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Abstract

The use of structural asphalt layers inside ballasted railway tracks is attractive because it can
increase track bending stiffness. Therefore, for the first time, this paper investigates the long-term
settlement characteristics of asphaltic track in the presence of a subgrade stiffness transition zone.
Phased load cyclic compression laboratory tests are performed on a large-scale hybrid asphalt-
ballast track, supported by subgrade with varying stiffness. It is found that an asphaltic layer acts as
a bridge to shield the subgrade from high stresses. It is also found that the asphalt reduces track
settlement, and is particularly effective when subgrade stiffness is low.

Key words (10): Railway track settlement; Laboratory railroad testing; Asphalt-bitumen railway;
Railway track stiffness; Subgrade transition zone; Railroad asphalt; Railway engineering; Railway
track design; Permanent way construction; Asphaltic-bituminous track design

1 Introduction

Ballasted railway track foundations are composed of superstructure and substructure components
[1]. The superstructure consists of rails, fastening systems and sleepers, while the substructure
typically consists of the ballast, the sub-ballast and the subgrade. The nature of ballast means it is
typically experiences degradation due to particle breakage and fouling [2], thus requiring frequent
maintenance.

To reduce maintenance cost, geogrids can be used to decrease both vertical and lateral
deformation, leading to reduced track maintenance ([3], [4], [5],[6], [7]). Alternatively, [8] and [9]
proposed elastomer polyurethane ballast coatings to increase shear strength. Further, [10] and [11]
suggested using random fibre reinforcement of ballast to increase shear strength. Alternatively, [12]
investigated injecting bitumen into ballast to improve stiffness, while [13] and [14] inserted rubber
crumbs into it to reduce particle abrasion.

Instead of directly modifying the ballast however, it is possible to modify alternative 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 ([15],
[16], [17], [18] and [19]). For the use of asphalt layers, early work included ([20], [21], [22], [23], [24],
[25] and [26]) and focused on the field application of asphalt. Throughout these works it was
concluded that asphaltic layers served to increase the longevity of ballasted track, however
quantitative measurement data was sparse.

Therefore, to better understand the underlying behaviour of asphalt tracks, [27] used a
numerical model ([28]). Similarly, [29] developed an analytical approach to compare the
performance of ballasted track with and without asphalt. The results confirmed that asphalt layer
reduced dynamic forces and ground vibration. Also, [30] and [31] used the finite element method
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to analyse asphalt railway substructures. It was found that the asphalt improved resilient
performance and stress distribution, while also lowering vibration levels.

Although numerical modelling is useful for assessing dynamic response, laboratory testing is
often preferred when investigating longer-term settlement response. Therefore, using physical
tests, [32] and [33] also showed that asphalt reduced residual settlement and that thicker asphalt
improved performance. Further, [34] used bituminous sub-ballast on a high-speed line and
proposed a theoretical asphalt design to protect the subgrade and reduce maintenance costs.
Similarly, [35] placed warm-mix asphalt within the track and found lower permanent deformation
and higher static and dynamic moduli compared with traditional granular subballast. To investigate
the performance of asphalt in cold regions, [36] used mastic asphalt as a waterproofing layer and
performed both laboratory and field tests. Further, [37] and [38] performed full-scale static tests to
evaluate the performance of an asphalt track-bed system. Results showed that it could 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 [39]. To achieve this, test
samples should be of similar scale to real tracks and load cycles can be accelerated to allow for a
large number of train passages to be simulated in a reasonable time. Therefore, large scale testing
apparatus often requires development.

To achieve this, [40] 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, [41] used a full-scale, single sleeper testing facility
to study the performance of the railway track substructure during flooding. It was found that
subgrade behaviour was significantly affected by water content changes.

Alternatively, to include the effect of multiple sleepers on track response, [42] used a full-
scale test facility with 4 sleepers to study the characteristics of ballasted track under cyclic
longitudinal loading. It was found that the ballasted track was subject to cyclic softening with
increased load cycles, resulting in reduced longitudinal bearing capacity. This cyclic softening was
found to be dependent upon displacement magnitude. Expanding upon this approach, [43]
developed a 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.

This work builds upon previous research and investigates the settlement performance of
hybrid asphalt railway tracks. First, the performance of asphalt-ballast track over a low stiffness
transition zone is evaluated and compared to a conventional ballasted track with the same support
conditions. Next, the long-term settlement behaviour of asphalt-ballast track is investigated to
guantify the benefit of using an asphalt layer within railway track to reduced track deflections and
subgrade pressures.

