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ABSTRACT 

The operational cost of ballasted railway lines can be reduced by improving track-bed 

longevity. To aid this, this thesis develops new understandings into ballast behaviour and 

investigates novel improvement strategies. Three distinct novel contributions are made: 

1) A large-scale, true-triaxial testing apparatus (GeoTT) is modified for the large particle 

test. Then railway ballast is tested under three different confining stresses to determine 

the Poisson’s ratio and modulus in three dimensions. This is novel because true-triaxial 

testing of railway ballast has rarely been investigated before. Anisotropic behaviour is 

clearly evident, with horizontal directions showing a significantly lower modulus 

compared to the vertical direction. It is also found that confining stress has an important 

effect on both Poisson’s ratio and modulus.  

2) Geogrids are tested to investigate their ability to confine granular ballasted track layers 

when operating at speeds close to critical velocity. This is important because at low train 

speeds, vertical stresses are dominant, but when approaching critical velocity conditions, 

dynamic horizontal stress levels are greatly magnified. Therefore the majority of previous 

geogrid investigations have been performed assuming constant horizontal stress levels, 

thus making them more relevant for lower speed lines. To investigate the track-bed 

settlement under high relative train speeds, ballast railway track samples are subjected to 

combined vertical-horizontal cyclic loading. It is found that geogrids offer a settlement 

improvement of approximately 35% when placed at the ballast-subballast, and 10-15% 

when placed at the subballast-subgrade interface. Regarding the subgrade stiffness, it is 

found that geogrids offer the greatest performance benefits when the subgrade is soft.  

3) Asphaltic layers are investigated to determine whether they can improve the bending 

stiffness and thus longevity of ballasted tracks. Large-scale, phased cyclic loading and 

static compression laboratory tests are performed on a large-scale hybrid ballast-asphalt 

track, supported by subgrade with varying stiffness. This makes it the first large scale 

laboratory test of hybrid asphalt tracks in the presence of varying subgrade. In the 

presence of localised poor ground conditions, it is found that an asphaltic layer acts as a 

bridge to shield the localised area from high stresses. It is also found that the asphalt layer 

reduces overall track settlement, and is particularly effective when the subgrade stiffness 

is low. 
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Chapter 1 Introduction 

1.1 Background 

In railway transportation, there is an increasing demand for high-speed railways. 

According to the databases from UIC (International Union of Railways, 2019), the total 

distance of high-speed railway (i.e. lines or part of lines in which operation speed is faster 

than 250 km/h) in the world is approximately 46,483 km in operation, 11,987 km under 

construction and 10,217 km planned (see Table 1). In the UK, High Speed 1 (HS1) has 

already served for 12 years, in a 108 km high-speed railway linking London and the 

Channel Tunnel.  

Table 1. The distance of the high-speed railway 

Area 
Distance (km) 

In operation Under construction Planned 

Asia 36,372 10,098 5,581 

Europe 9,176 1,697 2,787 

Others 935 192 1,849 

Total 46,483 10,987 10,217 

 

The ballast railway track foundation, which is still widely used worldwide for the high-

speed rail, has two main components. The first component is the superstructure, 

consisting of rails, the fastening system and sleepers. The second component is the 

substructure, consisting of the ballast, the subballast and the subgrade (Figure 1 and 

Figure 2 (Selig and Waters, 1994)). 



 

2 

 

Figure 1. Longitudinal section of components of ballast railway track foundation (Selig 

and Waters, 1994) 

 

Figure 2. Cross-section of components of ballast railway track foundation (Selig and 

Waters, 1994) 

 

For the superstructure, rails are the longitudinal steel beams sitting above the sleepers and 

in contact with the train wheels. The main function of the rails is to restrict the moving 

wheel loading transferring to the sleepers. Therefore, the rails should be sufficiently stiff 

to transfer the loading to sleepers and keep the train stable. The fastening system connects 

the rails to the sleepers and prevents vertical, lateral, longitudinal and rotary movements 

of the rails. The sleepers distribute the moving wheel loading to the ballast and restrict 

the rail movement by immobilisation of the sleepers along with the rails in the ballast.  

 

For the substructure, the ballast, typically made from crushed stones or rocks, is used to 

restrict the sleepers’ position by resisting vertical, lateral and longitudinal forces from the 
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train and track. It supports the load transferred by sleepers and reduces the stress applied 

to the subgrade to limit the permanent settlement. Due to the large void between particles, 

the ballast drains off the water immediately. It also absorbs the energy from the dynamic 

track loading. Considering the availability and economic factors, wide varieties of 

materials have been used as ballast, such as basalt, slag, limestone, granite and gravel. 

The subballast, acting as a separator between the ballast and the subgrade, prevents the 

interpenetration between these two layers. It also helps to reduce the stress in the subgrade 

and drain the water. The subgrade, existing natural soils or replaced soils, forms the 

foundation of the railway track. It must be capable of supporting the railway track 

structures above it and retain stable under train loading. 

 

Although the ballast usually consists of loose and coarse-grained particles, absorbing 

considerable compression stresses, it experiences permanent deformation and 

degradation under cyclic train loading. In return, this track irregularity of the ballast layer 

results in an increasing settlement of the railway track, where maintenance has to be 

carried out. Nowadays, the maintenance for the railway track foundation costs hundreds 

of million pounds every year. According to Network Rail’s report (Network Rail, 2013), 

the maintenance expenditure cost was more than £800 million in 2009 in the UK. 

However, the number had dramatically increased to £1,300 million in 2017 (Network 

Rail, 2017). In order to reduce the maintenance cost, it is essential to investigate the 

ballast properties in the real conditions and then find out a proper solution to enhance the 

ballast service life.  

 

When trains travel at speeds comparable to the natural wave speed of the underlying soil, 

track settlements are magnified. This settlement results in elevated stress levels within 

both track and soil, thus causing rapid track deterioration. Recent research (Tutumluer 

and Thompson, 1997; Tutumluer, 1998) has shown that granular particles (i.e. ballast, 
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subballast) have an anisotropic modulus, where critical settlement response of an 

anisotropic granular-particle foundation is typically higher than that of an elastic layered 

design approach, with the assumption of the homogeneous and isotropic granular-particle 

foundation. These increased settlement responses are commonly associated with a 

reduced lifetime of the railway track and increased maintenance cost. Although laboratory 

tests have been widely used to study this anisotropic behaviour, the dimension of the 

laboratory apparatus limits the validity of the results, as the sample-to-particle size ratio 

is relatively small, causing a testing error. Thus, it is vital to address these sample size 

challenges by developing a large-scale test facility.  

 

Meanwhile, at low train speeds, vertical stresses are dominant, but when approaching 

critical velocity conditions (i.e. at speeds greater than 250 km/h), dynamic horizontal 

stress levels are greatly magnified. To increase lateral confinement between granular 

layers (i.e. ballast or subballast), geogrids are commonly used on low speed railways, thus 

improving the longevity of the track structure. The majority of previous geogrid 

investigations have also been performed assuming constant horizontal stress levels, thus 

making them more relevant for low speed lines. Despite this, the ability of geogrids to 

provide similar confinement for lines running at elevated critical speed is unclear. Thus, 

this project tries to address this unknown by subjecting combined ballast, subballast and 

subgrade materials to the tri-directional stress patterns that develop close to critical 

conditions. 

 

Although solely ballast track is still commonly used for the high-speed lines, the use of 

structural asphalt within ballast railway track structures is becoming increasingly popular 

due to its ability to improve track performance by increasing track bending stiffness, thus 

reducing lifecycle costs (i.e. maintenance costs). Recent research has been carried out by 

both numerical studies and laboratory tests, to investigate the settlement performance of 
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the ballast-asphalt track. However, the performance of ballast-asphalt track over a low 

subgrade stiffness transition zone is unclear (i.e. where track deterioration occurs). 

Besides, due to the lack of large-scale fatigue testing facility, long-term performance of 

ballast-asphalt track requires further investigation. Therefore, this project investigates the 

short-term dynamic and long-term settlement characteristics of the ballast-asphaltic track. 

As an extension of this concept, it may be possible to replace both ballast and sleepers 

entirely with asphalt. A challenge with this solution is that the rail must be connected 

directly to the upper asphalt surface, potentially transmitting elevated stresses into the 

asphalt. To understand this connection detail, this project also investigates the direct 

fixation system behaviour using a series of tensile, compression and lateral loading tests. 

 

1.2 Research Objectives 

The main objectives are to: 

1. modify a large-scale true triaxial test facility to investigate ballast anisotropy; 

2. assess the benefits of geogrid use on ballast track settlement close to the track-

ground critical speed; 

3. assess the ability of an asphaltic layer to support railway ballast and improve 

track performance; 

4. explore the potential of connecting railway rail directly to an asphaltic track 

structure. 

1.3 Thesis Outline 

This thesis comprises seven chapters, with four novel technical contributions (detailed in 

Chapters 3-6). Although the contributions have the consistent theme of understanding and 

improving railway ballast, they are also quite distinct. Therefore, rather than have a single, 
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lengthy and wide-ranging literature review chapter that is broken into sections, shorter 

and more concise literature reviews are presented in each individual chapter. 

 

Chapter 2 describes two large-scale railway test facilities used for this project. One is a 

cutting-edge true triaxial apparatus (GeoTT), for which the original prototype was 

developed at the University of Glasgow. It is further developed and redesigned for large 

particles testing (i.e. ballast) in this thesis. The other one is the Geo-pavement and 

Railways Accelerated Fatigue Testing facility (GRAFT II), the largest of its kind in the 

UK for the purpose of large-scale long-term performance of railway track. Development 

details and apparatus specifications are described. 

 

Chapter 3 presents the study of ballast anisotropic behaviour. A literature review of recent 

research and the development of laboratory test apparatus is undertaken. Then, using 

GeoTT, different confining stresses were applied on the ballast sample to determine the 

Poisson’s ratio and the modulus in three dimensions. Anisotropic behaviour is discussed 

in the vertical and horizontal directions. The influence of confining stress on both 

Poisson’s ratio and modulus is determined and presented.  

 

Chapter 4 explores the effect of geogrid on track settlement. A literature review of railway 

geogrid research is presented, including numerical studies and laboratory tests. To 

overcome the limitation of previous laboratory apparatus, GeoTT is used to investigate 

ballast track settlement under high relative train speeds. Three areas are explored: 1) the 

performance benefit from placing the geogrid at the ballast-subballast interface, 2) the 

performance benefit from placing the geogrid at the subballast-subgrade interface, 3) the 

effect of subgrade stiffness on the geogrid performance at the subballast-subgrade 

interface.  
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Chapter 5 investigates the effect of asphalt underlays on track settlement. A literature 

review of improvement methods for ballast railway track is discussed. To cover the gap 

of the railway track performance at the subgrade stiffness transition zone, GRAFT II is 

used to investigate ballast railway track settlement while using the asphalt layer. Cyclic 

compression laboratory tests were performed on a large-scale ballast track and a hybrid 

ballast-asphalt track, supported by a subgrade with varying stiffness. Performance 

comparison between the ballast-asphalt track and the ballast track (i.e. benchmark test) is 

discussed. Further, long-term performance of ballast-asphalt track is presented.  

 

Chapter 6 studies the performance of a novel asphalt-rail fixation system. A literature 

review of railway asphalt applications is presented, including ballast-asphalt track and 

ballastless asphalt track. As an extension to the concept of replacing the ballast with 

asphalt to support the sleeper in ballastless asphalt track, using asphalt-rail direct fixation 

system to further replace the sleeper is proposed. This ballastless asphalt-rail fixation 

system comprises rails, the asphalt-rail direct fixation system, asphalt layer and subgrade. 

Both tensile and compression tests are performed to investigate two adhesive materials 

for this new asphalt-rail direct fixation system. The performance of the direct fixation 

system is presented. 

 

Chapter 7 presents the overall research conclusions and recommendations for future 

research. 
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Chapter 2 Development of Laboratory Test Equipment 

2.1 Introduction 

Two large-scale railway testing facilities were used to carry out this project. One is a 

cutting-edge, large, true-triaxial apparatus. This equipment is called GeoTT. It is designed 

with six hydraulic actuators capable of applying a uniform stress distribution to soil 

samples with maximum dimensions of 500 mm × 500 mm × 500 mm. The other one is a 

bespoke railway fatigue testing facility, named GRAFT II. It is the largest of its kind in 

the UK and purpose-built to test and characterise the long-term performance (i.e. 

settlement) of railway track components. The layouts of these two facilities are described 

in this chapter, including loading, monitoring and control systems. 

 

2.2 True Triaxial Test Apparatus (GeoTT) 

GeoTT (Figure 3) is a true triaxial apparatus. The original prototype was firstly developed 

at the University of Glasgow by Professor David Muir Wood. Then, it was transferred to 

Heriot-Watt University. It came with an out-of-date control system, which required 

further development for ballast testing. The upgrade of loading and monitoring systems 

were also essential to apply higher and individually controlled forces on tested samples, 

while data was recorded correctly. Besides, the suspension system was newly designed 

to allow the loading system to operate properly. Detailed modification comparison is 

listed in Table 2. Traditional triaxial tests could be carried out using GeoTT. Especially, 

thanks to the magnitude control of six directions of the loading system after the 

modification of GeoTT (Figure 4), it is an ideal apparatus to investigate the effect of 

confining stress. In particular, the varied confining stress during each load cycle can be 

investigated on large granular particles such as subballast and ballast, which play a vital 
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role in the railway track foundation stability (Lackenby et al., 2007; Varandas et al., 

2016). More detailed discussions about the recent triaxial test rig are presented in the 

literature review in Chapter 3.  

 

Table 2. Comparison between original GeoTT and modified GeoTT 

 Original GeoTT Author contributions Benefit 

Control 

system 
Manual control 

Set up an 

automatic control system 

(Tiab system) 

Easily and 

precisely control 

Test cage N/A 
Designed a new large steel 

test cage 

Capable of testing 

large particles 

(i.e. ballast) 

Monitoring 

system 

Three load cells 

(limit to 100 kN) 

Installed six load cells (up 

to 200 kN) 

Allow larger 

force applied on 

samples 

Loading 

system 
Actuators 

Designed load plates and 

connected to actuators 

Apply forces on 

samples evenly 

Suspension 

system 
N/A 

Designed a new suspension 

system and verified benefits 

Minimise 

frictions between 

load plates and 

the test cage 

 

GeoTT has four cornerstones, which were all developed and modified from the previous 

prototype within this project. They are the test cage, the loading system, the monitoring 

system and the suspension system. The test cage is to contain the test sample, such as 

ballast, subballast, mixed sand and clay subgrade etc. The plastic sheet is proposed to use 

inside the test cage to prevent the falling of materials. The loading system is to impose 

the static or cyclic force to the sleeper and ballast. The monitoring system contains a 

variety of sensors to measure the parameters. The control system allows to input the 

signals and command the loading system to exert the specified force, which achieves the 

simulation of different railway conditions. 
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Figure 3. An overall image of GeoTT 

 

 

Figure 4. Schematic diagram of GeoTT 

 

2.2.1 Test Cage 

Figure 5 shows the bespoke steel test cage for GeoTT. The dimensions of this cage are 

560 mm × 560 mm × 560 mm, while 400 mm × 400 mm × 400 mm for the inner chamber. 

There are four handles on the top with holes in the end, to fix the cage on the test platform. 

It consists of an outer cubic skeleton with 6 hollow sides. Each of these sides houses one 
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separate and independent movable wall, allowing the volume change of the sample during 

testing (Figure 5 left shows walls pulled-out and Figure 5 right shows walls pushed-in). 

The skeleton, however, has protruding protective stops designed to prevent excessive 

sample expansion, and thus the possibility of the test sample exiting the cage. These stops 

are connected to the control software, and the test would stop if this condition is reached. 

There are steel wires connected to baffles, which are used for the suspension system 

(presented in section 2.2.4). To prevent small granular particles (like subballast, mixed 

clay and sand) from exiting the cage via the skeleton-wall clearance, the inner test cage 

is encased with a plastic membrane. (Figure 6). 

 

Figure 5. GeoTT Test cage, walls pulled out (left); walls pushed in (right) 

 

Figure 6. Use of plastic sheet to protect the test sample 
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2.2.2 Monitoring System 

In order to measure relevant parameters during the true triaxial test, the following 

instruments are installed in GeoTT to obtain the test data. Six load cells (Figure 7 left) 

are attached to the actuators to determine the applied loading magnitude. The measuring 

range is from 0 kN to 100 kN. The right part of Figure 7 displays the linear variable 

displacement transducer (LVDT), integrated to the hydraulic actuator, allowing actuator 

displacement monitoring ranging from 0mm to 100 mm (Model ACT2000). The left one 

in Figure 8 is the servo control, which is to make the input loading/displacement signals 

closer to the required values. The metal box in the right part of Figure 8 is the transfer 

hub which delivers all the input signals such as the applied force from the controller 

system to GeoTT, and the feedback signals such as achieved loading measured by the 

load cells and the displacement measured by LVDTs for outputs.  

 

Figure 7. Load cells (left) and LVDTs (right) 

    

Figure 8. Servo control (left) and Transfer hub (right) 

 

2.2.3 Loading System 

Figure 9 shows the pump unit, which is the engine of the loading system. By pumping the 

hydraulic fluid into the pipe, actuators will be pushed forward towards sleepers or samples 
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to impose the loading. On the contrary, hydraulic fluid can be pumped out to pull the 

actuators away from sleepers or samples to release the loading, and so it is capable of 

applying cyclic loading. The pump has a variable pressure proportional to the flow output 

of up to 20.7 MPa at a flow of 45 litres per minute or 10.3 MPa at 85.5 litres per minute. 

The black circle on the right part of Figure 9 indicates another position to mount hydraulic 

actuators. This position can make the confining space changeable, thus different sizes of 

samples could be tested. 

 

Figure 9. The pump unit of GeoTT: The pump tank (left); The black hydraulic pipe 

connects the actuators and tank (right) 

 

The load plate with dimensions of 200 mm × 200 mm × 200 mm is presented in Figure 

10. The load cells and load plates are assembled and connected to all hydraulic actuators 

with a 100 mm stroke, which gives an overview in Figure 11.  

 

Figure 10. The load plates 
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Figure 11. An overview of the load plate and the load cell (left), and connection (right) 

 

Four blue frame arms connected to the vertical hydraulic actuator can be seen in the left 

of Figure 12. They ensure that the hydraulic actuator is set vertically. White plastic pipes 

are connected to hydraulic actuators to let the residual hydraulic fluid, which is left in the 

actuators, flow out to make sure the actuators can move forward and backwards freely. 

There are two movable platforms in both upper and lower parts. The green circle steel 

clamps are used to fix the position of the platform. By loosening the tightness of the green 

clamps, both platforms, where vertical loading plates sit, can move vertically using the 

pump located on the bottom of the apparatus, which allows the rig to test different sizes 

of specimens. The maximum movement is 250 mm for each platform. 

