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Abstract
[bookmark: _Hlk98233467]Most of the world’s railways run on ballasted track. However, ballast accumulates differential settlement with trafficking, hence the correct track level must be restored periodically, typically by tamping which is costly. To reduce the cost of maintenance, several interventions have been proposed with the objective of increasing the interval between tamps by reducing the rate of differential settlement. These include broader ballast gradings, geogrids and under sleeper pads. A possible alternative is the addition of unbound random fibres to the ballast. Fibres formed from polymer materials, randomly mixed with sands and gravels, have been shown to increase their shear resistance owing to the additional effective confinement associated with the mobilisation of tension in the fibres. However, the effect of the fibres on the permanent strain accumulated under cyclic loading has not been extensively investigated. This paper presents the results of an experimental programme carried out to assess the performance of full-size ballast reinforced with different proportions of polyethylene strip fibres of different lengths and widths. It shows that the addition of a moderate amount (0.6-0.7% of the volume of solids) of narrow fibres has negligible influence on grain packing and can reduce ballast plastic settlement without affecting track resilient stiffness. 

Keywords chosen from ICE Publishing list
Reinforced soils; gravels; repeated loading.

List of notations
	average grain size or sieve size corresponding to a 50% passing
	increase in  with the addition of fibres in a content of 
	increase in  with the addition of fibres in a content of 
	difference between  and 
	initial void ratio
	maximum void ratio (loose conditions)
	minimum void ratio (dense conditions)
	maximum void ratio for the unreinforced material
	minimum void ratio for the unreinforced material
	density index
	length of the fibres
	length of the fibres normalised to the average grain size
	volumetric fibre ratio
	volume of fibres
	volume of grains
	volume of solids
	volume of voids
	width of the fibres
	width of the fibres normalised to the average grain size

Introduction
Ballasted railway track has been used in a form recognisable today for over a century. The ballast supports the track vertically and laterally, and facilitates periodic correction or adjustment of the line and level. Alternatives to ballasted track, such as slab track, are increasingly used on high-speed lines, especially where the anticipated level of service is high. However, ballasted track is still the predominant form and is used on some high-speed lines.

Modern ballast consists of uniformly graded, coarse gravel sized grains of crushed, high-quality rock such as granite. It allows free drainage, provides vertical support and lateral restraint to the sleepers and attenuates the vertical stresses associated with train passage transmitted into the subgrade to sustainable magnitudes. The ballast also inhibits vegetation growth and dampens noise and vibration. Under the repeated loading typical of train passage, ballast gradually spreads and settles. Settlement is generally non-uniform, leading to a gradual deterioration of track quality. Maintenance, usually by tamping, is carried out periodically to restore the track geometry, allowing continued safe operation and maintaining an acceptable ride quality. However, tamping is costly and damages the ballast grains, such that the rate of plastic settlement increases after each tamp until the ballast requires renewal (Selig & Waters, 1994; Sol-Sánchez et al., 2016). On a busy conventional railway, granite ballast to a modern specification might be tamped every 2-3 years and renewed after about 30 years.

The mechanical response of railway ballast to cyclic loading has been investigated since at least the 1970s (Shenton, 1978; Guérin et al., 1999; Lackenby et al., 2007; Aursudkij et al., 2009; Sun et al., 2014; Aingaran, 2014; Abadi et al., 2018). Methods to reduce its propensity to settle have been proposed in response to the growing demand for rail transport in many parts of the world (International Union of Railways (UIC), 2015; Network Rail, 2018). These include the use of:
·  more broadly graded ballast, which has a greater bulk density and is less susceptible to permanent deformation (Raymond & Diyaljee, 1979; Indraratna et al., 2011; Abadi et al., 2018)
· geogrids, which inhibit ballast spreading and hence settlement (Bathurst & Raymond, 1987; Gobel et al., 1994; Raymond, 2002; Raymond & Ismail, 2003; Brown et al., 2007; Indraratna et al., 2009; Indraratna & Nimbalkar, 2013; Hussaini et al., 2015); and
· under sleeper pads (USPs), which lead to a more uniform distribution of the stresses over the ballast layer reducing the permanent strain (Sol-Sánchez et al., 2016; Abadi et al., 2019).
[bookmark: _Hlk100486947]A relatively untried approach to improving railway ballast is reinforcement using random fibres. This involves randomly placing fibres into the ballast to improve its mechanical properties. In soils, flexible (natural or polymeric) as opposed to inextensible (e.g. steel) fibres are preferred, as they increase not only the shearing resistance of the composite material but also its ductility (Gray & Ohashi, 1983), through the inhibition of dilation and post-peak loss of strength (Michalowski & Čermák, 2003; Heineck et al., 2005; Santos et al., 2010; Diambra et al., 2013; Ajayi, 2014). A similar effect has been observed in coarser granular materials (Lirer et al., 2012; Ajayi et al., 2017a). The most common materials for flexible fibres in soils are polyethylene and polypropylene. A major practical benefit of fibre reinforcement over geogrids is its relative insensitivity to track maintenance operations (usually mechanical tamping): geogrids must be installed deeper than 200 mm – rather greater than their optimal placement depth of 50-100 mm – to avoid damage by tamping (Bathurst & Raymond, 1987).  

