests, carried 

out at the Heriot Watt University in Edinburgh, to investigate the stress path in soil media 

under cyclic loading.  

Among the analytical approaches, Bathurst and Kerr [139] proposed an analytical model 

to predict the vertical stresses utilizing the Boussinesq theory and the beam on elastic 

foundation method. Fadum [140] proposed a chart to identify the influencing factors on 

the vertical stress beneath the corners of a rectangular foundation. This chart is used to 

compare the laboratory results obtained in this research.  

In what follows, full-scale laboratory testing presented in this study, performed in the 

GRAFT-II facility, are used to compare stress levels in the subgrade under the concrete 

slab and ballasted tracks placed on the conventional embankment [85] with a low-level 

wall simulating the remainder of the slope and on the GRS-RW substructure [84]. The 

stress levels at various depths under static and cyclic loading are analysed. In addition to 

the comparison of the experimental results obtained in this research, field and 

experimental data presented by various authors are also used in further analysis [141]. 

The stress levels under the slab and the ballasted tracks show a clear like-to-like 

comparison. The stresses on the GRS retaining wall under train loading are unique 

findings of this research. 



 

101 

 

5.2 Pressure Cell Installation 

The model 3510 earth and the 3515 granular materials pressure cells were used to measure 

vertical stresses. These semiconductor type pressure cells have 9-inch diameter plate 

which is capable of measuring up to 1MPa with 0.015kPa sensitivity. The pressure cells 

were incorporated at different locations in the conventional embankment. In this case of 

substructure, one earth pressure cell was placed in the subgrade (SG-PC) and another one 

in the FPL (FPL-PC) directly under the central sleeper. The three granular material 

pressure cells were placed at the top of FPL; two under the rails and one under the 

midpoint of the central sleeper. These are denoted as track pressure cells; T-PC1, T-PC2, 

and T-PC3, as shown in Figure 5.1.   
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(a) 

 

 

(b) 
Figure 5.1: The positions of the pressure cells in the conventional embankment (a) Lateral 

cross-section (b) Longitudinal cross-section 

As the same pressure cells were used for both slab track and ballasted track cases, the T-

PC pressure cells were embedded in the soil, 50mm below the interface between HBL 

and FPL, and ballast and FPL, respectively, and then covered with compacted soil 

(Figure 5.2a). A spirit level was used while installing the pressure cells to ensure they 

are correctly placed so that they provide measurements of the vertical stresses (Figure 

5.2b).  
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(a)     (b) 

Figure 5.2: The installation of pressure cells in the soil (a) The T-PC pressure cells near the 

surface of FPL (b) Levelling a pressure cell 

The GRS-RW substructure on the other hand had two earth pressure cells incorporated in 

the soil. The SG-PC and FPL-PC were placed in the same locations as in the case of the 

conventional embankment, as indicated in Figure 5.3. While T-PC pressure cells were 

positioned below the ballast, the same pressure cells were positioned in the inner side of 

the retaining walls to measure the pressure levels exerted on the walls in the GRS-RW 

case and are denoted as W-PC.  
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Figure 5.3: The positions of the pressure cells in the GRS-RW structure 

The pressure cells on the wall were labelled as W-PC (Figure 5.4a). After attaching the 

pressure cells, the wall was positioned 8-10cm away from the sandbag wall (Figure 5.4 

b). This gap was then filled with “topflow”, which is a ready-mix highly fluid self-

compacting concrete consisting of 10 mm diameter aggregates (Figure 5.4c). This 

material was chosen specifically because of its ability to fill the gaps between the geogrid 

and the sandbags through the geogrid apertures. This was intended to provide 

reinforcement and resilience to the GRS. The purpose of the W-PC pressure cells was to 

obtain the pressure levels due to the lateral expansion of the GRS-RW substructure. The 

pressure cells incorporated in the subgrade and the FPL allow a like-to-like comparison 

against the conventional embankment. 
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     (a)        (b)       (c)   (d) 

Figure 5.4: W-PC pressure cells (a) on the retaining wall (c) Gap filling material topflow (d) 

Silicone sealant on the sides of the wall to prevent leakage  

5.3 Results Analysis 

In this section, results related to the static and cyclic loading tests are presented and 

analysed. Table 3.5 summarizes the notations and abbreviations used for the 

classification of the data. Different colours and shades are also used for convenience and 

clarity of the figures in the analysis section.  

5.3.1 Static Loading 

As presented previously, an initial static distributed axle load was applied on the 

considered tracks. First, 13t (127.54kN) -Static I- and then 17t (166.76kN) -Static II- were 

applied for approximately 10 minutes each. The distribution of these axle loads, over the 

three-sleeper area, is described in Figure 3.17. The analysis of displacements of the rails 

and the sleepers/slab, as well as the stresses in the soil, are presented and discussed.  

The stresses immediately under the slab and the ballasted tracks, on the conventional 

embankment under Static-I and Static-II loading, are illustrated in Figure 5.5. The 

analysis of the stress levels solely focusses on the loading, not unloading. Therefore, the 

goal of static loading is to find the maximum stresses and the change in parallel to the 

loading. The exact positions of the pressure cells (T-PC) are shown in Figure 5.1. The 
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stress levels under the rails in the slab track were approximately double the stress level in 

the centre of the track, whereas, in the ballasted track, the stress under one rail was 25% 

less than the recordings taken at the other three pressure cells proving the non-uniformity 

of the ballast under the sleeper despite the presence of the geogrid. The average stress 

measured under HBL was 50% less than the stress under the ballast. The rise in the stress 

level when the load increased from 13t to 17t was linear in both tracks, slab and ballasted, 

which lead to 1.3 times higher stresses, as expected. The pressure distribution in the 

ballasted track can vary depending on the initial ballast condition and compaction. 

 

Figure 5.5: Vertical stresses immediately under the slab (ES) and the ballast (EB) tracks on 

the conventional embankment under static loading 

Figure 5.6 and Figure 5.7 illustrate the stress distributions in the centre of the subgrade 

and FPL, which are 80cm and 20cm below the FPL surface, respectively, as shown in 
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Figure 5.1 for the conventional embankment and Figure 5.3 for the GRS-RW 

substructure. The stress levels decreased with the depth closing the stress gap between 

tracks. For example, the ES-FPL stress level was 3 times smaller than that in EB-FPL but 

the stress level of ES-SG was similar to that in EB-SG, which demonstrates a sharper 

decrease in the stress level in the EB case. This decrease was even sharper for GB since 

the stress in GB-FPL was roughly 1.5 times higher than that in GS-FPL. However, due to 

the sharp decrease in the stress in GB, the stress level in GB-SG was 1.5 times lower than 

in GS-SG. 

 

Figure 5.6: Vertical stresses in the FPL of all four tracks under static loading  
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Figure 5.7: Vertical stresses in the subgrade of all four tracks under static loading 

 The continuous increase in the stress during the static loading in GS was due to the fact 

the GRS-RW substructure was loaded for the first time and so residual settlement was 

occurring. The stresses in GB did not show the increase seen in GS as the GRS-RW 

substructure was subjected to static and cyclic loading. GS testing led to more settlement 

and stiffer substructure for GB. The stress levels in ES were 7 and 5 times less than the 

stresses in GS, in FPL and subgrade, respectively. They were 3.5 times smaller in EB 

compared to GB. This is because of the GRS structure, which induced more focused 

stresses in the central zone due to the lower stress spread angle. Figure 5.8 shows the 

stresses acting on the retaining wall of GRS-RW. The positive stress values were recorded 

for the ballasted track, however, they are negligibly small. The readings for GS were in 

the pressure cells margin of error. This leads us to conclude there was not significant 

stress level on the wall. 
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Figure 5.8: Vertical stresses on the retaining wall for the slab (GS) and the ballast (GB) 

tracks on the GRS-RW structure under static loading 

The pressure readings on the wall, under both static and cyclic loadings, were negligibly 

small. The pressure cells were calibrated prior to the testing and it was confirmed that the 

cells were working properly. The GRS substructure had expanded outwards under the 

action of compaction and reached its active state. The pressure readings were lower than 

expected and hence this proves that the GRS-RW substructure worked as intended. The 

low pressure readings on the wall were also confirmed by Figure 5.4d, which indicates 

no observable movement in the silicone sealent after the static and cyclic loadings. The 

readings also indicate that the retaining walls do not contribute to the lateral restraints in 

the track, as the geoynthetic reinforcements in the soil provide enough lateral resiliency. 
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5.3.2 Cyclic Loading 

The maximum vertical peak stresses under Cyclic-I and Cyclic-II are presented in this 

section. The relative stress levels were recorded based on the cycles illustrated in Figure 

3.18. The loads exerted on the sleepers were oscillating between 30kN and 117.8kN for 

Cyclic-I, and between 9kN and 166.8kN for Cyclic-II. Therefore, the pressure cells 

always recorded positive values as there was always a loading applied on the system. For 

this reason, relative magnitudes were plotted in Figure 5.9, Figure 5.10, and Figure 5.11 

rather than absolute values, which were used for the LVDTs on rails and sleepers. It is 

notable that for Cyclic-I with 5.6Hz cyclic loading, the amplitudes of the stresses are 

significantly smaller than those of Cyclic-II with 2.5Hz cyclic loading.  

The average stress under the ballast layer (EB) was 2.1 and 1.45 times higher than the 

stress under HBL (ES) at Cyclic-I and Cyclic-II, respectively.  Although the maximum 

stress was recorded in the centre of the middle sleeper in EB, the amplitudes were similar 

for each cyclic test, whereas in ES, lower peaks and amplitudes were recorded with the 

central pressure cell (Figure 5.9). 
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Figure 5.9: Relative stress amplitudes at the top of FPL in ballast and concrete slab track on 

the conventional embankment and GRS-RW structure at Cyclic-I and -II 

The performance of the conventional embankment and GRS-RW substructure, during the 

cyclic loading, was compared for FPL in Figure 5.10 and the subgrade in Figure 5.11. 

The peak stresses and amplitudes were lower deeper in the soil. It is worth noting that the 

pressure cells were not able to respond quickly enough to the change in pressure levels 

under the high frequency cyclic loading but, in the low frequency regime, they responded 

promptly. The highest-pressure levels were recorded in the subgrade and FPL of the GRS-

RW substructure. The pressure levels were highly influenced by the boundaries of the 

tracks.  
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Figure 5.10: Relative stress amplitudes in FPL in ballast and concrete slab track on the 

conventional embankment and GRS-RW structure at Cyclic-I and -II 

 
Figure 5.11: Relative stress amplitudes in subgrade in ballast and concrete slab track on the 

conventional embankment and GRS-RW structure at Cyclic-I and -II 
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The small amplitudes at higher frequency are because of the pressure cells data 

acquisition capacity. The stress data collected at lower frequencies such as 2.5Hz shows 

more realistic results.  