 

Figure 12. Parts of the loading system 

 

Load plateLoad cell 

Pump for moving platformWhite pipe for discharge residual hydraulic fluid
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2.2.4 Suspension System 

True triaxial testing depends upon the skeleton-wall clearance being free of friction, to 

allow the free movement of the walls. A risk is that lateral loads inside the test sample 

cause small vertical deflections of the rams that control the horizontal walls. This would 

result in a high friction metal-metal contact condition between the wall and skeleton, thus 

causing erroneous results. Meanwhile, due to the weight of the loading wall, another risk 

is the bending of the actuators during high loading with high frequency. To overcome 

this, a suspension system is used to ensure the walls could contract/expand without 

friction. Each wall is connected by two wires between the baffles and the C-shaped beam 

fixed to the top of the platform (Figure 13). Benchmark tests were carried out to illustrate 

the benefits of the suspension system. 

 

Figure 14 shows an initial test where the position of a cage wall was cycled between the 

inside and outside of the cage skeleton. At data point prior to 800s (shown by the black 

line), the suspension system was not used, however at 800s it was engaged. At all data 

points, the measured horizontal force was recorded to give a measure of potential 

horizontal resistance due to friction. In the absence of the suspension system, the force 

varied from -0.20 kN to 0.12 kN depending upon the position, while when present the 

force varied from -0.09 kN to 0.04 kN. It was observed that when the suspension system 

was in use, the friction between walls and cage skeleton was significantly reduced. 

Accordingly, the suspension system was used for all the triaxial tests presented in this 

project. 
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Figure 13. An overview of the suspension system: Photograph (left); Design (right) 

 

Figure 14. Suspension system friction test result 

 

2.2.5 Control System 

The GeoTT is operated by Tiab system software. The actuators could be controlled in 

displacement control (Mode 1), which means the actuators could be moved from 0 mm 

to 100 mm by typing values in set points. Alternately, it could be controlled in load control 

(Mode 2), which means the actuators could apply a static load from 0 kN to 100 kN by 

giving a value of the set point with zero amplitude. Meanwhile, the actuators could apply 

a cyclic load by giving a value of the set point with a prescribed amplitude within the load 

limit. In this case, the control system provides selections of the cyclic mode (such as pulse 
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force, sin wave and cos wave), cyclic load frequency and phase time. The maximum 

cyclic loading frequency of GeoTT is 20Hz. Furthermore, for safety consideration, Tiab 

system also has a limit setting to allow the rig to shut down when the limit load or 

displacement are reached, or unexpected circumstances happen.  

 

2.3 Geo-pavement and Railways Accelerated Fatigue Testing Facility (GRAFT II) 

GRAFT II is used to investigate the long-term performance of railway track components 

and infrastructure (Figure 15). It was constructed at Heriot-Watt University by Professor 

Peter Woodward. No modification was made in current research. The test frame of 

GRAFT II is 6.2 m long, 3.4 m wide and 3.8 m high, with the ability to house a test sample 

of 6 m long, 2 m wide and 2 m high (Figure 16). The I-beams beneath the top of the frame 

are used to place the actuators. 

 

 

Figure 15. GRAFT II Photograph 
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Figure 16. GRAFT II design 

 

2.3.1 Monitoring System 

In order to measure the relevant parameters during the fatigue test, the following 

instruments are installed in GRAFT II to obtain the test data. Six load cells (Model 1200 

Standard load cell manufactured by Interface) are attached to the actuators to determine 

and control the applied loading magnitude (Figure 17). The measuring range is from 0 

kN to 250 kN. The load cell can measure both compression and tension forces. The 

LVDT, integrated to a hydraulic actuator, has a measuring range of 0 mm to 300 mm 

(Model ACT6000).  

 

Figure 17. Model 1200 load cell with the base 
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2.3.2 Loading System and Control System 

GRAFT II shares the same pump unit and control system with GeoTT described in 

subsections 2.2.3 and 2.2.5. It is easy to maintain the pump unit and control software since 

the requirements for both rigs are quite similar. GRAFT II is capable of operating 6 

independent hydraulic actuators with a 300 mm stroke, across 3 or 6 sleepers to simulate 

the passage of a moving train. Each actuator is connected to a load cell and a LVDT for 

control purposes. The control system can apply the load on each sleeper in phase to 

represent the moving train wheel loading.  

 

2.4 Conclusions 

This chapter introduces the main laboratory testing facilities used in this project, 

especially the modifications of GeoTT, including 1. A new control system; 2. A new test 

cage; 3. Updated load system; 4. Updated monitoring system and 5. A new suspension 

system. In the following chapters, GeoTT is used to investigate the anisotropic behaviour 

of ballast, followed by the study of the effects of using geogrid in railway foundation and 

effectiveness of using geogrid in different stiffness foundation. Then, GRAFT II is used 

to investigate the performance of an asphalt layer in the railway track at subgrade stiffness 

transition zone. Furthermore, a proposed direct fixation system used in a novel asphalt 

railway track is tested and analysed. 
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Chapter 3 Characterisation of Ballast Properties 

3.1 Introduction 

This chapter describes the anisotropic behaviour of large granular particles under true-

triaxial conditions. It begins with a literature review of past research about the anisotropic 

behaviour of ballast. The laboratory test apparatuses are widely discussed and listed. A 

detailed test description in this project is presented afterwards, including test sample 

preparation, test procedure and data processing. Test results are also presented and 

discussed in this chapter. The content in this chapter is submitted to Transportation 

Geotechnics (Yu et al., 2019b). 

 

3.2 Literature Review of Ballast Anisotropic Behaviour 

Granular soils are often referred to as aggregates and are common construction materials 

for pavements and railways. A large number of studies have been undertaken to quantify 

the isotropic behaviour of granular particles, such as (Lade and Duncan, 1975, Van 

Eekelen, 1980, Sagaseta, 1987, Alonso et al., 1990, Laloui and Cekerevac, 2003, Rotta et 

al., 2003, Alonso et al., 2012). Testing of granular materials with large maximum particle 

size requires larger-scale testing apparatus compared to the testing of smaller particles. 

This is because larger sample volumes are required to ensure the ratio between maximum 

particle size and sample dimension is low. 

 

Although isotropic loading tests provide insights into material behaviour, many granular 

materials actually behave in an anisotropic manner (Miura et al., 1984, Tutumluer, 1995, 

Tutumluer and Thompson, 1997, Tutumluer and Kwon, 2009). Table 3 outlines a range 

of studies performed using traditional triaxial cells to explore anisotropy of response. 

However, investigating anisotropy ideally requires the test sample to be subjected to a 
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range of stress paths that are difficult to achieve using standard triaxial cells. Therefore, 

the two most common approaches to achieve this are Hollow Cylinder Apparatus (HCA) 

and true triaxial (TT) testing. HCA methods are useful for simulating the rotation of 

principal stresses that occur during wheel passage. Alternatively, TT methods account for 

the effect of intermediate principal stresses, which in reality, may be different from the 

minor principal stresses when considering full anisotropy. 

 

HCA works by subjecting a hollow, cylindrical soil sample to an axial load and torque 

about the central vertical axis, while applying external and internal radial pressures. The 

torque results in shear stress while the axial load combined with the radial pressures 

results in vertical stress (Cooling and Smith, 1936, Hight et al., 1983, Saada, 1988, Grabe, 

2003). 

 

The majority of HCA research into granular particle anisotropy has focused on materials 

with relatively small maximum particle size (see Table 4). For example, Tatsuoka et al., 

(1986), Pradhan et al., (1988a) and Pradhan et al., (1988b) tested soil specimens with the 

inner diameter, outer diameter and height of 60 mm, 100 mm and 200 mm, respectively. 

They investigated the strength and deformation properties of Toyoura sand. Alternatively, 

Yang et al., (2007) used a larger HCA apparatus to investigate the anisotropic behaviour 

of saturated sand. Alternatively, Lade et al., (2008) and Lade (2008) used HCA tests to 

study the cross-anisotropic behaviour of Santa Monica beach sand and found that cross-

anisotropy correlated with increasing inclinations of the major principal stress direction. 

O’Kelly and Naughton (2005), O’Kelly and Naughton (2009), Yang (2013), Yang et al., 

(2016) and Rolo (2004) also used HCA testing to investigate the anisotropic behaviour of 

sands.  

As an alternative to HCA testing, TT testing works by subjecting a soil sample to stresses 

in the three orthogonal planes, often using two hydraulic actuators in each plane, either 
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via rigid flat plates or flexible membranes or a mixture of both (see Table 5 for a summary 

of previous studies). Seligv et al., (1979) and Desai et al., (1983) developed true triaxial 

test setups to apply a three-dimensional, independently controlled, and compressive stress 

state, using fluid or pneumatically pressurized flexible cushions to transmit stresses in 

three orthogonal directions, to a cubic sand-ballast specimen with dimensions 101.6 mm 

× 101.6 mm × 101.6 mm. Isotropic loading was applied to specimens to determine 

anisotropic response behaviour (i.e. directional dependencies of compacted specimen 

responses). Alternatively, Yamada and Ishihara (1979) used a true triaxial apparatus with 

a cubic sand specimen of dimensions 100 mm × 100 mm × 100 mm. Results indicated 

that the behaviour was highly anisotropic, inherently due to grain orientation, size and 

shape. However, as the applied shear stress increased, at failure, the inherent anisotropic 

effects disappeared.   

 

Alternatively, Reis et al., (2011) developed a cubic triaxial cell to test 60 mm × 60 mm × 

60 mm specimens of saturated and unsaturated soils. Further, Ochiai and Lade (1983) 

used a true triaxial apparatus to study the anisotropic behaviour of Cambria sand and 

found that the major principal strain was the lowest when the dilation rate was at a 

maximum. The same apparatus was then used to develop a failure criterion for cross-

anisotropic soils (Abelev and Lade 2003, Abelev and Lade 2004). 

 

Furthermore, Tutumluer and Seyhan (1999) and Seyhan and Tutumluer (2002) used a 

triaxial device to test aggregate samples with 150 mm diameter and 150 mm height. The 

vertical modulus was found to be larger than the horizontal modulus for all tested 

aggregates except one gravel specimen which contained 16% fines (defined as passing 

the No. 200 sieve or smaller than 0.075 mm) in a dense-graded base coarse aggregate 

with a maximum size of 25 mm. The quality and strength properties of aggregates were 
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investigated using horizontal to vertical anisotropic modular ratios as performance 

indicators. 

 

When testing granular particles, it is important to maximise the sample-to-particle size 

ratio, defined as the minimum dimension of the test sample divided by maximum particle 

size. If too small, individual particles dominate the test results thus causing testing errors. 

As a guide, Nitchiporovitch (1969) and Fagnoul and Bonnechere (1969) suggested a 

minimum sample-to-particle size ratio of 5, while Marachi et al., (1972) proposed a ratio 

of 6. Therefore, because the width of the HCA wall is relatively thin, it is not well-suited 

for testing large diameter particles. True triaxial apparatus is arguably better suited 

because it can house a cuboidal volume of granular material, with potentially larger 

dimensions than the HCA. However, even then, it is challenging to construct a TT 

apparatus of sufficient scale to investigate the anisotropy of samples containing large 

granular particles.  

 

This chapter addresses these sample size challenges by developing a new TT facility 

capable of testing soil samples with dimensions: 500 mm × 500 mm × 500 mm. The large 

potential test volume means it is well suited for testing large granular soils, including 

railway ballast. The maximum particle size tested in this study is 63mm, giving a sample-

to-particle size ratio of approximately 8. The facility was used to apply tri-directional 

stress patterns to railway ballast and investigate its anisotropic behaviour. 

 

Table 3. Triaxial cell apparatus 

Source Soil type Dimension (mm) Aim 

Miura et al., (1984) Sand 
Diameter=70 mm, 

Height=170 mm 

Anisotropy, stress-

strain curves, 

liquefaction 
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Tutumluer and Seyhan 

(1999) and Seyhan and 

Tutumluer (2002) 

Aggregate 
Diameter=150 mm 

Height=150 mm 

Anisotropy, resilient 

behaviour 

Rolo (2004) Sand/clay 
Diameter=100 mm 

Height=200 mm 

Anisotropy, shear 

strength 

Aursudkij et al., (2009) Ballast 
Diameter=150 mm 

Height=450 mm 

Resilient modulus and 

Poisson’s ratio 

Ngo et al., (2017) Ballast 
Diameter=300 mm 

Height=600 mm 

Anisotropy, mobilized 

friction angle 

 

Table 4. Hollow cylinder apparatus 

Source Soil type 

Inner diameter/ 

Outer diameter/ 

Height (mm) 

Aim 

Hight et al., (1983), Sand/clay 203/254/254 
Principal stress rotation 

effects 

Tatsuoka et al., (1986), Sand 30/50/200 Anisotropy, shear strength 

Pradhan et al., (1988a), 

Pradhan et al., (1988b) 
Sand 60/100/200 Anisotropy, shear strength 

Grabe (2003) Sand 60/100/200 
Principal stress rotation 

effects, anisotropy 

Rolo (2004) Sand/clay 76/100/200 Anisotropy, shear strength 

Yang et al., (2007) Sand 150/314/200 
Anisotropy, intermediate 

principal stress 

Lade et al., (2008) and 

Lade (2008) 
Sand 180/220/400 

Principal stress rotation 

effects, anisotropy, 

shear strength 

O’Kelly and Naughton 

(2005) and O’Kelly and 

Naughton (2009) 

Sand 71/100/200 
Anisotropy, small strain, 

yield criterion 

Yang (2013), Yang et 

al., (2016) 
Sand 60/100/200 

Anisotropy, plasticity, 

non-coaxiality 
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Table 5. True triaxial testing apparatus 

Source Soil type 
Dimension of cubic 

sample side length (mm) 
Aim 

Yamada and Ishihara 

(1979) 
Sand 100 mm  

Anisotropy, 

shear strength 

Selig et al., (1979) and 

Desai et al., (1983) 

Sand/ 

ballast 

 

101.6 mm  

Anisotropy, 

stress-strain 

curves 

Ochiai and Lade (1983) Sand 76 mm 

Anisotropy, 

stress-strain 

behaviour 

Reis et al., (2011) Sand 60 mm  

Anisotropy, 

saturated and 

unsaturated 

GeoTT (present research) 
Ballast/ 

subballast 
500 mm  

Anisotropy, 

Poisson’ ratio, 

modulus 

 

3.3 Test Methodology 

GeoTT described in Chapter 2 was used to investigate the anisotropic behaviour of the 

ballast. Two sets of tests were performed. First, monotonic axial loading tests were 

performed for the purpose of investigating the Poisson’s ratio and the modulus of ballast. 

Next, a combined hydrostatic loading and unloading test was performed to further 

investigate the cross-anisotropic behaviour of ballast. Both tests were conducted 

following independent loading plans. The detailed test sample preparations and plans are 

presented next. 
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3.3.1 Test Sample Preparation 

The particle size distribution (PSD) of the railway ballast material was characterised in 

accordance with BS EN 13450-2002 (BSI, 2002), with all particles lying in the 20-63mm 

range and d50 =43mm (see Figure 18). The coefficient of uniformity Cu and coefficient of 

curvature Cc were determined as 1.36 and 1.009, respectively, indicating the ballast was 

classified as uniformly graded. The ballast aggregate was also washed and dried in 

accordance with EN 13450-2002 (BSI, 2002) and BS EN 933-1 (BSI, 2005). After the 

ballast was prepared, it was poured into the test cage (500 mm × 500 mm × 500 mm) in 

5 stages, and each layer was compacted for 10 minutes using a hand-held vibrating 

Kango vibrator to achieve a specimen density of 1,300 kg/m3.  

 

Although only particle size distribution tests were used to characterise the ballast, it was 

sourced from the same Network Rail approved quarry as the ballast used by Kwan, 

(2006). Therefore the properties were likely to have been similar to those found in other 

UK ballast research works [e.g. LAA index ≤ 20 (BSI, 2010), MDE index ≤ 7 (BSI, 2011), 

ACV ≤ 22% (BSI, 1990b), Flakiness index ≤ 35 (BSI, 2012), Particle length ≤ 4 (BSI, 

1996)]. 

 

Figure 18. Ballast PSD curve 
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3.3.2 Monotonic Axial Loading Tests 

The six rams (Xa, Xr, Ya, Yr, Za, Zr) were used to apply static compressive loads to ballast 

samples as shown in Figure 19 to 21. Subscripts ‘r’ and ‘a’ are used to differentiate 

between the 2 different rams in each Cartesian plane. The axial load direction was varied 

between the X, Y and Z planes, and had a maximum value of applied pressure of 500 kPa. 

Three different confining stresses (30 kPa, 60 kPa and 75 kPa) were applied to the four 

specimen faces and each test (e.g. M1-9) was repeated three times, resulting in a total of 

27 test results. For each test, the following procedure, also summarized in Table 6, was 

used: 

a) A constant confining stress (either 30 kPa, 60 kPa or 75 kPa) was applied to 

the ballast sample in the 2 directions that were not the primary loading 

directions; 

b) The position of the loading plate was recorded to determine the initial length 

of the sample (L); 

c) An axial stress was applied in the primary loading direction and increased 

monotonically at a rate of 62.5 kPa per minute, from an initial value of 6.25 

kPa; 

d) When the axial stress reached 500 kPa, it was held constant for 5 minutes; 

e) The axial stress was decreased at a rate of 62.5 kPa per 10 seconds until 

reaching a magnitude of 6.25 kPa; 

f) X, Y and Z displacements were recorded throughout steps a-e; 

g) Steps a-f were repeated three times on the sample to ensure repeatability and 

consistency of the results; 

h) Steps a-g were repeated for the remaining axial loading directions; and finally, 

i) The confining stress was increased (3 values tested: 30 kPa, 60 kPa and 75 

kPa) and steps a-h repeated. 
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Figure 19. Axial load direction in Za 

 

Figure 20. Axial load direction in Ya 

 

Figure 21. Axial load direction in Xa 
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Table 6. Static axial tests procedure 

Test stage 
Confining 

stress (kPa) 

Confining 

direction 

Axial load 

direction 

Rigid 

boundary 

M1 30 X and Y Za Zr 

M2 30 X and Z Ya Yr 

M3 30 Y and Z Xa Xr 

M4 60 X and Y Za Zr 

M5 60 X and Z Ya Yr 

M6 60 Y and Z Xa Xr 

M7 75 X and Y Za Zr 

M8 75 X and Z Ya Yr 

M9 75 Y and Z Xa Xr 

 

3.3.3 Combined Hydrostatic Loading and Unloading Test 

In addition to the monotonic axial loading tests, a combined hydrostatic loading and 

unloading test was also performed to investigate the unloading response of ballast. Rather 

than using the same procedure as for the previous monotonic tests (Table 6), the 

hydrostatic compression test procedure outlined by Desai et al., (1983) used for sand is 

summarised in Table 7: 

a) A hydrostatic confining stress of 34.5 kPa was applied in all 3 directions; 

b) The axial stress was increased in increments of 34.5 kPa, from the confining stress 

(34.5 kPa) to 172 kPa. At each increment, the deformations were measured after 

they stabilised.  

c) The axial stress was reduced from 172 kPa to 34.5 kPa in 34.5 kPa increments; 

d) The axial stress was increased in increments of 34.5 kPa, from the confining stress 

(34.5 kPa) to 345 kPa. At each increment, the deformations were measured after 

they stabilised.  

e) The axial stress  was reduced from 345 kPa to 34.5 kPa in 34.5 kPa increments; 

f) The axial stress was increased in increments of 34.5 kPa, from the confining stress 

(34.5 kPa) to 517 kPa. At each increment, the deformations were measured after 

they stabilised.  
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g) The axial stress  was reduced from 517 kPa to 34.5 kPa in 34.5 kPa increments; 

h) The test was repeated for the remaining two Cartesian planes. 