The additional resistance to shear stress shown by fibre-reinforced samples is attributed to the mobilisation of tension in the fibres, which provides an additional effective confining stress to the grains. Laboratory tests in which fibre orientation was varied relative to the direction of maximum tensile strain have shown that fibre reinforced soils behave anisotropically, as only fibres subjected to tension are effective (Gray & Ohashi, 1983; Michalowski & Čermák, 2002; Diambra et al., 2010; Mandolini et al., 2019). Analytical anisotropic models that account for the tension in the fibres and their orientation have provided realistic predictions of the shear strength of fibre reinforced granular soils and captured the key characteristics of the stress-strain behaviour (Diambra et al., 2010; Diambra et al., 2013; Gao & Zhao, 2013; Gao & Diambra, 2021). Conventionally, fibre-reinforced soils and their equivalent unreinforced counterparts have been characterised by different strength envelopes to account pragmatically for the effect of the tension in the fibres (Maher & Gray, 1990; Santos et al., 2010; Lirer et al., 2011). Ajayi et al., (2017a) developed a more rigorous approach in which the additional effective confining stress arising from the fibre tension was estimated and applied to the granular matrix of a fibre-reinforced gravel, whose behaviour was then shown to be consistent with the critical state framework for the unreinforced material.

[bookmark: _Hlk100485146]In granular materials reinforced with filamentous fibres, the strengthening contribution provided by the fibres depends on their content, length and aspect ratio (the ratio between the length and diameter).  The shear strength tends to increase linearly with increasing fibre volumetric content (Gray & Ohashi, 1983; Maher & Gray, 1990; Santoni et al., 2001; Michalowski & Čermák, 2003; Diambra et al., 2013; Shao et al., 2014; Ajayi et al., 2017b) until an upper-limit fibre content, beyond which no further benefit is provided by the reinforcement (Maher & Gray, 1990; Santoni et al., 2001). At a fixed fibre content and length, the shear strength has been found to increase linearly with increasing aspect ratio (decreasing fibre thickness), owing to the greater numbers of (thinner) fibres present in the composite (Maher & Gray, 1990; Michalowski & Čermák, 2003; Sadek et al., 2010; Ajayi et al., 2017b). Simple analytical models can be used to highlight the influence of the fibre content and aspect ratio on the shear strength (e.g. Zornberg, 2002). At constant fibre aspect ratio and content, the shear strength also increases with increasing length of the inclusions (Michalowski & Čermák, 2003; Sadek et al., 2010). This might be explained by a scale effect dependent on the relative size between the fibres and the grains (Michalowski & Čermák, 2003). 

The ability of fibres to provide additional confining stress to a granular material suggests that they have the potential to reduce ballast settlement under cyclic loading, which reduces with increasing confinement (Suiker et al., 2005; Lackenby et al., 2007; Thakur et al., 2013). However, triaxial tests suggest that fibres do not increase the shearing resistance at vertical strains lower than 1-5%, but may actually reduce it (Michalowski & Čermák, 2003; Heineck et al., 2005; Santos et al., 2010; Diambra et al., 2013; Ajayi et al., 2017b). Similarly, plate loading tests carried out by Consoli et al. (2009) showed that the settlement response of reinforced sands diverged from that of unreinforced sands only after a displacement inversely proportional to the initial relative density. Hence the ability of fibre reinforcement to provide additional confinement may not be reflected in improved mechanical characteristics of railway ballast, as the fibres only become effective after a small but potentially significant initial strain.