5.3.3 Comparison Against Published Results 

The peak vertical stresses under static, cyclic, and dynamic loading cases were reported 

by various authors. Real dynamic field data measurements, full-scale laboratory testing 

and numerical analyses were conducted for ballasted, ballastless and trackbeds with hot 

mixed asphalt (HMA) tracks. The stress values or ranges of values obtained at the top 

surface of the FPL under different axle loads and speeds are presented with corresponding 

references in Table 5.1. 

Table 5.1: Stress measurements on top of the FPL (immediately under ballast/HBL) by 

various authors 

Reference Analysis type Track Type 

Axle 

Load (t) 

Train Speed 

(km/h) 

Stress 

(kPa) 

Liu and Xiao (2010)-I Field Ballast 22.50 120 29.9 

Liu and Xiao (2010)-II Field Ballast 14.00 200 13.85 

Bian et al. (2014)-I Field Slab 14 330 14.6 

Bian et al. (2014)-II Full scale test Slab 14 330 15.9 

Bian et al. (2014)-III Full scale test Slab 17 5-360 18.2-

19.6 

Bian et al. (2014)-IV Full scale test Slab 17 108-360 21.9-

23.8 

Indraratna et al. (2010)- I Field Ballast 25 60 86.38 

Indraratna et al. (2010)- II Field Ballast 20.5 60 62.91 

Xiaohong et al. (2011) Field Slab 14 280-350 14.6-

16.9 

Hu and Li (2010)-I Field Slab 16 140-326 15-20 

Hu and Li (2010)-II Field Slab 16 220-297 13-20 

Dong et al. (2008) Field Slab 14 45-160 10.2-

17.6 

Nie et al. (2005) Field Ballast 19.5 200-330 71.8-

71.4 

Hu and Li (2010)-III Field Ballast 22.5 10-400 70-100 
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Lamas-Lopez et al. (2016)-

I 

Field Ballast 22.5 60-200 13.0-

14.2 

Lamas-Lopez et al. (2016)-

II 

Field Ballast 10.5 60-200 8.2-9.7 

Brown et al. (2007) Full scale test Ballast 22.5 28 43-61 

Zhang et al. (2019)-I Full scale test Ballast 18 200 28.95 

Zhang et al. (2019)-II Full scale test Ballast 25 120 37.8 

Li (2018)-I Full scale test Ballast 35.4 0 83 

Li (2018)-II Full scale test HMA+Ballast 35.4 0 48-55 

Li (2018)-III Full scale test Geocell+Ballas

t 

35.4 0 65.5 

Li (2018)-IV Full scale test HMA+Ballast 34.5 64 57.4 

Jiang et al. (2016)-I 3D FEM Slab 14 360 15.6 

Jiang et al. (2016)-II Field Slab 14 270 19.5 

Cardona et al. (2014)-I Field+2D FEM Ballast 17 320 25.39 

Cardona et al. (2014)-II 2D FEM GB+TS 17 320 15.16 

Cardona et al. (2014)-III Field+ 2D 

FEM 

GB 17 320 8.91 

Rose et al. (2004)-I Field HMA+Ballast 36 - 57.27 

Rose et al. (2004)-II FEM-Kentrack HMA+Ballast 36 - 55.2 

Bian et al. (2018) Field+3D FEM Slab 25 12.8-13.12 36-360 

Grabe et al. (2005) Field+Geotrac

k 

Ballast 26 47.5 100-108 

Yang, et al (2009) 2D FEM Ballast 26 47.5 112-113 

Domingo, et al (2014) 3D FEM Ballast 17 0 72.98 

Slab-ST1-Fadum Analytical Slab 13 0 25.54 

Slab-ST2- Fadum Analytical Slab 17 0 33.41 

Ballast-ST1- Fadum Analytical Ballast 13 0 39.1 

Ballast-ST2- Fadum Analytical Ballast 17 0 50.36 

 

 

In addition to the results found in the literature, an analytical solution based on Fadum’s 

chart [140] is considered for static loading to carry out a comparison with the outcomes 

of the presented experimental testing. The locations of the calculated stresses are chosen 

to be the same as the depths of the pressure cells T-PC2, FPL-PC and SG-PC, with the 

depths being taken from the bottom of the ballast layer at 50mm, 200mm, and 800mm, 
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respectively. The data collected in the current testing is used for comparison against the 

results found in the literature.  

 

Figure 5.12: Absolute static stresses along depth from the surface of FPL  

An empirical formula computing the vertical dynamic stress according to the Chinese 

high-speed railway code [142] is given as follows; 

𝜎𝑑𝑚𝑎𝑥 = 0.26𝑃(1 + 𝑎𝑣) 

where α is a speed coefficient, υ is the speed of the train and P is the axle load. As the 

stress value is linearly related to the axle load [142, 140], absolute stress measurements 

presented by other authors shown in Figure 5.12 are recalculated for the value of 17t axle 

load for comparison purpose, as shown in Figure 5.13. 
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Figure 5.13: Relative static stresses along depth from the surface of FPL  

The recalculated values represent the peak stresses with the depth under static loading 

(Static-II). The stresses in ES and EB show the lowest levels which are similar to the 

values presented by Li [115] in a trackbed with a 200mm ballast layer and supported by 

200mm thick HMA. Although the stresses in GS and GB were significantly higher than 

those in ES and EB, respectively, they matched well the analytical results obtained from 

Fadum’s chart. It is worth noting that Fadum’s calculations assume an infinitely large soil 

domain and does not take confinement into account. This proves the GRS-RW 

substructure mimics well real rail track conditions as the lateral confinement is only 

provided by the geogrid and steel bars, whereas in the conventional embankment case, 

the lateral confinement was provided by the fixed metal walls of GRAFT-II facility. The 
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data illustrated in Figure 5.14 and Figure 5.15 are classified based on the range of the 

stress levels under the sleepers, which are 180-245kPa and 245-360kPa respectively. This 

is classification can be treated as passenger carriages and freight train loads. The loads 

vary greatly in the literature; therefore, a range of stress levels were illustrated in the same 

figures rather than a certain value. 

 

Figure 5.14: Comparison of vertical peak stresses from the FPL surface at Cyclic-I test 

(Estimated sleeper-ballast pressure 180-245kPa) 

The absolute dynamic peak stresses under Cyclic-I loading at various locations beneath 

the track are presented in Figure 5.14 . The peak stress value immediately under the 

middle sleeper was calculated to be 235kPa for Cyclic-I test, which was based on the 

vertical axle load divided by the sleeper base area. The stress values in the conventional 

embankment were smaller than those in the GRS-RW substructure due to the lower 
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deviatoric stresses. This is due to the lateral confinement provided by the fully fixed metal 

walls in the conventional embankment, whereas in the GRS-RW substructure, the lateral 

confinement is provided by the geogrid reinforcement. The stress values decreased in the 

locations between 20cm and 80cm in the soil by 19% for ES, 68% for EB, 38% for GS 

and 62% for GB. The stress data collected in the case of the ballasted track on the 

conventional embankment showed good agreement with the results of the full-scale 

ballasted track tests with similar axle load performed by Zhang et al. [120].  

 
Figure 5.15: Comparison of vertical peak stresses from the FPL surface at Cyclic-II test 

(Estimated sleeper-ballast pressure 245-360kPa) 

The stress under a sleeper during Cyclic-II testing was 333.5kPa. The measured stresses 

in the subgrade and the FPL show that the values decreased by 17% for ES, 53% for EB, 

31% for GS, and 54% for GB. The field data of a slab track resting on a conventional 

embankment collected by Bian et al. [129] show similar results as those of ES, which was 

subjected to similar axle loads, Figure 5.15.  
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5.4 Conclusion 

In this chapter, vertical stresses in a conventional embankment and GRS-RW 

Substructure are analysed. The transient displacements of the tracks and rails were 

obtained under two types of static and cyclic loading. The phased manner of the actuators 

cyclic loading simulated the passage of a train at 360km/h. The results are compared 

against published data either recorded during field measurements, obtained from full-

scale laboratory testing or from numerical simulations. Overall, the comparison showed 

good agreement. The following conclusions are drawn: 

• Although the stress levels in the GRS-RW substructure were higher than in the 

conventional embankment, the decrease in stress with depth was greater. The 

stress on the wall under static and cyclic loading was negligibly small for these 

test setup conditions. This may not be the case for larger structures or more 

complex loading conditions. 

• The pressure recordings on the GRS-RW substructure wall were negligibly small 

as the values were within the margin error of the sensor. This proves that the GRS 

reached its active state and that the reinforced soil was already self-standing under 

its self-weight and train loads. Therefore, there was practically no pressure on the 

walls. It was also observed during testing that the silicone sealant placed on the 

edges of the wall was intact after the tests, proving there are no observable 

movements of the walls. 

• Overall, the measured stress levels were consistent with published results. Based 

on the static and cyclic tests, the stress values in the soil of the GRS-RW 

substructure were similar to the results of the field investigations performed by 

many authors and those obtained by analytical models.  



 

120 

 

This chapter concludes the experimental investigation. The following chapter 

introduces 3D numerical modelling of the structures tested in the laboratory. The 

experimental results are therefore used for calibration purposes. 
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CHAPTER 6 - CALIBRATION OF 3D FEM MODELS USING 

GRAFT-II RESULTS 

6.1 Introduction 

Full-scale laboratory testing of railway track sections is a very effective approach for 

better understanding of the dynamic performance of railway tracks as well as 

investigating their long-term behaviour. However, in general, experimental testing is very 

costly and cannot consider the influence of a variety of parameters.  Therefore, numerical 

modelling is used to compliment such investigations through systematic parametric 

studies. In such cases, the experimental results become a valuable element in the 

calibration process of the numerical models before engaging in extensive numerical 

analyses. 

This chapter describes the calibration of a 3D finite element model using some of the 

experimental results obatined from the full-scale testing presented in the previous 

chapters.  

A finite element model of the track section tested in GRAFT-II is developed using the 

commercial software Abaqus. The slab and the ballasted tracks on the conventional 

embankment are simulated, with the slab track being a precast reinforced concrete Max-

Bögl slab and the ballasted track composed of a ballast layer and precast reinforced 

concrete sleepers. After performing a mesh size sensitivity study, the calibrated models 

and chosen parameters are then used to develop the New Ballastless Track (NBT) model 

and investigate its performance in a high-speed rail context, in the following chapter. 