The work presents several key novelties:

e |tisthe only large-scale laboratory study where asphalt behaviour is investigated in the
presence of a soil stiffness transition zone

e |tis one of the few, large-scale laboratory asphalt track studies that directly compares
asphalt track settlement to ballasted track settlement. Therefore it provides much-needed
gualitative data related to asphalt track performance.

e |t provides substantial long-term settlement data (345MGT) for asphaltic track which is
lacking in currently published research



2 Laboratory testing

To assess settlement response, a bespoke railway fatigue testing facility, ‘Geo-pavement and
Railways Accelerated Fatigue Testing facility’ (hereafter called GRAFTII - [44]), was developed
(Figure 1). It is the largest of its kind in the UK (as of 2018) and purpose-built to test and
characterise the long-term performance (i.e. settlement) of railway track components and
infrastructure. It is 6.2m long, 3.4m wide and 3.8m high, with ability to house test samples 6m long,
2m wide and 2m high (Figure 2). GRAFTII is capable of operating using 6 independent hydraulic
actuators, across 3 sleepers to simulate the passage of a moving train. Each actuator is connected
to a load cell and a linear variable displacement transducer for control purposes. The use of
multiple actuators means that each sleeper can be loaded in phase to represent a moving train
wheel. Therefore, GRAFTII is capable of approximating the rolling loading conditions encountered
within railway tracks during train passage.

Figure 1. Geo-pavement and Railways Accelerated Fatigue Testing facility (GRAFT Il) Photograph

3.4m

Figure 2. GRAFTII with asphalt track setup

2.1 Test overview
To investigate the effect of an asphaltic layer within the railway track structure, two tests setups
were considered:

1. A standard ballast track (Figure 3)
2. A hybrid asphalt-ballast track (Figure 4).



The setups consisted of 3 half sleepers of 200mm depth, laid at 600mm centres. They were fully
embedded in 400mm of ballast as shown in Figure 3. In the case of the hybrid track, a 200mm thick
asphalt layer supported the ballast. Then, either the ballast or asphalt (depending on track type)
was supported by a homogenous 100mm deep granular layer. This granular layer also extended to
a further depth of 300mm, however at its horizontal centre was a low-stiffness rubber layer. This

rubber volume was intended to represent a ‘wet-spot’ type defect, commonly found on ballasted
rail lines.

Ballast

Subballast
Pressure cell

Rubber

Figure 3. Layout of ballasted track sample

Ballast

Asphalt
Subballast

Pressure cell

Rubber

Figure 4. Layout of asphalt-ballast track sample

2.2 Instrumentation
The following sensors were used to monitor track behaviour:



e Temperature gauges: Used to monitor the cooling of the asphalt after laying, and both the
ambient and asphalt temperature during loading. Gauges were placed inside the asphalt
and elsewhere in the lab to monitor ambient temperature.

e Displacement transducers: Linear variable displacement transducers (LVDTs) were used to
record vertical displacements during testing. Four 25mm LVDT’s (RDP Model DCTH400AG)
were used to record asphalt surface displacements and three 300mm LVDT’s (RDP model
ACT6000C) were used to record sleeper displacements. The asphalt surface LVDT’s were
located above the test sample and connected to the asphalt layer via sheathed rods (Figure
11)

e Pressure plates: Used to record the vertical pressures at the asphalt-ballast interface. Three
were used during testing, and each was placed directly below a single sleeper (Geokon
model 3510).

2.3 Subgrade preparation
Due to physical space limitations inside GRAFTII, the test sample layers located below the ballast
were constructed inside a bespoke steel box out-with GRAFTII. Then the box was craned inside,
before finalising track construction and performing cyclic loading. The first layer to be constructed
was the subgrade. Rubber mats (shown in blue in Figure 5) were placed in the centre of the test
box and the outer areas filled with a compacted granular sub-ballast (shown in dark grey in Figure 5)
to the same height as the rubber (300mm). The bedding modulus/subgrade reaction Cs; of the
rubber mats was 30MPa/m. Typically railway base layer stiffness is greater than 130 MPa/m ([46]),
meaning this soft zone was approximately a quarter of the value typically used on railway lines. The
stiffness of all layers was determined using light weight deflectometer (LWD) measurements. The
results are presented in Figure 8 and Table 1, 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 sub-ballast were designed to represent a typical
stiff subgrade.