 

Table 7. Hydrostatic testing procedure 

Test stage 
Confining 

stress (kPa) 

Deviator 

stress 

(kPa) 

Confining 

direction 
Axial load 

direction 

Rigid 

boundary 

H1 34.5 137.5 X and Y Za Zr 

H2 34.5 310.5 X and Z Ya Yr 

H3 34.5 482.5 Y and Z Xa Xr 

 

3.3.4 Interpretation of Test Results 

When a compressive force is applied on a cylindrical material sample, it contracts in the 

axial direction and expands in the directions perpendicular to the direction of compression 

(Figure 22). Within the elastic range of a given material, the ratio of these strains is 

constant. The ratio of the strains, (δL/L) for axial strain and (δr/r) for transverse strain, is 

referred to as Poisson’s ratio, shown in Equations (1), (2) and (3): 

 𝜀  , (positive for axial compression)  (1) 

  𝜀 , (negative for axial compression)  (2) 

 𝜈   (3) 

However, the material sample is cubic or cuboidal when performing true triaxial testing. 

Therefore, in a similar manner, when a compressive force is applied, it causes the sample 

to contract in the axial direction and expand in the other two perpendicular/transverse 

directions (shown in Figure 23). Assuming the axial load is in the Z direction, the resulting 

recoverable transverse or horizontal strain is the mean of strains in the X and Y directions 

(see Figure 26). For this case, Equations (4), (5) and (6) give the calculation for the 
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recoverable axial strain in Z and recoverable transverse strain in X and Y directions, 

respectively. Then, the average transverse strain is calculated using Equation (7): 

 𝜀 , (positive for axial compression)  (4) 

 𝜀 _ , (negative for axial compression)  (5) 

  𝜀 _ , (negative for axial compression)  (6) 

 𝜀 _ _   (7) 

Thus, Poisson’s ratio is calculated in equation (8): 

 𝜈   (8) 

Additionally, the modulus is calculated in equation (9): 

 𝑀𝑜𝑑𝑢𝑙𝑢𝑠 _

_
  (9) 

 

Figure 22. Explanation of Poisson’s ratio for a cylindrical sample 
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Figure 23. Poisson’s ratio calculation for cubic sample 

 

3.4 Test Results and Analysis 

3.4.1 Poisson’s Ratio 

For each confining stress and each axial load direction, 3 repeated tests were performed 

to minimize the error. Figure 24, Figure 25 and Figure 26 show the loading path and 

displacements in X, Y and Z directions of static tests in Xa, Ya and Za axial load direction 

under a confining stress of 75 kPa, respectively. The recoverable displacements were used 

for the calculation of strains and Poisson’s ratio. It is seen that the deformation did not 

return to zero after unloading, thus indicating plastic settlement.  

Figure 27 shows the relationship between confining stress and Poisson’s ratio. It is seen 

that there was a distinct correlation, with Poisson’s ratio decreasing with increased 

confining stress. The mean values in X, Y and Z directions were 0.28, 0.32 and 0.31 at a 

confining stress of 30 kPa. The Poisson’s ratio values reduced to 0.22, 0.26 and 0.23 for 

a confining stress of 60 kPa and further reduced to 0.15, 0.19 and 0.18 for a confining 

stress of 75 kPa (Table 8). Compared to previous research (Aursudkij et al., 2009), mean 

ballast Poisson’s ratios from cyclic triaxial tests were 0.46 in Z direction with 30kPa 

confining stress while they were varied from 0.37 to 0.41 in Z direction with 60kPa 

confining stress while different ratios between deviator stress and axial stress (q/p’) 
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applied. The sample-to- particle size ratio in cyclic test was 6 for meaningful results. This 

also showed similar manner to current research that Poisson ratio decreased with 

increased confining stress. However, it should be noticed that Poisson’s ratios in X and 

Y directions are not similar to each other. This may be due to that the monotonic test in 

X direction performed after Y direction, resulting a lower Poisson’ ratio in X direction.  

 

Figure 24. Test results when loading in Xa direction under 75 kPa confining stress: 

loading path (left); displacements in X, Y and Z directions (right) 

 

 

Figure 25. Test results when loading in Ya direction under 75 kPa confining stress: 

loading path (left); displacements in X, Y and Z directions (right) 
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Figure 26. Test results when loading in Za direction under 75 kPa confining stress: 

loading path (left); displacements in X, Y and Z directions (right) 

 

Table 8. Poisson’s ratio in X, Y and Z loading directions 

Confining 

stress(kPa) 
30 60 75 

Axial load 

direction 
X Y Z X Y Z X Y Z 

1st test 0.30 0.31 0.37 0.23 0.29 0.27 0.18 0.21 0.21 

2nd test 0.26 0.31 0.24 0.21 0.25 0.22 0.15 0.19 0.17 

3rd test 0.27 0.35 0.30 0.21 0.24 0.19 0.14 0.18 0.15 

Mean value 0.28 0.32 0.31 0.22 0.26 0.23 0.15 0.19 0.18 

 

 
Figure 27. Poisson's ratio for different directions of axial load 
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3.4.2 The Modulus of Sample 

The results of modulus in X, Y and Z axial load directions under 30 kPa, 60 kPa and 75 

kPa confining stress are calculated and compared in Figure 28, Figure 29 and Figure 30, 

respectively. Correspondingly, the mean values of modulus (average modulus across the 

3 repeated tests) are compared in this section. Figure 28 and Figure 31 show the modulus 

of X, Y and Z directions for a confining stress of 30 kPa. The results indicate that the 

mean modulus for X and Y directions were similar, with mean values of approximately 

12.4 MPa and 12.8 MPa when the axial stress was 500 kPa. Alternatively, the modulus 

in Z direction had more scatter and a mean value of 21.4 MPa, significantly higher than 

the horizontal directions. (Z was on average 73% higher than X and 66% higher than Y 

at 500 kPa). It decreased quickly when the axial load was low, reached a local minimum 

and then increased again steadily as the axial load was increased. This dilation resulted 

in the modulus at the end of the test (500 kPa) being similar to the starting value.  

 

Similar findings were obtained for the confining stresses of 60 kPa and 75 kPa. Figure 29 

and Figure 32 show the modulus of X, Y and Z directions for a confining stress of 60 kPa. 

The results indicate the mean modulus for X and Y were 17.0 MPa and 16.0 MPa, 

respectively, when the axial stress was 500 kPa. Again, Z direction had more scatter and 

was larger with a mean value of 28.3 MPa (Z was on average 66% higher than X and 76% 

higher than Y at 500 kPa).  

 

Figure 30 and Figure 33 show the modulus of X, Y and Z directions for a confining stress 

of 75 kPa. The results indicate mean modulus for X and Y were 20.3 MPa and 19.1 MPa, 

respectively, when the axial stress was 500 kPa. Again, Z direction had more scatter and 

was larger with a mean value of 30.0 MPa (Z was on average 46% higher than X and 54% 

higher than Y at 500 kPa).  
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Figure 34 shows the overall combined results of the mean modulus in X, Y and Z 

directions under different confining stresses, where it indicates that for all directions, the 

lower confining stress resulted in a lower modulus.  

 

Considering the tests were performed one after another, Figure 34 indicates that in X and 

Y axial loading directions, the applied stress history did not affect the modulus (for all 

confining stress levels). However, in the Z axial direction, the applied stress history 

increased the modulus gradually. 

 
Figure 28. Modulus in X, Y and Z axial load directions under 30 kPa confining stress 
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Figure 29. Modulus in X, Y and Z axial load directions under 60 kPa confining stress 

 

 
Figure 30. Modulus in X, Y and Z axial load directions under 75 kPa confining stress 
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Figure 31. Mean modulus in X, Y and Z axial load directions under 30 kPa confining 

stress 

 

 
Figure 32. Mean modulus in X, Y and Z axial load directions under 60 kPa confining 

stress 
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Figure 33. Mean modulus in X, Y and Z axial load directions under 75 kPa confining 

stress 

 

 
Figure 34. Mean modulus in X, Y and Z axial load directions under varying confining 

stress 

 

3.4.3 Loading and Unloading Response 

Figure 35 shows the three loading and unloading cycles of the test sample. Permanent 

deformation was clearly recorded after all 3 cycles which reached maxima of 172, 345 
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and 517 kPa, respectively. The horizontal directions (X and Y) exhibited approximately 

double the permanent deformation (3%) compared to the vertical direction (1.5%), thus 

demonstrating the anisotropic behaviour of ballast sample. Based on the recoverable 

strains after each unload stage, the relationship between sample modulus and deviator 

stress is presented in Figure 36. It shows that the sample modulus in X and Y directions 

kept constant values of 640 MPa and 600 MPa while it increased from 900 MPa to1000 

MPa in Z direction, with the deviator stress increasing from 137.5 kPa to 310.5 kPa. 

However, the sample modulus in X and Y directions increased from 640 MPa and 600 

MPa to 800 MPa and 700 MPa, respectively, while it kept a constant value of 1000 MPa, 

with the deviator stress further increasing from 310.5 kPa to 482.5 kPa. This change of 

sample modulus in each direction again indicates the cross-anisotropic behaviour of 

ballast sample. 

 
Figure 35. Unloading response in all three axial load directions 
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Figure 36. Relationship between sample modulus and deviator stress 

 

3.5 Conclusions 

Railway ballast typically behaves in an anisotropic manner, with greater stiffness in the 

vertical compaction direction. This is important to quantify for a better understanding of 

the field mechanical behaviour, and for the modelling of the dynamic response behaviour. 

Therefore, this chapter presented results for a railway ballast aggregate material tested 

under true-triaxial conditions. The true triaxial device utilises six hydraulic actuators to 

ensure a uniform stress distribution across the test sample. Three confining stresses (30 

kPa, 60 kPa and 75 kPa) were used to investigate Poisson’s ratio, modulus and loading-

unloading characteristics. Anisotropic behaviour was clearly observed for the ballast 

aggregate material; the horizontal response as obtained from two horizontal strain 

measurements (X and Y directions) varied significantly when compared to the strain 

values measured in the vertical direction. Both Poisson’s ratio and modulus were sensitive 

to the applied confining stresses. It is seen that there was a distinct correlation, with 

Poisson’s ratio increasing with decreased confining stress. On the contrary, for all 

directions, the lower confining stress resulted in a lower modulus. This chapter 
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established the study of anisotropic behaviour of ballast sample, thus the next chapter 

presents the method to reduce the ballast track settlement. 
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Chapter 4 The Effect of Geogrid on Track Settlement 

4.1 Introduction 

A geogrid is geosynthetic material consisting of parallel sets of triangular/rectangular 

tensile ribs to allow strike-through of surrounding soils, ballast, or other geotechnical 

materials, providing additional tension resistance. After understanding the anisotropic 

behaviour of ballast sample, this chapter begins with the literature review of the past 

research on the use of geogrid on ballast to reduce railway track-bed settlement. Both 

numerical studies and laboratory tests are widely discussed. In particular, the limitations 

of previous laboratory apparatuses are discussed. In order to overcome the limitations, a 

new designed, cutting-edge true triaxial test rig, described in Chapter 2 is used in the 

current research. The detailed test methodology is presented afterwards, including test 

sample preparation, test procedure and data interpretation. The results are also presented 

and discussed in this chapter. The content in this chapter has been published in 

Transportation Geotechnics (Yu et al., 2019c). 

 

4.2 Geogrid Literature Review 

Geogrids are commonly used on linear transport infrastructure projects (e.g. roads and 

railways) to increase the lateral confinement between granular layers, thus improving the 

longevity of the support structure (Al-Qadi et al., 1994; Hufenus et al., 2006; Kwon et 

al., 2008, Byun et al., 2019). However, on high-speed rail lines, vehicles may travel at 

speeds comparable to the natural wave speed of the underlying soil (i.e. close to critical 

velocity - Costa et al., 2014; Mezher et al., 2016; Dong et al., 2019), causing the 

magnification of track deflections. This results in elevated stress levels within both the 

track and soil, particularly in the horizontal direction (Varandas et al., 2016; Dong et al., 
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2018). The ability of geogrids to provide similar confinement for rail lines that experience 

elevated horizontal stresses is currently unclear. 

 

To study the potential performance benefits of geogrid, McDowell et al., (2006) and 

Ferellec and McDowell, (2012) used the discrete element method to study the influence 

of ballast shape and geogrid aperture size on ballast-geogrid interlock. They suggested a 

ratio of geogrid aperture size to the particle diameter of 1.4, which gave efficient ballast-

geogrid interlock. Similarly, Ngo et al., (2014) and Ngo et al., (2016) studied the 

behaviour of coal-fouled, geogrid reinforced ballast, subjected to direct shear testing. The 

contact force distribution and stress orientation were analysed to better understand ballast 

behaviour during shearing.  

 

As an alternative approach to numerical modelling, physical models have also been used 

to investigate geogrid performance. One of the most common approaches is to perform 

vertical loading on a test box with rigid boundary conditions, thus simulating a constant 

confining stress. For example, Raymond (2002) and Raymond and Ismail (2003) used a 

compression test box (900 mm in length, 200 mm in width and 325 mm in depth), with a 

transparent glass wall to show that ballast track experienced reduced settlement when it 

was geo-synthetically reinforced. Similarly, using a variety of different sized steel test 

boxes, McDowell and Stickley (2006), Horníček et al., (2010) and Ruiken et al., (2010) 

showed that geogrid reduced permanent settlement significantly. Also, Brown et al., 

(2007b) found that geogrid reinforcement benefits were more pronounced for soft 

subgrade compared to stiff. Further, Liu et al., (2016) used box tests to evaluate the effect 

of geogrid on ballast particle movement. It was found that the horizontal translation and 

rotation of ballast were important movement modes under cyclic loading.  
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A challenge with rigid boundary box testing is that the confining stress is constant, which 

is not the case for most transport applications. This was explored by Lackenby et al., 

(2007) who showed that confining pressure plays an important role in degradation and 

deformation resistance. Therefore, Indraratna et al., (2006, 2015); Indraratna et al., 

(2009); Indraratna et al., (2012) and Indraratna et al., (2013) used a bespoke triaxial rig 

to simulate a range of constant confining stresses. Again, it was found that the geogrid 

generated additional internal confinement at the ballast-subballast interface, thus reducing 

settlement under a range of constant confining stresses between 5-30 kPa. This involved 

repeating tests multiple times, each with a different (yet constant) confining stress.  

 

However, it has also been shown that in addition to confining stress, the dynamic stresses 

induced during train passage are also very important (Varandas et al., 2016). Therefore, 

this research builds upon the previously described work, however instead of maintaining 

a constant confining stress during laboratory testing, it is varied during each load cycle. 

This is important because when track-ground structures are subjected to highly dynamic 

train loads, horizontal stresses change rapidly. First, a true triaxial test rig, described in 

Chapter 2, allows for the generation of tri-directional cyclic stress patterns. It is then used 

to make new and novel investigations in three areas: 1) the benefits of using geogrid 

between ballast and subballast in the presence of high horizontal stresses, 2) the benefits 

of using geogrid between subballast and subgrade in the presence of high horizontal 

stresses, 3) the effect of varying subgrade stiffness on geogrid placed between ballast and 

subballast, in the presence of high horizontal stresses. 
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4.3 Test Methodology 

True triaxial testing of granular railway layers reinforced with geogrid was performed. 

Three test setups are considered: 

 Setup A: A layered ballast-subballast track structure, in the presence and 

absence of geogrid 

 Setup B: A layered subballast-subgrade track structure, in the presence and 

absence of geogrid 

 Setup C: A layered subballast-subgrade track structure, with geogrid and varying 

subgrade stiffness 

 

4.3.1 Test Sample Preparation 

4.3.1.1 Ballast 

The used ballast material was hard angular granite, as commonly used on the rail network 

in Scotland, UK. The grading of this material was the same as that tested in Chapter 3, 

shown in Figure 18. The sample lay within the particle range 20-63 mm and was 

characterised by d50 =43 mm. The coefficient of uniformity Cu and coefficient of 

curvature Cc were calculated as 1.36 and 1.009, respectively, indicating the ballast was 

classified as uniformly graded. Prior to testing the ballast aggregate was washed and dried 

in accordance with EN 13450-2002 (BSI, 2002) and BS EN 933-1 (BSI, 2005). 

 

4.3.1.2 Subballast 

The subballast material used in test setups A, B and C complied with Cl 803 (Type 1 sub-

base) of the UK Specification for Highway works (England, 2016) and also consisted of 

a hard, angular granite material. The grading curve for this material (BSI, 2002) is shown 

in Figure 37, giving d50 =13 mm. 
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Figure 37. Particle size distribution curve for subballast 

 

4.3.1.3 Subgrade 

The subgrade consisted of 80% kaolin clay (with a high-quality medium particle size), 

and 20% sharp sand with an optimum water content of 9.7% ((BSI, 1990a) - Figure 38). 

Four subgrades with different California bearing ratio (CBR) were tested. To relate CBR 

to a meaningful qualitative value, Equation (10) (Brown et al., 1987) was used in 

conjunction with British Standards (2015), as shown in Table 9. 

 𝑐 𝐶𝐵𝑅 𝑣𝑎𝑙𝑢𝑒 20  (10) 

 

Table 9. Description of subgrade with different CBR values 

Subgrade CBR Value 

(%) 

Undrained Shear Strength cu 

(kPa) 
Description 

2 40 Soft 

3 60 Firm 

9 180 Stiff-Very stiff 

14 280 Very stiff 
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Figure 38. The optimum water content of subgrade 

 

4.3.1.4 Geogrid 

Two types of geogrid were tested. They had different aperture sizes, and chosen to suit 

the material they were required to provide an interlock for: 

1. Tensar TriAx TX190L: placed between the ballast and subballast during setup A. 

It was a triangularly structured, multiaxial geogrid with 60 mm long triangular 

apertures (Figure 39 left). This gave the ratio of the geogrid aperture to ballast 

particle size of 1.40 (as suggested by McDowell et al., (2006)) 

2. Tensar TriAx TX160: placed between subballast and subgrade during setups B 

and C. It was a triangularly structured, multiaxial geogrid with 40 mm long 

triangular apertures (Figure 39 right). 