The reduced mobilised shearing resistance (compared with the unreinforced material) of fibre reinforced granular soils at low strains may be explained by the fibres disrupting the packing of the grains. Minimum () and maximum () void ratios increase with the addition of fibres (Santos et al., 2010), with emax increasing generally more than emin. For example, Lirer et al. (2012) found that the addition of 0.6% fibres by volume to sandy gravel increased  from 0.19 to 0.23 and  from 0.60 to 0.85. Ajayi et al. (2014) showed that the maximum and minimum void ratios in sand and gravel increase approximately linearly with the fibre content.

In the railway context, the response of ballast to millions of repeated load cycles is important. The limited (triaxial) cyclic testing of fibre reinforced granular soils that has been carried out (Lirer et al., 2012; Sadeghi & Beigi, 2014; Gunaratne, 2018) suggests that fibre reinforcement does not reduce the resilient modulus; however, its effect on cumulative permanent strain is unclear. 

[bookmark: _Hlk98233486]To obtain an understanding of the potential of fibre reinforcement to improve the mechanical behaviour of railway ballast, an experimental study was carried out on a full-size single sleeper bay in the Southampton Railway Testing Facility (SRTF), using full-scale ballast reinforced with thin polyethylene strip fibres of varying dimensions and volume fraction. Bulk density tests were also carried out to understand the effect of the dimensions of the fibres on grain packing. 

Materials and methods
Materials
Freshly-crushed granite ballast was obtained from Cliffe Hill quarry (Leicestershire, UK), representative of that used on UK railways. Grain properties are given in Figure 1, which shows that the ballast was slightly finer than the UK standard specification (cat. A of BS EN 13450, 2002). This is not uncommon for ballast in small batches up to 20 tonnes; segregation can occur during bulk handling and transit, and the grain distribution can vary depending on which part of the heap the material is taken from at the quarry.

The fibres were made from 0.5 mm thick reprocessed polyethylene damp proof course having a mass per unit area of 435 g/m2 (Figure 2). The fibre material was the same as that used in triaxial tests on fibre reinforced scaled ballast (Ajayi et al., 2017b), with the length and width of the fibres increased in proportion to the larger grain size used in the full-scale tests. 

In this study, the fibre content is expressed in terms of volumetric fibre ratio , where  is the volume of fibre and  the volume of the grains. It varied between 0.6%-1.2% (equivalent to 0.19%-0.37% by weight, i.e. the ratio of the weight of fibres to the weight of ballast grains), where the upper value of fibre content was selected to avoid extensive fibre overlapping. The thickness of the fibres was always 0.5 mm, with the same fibre material being used in all tests. The length () and width () of the fibres varied between 75-300 mm and 25-100 mm respectively. They will be expressed in normalised terms as  (length) and  (width), where  is the average grain size (Ajayi et al., 2017b). The length was limited to  = 300 mm (so for = 34 mm ), the depth of the ballast layer. Based on earlier monotonic triaxial tests, a fibre length of  should be sufficient to mobilise tension in the reinforcement (Ajayi et al., 2017b).

Packing tests
Tests were carried out to assess the effect of different volume fractions () of fibres of varying dimensions on the packing of the grains expressed as the void ratio, defined as the ratio of the volume of voids () to the volume of grains () (). In fibre reinforced soils, the volume of fibre () can be considered as part of the solids () or simply neglected (). However, whether  or  makes little difference if the volume of fibre is small compared with that of the grains (). 

In each test, a cubic box with internal edges of 300 mm was filled manually with ballast/fibre mixtures and weighed. Loose conditions () were obtained by placing the ballast gently into the box. Dense conditions () were obtained by placing the ballast in three layers and vibrating each new layer for 2 minutes using a heavy-duty electric sieve shaker for coarse aggregates, with frequency of 50 Hz and amplitude of approximately 3.4 mm (Figure 3). The box was slightly overfilled and the final top surface levelled by adding and removing individual ballast grains manually. For the compacted (dense) specimens, levelling was aided by hand-pressing the lid against the ballast while vibrating to obtain a more uniform distribution of grain/lid contacts. Once the specimen had been compacted and levelled, the lid was placed on top of it and the actual height (300 mm + the gap between the lid and the box) measured. The compaction procedure is consistent with the procedures developed and used in previous studies  to obtain the maximum achievable density without grain breakage (Ajayi et al., 2014; Ajayi et al., 2017, a; Abadi et al., 2018; Gunaratne, 2018). The maximum length of the fibres was the same as the specimen dimension (300 mm), which was limited by the size of the sieve shaker used for specimen preparation. Usually, larger ratios of the specimen dimension to the fibre length are used in laboratory testing of fibre reinforced soils to avoid boundary effects. However, in the full-scale tests as well as in the field, the minimum dimension of the ballast layer (its thickness) was the same as the dimension of the testing box (300 mm), hence representative of the full-scale problem. Moreover, the fibres affect the void ratio only in close proximity (Soriano et al., 2017), which further justifies the use of a fibre length to specimen dimension ratio close to one. For these reasons, the size of the specimens was considered adequate for assessing the effect of the fibres on the packing of ballast grains.