It is worth mentioning that the experimental results obtained in this research have also 

served in similar numerical calibrations through three international collaborations. In the 

first collaborative work, Ramos et al. [138] calibrated 3D FE models developed in 
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ANSYS and consisting of slab and ballasted tracks using the experimental results of the 

GRAFT-II tests. They investigated transient displacement and stress behaviour of the 

subgrade and looked at the long-term settlement models based on the experimental and 

numerical outputs. In a second collaboration, Sains-Aja et al. [143] created a 3D FE slab 

track model also using the commercial software ANSYS and calibrated it via the GRAFT-

II laboratory results. They also performed experiments to identify the mechanical 

characteristics of EVA and EPDM pads. In a third collboration, Thölken et al. [144] used 

the GRAFT-II data to calibrate a 3D FE model developed in Abaqus to reproduce the 

measured displacement and acceleration test results. A parametric analysis was then 

performed to establish which material characteristics of the system the model is more 

sensitive to. 

This chapter constitutes the first step of the link between the laboratory tests and a full-

dynamic model. Only the conventional embankement tests were taken into account for 

calibration. The laboratory models created in ABAQUS take advantage of the full scale 

testing setup. The same material properties obtained from the test setup were assigned in 

the models. The cross calibration of NBT against the Max-Bögl slab track provided an 

early understanding of the performance of the NBT track.  

6.2 Laboratory Testing for Model Calibration 

The sections of the slab track and ballasted track resting on the conventional embankment 

are modelled in Abaqus. It is worth recalling that the substructure is composed of  well-

compacted 0-6mm graded sand mixture and its gradation curve is presented in Figure 

3.5, which is obtained using sieve analysis according to [79]. The optimum moisture 

content, which is 5%, was determined by standard and modified proctor compaction tests 

which were carried out following the procedures stated in BS 1377-4-1990 [80]. The 
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structural characteristics of unbound materials in railway substructures were determined 

using the TRRL DCP (A2465). DCP readings were taken in the GRAFT-II facility at six 

different locations, after each compaction stage. A correlation between the DCP readings 

and CBR was achieved using the expression log10(𝐶𝐵𝑅) = 2.48 − 1.057 ×

log10(𝑚𝑚/𝑏𝑙𝑜𝑤) proposed in reference [81]. The deflection modulus EV2 was verified 

using a static plate load test in accordance with DIN-18134 standard [83]. In this work, 

the EV2 value of FPL was estimated through the plate load test to be 133.55 MN/m2 and 

the Ev2 value of the subgrade 67.71 MN/m2. The Young’s modulus of the compacted sand 

was calculated based on the DCP and PLT tests results using 𝐸𝑑𝑦𝑛 =  2 × 𝐸𝑉2  =

 100 ×  𝐶𝐵𝑅 [%] used in reference [21]. Ramos et al. [138] suggested 𝐸𝑑𝑦𝑛 =  3.3 × 𝐸𝑉2 

after a calibration process. More details regarding the substructure are described in 

Chapter 3.  

The first type of superstructure to be tested was the Max-Bögl slab track. The dimensions 

of the track are indicated in Figure 6.1. The layers from top to bottom are the precast 

concrete slab track, grout, HBL, FPL and Subgrade. 
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Figure 6.1: The dimensions of the Max Bögl slab track 

The second tested superstructure was the ballasted track. Its dimensions are given in 

Figure 6.2. The used sleepers are the traditional reinforced concrete sleepers named G44 

by Tarmac. The ballast thickness right under the sleeper was 40cm and the total base 

width of the ballast on the FPL was 570cm. The track gauge is 143.5cm smaller than the 

gauge of the Max-Bögl slab. However, the sleeper spacing was kept the same as that of 

the slab track sections.  
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Figure 6.2: The dimensions of the ballasted track 

The dimensions of the NBT track are given in Figure 6.3. The main difference between 

NBT and Max-Bögl is the production methods which are cast-in and prefabricated, 

respectively. The width of HBL of NBT is 20cm smaller than the HBL of Max-Bögl and 

the NBT slab itself is 5cm less wide than the Max-Bögl slab. Despite the fact that similar 

fastening system and railpads were employed, the support conditions of the pads and the 

installation methods are different in each track (see Figure 2.3 and Figure 2.4). The NBT 

slab is directly cast-in on HBL without any need for a bonding layer like the grout. The 

rail pads are placed on top of the slab on the NBT track, whereas in the Max-Bögl case, 

the slab track has a 5cm thick pad support, which is part of the slab.  
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Figure 6.3: The dimensions of the NBT slab track  

6.3 FE 3D Modelling 

The 3D FE models created in Abaqus are indicated in Figure 6.4. The models are 

intended to simulate the elastic displacement of the tracks. The elements are 20-node 

quadratic solid elements, namely C3D20R. Fine mesh size elements are used immediately 

under the loads and the coarser elements are used away from the loads. Since the purpose 

of the rails is to communicate the loads to the layers below, discontinuous rail segments 

were placed on the tracks, in the experimental testing. However, the rail dimensions were 

not taken into account. Encastre boundary conditions are implemented on the lateral sides 

and the bottom face of the soil medium model, and so the nodes are fixed to prevent any 

kind of translation or rotation. This is to simulate the GRAFT-II box walls and base, 



 

127 

 

which were made of rigid metal plates supported by steel I-profile beans, prohibiting any 

movements. The materials are assumed to be linear and elastic. This assumption is based 

on the stress-strain linear relationship calculated during the static tests.  

 

(a)      (b) 

 

(c) 

Figure 6.4: 3D models (a) Max-Bögl slab track (b) Ballasted track (c) NBT slab track  

Various mesh refinement studies were performed to find the best compromise between 

computational cost and accuracy. The initial control model was composed of 95,000 

nodes. The element sizes were increased in the lateral dimension (x-axis in Figure 6.4). 

This method reduced the simulation time, as the displacements and stresses further away 

from the track were negligible small. 



 

128 

 

6.3.1 Modelling Parameters 

The aim of the 3D modelling is to investigate the deformation of the superstructure and 

stress levels in the soil under the effect of cyclic loading. Hence, the relevant parameters 

for this numerical study are the density, Poisson’s ratio and Young’s modulus. The soil 

parameters were obtained via DCP and PLT tests and then converted into Young’s 

modulus values. The nature of the cyclic loading is closer to the dynamic behaviour rather 

than to static, therefore dynamic stiffness of rail pads, EVA and EPDM, are considered 

for the cyclic analysis. The Young’s modulus of the pads is calculated based on the 

stiffness values and dimensions of the pads. Table 6.1 lists the parameters obtained from 

the literature and suppliers, which are then compared to the numerical modelling input 

values. Although the rail segments used in each test had different cross-sectional area, 

they were made of the same material and given their only purpose was to deliver the load 

from the actuators to the sleepers and the slab in a discrete manner, the same rail profile 

is used in all 3D models. 

Table 6.1: The parameters of Max Bögl slab track that are obtained from the experimental 

and numerical analysis 
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Steel 

plate 

7,850 0.3 210GPa 210,000 210,000 

EPDM 1,200 0.4 

22.5kN/mm 

(Static) 

40 kN/mm 

(Dynamic) 

10 10 

FPL 2,144 0.35 

133.55 MPa 

(EV2 PLT test) 

270-440 500 

Subgrade 2,091 0.35 

67.71 MPa 

(EV2 PLT test) 

130-225 250 

Max 

Bögl 

Slab 2,500 0.25 38GPa 38,000 38,000 

Grout 2,000 0.25 25GPa 25,000 25,000 

HBL 2,400 0.25 18GPa 18,000 18,000 

Ballasted 

Track 

Sleeper 2,500 0.15 G44 38,000 38.000 

Ballast 2,000 0.30 

UIC719Rb 

(2208) 

110 110 

NBT 

Slab 2,500 0.25 38GPa 38,000 38,000 

HBL 2,400 0.25 18GPa 18,000 18,000 

6.3.2 Loading and Data Acquisition 

The load applied on each rail in the numerical model was the same as the load applied in 

the laboratory tests. During the first cyclic test, Cyclic-I, the load applied at 5.6Hz was 

oscillating between 13kN and 58.9kN on each rail, giving 117.8kN per sleeper. Then, 
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during the second cyclic test, Cyclic-II, the load at 2.5Hz was oscillating between 5kN 

and 83.38kN on each rail, giving 166.76kN on each sleeper (Figure 6.5). The 

displacement amplitudes were obtained by calculating the average of 1000ths cycle from 

the beginning and 1000th cycles before the end of each frequency.  

  

Figure 6.5: The cyclic loading applied on each sleeper during Cyclic-I and II 

The amplitude function in Abaqus is employed to deliver the exact experimental load in 

the numerical models. Two cycles from each tests were used. The duration of the two 

cycles for Cyclic-I was 0.357 second, standing for 2 cycles occuring in a second at 5.6Hz 

loading. The two cycles lasted 0.8s during Cyclic-II test, for the 2.5Hz loading. The same 

durations for the Cyclic-I and Cyclic-II were used for the 3D FEM models. The time 

increment, i.e. time stepping, is 0.005s because the sampling rate in in the experimental 

testing was 200Hz, meaning the time difference between each point was 0.005s. So the 

same time increment as the sampling rate during the experiments was applied in the 

models. 
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(a)       (b) 

Figure 6.6: The location of the nodes for displacement output (a) The LVDTs on the rails and 

sleepers, (b) Close up view 

The points highlighted in Figure 6.6 show the location nodes corresponding to the 

LVDTs on the rails and the sleepers in the experimental work. The vertical displacements 

obtained from the LVDTs are compared against the displacement of these nodes on the 

models and the average of their nodal displacements is considered. 

6.4 Calibration 

The calibration of the slab and ballasted track models are achieved by comparing the 

numerical and experimental results, for which the vertical displacements are used. The 

stresses obtained from the pressure cells were not reliable enough to be used in the 

calibrations. The high frequency loading prevented the pressure cells to pick up the 

corrrect stress levels in the soil and, therefore, stress recordings were only used in the 

experimental study. Figure 6.7 to Figure 6.10 show the calibration of the models using 

rails and sleepers results during the loading. The mechanical properties of the track 

components and soil are adjusted based on the displacement results. As shown in the 

figures, the differences are less than 1% indicating very good agreement between the 

experimental and numerical results. It is worth noting that the experimental results 

LVDT on Sleeper 

LVDT on Rail 
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include various errors due to the experimental nature of the work, despite all precautions, 

which is reflected in the irregular shapes of the curves. Nevertheless, they clearly show 

the cyclic sinusoidal pattern and they are very close to the numercal results. 