 

The key details of each geogrid are shown in Table 10. For each test, the selvedge edge 

was orientated parallel to the direction of train passage because this is the most commonly 

used orientation in practice (i.e. the orientation of geogrid when installed on a typical 

railway track). 
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Figure 39. The geogrid arrangement: TX190L for Setup A (left); TX160 for Setups B 

and C (right) 

 

Table 10. Geogrid specifications  

Type TX190L TX160 

Rib pitch (mm) 60 40 

Rib shape Rectangular Rectangular 

Aperture shape Triangular Triangular 

Test setup Setup A Setup B and Setup C 

 

4.3.2 Hydraulic Ram Force Calculations 

In order to generate track-ground stress time histories based upon an 18-tonne axle load 

travelling at 294 km/h over a soft subgrade, three dimensional finite element modelling 

results from previous research (Connolly et al., 2013a; Connolly et al., 2013b) was used. 

The track-soil numerical modelling properties are shown in Table 11. The stress histories 

were computed at the ballast-subballast interface (for setup A tests) and the subballast-

subgrade interface (for setup B and C tests) (Figure 40). They were then converted to 

force time histories for use by the GeoTT.   
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Figure 40. Recording positions of horizontal forces 

 

Table 11. Track numerical modelling properties 

 Young’s Modulus (MPa) Poisson’ ratio Density (kg/m3) 

Rail 210,000 0.3 7800 

Sleeper 30,000 0.3 2400 

Ballast 150 0.25 1400 

Subballast 100 0.3 2200 

Formation 46 0.35 2000 

 

4.3.2.1 Ballast-Subballast Forces 

Using results from the 3D finite element model, the total force on the full-size sleeper 

was found to be 66 kN. Then, converting this to the 0.25 m long scaled sleeper, the force 

was 39.6 kN. The maximum horizontal nodal stresses from the finite element model 

sampled at the ballast-subballast interface (red recording position between the ballast and 

subballast layer shown in Figure 40), were 46 kPa and 14 kPa in the parallel and 

perpendicular directions of train passage, respectively. Therefore, multiplying by the cage 

wall area (0.4 m × 0.4 m), gave the forces required to excite sample Setup A as 7.36 kN 
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and 2.24 kN, in the parallel and perpendicular directions, respectively. Finally, applying 

a confining stress of 15 kPa consistent with existing literature (Indraratna et al., 2015), 

the following forces were used: 

 Vertical force = 42 kN 

 Parallel force = 9.76 kN 

 Perpendicular force = 4.64 kN 

 

4.3.2.2 Subballast-Subgrade Forces 

Using the results from the same 3D finite element model, the mean maximum nodal 

stresses sampled at the subballast-subgrade interface were 24.23 kPa, 24.10 kPa and 6.59 

kPa in vertical, parallel and perpendicular directions of train passage, respectively. 

Therefore, following a similar ballast-subballast interface calculation, multiplying by the 

cage wall area (0.4 m × 0.4 m) and accounting for confining stresses gave the forces 

required for test setups B and C: 

 Vertical force = 7.08 kN 

 Parallel force = 7.06 kN 

 Perpendicular force = 4.25 kN 

 

4.3.3 Results Interpretation 

Since the loading applied towards the tested sample is in three Cartesian directions, the 

following notation was use: 

 X = the direction parallel to the direction of train passage 

 Y = the direction perpendicular to the direction of train passage 

 Z = the vertical direction 
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Vertical, horizontal and overall settlements were defined using Equations (11), (12) and 

(13): 

 𝛿  𝛿   (11) 

 𝛿  𝛿  𝛿   (12) 

 𝛿  𝛿  𝛿   (13) 

Where: 

 𝛿  is the settlement in the direction of train passage 

 𝛿  is the settlement perpendicular to train passage 

 𝛿  and 𝛿  are the settlements in the vertical direction 

 𝛿  is the settlement in the horizontal direction (combining both parallel 

and perpendicular directions) 

 𝛿  is the overall settlement (combining vertical and horizontal directions) 

Also, the average settlement improvement after 350k cycles was computed as shown in 

Equation (14). Using vertical settlement as an example: 

 𝜑    100%  (14) 

Where: 

 𝜑  is the mean vertical settlement improvement 

 𝛿  is the mean vertical settlement during the final 100 data points when the 

geogrid was present 

 𝛿  is the mean vertical settlement during the final 100 data points when the 

geogrid was not present 

 

4.4 Geogrid Testing Programme 

Three main test configurations were considered. To have a better understanding of 

geogrid performance at different locations, it was placed between ballast and subballast 

(Setup A) and between subballast and subgrade (Setup B). Benchmark tests were 

undertaken in the absence of geogrid. Finally, to investigate the performance of geogrid 

in the presence of varying subgrade stiffness, four CBR values of the subgrade were 

tested. The five rams (Xa, Xr, Ya, Yr, Za) were used to apply cyclic compressive loads 
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between the confining force and the target forces calculated from the numerical work on 

ballast samples as shown in Figure 41 and Figure 43. The bottom ram Zr was held the 

position throughout all the tests, recording the reaction force. Subscripts ‘r’ and ‘a’ are 

used to differentiate between the 2 different rams in each Cartesian plane. The loading 

frequency was 6 Hz and a total cycle of 350k was achieved. 

 

4.4.1 Setup A: Ballast-Subballast Testing 

Geogrid (TriAx TX190L) was installed between the ballast and subballast layers for one 

of the two tests (Figure 41). A 200 mm thick layer of subballast was compacted to a 

density of 1900 kg/m3 using a vibrating plate. Once completed, 300 mm of ballast was 

placed on top and compacted to a density of 1400 kg/m3. A reduced-scale, reinforced 

concrete sleeper (Figure 42) was embedded into the ballast, which in turn was supported 

by the subballast layer. The concrete sleeper was cast according to BS 13230-1 (BSI, 

2016). The compressive strength of the concrete was C45/55 MPa. The sleeper was 

trapezoidal in cross-section with length 250 mm, width 200 mm and a height of 150 mm. 

As a control, the test was repeated in the absence of geogrid to permit a direct comparison.  

 

The initial forces in all directions were held at 1 kN before increasing to the target forces 

described in section 4.3.2.1. It should be noted that all six actuators were controlled 

independently and a limitation of the GeoTT control system meant that each had to be 

increased sequentially. Therefore, the horizontal forces were increased prior to increasing 

the vertical forces. This meant that during the period between when increasing the 

horizontal force and reaching desired vertical force, there was scope for the test sample 

to expand in the vertical direction. This is evident at the start of the test sample results, 

where there are localised increases in vertical response immediately prior to the reaching 

the full loading condition. 
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Figure 41. Test Setup A: Geogrid stabilised ballast over subballast (setup A) 

  

Figure 42. Reduced scale sleeper (tie) on top of ballast (Setup A) 

 

4.4.2 Setup B: Subballast-Subgrade Testing 

A subballast layer was supported by a subgrade layer. Geogrid TX160 was deployed 

between subballast and subgrade layers for one of the two tests (Figure 43). ‘Firm’ 

subgrade (CBR=3%) and ‘Stiff-Very stiff’ subgrade (CBR=9%) with a thickness of 300 

mm were compacted in accordance with (BSI, 1990a) using a vibrating plate. The 
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proposed CBR values were measured using a cone penetrometer. Once compaction had 

been achieved, subballast with thickness 200 mm was placed on top and compacted to a 

density of 1900 kg/m3 (Figure 44). As a control, the test was repeated in the absence of 

geogrid. Setup B tests were designed to determine the influence of using geogrid at the 

location between the subballast and subgrade. The initial forces in all directions were held 

at 1 kN before increasing to the target forces described in section 4.3.2.2. 

 

Figure 43. Test Setups B and C: Geogrid stabilised subballast over the subgrade 

 

Figure 44. Subballast surface (Setup B) 
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4.4.3 Setup C: Varying Subgrade CBR 

The test setup was the same as setup B, however Geogrid TX160 was deployed between 

the subballast and subgrade layers for all tests (Figure 43). Four different CBR subgrades 

were tested: ‘Soft’ subgrade (CBR=2%), ‘Firm’ subgrade (CBR=3%), ‘Stiff-Very stiff’ 

subgrade (CBR=9%) and ‘Very stiff’ subgrade (CBR=14%). Each had a thickness of 300 

mm and was compacted in accordance with (BSI, 1990a) using a vibrating plate. The 

proposed CBR values were again measured using a cone penetrometer. Once compaction 

had been achieved, subballast with a thickness of 200 mm was placed on top and 

compacted to a density of 1900 kg/m3. Setup C tests were designed to determine the 

benefits of geogrid under varying subgrade CBR, rather than to benchmark the 

performance of geogrid against the no-geogrid case. The initial forces in all directions 

were held at 1 kN before increasing to the target forces described in section 4.3.2.2. 

 

4.5 Test Results and Analysis 

4.5.1 Loading Time History 

Figure 45 and Figure 46 shows the loading time history examples in Setup A and Setup 

B and C. All five rams (Xa, Xr, Ya, Yr, Za) were cyclic loaded between the confining 

force 2.4kN (15kPa) and target forces described in section 4.3.2. The results from bottom 

ram Zr shows that larger reaction force was observed while larger vertical force was 

applied, indicating force distribution occurred over the depth. 
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Figure 45. Loading time history example in Setup A 

 

Figure 46. Loading time history example in Setup B and C 

 

4.5.2 The Effect of Geogrid Between Ballast and Subballast 

The settlement response of test setup A in the vertical and horizontal directions after 350k 

cycles is shown in Figure 47 and Figure 48, respectively. Alternatively, the overall 

settlement, which combines vertical and horizontal directions, is shown in Figure 49. The 

definitions of the various settlement metrics are shown in section 4.3.3, and Table 12 
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summarises the results. On each figure, there are some small high-frequency oscillations 

which are artefacts induced when smoothing the data during post-processing. 

 

It was found that the vertical direction exhibited the largest settlement. It was 5.12 mm 

when geogrid was present and 7.81 mm without geogrid, indicating a 34% reduction when 

using geogrid. Although the horizontal direction experienced lower settlement compared 

to vertical, the performance benefit was similar for both (35%). The horizontal settlement 

presented the lateral inward movement of particles in the sample under cyclic confining 

stress at the monitoring point from the numerical model. This suggested that the geogrid 

placed between the ballast and subballast layer helped confine the ballast particles, thus 

decreasing the lateral settlement of the sample. Similar results have been observed in 

previous work (e.g. Brown et al., 2007b, where vertical settlement improvements varied 

from 25% to 76% for different aperture size geogrid and different stiffness subgrade and 

Indraratna et al., 2013a, where lateral displacement improvements varied from 6% to 37% 

for different aperture size and shape and different geogrid position), however the authors 

did not consider the effect of high horizontal stresses. Therefore, the new test results 

confirm that geogrid also offers settlement benefits in the presence of high lateral stresses. 

It should also be noted that some small and localised settlement recovery was found after 

100k cycles.  This was attributed to test sample dilation. Similar findings were observed 

for all tests undertaken in this work. 
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Figure 47. Vertical settlement (Setup A) 

 

Figure 48. Horizontal settlement (Setup A) 
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Figure 49. Overall settlement (Setup A) 

 

Table 12. Settlement comparison of Setup A 

 
Average settlement improvement after 350k cycles

Setup A (ballast-subballast) 

Horizontal direction 34% 

Vertical direction 35% 

Overall 35% 

 

4.5.3 The Effect of Geogrid Between Subballast and Subgrade 

Compared to setup A, setup B was used to investigate geogrid performance when placed 

at the subballast-subgrade interface. The settlement response of test setup B in the vertical 

and horizontal directions is shown in Figure 50 and Figure 51, respectively. The overall 

settlement, which combines vertical and horizontal directions, is shown in Figure 52, 

while Table 13 summarizes the results. 

 

It is seen that in the absence of geogrid, the subgrade with lower values of CBR resulted 

in a larger settlement in both vertical and horizontal directions. In the vertical direction, 
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it was 1.73 mm for the ‘Firm’ subgrade and 1.22 mm for the ‘Stiff-Very stiff’ subgrade. 

In the horizontal direction, it was 1.49 mm for the ‘Firm’ subgrade and 1.21 mm for the 

‘Stiff-Very stiff’ subgrade. However, after the installation of the geogrid, the vertical 

settlement in the ‘Firm’ and ‘Stiff-Very stiff’ subgrade consistently decreased by 16% 

and 13%, respectively. Similarly, the horizontal settlement in the ‘Firm’ and ‘Stiff-Very 

stiff’ subgrade decreased by 11% for both cases. It should be noted however that a small 

amount of settlement recovery occurred towards the end of the test. This was attributed 

to dilation. 

 

The improvements in the horizontal settlement were similar for ‘Firm’ and ‘Stiff-Very 

stiff’ subgrade. This suggested that interlock in the horizontal direction improved 

regardless of the subgrade stiffness. The improvements in the overall settlement were 

14% and 12% considering the ‘Firm’ subgrade and ‘Stiff-Very stiff’ subgrade, 

respectively (Table 13). This result is similar to those from the existing literature which 

have been performed using constant confining stress (Brown et al., 2007b). Therefore, 

for this new situation where there are high lateral stresses, this confirms the benefit of 

placing geogrid at the subballast-subgrade interface.  
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Figure 50. Vertical settlement (Setup B) 

 

Figure 51. Horizontal settlement (Setup B) 
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Figure 52. Overall settlement (Setup B) 

 

Table 13. Settlement comparison (Setup B) 

 

Average settlement improvement after 350k cycles 

(Compared to the results of the same subgrade 

without geogrid) 

Firm subgrade 

CBR=3% 

Stiff-Very stiff subgrade 

CBR=9% 

Vertical direction 16% 13% 

Horizontal direction 11% 11% 

Overall 14% 12% 

 

4.5.4 The Effect of CBR Value of Subgrade While Using Geogrid 

After Setup B showed that the geogrid improved settlement performance when placed at 

the subballast-subgrade interface, it was tested again using a similar configuration, 

however in the presence of varying subgrade CBR. The settlement response of test setup 

C in the vertical direction, combined horizontal directions and overall is shown in Figure 
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53, Figure 54 and Figure 55, respectively. The total settlements after 350k cycles are 

shown in Table 14.  

 

Similar to cases A and B, the fastest rate of settlement was found when the total cycles 

was low, with some elevated localised gradients. In general this was because the granular 

particles had greatest scope for rearrangement. However it was exacerbated at a small 

number of discrete cycles because the force was being manually increased towards the 

target cyclic load, thus introducing some small fluctuations. This finding is magnified in 

Figure 53 - Figure 55 due to using an x-axis log scale, which at low-cycle counts, skews 

the figure. As the test progressed, settlement continued to increase at 350k cycles, albeit 

at a slower rate, indicating that the scope for shakedown had been almost fully achieved. 

In a similar manner to the previous tests however, a small amount of dilation was 

observed towards the end of the tests. 

 

It was also found that larger settlements occurred in the vertical direction compared to the 

horizontal direction. This was true for all subgrade stiffnesses. Also, the stiffer subgrades 

resulted in lower settlements in all directions. Lower stiffness subgrades were more 

sensitive to changes in CBR, with small changes resulting in larger reductions to 

settlement compared to high stiffness subgrade. Compared to the soft subgrade 

(CBR=2%), the improvements in overall settlement were 18%, 37% and 46% for the 

‘Firm’ subgrade (CBR=3%), ‘Stiff-Very stiff’ subgrade (CBR=9%), and ‘Very stiff’ 

subgrade (CBR=14%), respectively. Therefore, it can be concluded that when horizontal 

stresses are high, the benefits of geogrid are higher for soft subgrade compared to very 

stiff subgrade.  
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Figure 53. Vertical settlement (Setup C) 

 

 

Figure 54. Horizontal settlement (Setup C) 
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Figure 55. Overall settlement of different subgrades (Setup C) 

 

Table 14. Settlement comparison of different subgrade stiffness’s (Setup C) 

 

Average settlement improvement at 350k cycles 

(Compared to the results of soft subgrade with 

CBR=2%) 

Firm subgrade 

CBR=3% 

Stiff-Very stiff 

subgrade 

CBR=9% 

Very stiff 

subgrade 

CBR=14% 

Vertical direction 24% 44% 49% 

Horizontal direction 11% 28% 41% 

Overall 18% 37% 46% 

 

4.6  Conclusions 

This chapter described a series of experimental tests to determine the potential of geogrids 

to confine granular layers within ballast railway lines operating at close to critical 

velocity. For this speed range, dynamic horizontal stresses are greatly magnified in 

comparison to vertical stresses, however most research assumes they are constant. 

Therefore, to investigate this, three main tests were performed under high relative levels 
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of horizontal loading: 1) the performance benefit from placing geogrid at the ballast-

subballast interface, 2) the performance benefit from placing geogrid at the subballast-

subgrade interface, 3) the effect of subgrade stiffness on geogrid performance at the 

subballast-subgrade interface. Testing was performed using a unique true triaxial 

apparatus which has the ability to vary stress levels in the three Cartesian directions. 

Compared to the control condition, the geogrid offered a settlement improvement of 

approximately 35% when placed at the ballast-subballast interface, and 10% to 15% when 

placed at the subballast-subgrade interface. Regarding subgrade CBR, it was found that 

the geogrid offered the greatest performance benefits when the subgrade was soft. 

Therefore, it was concluded that for the ballast rail structures under test, when subjected 

to high levels of horizontal stress, geogrids reduced settlements compared to non-geogrid 

solutions. This chapter established the method to reduce ballast track settlement, and the 

method to reduce ballast-asphalt track settlement will be discussed in the next chapter.  
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Chapter 5 The Effect of Asphalt Underlays on Track Settlement 

5.1 Introduction 

Railway asphalt is a kind of hot mix asphalt to replace components (i.e. ballast, subballast) 

of the conventional railway track. It has been widely used to support the rail track 

structure. Following the study of the method to reduce ballast track settlement, this 

chapter begins with a literature review of the ballast-asphalt railway track foundation 

research followed with the current method of reducing track-bed settlement (i.e. 

maintenance cost). Both experimental and numerical research are discussed and 

compared. To cover the gap of the railway track performance at the subgrade stiffness 

transition zone while using the asphalt layer, large-scale long-term laboratory tests were 

described in the following sections and test results are analysed and discussed. The 

content in this chapter has been published in Construction and Building Materials (Yu et 

al., 2019a). 

 

5.2 Literature Review of Improvement Methods for Railway Track 

Ballast railway track foundation typically consists of the ballast, the subballast and the 

subgrade. The nature of ballast means it is subjected to degradation due to particle 

breakage and fouling (Indraratna et al., 2010b), thus requiring frequent maintenance. To 

reduce this maintenance cost, a variety of methods have been investigated. 

 

One common method is to use a geogrid which decreases both vertical and lateral 

deformation, leading to reduced track maintenance (Indraratna et al., 2006, Brown et al., 

2007a, Aursudkij et al., 2009, Indraratna et al., 2010a, Indraratna et al., 2013b). 

Alternatively, Dersch et al., (2010) used an elastomer polyurethane for coating the ballast 



 

69 

particles to increase shear strength. Further, Woodward et al., (2014) injected XiTrack 

into ballast layer, resulting in a 40% increase in track stiffness. Alternatively, D’Angelo 

et al., (2016) proposed injecting bitumen into ballast to improve stiffness, while Sol-

Sánchez et al., (2014) and Ho et al., (2015) inserted rubber crumbs into the ballast to 

reduce abrasion. 