Full-scale tests
[bookmark: _Hlk98233580]The Southampton Railway Testing Facility or SRTF (Le Pen, 2008; Abadi, 2014) reproduces a full-scale single-sleeper section of a single-line ballasted track, including ballast shoulders, bounded in the cross-sectional plane of the track by rigid sidewalls (Figure 4). Tests were prepared as described in Abadi et al. (2016), with a distance between the rigid sidewalls of 650 mm ( corresponding to the sleeper spacing), a ballast thickness of approximately 300 mm, shoulder slopes of 45° (close to the natural angle of repose), and a G44 prestressed concrete sleeper of length 2.5 m and width 285 mm. These are all representative of typical UK practice. A 12 mm thick neoprene rubber mat was placed under the ballast to represent subgrade resilience: plastic settlement of the subgrade was not modelled. The dimensions of the test facility are the same as, and governed by, those of a real track. Any effects arising from the maximum fibre length being similar to the ballast depth would also be present in the field, while the inability of fibres to cross the plane strain boundaries in the laboratory rig similarly reflects the inability of one section to support the next during train loading along a length of real track.       

To ensure repeatability, a four-day procedure was followed for the preparation of each test. Over the first two days, the rubber mat was laid on the strong floor and the rig filled to the level of the sleeper base. The ballast and fibres were then placed manually in the testing rig using buckets. Each bucket was filled with the desired proportions (by weight) of fibre and ballast grains and placed gently into the testing rig. On the third day the ballast was carefully compacted and levelled using 22 passes of an electric compactor, and the sleeper placed on top of it. On the same day, further ballast (450 kg) was placed to reach the level of the upper surface of the sleeper. Then a steel loading beam was placed on top of the rails to distribute the load evenly between the rails. After 24 hours, on the fourth day, loading was applied to the loading beam (shown in Figure 5a) by a hydraulic actuator hanging vertically from a large reaction frame.

The procedure followed to mix, place and compact the fibre reinforced mixture led to a uniform distribution of the reinforcement with generally horizontal orientation of the fibres, as has previously been observed for fibre reinforced sands (Michalowski & Čermák, 2002; Diambra et al., 2007; Soriano et al., 2017). Under vertical loading, the horizontal orientation of the fibres is beneficial for mobilising tension (Gray & Ohashi, 1983; Michalowski & Čermák, 2002), and therefore likely to be advantageous in terms of increasing ballast confinement and reducing settlement under cyclic loading.

Loading comprised an initial slow cycle followed by 3 million sinusoidal loading cycles at 3 Hz. The minimum and maximum compressive forces were 5 kN and 98 kN respectively, representative of a 20-tonne axle load with 50% transfer away from a central sleeper. These tests are essentially accelerated static tests, as the loading frequency is too slow to elicit a dynamic material response and the impact loads likely to occur on real railways were not reproduced.

Sleeper vertical deflections were measured by 8 LVDTs positioned at the sleeper ends, the rail seats and at the middle of the sleeper. The longitudinal pressure in the ballast was measured using 4 pressure plates, each comprising a 250 mm  300 mm steel plate supported on 4 load cells (Abadi et al., 2018). Pressure sensitive paper was placed between the ballast and the sleeper soffit to measure the area of the sleeper/ballast contacts exerting a pressure higher than 10 MPa (Abadi et al., 2015). Measurements from LVDTs and load cells were acquired at a frequency of 100 Hz. The pressure sensitive paper was placed before starting the tests and removed during dismantling, and provided a measurement of the cumulative area of contact over a test. The arrangement of the LVDTs, pressure plates and pressure sensitive paper is shown in Figure 5.