 

Figure 6.7: Comparison of vertical displacements of rails and sleepers of ballasted track 

under Cyclic I loading obtained from experimental and numerical results  
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Figure 6.8: Comparison of vertical displacements of rails and sleepers of ballasted track 

under Cyclic II loading obtained from experimental and numerical results  

 

Figure 6.9: Comparison of vertical displacements of rails and sleepers of Max-Bögl slab 

track under Cyclic I loading obtained from experimental and numerical results  
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Figure 6.10: Comparison of vertical displacements of rails and sleepers of Max-Bögl slab 

track under Cyclic II loading obtained from experimental and numerical results 

The superstructure parameters in the numerical models are taken the same as the values 

obtained from the experimental work or from the suppliers. However, the soil calibration 

required more detailed analysis. The elastic properties of the soil were obtained from the 

in-situ DCP and PLT tests. The dynamic Young’s modulus calculated based on the PLT 

tests and the equations, proposed by Licthberger [21] and Ramos et al. [138], show 

significant differences between numerical and experimental input parameters. The values 

obtained from the in-situ tests represent the values during construction of the substructure. 

These values increased dramatically during testing because of the stiffening of the soil. 

The DCP tests performed after the experiments proved that the soil stiffness increased 3 

times as shown in Table 6.2. 

 

 

-1.8
-1.7
-1.6
-1.5
-1.4
-1.3
-1.2
-1.1

-1
-0.9
-0.8
-0.7
-0.6
-0.5
-0.4
-0.3
-0.2
-0.1

0
0.1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

D
is

p
la

ce
m

en
t 

(m
m

)

Duration (s)

Lab Data_Max-Bögl_Rail_Cyc II

Lab Data_Max-Bögl_Slab_Cyc II

Numeric Data_Max-Bögl_Slab_Cyc II

Numeric Data_Max-Bögl_Rail_Cyc II



 

135 

 

Table 6.2: The soil parameters obtained from the experimental and numerical analysis 

Soil 

Layers 

CBR 

(%) 

E 

based 

on 

CBR 

PLT 

(EV2) 

Lichtberger 

[21] 

Sainz-

Aja et 

al. 

[143] 

Ramos 

et al. 

[138] 

Current 

study 

FPL 

43 -

120 

430-

1200 

133.1 266.2 500 439.2 500 

Subgrade 

32 - 

90 

320-

900 

67.7 135.4 500 223.4 250 

 

After calibrating the slab track parameters with the GRAFT-II experimental results, the 

NBT slab track is then compared against the Max-Bögl slab track, as illustrated in Figure 

6.11 and Figure 6.12. These are subjected to Cyclic-I and Cyclic-II loading, as presented 

previously. The obtained numerical results in terms of displacements at the selected nodal 

points of the rails and sleepers show that the behaviour of both tracks is very similar. 

Indeed, the numerical models of the Max-Bögl and NBT slab tracks only show minor 

differences and, as a consequence, the difference in the obtained results is less than 0.1%. 
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Figure 6.11: Numerical comparison of vertical displacement of rails and sleepers of Max-

Bögl and NBT slab tracks under Cyclic I loading 

 

Figure 6.12: Numerical comparison of vertical displacement of rails and sleepers of Max-

Bögl and NBT slab tracks under Cyclic II loading   
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The numerical results of Figure 6.7 to Figure 6.10 also prove that the elastic 

displacements of the slab tracks are significantly lower than those of the ballasted track. 

The displacement of the rail is highly influenced by the railpads. It is estimated that 85% 

of the rail displacement on the ballasted track is caused by the rail pad and, in the slab 

track’s case, it is 95%. Another notable advantage of the slab track is linked to the stress 

distribution is the soil. As it can be seen from the stress distribution in Figure 6.13 and 

Figure 6.14, the stresses in FPL are much lower and more uniform than those in the 

ballasted track. It is worth noting that the contour plots on the deformed shapes in the 

figures are made smooth in order to make the contour intervals between the mesh grids 

continuous. The pressure under the ballast is more focused in the direction of the sleepers, 

which causes a more concentrated stress area while the slab track distributed the load over 

a larger area but with a reduced magnitude. The displacement of the slab was also more 

uniform unlike in the ballasted track case, where the sleepers displaced more than the 

ballast located in between the sleepers. 
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(a)      (b) 

 

(c)      (d) 

 

(e)      (f) 

Figure 6.13: Deformed shaped of the tracks under the peak of the Cyclic-I (a)Vertical 

displacement of the Max-Bögl slab track, (b) Vertical stress of the FPL under the Max-Bögl 

HBL (c) Vertical displacement of the ballasted track, (d) Vertical stress of the FPL under the 

ballast, (e)Vertical displacement of the NBT slab track, (f) Vertical stress of the FPL under 

the NBT HBL  
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(a)      (b) 

 

(c)      (d) 

 

(e)      (f) 

Figure 6.14: Deformed shaped of the tracks under the peak of the Cyclic-II (a)Vertical 

displacement of the Max-Bögl slab track, (b) Vertical stress of the FPL under the Max-Bögl 

HBL (c) Vertical displacement of the ballasted track, (d) Vertical stress of the FPL under the 

ballast, (e)Vertical displacement of the NBT slab track, (f) Vertical stress of the FPL under 

the NBT HBL 
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(a)      (b)  

 

 (c) 

Figure 6.15: Stresses in the centre of the soil under the peak of the Cyclic-II (a) Max-Bögl 

slab track, (b) ballasted track HBL (c) NBT slab Track 

The stress contour plots in the soil, in Figure 6.15, indicate the stress distribution under 

the tracks with deformed shapes. The deformation scale factor of the contour plot is 20000 

so that it could indicate the comparison clearly. The legend of the colour scale is the same 

for all plots which ranges between 0.002 N/mm2 and -0.0065N/mm2. While the stresses 

under the slab track is distributed over a smaller area and uniformly, the stress distribution 

is more concentrated locally i.e., under the sleepers of the ballasted track. The difference 
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between the stress levels under Max-Bögl and NBT track is negligible small, as proven 

by the displacement outputs. 

6.5 Conclusion 

In this chapter, the linear elastic 3D FE models of the ballasted and slab tracks are 

calibrated using the experimental results obtained in the GRAFT-II testing. The models 

are used to compare the short-term behaviour of the tracks. The tracks built in the 

GRAFT-II facility are modelled in Abaqus and the material parameters of the tracks, 

which were obtained via in-situ tests in laboratory environment such as density, Poisson’s 

ratio, and Young’s modulus, are used in the numerical models and then adjusted 

accordingly to reach good agreement between the experimental and numerical results. 

The same loading combinations and time increments were used in the numerical model 

analyses. The displacement transducers positioned on the rails, the sleepers and the slab 

were used to compare the displacements of the corresponding nodes in the models. 

The results demonstrated that, overall, the experimental and numerical analysis are in 

good agreement. The full-scale testing has proven to be an effective tool for numerical 

calibration of the 3D models, which provided extra in-depth knowledge on the elastic 

behaviour of the tracks at all nodes of the models, unlike in the experimental work, in 

which displacement for example were only given at the LVDT locations. 

The slab tracks deflected less than the sleepers in the ballasted track, as expected, due to 

presence of the hydraulically bonded stiff layers. The stress was distributed over a greater 

area under the slab tracks, whereas in the area under the ballasted track, the stress was 

more concentrated under the sleepers. 

The calibrated track and soil parameters are then used with the NBT slab track model. 

The NBT model results are compared against the Max-Bögl slab track results, and it is 
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found that the differences in terms of deflections are negligibly small. The calibrated 

model of NBT is the initial stage for the full dynamic model analysis to follow in the next 

chapter. The subgrade model will be extended in the transversal, longitudinal and in-depth 

directions to simulate the passage of a train at various speeds. 
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CHAPTER 7 - DYNAMIC BEHAVIOUR OF NBT NEAR CRITICAL 

SPEEDS  

7.1 Introduction 

In the past two decades, high-speed rail developed at a very rapid pace. The construction 

of the HS2 line has been approved in the UK and thousands of kilometres have been built 

worldwide, especially in China. However, the increase in train speeds has led to critical 

issues with the train-track-soil dynamic behaviour being one of them. Therefore, many 

authors have investigated the effect on the ground and the neighbouring structures caused 

by the passage of high-speed trains running at speeds close to critical velocities. This 

situation occurs on soft soils when the train speed approaches the ground Rayleigh 

velocity, leading to the development of a Ground Mach cone and to significant levels of 

transmitted vibrations. The transient track displacement can be as high as 5 times the 

corresponding static deflection, which obviously poses a threat of train derailment and 

leads to an accelerated degradation of the track related infrastructure. This potentially 

affects the surrounding environment causing malfunctioning of sensitive equipment, 

nuisance to inhabitants and even initiate cracks in structures. 

Numerous numerical models have been developed to study ground-borne vibrations. 

Multi-dimensional track-soil models and single or multi-degree of freedom vehicle 

models have been used to assess the performance of the track at various train speeds and 

soil parameters, which means various ground waves speeds. 
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Figure 7.1: The NBT track (Courtesy of Alstom) 

This chapter aims at predicting the dynamic response of a train track with NBT (Figure 

7.1) under the effect of high-speed moving loads. The 3D FE model developed in the 

previous chapter for the slab track is extended to study a more realistic train-track-soil 

problem, with various complexities taken into account to reflect the issues encountered 

in high-speed railways and to identify the performance of the NBT track. The track 

parameters obtained in Chapter 6 are used for the numerical models in this chapter. Novel 

train load approaches are simulated to increase the efficiency of soil domain and to reduce 

the unwanted fluctuations in the tracks caused by the impact load.  

7.1.1 Critical Speed 

Trains traversing soft soils are known to reach a critical point where their speed may 

approach or even exceed the Rayleigh ground wave velocity, resulting in critical track 

velocity issues. This is accompanied by elevated transient displacements leading to 

possible track uplift and increased subgrade deterioration [73, 61, 75]. 
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One of the most famous critical velocity case studies is the Ledsgård example, in Sweden, 

where large vibrations were observed on the X-2000 service between Gothenburg and 

Malmo [4, 51, 76, 55]. The X-2000 train, which was formed of a locomotive and 4 

passenger carriages, performed test runs at the speeds varying between 10 and 200km/h. 

The soil underneath the track mainly consisted of dry crust, organic clay and marine clay. 

Its geotechnical parameters were collected up to 50m deep soil. The Rayleigh wave 

mitigation strategy at Ledsgård required 13m deep lime/cement stabilization columns 

underneath the ballasted track for about 1.5km at considerable expense. Moreover, the 

line was taken totally out of commission during renewal. 

7.1.2 Track Models 

Track structures are modelled numerically to simulate the dynamic interaction of their 

components. The choice of the model is a crucial step to fully identify the track behaviour. 

The model can consist of one-layer or multi-layers and can have a continuous or discrete 

support mechanism. Models of 2D, 3D or 2.5D subgrade underneath the track can be used 

according to the focus of the problem [50].  