After LWD testing, an additional 100mm layer of sub-ballast was placed on top of the lower
sub-ballast-rubber layer. Once complete, another series of LWD tests were performed.

Figure 5. Compaction of sub-ballast (left) and Dynamic Plate Load testing using the LWD




2.4 Asphalt preparation in asphalt-ballast track sample

Asphalt was only laid inside the hybrid track samples (i.e. was absent for the ballast-only samples).
The asphalt was poured and compacted to a depth of 100mm as shown in Figure 7 (left). A
thermometer was placed at the centre and the third set of dynamic plate load tests were
undertaken. Finally, while the asphalt was still hot, another 100mm thick layer of asphalt was
poured and compacted as shown in Figure 7 (right). This total thickness of asphalt was chosen in
accordance with [45] which concluded that increasing asphalt thickness from 100mm to 200mm
significantly extended its fatigue life and decreased subgrade stress. At the upper surface of the
asphalt, dynamic plate load tests were performed: once while the asphalt was still hot and once
after it had cooled.

N\
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Figure 7. 100mm depth of asphalt With thermometer (left) and 200 mm depth of asphalt (right)
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) Depth from box base
Location
300mm | 400mm | 500mm | 600mm (hot) 600mm (cold)
D(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
(G)(3L) 53 50 82 87 400
(6)(3R) 45 67 80 83 183

Table 1. Results of LWD tests in unit of MPa (hot = 10 mins after laying, cold = 24 hours after laying)

2.5 Ballast preparation

The test box was craned into GRAFTII. For the ballast-only track sample, pressure cells were placed
on the subgrade surface, while for the asphalt track sample, they were placed on the asphalt
surface. They were placed directly below the location of the sleepers.



> - e 1 T, 1
_ e

Figure 9. Placement of pressure cell plate in aspha/t—ballast track (left) and ballasted track (right)

Ballast was hand-packed around the pressure cells and then further ballast was poured to a depth
of 200mm. At the same time, 400mm long hollow plastic tubes were placed vertically within the
ballast to connect the lower asphalt and upper ballast surfaces. Inside the tubes was placed
wooden rods which could move independently from the tube, serving to monitor asphalt surface
displacements (Figure 10-Figure 11). The sleepers were then placed on the ballast surface before
pouring a second 200mm of ballast around them. The sleepers were constructed from metal with
dimensions: 1,250mm x 285mm x 210mm, thus giving them a bending stiffness of 19.8 MNm?,
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.

Figure 10. Installation of: ballast (left), LVDT poles (centre) and sleepers ?right)
After the sleepers were in position, three hydraulic actuators (with built-in LVDT’s) were connected

to the sleepers using metal clutches (Figure 11 left). Then, LVDT’s were fixed to the wooden poles
to measure the asphalt displacement (Figure 11 right).
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2.6 Testplan
The hydraulic actuators excited the individual half-width sleepers, mimicking a series of moving axle
loads. Twelve stages of cyclic loading were considered (Table 2), up to a maximum cumulative load
of 345 million gross tonnes (MGT) as defined in Equation (1), where F is static axle load (tonnes), T
is total testing duration (seconds) and f is cyclic loading frequency (Hz). MGT indicates the
cumulative load applied at the central sleeper, and the total loading was equivalent to 11.5 years’
worth of passages on a high traffic intercity route [48]. To simulate a moving wheel force, each
sleeper was loaded in a phased manner. 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 1kN and its maximum force at a constant frequency
(Table 2). Eight cyclic loading combinations were used, each with increasing maximum force. Then,
the force was gradually ramped up to 40kN. Finally, a small reduction in force was undertaken
before loading cyclically at 61kN (equivalent to 25 tonne axle load).