The length, width and volume fraction of the fibres used in the tests, the average initial void ratio before placing the sleeper (), and the maximum and minimum void ratios for each fibre mix are listed in Table 1. In tests C1 and its repeat C1r, no fibres were added to the ballast. In tests C2 and C3, fibres were placed only below the level of the sleeper soffit (that is, not in the upper 200 mm of ballast) and the fibre content is expressed relative only to the 300 mm of ballast below the sleeper soffit. In tests C3r to C9 the reinforcement was uniformly distributed throughout the whole of the ballast, as would probably occur in a field installation (Watson et al., 2021). However, under vertical loading the fibres above the level of the sleeper soffit remain unstressed and would not, therefore, be expected to affect the track response. This is confirmed by the results from tests C3 and C3r, which used the same fibre mix below the sleeper and gave the same results, although in test C3 no fibres were present above the level of the sleeper soffit. The similarity between the results from tests C1 and C1r with no fibres present, and between tests C3 and C3r with fibres, shows that the repeatability in terms of average sleeper settlement after 3 million loading cycles was better than 0.2 mm, provided that displacements are re-zeroed after at least one load cycle to eliminate the effects of initial bedding.

Results
Grain packing
The packing tests were carried out on specimens containing fibres of different lengths ( = 2.2, 4.4, 8.8) and widths ( = 0.7, 1.5, 2.9) but constant thickness. For each combination of length and width, packing tests were carried out to determine both the loosest () and densest () conditions. Tests were performed on different specimens containing a gradually increasing number of fibres until visual inspection indicated that further fibres could not be added without significant overlapping between them. The volumetric fibre contents used in the test were then calculated a posteriori, based on the weight/volume of the specimen and the total number of fibres. For the materials tested, the upper limit for the fibre content was   1.2% but fibres of different shape or soils of different grain size distributions may give different values of .

The tests indicated that  and  increase approximately linearly with , especially in the loosest condition (), as shown in Figure 6a for  = 8.8 and  = 0.7 and 2.9 and in Figure 6b for  = 0.7 and  = 4.4 and 8.8. This is consistent with previous studies using smaller aggregates (Ajayi, 2014; Ajayi et al., 2017b).

The disruption of the packing caused by the fibres is represented by the gradient of the lines fitting the experimental data in the  vs  plane (the dashed lines in Figure 6). This gradient corresponds to the increase in minimum or maximum void ratio caused by the addition of a fibre content of  = 1% and is termed  for loose conditions () and  for dense conditions (). An increase in the potential for the ballast to become denser under compaction is given by .

The effects of  and  on ,   and  are shown in the contour plots of Figure 7. In loose conditions (Figure 7a) the void ratio increased significantly with  while the effect of  was relatively small. The disruption was not significant ( 0.02, in comparison with an estimated experimental error in determining  and  of 0.005 to 0.01) for the narrowest fibres ( 0.7) but evident ( 0.08 to 0.12) for wide fibres ( 2.2-2.9). The greater disruption of grain packing caused by the wide fibres may be explained by their 2D nature compared with the narrow fibres, which can be regarded as 1D. The transition between 1D and 2D behaviour seems to occur for  between 1.5 and 2.2, the region of Figure 7a where the contour lines are closest. 

In dense conditions (Figure 7b) the disruption of grain packing was generally less pronounced ( 0.08) and the effect of  was predominant for 1.5. The increase in void ratio was negligible (  0.02) for  0.7 or  4.4, suggesting that these smaller fibres can be accommodated in the voids during compaction, reducing their effect on grain packing.  
The potential of the ballast to be compacted, expressed by , was strongly affected by , while  had very little influence (Figure 7c). The effect on  was small for , increased rapidly between  = 1.5 and 2.2, and was approximately constant for .

Overall, the packing tests showed that fibres inhibit the packing of the grains, especially in the loosest condition, and increase the potential for plastic volumetric strain under compactive loading. However, the disruption to packing associated with the narrowest fibre tested ( = 0.7) was always small, regardless of the length. Thus it seems advantageous to use narrow, long fibres with the potential to reinforce the granular matrix without disturbing the natural arrangement of the grains.

[bookmark: _Ref86945683]Settlement
The sleeper settlement is reported as the average sleeper displacement at the minimum load (5 kN), re-zeroed after the first (slow) load cycle to eliminate the effects of initial bedding.