Euler-Bernoulli Beam (E-B beam) theory and Rayleigh-Timoshenko Beam (R-T beam) 

theory, which consider the rail, as it is one of the primary components of railway track, 

are used to investigate the rail bending (R-T beam also considers shear deformation) with 

analytical models. 2D models are used to investigate the vertical track performance which 

are based on a famous formulation called beam on elastic foundation (BOEF). The vast 

majority of railway track models have evolved from the Euler-Bernoulli beam placed 

over a spring-dashpot-mass model [52, 51] or based on finite element models created 

using commercial software [53]. However, 2D models are not fully capable of simulating 

the ground-borne vibration and wave propagation. Moreover, due to the availability of 
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fast computers, 2.5D and 3D models have been developed to investigate the behaviour of 

railway tracks under moving wheel loads. For example, 2.5D models are created via 3D 

models which are divided into thin element slices. This method is followed to reduce the 

computational requirements while obtaining approximate 3D solutions. Such 2.5D FEM 

models were created to investigate ground vibrations generated by high-speed train 

passages by various authors [67, 66, 68, 145, 69]. A 2.5D time-frequency model was 

created in reference [146] to study the railway vibrations due to rail-wheel defects. Other 

authors [147, 64, 42] combined the Thin-Layer Method (TLM) with the 2.5D finite 

element modelling to predict the ground vibrations induced by passing trains. 

Ground induced vibrations due to the passage of a high-speed locomotive were 

investigated using a coupled train-track dynamic finite element model using a 3D ground 

model [58, 56]. A full 3D model with a similar coupling approach was developed by 

Banimahd et al. [60] using an in-house software called DART3D (Dynamic Analysis of 

Railway Track 3D) to investigate deflection changes in the vicinity of transition zones. 

Woodward et al. [61] used DART3D to study ground dynamics when a train approaches 

the critical track velocity. Further 3D models based on the Ledsgård case were developed 

by using Abaqus [55, 63, 65] and Midas-GTS [62]. A 3D model utilising infinite elements 

and implementing absorbing boundary conditions of Lysmer and Kuhlemeyer [148] was 

developed by Connolly et al. [39, 149] and was calibrated using field recordings of the 

high-speed line Paris-Brussels and the mixed passenger and freight line Edinburgh-

London, respectively. Gao et al. [70, 77] also studied the critical velocity issue of soft 

soils using a 3D dynamic model and validated it by a field investigation carried out on 

Amtrak’s Northeast Corridor in the USA. 
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7.1.3 Vehicle Models and Moving Loads 

Fryba [150] used analytical expressions to model a moving point load positioned on an 

elastic halfspace in order to simulate track dynamics at critical velocity. Krylov [54] and 

Dieterman and Metrikine [151] later used a moving load to represent train-wheel 

theoretical expressions for the track structure and Green's functions for the soil. A rail 

was formed of beam elements with nodes which Hall [55] referred to as loading nodes. A 

point load, which was distributed as triangular pulses on three nodes, moved from one 

node to another. Dong et al. [42] also implemented a moving point load where each wheel 

had a downward force, and all the forces were combined using the superposition method 

to form a 5-car long X2000 train travelling across Ledsgård. The model assumed the 

horizontal surface is infinite on which the moving loads were running at a prescribed 

speed.  

Galvín et al. [56] used a multi-body model for an axle with primary and secondary 

suspensions in a fully three-dimensional coupled FE-BE model simulating high-speed 

train-track-soil-structure dynamic interaction in the time domain. Kouroussis et al. [57] 

modelled a multi-body vehicle formed of a car with a bogie and two axles. The vertical 

force exerted on the rail was based on the Hertzian stiffness and took account of the rail 

defect. In this study, a special method was used to account for the vehicle-track and track-

ground analyses separately, assuming a much higher soil stiffness than the ballast 

stiffness. In Abaqus, infinite elements were used to model wave radiation to infinity, 

which were combined with a finite element model of the soil and the multi-body model 

of the vehicle [57]. Connolly et al. [39] used a similar approach and modelled a Thalys 

train travelling in France, Germany, and Belgium, but added a FORTRAN-defined 

moving load subroutine to the Abaqus model. The explicit model employed VDLOAD 
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and VUFIELD subroutines to simulate half of the vehicle. The non-Hertzian contact 

condition between the wheel and rail was used for coupling. The interaction of the 

vehicle-track and ground was simulated in the time domain and checked using field data 

from a high-speed line. El Kacimi et al. [58] created a quarter train model coupled to a 

3D FE model in which wheel-rail contact was based on nonlinear Hertzian conditions. 

A moving load method based on vehicle-bridge interaction (VBI) in a high-speed railway 

bridge analysis was developed by Yang and Yau [152]. The train was represented as a 

series of sprung masses lumped at the bogie positions and the bridge with track 

irregularities was modelled using beam components. This moving spring-mass numerical 

approach has been implemented in Abaqus by Saleeb and Kumar [153] and Shih et al. 

[154]. An oscillator moving on a simply supported elastic beam was modelled in the time 

domain using the finite sliding contact model in Abaqus. The default contact property 

“hard contact” was used to simulate the sliding motion on a frictionless surface using the 

node-to-surface contact function. The displacement of the moving object along the 

direction of travel at each time phase was used to achieve a constant moving speed. This 

method reduces the simulation CPU times of a moving load compared to the user-

subroutine defined moving loads. This method was used for a multi-car X2000 train by 

Shih et al. [63] and Sun [65] to develop a 3D model of the Ledsgård track.  

In this study, a similar method developed by Shih et al. [63] is implemented for the sake 

of computational efficiency and results accuracy.  

7.2 Train Loads 

Separate models for the vehicle and the track-ground system can be used to model the 

dynamic response induced by a moving train. Rigid body models can be used for vehicle 

components like car bodies, bogies, and wheels. The springs and dampers that link the 
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rigid bodies mimic the primary and secondary suspensions. By defining the nodal forces 

corresponding to the moving loads as a function of time, the response of a finite element 

system to moving loads can be computed. In the case of a moving vehicle, however, the 

loads are determined by the vehicle's dynamic reaction as well as the track system. To 

integrate a vehicle multi-body model with FE models of the track, a user-defined 

subroutine is usually utilised. Because of the interaction between the two programmes, 

the simulations take longer times compared to modelling methods without such user-

defined subroutines. Instead, an alternative technique has been developed, which makes 

use of the big (finite) sliding contact model in Abaqus [154]. The technique was validated 

using the same procedure used by Saleeb et al. [153] on a basic moving vehicle-bridge 

interaction scenario that was simulated without the need of an external subroutine. In 

summary, this technique entails doing a static analysis, first, followed by an implicit 

dynamic analysis based on the results of the static analysis. Shih et al. [154]  developed 

this method in Abaqus. The node-to-surface contact feature is used to mimic a sliding 

motion on a frictionless surface, whereas the default contact attribute “hard contact” is 

used to simulate the contact dampening. Constant velocity is achieved by specifying the 

displacement of the moving item along the direction of motion at each time step. 

A sprung mass travelling along a simply supported beam, as previously done by Saleeb 

et al. [154] , was studied in order to clearly present the technique. The motion of the 

sprung mass on a simply supported beam is illustrated in Figure 7.2. The dynamic 

reaction was compared to the numerical findings produced by Yang and Yau [152] and 

numerical models by Shih et al. [154]. The following material properties were chosen for 

the beam: Young's modulus E=2.87GPa, Poisson's ratio v=0.2, density =2303kg/m-1, and 

second moment of area I=2.94m4. The values of 1595kN/m for the suspension stiffness, 

0Ns/m for damping, and 5750kg for the mass were chosen for the considered 
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configuration. The vehicle's speed was taken equal to 27.78m/s and the bridge's length 

25m. 

 

Figure 7.2: Motion of the sprung mass on a simply supported beam 

Three dimensional high-order fully integrated quadratic solid elements (C3D20) were 

utilised to simulate the simply supported beam (Figure 7.3). The C3D20 elements were 

used since they are designed to prevent shear locking and hourglassing issues (Figure 

7.4). 

 

Figure 7.3: the meshes of the undeformed 3D simply supported beam  

 

(a)       (b) 

Figure 7.4: The vertical displacement (a) and stresses (b) of the beam when the wheel reaches 

the mid-point 
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Figure 7.5 illustrates the displacement of the beam. These findings are consistent with 

those of Yang and Yau [152] and Shih et al. [154]. Hence, the sliding contact with sprung 

mass method is implemented to represent the train loads and the C3D20R elements are 

used to form the rail in the full dynamic model in this study. 

 

Figure 7.5: The vertical displacement of the beam 

7.2.1 Load characteristics of the considered train model 

As Ledsgård case is considered, in this work, for validation purpose, the high-speed 

passenger train called X-2000 is represented in the models. The train is formed of the 
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in Figure 7.6. Some FE models employed the complete train with all axle loads acting on 

the track separately [55, 76, 147], as illustrated in the schematic diagram of Figure 7.6, 

while others used bogie loads (combined axles) instead of separate axles [51, 64].  
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Figure 7.6: The X-2000 train wheel load configuration (F1 = 90.5kN, F2 = 90kN, F3 = 61kN, 

F4 = 58.5kN, F5 = 80kN) 

The train modelling in this study follows the same procedure used by Kaynia et al. [51] 

and Dong et al. [64]. However, to reduce the computational times of the simulations, only 

half of the train is modelled (Figure 7.7), for symmetry reason. The locomotive is the 

heaviest component of the train, so it triggers the highest deflections in the soil, and hence, 

the peak particle acceleration and velocity are a result of the passage of the locomotive. 

 

Figure 7.7: The half X-2000 train bogie load configuration (F1 = 90.5kN, F2 = 90kN, F3 = 

61kN) 

Five different loading methods are tested to prevent an initial impact load when the train 

subjects the track to the first loading.  

Method 1: Train resting on the track 

 

The first method consists to model the train resting on the track. As soon as the motion 

of the train starts, the full axle load is applied dynamically. The simulation ends with 

applying full axle load when the train comes to a full stop. This method was found to 

cause an impact effect by the dynamic load and, as a consequence, it was dropped. 
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Method 2: Train resting on the track with gradual load increase 

 

In the second method, the train rests on the track, first, and the axle load is increased 

gradually, within the first-time increment, as soon as the motion of the train starts and it 

reaches full axle load at the final time increment. This method also caused an impact 

effect by the dynamic load and so it was not retained either. 

Method 3: Train approaching the track 

 

The third method simulates the train in the vicinity of the track. The train approaches the 

track from outside of the modelled section with full axle load and remains full until the 

final increment. This method increased the efficiency of the model length. However, the 

train load increasing within a time stepping (Method 4) can reduce further fluctuations as 

it can mimic initial static loading on the track. 