MGT = M#(l)
le®
Stage number Loat':lln.g Max force (kN) Cyclic frequency Total MGT
description (Hz)
1 Steady cyclic 1.5 0.2 0
2 Steady cyclic 2 6 0
3 Steady cyclic 4 6 0.03
4 Steady cyclic 6 6 0.06
5 Steady cyclic 10 6 0.11
6 Steady cyclic 14 6 0.18
7 Steady cyclic 20 6 3.34
8 Steady cyclic 25 6 4.66




9 Ramped cyclic 30 6 11.04
10 Ramped cyclic 40 6 19.57
11 Ramped cyclic 14 6 22.43
12 Full cyclic 61 6 345.91

Table 2. Loading plan

3 Results and discussion

3.1 Ballast vs asphalt track settlement

When testing the hybrid asphalt-ballast track, the full 12 stages of loading (Table 2) were
successfully performed. However, due to the lower bending stiffness of the ballast track structure,
large displacements were experienced before all stages were complete, causing the test to be
halted early (during stage 10 at a force of 40kN).

Therefore Figure 12-Figure 14 compare the results for both tracks after 16 MGT, with the mean
value of both locations used for the transition zone edge curve. Further, mean values of the sleeper,
ballast and subgrade settlement, at transition edge and centre are shown in Table 3. Settlement
was calculated using a moving average, meaning it represented the test sample position half-way
between the loaded and unloaded state. It should be noted that measuring settlement considering
the loaded or unloaded state resulted in a very similar curve because the dynamic displacements
were significantly lower than overall settlement (e.g. the mean dynamic sleeper deflections were
0.74mm and 0.11mm for ballast track and asphalt-ballast track respectively, while the equivalent
settlements were 54.14mm and 8.0mm).

Figure 12 and Table 3 show that the hybrid track sleepers experienced 7.76mm settlement at
the transition edge and 8.24mm at the transition centre, while the ballasted track experienced
51.74mm at the transition edge and 56.53mm at the transition centre. This equates to an 85%
reduction at both the transition edge and centre, in the presence of the asphalt layer. Figure 12
also shows that for the hybrid track, regardless of the stiffness of foundation (i.e. soft vs stiff),
settlements were similar. However, for the ballasted track, the displacements were more greatly
influenced by foundation stiffness, with the transition edge showing on average 5mm lower
settlement compared to the softer transition centre after 16 MGT.

Figure 13 shows the effect of MGT on subgrade settlement for both tracks. For the transition
edge locations above the stiffer subgrade, the settlements of ballast and hybrid tracks are both low
and of similar magnitude. The small discrepancy is likely due to initial compaction, caused by the
fact that the asphalt track sample was tested before the ballasted track, but using the same
subgrade. Regarding the soft subgrade, there was a marked difference in response. The ballasted
track resulted in a settlement of 14.97mm at the transition centre, while the hybrid track resulted
in a settlement of 3.09mm at the transition centre. The subgrade settlement was a 79% reduction
by use of asphalt layer and was due to the higher bending stiffness of the asphaltic layer.

Figure 14 shows the effect of increasing MGT on the pressure at the base of the ballast layer.
Overall the pressures transmitted to the subgrade in the presence of the ballasted track were much
larger than for the hybrid asphalt track. For the ballasted track, the pressures started from a higher
initial value, and the transition edge and centre locations had significantly differing 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 2MGT (58.1KPa) and then
decreased until 6BMGT (27.96kPa). 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 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 16MGT cyclic loading, the mean foundation pressure was 40.6kPa in the ballasted track,



with even higher pressures at the transition centre. For the asphalt-ballast 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 [38]. Then, after 16MGT of
cyclic loading, the mean foundation pressure was 11.7kPa in the hybrid asphalt-ballast track. This
was equivalent to a 72% reduction.

Table 1 shows that ballast settlement at the 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 settlement over the soft subgrade was due to ballast settlement. Further, subgrade
settlement on the stiff subgrade (0.21mm) was much lower than that on the soft subgrade
(14.97mm). This was true for both ballast and asphalt-ballast 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 ballasted track, resulting in reduced ballast
settlement and subgrade settlement. This was also found by [30], and is beneficial for long term
stability.

Ballasted Track (mm) Asphalt-ballast Track
(mm)
Transition | Transition | Transition Transition
edge centre edge centre
Sleeper settlement 51.74 56.53 7.76 8.24
Ballast settlement 51.53 41.56 7.2 5.15
Subgrade 0.21 14.97" 0.56° 3.092
settlement

Table 3. Settlement comparison between asphalt-ballast track and ballasted track after 16 MGT

! Measured at subgrade-ballast interface

% Measured at subgrade-asphalt interface
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Figure 13. The effect of track type on subgrade surface displacement

Ballasted track
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Mean change in soft subgrade settlement
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(mm/MGT)?