Results are shown in Figure 8 to Figure 10 for the variations in , and  respectively. Parts (a) show the plastic settlement against the number of loading cycles (to a logarithmic scale), and parts (b) the plastic settlement at 3 million cycles (normalised to the baseline) against fibre width/length/content. Parts (b) also show the results with the settlement re-zeroed after 10 loading cycles to show that the results are not significantly affected by the number of cycles after which the settlement datum is set. As settlement results were very close, only the average curves are reported for the repeated tests (C1, C1r and C3, C3r).

In all tests the settlement increased with the logarithm of the number of cycles, consistent with previous observations (e.g. Bathurst & Raymond, 1987; Guérin et al., 1999; Raymond & Ismail, 2003; Brown et al., 2007; Lackenby et al., 2007; Aursudkij et al., 2009; Leshchinsky & Ling, 2013; Sun et al., 2014; Thakur et al., 2013; Aingaran, 2014; Abadi et al., 2016; Sol-Sánchez et al., 2016).

The variable with the greatest effect on settlement was  (Figure 8). A significant reduction in settlement (about 20%) was achieved by adding relatively narrow fibres, with . In contrast, wider fibres with  increased the settlement. This may be explained by the wider fibres inhibiting the packing of the grains at initial placement and increasing the potential for the ballast to undergo plastic volumetric strain under compactive loading.

The influence of the volumetric fibre content on settlement is shown in Figure 9. For both wide () and narrow () fibres, the settlement after a given number of cycles is smaller for a moderate fibre content ( 0.6% - 0.7%) than for a higher fibre content ( 1.1% - 1.2%).

The length of the fibres had a more modest effect on the settlement response (Figure 10), with the settlement being only slightly (4%) less for the longest fibres tested () than the shortest ones (). This suggests that even the shortest fibres were sufficiently long to mobilise tension and contribute a confining stress.

Consistent with earlier findings (e.g. Consoli et al., 2009), the early evolution of settlement for the better performing fibre reinforced samples only deviated/improved relative to the case with no fibres after a threshold settlement was exceeded (e.g. see tests C5, C7, C8 in Figure 10 compared with the baseline C1).

To assess the influence of relative density of the fibre-reinforced ballasts on the long-term settlement, Figure 11 plots the settlement after 3 million cycles against two measures of potential densification. In Figure 11a the density is related to the unreinforced maximum and minimum void ratios through the density index, . In Figure 11b an alternative measure of the propensity to pack of the fibre reinforced material is taken as the range of reinforced void ratios divided by the range of unreinforced void ratios, . The latter measure can be more reliably calculated compared with  owing to the difficulty in measuring the as-placed volume of material in the tests. Figure 9 shows that the wider fibre mixes with larger final settlements were characterised by smaller initial relative densities and greater ranges of possible void ratio compared with the unreinforced material. Figure 9 also confirms that the narrower fibres were associated with smaller settlements than, and a similar packing density range to, the unreinforced material.

[bookmark: _Ref86938124]Resilient displacements
[bookmark: _Hlk85812214]The resilient displacement was calculated as the difference between the maximum and minimum displacements recorded by the LVDTs on an unload cycle. In the laboratory, the resilient displacement is the sum of the displacement of the ballast, the rubber mat, and, close to the sleeper ends, the size of the gap between the sleeper and the ballast. In the central part of the sleeper the resilient displacements tend to reduce with increasing numbers of loading cycles due to ballast densification. At the sleeper ends, where ballast can spread laterally, the resilient deflections tend to increase, leading to the formation of a small gap below the sleeper soffit.
 
The change in resilient displacement at the middle and at the ends of the sleeper with increasing settlement is shown in Figure 12, where the lines between the markers indicating the 10th and the 3 millionth cycle are the actual data. In this Figure, the shaded region indicates the range associated with the two baseline tests (unreinforced ballast), the dashed lines indicate the tests using wide fibres (=2.9), and the solid lines those using narrow fibres ( 1.5). In the central part of the sleeper, ballast reinforced with wide fibres exhibited larger resilient displacements than the unreinforced ballast at any given settlement (Figure 12a). In contrast, the displacements shown by the specimens reinforced with narrow fibres were initially larger but, as the ballast densified, tended to the same displacement as the unreinforced ballast (0.2 mm). The fibre-reinforced ballast was initially less stiff than the unreinforced ballast but, with increasing settlement and ballast densification, its stiffness became increasingly close to that of the unreinforced material. With narrow fibres, the stiffness tended to that of the unreinforced ballast relatively quickly, after 104 loading cycles. With wide fibres, this condition was not achieved within the range of settlements developed in the laboratory tests. 