Method 4: Train approaching the track with simultaneous gradual load increase 

 

In this method, the train approaches the track from outside the modelled section with no 

axle load. Then, all wheel loads are increased gradually up to the full load, within one 

time increment, as soon as the first wheels enter the track. When the train leaves the track, 

at the other end of the track, the wheel load is gradually reduced, within one time 
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increment. This method was found to prevent the impact effect and the vibrations of the 

rail beam and allowed to simulate the train passage on the full length of the model. A 

representation of the train wheels on the rail beam is illustrated in Figure 7.8. 

Method 5: Train approaching the track with staggered gradual load increase  

 

This method is very similar to the previous approach. However, in this case, the wheels 

reach the full load at the same time when they enter the track. However, the gradual 

increase of the first wheels is slower than that of the last wheels. This method also 

prevented the impact effect and vibrations in the rail beam, and it was found that it is as 

efficient as method 4.  

 

Figure 7.8: The X-2000 train wheel load configuration 
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Figure 7.9, Figure 7.10 and Figure 7.11 illustrate the displacements of the nodes of the 

beam under all five loading methods at 25m, 100m (mid-point) and 190m, respectively. 

As it can be seen, the first two methods, where the train starts the motion on the track, 

caused impact effect and vibrations in the beam. Methods 3, 4 and 5 show similar results 

of the nodal displacements. However, method 4 was chosen for the dynamic model 

analysis, in this study, because it resolved the impact load effect as well as the vibration 

issues in the beam without employing the two-step solution, which consists of the initial 

static loading step followed by the dynamic loading step. This reduces the required 

simulation time and allows to simulate the train passage on the full length of the track. 

The figures also indicate a sudden displacement for methods 1 and 2 which does not 

represent a realistic train approach as the displacement should develop in a gradual trend, 

as seen in methods 3, 4 and 5. Additionally, the fluctuations in the lines disappeared when 

the approaching train models (methods 3, 4 and 5) are employed.  

 

Figure 7.9: The displacement of the beam at 25m from the start 
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Figure 7.10: The displacement of the beam at 100m from the start 

1

 

Figure 7.11: The displacement of the beam at 190m from the start 
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7.3 Dynamic Model Analysis 

A three-dimensional linear finite element model is created in Abaqus for the dynamic 

analysis of the considered train-track-soil problem, as shown in Figure 7.12. The model 

consists of 110,700 elements and 125,218 nodes. The track and soil mesh grids are made 

of 8-node C3D8R cubic elements, and the UIC60 rail is represented by rectangular beam 

C3D20R quadratic elements. The second moment of area of the beam is chosen the same 

as the UIC60 rail second moment of area. The element sizes of the soil are gradually 

increased away from the track in the horizontal and vertical directions. The soil is 65m 

long, 40m wide and 33.3m deep.  

The FE model is relatively large, but the symmetry of the problem allows us to only 

consider half of the model. Indeed, the axis along the rails passing through the mid points 

of the sleepers defines two halves of the model, which will behave in exactly the same 

manner given the symmetry of the geometry and loading conditions (Figure 7.12). As a 

result, the model is reduced to 55,350 elements and 62,609 nodes, leading to a significant 

reduction of the computational effort and CPU time.  

The nodes at the bottom and lateral side boundaries of the models are fixed to prevent 

any translation or rotation movement. As the deflections of the centre of the track are 

recorded, the non-reflecting boundary conditions were not employed in the model. It was 

reported by Shih et al. [155] that the absorbing boundary conditions are not required if 

the model is large enough. This is because the incorporated damping model with a 

sufficiently enough mass-proportional term allows for energy dissipation and eliminates 

the possibility of wave reflections at the boundaries. Therefore, this study uses a Rayleigh 

damping model with a damping ratio of 4%, as indicated by Hall [55]. Another reason for 

not using infinite elements as boundary conditions aims to take advantage of 
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parallelisation function of Abaqus. Given the above data, the time increment is specified 

as 10-3s in the references [55, 156], with the minimum increment being 10-4s.  

 

(a) 

  

(b)      (c) 

Figure 7.12: Three-dimensional track model (a)Track-ground model (b) Close-up view of the 

ballasted track (c) Close-up view of the NBT track 

The Ledsgård case study is used to validate the developed models. The Young’s modulus 

values of the soil layers are indicated in Figure 7.13. The rail pads with the  stiffness of 

4.7 x 108 N/m are used to connect the rail to the sleepers or to the slab, in the slab track 

case. 
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Figure 7.13: Soil profile of the Ledsgård field case and numerical models 

7.4 Results Analysis 

The Ledsgård field data for train speeds of 19m/s, 50m/s and 56.67m/s are publicly 

available and hence are used in the validation process of the developed models in this 

study. The time history of the vertical track deflections for the train speed of 70km/h 

(19m/s) are shown in Figure 7.14. The simulation results of the linear models of Costa et 

al. [147] and Shih et al. [156] are used in this validation. This speed is lower than the 

ground's lowest shear wave velocity, indicating a subseismic state. As a result, the 

displacement field has a quasi-static character. Since the model is linear, the soil stiffness 
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parameters ramin constant for all train speeds, unlike the nonlinear soil models which 

employ lower stiffness values for higher train speeds [42, 51, 156].  

Figure 7.15 and  Figure 7.16 show the vertical displacements of the track for the train 

travelling at 180km/h (50m/s) and 204km/h (56.67m/s), respectively. Both tain speeds 

are close to the critical velocity of the track. As shown by the figures, overall, there is 

good agreement between the NBT and ballasted track models, and the available results 

from the literature for the considered linear models. It is worth noting that the results 

shown in Figure 7.14, Figure 7.15, and Figure 7.16 exhibit differences. These are due 

to the different modelling appoaches used or differences in modelling details, which may 

not be indicated in the literature. This may also be due to differences in the analysis 

parameters, such as mesh size or time increment. However, the dispalcements from all 

models indicate similar values and similar behaviour. 

 

Figure 7.14: Displacement of the tracks for the train speeds of 19m/s 
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Figure 7.15: Displacement of the tracks for the train speeds of 50m/s 

 

Figure 7.16: Displacement of the tracks for the train speeds of 56.67m/s 

The contour plots in Figure 7.17 and Figure 7.18 illustrate the development of the Mach 

cone and the resonant train-track state. The Mach cone starts forming when the train speed 
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approaches the subgrade Rayleigh wave velocity. In Figure 7.17b and Figure 7.18b, the 

cone is clearly visible. The Mach cone is seen and easily distinguishable due to track 

elevation. Damping would have a big influence on the final pattern. The minimum and 

maximum displacement values for contour plots are set to +0.0032m and -0.0064m. 

These values are set based on the minimum and maximum displacements occurred in the 

case which is ballasted track under the train travelling at 57m/s.  Red contour illustrates 

the uplift of the track, the blue colour indicates displacements of the track. The red and 

blue colours of the upward and downward displacements of the ballasted track are denser 

than the NBT track which means the displacement values are higher for the ballasted 

track. The dark blue colour at higher speed also proves the higher displacements near 

critical speeds.  



 

163 

 

 

(a) 

 

(b) 

 

(c) 

Figure 7.17: Contour plots of ground waves of the ballasted track at (a) 19m/s, (b)50m/s, (c) 

56.67m/s (The superstructure was removed for clarity) 
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(a) 

 

(b) 

 

(c) 

Figure 7.18: Contour plots of ground waves of the NBT track at (a) 19m/s, (b)50m/s, (c) 

56.67m/s (The superstructure was removed for clarity) 
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Several studies have been published on the ballast Peak Particle Velocity (PPV) and Peak 

Particle Acceleration (PPA) thresholds to cause ballast movement. According to Pita et 

al. [157], PPV levels above 15–18 mm/s result in ballast deterioration and loss of 

compaction. According to Baeβler et al. [158], if ballast accelerations exceed 0.7 to 0.8g, 

where g is the gravity acceleration, the ballast will begin to decompact and a limit of 

0.35g was established as a result. Banimahd et al. [159] showed through numerical results 

the change of PPV with speed, including critical velocity cases, with identifying areas of 

low, medium, and high maintenance. Having relatively high PPV or PPA values makes 

ballast fly, potentially coupled with severe wind shear from passing trains. The peak 

deflections, PPV and PPA of the ballasted and NBT tracks nodal points are plotted in 

Figure 7.19, Figure 7.20, and Figure 7.21. The ballast acceleration at low speeds is 

0.22g, and the node at the HBL shows 0.11g which are both within the limits stated by 

Baeβler et al. [158]. However, near the critical velocity, the ballast acceleration increases 

to 3.63g and the HBL to 0.7g. The PPV values of the ballast increases from 12mm/s to 

47mm/s when the train speed reached the critical velocity. The PPV values of the HBL 

in the NBT track is around 30% less than that of the ballasted track. 
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Figure 7.19: Maximum displacements of the components of the ballast and NBT tracks at 

various speeds 

 

Figure 7.20: PPV of the components of the ballast and NBT tracks at various speeds 
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Figure 7.21: PPA of the components of the ballast and NBT tracks at various speeds 

7.5 Conclusion 

Three-dimensional finite element models of Ballasted and NBT slab tracks are developed 

in Abaqus for the simulation of ground vibration from high-speed trains. The models are 

validated against results available in the literature, which themselves were validated 

against field measurements recorded in Ledsgård, Sweden. The finite sliding contact in 

Abaqus is used to model a moving oscillator to replicate the moving dynamic train 

loading. The node-to-surface contact function is used to simulate a sliding motion on a 

frictionless surface using the default contact property “hard contact” without contact 

damping. Various train speeds are investigated to identify the critical velocity effect in 

the soil. The main concluding remarks are as follows. 

• The loading method in which a train approaches the track with no axle load from 

outside the modelled section. As soon as the first wheels enters the track, the load 

is increased up to the full load within one time increment. The same approach is 
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followed for all four wheels when the train enters the track. The wheel load is 

gradually reduced when the train leaves the track at the other end of the track, 

within one time increment. This method was developed to prevent the impact 

effect and rail beam vibrations, allowing the train to pass through the entire length 

of the model. It also allowed the track to deform gradually which simulates a better 

train passage.  

• Large track displacements are observed when the train speed approaches the track 

critical velocity. The NBT slab track deflected less than the ballasted track in all 

train speed cases.  

• The Mach cones started to develop when the train speed approached the track 

critical velocity wave speed as a result of a resonant condition. This caused track 

uplift in the ballasted track case. The NBT exhibited deflections which were 

significantly lower than the deflections in the ballasted track case. 