 

Instead of directly modifying the ballast, it is possible to modify other track components 

using under sleeper pads and/or asphaltic layers. Considering the use of under sleeper 

pads, both numerical and experimental investigations have shown improved track 

behaviour (Dahlberg, 2010, Lakušic et al., 2010, Schneider et al., 2011, Insa et al., 2012 

and Sol-Sánchez et al., 2014b). For the use of asphalt layers, early work included 

(Buonanno and Mele, 2000, Li et al., 2001, Rose et al., 2002, Rose and Lees, 2008, Rose 

and Bryson, 2009, Rose et al., 2010 and Rose et al., 2011) and focused on the field 

application of asphalt. Throughout these works it was concluded that asphaltic layers 

served to increase the longevity of ballast tracks, however quantitative measurement data 

was sparse. 

 

Therefore, to better understand the underlying behaviour of asphalt tracks, Esmaeili et al., 

(2014) used KENTRACK (Rose et al., 2004) to investigate their effect on lateral track 

resistance. Alternatively, Di Mino et al., (2012) developed an analytical model to 

compare the performance of ballast track with and without asphalt. The results confirmed 

that the asphalt layer reduced dynamic forces and ground vibration. Also, Fang et al., 

(2011) and Fang and Cerdas, (2015) used the finite element method to analyse asphalt 

railway substructures. It was found that the asphalt improved resilient performance and 

stress distribution, while also lowering vibration levels. 
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Although numerical modelling is useful for assessing dynamic response, laboratory 

testing is often preferred when investigating longer-term settlement response. Therefore, 

using physical tests, Momoya et al., (2005) and Momoya and Sekine, (2007) also showed 

that asphalt reduced residual settlement and that thicker asphalt improved performance. 

Further, Teixeira et al., (2009) investigated bituminous subballast on a high-speed line 

and proposed a theoretical asphalt design to protect the subgrade and reduce life-time 

maintenance cost. Similarly, Sol-Sánchez et al., (2016) tested warm-mix asphalt as 

subballast in railway track and found better performance with lower permanent 

deformation and higher static and dynamic modulus compared with traditional granular 

subballast. To investigate the performance of asphalt in cold regions, Liu et al., (2018) 

used mastic asphalt as a waterproofing layer and performed the tests in both laboratory 

and field. Finally, Lee et al., (2015) and Lee et al., (2016) performed full-scale static tests 

to evaluate the performance of an asphalt track-bed system. Results showed that, an 

asphalt layer can support a railway track without incurring major cracking. 

 

When investigating the long-term behaviour of railway track settlement, it is important 

that the excitation is representative of the loading experienced in the field (Connolly et 

al., 2014). To achieve this, test samples should be of similar scale to real tracks and load 

cycles should be accelerated to allow for a large number of train passages to be simulated 

in a reasonable time. Therefore, large scale testing apparatus are often required. 

 

To achieve this, Al Shaer et al., (2008) used a one-third scale testing facility to study the 

dynamic behaviour of railway tracks. It was found that global stiffness is variable in terms 

of the number of load cycles. It was also observed that the settlement depended strongly 

on the moving train speed due to increased levels of ballast acceleration. Further, Hasnayn 

et al., (2017) used a full-scale, single sleeper testing facility to study the performance of 
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railway track substructure during flooding. It was found that subgrade behaviour is 

significantly affected by changes in water content. 

Alternatively, to include the effect of multiple sleepers on track response, Liu et al., 

(2018) used a full-scale test facility with 4 sleepers to study the characteristics of ballast 

track under cyclic longitudinal loading. It was found that the ballast track was subject to 

cyclic softening with increased load cycles, resulting in reduced longitudinal bearing 

capacity. This cyclic softening was found dependent on the exerted displacement 

amplitude. Expanding upon this approach, Bian et al., (2014) developed a full-scale test 

facility with 8 sleepers to investigate dynamic performance and long-term durability of 

railway track. Ballastless track was tested and it was found that the roadbed shielded the 

underlying subgrade from slab vibrations.   

 

Although long-term performance of ballast railway track has been studied as mentioned 

above, the track performance at subgrade stiffness transition zones requires further 

clarification when asphalt layer is involved. To have a better understanding of this, this 

chapter describes large scale physical tests to assess the structural performance of a 

conventional ballast track system with and without asphalt layer to further confirm the 

benefit of using asphalt layer in railway track over a railway subgrade stiffness transition 

zone. Also, the long-term settlement behaviour of the ballast-asphalt track is investigated 

to quantify the benefit of using an asphalt layer within the railway track to reduce track 

deflections and subgrade pressures. This work presents several key novelties: 

 It is the only large-scale laboratory study where asphalt behaviour is investigated 

in the presence of a soil stiffness transition zone. 

 It is one of the few, large-scale laboratory asphalt track studies that directly 

compares the asphalt track settlement to the ballast track settlement. Therefore, it 

provides much-needed qualitative data related to the asphalt track performance. 
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 It provides substantial long-term settlement data (345 MGT) for the asphaltic 

track which is lacking in currently published research. 

5.3 Test Methodology 

In this section, the set up for two railway track systems are described. One is the ballast 

track system, which is quite common and used widely all over the world (Figure 56). The 

other one is a novel railway track called the ballast-asphalt track system (Figure 57). The 

details of these two track systems are described in the following sections. 

 

The general setup consisted of 3 half sleepers of 200 m depth, laid at 600 mm centres. 

They were fully embedded in the 400 mm of ballast as shown in Figure 56. They were 

constructed from metal, however designed to have mass and dimensions equal to the 

typical concrete sleepers used on UK railway lines. In the case of the hybrid track, a 200 

mm thick asphalt layer supported the ballast. Then, either the ballast or asphalt (depending 

on track type) was supported by a homogenous 100 mm deep granular layer. This granular 

layer also extended to a further depth of 300 mm, however at its horizontal centre was a 

low-stiffness rubber layer of width 1200 mm. The rubber material was intended to 

represent a ‘wet-spot’ type defect, commonly found on ballast rail lines. 

  

Figure 56. The layout of ballast track sample 
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Figure 57. The layout of ballast-asphalt track sample 

 

5.3.1 Instrumentations 

Before the introduction of the tested track system, the following instrumentation was used 

to monitor track behaviour: 

Temperature gauges: These thermistor probes were supplied by Geokon and of Model 

3800HT (Figure 58). They are used to monitor the cooling of the asphalt after laying and 

also the ambient and asphalt temperature during general compression testing. Gauges 

were placed inside the asphalt layer for asphalt layer temperature and away from the rig 

for ambient temperature. 

 

Figure 58. The thermistor probe  
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Asphalt strain gauges: These were supplied by CTLGroup and of type ASG 152 (Figure 

59). They were placed at five locations (including under each of the 3 sleepers) at the base 

of the asphalt layer, to record strain within the asphalt during testing. 

 

Figure 59. The asphalt strain gauge 

Displacement transducers: LVDTs were supplied by RDP to record vertical 

displacements during testing. Four 25 mm LVDTs (Model DCTH400AG) were used to 

record foundation displacements and three 300 mm ones (Model ACT6000C) were used 

to record sleeper displacements (Figure 60). The asphalt surface LVDTs were located 

above the test sample and connected to the asphalt layer via a sheathed rod (Figure 71 

left). 

    

Figure 60. 300 mm LVDT (left) and 25 mm LVDT (right) 



 

75 

Pressure plates: These were used to record the vertical pressures at the ballast 

foundation. Three were used during testing, each placed directly below each of the 

sleepers. They were supplied by Geokon and of type 3510 (Figure 61). 

 

Figure 61. Pressure plate 

 

5.3.2 Calibration of Pressure Plates 

The pressure sensors were calibrated by placing a standard weight on the surface of each 

plate (Figure 62). The standard weight started from 0 N, with an increment of 10 N until 

100 N. The pressure reading was recorded after each increment. The increments of each 

standard weight were approximately 0.3 kPa per 10 N (Figure 63). It was found that all 

three pressure plates were equally calibrated and performed adequately.  

 

Figure 62. Calibration of pressure plates 
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Figure 63. Pressure increment from calibration test 

 

5.3.3 Ballast-asphalt Track System 

Due to the space restrictions inside GRAFT II, the ballast-asphalt track sample was partly 

constructed inside a bespoke steel box outside the rig, and then craned into the rig.  The 

test sample included four different materials: ballast, asphalt, subballast (Type 1 granular 

filling) and rubber mats. Once craned inside GRAFT II, the ballast was added, and 

sleepers were placed. The overall process consisted of the following steps:  

 

5.3.3.1 Subgrade Preparation 

The first layer of ballast-asphalt track system was made of the rubber mats (shown in blue 

in Figure 64), placed in the centre of the test box and filled with compacted subballast in 

outer areas (shown in dark grey in Figure 64) to the same vertical height as the rubber 

(300 mm). The bedding modulus/subgrade reaction Cstat of the rubber mats was 30 

MPa/m. Typically, railway base layer stiffness is greater than 130 MPa/m (Chen et al., 

2013), meaning this soft zone was approximately a quarter of the value typically used on 
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railway lines. The stiffness of the resulting layer was assessed using light weight 

deflectometer (LWD) measurements (results presented in Figure 67 and Table 15), where 

‘section 1’ is the exit of transition and ‘section 3’ is the entry of transition (note that the 

LWD was unusable for the rubber sections 2L and 2R due to their very low stiffness). 

The rubber was designed to represent a typical soft subgrade found on UK railway lines, 

whereas the areas consisting of subballast were designed to represent a typical stiff 

subgrade. After LWD testing, an additional 100mm layer of subballast was added on top 

of the lower subballast-rubber layer.  Once complete another series of LWD tests were 

performed. 

    

Figure 64. Compaction of Type 1 (left); Dynamic plate load test using light weight 

deflectometer (LWD) (right) 

 

5.3.3.2 Asphalt Preparation  

Before pouring asphalt, five strain gauges were placed on the subballast surface, at 600 

mm intervals. In order to protect the cables from high asphalt temperatures during 

pouring, steel pipes were used as a shield as shown in Figure 65 right.  



 

78 

    

Figure 65. 400 mm height of Type 1 (left) and Placement of strain gauge (right) 

 

Prior to large-scale pouring, asphalt was hand-packed around each of the strain gauges to 

minimise sensor movement according to the method developed by Timm et al., (2004) 

(Figure 66 left). Next, asphalt was poured and compacted to a depth of 100 mm as shown 

in (Figure 66 centre). A thermometer was placed at this height and then the third set of 

dynamic plate load tests were undertaken. Finally, another 100 mm height of asphalt was 

poured and compacted as shown in (Figure 66 right). This total thickness of asphalt was 

chosen in accordance with (Huang et al., 2009) which concluded that increasing asphalt 

thickness from 100 mm to 200 mm significantly extended its fatigue life and decreased 

subgrade stress. At this upper asphalt level, dynamic plate load tests were performed: 

once while the asphalt was still hot and once after it had cooled down. All LWD tests 

results are presented in Table 15. 
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Figure 66. Cover for strain gauge (left), 100 mm thickness of asphalt with thermometer 

(centre) and 200 mm thickness of asphalt (right) 

 

 

Figure 67. Layout of LWD test locations 

 

Table 15. Results of LWD tests (MPa) 

Location 
Depth from box base  

300mm 400mm 500mm 600mm (hot) 600mm (cold) 

①(1L) 53 54 88 100 352 

②(1R) 54 72 67 81 300 

③(2L) N/A 4 11 17 210 

④(2R) N/A 4 11 14 185 

⑤(3L) 53 50 82 87 400 

⑥(3R) 45 67 80 83 183 

Note: hot = 10 mins after laying, cold = 24 hours after laying. 
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5.3.3.3 Asphalt Cooling Curve 

A temperature sensor measured the temperature when/after asphalt was poured, for 20 

hours. The maximum temperature was 110 °C and then cooled smoothly toward the 

ambient laboratory temperature. The asphalt cooling curve is shown below in Figure 68. 

 

Figure 68. Asphalt cooling curve 

 

5.3.3.4 Ballast Preparation 

The test box was then craned into GRAFT II and then pressure cells placed on the asphalt 

surface, directly beneath the planned half-sleeper locations (Figure 69). 
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Figure 69. Placement of pressure cell plates in the ballast-asphalt track system 

 

Ballast was hand-packed around the pressure cells and then poured to a depth of 200 mm 

(Figure 70 left). At the same time, wooden poles inside white plastic tubes were placed 

on the asphalt surface and surrounded by ballast, for the purpose of measuring foundation 

settlements (Figure 70 centre). The sleepers were then placed on the ballast surface before 

pouring a second 200 mm thickness of ballast around them (Figure 70 right). The sleepers 

were half-width constructed from metal as only half of the track was modelled, due to 

symmetry. The dimensions of sleepers were 1,250 mm × 285 mm × 210 mm, thus giving 

them a bending stiffness of 19.8 MNm2, which was slightly higher than concrete sleepers. 

Steel sleepers were used due to their ease of bespoke manufacture, thus allowing for 

straightforward connecting of the hydraulic rams. 
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Figure 70. Installation of the ballast (left), installation of LVDT extension (centre) and 

installation of sleepers (right) 

 

After the sleepers were in position, three hydraulic actuators (with built-in 300 mm 

LVDTs) were connected to the sleepers using metal pins (Figure 71 left). Then, four 25 

mm LVDTs were fixed to the wooden poles to measure the foundation settlement (Figure 

71 right). The detailed sensors locations are shown in Figure 76 top. 

     

Figure 71. Installation of actuators (left) and Installation of LVDTs (right) 

 

5.3.4 Ballast Track System 

This ballast track sample was constructed using three different materials: ballast, 

subballast and rubber mats. In order to save the construction time, the subgrade 
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(consisting of the rubber mats and subballast) was reused from the ballast-asphalt track 

sample within a large steel box. The layer of asphalt was removed by the forklift. The 

steel box was then craned into GRAFT II.  Once inside, the ballast was added and sleepers 

were placed. The overall process consisted of the following steps: 

 

5.3.4.1 Construction of Subgrade and Removal of Asphalt  

Since the subgrade was reused from previous test box, position and height of the rubber 

mats and subballast remained the same as in the ballast-asphalt track sample. Rubber mats 

were placed (shown in blue in Figure 72) in the centre of the test box and filled with 

compacted subballast in the outer areas (shown in dark grey in Figure 72 left) to the same 

vertical height 300 mm as the rubber. The rubber was designed to represent a typical soft 

subgrade found on UK railway lines, whereas the areas consisting of subballast were 

designed to represent a typical stiff subgrade. It should be highlighted that this soft 

subgrade is an extreme example of low stiffness. Then, the subballast was compacted to 

a height of 400 mm measured from the box base (Figure 72 centre). After asphalt layer is 

removed, the test box was craned into GRAFT II (Figure 72 right). 

   

Figure 72. Compaction of Subballast (left), full height of subgrade (centre) and remove 

of asphalt (right) 
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5.3.4.2 Ballast Preparation  

After levelling the surface of the subgrade, three pressure cells were placed on the surface 

of the subgrade layer for ballast track in Figure 73, directly beneath the planned half-

sleeper locations. Three hydraulic actuators were installed to ensure the correct position 

of the pressure cells.  

 

Figure 73. Placement of pressure cell plates in the ballast track system 

 

Same procedures as for the ballast-asphalt track system were followed, ballast was hand-

packed around the pressure cells and then poured to a depth of 200 mm (Figure 74 left). 

At the same time, wooden poles inside white plastic tubes were placed on the subgrade 

surface in ballast track and surrounded by ballast, for the purpose of measuring foundation 

settlements (Figure 74 centre). The same half-width steel sleepers were then placed on 

the ballast surface before pouring a second 200 mm thickness of ballast around them 

(Figure 74 right).  
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Figure 74. Installation of ballast (left), Installation of LVDT extension (centre) and 

Installation of sleepers (right) 

 

After the sleepers were in position, three hydraulic actuators (with built-in 300 mm 

LVDTs) were connected to the sleepers using metal pins (Figure 75 left). Then, four 

25mm LVDTs were fixed to the wooden poles to measure the foundation settlement 

(Figure 75 right). The detailed sensors locations are shown in Figure 76 bottom. 

 

  

Figure 75. The connection of actuators and sleepers (left) and Installation of LVDTs 

(right) 
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Figure 76. Test sample schematics 

 

Considering the sensor location and to have a better comparison over the transition zone 

during analysis, the measured pressure, settlement and strain are described in Table 16. It 

should be noticed that in ballast track, the foundation includes subballast and rubber, 

while in ballast-asphalt track, foundation includes subballast, rubber and asphalt. 

 

Table 16. Description of measured parameters 

Sensor name Measured parameter Location description 

LVDT 1 Foundation settlement Pre-transition (stiff subgrade) 

LVDT 2 Foundation settlement Transition centre (soft subgrade) 

LVDT 3 Foundation settlement Transition centre (soft subgrade) 

LVDT 4 Foundation settlement Post-transition (stiff subgrade) 

LVDT 5 Sleeper settlement Transition entry 

LVDT 6 Sleeper settlement Transition centre 

LVDT 7 Sleeper settlement Transition exit 
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Pressure cell 1 Foundation pressure Transition entry 

Pressure cell 2 Foundation pressure Transition centre 

Pressure cell 3 Foundation pressure Transition exit 

Strain gauge 1 Asphalt strain Pre-transition 

Strain gauge 2 Asphalt strain Transition exit 

Strain gauge 3 Asphalt strain Transition entry 

Strain gauge 4 Asphalt strain Transition centre 

Strain gauge 5 Asphalt strain Post-transition 

 

5.3.5 Load Calculations 

Assuming an axle load of 25 t, the equivalent wheel load is 12.5 t. Also assuming the 

force distribution is 0.5/0.5/0.5 across the side/middle/side sleepers for the moving wheel 

loading, respectively, the wheel load over the central sleeper is 6.25 t, and the force is 

given by Equation (15):  

 𝐹 𝑚 𝑎 6.25 𝑡  9.81 𝑚/𝑠 61.3 𝑘𝑁  (15) 

The train speed under consideration is 125 mph (55.9 m/s) and sleeper spacing 0.6 m. 

Therefore, the time lag between sleeper excitations is given by in Equation (16): 

 𝑇 .  

.  /
0.01𝑠  (16) 

Further, MGT (million gross tonnes) was used to measure the total loading during cyclic 

testing. It was approximated using Equation (17): 

 𝑀𝐺𝑇   (17) 

Where: 

F = individual wheel load (25 tonnes) 

T= total cyclic testing duration (seconds) 

f = cyclic loading frequency (6Hz) 
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5.3.6 Ballast Settlement Interpretation 

To approximate the ballast settlement, it was assumed that the foundation displaced 

linearly between the loading location and test box edge. Thus, the foundation settlement 

was interpolated as follow: 

 The settlement at transition entry is the mean value of foundation settlement at the 

pre-transition and transition centre. 