The change in sleeper-end resilient displacement with increasing settlement was similar in all tests (Figure 12b). The resilient displacements remained approximately constant for settlements up to 5 mm, beyond which they increased approximately linearly with increasing settlement indicating the formation of gaps beneath the sleeper ends. As a result, the final sleeper-end resilient displacements tended to be larger for the tests exhibiting larger final settlements (those with wide fibres) and smaller for those showing smaller final settlements (those with narrow fibres).

Locked-in longitudinal stress
The longitudinal stress in the ballast was measured by the pressure plates and is here expressed in terms of the locked-in stress, i.e. the stress at the minimum load of each cycle. These results are presented as a function of the settlement in Figure 13, where the shaded region indicates the range associated with the two baseline tests (unreinforced ballast), the dashed lines indicate the tests using wide fibres (=2.9), and the solid lines those using narrow fibres ( 1.5). The longitudinal stress below the central part of the sleeper, shown in Figure 13a, was calculated from the readings at plates 1 and 2. The stress in the ballast close to the sleeper ends, shown in Figure 13b, was calculated from the readings at plate 4.

At the middle of the sleeper (Figure 13a), the stress tended to increase with increasing settlement, consistent with ballast densification. Moreover, the tests with fibres showed smaller stresses; this may be explained by the fibres providing tensile reinforcement that inhibits the horizontal movements of the ballast grains. However, to be effective in reducing settlement, the reinforcement must not only mobilise tension but should also not disrupt the packing of the ballast grains.

Close to the sleeper ends, the stress remained approximately constant for settlements lower than 3-4 mm, above which the stresses reduced approximately linearly with increasing settlement as gapping developed between the sleeper ends and the ballast, reducing the proportion of load transferred. At this location, the locked-in stress at the sleeper ends was slightly smaller for the tests with fibres. However, this reduction was much lower than that at the middle of the sleeper, probably because of the reduced contact between the sleeper end and the ballast.

Sleeper-ballast contact
In all tests except for the baseline, pressure paper sheets were attached to the sleeper soffit at the middle of the sleeper and below both rails to assess the cumulative sleeper/ballast contact area (red patches in Figure 14) as a percentage of the total area of the sheet.

Quantitative results are summarised in Table 2, which reports for each test the contact area beneath the middle of the sleeper, the average contact area under the rails, andthe differential contact area between the middle of the sleeper and below the rail. The range of variation of the contact area was 0.7%-1.3% below the rails and 0.2%-0.7% below the middle. The cumulative contact area was always greater under the rails, i.e. the differential contact area was always positive. This is explained by the proximity to the point of load application, the greater range of movements compared with the sleeper middle and hence the greater propensity of the grains to rearrange, resulting in a greater cumulative record of all the ballast contacts developed during the test. Figure 15 illustrates the approximately linear relationships between settlement or resilient displacement and the cumulative contact areas beneath the railseats.

Conclusions
An experimental programme was carried out to assess the performance of railway ballast reinforced with random unbound polyethylene strip fibres. The programme comprised full-scale cyclic laboratory tests on a single sleeper bay section of railway track under conditions of plane strain. Packing tests were also conducted, to obtain insights into the effect of fibre dimensions on grain packing.

Under controlled laboratory conditions and for the specific materials tested, the full-scale tests showed that fibre-reinforcement with a moderate content of narrow fibres has the potential to improve the performance of railway ballast by reducing the accumulation of plastic settlement by 20%, with little or no adverse effect on the resilient stiffness. Hence fibre-reinforced ballast could require less maintenance than unreinforced ballast, while still meeting trackbed resilient stiffness requirements. However, fibre reinforcement should be carefully designed in terms of fibre content and dimensions, using bulk density tests to select fibres that do not increase the void ratio. This is essential because the key performance parameter of ballast permanent settlement may be adversely affected by fibres that disrupt the packing of the ballast grains, hence increase the propensity to accumulate plastic strain.

The quantitative effects of the fibre content and dimensions on the performance of fibre reinforced ballast can be summarised as follows.

· The optimal fibre mix, which reduced the settlement by 20%, consisted of narrow fibres with normalised width  and normalised length , at a volumetric fibre content of .