• The maximum uplift and downward vertical displacement occurred at the 

ballasted track under the train running at 57m/s. The contour plots reveal that the 

NBT track experienced lower downward and upward displacements in the soil, 

meaning the NBT track excites the soil less than the ballasted track. 

• The 3D finite element modelling also demonstrated the advantages of 

investigating propagating ground waves and thus lateral ground vibration in three 

dimensions. The formation of a three-dimensional surface displacement cone, or 

ground Mach cone, is clearly visible. 
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CHAPTER 8- CONCLUSIONS AND RECOMMENDATIONS 

In this research work, the long-term performance of full-scale conventional embankment 

and a GRS-RW substructure, are experimentally investigated with a slab track and a 

ballasted track under the effect of a phased cyclic loading representing passing trains at 

360km/h. This was achieved in the GRAFT-II facility via the use of six actuators 

transmitting the loading to 3-sleeper sections of the considered tracks. 

The substructures are constructed according to high-speed rail standards and are 

instrumented with LVDTs and pressure cells at various locations to assess the 

performance of the four track cases and carry out a comparison. In this study, the 

performance evaluation is based on the analysis of the transient and permanent 

deflections, and the distribution of stress levels. 

The construction process required huge effort and time as well as teamwork and use of 

heavy equipment to carry out the following tasks.  

1. Construct the conventional embankment in GRAFT-II, place the slab track and 

carry out the testing, including static and cyclic loading. 

2. Remove the slab track, replace it with the ballasted track, and carry out the testing 

procedure following the same procedure used with the slab track. 

3. Remove the ballasted track and clear GRAFT-II form the conventional 

embankment and build the GRS-RW substructure. 

4. Place the slab track again and carry out the testing following the procedure of step 

1. 

5. Replace the slab track by the ballasted track and carry out the testing procedure 

of step 2. 
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6. Last, the ballasted track and the GRS-RW substructure are removed, and the 

GRAFT-II facility cleared from all materials. 

The above steps included maintenance and calibration of various equipment as well as 

embedding measurement instruments and setting up data acquisition system. The 

following crucial part consisted in the post processing of the huge amount of data 

recorded during the testing. Moreover, collaborative work with international partners, 

from Brazil, Spain and Portugal took place and led to valuable research outputs, on top 

of the research outputs produced from the presented work in this thesis. 

The experimental work was followed by a numerical modelling of the tested tracks in 

GRAFT-II, which were calibrated using the experimental results. The developed models 

were then extended to deal with train-track-soil models to analyse the effect of moving 

loads on surface displacements, especially near critical track velocity. For this, NBT and 

ballasted track cases were investigated for various train speeds, with the validation 

performed by considering the Ledsgård case study. 

8.1 Key conclusions 

The main concluding remarks are given for each part of this work as follows. 

➢ Full-scale testing 

The full-scale testing following the same construction and loading method allowed like-

to-like comparison of slab and ballasted tracks using. Slab tracks are naturally expected 

to perform better in terms of elastic and plastic deformations compared to ballasted tracks. 

This thesis quantified the performance the slab track against ballasted track with the 

accelerated testing approach which provided many years of track usage in a matter of 
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days. High-speed train loading was simulated with the cyclic loading phased the passage 

of a train travelling at 360 km/h.  

The test findings indicate that the pressure levels on the GRS-RW wall are negligibly low, 

indicating that the GRS substructure has achieved its active state as a consequence of the 

compaction. This means the reinforced earth was already self-supporting under its own 

weight and train loads, implying that the walls faced little strain. As a result, the geogrid 

offered sufficient resilience to eliminate the requirement for retaining wall reinforcement.  

The slab track exhibited substantially superior performance in terms of elastic and plastic 

deformation properties under static and cyclic loading. Overall, the amplitude of the rail 

deflection under an individual cycle loading was about 25% lower on the slab track, 

whereas the amplitude of the sleeper displacement was approximately 6-7 times greater 

on the ballasted track.  

The findings showed that the ballasted track settled 10-12 times more than the concrete 

slab track under identical loading conditions, despite the fact that the ballasted track was 

tested at a highly compacted state owing to the concrete slab track test being performed 

first. 

When comparing the concrete slab track to the ballasted track, it was apparent that the 

concrete slab track performed considerably better in terms of cumulative settlement and 

peak rail displacements. The unbound nature of ballast rather than the settlement of the 

substructure was thought to be the main reason of the observed higher settlement of the 

ballasted track. The substructure was well compacted prior to the concrete slab track test 

and was even more compacted prior to the ballasted track test – i.e. high CBR values were 

recorded after the slab test. It is conceivable that if the ballasted track had been tested 

beforehand, the track settlement would have been even much greater.   
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Despite the high formation stiffness, both the ballasted and concrete slab tracks went 

through normal shakedown periods. Even though its initial formation stiffness was lower 

than that of the ballast, the total settlement of the concrete slab track was considerably 

lower than that of the ballasted track under cyclic loading. Finally, the slab track transient 

displacement and permanent settlement were considerably lower than those of the 

ballasted track. As a result of the slab track better performance, which may require less 

maintenance and therefore contribute to greater traffic availability, its improved intrinsic 

quality in terms of stability and durability is expected to result in a smoother ride and 

reduced life-cycle expenses. 

At lower frequencies, i.e., loading with larger forces, the amplitudes of the track 

displacements were higher. The amplitudes of the sleepers in the ballasted track test were 

approximately 20 times greater than those in the concrete slab. 

After millions of loading cycles, a change in the amplitude of the actuator stroke was 

noticed in the cyclic/dynamic testing. The amplitudes decreased slightly as the stiffness 

of the substructures increased, suggesting plastic settlement occurred during shakedown. 

Under cyclic loading, the ballast did attain a resilient state, however, the reached 

settlement (even with a high stiffness formation) may necessitate track geometry 

adjustment (e.g. tamping) to avoid excessive vertical acceleration levels. If the geometry 

were corrected by tamping, the ballast would be disturbed and therefore settle again, 

necessitating continuous track maintenance to keep acceleration levels within acceptable 

ranges. This kind of track degradation is considerably decreased with concrete slab tracks, 

although in this case, the main concern is the substructure settlement, which may cause 

degradation of the track. 
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When compared to the ballasted track, the amplitude of rail displacement during 

individual cycles at 5.6 Hz and 2.5 Hz, the displacement was about 25% lower for the 

slab track. The railpad was responsible for the majority of the rail's elastic displacement, 

which was about 93% on the slab track and 66% on the ballasted track. 

Under individual cyclic loading, the amplitude of the sleeper displacement on the 

ballasted track was approximately 6 to 7 times greater than that of the slab track, due to 

the slab's vertical and bending track stiffnesses, which are obviously much higher than 

those of the ballasted track. 

Despite the fact that the substructure was restricted by two lateral sides and the other two 

were free walls anchored into the fill, GRS-RW performed well under both static and 

cyclic loading when compared to the conventional embankment. The initial settlements 

of GRS-RW during static loading and the first couple of thousand cycles were higher, as 

well as the stress levels in the soil. In addition to the lack of lateral restrains, this could 

also be caused by the geogrids reaching an active resiliency after some plastic soil 

deformation. When two geogrid sheets came on top of each other in the GRS-RW layers, 

they could interlock under the static and initial cyclic loading, which could also cause 

extra initial settlement. However, once the GRS-RW reached the resilient state and 

geogrid started to act actively, the settlement trends of GRS-RW and the conventional 

embankment were very similar. Although the stress levels in the GRS-RW substructure 

were higher than those in the conventional embankment, the stress level decreased more 

rapidly with depth. The geogrid offered adequate resilience to eliminate the requirement 

for retaining wall reinforcement under static and cyclic loading for the particular test 

setup. This proves, in long term, the GRS-RW systems work more efficiently. 
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Because the measurements were within the range of the sensors error margin, the pressure 

recordings on the GRS-RW substructure wall were negligibly small. This demonstrates 

that the GRS reached its active state and that the reinforced earth was already self-

supporting under its own weight and the train loads, implying that the walls were under 

almost no strain. During the testing, it was also discovered that the silicone sealant applied 

to the wall's borders remained intact after the tests, indicating that the walls did not move. 

Overall, depending on the substructure, the observed stresses were comparable to the 

results found in the literature. The stress values in the soil of the GRS-RW substructure, 

based on static and cyclic testing, were comparable to field studies and analytical 

solutions presented by other researchers. 

On both the conventional embankment and the GRS-RW substructure, the slab track rails 

deflected equally, while the ballasted track rails deflected 20% less on the conventional 

embankment than in the ballasted track, on GRS-RW. For the same kind of 

superstructure, however, the sleeper displacements were comparable. 

Along with the technical performance of the GRS-RW, the significantly reduced base 

area makes it a preferable railway substructure. 

➢ Calibration of the numerical models 

The developed three-dimensional FE model was calibrated using laboratory outputs, and 

a high degree of agreement between the experimental and numerical results was obtained. 

Because no dynamic amplification factor or scaling was required in the experimental 

results, the model took advantage of the full-scale testing. The model was calibrated using 

the displacements of the rail and slab under static and cyclic loading. The model used the 

same loading combinations and time increments as was done in the experiments. The 
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displacement transducers were mounted on the rails, sleepers, and slab to compare to the 

displacements of the model's corresponding nodal points. 

The findings established a strong correlation between the experimental and numerical 

analyses. The full-scale testing facility has been shown to be a very successful technique 

for the numerical calibration. The three-dimensional models offered a more detailed 

understanding of the tracks' elastic behaviour, since all nodes in the numerical modelling 

may represent physical sensors such as the LVDTs. 

Due to the presence of hydraulically bonded rigid layers, the slab tracks deflected less 

than the sleepers in the ballasted tracks. The stress level was distributed over a larger area 

under the slab tracks, while it was focused beneath the sleepers in the ballasted tracks. 

After calibrating the track and soil characteristics, the NBT slab track model was 

developed and compared to the Max-Bögl slab track, and the differences in terms of 

deflections and stresses were found to be negligibly small. The calibrated model of NBT 

was the first step towards developing a complete train-track-soil model, which will be 

expanded in the transverse, longitudinal, and in-depth directions in order to investigate 

the geodynamics effects of high-speed trains. 

➢ 3D Dynamic Model Analysis 

Finally, a 3D train-track-soil linear finite element model was developed to analyse the 

track's overall behaviour under the effect of various train speeds, including critical 

velocity. The finite sliding contact model with a moving oscillator was used to simulate 

the dynamic train loading. Novel types of train passage methods were developed. Five 

different loading approaches were tested. An efficient train passage method which 
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allowed gradual displacements in the tracks and eliminated the impact effects and 

fluctuations in the 3D model was created.  