 The settlement at transition centre is the mean value of foundation settlement at 

the transition centre 

 The settlement at transition exit is the mean value of foundation settlement at the 

transition centre and post-transition.  

Then, subtracting sleeper settlement from the interpolated foundation settlement at 

transition entry, centre and exit, ballast settlement was approximately determined by 

Equation (18). Then, the transition edge settlement was also calculated in Equation (19) 

and compared with transition centre value. 

 𝛿 𝛿 𝛿   (18) 

 𝛿     (19) 

 

5.3.7 Test Plan 

5.3.7.1 Cyclic Compression Test 

The three hydraulic actuators excited the three single, half-width sleepers, mimicking a 

series of different axle load moving at 125 mph. To simulate a moving wheel load, each 

sleeper was loaded in a phased manner (described in section 5.3.5). Twelve stages of 

cyclic loading were considered (Table 17), up to a maximum of 345 million gross tonnes 

(MGT). MGT indicates the cumulative load applied at the central sleeper, and the total 
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loading was equivalent to 11.5 years’ worth of passages on a high traffic intercity route 

(Kennedy et al., 2013). This large number of cycles was applied for the purposes of: 

1) Generating valuable data related to the very long-term behaviour of railway 

asphalt that is currently unpublished under controlled lab conditions 

2) Giving the maximum opportunity for all layers to shakedown 

For each stage, the loading was cycled between 1 kN to its maximum force (Table 4) at a 

given frequency. Eight cyclic loading combinations were used, each with increasing 

maximum force. Then, the force was gradually ramped up to 40 kN. Finally, a small 

reduction in force was then performed before cyclic loading at 61 kN. After full cyclic 

loading finished, the test was stopped, while the control system continued to record for 

another 24 hours to obtain recovery data.  

 

Table 17. Loading plan 

Stage 

number 

Loading 

description 

Max force 

(kN) 

Cyclic frequency 

(Hz) 

Total MGT (million 

gross tonnes) 

1 Steady cyclic 1.5 0.2 0 

2 Steady cyclic 2.0 7 0 

3 Steady cyclic 4.0 6 0.03 

4 Steady cyclic 6.0 6 0.06 

5 Steady cyclic 10.0 6 0.11 

6 Steady cyclic 14.0 6 0.18 

7 Steady cyclic 20.0 6 3.34 

8 Steady cyclic 25.0 6 4.66 

9 Ramped cyclic 30.0 6 11.04 

10 Ramped cyclic 40.0 6 19.57 

11 Ramped cyclic 14 6 22.43 

12 Full cyclic 61.3 6 345.91 
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5.3.7.2 Static Compression Test 

Two static compression tests were carried out on the ballast-asphalt track system after the 

cyclic test. One was performed on the ballast surface (Figure 77) while the other one was 

performed on the asphalt surface after the removal of ballast (Figure 78). The force 

distribution in the static test is assumed to be 0.25/0.5/0.25 across the side/middle/side 

sleepers respectively to simulate the static moving loading. The loading on the middle 

sleeper was gradually increased to 61.3 kN (25 tonnes), while loading on the side sleeper 

increased to 30.7 kN. Next, an increment of 2.4 kN per 10 minutes, which is to ensure the 

settlement is achieved before increasing the loading, were applied until the loading of 

73.6 kN was reached, (20% greater than the previous cyclic test maximum force).  

 

Figure 77. Set up for the static test on the ballast surface 
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Figure 78. Set up for the static test on the asphalt surface 

 

5.4 Cyclic Compression Test Results and Analysis 

When testing the ballast-asphalt track system, all 12 stages of loading were successfully 

completed. However, due to the low bending stiffness of the ballast track system, large 

settlement was achieved before all stages were completed, resulting in early termination 

of the cyclic test during the stage 10 at the maximum force of 40 kN (16.3-tonne axle 

load) in ballast track sample. The results here are first shown for the performance of 

ballast-asphalt track and ballast track involved with soft subgrade after approximately 16 

MGT. Then, long-term performance of ballast-asphalt track is presented after in section 

5.4.2 (full loading until 345 MGT).  

 

5.4.1 Influence of the Asphalt Layer 

The results for the cyclic test in the ballast-asphalt track are shown below. The mean value 

of sleeper settlements at transition entry and exit (measured by LVDT 5 and LVDT 7) 
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were calculated and presented as the transition edge in Figure 79. Similarly, the mean 

value of foundation pressures at transition entry and exit (measured by pressure cell 1 and 

pressure cell 3) were calculated and presented as the transition edge in Figure 81. 

Meanwhile, the mean value of foundation settlements at stiff subgrade (measured by 

LVDT 2 and 3) were calculated and presented as the mean value of stiff subgrade in 

Figure 80, along with the mean value of foundation settlement at soft subgrade (measured 

by LVDT 1 and LVDT 40.  

 

For Figure 79, the settlement of the sleeper at transition centre was the largest (8.24 mm), 

while it was 7.76 mm at transition edge. For Figure 80, the foundation settlement above 

the soft subgrade (mean: 3.09 mm) was 4 times more than that above the stiff subgrade 

(mean: 0.56 mm). Using interpolation (calculation example in section 5.3.6), the 

settlements of the foundation were 1.82 mm and 3.09 mm at transition edge and centre, 

respectively. Therefore, the settlements of ballast were then calculated approximately as 

5.94 mm and 5.15 mm at transition edge and centre, respectively. For Figure 81, the 

ballast foundation pressure was 9.08 kPa at transition centre, 27.3% lower than that at 

transition edge with the pressure of 12.49 kPa (mean). The pressures presented here were 

the mean pressure values over the last 2 MGT loading stage since the pressure was still 

under rearrangement during this loading period. 
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Figure 79. Sleeper settlement in ballast-asphalt track after 16 MGT 

 

Figure 80. Foundation settlement in ballast-asphalt track after 16 MGT 
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Figure 81. Foundation pressure in ballast-asphalt track after 16 MGT 

 

In the same manner, the results for the cyclic test in ballast track are shown below. For 

Figure 82, the settlement of the sleeper at transition centre was the largest (56.53 mm), 

while it was 51.74 mm at transition edge. For Figure 83, the foundation settlement above 

the soft subgrade (mean: 14.97 mm) was 70 times more than that above the stiff subgrade 

(mean: 0.21 mm). Using interpolation (calculation example in section 5.3.6), the 

foundation settlements are 7.59 mm and 14.97 mm at transition edge and centre, 

respectively. Therefore, the settlements of ballast were then calculated approximately as 

44.15 mm and 41.56 mm at transition edge and centre, respectively. For Figure 84, the 

ballast foundation pressure was 44.43 kPa at transition centre, 14.8% higher than that at 

transition edge with the pressure of 38.70 kPa (mean). The pressures presented here were 

the mean pressure values over the last 2 MGT loading stage since the pressure was still 

under rearrangement during this loading period. 
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Figure 82. Sleeper settlement in ballast track after 16 MGT 

 

 

Figure 83. Foundation settlement in ballast track after 16 MGT 
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Figure 84. Foundation pressure in ballast track after 16 MGT 

 

The comparison of the results after 16 MGT from the ballast-asphalt track and ballast 

track are discussed hereby. Meanwhile, mean values of the sleeper, ballast and foundation 

settlements at transition edge and centre are shown in Table 18.  

 

Figure 85 and Table 18 show that the sleeper settlement is 85% and 85.4% reduction at 

transition edge and centre, respectively, by use of asphalt layer. It also shows that for the 

ballast-asphalt track, regardless of the stiffness of the foundation (i.e. soft or stiff), 

settlements were similar (i.e. differential settlement between transition edge and transition 

centre was 0.47 mm). However, for the ballast track, the settlements were greatly 

influenced by foundation stiffness, with the transition edge showing 4.79 mm lower 

settlement compared to the softer transition centre after 16MGT. It indicates that the 

asphalt layer bridged over the subgrade stiffness transition zone and increased the 

stiffness of the track, resulting in a reduced settlement compared to the ballast track.  
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For Figure 86, at transition edge location above the stiffer subgrade, the foundation 

settlements of ballast and ballast-asphalt tracks are both low and of similar magnitude. 

The small discrepancy is likely due to initial compaction, caused by the fact that the 

ballast track sample was tested after the ballast-asphalt track, but using the same subgrade. 

Regarding the soft subgrade at transition centre, there was a marked difference in 

response. The ballast track resulted in a settlement of 14.97 mm at transition centre, while 

the ballast-asphalt track resulted in a settlement of 3.09 mm at transition centre. The 

foundation settlement showed a 79.4% reduction in ballast-asphalt track and was due to 

the higher bending stiffness of the asphalt layer. Similarly, for the ballast-asphalt track, 

regardless of the stiffness of foundation (i.e. soft or stiff), settlements remained similar 

(i.e. differential settlement between transition edge and transition centre was 1.26 mm). 

However, for the ballast track, the settlements of the transition edge showed 7.38 mm 

lower settlement compared to the softer transition centre after 16 MGT. Again, this 

indicates that by using the asphalt layer, the stiffness of track increased, especially at 

transition centre (i.e. soft subgrade). It shows the capability of the asphalt layer to 

overcome the degradation of subgrade and potentially reduce the maintenance cost.  

 

Figure 87 shows the effect of increasing MGT and the effect of the asphalt layer on the 

pressure at the base of the ballast layer. Overall the pressures transmitted to the foundation 

in the presence of the ballast track were much larger than for the ballast-asphalt track. For 

the ballast track, the pressures started from a higher initial value, and the transition edge 

and centre locations had significantly different responses. For the transition centre, the 

pressure increased relatively steadily. However, for the transition edges, there was a large, 

localised increase in pressure which peaked at 2 MGT (58.1 KPa) and then decreased 

until 6 MGT (27.96 kPa). After this, it began to increase again, albeit at a lower rate, that 

was more comparable to that of the transition centre. This occurred because the entry and 
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exit locations were above stiffer subgrade and experienced greater levels of compaction 

during loading. As they continued to undergo compaction, the load was then redistributed 

more evenly across the three locations, due to the rearrangement of ballast, causing a 

drop-in pressure at these positions. Then, after 16 MGT cyclic loading, the mean 

foundation pressure (mean value of pressures at transition edge and centre) was 40.61 kPa 

in the ballast track, with even higher pressures at transition centre. For the ballast-asphalt 

track, the foundation pressure was low when the test commenced, and increased 

gradually. The increase was more prominent at the stiffer transition edge locations, 

however still relatively low. This was due to the pressure redistribution characteristics of 

the asphalt layer, thus making the adjacent areas (i.e. stiff subgrade) contribute to 

supporting the force, in the same manner as (Lee et al., 2016). Then, after 16 MGT of 

cyclic loading, the mean foundation pressure was 11.4 kPa in the hybrid ballast-asphalt 

track. This was equivalent to a 72% reduction.  

 

Table 18 shows that ballast settlement at transition centre was equal to 74% and 63% of 

the sleeper settlement, considering the ballast and asphalt tracks, respectively. This 

indicated that the majority of the settlement over the soft subgrade was due to ballast 

settlement. Further, the foundation settlement at transition edge (7.59 mm) was much 

lower than that at transition centre (14.97 mm). This was true for both ballast and ballast-

asphalt track, indicating that compression of the soft subgrade also occurred. However, 

the presence of the asphalt layer increased the stiffness of the track above the subgrade in 

comparison to the ballast track, resulting in reduced ballast settlement and foundation 

settlement. This was also found by (Fang et al., 2011), and is beneficial for long term 

stability. 
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Table 18. Settlement comparison between ballast track and ballast-asphalt track 

 Ballast Track (mm) Ballast-asphalt Track (mm) 

 Transition 

edge 

Transition 

centre 

Transition 

edge 

Transition 

centre 

Sleeper settlement 51.74 56.53 7.76 8.24 

Ballast settlement 44.15 41.56 5.94 5.15 

Foundation settlement 7.591 14.972 1.821 3.092 
1 This foundation settlement is measured on the subgrade surface in ballast track, including settlements of 

subballast and rubber mats  

2 This foundation settlement is measured on the asphalt surface in ballast-asphalt track, including 

settlements of asphalt, subballast and rubber mats 

 

 

Figure 85. Sleeper settlement comparison between cyclic compression test in ballast-

asphalt track and ballast track after 16 MGT 
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Figure 86. Foundation settlement comparison between cyclic compression test in 

ballast-asphalt track and ballast track after 16 MGT3 

3. Foundation settlement in ballast track is including settlements of subballast and rubber mats, while in 

ballast-asphalt track, it includes settlements of asphalt, subballast and rubber mats 

 

 

Figure 87. Foundation pressure comparison between cyclic compression test in ballast-

asphalt track and ballast track after 16 MGT 
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5.4.2 Long-term Performance of Ballast-Asphalt Track System 

The ballast track failed due to excessive deflection after 16 MGT, however the asphalt 

track’s behaviour was tested to 345 MGT without failure. Therefore, this section 

discusses the longer-term behaviour of the hybrid asphalt track only. 

 

Figure 88 shows the asphalt layer temperature and ambient temperature during cyclic 

compression test in ballast-asphalt track over 345 MGT. It can be seen that the ambient 

temperature during the test varied between 4.5 °C and 14.8 °C, with a mean temperature 

of 9.8 °C. For asphalt temperature (ignoring the sudden increasing in the beginning due 

to the data recording issue), it increased from 10.2 °C to 17.1 °C due to the cyclic loading 

force magnitude increasing. Then it settled down after approximately 150 MGT, varying 

between 15.2 0°C and 17.1°C, with a mean temperature of 15.9 °C. After 24 hours of 

recovery, the asphalt layer temperature dropped from 17.1 °C to 14.7 °C.  

 

Figure 89 shows the loading magnitude was followed with a loading plan (Table 17) step 

by step. After 345 MGT cyclic loading, the test was stopped, and compression force was 

released to 0 kN.  

 

Figure 90 shows the sleeper displacements for the hybrid asphalt track.  There was a 

steady increase in displacements and at 345 MGT the settlement of the sleeper at 

transition centre was larger (23.37 mm) than that of the transition edge (16.92 mm). This 

was due to the presence of the low-stiffness subgrade layer, compared to the relatively 

stiff subgrade at either side. The largest changes in settlement occurred prior to 50 MGT 

and were most likely due to ballast shakedown. This change was 0.415 mm/MGT at 

transition centre and 0.423 mm/MGT at transition edge, during the initial 20 MGT. In 
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contrast, after 345 MGT of cyclic loading, the mean change in the settlement was only 

0.008 mm/MGT at transition centre and 0.008 mm/MGT at transition edge.  

 

Compared to the previous work of (McDowell et al., 2004), where cyclic loading 

(equivalent to an axle load of 20 - 25t) was applied to ballast in absence of subgrade, after 

20 MGT loading, settlement varied between 11.6 mm and 32.2 mm for 4 types of ballast 

with different particle shape (i.e. different flakiness index and particle length index) and 

Los Angeles Abrasion values. However, in the current research, sleeper settlements were 

7.7 mm and 8.1 mm after 20 MGT, and 16.92 mm and 23.37 mm after 345 MGT at stiff 

and soft subgrade respectively. This provides a qualitative indicator that the presence of 

asphalt improved settlement.  

 

Figure 91 exhibits foundation settlement. After 345 MGT the stiff foundation experienced 

1.19 mm settlement which was 85% less than that of the soft foundation (7.9 mm). 

Further, during the first 20 MGT, the change in the settlement was 0.098 mm/MGT at 

transition centre, and only 0.032 mm/MGT at transition edge. Then, after 345 MGT, the 

change in foundation settlement was 0.0017 mm/MGT at transition centre, and 0.00002 

mm/MGT at transition edge. This shows that the test sample had undergone additional 

shakedown after 20 MGT, thus justifying the high number of load cycles. 

 

Ballast settlements were not directly measured during testing, using interpolation method 

(calculation example in section 5.3.6), the settlements of ballast were approximately 10.1 

mm, 15.47 mm and 14.64 mm, at transition entry, centre and exit, respectively, generating 

a differential settlement of 3.1 mm between transition edge (12.38 mm, mean value of 

transition entry and exit) and transition centre.  
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After 24 hours recovery, ballast permanent settlements were calculated as 8.99 mm, 14.27 

mm and 13.94 mm with recovery percentages of 11%, 8% and 5% at the location of 

transition entry, centre and exit, respectively, with a mean value of 8% (Figure 92). 

Similarly, the permanent foundation settlements were 0.55 mm, 6.74 mm, 6.5 mm and 

1.11 mm with recovery percentages of 42%, 16% 17% and 22% at the same location 

(mean value of 24%).  

 

Figure 93 displays the ballast foundation pressure. The ballast foundation pressure was 

15 kPa at the soft subgrade, 50% lower compared to the stiff subgrade with the pressure 

of 30 kPa (mean). This was because the softer zone underwent greater vertical 

displacement, thus granting greater scope for particle rearrangement. This load 

distribution effect allowed the track materials (i.e. ballast) to spread the load over a larger 

surface area, thus resulting in an overall lower pressure being recorded. 

 

Figure 94 presents asphalt strain during the cyclic compression test. After 345MGT cyclic 

loading, the asphalt strains were found to be -0.67×10-3, 1.3×10-3, 1.2×10-3, -0.71×10-3 

and -0.64×10-3 at pre-transition, transition entry, transition centre, transition exit and post-

transition respectively. This demonstrates that the asphalt strain at the soft subgrade was 

significantly higher than that at stiff subgrade (except the one on the transition exit 

position due to the strain gauge failure during the test).  
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Figure 88. Asphalt layer temperature and ambient temperature in ballast-asphalt track 

after 345 MGT 

 

 

Figure 89. Force magnitude in ballast-asphalt track after 345 MGT 

 



 

105 

 

Figure 90. Sleeper settlement in ballast-asphalt track after 345 MGT 

 

 

Figure 91. Foundation settlement in ballast-asphalt track after 345 MGT 
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Figure 92. Settlement comparison after 24 hours recovery  

 

 

Figure 93. Foundation pressure in ballast-asphalt track after 345 MGT 
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Figure 94. Asphalt absolute strain in ballast-asphalt track after 345 MGT 

 

5.4.3 Ballast Condition Inspection 

To have a better understanding of ballast behaviour (i.e. breakage) during cyclic loading, 

pictures of ballast condition (Figure 96 - Figure 99) at three locations were recorded. 

These three locations were beneath the middle sleeper at the depth of 0 m, 0.1 m and 0.2 

m from the sleeper bottom (Figure 95 red points). There was almost zero visual evidence 

of damage to the asphalt surface directly below the ballast layer. No ballast particles had 

become embedded in the asphalt and no visual abrasion was found. Greater ballast 

breakage occurred towards the sleeper free-end and also with increasing depth.   

 

Figure 95. Observed locations for ballast at different depths    
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Figure 96. Overview of ballast in location 1 showing limited ballast breakage  

 

Figure 97. Overview of ballast in location 2 showing more ballast breakage  

 

Figure 98. Overview of ballast at location 3 showing the most ballast breakage  
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Figure 99. Overview of surface between pressure cell and asphalt 

 

5.5 Static Compression Test Results on Ballast-Asphalt Track System 

5.5.1 Static Test Results on Ballast Surface 

This section will discuss the results of the static test on the ballast surface.  