Mean change in stiff subgrade settlement 0.04 0.01
(mm/MGT)*

Mean change in sleeper settlement 2.13 0.1
(mm/MGT)?

Table 4. Mean displacement gradient comparison between ballasted track and asphalt-ballast track after 14MGT
* Calculation based on subgrade displacement at pre & post-transition.
* Calculation based on subgrade displacement at transition.

> Calculation based on sleeper displacement at transition entry, centre and exit.
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Figure 14. Ballast foundation pressure comparison in asphalt-ballast track (asphalt surface) and ballasted track (subgrade surface)

3.2 Long-term asphalt track settlement

The ballasted track failed due to excessive deflection after 16MGT, however the asphalt track’s
behaviour was tested to 345MGT without failure. Therefore this section discusses the longer-term
behaviour of the hybrid asphalt track only.

Figure 15 shows the sleeper displacements for the hybrid asphalt track. There was a steady
increase in displacements and at 345MGT the settlement of the sleeper at the transition centre was
larger (23.37mm) than the transition edge (16.92mm). 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 50MGT and were most likely due to ballast shakedown.
This change was 0.415mm/MGT at transition centre and 0.423mm/MGT at transition edge, during



the initial 20MGT. In contrast, after 345 MGT of cyclic loading, the mean change in settlement was
only 0.008mm/MGT at the transition centre and 0.008mm/MGT at the transition edge.

Compared to the previous work of [49], where cyclic loading (equivalent to an axle load of 20 -
25t) was applied to ballast in absence of subgrade, after 20MGT loading, settlement varied
between 11.6mm and 32.2mm 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 7.7mm and 8.1mm after 20MGT, and 16.92mm and 23.37mm
after 345MGT at stiff and soft subgrade respectively. This provides a qualitative indicator that the
presence of asphalt improved settlement.

Additionally, after 345MGT the soft subgrade experienced 7.9mm settlement which was 564%
greater than that the stiff subgrade (1.19mm). Further, during the first 20MGT, the change in
settlement was 0.098mm/MGT at the transition centre, and only 0.032mm/MGT at the transition
edge. Then, after 345MGT, the change in subgrade settlement was 0.0017mm/MGT at transition
centre, and 0.00002mm/MGT at transition edge. This shows that the test sample had undergone
additional shakedown after 20MGT, thus justifying the high number of load cycles.

Ballast settlements were not directly measured during testing, but instead calculated as the
sleeper settlement minus subgrade settlement. Their mean values were 15.47mm and 14.64mm,
at centre and edge respectively. This indicated that the asphalt layer acted as a bridge across the
transition, resulting in similar ballast settlement over both stiff and soft subgrade.

Regarding asphalt surface pressures, the mean pressures after 345MGT were 15kPa and 30KPa
for the soft and stiff subgrade respectively. Therefore the pressures were 100% greater when the
support was stiff rather than soft. 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.

Finally, it should be noted that after testing, the ballast and sleepers were removed. Upon
inspection, the asphalt surface did not shown signs of degradation due to ballast penetration. This
was consistent with [37] and [38]. Similarly, the sleeper also did not show signs of bending or
damage.
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Figure 16. Subgrade displacement during 345MGT cyclic test
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Figure 17. Ballast foundation pressure during 345MGT cyclic test

4 Conclusions

The use of asphalt within railway track structures is becoming of increased interest due to its
potential to improve track performance in terms of long-term settlement. However, quantifying
these benefits is challenging due to the lack of data from large-scale laboratory tests. Therefore to
assess the performance of asphaltic railway tracks, phased cyclic compression laboratory tests were
performed on a large-scale hybrid asphalt-ballast track, which was supported by a subgrade
transition zone. Tests were performed on a solely ballasted track (i.e. the control condition), and a
ballasted track with a 0.2m thick asphaltic layer. The key findings were:

1. The asphaltic layer helped bridge across the low-stiffness subgrade transition zone. This is
because the asphalt had a higher bending stiffness in comparison to the solely ballasted
track

2. The mean foundation pressure was 40.6kPa in the ballasted track, and 11.7kPa in the hybrid
asphalt-ballast track. This was a 72% reduction and occurred because the asphalt helped
spread the loading over a wider area. This shows the ability of the asphaltic layer to shield
the subgrade from high stress levels

3. The asphaltic track reduced track settlements, particularly in the presence of low stiffness
subgrade. This was due to its high stiffness contrast relative to the low stiffness soil and its
ability to redistribute the load



Acknowledgements

The authors express their gratitude to Mr Ben Lee, Mr Tom Tivey and Mr Gareth Evans from
Network Rail for their support. They also thank Tarmac for the provision of test materials and
Heriot-Watt University for their support in modifying the test rig and adapting it for asphalt testing.
Finally, support from the University of Leeds and the Leverhulme Trust (UK) is acknowledged.