When trains traverse at speeds close to the critical velocity, large displacements were 

observed. Under all considered train speeds, the NBT slab track deflected less than the 

ballasted track. As a result of the critical velocity issue, Mach cones began to form leading 

to the ballasted track uplift. One of the most notable displacements, however, was in the 

uplift motion of the NBT, however, it was substantially smaller than that of the ballasted 

track.  

The finite element modelling also highlighted the benefits of examining the propagating 

ground waves and, as a result, lateral ground vibration in the three dimensions model. 

This allows the surface displacement cone to become visible, also known as the ground 

Mach cone. 

Due to the continuous reinforced layer of NBT, in contrast to the discrete support nature 

of the ballasted track, the displacement of the track was distributed over a larger area. The 

ballasted track on the other hand caused more local displacement within a smaller area. 

8.2 Limitations and Recommendations for future work 

The experimental and numerical modelling carried out in this thesis are very conclusive 

but also present several limitations. 

➢ Experimental testing 

Although a full-scale testing facility was used in this study, the testing rig leads to extra 

confinement which prevents the construction of the slopes of the conventional 

embankment. A wider testing rig in the lateral direction can provide a larger base area for 

a conventional embankment.  
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The train loads are applied through separate actuators only in the vertical direction. A 

rolling wheel on a continuous rail may replicate the real wheel motion and allow the 

simulation of a more realistic train loading.  

The soil used in the substructure was very well compacted and this led to a very high 

Young’s modulus. Critical velocity issues are encountered in soft soils and, therefore, 

such experimental work should take place on a larger embankment coupled to a soft soil 

to allow the development of the Mach cone. 

In addition to technical investigations of the substructures, an economical study on the 

life-cycle cost analysis of GRS-RW track compared to a conventional embankment can 

be undertaken. A carbon footprint analysis as a subset of LCA assessment can be 

performed to evaluate the environmental impact of the tracks. 

➢ Numerical Modelling 

One of the main limitations of the 3D dynamic models is the computational costs, i.e., 

simulation time. Nonlinear models are more realistic than linear analysis due to the 

nonlinearity of the ballast and subgrade materials, which lead to a lower stiffness and 

higher damping during cyclic loading. Nonlinearity analysis in Abaqus can be carried out 

using a variety of non-linear constitutive models, however, the run time would increase 

significantly. Last, the roughness of the rail could be modelled too to simulate the 

irregularities in the rail which would be of interest at high speeds. 
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APPENDIX A 

 

Displacement amplitudes of the rails on ballast and concrete slab track on conventional 

embankment and GRS-RW structure at the beginning of the Cyclic I (5.6Hz cycling at 13kN to 

58.9kN) test  
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Displacement amplitudes of the rails on ballast and concrete slab track on the conventional 

embankment and GRS-RW structure at the end of the Cyclic I (5.6Hz cycling at 13kN to 

58.9kN) test 

 

Displacement amplitudes of the rails on ballast and concrete slab track on conventional 

embankment and GRS-RW structure at the beginning of the Cyclic II (2.5Hz cycling at 5kN to 

83.4kN) test  
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Displacement amplitudes of the rails on ballast and concrete slab track on the conventional 

embankment and GRS-RW structure at the end of the Cyclic II (2.5Hz cycling at 5kN to 

83.4kN) test 

 

Average displacement amplitudes and standard deviations of the rails on ballast and concrete 

slab track at the Cyclic I-II 
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Displacement amplitudes of the sleepers on ballast and concrete slab track on the conventional 

embankment and GRS-RW structure at the beginning of the Cyclic I (5.6Hz cycling at 13kN to 

58.9kN) test  

 

Displacement amplitudes of the sleepers on ballast and concrete slab track on the conventional 

embankment and GRS-RW structure at the end of the Cyclic I (5.6Hz cycling at 13kN to 

58.9kN) test 
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Displacement amplitudes of the sleepers on ballast and concrete slab track on conventional 

embankment and GRS-RW structure at the beginning of the Cyclic II (2.5Hz cycling at 5kN to 

83.4kN) test 

 

Displacement amplitudes of the sleepers on ballast and concrete slab track on conventional 

embankment and GRS-RW structure at the end of the Cyclic II (2.5Hz cycling at 5kN to 

83.4kN) test 
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Average displacement amplitudes and standard deviations of the sleepers on ballast and 

concrete slab track at the Cyclic I-II 

APPENDIX B 

   ES EB GS GB 

Static I 

Rail 
Stiffness (kN/mm) 33.32 18.13 30.21 14.08 

Displacement (mm) -2.01 -3.60 -1.97 -3.90 

Sleeper 
Stiffness (kN/mm) 3128.44 35.59 1505.56 42.06 

Displacement (mm) -0.02 -1.66 -0.04 -1.95 

Static 

II 

Rail 
Stiffness (kN/mm) 35.07 19.37 33.59 16.11 

Displacement (mm) -2.37 -4.28 -2.25 -4.43 

Sleeper 
Stiffness (kN/mm) 3101.91 35.64 1508.43 45.60 

Displacement (mm) -0.03 -2.14 -0.05 -2.25 

Cyclic 

I 

Rail 

Stiffness Dynamic 103.19 97.49 97.16 81.56 

Elastic Displacement -1.14 -1.21 -1.21 -1.44 

Settlement -20,000 -0.13 -0.84 -0.16 -1.20 

Settlement -100,000 -0.17 -1.07 -0.26 -1.55 

Settlement -1,200,000 -0.33 -1.80 -0.56 -2.37 

Sleeper 

Stiffness Dynamic 2210.70 221.49 1184.60 237.22 

Elastic Displacement -0.05 -0.53 -0.10 -0.50 

Settlement -20,000 -0.03 -0.72 -0.08 -1.15 

Settlement -100,000 -0.06 -1.01 -0.19 -1.53 

Settlement -1,200,000 -0.16 -1.80 -0.24 -2.35 

Cyclic 

II 

Rail 

Stiffness Dynamic 79.76 81.09 82.36 64.85 

Elastic Displacement -2.09 -2.06 -2.03 -2.57 

Settlement -20,000 -0.05 -1.56 -0.14 -1.81 

Settlement -100,000 -0.12 -1.94 -0.22 -2.29 

Settlement -1,200,000 -0.50 -3.11 -0.47 -3.46 

Settlement -2,200,000 -0.64 -3.35 -0.50 -3.89 

Sleeper 

Stiffness Dynamic 1884.41 176.48 1451.75 177.89 

Elastic Displacement -0.09 -0.95 -0.11 -0.94 

Settlement -20,000 -0.06 -1.27 -0.06 -1.62 

Settlement -100,000 -0.11 -1.74 -0.15 -2.02 

Settlement -1,200,000 -0.18 -3.02 -0.24 -3.04 

Settlement -2,200,000 -0.27 -3.32 -0.33 -3.45 
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   ES/GS EB/GB ES/EB GS/GB 

Static I 

Rail 
Stiffness (kN/mm) 1.10 1.29 1.84 2.15 

Displacement (mm) 1.02 0.92 0.56 0.50 

Sleeper 
Stiffness (kN/mm) 2.08 0.85 87.89 35.79 

Displacement (mm) 0.53 0.85 0.01 0.02 

Static 
II 

Rail 
Stiffness (kN/mm) 1.04 1.20 1.81 2.09 

Displacement (mm) 1.05 0.97 0.55 0.51 

Sleeper 
Stiffness (kN/mm) 2.06 0.78 87.04 33.08 

Displacement (mm) 0.53 0.95 0.01 0.02 

Cyclic I 

Rail 

Stiffness Dynamic 1.06 1.20 1.06 1.19 

Elastic Displacement 0.94 0.84 0.94 0.84 

Settlement -20,000 0.82 0.69 0.16 0.13 

Settlement -100,000 0.68 0.69 0.16 0.16 

Settlement -1,200,000 0.59 0.76 0.19 0.24 

Sleeper 

Stiffness Dynamic 1.87 0.93 9.98 4.99 

Elastic Displacement 0.54 1.07 0.10 0.20 

Settlement -20,000 0.39 0.63 0.04 0.07 

Settlement -100,000 0.30 0.66 0.06 0.12 

Settlement -1,200,000 0.64 0.77 0.09 0.10 

Cyclic 
II 

Rail 

Stiffness Dynamic 0.97 1.25 0.98 1.27 

Elastic Displacement 1.03 0.80 1.02 0.79 

Settlement -20,000 0.38 0.86 0.03 0.08 

Settlement -100,000 0.54 0.85 0.06 0.09 

Settlement -1,200,000 1.07 0.90 0.16 0.14 

Settlement -2,200,000 1.28 0.86 0.19 0.13 

Sleeper 

Stiffness Dynamic 1.30 0.99 10.68 8.16 

Elastic Displacement 0.77 1.01 0.09 0.12 

Settlement -20,000 0.98 0.79 0.05 0.04 

Settlement -100,000 0.73 0.86 0.06 0.07 

Settlement -1,200,000 0.72 0.99 0.06 0.08 

Settlement -2,200,000 0.81 0.96 0.08 0.10 
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   ES_R/S EB_R/S GS_R/S GB_R/S 

CYC I 

Elastic Displacement 21.42 2.27 12.19 2.91 

Settlement -20,000 4.34 1.16 2.10 1.05 

Settlement -100,000 3.03 1.06 1.33 1.01 

Settlement -1,200,000 2.13 1.00 2.31 1.01 

CYC II 

Elastic Displacement 23.63 2.18 17.63 2.74 

Settlement -20,000 0.90 1.22 2.30 1.12 

Settlement -100,000 1.08 1.12 1.46 1.13 

Settlement -1,200,000 2.85 1.03 1.92 1.14 

Settlement -2,200,000 2.37 1.01 1.50 1.13 

 

   ES_I/II EB_I/II GS_I/II GB_I/II 

Rail 

Elastic Displacement 0.55 0.59 0.60 0.56 

Settlement -20,000 2.43 0.54 1.14 0.66 

Settlement -100,000 1.48 0.55 1.18 0.68 

Settlement -1,200,000 0.67 0.58 1.20 0.68 

Sleeper 

Elastic Displacement 0.60 0.56 0.87 0.53 

Settlement -20,000 0.50 0.56 1.25 0.71 

Settlement -100,000 0.53 0.58 1.29 0.76 

Settlement -1,200,000 0.89 0.60 1.00 0.77 

 

 

Force acting on a rail against displacement values of the slab track on the conventional 

embankment (ES) during Static I loading 

  

y = 18.11x + 1.8769

y = 31.592x + 2.205

0

2

4

6

8

10

12

14

16

18

-0.2 0 0.2 0.4 0.6 0.8 1

F
o
rc

e 
(k

N
)

Displacement (mm)

Rail Slab Linear (Rail) Linear (Slab)



 

209 

 

APPENDIX C 

 

 

 