Figure 100 shows the loading magnitude, which was followed with a loading plan in 

section 5.3.7.2 step by step. After 10 minutes of static loading of 73.6 kN on ballast 

surface, the test was stopped, and the compression force was released to 0 kN.  

 

Figure 101 displays the ballast foundation pressure. After the load of 73.6 kN was 

reached, the ballast foundation pressure was 21 kPa at the soft subgrade, around 54% 

lower compared to that of the stiff subgrade with the pressure of 46 kPa(mean). It is 

important to highlight that in the static compression test, the loading at the soft subgrade 

is twice than that at the stiff subgrade. Again, this result indicates that the softer zone 

underwent greater vertical displacement, thus granting greater scope for particle 

rearrangement. This load distribution effect allowed the track materials (i.e. ballast) to 

spread the load over a larger surface area, thus resulting in an overall lower pressure being 

recorded. 
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Figure 102 presented the settlement of the sleeper in the static test on ballast surface, 

giving the largest settlement at transition centre with 4.07 mm due to the soft stiffness of 

the subgrade, while it was 2.23 mm at the transition entry and 2.42 mm at the transition 

exit. The majority of the settlement happens during static loading increasing to the 61.3 

kN stage, and settlement change was slower afterwards. However, after 61.3 kN, the 

settlement change at the transition centre is greater than that at the transition edge. This 

indicates that settlement behaviour of the ballast-asphalt track under static loading is 

highly relevant to the subgrade stiffness. After around 20 minutes recovery, sleeper 

settlements recovered to 0.42 mm, 0.64 mm and 0.21 mm, giving recovery percentages 

of 83%, 84% and 90% at transition entry, centre and exit, respectively.  

 

Figure 103 exhibits foundation settlement in the static test on the ballast surface. 

Similarly, foundation settlements at transition centre (over soft subgrade) were 1.92 mm 

and 1.90 mm, with the mean value of 1.91 mm. It was 0.54 mm at pre-transition and 0.47 

mm at post-transition (over stiff subgrade), with the mean value of 0.51 mm. The results 

show the settlement at the stiff subgrade is 74% less than that at the soft subgrade. After 

around 20 minutes recovery, foundation settlements recovered to 0.03 mm, 0.29 mm, 0.31 

mm and 0.03 mm, giving recovery percentages of 94%, 85%, 84% and 94% at pre-

transition, transition centre, transition centre and post-transition, respectively. 

 

Using interpolation method (calculation example in section 5.3.6), the settlements of 

ballast were approximately 1.19 mm, 2.16 mm and 1.05 mm, at transition entry, centre 

and exit, respectively. After around 20 minutes recovery, ballast permanent settlements 

were calculated as 0.25 mm, 0.34 mm and 0.05 mm with recovery percentages of 79%, 

84% and 96% at the location of transition entry, centre and exit, respectively (Figure 104).  
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Figure 100. Force magnitude in the static test on the ballast surface 

 

 

Figure 101. Ballast foundation pressure in the static test on the ballast surface 
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Figure 102. Sleeper settlement in the static test on the ballast surface 

 

 

Figure 103. Foundation settlement in the static test on the ballast surface 
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Figure 104. Settlement comparison during the static test on the ballast surface (Circle 

points = raw data; solid = interpolated curve) 

 

5.5.2 Static Test Results on Asphalt Surface 

This section will discuss the results of the static test on the asphalt surface. Since sleepers 

were directly placed on the asphalt surface, the pressure cells were not installed.  

 

Figure 105 shows the loading magnitude, which was followed with a loading plan in 

section 5.3.7.2 step by step. After 10 minutes of static loading of 73.6 kN on ballast 

surface, the test was stopped, and the compression force was released to 0 kN.  

 

Figure 106 presents the settlement of the sleeper, giving the largest settlement at the 

transition centre with 16.36 mm due to the soft stiffness of the subgrade, while it was 6.04 

mm at the transition entry and 5.81 mm at the transition exit. Similar to the static test on 

the ballast surface, the majority of settlement happens during static loading increasing to 

the 61.3 kN stage, and settlement change was slower afterwards. However, after 61.3 kN, 

the settlement change at the transition centre is still greater than that at the transition edge. 
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This indicates that settlement behaviour of the ballast-asphalt track under static loading 

is highly relevant to the subgrade stiffness. After around 20 minutes recovery, sleeper 

settlements recovered to 0.67 mm, 6.68 mm and 0.58 mm, giving recovery percentages 

of 89%, 59% and 90% at the transition entry, centre and exit, respectively. This shows 

that sleeper settlement over the soft subgrade is likely not fully recovered and potential 

permanent settlement may occur if no ballast layer is involved.  

 

Figure 107 exhibits the foundation settlement. Similarly, foundation settlements at the 

transition centre (over soft subgrade) were 9.74 mm and 10.16 mm, with the mean value 

of 9.95 mm. It was 0.65 mm at the pre-transition and 0.29 mm at the post-transition (over 

stiff subgrade), with the mean value of 0.47 mm. The results show the settlement at the 

stiff subgrade is 95% less than that at the soft subgrade. After around 20 minutes of 

recovery, it is interesting to see those foundation settlements expanded to positive values 

of 0.95 mm and 1.61 mm at the pre-transition and the post-transition, respectively, while 

they recovered to 3.0 mm and 3.30 mm at the transition centre. A possible reason is that 

during the loading, large settlement occurred over the soft subgrade. When the load was 

released, some settlement recovery at the transition centre transferred to the transition 

edge as there was no loading over the asphalt surface (ballast layer removed), resulting in 

an expanding of the transition edge (pre-transition and post-transition). Due to this, it is 

hard to calculate the ballast settlement in the static test on the asphalt surface. For the 

recovery of the transition centre, it was 69% and 68%, respectively. This again proved 

that foundation settlement over the soft subgrade is likely not fully recovered and 

potential permanent settlement may occur if no ballast layer is involved. 
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Figure 105. Force magnitude in the static test on the asphalt surface 

 

 

Figure 106. Sleeper settlement in the static test on the asphalt surface 
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Figure 107. Foundation settlement in the static test on the asphalt surface 

 

5.6 Conclusions 

The use of asphalt within railway track structures is becoming of increased interest due 

to its potential to improve track performance and lifecycle costs. To assess the 

performance of asphalt railway tracks, both numerical and laboratory research activities 

have been carried out recently. However, little research has been done to determine the 

performance of asphalt railway track in the presence of a subgrade transition zone, 

intended to present a track wet-spot.  

 

This chapter described a series of laboratory tests performed by using a large scale railway 

testing facility, GRAFT II. Both fatigue cyclic and static tests were undertaken, each in 

the presence of a subgrade transition zone: 1) a 16 MGT cyclic compression test (25 tonne 

axle load) on ballast-asphalt track and ballast track, followed with a 345 MGT cyclic 

compression test on ballast-asphalt track, 2) a static compression test on the ballast 

surface of the ballast-asphalt track and a static compression test also on the same track, 

but with the ballast removed, thus exposing the asphalt slab underlay.  
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The following findings are made: 

 The sleeper settlement of ballast-asphalt track shows 85% and 85.4% reduction at 

transition edge and transition centre, respectively, compared to ballast track. It 

also shows that for the ballast-asphalt track, regardless of the stiffness of 

foundation (i.e. soft or stiff), settlements were similar. However, for the ballast 

track, the settlements were more greatly influenced by the foundation stiffness. It 

indicates that the asphalt layer bridged over the subgrade stiffness transition zone 

and increased the stiffness of the track, resulting in a reduced settlement compared 

to the ballast track. 

 The foundation settlements at the transition edge location above the stiffer 

subgrade of ballast and ballast-asphalt tracks are both low and of similar 

magnitude. Regarding the soft subgrade at the transition centre, there was a 

marked difference in response. The foundation settlement showed a 79.4% 

reduction in ballast-asphalt track and was due to the higher bending stiffness of 

the asphalt layer. It shows the capability of the asphalt layer to overcome the 

degradation of subgrade by increasing track stiffness and potentially reduce the 

maintenance cost. 

 The mean foundation pressure was 40.6 kPa in the ballast track and 11.4 kPa in 

the ballast-asphalt track, representing a 72% reduction, thus showing the ability 

of the asphaltic layer to shield the subgrade from high stress levels. 

 For the long-term performance of the ballast-asphalt track, track settlements were 

the largest at the centre of the transition zone (soft subgrade, with the lowermost 

track layers (i.e. asphalt) experiencing the largest differential settlement of 3.36 

mm after 345 MGT of cyclic loading.  



 

118 

 Track pressures were the lowest at the centre of the transition zone where track 

stiffness was lowest. This was due to the ballast particles stress relieving, and thus 

distributing the pressures over a larger area. 

 After 24 hours short recovery, the mean ballast settlement and foundation 

settlements recovered by 8% and 24%, indicating that a combination of elastic 

and permanent deformations had occurred within the material. 

 When loading the asphalt directly (i.e. without ballast), sleeper displacements 

were larger than for the case with ballast. Therefore, the ballast showed evidence 

of spreading the load through the track structure.  

 After short-term recovery time, the recovery percentage of sleeper settlement at 

the soft subgrade in the static test on asphalt surface was 59%, much lower than 

that on ballast surface with 84%. Similarly, in the foundation settlement, the 

recovery percentage at the soft subgrade in the static test on asphalt surface was 

68% compared to the case with the ballast of 84%. This shows that sleeper and 

foundation settlement over the soft subgrade is likely not fully recovered and 

potential permanent settlement may occur if no ballast layer is involved.  

 After testing, visual inspection showed the asphalt layer to be in good condition, 

with virtually no evidence of abrasion or ballast penetration. 

Therefore, it was concluded that the use of asphalt as an underlayment treatment within 

track formations adds vertical stiffness and is likely to help bridge over localised areas of 

lower stiffness (e.g. ‘wet spot’ type failures that are commonly observed in real track 

conditions). The material composition and thickness of the underlayment are still to be 

fully defined, however the system behaved positively with respect to fatigue, and did not 

show detrimental signs of deterioration or structural failure. It is recommended that future 

project stages explore construction method characteristics under full-scale trial 

conditions.  
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Chapter 6 The Performance of a Novel Asphalt-Rail Fixation System 

6.1 Introduction 

Developing the concept of ballast-asphalt track, this chapter discusses the performance 

of a novel asphalt-rail fixation system, where rails are connected directly to asphalt layer 

without ballast in the asphalt railway infrastructure. Testing was undertaken using 

GRAFT II, which has been described in chapter 2. Three compressions (one inclined) and 

two tensile (pull-out) loading tests were performed. Two adhesive materials (polyester 

resin and cementitious grout) were tested with tensile force to determine the most suitable 

candidate to take forward to the compression/lateral tests. Recommendations are provided 

after the results analysis. 

 

6.2 Literature Review of Asphalt-Rail Fixation System 

The use of asphalt within railway track structures is becoming increasingly popular due 

to its ability to improve track performance and lifecycle costs. Previous research about 

using asphalt layer in railway track, either by laboratory test or by numerical simulation, 

has been widely discussed in Chapter 5. The results show the reduced settlement and 

increased resilient performance by using the asphalt layer in the conventional railway 

track foundation. In other words, the asphalt layer is normally used in combination with 

the ballast layer (Figure 108a). Based on the previous research discussed in Chapter 5, 

the industry application of this design (i.e. using the asphalt layer in the conventional 

railway track) has been utilised in the United States (Asphalt Institute, 2007, Rose and 

Lees, 2008), Spain (Teixeira et al., 2009a), Italy (Buonanno and Mele, 2000), France 

(Robinet and Cuccaroni, 2010), Japan (Momoya and Sekine, 2007, Momoya, 2007) etc. 

Instead of using a combination of asphalt layer and ballast, Germany uses the ballastless 
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asphalt track system called Getrac (Lechner, 2005). Getrac (see Figure 108b) uses high 

strength concrete anchor blocks to attach the concrete slab to the asphalt support layer, in 

order to maintain proper geometric alignment without the use of ballast. The advantages 

of Getrac ballastless track system are easy installation, long term stability of track, long 

service lifetime and fast track replacement (Freudenstein, 2005). It is a new concept of 

replacing the ballast with asphalt to support the sleeper, while sleeper and fastening 

system are fixed to the rail. As an extension of this concept, it may be possible to replace 

both ballast and sleepers entirely with asphalt (Figure 108c). A challenge with this 

solution is that the rail must be connected directly to the upper asphalt surface, potentially 

transmitting elevated stresses into the asphalt. Little research has been done on this aspect 

so far. To understand this connection system more in-depth, this chapter presents the 

behaviour of the asphalt-rail fixation system using a series of tensile, compression and 

lateral tests. Two adhesive materials were investigated: a polyester resin grout and a 

cementitious grout, by tensile tests. The material with the better tensile performance was 

further tested by compression tests to investigate the influence of the loading area and 

loading direction.  
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Figure 108. Development of asphalt applications in railway track 

 

 

6.3 Test Methodology 

Two types of laboratory tests were carried out in GRAFT II facility in a steel box with 

dimensions of 3350 mm in length, 2000 mm in width and 300 mm in height, filled with 

asphalt (supplied and constructed by Tarmac): 1) Tensile tests, to investigate the adhesive 

materials (a polyester resin grout and a cementitious grout); 2) Compression tests, to 

investigate the influence of loading area and lateral fore. The detailed test descriptions 

and material properties are listed in Table 19 and Table 20, respectively. 

  



 

122 

Table 19. Test descriptions 

Test number Loading force Loading area 
Loading 

direction 

Adhesive 

material 

T1 Tensile force 480 mm × 170 mm Vertical 
Polyester 

resin grout 

T2 Tensile force 480 mm × 170 mm Vertical 
Cementitious 

grout 

C1 
Compression 

force 
480 mm × 170 mm Vertical 

Polyester 

resin grout 

C2 
Compression 

force 
480 mm × 340 mm Vertical 

Polyester 

resin grout 

C3 
Compression 

force 
480 mm × 170 mm 

Inclined (20° to 

the vertical) 

Polyester 

resin grout 

 

Table 20. Material properties 

 Polyester resin grout Cementitious 

grout 

Compression strength @ 20 °C (N/mm2) 70 40 

Density (kg/m3) 2000 2210 

 

6.3.1 Tensile Tests 

In order to investigate the tensile performance of two candidate materials, a polyester 

resin grout and a cementitious grout, the borehole coupled samples were constructed by 

bonding the testing materials with Vossloh screws (Figure 109 right).  

6.3.1.1 Borehole Coupling Construction 

The borehole cavities for the plate holding down bolts were produced using a coring rig 

with an 80 mm diamond core bit (bored to a depth of 150 mm from asphalt surface, see 

Figure 110). Cores were bored at a 5-degree angle where required. Then, the cores were 

removed by inserting a narrow chisel down the edge of the cut and applying a lateral 
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force. Wooden shuttering was constructed on the asphalt surface using softwood timber 

to fit the external edge of the desired plate footprint. On the lower edge of shuttering, 

silicone sealant was applied before placing on the asphalt surface, thus filling all potential 

cavities. For the tensile tests with Vossloh screws, the screws were held in position by 

nuts and washers at their upper end. Then the grout was applied through access holes in 

the top of the steel test plate, filling the borehole until level with the bottom of the plate 

with a height of 40mm. Once it had cured, the plates and asphalt were bonded together, 

with tightened bolts (Figure 109 left and centre).  

   

Figure 109. Borehole coupling polyester resin grout sample (left), cementitious grout 

sample (centre) and Vossloh screws (right) 

 

6.3.1.2 Tensile Test Setup 

The setups for both tensile tests (T1 and T2) were identical (Figure 110). A total of 4 

LVDTs were used to monitor sample uplift due to tensile loading. Two dedicated LVDT 

(LVDT3 and LVDT4) recorded the displacement of sample directly, while LVDT2 

monitored the asphalt surface nearby. One additional sensor, monitoring the displacement 

of the steel plate was built into the hydraulic actuator (to aid force control). However, it 

should be noted that this built-in LVDT was considered less accurate as it was not isolated 

from GRAFT II. Regarding adhesion, test T1 used polyester resin grout to bond the 

asphalt and the steel plate, whereas test T2 used cementitious grout.   
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Figure 110. Test setup for both tensile tests (not to scale) 

 

   

Figure 111. Overview of LVDT setup for the polyester tensile test (left) and LVDT 3 on 

the load plate (right) 
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6.3.1.3 Loading Procedure 

The actuator loading point was off-centre deliberately to simulate a realistic location for 

rail placement. Regarding the loading procedure, the force was increased from 0 N to 30 

kN, at a rate of 10 kN per minute. 

 

6.3.2 Compression Tests 

From the tensile test results (presented in Section 6.4), the performance of the polyester 

resin grout was better than the cementitious grout. Therefore, during compression tests, 

only polyester resin grout was tested to find out a better design of direct fixation system. 

The Vossloh screws were not used while the M24 bolts were utilized here to allow the 

vertical movement of the load plate. Three tests were carried out: C1. Compression test 

with small load plate, C2. Compression test with large load plate (double size), C3. 

Inclined compression test with small load plate.  

 

6.3.2.1 Direct Coupling Construction 

Similar to the borehole coupling construction, wooden shuttering was constructed using 

softwood timber to fit the external edge of the desired plate footprint. The silicone sealant 

was applied on the lower edge of shuttering before placing on the asphalt surface, thus 

filling all potential cavities. In the absence of M24 bolts, polyester resin grout was poured 

beneath the steel plate until level with the bottom of the plate. Once the polyester resin 

grout had cured, 26 mm diameter holes were drilled through the grout into the asphalt 

below (Figure 112). M24 bolts were then inserted into the drilled holes to hold the 

samples in lateral alignment during compression testing (Figure 113). 
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Figure 112. Direct coupling polyester resin sample with small load plate (left) and 

sample with large load plate (right) 

 

6.3.2.2 Vertical Compression Test with Small Load Area  

Vertical compression test with small load area test (C1) consisted of a 480 mm × 170 mm 

× 25 mm steel plate fixed directly to the asphalt surface via polyester resin grout without 

a borehole (Figure 113 left). M24 bolts were introduced from above the plate, through the 

polyester resin grout and into the supporting asphalt with a depth of 150 mm (Figure 114), 

for the purpose of maintaining horizontal alignment while performing vertical 

compression testing. Vertical displacement of the steel plate was recorded using 3 LVDTs 

positioned on the surface of the steel plate, actuator LVDT along with LVDT 3 and LVDT 

4 (Figure 115).  