References

[1] E.T.SeligandJ. M. Waters, Track geotechnology and substructure management. Thomas
Telford, 1994.

[2] B. Indraratna, S. Nimbalkar, and N. C. Tennakoon, “The behaviour of ballasted track
foundations: track drainage and geosynthetic reinforcement,” 2010.

[3] B. Indraratna, H. Khabbaz, W. Salim, and D. Christie, “Geotechnical properties of ballast and
the role of geosynthetics in rail track stabilisation,” J. Gr. Improv., vol. 10, no. 3, pp. 91-102,
2006.

[4] S. F. Brown, B. V. Brodrick, N. H. Thom, and G. R. McDowell, “The Nottingham railway test
facility, UK,” Proc. Inst. Civ. Eng. - Transp., vol. 160, no. 2, pp. 59-65, May 2007.

[5]  B. Aursudkij, G. R. McDowell, and A. C. Collop, “Cyclic loading of railway ballast under triaxial
conditions and in a railway test facility,” Granul. Matter, vol. 11, no. 6, pp. 391-401, 2009.

[6] B. Indraratna, S. Nimbalkar, D. Christie, C. Rujikiatkamjorn, and J. Vinod, “Field assessment of
the performance of a ballasted rail track with and without geosynthetics,” J. Geotech.
Geoenvironmental Eng., vol. 136, no. 7, pp. 907-917, 2010.

[7] B. Indraratna, S. K. K. Hussaini, and J. S. Vinod, “The lateral displacement response of
geogrid-reinforced ballast under cyclic loading,” Geotext. Geomembranes, vol. 39, pp. 20-29,
2013.

[8] M. S. Dersch, E. Tutumluer, C. T. Peeler, and D. K. Bower, “Polyurethane Coating of Railroad
Ballast Aggregate for Improved Performance,” in 2010 Joint Rail Conference, Volume 1, 2010,
pp. 337-342.

[9] P.K.Woodward, J. Kennedy, O. Laghrouche, D. P. Connolly, and G. Medero, “Study of railway
track stiffness modification by polyurethane reinforcement of the ballast,” Transp. Geotech.,
vol. 1, no. 4, pp. 214-224, 2014.

[10] O. Ajayi, L. Le Pen, A. Zervos, and W. Powrie, “Effects of Random Fibre Reinforcement on the
Density of Granular Materials,” in International Symposium on Geomechanics from Micro and
Macro, 2014, pp. 1363-1367.

[11] O. Ajayi, L. Le Pen, A. Zervos, and W. Powrie, “Scaling relationships for strip fibre — reinforced
aggregates,” Can. Geotech. J., vol. 54, no. 5, pp. 710-719, May 2017.

[12] G.D’Angelo, N. H. Thom, and D. Lo Presti, “Bitumen stabilized ballast: A potential solution for
railway track-bed,” Constr. Build. Mater., vol. 124, pp. 118-126, Oct. 2016.

[13] M. Sol-Sanchez, F. Moreno-Navarro, M. Rubio-Gamez, M. Sol-Sanchez, F. Moreno-Navarro,



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

and M. C. Rubio-Gamez, “The Use of Deconstructed Tires as Elastic Elements in Railway
Tracks,” Materials (Basel)., vol. 7, no. 8, pp. 5903-5919, Aug. 2014.

C. L. Ho, H. F. Kashani, D. L. Humphrey, J. P. Hyslip, and W. H. Moorhead, “Modifying the
One-Dimensional Response of Ballast Box System Using Resiliently Bound Ballast,” in 2015
Joint Rail Conference, 2015, p. VOO1TO1A005.

S. LakuSic, M. Ahac, and . Haladin, “Experimental investigation of railway track with under
sleeper pad,” Proc. 10th Slov. road Transp. Congr., no. October, pp. 386—393, 2010.