· The fibre dimension with the greatest influence on performance was the width. Wide fibres with  led to a looser packing of the ballast grains, a greater susceptibility than the unreinforced material to permanent volumetric strain and settlement, and a reduced resilient stiffness. In contrast, narrow fibres with  had very little effect on grain packing, reduced the plastic settlement and had little effect on the resilient stiffness beyond the initial loading cycles. 

· The length of the fibres had little effect; the longest fibres tested (with =8.8) showed only 4% less settlement than the shortest ones (with =2.2). However, the effect of shorter or longer fibres should not be extrapolated; for example, very short inclusions may fall loosely within the voids and provide no significant contribution. 

· Packing tests are strongly recommended to inform effective fibre mix design. This study has shown that the effectiveness of fibres in reducing the settlement under cyclic loading does not depend solely on their ability to increase the mobilised shear strength but also on their not interfering significantly with the ability of the grains to pack, i.e. .
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[bookmark: _Ref73947159]Figure 1. Ballast grain size distribution and characteristics; grain specific gravity ; median grain size ; coefficient of uniformity ; maximum and minimum void ratios for the unreinforced material  and  

[bookmark: _Ref19202581]Figure 2. (a) Fibres and typical ballast grains; (b) fibre reinforced ballast during test preparation

[bookmark: _Ref47534787]Figure 3. Wooden box used in packing tests, placed on the base of the electric sieve shaker

[bookmark: _Ref18839685]Figure 4. Testing rig prior to placement of the loading beam

[bookmark: _Ref18854772]Figure 5. General arrangement and measurement systems, with dimensions in mm; (a) cross-sectional view of the sample and loading beam; (b) plan view of test set-up; (c) notations used to identify the measurement systems in the drawings 
 
[bookmark: _Ref37002656]Figure 6. Effect of the addition fibres on the void ratio; (a) long fibres of different widths ( = 8.8,  = 0.7, 2.9); (b) wide fibres of different lengths ( = 2.9,  = 4.4, 8.8)

[bookmark: _Ref37004570]Figure 7. Effect of fibre dimensions on the packing; (a) loose conditions (); (b) dense conditions (); (c) compacting potential (); the dots represent the data points used to generate the contours

[bookmark: _Ref47535599]Figure 8. Effect of fibre width on the settlement; (a) settlement vs logarithm of the loading cycles – few markers are represented for clearer representation; (b) settlement at 3M cycles normalised with respect to the baseline test (C1) vs fibre width 

[bookmark: _Ref47535603]Figure 9. Effect of fibre content on the settlement; (a) settlement vs logarithm of the loading cycles – few markers are represented for clearer representation; (b) settlement at 3M cycles normalised with respect to the baseline test (C1) vs fibre volume ratio

[bookmark: _Ref36992623]Figure 10. Effect of fibre length on the settlement; (a) settlement vs logarithm of the loading cycles; (b) settlement at 3M cycles vs fibre length

[bookmark: _Ref91430576]Figure 11. Analysis of the effect of the packing of the grains on the settlement; (a) settlement vs initial density index; (b) settlement vs increase in range  relative to the unreinforced material  

[bookmark: _Ref36821567]Figure 12. Resilient displacements vs settlement; (a) middle of the sleeper – LVDTs 7 and 8; (b) sleeper ends, LVDTs 2 and 3; for each test the left marker corresponds to the 10th cycle, the right marker to the 3 millionth cycle

[bookmark: _Ref84185336]Figure 13. Locked-in longitudinal (along the track) pressure vs settlement; (a) below the middle of the sleeper – plates 1 and 2; (b) below the end of the sleeper, plate 4; (c) difference between the sleeper-end and the middle pressures; the markers on the left corresponds to the 10th cycle, those on the right to the 3 millionth cycle: the lines in between are the actual data

[bookmark: _Ref84832089]Figure 14. 10 MPa pressure sensitive paper sheets from tests with a moderate content of long narrow fibres (a) and a high content of long narrow fibres (b)

[bookmark: _Ref48207322]Figure 15. Sleeper/ballast contact area under the rails () vs sleeper settlement (a) and vs the resilient displacement at the sleeper ends (b) 
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[bookmark: _Ref36988715][bookmark: _Hlk91513487]Table 2. Sleeper-ballast contact area from pressure paper 
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