 

6.3.2.3 Vertical Compression Test with Double-Size Load Area 

Vertical compression test with double-size load area test (C2) was constructed in an 

identical manner to test C1 (Figure 114), however with a steel plate twice the area (480 

mm × 340 mm × 25 mm in Figure 113 right). 
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Figure 113. Test setup (birdseye view) for Test C1 (left) and Test C2 (right) (not to 

scale) 

 

 

Figure 114. Test setup (side view) for Test C1 and Test C2 (not to scale) 

 

 

Figure 115. Overview of LVDT setup for Test C1 
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6.3.2.4 Inclined Compression Test  

Prior to the construction of inclined compression test (C3), a full depth of 300 mm section 

of asphalt was removed from the box corner (900 mm in length and 100 mm in width in 

Figure 116). Test C3 sample was 500 mm away from the free edge, thus allowing for the 

effect of lateral loading close to the track edge to be investigated. Vertical displacement 

of the steel plate was recorded using 2 LVDTs positioned on the surface of the plate 

(LVDT3 and LVDT4). The hydraulic actuator with built-in LVDT was also used. 

Additionally, in test C3, two more LVDTs were used to record the displacement of the 

asphalt surface (LVDT2) and the lateral displacement of the steel plate (LVDT1) (see 

Figure 117). The sample was subject to compressional loading in both horizontal and 

vertical directions. It was loaded at 20 degrees to the vertical (Figure 118), giving an 

approximate ratio of vertical to lateral load component of 5:2. At the maximum force of 

140 kN, this led to 47.9 kN in the horizontal direction and 131.6 kN in the vertical 

direction. 

 

Figure 116. Test setup for Test C3 (not to scale) 
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Figure 117. Overview of LVDT setup in Test C3 

 

Figure 118. The position of hydraulic ram (20o to the vertical) for inclined loading in 

Test C3 

 

6.3.2.5 Loading Procedure 

Compressional loading was applied to the sample, in a steadily incremental manner from 

0 kN to 140 kN. Loading was at a rate of 10 kN per minute, however after each 10 kN 

increment, the current loading level was held statically for 2 minutes to ensure the 

settlement shake-down. At the end of the test, the peak load (140 kN) was held for an 

extended period of time.  

LVDT4LVDT3 

LVDT2 

LVDT1
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6.4 Tensile Tests Results and Analysis 

6.4.1 Polyester Resin Grout Test 

Figure 119 shows the response of the polyester resin sample to a steadily increasing 

tensile force. It is clear that the steel plate displacement increased significantly with force, 

and by 30 kN had deformed for between 7 mm and 14.9 mm. LVDT4 (14.9 mm) showed 

a larger displacement in comparison to LVDT3 (7 mm). This is because the actuator 

loading was off-centre, thus generating a larger moment towards the longer steel plate 

edge, where LVDT4 was located. LVDT2 was located on the asphalt surface and 

exhibited the lowest displacement (3.2 mm). This shows that the asphalt next to the plate 

was also being pulled upwards due to the bond between polyester resin grout and asphalt. 

The failure occurred due to a loss of contact between the polyester resin grout and asphalt 

(Figure 120 centre). As the failure was plastic, it was difficult to determine when the 

failure occurred. However, from Figure 119 it was judged to be at approximately 20 kN. 

Upon removal, the tested polyester sample showed a crack in the left part of the grout 

(near LVDT3) as the plate was not symmetrical and the plate was rotated towards the 

direction of LVDT3 (Figure 120 right). Failure was relatively plastic in nature with no 

sudden cracking of any component during test. 
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Figure 119. Tensile time history for test T1 (polyester resin test)  

 

Figure 120. Failure of polyester during test T1 (15 mm loss of contact between 

polyester and asphalt) (left and centre) and final sample after test T1 (right) 

 

6.4.2 Cementitious Grout Test 

Test T2 was performed in an identical manner to test T1 (Figure 110), however the 

adhesive material was a cementitious grout. Its response to a steadily increasing tensile 

force is shown in Figure 121. Video stills of the different failure points are shown in 

Figure 122. Overall, the following findings were made. The steel plate displacement 

increased suddenly at approximately 12.8 kN. This was particularly true for LVDT 3, 

which increased by 3.3 mm (0.5 mm - 3.8 mm), due to horizontal cracking at 

approximately half-way up the grout (Figure 122 Upper right). A second sudden increase 

in displacements was also found at 17.6 kN. This time it was pronounced for LVDT 4 

which increased by 2.4 mm (2.5 mm - 4.9 mm). This is because the first crack propagated 
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to the left-hand side of the plate when the force reached 18 kN, and the plate and grouts 

fully separated, which resulted in that the displacement of LVDT 3 and LVDT 4 crossed 

over and were reversed. (Figure 122 Lower left).  

 

When the uplift force exceeded approximately 27 kN, the displacement of the sample 

increased dramatically. This is because almost all adhesion had been lost between asphalt 

and grout and the only downward force was self-weight. LVDT2 showed a displacement 

of 2.5 mm at 30 kN. This was of similar magnitude, but lower than the asphalt 

displacement recorded for the polyester resin sample (3.2 mm). The failure mode for the 

cementitious grout was more brittle than that for the polyester resin grout, with cracking 

occurring without warning. Upon removal of the grout specimen, significant damage can 

be seen (Figure 123).  

 

Figure 121. Tensile time history for test T2 (cementitious grout test) 
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Figure 122. Failure points in test T2: Prior to loading (Upper left); Time of the first 

crack (Upper right); Time of the second crack (Lower left); Yield point (Lower right) 

 

Figure 123. Final sample after test T2 

 

6.5 Compression Test Results and Analysis 

6.5.1 Vertical Compression Test with Small Load Area 

The compression results are shown in Figure 124. It was found: 

1. There was a plateau during testing (at 75 kN) where the force was held constant. 

This was due to a safety limitation on the hydraulic control system, however this 

was quickly switched off and the test recommenced. 

2. At both plateaus (75 kN and 140kN) it can be seen that the sample displacement 

continues to steadily increase (albeit at a greater rate than at 140 kN). 

3. Although not obvious from the time history results, it was found that the steel 

plate exhibited cracking in-line with the location of its centre-most bolt (Figure 
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125). This indicates that failure was most likely to have occurred due to 

sagging/bending towards the sample centre under loading. 

 

Figure 124. Time history for vertical compression test with the small load area (test C1) 

   

Figure 125. Cracking of polyester in test C1, the front side (left); back side (right)  

 

6.5.2 Vertical Compression Test with Double-size Load Area 

The results are shown in Figure 126, where it can be seen that: 

1. When loading on the large plate, displacement of the connection system was 

higher than that of the smaller plate. This was unexpected and may have been 

because: 
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a. The small plate cracked while the larger one did not. This crack 

allowed for additional rotational degrees of freedom, thus potentially 

reducing pure vertical displacement. 

b. The asphalt was inhomogeneous and had varying material properties 

between test locations. This could have affected the asphalt stiffness. 

c. The initial roughness/unevenness of the asphalt upper surface differed 

between locations. This could have affected the apparent asphalt 

stiffness. 

2. The same hydraulic ram, load cell and LVDTs were used for testing both the 

large and small plates in compression, thus reducing the possibility of 

experimental errors. 

 

Figure 126. Time history for vertical compression test with the large load 

area (test C2) 

 

6.5.3 Inclined Compression Test 

Figure 127 shows the behaviour of five LVDTs during incremental loading until reaching 

140 kN. It was found that: 
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1. LVDT3 had the largest displacement (20 mm). This is because it was on the 

outside of the inclined loading location. In comparison, LVDT4 only recorded 7.6 

mm displacement because it was on the inside of the loading location. 

2. LVDT2 was placed on the asphalt, at 50 mm from the steel plate, on the outside 

of the loading location. It recorded a maximum of 8.7 mm deflection, similar in 

magnitude to LVDT4, but much lower than LVDT3. This shows that the plate 

was both bending and puncturing the asphalt. 

3. LVDT1 showed 11.7 mm lateral displacement at 47.9 kN horizontal force (with 

140 kN inclined force).  

4. After loading had plateaued and was held constant at 140 kN, the response of all 

LVDTs kept increasing.  

5.  Compared to the results in C1 (same load area), when vertical force reached 

131.kN in C1 and inclined force reached 140kN in C3 (equivalent to 131.6kN 

vertical load), LVDT3 showed 15.52mm in C3 while it was 7.4mm in C1 and 

LVDT4 showed 6.81mm in C3 while it was 6.26mm in C1. This indicated that 

although there was the lateral resistance from M24 bolts and the adhesive material, 

the free edge of the track allowed the migration of asphalt beneath load area, 

resulting in a larger settlement and large lateral displacement. This suggested that 

the additional confining stress should be applied at the track edge to minimise this 

effect of lateral loading while the train passes the railway curve.  
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Figure 127. Time history for inclined compression test (C3) 

 

6.6 Conclusions 

This chapter presents the behaviour of the directly asphalt-rail fixation system using a 

series of tensile, compression and lateral tests. The following conclusions were drawn. 

1. Tensile performance: polyester resin and cementitious adhesives were tested in 

tension and it was found that the polyester resin had superior performance with 

higher tensile strength. It failed plastically by losing its bond with the asphalt ( at 

about 20 kN), while the cementitious grout failed at 12.8 kN by sudden cracking. 

2. Compression performance: Two fixation footprint sizes with polyester resin grout 

were tested in vertical compression (one was double the area of the other). Both 

sizes exhibited significant vertical settlement (8 mm and 11 mm at 140 kN for the 

small and large plates, respectively). Further investigation is required to 

understand the influence of the loading area.  

3. Lateral performance: Inclined loading (20o to the vertical) was used to induce 

lateral loads within polyester resin grout. It was found that the sample settled 

laterally by 11.7 mm under an inclined force of 140 kN (47.9 kN lateral). It 
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suggested that the additional confining stress should be applied at the track edge 

to minimise the effect of lateral loading while the train passes the railway curve. 

 

In summary, it was found that although the concept of direct asphalt-rail fixation is 

promising, further work is required to ensure it meets the tolerances required for 

operational railway lines. 
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Chapter 7 Conclusions and Recommendations for Future Work 

7.1  Summary of Undertaken Research 

Before conclusion, it is worth summarising the research undertaken within this thesis, 

showing the strategies for improving railway track-bed settlement. First, two large scale 

laboratory test facilities were used to perform the tests in the present research. One is 

GeoTT, which is further developed and modified within this research from the original 

prototype. GeoTT has six independent loading actuators to allow the magnitude control 

in six directions of the loading towards soil samples with dimensions of 500 mm × 500 

mm × 500 mm. This makes it an ideal apparatus to investigate the effect of confining 

stress, in particular, the varied confining stress during each load cycle in large granular 

particles such as subballast and ballast. The other test facility is GRAFT II, which is used 

to investigate the long-term performance of railway track components and infrastructure. 

GRAFT II has the ability to house a test sample with dimensions of 6 m in length, 2 m in 

width and 2 m in height. By applying the cyclic loading with a maximum frequency of 

10 Hz to the track sample via 6 independent hydraulic actuators across 3 or 6 sleepers, it 

allows to simulate the passage of a moving train under a fatigue condition, thus the long-

term performance of track sample could be investigated.  

 

Railway ballast typically behaves in an anisotropic manner, with greater stiffness in the 

vertical compaction direction. This is important to quantify for a better understanding of 

the field mechanical behaviour, and for the modelling of the dynamic response behaviour. 

Using GeoTT facility, a series of true triaxial tests were performed to investigate the 

anisotropic behaviour of large particles (i.e. ballast). Both static and combined hydrostatic 

loading tests were undertaken. Three confining stresses were used to investigate Poisson’s 

ratio, the sample modulus and loading-unloading characteristics.  
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After understanding of ballast anisotropic behaviour, GeoTT was then utilised to 

determine the potential use of geogrids to confine granular layers within ballast railway 

lines operating at close to critical velocity, by varying stress levels in the three Cartesian 

directions. For this speed range, dynamic horizontal stresses are greatly magnified in 

comparison to vertical stresses, however most research assumes they are constant. 

Therefore, to investigate this, three main tests were performed under high relative levels 

of horizontal loading. The discussion of results was presented.  

 

Although ballast track is still commonly used for the high-speed lines, the use of structural 

asphalt within railway track structures is becoming increasingly popular due to its ability 

to improve track performance by increasing track bending stiffness to reduce lifecycle 

costs (i.e. maintenance costs). Therefore, using GRAFT II, a series of laboratory fatigue 

cyclic and static tests were undertaken, each in the presence of a subgrade transition zone, 

intended to present a track wet-spot. The performance of asphalt railway track with a 

track wet-spot under static and cyclic loading was investigated.  

 

As an extended concept of using the asphalt layer in combination with the ballast layer, a 

new popular design of the ballastless asphalt track was developed in Germany to replace 

the ballast with the asphalt to support the sleeper. As a further extension of this concept, 

it may be possible to replace both ballast and sleepers entirely with the asphalt. A 

challenge with this solution is that the rail must be connected directly to the upper asphalt 

surface, potentially transmitting elevated stresses into the asphalt. To understand this 

connection system more in-depth, the present research studied the behaviour of the 

asphalt-rail fixation system using a series of tensile, compression and lateral tests in 

GRAFT II, involved with two adhesive materials. The influence of the loading area and 

loading direction was also investigated.  
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7.2 Conclusion Remarks 

The findings are drawn as follows: 

 The anisotropic behaviour of railway ballast 

1. Anisotropic behaviour was clearly observed for the ballast aggregate material. 

The horizontal response as obtained from horizontal and transverse strain 

measurements varied significantly when compared to the strain values 

measured in the vertical direction.  

2. Both Poisson’s ratio and the modulus were sensitive to the applied confining 

stresses. It is seen that there was a distinct correlation, with Poisson’s ratio 

increasing with decreased confining stress. On the contrary, for all directions, 

the lower confining stress resulted in lower constrained modulus.  

 

 The effect of geogrid on railway track settlement 

1. The geogrid offered a settlement improvement of approximately 35% when 

placed at the ballast-subballast interface, and 10% - 15% when placed at the 

subballast-subgrade interface compared to the non-geogrid solutions.  

2. Regarding subgrade CBR, it was found that the geogrid offered the greatest 

performance benefits when the subgrade was soft. Therefore, it was concluded 

that for the ballast rail structures under tests, when subjected to high levels of 

horizontal stress, geogrids reduced settlements compared to non-geogrid 

solutions. 

 

 The effect of asphalt underlays on railway track settlement 

1. In GRAFT II ballast-asphalt track test, the sleeper settlement of ballast-asphalt 

track is 85% reduction at the transition edge and the transition centre 

compared to the ballast track. It also shows that for the ballast-asphalt track, 

regardless of the stiffness of foundation (i.e. soft or stiff), settlements were 

similar. However, for the ballast track, the settlements were more greatly 
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influenced by foundation stiffness. It indicates that the asphalt layer bridged 

over the subgrade stiffness transition zone and increased the stiffness of the 

track, resulting in a reduced settlement compared to the ballast track. 

 

2. The foundation settlements at transition edge location above the stiffer 

subgrade of ballast and ballast-asphalt tracks are both low and of similar 

magnitude. Regarding the soft subgrade at transition centre, there was a 

marked difference in response. The foundation settlement was a 79% 

reduction in ballast-asphalt track and was due to the higher bending stiffness 

of the asphalt layer. It shows the capability of the asphalt layer to overcome 

the degradation of subgrade by increasing track stiffness and potentially 

reduce the maintenance cost. The mean foundation pressure was 40.6 kPa in 

the ballast track, and 11.4 kPa in the ballast-asphalt track, representing a 72% 

reduction, thus showing the ability of the asphaltic layer to shield the subgrade 

from high stress levels. 

 

3. For the long-term performance of the ballast-asphalt track, track settlements 

were the largest at the centre of the transition zone (soft subgrade, with the 

lowermost track layers (i.e. asphalt) experiencing the largest differential 

settlement of 3.36 mm after 345MGT of cyclic loading. Track pressures were 

the lowest at the centre of the transition zone where track stiffness was the 

lowest too. This was due to the ballast particles stress relieving, and thus 

distributing the pressures over a larger area. After 24 hours short recovery, the 

mean ballast settlement and foundation settlements recovered by 8% and 24%, 

indicating that a combination of elastic and permanent deformations had 

occurred within the material. 
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4. When loading the asphalt directly (i.e. without ballast), sleeper displacements 

were larger than for the case with ballast. Therefore, the ballast showed 

evidence of spreading the load through the track structure. After short-term 

recovery time, the recovery percentage of the sleeper settlement at soft 

subgrade in the static test on the asphalt surface was 59%, much lower than 

that on the ballast surface with 84%. Similarly, in the foundation settlement, 

the recovery percentage at soft subgrade in the static test on the asphalt surface 

was 68% compared to the case with the ballast of 84% recovery. This shows 

that sleeper and foundation settlement over the soft subgrade is likely not fully 

recovered and potential permanent settlement may occur if no ballast layer is 

involved.  

 

 The performance of asphalt-rail fixation system 

1. It was found that the polyester resin grout had superior performance with higher 

tensile strength. It failed plastically by losing its bond with the asphalt (at about 

20 kN), while the cementitious grout failed at 12.8 kN by sudden cracking. 

2. For compression performance, two fixation footprint sizes with polyester resin 

grout were tested in vertical compression (one was double the area of the other). 

Both sizes exhibited significant vertical settlement (8 mm and 11 mm at 140 kN 

for the small and large plates, respectively).  

3. For lateral performance, It was found that the sample settled laterally by 11.7 mm 

under an inclined force of 140 kN (20o to the vertical resulting in 47.9 kN lateral 

force). This suggests that the additional confining stress should be applied at the 

track edge to minimise the effect of lateral loading while the train passes the 

railway curve. 

 

7.3 Recommendations for Future Work 

The following areas are recommended for future work: 

1. To further understand the anisotropic behaviour of ballast, more confining 
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stress levels could be considered to find out empirical equations between 

confining stress, Poisson’ ratio and constrained modulus.  

2. Different aperture sizes and shapes of geogrid could be investigated in GeoTT 

to find out the best solution for varied in-situ conditions. Besides, fouled 

ballast could be tested to assess the benefit of placing geogrid in existing 

railway tracks.  

3. Numerical work could be carried out to propose an empirical model to 

estimate the performance of geogrid between different layers and different 

subgrade stiffnesses.  

4. For the asphalt track test, more pressure cells could be installed to study the 

pressure distribution throughout the track. This could help future numerical 

work to validate the proposed models.  

5. A second steel test box could be constructed to allow one box to be prepared 

while another was under fatigue test. This could dramatically reduce set up 

times. A reinforced clear glass could be designed as one side of the steel box, 

allowing the view of the substructure deformation during the test. This will 

allow using an image-based deformation measurement system to study the 

deformation mechanisms in railway track.  

6. Collaboration with the railway industry could be undertaken to explore 

construction method characteristics under full-scale trial conditions. The 

material composition and thickness of the underlayment could also be fully 

defined within this trial conditions. The combined results from such a 

collaboration work could highlight the benefit of using asphalt layer for the 

railway industry. 

7. For the direct asphalt-rail fixation system, more candidates for adhesive 

materials could be investigated. Besides, further investigation is required to 

understand the influence of the loading area. Although the concept of direct 

asphalt-rail fixation is promising, further work is required to ensure it meets 

the tolerances required for operational railway lines. 
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