P. Schneider, R. Bolmsvik, and J. C. O. Nielsen, “In situ performance of a ballasted railway
track with under sleeper pads,” Proc. Inst. Mech. Eng. Part F J. Rail Rapid Transit, vol. 225, no.
3, pp. 299-309, May 2011.

M. Sol-Sanchez, F. Moreno-Navarro, and M. C. Rubio-Gamez, “Viability of using end-of-life
tire pads as under sleeper pads in railway,” Constr. Build. Mater., vol. 64, pp. 150-156, 2014.

R. Insa, P. Salvador, J. Inarejos, and A. Roda, “Analysis of the influence of under sleeper pads
on the railway vehicle/track dynamic interaction in transition zones,” Proc. Inst. Mech. Eng.
Part F J. Rail Rapid Transit, vol. 226, no. 4, pp. 409-420, Jul. 2012.

T. Dahlberg, “Railway track stiffness variations—consequences and countermeasures,” Int. J.
Civ. Eng., vol. 8, no. 1, pp. 1-12, 2010.

D. Li, J. G. Rose, and J. LoPresti, “Test of hot-mix asphalt trackbed over soft subgrade under
heavy axle loads,” Technol. Dig. Assoc. Am. Railr. April, no. April, pp. 1-4, 2001.

J. G. Rose, D. Li, and L. Walker, “Test measurements and performance evaluations of in-
Service railway asphalt trackbeds,” Proc. AREMA 2002 Annu. Conf., p. 30, 2002.

J. Rose and H. Lees, “Long-term assessment of asphalt trackbed component materials’
properties and performance,” Proc. AREMA 2008 Annu. Conf., no. September, p. 28, 2008.

J. Rose and L. Bryson, “Hot mix asphalt railway trackbeds: trackbed materials, performance
evaluations, and significant implications,” Proc. Int. Conf. Perpetual Pavements, 2009.

J. G. Rose, P. F. Teixeira, and N. E. Ridgway, “Utilization of Asphalt/Bituminous Layers and
Coatings in Railway Trackbeds — A Compendium of International Applications,” in
Proceedings of the 2010 Joint Rail Conference, 2010, pp. 1-17.

J. G. Rose, P. F. Teixeira, and P. Veit, “International design practices, applications, amd
performances pf asphalt/bituminous railway trackbeds,” Railw. Geotech. Eng. Int. Symp.
(GeoRail 2011), pp. 1-23, 2011.

A. Buonanno and R. Mele, “The use of bituminous mix sub-ballast in the Italian state
railways,” 2nd Eurasphalt Eurobitume Congr., pp. 1-11, 2000.

M. Esmaeili, S. Amiri, and K. Jadidi, “An investigation into the use of asphalt layers to control
stress and strain levels in railway track foundations,” Proc. Inst. Mech. Eng. Part F J. Rail
Rapid Transit, vol. 228, no. 2, pp. 182-193, Feb. 2014.

J. G. Rose, B. Su, and F. Twehues, “Comparisons of railroad track and substructure computer
model predictive stress values and in-situ stress measurements,” in AREMA 2004 Annual
Conference, 2004, p. 16p.

G. Di Mino, M. Di Liberto, C. Maggiore, and S. Noto, “A Dynamic Model of Ballasted Rail Track



(30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

with Bituminous Sub-Ballast Layer,” Procedia - Soc. Behav. Sci., vol. 53, pp. 366—378, Oct.
2012.

M. Fang, Y. Qiu, J. Rose, R. West, and C. Ai, “Comparative analysis on dynamic behavior of
two HMA railway substructures,” J. Mod. Transp., vol. 231, no. 1, pp. 2634, 2011.

M. Fang and S. F. Cerdas, “Theoretical analysis on ground vibration attenuation using sub-
track asphalt layer in high-speed rails,” J. Mod. Transp., vol. 23, no. 3, pp. 214-219, Sep. 2015.

Y. Momoya, E. Sekine, and F. Tatsuoka, “Deformation Characteristics of Railway Roadbed and
Subgrade Under Moving-wheel Load,” Soil Found., vol. 45, no. 4, pp. 99-118, 2005.

Y. Momoya and E. Sekine, “PERFORMANCE-BASED DESIGN METHOD FOR RAILWAY ASPHALT
ROADBED,” Doboku Gakkai Ronbunshuu E, vol. 63, no. 4, pp. 608619, 2007.

P. F. Teixeira, P. A. Ferreira, and Andrés Lopés-Pita, “The use of bituminous subballast on
future high-speed lines in Spain: structural design and economical impact,” Int. J. Railw., vol.
2,no. 1, pp. 1-7, 2009.

M. Sol-Sanchez, L. Pirozzolo, F. Moreno-Navarro, and M. C. Rubio-Gamez, “A Study for the
Viability of using Warm Mix Asphalt as Bituminous Sub-Ballast for Railway Tracks,” in
Proceedings of the Third International Conference on Railway Technology: Research,
Development and Maintenance, 2016, p. Paper 6.

S. Liu et al., “Application of Mastic Asphalt Waterproofing Layer in High-Speed Railway Track
in Cold Regions,” Appl. Sci., vol. 8, no. 5, p. 667, Apr. 2018.

S. H. Lee, D. W. Park, H. V. Vo, and S. Dessouky, “Asphalt mixture for the first asphalt
concrete directly fastened track in Korea,” Adv. Mater. Sci. Eng., vol. 2015, 2015.

S. H. Lee, Y. T. Choi, H. M. Lee, and D. W. Park, “Performance evaluation of directly fastened
asphalt track using a full-scale test,” Constr. Build. Mater., vol. 113, pp. 404-414, 2016.

D. P. Connolly, G. Kouroussis, P. K. Woodward, P. Alves Costa, O. Verlinden, and M. C. Forde,
“Field testing and analysis of high speed rail vibrations,” Soil Dyn. Earthq. Eng., vol. 67, pp.
102-118, 2014.

A. Al Shaer, D. Duhamel, K. Sab, G. Foret, and L. Schmitt, “Experimental settlement and
dynamic behavior of a portion of ballasted railway track under high speed trains,” J. Sound
Vib., vol. 316, no. 1-5, pp. 211-233, 2008.

M. Menan Hasnayn, W. John McCarter, P. K. Woodward, D. P. Connolly, and G. Starrs,
“Railway subgrade performance during flooding and the post-flooding (recovery) period,”
Transp. Geotech., vol. 11, pp. 57-68, Jun. 2017.

H. Liu, J. Xiao, P. Wang, G. Liu, M. Gao, and S. Li, “Experimental investigation of the
characteristics of a granular ballast bed under cyclic longitudinal loading,” Constr. Build.
Mater., vol. 163, pp. 214-224, 2018.

X. Bian, H. Jiang, C. Cheng, Y. Chen, R. Chen, and J. Jiang, “Full-scale model testing on a
ballastless high-speed railway under simulated train moving loads,” Soil Dyn. Earthq. Eng., vol.
66, pp. 368—-384, 2014.

T. Marolt Cebasek, A. F. Esen, P. K. Woodward, O. Laghrouche, and D. P. Connolly, “Full scale
laboratory testing of ballast and concrete slab tracks under phased cyclic loading,” Transp.
Geotech., vol. 17, pp. 3340, Dec. 2018.



[45]

[46]

[47]
[48]

[49]

H. Huang, S. Shen, and E. Tutumluer, “Sandwich Model to Evaluate Railroad Asphalt Trackbed
Performance under Moving Loads,” Transp. Res. Rec. J. Transp. Res. Board, vol. 2117, no. 1,
pp. 57-65, Jan. 2009.

R. Chen, X. Zhao, Z. Wang, H. Jiang, and X. Bian, “Experimental study on dynamic load
magnification factor for ballastless track-subgrade of high-speed railway,” J. Rock Mech.
Geotech. Eng., vol. 5, no. 4, pp. 306—311, Aug. 2013.

C. Esveld, “Modern railway track,” 2001.

J. Kennedy, P. K. Woodward, G. Medero, and M. Banimahd, “Reducing railway track
settlement using three-dimensional polyurethane polymer reinforcement of the ballast,”
Constr. Build. Mater., vol. 44, pp. 615-625, Jul. 2013.

G. R. McDowell, W. L. Lim, A. C. Collop, R. Armitage, and N. H. Thom, “Comparison of ballast
index tests for railway trackbeds,” Proc. Inst. Civ. Eng. - Geotech. Eng., vol. 157, no. 3, pp.
151-161, Jul. 2004.



